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, Stefan.Popov@dpmmetals.com 
. , Stilian.Minkin@orica.com 

ABSTRACT 
This paper presents the main features and capabilities of the Orica WebGen™ 200 wireless initiation system and its 
application in the underground operations of DPM Metals’ Chelopech Mine. WebGen™ is an innovative blasting 
technology that uses magnetic induction signals to wirelessly initiate blast holes, eliminating the need for physical 
connections between explosive charges and the firing point. The paper outlines the system’s operating principles, key 
advantages over conventional initiation methods, and its contribution to improved safety and production efficiency. It also 
examines the results achieved at Chelopech Mine and the technology’s potential to enhance productivity and ore 
recovery. 
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CAVE MINING-MYTH OR REALITY FOR ORE EXPLOITATION IN GREAT DEPTHS? 

ABSTRACT
This paper consists two parts. The first part presents best practices for the application of block caving (BC) and sublevel 
caving (SLC). It highlights the importance of the mechanical rock mass properties as  well as Laubscher’s classification 
system, in selecting the appropriate undercutting method and initiating the self-caving process. The role of 
contemporary mechanization including drilling, loading-hauling-dump and auxiliary equipment is emphasized regarding 
the optimization of sublevel height and the cross sectional shape of the plane where drilling fans are positioned in 
SLC. The second part presents an innovative solution involving a large scale Primary and Secondary stopes 
followed by the caving of the overlying rocks. An approach for generating multiple alternatives to determine the 
optimal technological solution is also presented.
Keywords: Block caving, Sublevel caving, large Scale stopes with primary and secondary rooms and next caving.
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Keywords: underground mining, sublevel drifts, upward mining sequence, ore dilution, ore losses, waste-rock backfilling.

INTRODUCTION

It is well known that many operating, developing, and prospective non-ferrous and precious-metal deposits are 
characterized by complex geological and mining conditions, which affect the technical applicability of various 
underground mining systems. The choice of mining system has a significant impact on the technical and 
economic performance of a mining and processing operation, since it directly affects mining productivity and 
material consumption, ore extraction and processing costs, ore losses and dilution, the quantity and cost of the 
final product, as well as the cut-off grades of valuable components.
The more complex the geological and mining conditions, the more limited the range of technically applicable 
underground mining systems. Moreover, such systems may be characterized by high extraction costs, high 
ore losses and dilution, or, under certain conditions, a combination of these factors.
In this regard, the Shahumyan gold-polymetallic deposit is of particular interest. The deposit comprises 83 ore 
bodies represented by mineralized veins and vein zones. These two morphological types of ore bodies 
alternate spatially. The vein zones consist of a series of parallel or sinuous thin veins and veinlets of variable 
thickness, while the rocks adjacent to the contacts of the vein zones are characterized by pronounced 
disseminated mineralization.
The ore bodies generally have a strike azimuth ranging from 260° to 300° and dip predominantly southward at 
angles of 70°–80°.
Their strike lengths range from several tens of metres to 600 m, while their vertical extent ranges from 150 to 
450 m.
According to the mine development project, two underground mining systems were adopted: shrinkage stoping 
for ore bodies, or individual sections thereof, with a thickness of up to 3.0 m, and sublevel stoping for ore 
bodies, or individual sections thereof, with a thickness greater than 3.0 m. In both systems, subsequent 
backfilling of the mined-out space with processing tailings was provided [1].
A distinguishing feature of the shrinkage stoping system applied at the mine is the draw of broken ore from the 
stope through drawpoints (Fig. 1). 
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Fig. 1. Shrinkage stoping system: 1 – field haulage drift; 2 – raise with ore-pass and manway compartments; 3 – access 
drifts; 4 – short loading crosscuts; 5 – inter-stope pillars. 

After complete ore draw from the stope, hanging-wall collapses were recorded in several mining blocks, 
necessitating the installation of cable bolts in specially drilled boreholes. In addition, cases of hang-up of 
broken ore due to arching were observed during ore drawing.
In 2010, a new mine development project was prepared, according to which the annual production capacity of 
the underground mine was set at 600,000 t/year. The adopted mining system involved ore breaking from 
sublevel drifts in a downward sequence, followed by backfilling of the mined-out space with waste rock. This 
mining system has remained in use to the present day (Fig. 2) [1].

Fig. 2. Mining system with ore breaking from sublevel drifts in a downward sequence and waste-rock backfilling of the 
mined-out space: 1 - stopes; 2 - crosscuts; 3 - roof rock mass; 4 - sublevel drifts; 5 - protective pillars; 6 - inter-stope pillars. 

PROBLEM STATEMENT AND RESEARCH METHODS

Improving the efficiency of underground mining of steeply dipping thin ore bodies has long been the focus of 
numerous studies [2–10].
The main features of the currently applied mining system are as follows:

the ore bodies are accessed through the main spiral decline and sublevel crosscuts, with a vertical spacing 
of approximately 13 m between adjacent sublevels, conventionally considered as the sublevel height;
ore haulage is carried out through sublevel drifts and crosscuts; the interval between adjacent levels 
essentially constitutes a mining level of relatively small height;
stoping operations are carried out in a downward sequence, following the development of each individual 
sublevel, rather than after completion of the decline along the entire height of the mining level.

Considering these features, the applied system may conventionally be referred to as a mining system with ore 
breaking from sublevel drifts.
The currently applied mining system is characterized by relatively high mining costs, considerable ore dilution, 
and ore losses. These disadvantages are associated with both the structural features of the mining system 
and the small thickness of the ore bodies, as well as the relatively low height of the mining level.
Improving and developing underground mining systems remains important for increasing the economic 
efficiency of underground ore extraction. One of the key tasks in the conceptual approach to this problem [11] 
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is to identify the main technological shortcomings and develop appropriate measures for their complete or 
partial elimination.
In this regard, the main shortcomings of the mining system with sublevel drifts applied at the Shahumyan 
deposit, which affect the qualitative and quantitative indicators of the extracted ore, are considered below. 
Technological improvement of mining methods is particularly relevant for steeply dipping ore deposits [12].

1. Effect of ore-breaking parameters on dilution.

Ore breaking is carried out using blast holes drilled with drill rods more than 10 m long. Under these 
conditions, the minimum actual stope width after blasting is approximately 2.2 m, due to the unavoidable 
breaking of waste rock from the hanging wall and footwall of the ore body. The minimum thickness of waste 
rock broken from each side may reach approximately 0.8 m.
The use of small-diameter blast holes, together with cable bolting of the hanging wall through specially drilled 
boreholes, has made it possible to significantly reduce ore dilution. However, in extremely thin ore bodies or 
individual sections thereof, dilution may reach 80%.
Stoping operations are carried out in a downward sequence, starting from the upper sublevel and 
subsequently progressing to the middle and lower sublevels. As mining progresses downward, the exposed 
surface area of the hanging wall and footwall gradually increases, thereby increasing the risk of wall-rock 
instability and collapse. The collapsed wall rock mixes with the broken ore, resulting in increased secondary 
ore dilution in the middle (second) and lower (third) sublevels (Fig. 3). 

Fig. 3. Downward sequence of sublevel mining in the currently applied mining system. 

2. The currently applied method is characterized by a significant proportion of ore reserves left in interlevel and 
inter-stope pillars; this proportion naturally increases with increasing ore-body thickness. 

RESEARCH RESULTS

In the proposed variant of the mining system with ore breaking from sublevel drifts and backfilling of the 
mined-out space with waste rock, stoping operations are carried out in an upward sequence in order to reduce 
secondary ore dilution.
For implementation of the upward mining sequence, the decline is first developed along the entire height of the 
mining level. During this stage, preparatory development, including the driving of sublevel drifts in the middle 
and upper sublevels, is also carried out.
Ore extraction then begins from the first (lower) sublevel. Figure 4 shows the drilling-and-blasting operations 
for ore extraction in the lower sublevel under the proposed mining system with an upward sequence and 
subsequent backfilling of the mined-out space with waste rock.
After completion of stoping operations in the lower sublevel, the mined-out space is backfilled with waste rock 
from the middle sublevel using a loading machine. After completion of backfilling, drilling-and-blasting 
operations are carried out in the middle sublevel. The broken ore is then extracted and loaded using a loading 
machine.

23



-
„ “,  12 – 15  2026,  ,

Fig. 4. Drilling-and-blasting operations for ore extraction in the first (lower) sublevel under the proposed mining system 
with an upward sequence and subsequent waste-rock backfilling. 

Fig. 5. Drilling-and-blasting operations for ore extraction in the second (middle) sublevel under the proposed mining 
system with an upward sequence and subsequent waste-rock backfilling. 

After the middle sublevel has been mined, its mined-out space is backfilled with waste rock using a 
loading machine. After completion of backfilling, drilling-and-blasting operations are carried out in the upper 
sublevel, followed by extraction and loading of the broken ore using the same type of loading machine.
 After completion of stoping operations in the upper sublevel, the remaining mined-out space is 
backfilled with waste rock, thereby completing the successive bottom-up mining and backfilling of the entire 
mining level (Fig. 6). 

Fig. 6. Waste-rock backfilling of the mined-out space in the upper sublevel. 

Stability calculations performed by the Geomechanical Service for the currently applied mining system were 
based on a sublevel height of 15.2 m and a mining level height of 47 m.
The analysis showed that the number of joint sets increases with depth, thereby increasing the risk of wall-rock 
instability and collapse and the need for cable-bolt support. According to the geomechanical 
recommendations, a section of up to 10 m can be mined without cable-bolt support. Beyond this length, cable-
bolt support is required. However, even with cable-bolt support, once the mined section reaches a length of 30 
m, an inter-stope pillar must be left in place to maintain stability before mining can continue.
The ore remaining in these inter-stope pillars constitutes an additional source of ore losses. 
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Fig. 7. Mining system with ore breaking from sublevel drifts in a downward sequence and waste-rock backfilling of the 
mined-out space: 1 – sublevel drift; 2 – inter-stope pillar, irrecoverable ore loss; 3 – stopes; 4 – crosscuts; 5 – protective 

pillar; 6 – longhole drilling; 7 – interlevel pillar; 8 – actual mined-out opening; 9 – decline; 10 – planned vein drift; 11 – 
planned stopes; 12 – planned upward slot raise; 13 – planned inter-stope pillar. 

Table 1 presents the calculated commercial ore and metal content for one mining level using the currently 
applied downward-sequence mining system. 

Table 1. Commercial ore and metal content calculated for one mining level using the currently applied downward-
sequence mining system

Commercial ore and grade Metal
T Au, g/t Ag, g/t Cu, % Zn, % Au�q, g/t Au, kg Ag, kg Cu, t Zn, t Au�q,

kg
Grand Total 49294   2.45 115 0.65 1.96 4.77 120.7 5668.8 320 966 235.2

The production data for the currently applied mining system with a downward stoping sequence show that 
secondary ore dilution in the middle and lower sublevels reaches 20–30%. This is mainly associated with the 
progressive increase in the exposed surface area of the hanging wall and footwall as mining proceeds 
downward, which increases the risk of wall-rock collapse. The collapsed wall rock mixes with the broken ore, 
resulting in increased secondary ore dilution. According to the calculated production data, the amount of 
commercial ore obtained from one mining level is 49,294 t, with an equivalent gold grade (Au_eq) of 4.77 g/t.
The proper selection of the mining sequence can be considered as a means of reducing dilution in narrow-vein 
deposits, since extraction sequencing and filling are among the strategies used for dilution minimisation [13].
In the proposed upward-sequence mining system, natural inter-stope pillars are replaced by artificial inter-
stope pillars formed with cement–sand backfill. Similarly, the natural interlevel pillar is replaced by an artificial 
interlevel pillar formed with the same cement–sand backfill.
This makes it possible to extract ore that would otherwise remain in the natural pillars, thereby reducing ore 
losses. 

Fig. 8. Mining system with ore breaking from sublevel drifts in an upward sequence and subsequent waste-rock 
backfilling: 1 – sublevel drift; 2 – artificial inter-stope pillar formed with cement–sand backfill; 3 – stopes; 4 – crosscuts; 5 

– protective artificial pillar; 6 – longhole drilling; 7 – slot raises; 8 – artificial interlevel pillar formed with cement–sand
backfill; 9 – actual mined-out opening; 10 – mined-out space backfilled with waste rock. 
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Table 2. Commercial ore and metal content calculated for one mining level using the proposed upward-sequence    
mining system

Commercial ore and grade Metal
T Au, g/t Ag, g/t Cu, % Zn, % Au�q, g/t Au, kg Ag, kg Cu, t Zn, t Au�q, kg

Grand Total 61717 3.15 129 0.77 2.25 5.8 194.4 7961 475 1388 358.2

The production indicators calculated for the proposed mining system with an upward stoping sequence show 
that the amount of commercial ore increases to 61,717 t, while the equivalent gold grade (Au_eq) increases to 
5.8 g/t. At the same time, secondary ore dilution is reduced to approximately 10%.
In the proposed upward mining sequence, there is no previously mined-out open sublevel above the active 
mining area from which wall-rock collapse could occur. The mined-out space below the active sublevel is 
successively backfilled with waste rock. Consequently, the risk of collapsed wall rock mixing with the broken 
ore is reduced, resulting in a decrease in secondary ore dilution to approximately 10%.
The reduction in secondary dilution increases the equivalent gold grade (Au_eq), while replacement of natural 
ore pillars with artificial pillars reduces ore losses and contributes to the increase in the amount of commercial 
ore.
The main advantages of the proposed mining system are as follows:

the upward stoping sequence, combined with successive waste-rock backfilling, reduces the extent of 
exposed wall-rock surfaces and eliminates the presence of a previously mined-out open sublevel above the 
active mining area;
the risk of wall-rock collapse and mixing of collapsed wall rock with the broken ore is reduced, resulting in 
lower secondary ore dilution and a higher equivalent gold grade (Au_eq);
replacing natural inter-stope and interlevel pillars with artificial pillars formed with cement–sand backfill 
makes it possible to extract ore that would otherwise remain in the natural pillars, thereby reducing ore 
losses;
successive waste-rock backfilling contributes to improved wall-rock stability conditions;
the extent of cable-bolt support required is reduced, thereby reducing cable-bolting costs.

The main disadvantage of the proposed system is that preparatory development must be completed 
throughout the entire mining level before stoping operations begin, whereas in the currently applied downward 
sequence, development and stoping can be carried out successively by individual sublevels. 

CONCLUSION

The proposed improvement of the mining system, based on changing the stoping sequence from downward to 
upward and successive backfilling of the mined-out space with waste rock, reduces secondary ore dilution and 
ore losses. In the upward mining sequence, there is no previously mined-out open sublevel above the active 
mining area from which wall-rock collapse could occur. At the same time, the mined-out space below the 
active sublevel is successively backfilled with waste rock. This reduces the risk of collapsed wall rock mixing 
with the broken ore and decreases secondary ore dilution from 20–30% to approximately 10%.
As a result of reduced dilution, the equivalent gold grade (Au_eq) of the commercial ore increases from 4.77 to 
5.8 g/t. Replacing natural inter-stope and interlevel pillars with artificial pillars formed with cement–sand backfill 
makes it possible to extract ore that would otherwise remain in the natural pillars, thereby reducing ore losses. 
Successive waste-rock backfilling also contributes to improved wall-rock stability conditions and reduces the 
extent of cable-bolt support required, thereby reducing cable-bolting costs. The use of waste rock as backfill 
additionally reduces the amount of waste rock that must be transported and stored on the surface.
Thus, the proposed mining system reduces ore dilution and losses, increases the quality and quantity of 
commercial ore, and provides technical and economic advantages compared with the currently applied 
downward mining sequence. 
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ASPECTS OF DEVELOPMENT AND CHALLENGES IN THE CONSTRUCTION OF THE METRO IN SOFIA 

Prof. Ph.D. Eng. Stoyan Bratoev  

ABSTRACT  
The layout of the Sofia metro lines is reviewed chronologically, from the initial idea and subsequent updates to the 
prospective network development plan approved by the city's General Master Plan. 
The parameters of the completed construction stages, ongoing and upcoming extensions, as well as the design and 
studies for prospective metro line extensions, are outlined individually for all three metro diameters. 
Metro construction in weak, water-saturated soils—which are predominant in Sofia—presents a complex challenge. Very 
often, after construction work begins, unforeseen circumstances arise that require the implementation of complex, 
tailored technical solutions, some of which are unique in nature. This presentation outlines several such challenges and 
solutions encountered during the construction of tunnels and metro stations using the Cut-and-Cover Method, the New 
Austrian Tunnelling Method (NATM), and the Shield Method using tunnel boring machines (TBM). 
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USAGE OF EXCAVATED MATERIAL FROM TUNNEL-BORING MACHINES IN THE CONTEXT OF 
ESTABLISHED PRACTICES FROM SOFIA METRO

Borislav Borisov, Veselin Balev, Pavel Pavlov
University of Mining and Geology “St. Ivan Rilski”, 1700 Sofia. E-mail: b.borisov@mgu.bg
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ABSTRACT 
Earth Pressure Balance tunnel boring machines generate large volumes of conditioned excavated material, whose 
handling, disposal and potential reuse are increasingly important for the sustainability of urban metro construction. This 
paper examines the current Bulgarian practice in the management of TBM spoil from Sofia Metro Lines 2 and 3 and 
compares it with established approaches from Crossrail, Grand Paris Express and the Brenner Base Tunnel. The 
geological and hydrogeological conditions of the Sofia Basin are shown to favour EPB tunnelling. Based on publicly 
available project and administrative information, the application of by-product and end-of-waste regimes to TBM-
excavated material from the Sofia Metro is not clearly documented. The material therefore appears to be managed 
primarily within the construction-waste framework under EWC code 17 05 04. The analysis identifies four main areas for 
improvement: limited public laboratory data on conditioning agents, lack of documented temporary storage or controlled 
biodegradation areas for surfactant residues, absence of a structured reuse plan, and limited transparency in monitoring 
and reporting. Recommendations are proposed for future Sofia Metro extensions, with the aim of improving regulatory 
traceability, material reuse and alignment with circular-economy principles.
Key words: TBM, soil conditioning, EPB, spoil management, Sofia Metro.
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.1. , . :

3,1 kg CO�eq/l –  DEFRA [24],  Fuels – Diesel (average biofuel blend), 
 WTT  ( ).

: 0,15 l/t – 
 25 t (  20 l/h  130 t/h). :

 8×4  18 t  45 l/100 km  35 l/100 km 
,  – 

.  ( ): 0,10 l/t – 
. : 0,55 kg CO�eq/t – 

.
.2.  (kg CO�eq/t).  15 km:  15×0,45 + 

15×0,35 = 12,0 l  18 t, . . 0,67 l/t,  2,07 kg CO�eq/t.  S1 (100% ): 0,47 
( ) + 2,07 ( ) + 0,31 ( ) + 0,55 ( )  3,4. 

 10 km: 0,47 + 1,38 + 0,31  2,2,  5 km: 0,47 + 0,69 + 0,31 
1,5.  S2 (50/50): 0,5×3,4 + 0,5×2,2  2,8.  S3 (90%  5 km, 10% 

): 0,9×1,5 + 0,1×3,4  1,7.
.3. .

.
, ,

,
,

.
 (±50%),  (14–22 t)  (±20%): S1  2,0–

6,1, S2  1,6–5,0,  S3  1,1–2,7 kg CO�eq/t,  S3 < S2 < S1  27 
;  80–95% S3  1,6–1,9 kg CO�eq/t. 

 ISO 14040/14044 (ISO, 2006a; 2006b).
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,  ( ).
,

_stat ,
. -  ( 0,3 stat )

. , 0stat

 (  2),  25%, 
(RMR  10  100), 0,3 stat  RMR  41. 

 (  1). 
 2 0stat

.
: , , , ,  2, RMR, 

.

ABSTRACT
This paper critically re-examines the assumption of static radial load transfer from the primary to the secondary lining in 
tunnels built by the New Austrian Tunnelling Method (NATM). Based on the actual construction sequence, it is 
substantiated that the static normal-force transfer coefficient _stat should be zero, since the primary lining carries the 
entire static load before the secondary lining is cast. This correction significantly simplifies the seismic analysis. With 
_stat = 0 the simplified dynamic method (Method 2), which reduces the inertial mass of the rock to 25%, is accurate for 

all rock categories (RMR from 10 to 100), whereas with _stat = 0.25 it is applicable only to rock with RMR  41. The 
results are confirmed through parametric studies and comparison with a reference contact model (Method 1). Method 2 
with _stat = 0 is recommended as the primary engineering method for the routine seismic design of secondary linings.
Keywords: NATM, double-layer lining, static load transfer, seismic loading, Method 2, RMR, drained waterproofing.

1.
,  ( ),  ( )

,  ( )
 (Rabcewicz, 1964). 

(EN 1998-4, 2006). ,
. .  2,

 25% .
 2 -

(  1), ,
.  (Wang, 1993; Penzien, 2000) ,

0,3 stat  , 
.

.
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,
 (Lorenz & Galler, 2015; Salehi et al., 2025; Liu et al., 2022), 

 2 .

2.

.  1. 

 1. .

1  ( , ,
);

2  25%  ( =675 kg/m³) 

3 ;  (
)

4 (Wang/Penzien) ;

5  (EN 
1998-4)

 K; 

 RMR (I  V, 
-  – 81, 61, 41, 21, 10)  20, 40, 60  80 m. ,

 0,25 m (C25/30),  – 0,40 m (C30/37),  0,002 m, 
0, 25ga g  . 

 Bieniawski (1989).

3.
3.1.  ( 0,3stat )

,
0,3 stat ,

.  (  1–4):
1. primN .
2. :

,stat sec stat primN N                                     (1)
3.  ( 32700 /kg m , 0, 25ga g )

dynN dynM .
4. :
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,tot stat sec dynN N N  , tot dynM M               (2)
, ,  2  RMR 

41 ( , ,1 , ,2/ 1,00sec s prov s provA A ).  RMR  40 ( ), 
 2  ( 1sec ) .  1a.

 1a. sec  2 0,3 stat  (
).  RMR  40  1,0, ,  2 

.  H = 80 m.

3.2.
 (Lorenz & Galler, 2015):

1.  ( , , ).
2.

 (Terzaghi, 1946; Bieniawski, 1989).
3.

(  5–10 mm) .
4. ,

, .  (
) .

, ,
0stat  . 

,
.

 Lorenz & 
Galler (2015), 

 ( ) .

4. 0stat

 2 ,
 ( 0stat ).  1 
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 2 ,  3.  2 
 RMR = 41, H = 80 m. 

 2. 0stat  RMR=41, H=80 m. 

M (kN·m/m) N (kN/m) ,s provA  (cm²/m)

1 82 115 7,5 ( )

2 21 28 7,5 ( )

4 175 130 7,5 ( )

5 85 60 7,5 ( )

 RMR , :
dynN -  ( ).

 (
2

, 7,5 /s minA cm m ,  �12/15 cm).
,

 RMR .
 2:

 (1  2) 
( , ,1 , ,2 ,s prov s prov s minA A A ), :

, ,2

, ,1

1,00s prov
sec

s prov

A
A

             (3)

 RMR (10–100)  (20–80 m). ,  2 
, 0stat  . 

 1b.

 1b. sec  2 0stat   (
).  RMR  1,00, 

 2
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5.
5.1.

 3 _secsec
stat .

 3. sec  2 stat .

RMR 0,3stat  ( ) 0stat  ( )

81 1,00 1,00

61 1,00 1,00

41 1,00 1,00

21 1,07 – 1,15 (  H) 1,00

10 1,06 – 1,43 (  H) 1,00

, 0,3stat  2  (RMR  40), 0stat

.

5.2.
 RMR = 41, H = 80 m,  2 

M (kN·m/m) , .
 (  2):  4 (Wang/Penzien) ,

 5 – ;  2 - ,
 1. 

 2.  M (kN·m/m)  RMR=41, H=80 m 
0stat .
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5.3.
0stat  (Rabcewicz, 

1964)  Lorenz & Galler (2015). Salehi et al. (2025) ,
,

.  ( ) - .
Liu et al. (2022)  5–35% — 

,  2 .
 Wang (1993)  Penzien (2000) (  4) 

, . 0stat

4  2 ,  4 .
5.4.

_stat = 0 _stat = 0,25 
 30–50%  RMR ,  (RMR  40) 

 50% .  3, 
_stat = 0  RMR (H = 80 m)  7,5 

cm²/m — ,
.

 3.  A_s,prov (cm²/m)  H=80 m _stat = 0.  RMR 
 7,5 cm²/m.

6.
0stat

:
1.  2 (  25% )

 (RMR  10  100), 0stat  . 
 (  1) 1sec .

2. 0stat  ,  (
2

, 7,5 /s minA cm m  �12/15 cm)  ( 0, 25ga g ),
.
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3. 0,3stat  ( )
 2  RMR  41.  RMR  40  2 

 1  4.
4. :
o  (  RMR), 

,  2 0stat

.
o  1 ( )

 ( 0,5ga g ).
o  Wang (1993)  Penzien (2000) 

.
o  ( ),  30–50% 

.
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,  NATM (Rabcewicz, 1964). 
,

 (Yang & Xue, 2020; Lee et al., 2025). 
 (Liu et al., 2022; Salehi et al., 2025)  (FHWA, 2025; 

USACE, 2024). 
— 11, 12 13 – ,

.
: , NATM, , ,

ABSTRACT
This paper analyses the need for contact grouting between the rock mass and the primary lining of tunnels built by the 
New Austrian Tunnelling Method (NATM) (Rabcewicz, 1964). The theoretical basis of the rock–lining interaction, the 
mechanisms of void formation in the contact zone and their effect on the structure are examined (Yang & Xue, 2020; Lee 
et al., 2025). Results from recent numerical studies are presented (Liu et al., 2022; Salehi et al., 2025) and related to 
international practice (FHWA, 2025; USACE, 2024). The study focuses on a specific case from railway construction in 
Bulgaria — tunnels No. 11, No. 12 and No. 13 in the Kostenets–Septemvri section — where, based on updated 
geological surveys, the technical need for radial contact grouting prior to the secondary lining is substantiated.
Keywords: contact grouting, NATM, primary lining, voids behind the lining, numerical modelling 

1.

,
,  (NATM) 

 (Rabcewicz, 1964).  NATM 
,

 ( , 2009). 
 (Yang & Xue, 2020) — 

, ,  (Lee 
et al., 2025); ,
(Kim & Yoon, 2016).

– ,
, ,

.

2.
2.1.  NATM 

 NATM : ,
, ,  (Rabcewicz, 1964). 

,
 (Lorenz & Galler, 2015). 
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2.2. –
.

: , ,
 (Yang & Xue, 2020; Lee et al., 2025). 

2.3.  — 
.

,
. ,

 (Bieniawski, 1989),  — ,
 ( , 2015). 

, .

2.4.
 (Henn, 2003; 

FHWA, 2025).  (Lorenz & Galler, 2015). 

 1.  ( )

 1 
. 1– 7

, 8 —  (  90°). 
 52 mm. 

 2 
: (1)  NATM, (2) , (3) 

Ø52 mm , (4) , (5) , (6) 
, (7) .
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 2. 

3.
3.1.

,
,  (Liu et al., 2022; Salehi et al., 

2025).

 3. 
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 3 : ,
, .

,  (Liu et al., 2022; Salehi et al., 2025). 

3.2.

: , -
,  NATM ,

 (Lee et al., 2025; Liu et al., 2022). 

3.3.

 4.  ( )

 4  (Yang 
& Xue, 2020). .

: , ,
 62% (Lee et al., 2025). :

 60° ; - .
 (Salehi et al., 2025; Liu et al., 2022). 

4.

.
,  NATM, 

 (Rabcewicz, 1964), 
 (Lorenz & Galler, 2015).  FHWA  USACE 
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,
0,21 MPa  500 psi  28-
(FHWA, 2025; USACE, 2024; AUA, 2003).

,
 (Kim & Yoon, 2016; Lee et al., 2025; 

KEC, 2020; KR, 2021); , ,
 (JSCE, 2016). 

:  „ “ (1985) 
 ( , 2018), ,

.

5.  — 11, 12 13 –
5.1.

– , –
(  75+840  88+258).  NATM ,

. .

5.2.

,
 (Bieniawski, 1989). 

 (Lee et al., 2025). 

5.3.

 52 mm 
(  1). ,

 (  KS-DD-2-T11-CS-0032-R0). 

5.4.

: ,
, ,

 (Lee et al., 2025; Yang & Xue, 2020; Henn, 2003; FHWA, 2025). 

5.5.
5.5.1.

 ( , 2009). 
, :

2 ct
max

f tP
D

                                (1)

:

ctf –  (  2–3 MPa)
t –  (  0.25–0.30 m)
D –  (  10 m)
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0.12 – 0.18 maxP MPa . ,
,  0.5–0.8 MPa, 

,  30 psi (  0.21 MPa) .

5.5.2.

D=10 m L=12 m ( ),
t=0.05 m, :

V= D L t= 10 12 0.05 18.85 3m                                    (2)
,

.

6.
 1

 > 60°
 62% (Lee et al., 

2025)

- -  (Yang & 
Xue, 2020)

 (Salehi 
et al., 2025)

 (Liu et 
al., 2022)

: . 80% 
,  (Lee et al., 2025). 

„ “   ( , 2018).

7.
7.1.

1.
(Yang & Xue, 2020; Lee et al., 2025).

2.  (Henn, 2003; FHWA, 
2025).

3.
(Rabcewicz, 1964; FHWA, 2025; JSCE, 2016; KEC, 2020).

4. ,  80% (Lee et al., 
2025).

5. ,
,  (Lorenz & Galler, 2015; Henn, 2003).
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7.2.

1.  NATM 
(FHWA, 2025; USACE, 2024).

2.  (Lee et al., 
2025; Salehi et al., 2025).

3.  (Henn, 2003; FHWA, 
2025).

4.
( , 2015).

5.  — 
 (Liu et al., 2022).

6. .

7.3.

1. .
2. .
3.  (Salehi et al., 2025; Liu et al., 2022).
4. .
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TECHNOLOGY, STRUCTURING AND MANAGEMENT OF THE CONSTRUCTION OF THE NEW “PANCHO 
VLADIGEROV’’ METRO STATION, PART OF THE FIRST INTERMODAL TRANSPORT HUB IN THE 

WESTERN PART OF SOFIA 

Snr. Asst. Prof. Eng. Boris Vasilev, PhD 

ABSTRACT 
The first real Intermodal Transport Hub in Sofia is planned to be built in the western part of the city and to include the 
construction of a new metro station, railway station and bus station. This article aims to present the specific design 
solutions, technology, structuring and management methods for the construction of the new “Pancho Vladigerov’’ Metro 
Station, as part of the Intermodal Hub. The challenges, problems and solutions for the construction of the metro tunnel 
and the metro station, without stopping the working of metro trains on the First and Second Metro Diameter, as well as 
the prospects for the final completion of the Intermodal Transport Hub will be presented. 
Keywords: Intermodal Transport Hub; Sofia; ‘’Pancho Vladigerov’’ Metro Station; 
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A PRACTICAL APPROACH TO REMOTE INSPECTION AND MONITORING OF NARROW 
UNDERGROUND MINE WORKINGS USING COMPACT LASER SCANNING SYSTEMS 

Marko Markov 
“Geotechengineering” LTD, Sofia, Bulgaria, markomarkov8@abv.bg 

ABSTRACT 
A practical approach for monitoring narrow underground mine workings using compact terrestrial laser scanning systems 
is presented. Through the integration of multiple sensors, automated real-time tracking and registration of scanning 
stations is achieved without the need for targets. The integration of point clouds with captured imagery enables the 
generation of a metrically accurate, colorized virtual model. This allows multidisciplinary teams to perform remote 
inspection, condition assessment, and monitoring of deformation processes. The proposed approach minimizes 
fieldwork time, significantly streamlines the surveying process, and enhances occupational safety. 
Keywords: Terrestrial laser scanning, Visual-Inertial Odometry, Remote inspection, Underground mine workings
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APPLICATION OF LiDAR-TECHNOLOGY BY EXAMINATION OF UNDERGROUND TRANSPORT 
INFRASTRUCTURE 

Alexander Postolovsky¹  , Slaveyko Gospodinov² 
¹”Geo Wild Mak” Skopje,  ²University of Architecture, Civil Engineering and Geodesy 

ABSTRACT
The application of laser scanning, as an advanced and highly reliable method for the documentation, analysis and digital 
representation of underground infrastructure is presented. The essential role of 3D-point clouds, as a precise, dense and 
objective source of spatial data for engineering, reconstruction and asset management purposes  is founded.  
Underground transport structure objects, such as tunnels and galleries are often difficult to examine, using traditional 
methods due to restricted access, limited visibility, complicated geometry, safety reasons and narrow working spaces. 
Terrestrial laser scanning overcomes many of these limitations by capturing millions discreet object-points in a short 
period of time, creating a complete three-dimensional representation of the examined .environment. 
Two tunnel survey case studies are inspected. The first one focuses on a tunnel with a narrow profile, where 
conventional surveying methods are inefficient or impractical. The second case study presents surveying of a highway 
tunnel, after reconstruction, where laser scanning-technology I used for as-built documentation.  The generated 3D point 
cloud serves as a reliable record of the completed works and allows a comparison between design intent and final 
construction.
Keywords: LiDAR, TLS, tunnel examination, 3D point cloud, Digital Twin, BIM, GIS, deformation analysis, spatial data 
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ABSTRACT 
A general retrospective overview is presented of the process that has shaped contemporary perceptions of the Earth as 
a continuously evolving system, whose components are engaged in complex interactions. A classification of geodynamic 
processes and phenomena is proposed from the perspective of their hierarchical differentiation. The factors that have led 
to a shift in research priorities are outlined, namely the transition from a “stationary” to a “non-stationary” Earth. The 
significant role of a geodesy in the field of a geodynamics is substantiated. The principal theoretical and technological 
challenges facing “dynamic” geodesy are presented.  
Keywords: geodynamics, geodynamic processes, geodetic methods, geodynamic monitoring. 
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COMPARATIVE ANALYSIS OF THE MECHANICAL CHARACTERISTICS OF A DOUBLE-DECKER CAGE 
AND A SKIP – CAGE FOR ORE TRANSPORTATION 

Dr. Zhivko Iliev, University of Mining and Geology” St. Ivan Rilski”, Sofia, E-mail: jivko.iliev@mgu.bg 
Prof. Dr. Dimitar Anastasov, „EkoTok“ Ltd, E-mail: danastasov@hotmail.com 

ABSTRACT 
This article presents a comparative analysis of the mechanical and operational characteristics of a mine hoisting system 
operating in cage and skip-cage hoisting. The mechanical parameters of a loaded two-deck cage with two wagons, each 
with a capacity of 1,7 m³, have been determined. The weights of the skip-cage unit have been calculated for operation 
with a loaded skip and with an empty skip. The skip hoisting times for a single cycle have been determined. Two variants 
of productivity based on the hoisting factor are also provided. Recommendations have been made regarding the 
implementation of the most efficient operating schemes for the hoisting system under specific extraction and transport 
conditions. 
Key words: mine shaft hoist; mining winders. 
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COMPUTER MODELING AND DETERMINATION OF THE INERTIAL CHARACTERISTICS OF
A HOISTING VESSEL FOR A MINE SKIP SYSTEM 

Dr. Zhivko Iliev 
University of Mining and Geology” St. Ivan Rilski”, Sofia, E-mail: jivko.iliev@mgu.bg 

ABSTRACT 
A computer model of a skip for a mine hoisting system has been created. The mass moments of inertia of the 
empty and full hoisting vessel have been determined analytically. The inertial characteristics of the skip were 
obtained from the computer model. A comparative analysis of the two applied methodologies has been 
conducted. 
Key words: mine shaft hoist; mining winders. 
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ABSTRACT 
The paper reviews the state of the regulatory framework for the seismic design of underground structures in rock 
masses. A comparative analysis between the current Bulgarian regulatory framework and international best practices is 
presented, with an emphasis on the specifics of the kinematic rock-structure interaction. Practical challenges in 
determining deep-seated seismic loads, the limitations of simplified analytical methods, and the application of numerical 
modeling are examined. In the context of the second generation of Eurocodes, recommendations for practice are 
formulated to enhance safety in mining and underground engineering. Ultimately, the work aims to provide actionable 
insights for structural and mining engineers navigating complex seismic design standards. 
Keywords: Seismic design, Underground structures, Rock masses, Regulatory framework 
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ABSTRACT 
Acid mine drainage (AMD) is commonly treated as a long-term environmental liability, although dissolved copper may 
create a secondary-resource opportunity. This paper presents a screening techno-economic methodology that compares 
a mandatory baseline treatment scenario with a resource-recovery scenario for the same AMD stream and system 
boundary. The method combines technology feasibility, annual copper load, differential CAPEX/OPEX, NPV, break-even 
indicators, data-reliability classes and sensitivity analysis. Preliminary stress testing identifies sensitivity to water reuse
value, OPEX and time-dependent metal recovery, confirming that the present model should be regarded as an initial 
project-screening framework requiring further validation and development. 

 1. 

 /  / 

AMD; Cu ; —
CAPEX; OPEX ; €, . €; €/y, €/m³

NPV; NPV; PVF ;  NPV 
; €, . €; —

X : X_res  X_base  X
Q, Qi, Qavg ;  i- ; m³/h
CCu, CCu,i, CCu,avg  Cu;  i- ; mg/L

ti; H  i- ; h; h/y
MCu,in; MCu,rec  Cu ;  Cu t Cu/y

Cu  Cu %
PCu  Cu €/t Cu
fp /  Cu —
RCu /  Cu €/y
Swater; Bother ; €/y

CAPEX; OPEX; 
CF; CFt

 CAPEX;  OPEX; 
 t € / €/y

r; n; t ; ; % ; y

freuse; cwater; c ; ;
OPEX % ; €/m³

RCu,req  Cu NPV = 0 €/y
MCu,in,BE; CCu,BE  Cu ;  Cu t Cu/y; mg/L
PCu,BE; Cu,BE;

CAPEXmax

; ;
CAPEX

€/t Cu; %; €, .
€

MarginM; MarginC  Cu ; t Cu/y; mg/L
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, , .

,  [1, 2]. 
 Cu 
.

:  Cu 
 AMD ?

.
.

- ,
 AMD :

 Cu 
.

,  [3, 4], 
 AMD. 

2.

,
.

 Cu .  Cu 
.

, X = Xres  Xbase.
,

.
.

:  AMD ,
, ,

.
; Cu,

, CAPEX, OPEX .

. 1. .

:  I – 
 CAPEX/OPEX;  II – ;

 III – ,
.

 [5, 6]. 
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 A, B  C – , .
 I ,

.

3.

 Cu, 
.

:
MCu,in = (Qi · CCu,i · ti) / 106 (1)

 Q  m³/h, CCu –  mg/L, t –  h,  t Cu/y.  I 
 MCu,in = Qavg · CCu,avg · H / 106.  Q  CCu

.
MCu,rec = MCu,in · Cu (2)
RCu = MCu,rec · PCu · fp (3)

Cu  AMD , PCu – 
 Cu,  fp – / .

.
CAPEX = CAPEXres  CAPEXbase ; OPEX = OPEXres  OPEXbase (4)
CF = RCu + Swater + Bother OPEX (5)
NPV = CAPEX + [ CFt / (1 + r)t] (6)

Swater
 OPEX. Bother ,

 Cu, . NPV,
 = .

NPV ,
. :

NPV = 0 (7)
RCu,req = CAPEX / PVF + OPEX  Swater  Bother (8)
MCu,in,BE = RCu,req / ( Cu · PCu · fp) (9)
CCu,BE = 106 · RCu,req / (Q · H · Cu · PCu · fp) (10)

 PCu,BE, Cu,BE
 CAPEX. - ,

.
,

.

4.
 2. 

NPV > 0 -

MCu,in > MCu,in,BE

A/B/C

NPV = 0
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: I – ; II – 
; III – ; IV – 

.  IV  I ,
.

, Cu, PCu, CAPEX, OPEX, fp
.

,  Monte Carlo  [7]. 

5.

 AMD .
;  I 

 C.  „ “ .

 3. 

Q 200 m³/h
H 8 000 h/y

 Cu CCu 100 mg/L
Cu 92 %
fp 1.00 –

 Cu PCu 8 500 €/t Cu
freuse 75 %
cwater 0.35 €/m³

CAPEX –  / CAPEX 2.0 / 6.5 . €
OPEX –  / c 1.10 / 1.65 €/m³

n 12 y
r 8 %

 1.60·106 m³/y,  160 t Cu/y, 
Cu = 92%  147.2 t Cu/y.  4.5 

. €,  OPEX  +0.88 . €/y,  0.42 

. €/y,  0.791 . €/y.  12 
 8% NPV = +1.463 . €. 

 4. 

 Cu MCu,in 160.00 t/y
NPV NPV +1.463 . €

 Cu MCu,in,BE 135.18 t/y
CCu,BE 84.49 mg/L

 Cu MarginM 24.82 t/y
MarginC 15.51 mg/L

 Cu PCu,BE 7 182 €/t Cu
Cu,BE 77.73 %

CAPEX CAPEXmax 5.963 . €

 24.82 t Cu/y, 
 15.51 mg/L. 

, .
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. 2.  Q–CCu .

. 2 ,  „ “  Cu. 
-

.  CAPEX; 
.

6.

-
.

, ,
.

-  5. 

 5. -

NPV

 = 0 1,70 . € .
OPEX

 1,77 €/m³  0 -
.

Cu 5%/ . 0,41 . € .

:
;

,  Cu ;
,

; -
 OPEX , .

,
.

 I.  — , ,
, NPV  — .
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ABSTRACT
The report presents information on the used technology, the tunnel equipment and the number of personnel for the 
construction of "Ventilation Shaft No. 5" (VS-5), as well as the deadlines for the realization of the individual stages of the 
project. A summarized construction schedule is also provided, indicating some events and problems accompanying and 
delaying the implementation of the construction process according to the project. 
Key words: underground mining construction, vertical shaft, organization, special technologies
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 „ “ -5: 
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 „ “
. 292, . 392 . 484. 
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.

2. -5
-5  5  [2,4,5]: 

 –  – 25 m. 
 25 m – ,

 (  4 m; 
 7m; -2 /40  6 m 

),
.

:
„ “  (  4 m), ,

, ,
-3 . .

 (  2 m) -24,
,

 16 t. 
 1 m .

 25 m .
 (  1 m 

), .
:  16 t; -3;

 „ “  30 m3/min; -24;  1 
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.
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-5.
. 3. -5,
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,  B-N .  M-N 

.
 – 

.
-5. :

 (  1,5 m3  3 m3);
 ( ,

);  (2 . - 
). 

 (  32 m) ,
 (  1,6 m),  – 

 (  80 m). 
.  „ “  35m. 

 ( ).
 –  25 m  510 m 

 [2,4,5]. 
:  (3,3 m), 

; ;  (3 m); 
;  (  2,9 m); 

 3,3 m , .
 3 m. 

 – , ,
 ( )

.
 – 

, ,  „ “ –  (
;

 – ).

3. ,
-5

-5
 [2,4,5]: 

a)  – 2 .;
b)  ± 0; 
c)  ( ); 
d) ;
e) ;
f)  – 11 .;
g)  V = 1 m3  V = 3 m3.

 [3].  Ø 6000  H = 4000, 
 ( )  Ø 6000 mm 

.  22000 kg 
.  ( )  4000 mm 

 3000 mm. 
,  – 

 (6000 mm)  (6080 mm) .
, ,

.
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.
 (2 .)

. 4. 

, -5 . 1. 
. 5. -5, . 6 – 

-2 /40

. 1. 

. -
, kg

-
, kg

1.  3 m3 1 -3,5×2 10000 5909
2.  1,5 m3 1 -1600 4000 3059
3. 2 -25/600 25000 4000
4. 4 -10/800 10000 32000
5. 1 -4/500 4000 1641
6. 1 -5/500 5000 1250
7. 1 -5/500 5000 1500
8. 1 -5/51500 5000 2000
9. 1 -5/500 5000 580

. 5. . 6 – 
-2 /40 
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1  D1 = 1.5 m n1 = 5 .  1  5 
2  D2 = 3.1 m n2 = 9 .  6  14 
3  D3 = 4.7 m n3 = 13 .  15  27 
4  D4 = 6.5 m n4 = 18 .  28  46 

. 7 ( , , )
, :  –  D1,  – 

 D2,  –  D3,  – 
 D4

6. -5

:

 – 
,

, .
 – . . „ “ – 
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.
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. 7. 
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1  350 kg 126.0 
2  0 ÷ 5 mm kg 270.0 
3  5 ÷ 20 mm kg 168.0 
4  20 ÷ 40 mm kg 112.0 
5  l 75.0 
6 -1 l 2 l (0.75 kg) 
7  „ “ l 3 l (1.88 kg) 
8  l 1 l (1.25 kg) 
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,
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;
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-5

28. .1981 .
28. .1981 ,-
15.11. 1982 .
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 25 m. 
15.111. 1982 
.- 6. IV. 1982 
.

:

 25 m; 

1 .V. 1982 - 
30.V. 1983 .
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=32 m 
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1. .
2.  4 
3.  2 . .
4.  11 .  2 .

.
5.  2 .

 : 2 .  80 = 160 t 
6.

-5
7. -5  U =6

kV  U =380 V. 
8. -5

.
IV.1982-
27. .1982 . ,  „
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1. .
2. +6,10 
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7. -16
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.
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12.11.1986 .

 ( )  „  5“ 

15. 11.1986- 
30.IV.1986 .  ( ) .
4.V.1986 - 
6. .1986 .

0
, -5

1
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1.  2 . +25 .
2.  2 .  ( )
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4.
5.  „  5" 
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. 5. 

1. .
1987 . -2 402 000 t 
1988 . -2 358 000 t 
1989 . -2 360 000 t 
2. .
1990 . - 1 876 062 t 
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DEFORMATION ZONING AND CONSTRUCTION CONTROL OF THE SUBGRADE FOR AREAL 
ENGINEERING FACILITIES

Veselin Balev¹ email: veselinbalev@mgu.bg
¹ UMG „St. Ivan Rilski“, dep. „Underground Construction“

ABSTRACT
For areal engineering facilities built on reclaimed, filled or undisturbed ground, the governing design property is not the 
local bearing capacity but the spatial variability of the deformation behaviour of the subgrade. The paper presents a 
methodology in which light weight deflectometer testing is used for deformation zoning of the site and for targeted 
construction control. The organisation of the testing grid, the criteria for delineating zones and the way a zonal map is 
converted into differentiated execution requirements are discussed. The methodology is illustrated by 49 tests on a 
photovoltaic plant site. 
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Evd = 22,5 / s             (1) 

 Evd , MPa,  s 
, mm.  300 mm  [3]. 

 Evd  Ev1  Ev2  DIN 18134 
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[6], .

,
 [7], [8]. ,
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. . 2. 

. 2. .

,
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, .
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: ;

;
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1  2,0 ;

2  2,0  2,2 ;

3  2,2 ; ;

 2,0  2,2 
 [5]. , ,

.
,

,  [9]. 
.

;
;

.
V.

 49 .  Evd  56,2 MPa  24,9 
MPa  84,3 MPa.  Ev2/Ev1  1,98  1,82  2,67. 

- - ,
, .

 Ev2/Ev1 . 3. 
,

.

. 3.  Ev2/Ev1 .

 50–75 MPa, .
. 2. 
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s, mm 
( ) , %

1 34 62,4 50,1 – 84,3 1,91 0,370 64 
2 10 47,2 42,3 – 49,5 2,03 0,480 27 
3 5 31,6 24,9 – 35,9 2,38 0,730 9 

. 4.  Evd 
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:  Ev2/Ev1 ,
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