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Abstract: The purpose of the study was to monitor the impact of mining on the structure of crystalline 

limestone caves, in the vicinity of a quarry in SW Poland. The scope of work included an analysis of the 

geological and geotechnical conditions and safety of the caves. The research included the application of 

MASW Multichannel Analysis of Surfaces Waves to determine rock voids, identification of geotechnical 

parameters and slope stability. Short-range aerial photogrammetry was used to produce maps. Seismometers 

and glass plates installed near and inside the caves allowed characterization of Vs paraseismic vibration velocity, 

acceleration, displacement and frequency. The MASW survey determined Vs velocity and limestone 

strength. The 48-m long survey revealed several zones with higher values of Vs and cave zone with lower 

values of 70–90 m/s. It allows the identification of the cave. The slope stability analysis, taking into 

account the results of the geophysical survey, previous research and field observations, indicates that the 

slope is stable. In the second part, the magnitude of vibrations was measured as a function of charge size 

and distance. The research was conducted to determine the parameters of safe blasting operations, detect 

the caves using MASW method and minimize negative impact of exploitation on the caves. A methodol-

ogy for monitoring the condition of rock slopes in the vicinity of blasting sites was presented. In the 

conclusions, the geotechnical parameters and the stability of the quarry slope near the caves were charac-

terized. It was found that the slopes are stable with factor of safety Fos > 10. Investigations confirmed that 

using MASW method it is possible to detect caves and strength parameters up the depth of over 20 m. It 

was also possible to determine the safe level of paraseismic vibration of v = 2.45 cm/s for the studied 

caves. 
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1. INTRODUCTION 

Limestone opencast mining is carried out on a large and small scale in many countries 

worldwide for the manufacturing of cement and lime. This type of mining can have 

several implications for the environment, changes in landscape, instability of rock 

masses, and other effects. Blasting can result in the damage to slopes in surrounding 

areas, the dislodging of large blocs from rock walls and it also could pose a threat to 

karsts cave ecosystem formed over millions of years. The use of explosives could also 

damage groundwater circulation. Falling rocks can also be dangerous that need to be 

controlled. Some of the caves require permanent, strict protection (Kasprzyk et al. 2015; 

Kurpiewski 2018; Szynkiewicz 2012; Sobczyk et al. 2016; Bin, Zhengyu et al. 2016). 

The lack of sufficient knowledge about the caves concerns both institutions and 

individuals responsible for environmental protection and services appointed to real-

ize this task. Another problem is connected with the classification of these unique 

natural sites. Environmental protected objects are classified either as areas of oc-

currence of specific protected animal or plant species or inanimate nature areas. 

The caves sometimes escape these criteria, especially in mining areas, so it is im-

portant to devise effective methods for its monitoring and protection (Bin, Zhengyu 

et al. 2016; Kurpiewski 2018). Caves constitute a unique environment of fauna and 

flora that do not occur outside them and were formed over millions of years. They 

are also places of the underground water circulation network accessible to man. As 

a result, they are the most susceptible to anthropogenic pollution. Caves in the vi-

cinity of mines are frequently not accessible to the public and often are not subject 

to special care. This underscores the pressings and necessity important to devise 

effective methods for its monitoring, protection and systematic monitoring. This 

knowledge should be incorporated into mining management and exploitation 

plans. Caverns may also result in the unintentional accumulation of pumped explo-

sives, leading to the excessive scattering of rock fragments outside the designated 

flyrock zone. It may also pose 

a threat to people and machinery through the formation of a sinkhole (Kotyrba 2018). 

The most effective mitigation method is the utilization of non-invasive exploration 

technologies, which will enable the identification of caves and rock voids before 

the commencement of mining operations. Furthermore, the necessity of rational 

extraction of the deposit, namely the utilization of available, discovered, and docu-

mented resources in such a manner that the total extraction is achieved simultane-

ously with the protection of valuable sites, necessitates the undertaking of research 

and additional documentation. Different seismic and resistivity geophysical meth-

ods or geological drilling could be applied to gain a comprehensive interpretation of 

cavities and karst caves occurrence (Bin, Zhengyu et al. 2016; Bullen 1963; San-

tamarina 1994; Sanchez-Salinero et al. 1987; Sheu et al. 1988). However, the pre-

cise recognition of slope parameters in quarries necessitates the implementation of 
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costly drilling operations and strength laboratory tests. Same types of geophysical 

investigations could be not fully sensitive for cave location (Szynkiewicz 2012; 

Sobczyk et al. 2016; Kasprzak et al. 2019). Consequently, to reduce the costs, it is 

important to try to adopt new geophysical methods of scanning to check its possi-

bilities to locate rock voids existing in the deposit. This together with careful moni-

toring could help in protection of the caves. 

The investigations presented were conducted near the caveslocated in SW Poland 

in of Połom Hill near the Wojcieszow. The limestone from examined quarry is ex-

tracted for the production of aggregate and limestone meal on seven levels in a slope-

deep excavation. In the mine’s close vicinity, thirteen caves are located (eight pro-

tected). Bajda, Górecki 1996; Bochynek 2016; Dziedzic, Gruszecki 1992; https:// 

jaskiniepolski.pgi.gov.pl/Details/Information/3986. A distinctive feature of the inves-

tigated quarry is the formation of rock voids that, from the perspective of mining op-

erations, are a technological and geotechnical threat to the safety of the exploitation. 

The investigations objective was to incorporate different geotechnical, geophysical and 

mining montoring methods to recognize the cave location, strength parameters, slope 

stability and influence of blasting mining method on the cave safety. These included 

interpretation of geotechnical parameters of the slope above the caves based on previ-

ous investigations, new implementation of MASW shallow geophysical scanning 

method for detection of existing and nor discovered caves, measurements of paraseismic 

vibrations, short-range aerial photogrammetry for actualization of quarry morfology, 

field observations and slope stability analysis for prediction of quarry wall stability. 

These methods allowed detection of the caves in the cross-sections, characterization 

of the geotechnical stability parameters, actualization of the morfology and recogni-

tion safe for the caves paraseismic vibration levels. In the conclusions, results from 

the performed investigation were discussed and the safe values of vibration levels in 

the caves were defined. 

2. LOCALIZATION AND GEOLOGY OF THE DEPOSIT 

The “Połom” crystalline limestone deposit is situated in the Lower Silesia voivodship 

(Figs. 1 and 2). It is located approximately 1 km west of the main road passing through the 

city, on the left bank of the Kaczawa River, above Upper Wojcieszow. The deposit is 

situated within the Kaczawskie Mts., which form part of the Western Sudetes Mts. 

and run from NW to SE. The complex tectonic structure was formed in many polyge-

netic stages. The crystalline limestones were formed from carbonate rocks and meta-

morphosed. They were altered in zones of epi- and meso-metamorphism. These older 

rocks are cut by veins of younger porphyry (rhyolite). The boundaries of the geologi-

cal units are mostly tectonic, marked by zones of faults and overthrusts, foliated and 
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crossed by faults and quartz veins. Limestones form an inclined fold with monoclinal 

dips. Folding and subsequent movement have created a dense network of multidirec-

tional fractures, small folds and faults with variable dip. Metamorphic rocks such as 

greenschist and greenschist shales, phyllites, sericite shales, quartz shales, crystalline 

limestones, porphyroids are of Upper Cambrian age. The following rock complexes were 

identified in the area: the Radzimowice shale, the Wojcieszow limestone, the Greenschist 

shale, the Diabasic shale and the Phyllite series (Bajda, Górecki 1996; Dziedzic, Gru- 

szecki, 1992). The Połom Hill Quarry is situated at an altitude of 667 metres a.s.l. The 

coordinates of the quarry bottom are 530 metres above sea level. The relative heights 

of the surrounding area do not exceed 300 m. Karst processes are expressed by the 

presence of fractures, cavities, caves and funnels, often filled with clay and rock de-

bris. The fissures and cavities are conducive to the rapid infiltration of rainwater. 

Active quarries surround the top of Połom on two sides. The overburden has been 

removed over the entire surface of the deposit.  

 

Fig. 1. Location and geological map of the studied area 

(on the basis of Detailed geological map of Poland 1:50 000, 2011) 

The main type of rock is used in the lime industry as hydrated lime or for fertilis-

ing and deacidifying soils. Aggregates and lime meal are used in road construction. 

Limestone has also been used as a decorative stone. No groundwater has been identi-
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fied in the deposit to be exploited. 

3. CHARACTERISTICS OF PROTECTED CAVES 

The caves can be described as fissure caves in the limestone beds, which were formed 

by the development of underground karst processes. The caves may have a rich and 

varied speleothems brown and red calcite coatings, draperies, cascades, ribs, organs, 

stalactites. The most attractive are the rhombohedral crystals formed in the conditions 

of stagnant thermal water. The caves locaton in the immediate vicinity the Połom Hill, 

is shown in Figs. 2 and 3 in relation to the current and planned extent of mining (Żuk 

et al. 2011). The protected caves are located: a) about 330 m to the north of the mine 

– Północna Duża, Północna Mała, Ostrych Kantów, Wojcieszowska Gap, Aven Cave, 

b) about 350 m to the north-east: Pajęcza Cave and Nowa Cave, c) about 540 m to the 

north-west: Lejowa Cave, Nad Potokiem Cave, d) Urodzinowa Cave and Zimowa Cave. 

A general view of the mine, the mining area boundary, and the current and projected 

extent of mining with explosives influence in relation to the location of protected 

caves are shown in Fig 2. The Północna Duża Cave was discovered in 1924. The cave 

is 103 m long, 39 m deep and the height of the opening is 587 m a.s.l. Behind the 

opening there is a large main hall, 45 m long, 20–25 m wide and 4–5 m high. The 

cave contains many stalactites and has a microclimate similar to that of a “static ice 

cave” with the permanently low temperature. Bats spend the winter in the cave. The 

Północna Mała Cave has a total length of 23.4 m. The cave has the character of a 

washed out limestone stream bed. The cave has the shape of a collapsed mine shaft. 

Wojcieszowska Rift Cave has been known since the 1950s, i.e. since the opening of 

the quarry. It is 440 m long and 112.6 m deep. The cave is described as the deepest in 

Poland after the Tatra Mountains caves with bats and spiders. Its bottom is 93 m be-

low the entrance. The cave is 108 m long and 27 m deep. It is 1.1 m wide and 1.2 m 

high. The Pajęcza Cave has a low entrance. Behind it there is a big chamber – a room 

measuring 4.6 m  8.6 m. The cave is named after a rather numerous, 60 m long, pop-

ulation of cave webworms, spiders of the species Meta Menardi. The entrance to the 

Nowa Cave has a short corridor leading to a large room. In this hall, in a small hol-

low under the E wall, a small lake appears periodically. The cave is very wet. Bats 

can be found in the large hall. There are also trogloxenes, bees, spiders and moths in 

the chimney and at the opening. The Zimowa and Urodzinowa caves are the closest to 

the present site and are protected. Discovered in 2000/2001, the caves with entrance 

created by mining on the west slope of the mine. These caves are regularly monitored 

by the speleological team due to the presence of bats. Inside the Zimowa Cave, a fis-

sure meter has been installed. The cave has been chosen to measure vibrations from 

mining operations in the vicinity of blasting (Fig. 3). Since 2000, the number of bats 
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in the cave has been regularly monitored by the staff of the Zoological Institute of the 

University of Wroclaw in cooperation with the Wroclaw University of Life Sciences, 

the Wroclaw Chiropterological Group, the Czech Speleological Society Liberec and 

the Grotołazy Wroclaw. Nocturnal listening for social and echolocation calls was also 

conducted in summer 2011 (Żuk et al. 2011). In total, about 300–400 bats of 11 species 

are observed hibernating every winter (Kurpiewski 2018). 

 

Fig. 2. The Północna Duża Cave: A – map of the cave, B – lower hall, C – upper hall, D – stalagmites 

 

Fig. 3. The Zimowa Cave with installed monitoring devices: A, B – feeler gauges, C – Vibralock 
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4. GEOLOGICAL ENGINEERING CONDITIONS 

The exploitation of the Połom deposit, which lasted for several hundred years, result-

ed in a significant transformation of the entire massif, which is tectonically complex 

and highly fractured. Taking into account the complex geological and mining condi-

tions, it is classified in the 3rd group of deposit variability. The massif has a varied tec-

tonic and folded structure. On the tectonic foundations, crevices, caverns (caves) and 

karst funnels filled with clay and rock debris have been formed. The deposit is bor-

dered on the east by the valley of the Kaczawa River. Infiltration of rainwater into the 

massif is facilitated by (generally open) cracks and fissures in the rock mass, a high 

degree of karstisation and the presence of cracks and caves, especially on the western 

slope of the quarry. During heavy rainfall, rainwater can accumulate at the bottom of 

the quarry, but the ability to drain water from the open pit means that there has been 

no groundwater hazard to mining operations. Initially, the slopes were 1–12 m high, 

with an inclination of 60–70° and a shelf width of about 9 m. After 2000, these were 

changed to 20 m high and 5–6 m wide. The geological structure of the area near the 

performed investigations is shown on cross-section in Fig. 4. It is characterised by SW 

and NE dipping tectonic faults. The layers of light-coloured limestones of the lower 

horizon are separated by layers of phyllites, phyllitic shales and calcareous phyllites, 

which dip at an angle of about 45 to the NE. The strength of the rocks showed that the 

limestone has a strength 82–174 MPa and a bulk density = 2.7 g/cm3 (Bajda, Górecki 

1996). However, these results may be overestimated as they do not take into account 

fracturing and karstification. The porosity of the limestones ranges from 1.43 to 

6.23%, the water absorption from 0.1 to 0.4%. Selected strength parameters character-

ising the quarried limestones are summarised in Table 1. 
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Fig. 4. Geological cross-section 2-2 scale 1:1000 (location in Fig. 1) 

Table 1. Selected quality parameters of crystalline limestones 

from the Połom deposit 

Parameter Value (mean value) 

Uniaxial compression Rc [MPa] 82–174 (116) 

Density [g/cm3] 2.76–2.89 (2.81) 

Apparent density [g/cm3] 2.68–2.75 (2.71) 

Porosity [%] 1.43–6.23 (3.62) 

Soakability [%] 0.1–0.4 (0.2 ) 

Frost resistance (cycles) 25 (cycles) 

Frost resistance (% weight loss) 0.0–0.8 (0.4) 

CaCO3 content [%] 85.5–97.83 (92.83) 

5. METHODS 

The methods chosen for the investigation including non-invasive MASW geophysical 

scanning, paraseismic vibration monitoring, UAV photogrammetry and numerical slope 

stability analyses. These methods allows detection and prediction of safety, stability 

of quarry slopes and protected natural and speleological sites and also delivered new 

data and the addition of geological documentation for subsequent parts of the deposit. 

Therefore, with a view to optimum extraction and the safety of mining operations, the 
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possibility of adapting the microseismic apparatus to locate rock voids existing in the 

deposit was examined. Obtained data allowed also actualization of the quarry mor-

phology and prediction of safe for the caves paraseismic vibrations levels.  

The MASW (Multichannel Analysis of Surface Waves) is a non-invasive geophysi-

cal method for investigating soils and rocks. It has been used in engineering geophysics 

since the 1990s. The primary objective of MASW measurements is to accurately es-

timate the elastic properties of soils and rocks, their approximate geological structure 

and geomechanical parameters. The MASW method makes it possible to identify the 

propagation of surface seismic waves on the basis of parameters such as wave speed 

and attenuation. Surface waves propagate to different depths depending on their fre-

quency. This makes it possible to determine the elastic properties of soils and rocks 

(Bullen 1963; Nazarian et al. 1983; Park et al. 1997; Santamarina 1994). The dispersion 

of surface waves depends on the physical characteristics of the substrate, mainly on 

their variations in the vertical profile. By determining the scattering curves, the strength 

characteristics of the soil or rock can be determined. This method is characterised by 

the possibility of continuously recording very small deformations or voids. This offers 

the possibility of a more accurate identification of the elastic properties of the soil or 

rock under investigation. It is based on the measurement of the velocity of surface seis-

mic waves, during impact with a hammer or by means of another seismic vibration gen-

erator (Fig. 5). Seismic waves generated at the surface of the soil or rock, propagate 

both as longitudinal and transverse waves that propagate throughout the rock mass and 

Rayleigh surface waves near the ground surface. In the MASW method, a multi-channel 

seismograph is connected to a string of geophones that record surface wave propaga-

tion velocities. MASW analyses low-frequency waves from 2 to about 30 Hz, made 

possible by purpose-built geophones. Due to the relatively high accuracy of the meth-

od, which is achieved through both measurement and data processing techniques, this 

enables information on the structure and strength characteristics of the rock mass to 

be obtained quickly. MASW allows not only a quantitative representation of the elas-

tic properties of the subsoil in the form of a shear wave profile Vs, but also a qualita-

tive representation of the picture of near-surface heterogeneity and heterogeneity of 

the bedrock. 
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Fig. 5. Method of performing the MASW test using a multi-channel (24 geophones) 

recording system (Park et al. 1997) 

The UAV photogrametry was used to observe the condition of the rock face was 

the use of an unmanned aerial vehicle and the post-evaluation of pre- and post-

blasting photographs of the rock face taken with a 1 CMOS / 20 megapixel camera 

and an 84° 8.8 mm / 24 mm lens. 

The paraseismic vibration measurements are relay on ground velocity, accelera-

tion, displacement and frequency recording in the moment of blasting. Seismometer 

measures the wave parameters in one vertical and two horizontal directions, in line: 

quarry – object. Measured values of seismic effect presented in function of distance and 

size of fired explosives, taking into consideration geological and mining propagation of 

vibrations conditions. On this basis the mathematical model of seismic vibrations 

radiation was specified. In in order to preserve the homogeneous structure of limestone 

caves is necessary to know the safe level of paraseismic vibrations generated by mining. 

In previous works (Żuk 2011; Kurpiewski 2018) the calculation of safe charges in this 

mine was carried out with the assumption of the permissible vibration magnitude for 

protected caves as Vd = 0.25 cm/s. In comparison, in the German standard DIN 4150, 

in buildings it should not exceed Vd = 0.5 cm/s and for sensitive buildings Vd = 

0.3 cm/s. 

A comparison with the Polish standard is not possible, as the results of the measur-

ing device must be analyzed in 1/3-octave bands before their magnitude can be as-

sessed on the scale of dynamic influences (on buildings). The safe vibration level for 

the protected objects has a real impact on the range of blasting operations. 

The slope stability analyses was carried in one cross-section located on the west slope 

the quarry near the investigated cave area out using Flac 7.0 software and the Shear 

Strength Reduction Method (SSR). A linear elastic constitutive soil model was used 

for the calculations. The SSR method aims to reflect the real processes leading to 

the reduction of the shear strength of the rock or soil forming the slope until it loses 

its stability. The slope stability factor Fos was calculated using the finite difference 
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method. Analyses of the rock mass boundary condition, took into account the ex-

pected depth of the groundwater level, allowed the values of the parameters in cer-

tain nodes of the model to be estimated. These values were approximated by La-

grange interpolation method and presented in isolinear form as shear strain rate [s–1] 

or maximum velocity vector [m/s]. It allowed prediction of the slope stability in 

investigated area. 

6. REULTS OF GEOPHYSICAL MICROSEISMIC SURVEYS (MASW) 

The MASW surveys were carried out on the SW slope at 578 m a.s.l., in a 50 m section 

(Figs. 5–9). The region is characterised by the presence of intensive karst phenomena 

between 580–540 m a.s.l. Their thickness increases significantly towards the SE from 

about 10 m in section 1-1, to 20 m in section 2-2, to a maximum of 40 m in section 

3-3. The MASW method, allows the Vs profile to be obtained in the 1-D profiles and 

in 2-D cross sections. The measurements from 24 geophones with a frequency of 4.5 Hz, 

spaced every 2 m were recorded by a high quality multichannel seismograph. The inves-

tigations were carried out in the following stages: a) collection of archive maps and 

engineering geological data, b) field work – setting up the geophysical equipment along the 

surveyed section, installation of geophones, connection and testing of the equipment, c) 

calibration of the seismograph, input of measurement data, definition of the measurement 

method, checking of noise and correct operation of the seismograph, d) data acquisi-

tion, a total of 26 measurements, e) analysis and interpretation by the “stacking meth-

od” with extraction of the dispersion curve for each measurement. In this method, a 

multi-channel recording of the measurement data was decomposed into individual 

frequency components of the seismic waves using the Fast Fourier Transform (Bullen 

1963). Amplitude normalisation was then applied to each frequency. The number of 

phase shifts required to determine the time delay for each frequency component. Finally, 

they were all added together to give the summed energy for the different frequency com-

ponents of the wave (Park et al. 1997). The interpretation included: a) back-inversion 

analysis to determine the shear wave velocity Vs as a function of depth, b) con-

struction of a preliminary shear wave velocity model, c) construction of Vs 1D profile 

models for individual geophones – 24 profiles in total (Fig. 6) construction of 2D MASW 

cross-sections by interpolating the MASW Vs 1D cross-sections (Fig. 7). The survey made 

it possible to determine in detail the values of the Vs shear wave velocity to a depth of 

8 m in the twelve 1D profiles. Their example is shown in Fig. 5. It shows in detail the 

seismic wave velocities down to a depth of 18 m. The darker dark grey colour indicates the 

bedrock layers with large variations in Vs velocity. 
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Fig. 6. Example of a 1D seismic wave velocity profile at 4 and 40 m from geophone 1 

 

Fig. 7. MASW 2D Measurement, seismic wave triggered +5 m from geophone No. 1 



Control of karst caves safety in the Połom limestone quarry 19 

 

Fig. 8. MASW results – 2-D section of shear wave velocity Vs [m/s] 

The interpretation of all the measurements taken is shown in Fig. 8. It shows several 

zones with significantly higher shear wave velocity values of 360–500 m/s (in blue) 

and an isolated oval zone (cave?) with lower Vs values of 70–90 m/s (in red). The 

highest variability of velocity occurring in the first 22 metres of the surveyed section, 

where the above oval zone with significantly lower Vs values occurs. It is located 

at a depth of 8–14 m in the area where the geological documentation of the deposit 

recorded the occurrence of intensive karst phenomena between depths of 580–540 

m a.s.l. It is about 10 m in cross-section 1-1 to 20 m in cross-section 2-2. These 

results indicate the possibility of detecting karst phenomena in MASW geophysical 

surveys. Areas of markedly different shear wave velocities are also evident in the 

twelve 1D Vs (s velocity m/s) profiles at distances from 0 m to 44 m, every 4 m. 

These show that the greatest differences along the length occur in the first 16 m of 

the profiles taken. It was found that there are the zones characterised by different 

shear wave velocities Vs (Table 4). Up to a depth of about 8 m there is a very large 

variation in shear wave velocity from 50 to 450 m/s. Two depth intervals with high 

wave velocities 0–1 m and 4.5–5.5 m and two intervals 4.5–5.5 m and 7–8 m with 

lower velocities are clearly visible. There is less variation in shear wave velocity in 

the further 1D profiles representing 16–44 m of profiling. Analysis of the 2D shear 

wave velocities allowed rock characterisation to a depth of 22.5 m. 

The interpretation of the MASW 2D cross-sections allowed interpretation of N-co- 

efficient values (Fig. 9). However, these values cannot be used directly for stiff rocks, 

but could contain important data related to their mechanical characteristic (these 

values represent strength parameters in SPT soundings in soils and fractured rocks). 

Interpretation of the MASW results showed that the strength parameters of rock 
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mass are highly variable. The N-factor values ranged from N = 2 to N = 48 (Table 3). 

These values, when compared with those presented in Table 2, indicate that the 

rock mass can range from loose (voids, fractures) to very compact, the angle of 

internal friction can range from 28 to 41 and the bulk density is 1600–2100 

kg/cm3. However, this interpretation is based on general relationships and in future 

should be refined by correlations based on local conditions and representative num-

ber of laboratory strength tests. 

 

Fig. 9. MASW results – 2D section of N-values, representing strength parameters in SPT 

Table 2. Summary of the zones with a high level of Vs variability 

No. Location on the cross-section 

[m] 

Depth 

[m] 

1 0 7.9 

2 4 7.9 

3 8 6.5 

4 12 7.9 

5 16 7.9 

6 20 2.7 

7 24 2.2 

8 28 2.6 

9 32 2.2 

10 36 2.5 

11 40 2.5 

12 44 2.6 
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Table 3. Interpretation of the N-values (correlation of the soil strength MASW/SPT) 

No. Depth [m] 
Location 

on the cross-section [m] 
N-value 

1 0.0–1.0 0–20; 20–48 34–48; 4–12 

2 1.0–2.0 2.0–6.0 4–48 

3 2.0–3.0 0–20; 27–48 12–18; 26 

4 5.0–6.0 0–20; 20–48 10, 6 

5 6.0–17.5 0–48 2–6 

6 17.5–22.0 0–48 48 

Table 4. Velocities of the seismic shear wave Vs at the quarry level to a depth of 22.5 m 

Depth [m] 
Location 

on the cross-section [m] 
Vs [m/s] Remarks 

0.00–1.25 0.0–20.0 300–400 green colour in Fig. 8 

0.00–2.00; 1.25–2.00 17.5–27.0; 0.0–17.5 200–280 green colour in Fig. 8 

0.00–2.50; 1.25–2.5 27.0–48.0; 0.0–27.0 90–160 orange colour in Fig. 8 

4.00–6.00 0.0–8.0 330–400 blue colour in Fig. 8 

7.00–2.50 0.0–20.0 160–180 green colour on Fig. 8 

7.50–13.00 0.0–22.5 70–90 red colour in Fig. 8 karst, cave ? 

7. RESULTS OF SLOPE STABILITY ANALYSIS 

The slope stability analysis was carried out near the site of the geophysical survey. 

The cross section 2-2 (Figs. 4, 8, 9 location in Fig. 1) was selected along the line of max-

imum slope inclination. Parameters of limestone uniaxial compressive strength and bulk 

density from the geological documentation were used. For other rock types, compara-

ble parameters from other studies were included (Table 5). The GSI classifications 

enabled to interpret the rock strength parameters (Hoek, Brown 1980). This classi-

fication allowed to analyse stresses that lead to loss of stability of slope using the 

correlation between model parameters and the GSI strength index. The basis of the 

Hoek–Brown criterion was to compare the strength of intact rock and add factors that 

reduce it. This classification takes into account a number of factors such as the degree 

of rock fracturing, mining method, location within the slope, rock type and uniaxial 

compressive strength. Relationship between stress state and rock evaluation was per-

formed according to the RMR classification (Bieniewski 1989). Based on the GSI 

classification, the parameters of the massif were determined according to the follow-

ing formulae: 

 
( 100/28 14 )GSI D

b i
m m e   , (1) 
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DGSIes 39/100(  , (2) 

 ( /15) ( 20/3)1 1
( )

2 6

GSIa e e    , (3) 

where: 

GSI – Geological Strength Index, 

D – coefficient of failure of the rock mass, 

mi – material strength constant of intact rock. 

Table 5. Design parameters used in the calculations 

For numerical modelling of slope stability, four geological-engineering layers with 

different strength parameters were separated. The geometry of the layers is shown 

in Fig. 10. The algorithm of the Flac software required the declaration of the vol-

ume density, porosity, effective cohesion values and angle of internal friction of the 

rocks and the depth of occurrence of groundwater. A summary of strength parame-

ters are given in Table 5. This made it possible to the zones of greatest deformation 

within the slope. In the calculations performed, horizontal displacements were 

blocked at the right and left edges, allowing only free movement in the vertical 

direction. On the other hand, vertical displacements were blocked at the lower edge, 

allowing movement in the horizontal direction. The slope surface was a free sur-

face. The introduced grid density had dimensions of 1 × 1 m. The results of the 

calculations carried out are shown in Fig. 11. The analyses showed high slope 

stability factor Fos = 10.49. The slope is stable (it is assumed when Fos > 1.5). The 

analysis detected that the highest shear stresses will occur near the area of the karst 

caves at the height of 540–550 m a.s.l. in the central part of the analysed section. It 

should also be emphasised that the analysis of slope stability may not be fully rep-

resentative due to the lack of strength laboratory tests and more than 25 years since 

the documentary studies. Geotechnical conditions may have changed since that 

time. Errors could related to uncertainty of strength and geometric parameters 

(Wiłun 2010). The introduced parameters are approximate and based on archive 

drillings and the so-called comparable experience. 

No. Layer Type of rock 
Rc 

[MPa] 

 

[kN/m3] 

c 

[MPa] 

 

[] 

1 I Crystalline limestone (light) 82.0 2.76 2.24 18.36 

2 II Phyllites 50.0 2.52 1.14 15.02 

3 III Karst formations limestone residuals 3.0 2.20 1.12 9.18 

4 IV Karst limestone residuals cave voids  1.00 2.00 0.23 6.26 
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Fig. 10. Slope stability analysis, model of layers geometry model 

 

Fig. 11. Slope stability analysis, shear stresses, factor of safety Fos = 10.49 
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8. RESULTS OF PHOTOGRAMMETRY 

Short-range aerial photogrammetry was used to minimise the impact of blasting oper-

ations and to provide accurate terrain mapping. A GPS receiver located characteristic 

points of known coordinates in the field. From a height of about 50 m above the 

ground, the unmanned aircraft took successive series of photographs. With a specific 

size of the on-board digital camera matrix, flight speed and altitude, the measurement 

accuracy was about 1.5 cm per pixel. At the end of the mission, the data were down-

loaded to a personal computer and, using specialist computer software, were subjected 

to time-consuming processing based on the measured terrain points to produce a high-

precision numerical terrain model. The second stage of minimizing the impact of 

blasting was based on the design of the blast grid on the digital model obtained. The 

mapping carried out made it possible to select the geometry of the blast grid on the 

basis of the amount of blasting over the entire height and length of the face, as well as 

the volume of the blast. It was possible to select the amount of explosive, the diameter 

of the hole, localization of stemming and the choice of delay time to ensure the de-

sired fragmentation and seismic effect. The designed boreholes were plotted on the 

terrain model and appropriate drilling angles were set. The third stage involved the im-

plementation of the design assumptions in the field. Continuous control of drilling pa-

rameters was implemented. 

9. RESULTS OF PARASEISMIC VIPRATION MONIORING 

The aim of the study was to determine the safe level of paraseismic vibrations gener-

ated by mining in order to preserve the homogeneous structure of limestone caves. At 

the Połom mine, mining is carried out with explosives using the method of long and 

short vertical blastholes at six levels. Exploitation in the areas where blasting mining 

is not permitted should be mechanical, using mining machinery such as a skidder or 

hydraulic hammer. If the charges and blasting parameters are proper, it will result in 

correct fragmentation, lack of oversize, ergonomic shape of the repository, and at the 

same time the safety. Due to the lack of mining fronts in the immediate vicinity of 

accessible, rock cavities, where it would be possible to install a sensor to measure 

vibrations and observe possible changes in the condition of quarry walls, the study 

was carried out in accessible, safe locations. The locations of the blasts and the meas-

urement points are shown in Fig. 12. In total, the following parameters were recorded: 

displacement amplitude, velocity, acceleration and vibration frequency. The results 

are summarized in Table 6. The values of the wave and the observation of changes in 

the structure of the protected object were compared. The following parameters were 

analyzed: vibration velocity, acceleration, displacement and frequency. Due to the 
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considerable distance of the caves from the actual blast front, the observations were 

made at the level of the rock face adjacent to the blast. In order to observe the impact 

of the paraseismic wave on the rock face, glass plates were attached to selected frac-

tures in the rock face using construction plaster. Four monitoring points were estab-

lished for blast II, III and IV. Two points were in the immediate vicinity of the blasted 

area. In order to measure the vibrations acting on the cave wall and the rib of the ex-

cavation, the instrumentation was installed on specially adapted steel plates, fixed 

with 8 cm long anchors. The apparatus for measuring vibrations was also placed on 

the wall of the Winter Cave, due to the safety and security regulations (Fig. 3). During 

blast II located at a distance of d = 39 m from the nearest blast borehole, the maxi-

mum vibration level was v = 2.45 cm/s. No changes were observed in the glass plates. 

During blasts III and IV on apparatus, located at a distance of d = 21 m from the near-

est blast borehole, the maximum vibration level was v = 6.99 cm/s and v = 2.02 cm/s, 

respectively. 

Table 6. Parameters of test blasting works 

No. Parameter  Unit 
Blast I 

Sept. 30 

Blast II 

Oct. 6 

Blast III 

Oct. 11 

Blast IV 

Oct. 11 

Blast V 

Nov. 9 

Blast VI 

Nov. 9 

1 Bench height H m 15 21 20 20 21 8 

2 Blasthole depth L m 16 22 20.7 20.3-20.5 22 9 

3 Sub-drill p m 1 1 0.5 0.5 1 1 

4 Stemming height lp m 3 3 3 3-3.5 3 3 

5 Burden z m 3 3 3.2 3 3 3 

6 Blastholes spacing  a m 3.2 3.2 3 3.2 3.2 3 

7 Row spacing b m 3 3 3 3 3 2.7 

8 
Number of boreholes 

to be fired 
n No 36 30 30 30 27 98 

9 Number of rows I No 3 3 3 2 3 8 

10 Hole diameter φ mm 105 105 105 105 105 105 

11 Blasthole inclination α degree 80 80 80 80 80 85 

12 
Maximum charge 

per delay 
Qz kg 110.8 129.7 130 126.5 145 35.95 

13 Total charge Qc kg 3238 3890 3890 3785 3912.1 3224.1 

14 Level – – 3 5 5 6 5 6 

15 Floor coordinate – m 472 501 501 521 501 520 

One of the monitoring points was eliminated by moving rock masses. At another 

point, cracks in the building plaster and detachment of the glass plate were observed. 

From the study it is clear that the vibration level of v = 2.45 cm/s does not affect the 
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structure of the rock face, the vibration level of v = 6.99 cm/s causes displacement of 

the rock. To observe the condition of the rock face in relation to the level of vibration 

magnitude during the IV and V blasting, there were taken the photos before and after 

the blasting. Control points were marked on the cliff face to allow precise overlay of 

pre- and post-shot images. In order to protect the instrument, sensor was mounted on 

the rock face at a distance of d = 43 m from the blast. After superimposing the pre- 

and post-imaging, three test sections located in the immediate vicinity of the control 

points, were delineated on the photograph and visually assessed for structural chang-

es. The largest vibration magnitudes were recorded at a distance of d = 21 m, the max-

imum vibration velocity on the measuring apparatus was v = 6.99 cm/s, with a maxi-

mum displacement on the vertical axis of p = 0.24 mm. 

  

Fig. 12. Location of basting in relation to delay nearest caves 

The model of the vibration propagation was used for determining the magnitude of 

the blasts that are permitted. Due to the fact that the propagations are characteristic 

for individual rocks, directions of the paraseismic wave, depending on geology, tec-

tonics, rock cavities, cracks and their sizes. The model is not fixed and may change 

with the progress of mining fronts. Therefore it was determined each time on the basis 

of in-situ measurements. The initial characterizing the propagation of a wave in a 

given part of the rock mass are the records of the magnitudes of the vibrations record-

ed by the measuring devices installed on specially adapted steel plates, fixed with 

anchors. The results obtained from the instrumentation were related to the parameters 

of the blasting carried out according to: 

 ,bv a  (4) 

where: 
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v – maximal wave velocity in point [cm/s], 

a, b – coefficients of seismic propagation, 

 – reduced charge calculated using Eq. (5). 

The coefficients a and b, especially for a rock with a heterogeneous geological struc-

ture or characterized by the presence of overgrowth, cavities, are variable. They are 

related to the geological, factors of the rocks and depend on the mining charges that 

are not included in the formula, the actual excavation or drilling and the inclination of 

the blast boreholes. In the case of the research carried out, due to the spatial orienta-

tion of the excavation, the fronts currently exploited and the direction of the nearest 

protected caves, only the profile with a NW–SE course was studied. The reduced 

charge is determined by a formula that relates the basic measurement parameters, i.e., 

the distance of the measurement point from the vibration source and the amount of 

charge applied during the blasting per millisecond delay according to the formula: 

 n[kg /m],
n

zQ

d
   (5) 

where: 

Qz – maximum charge per one degree of millisecond delay, 

d – the distance between the charge firing point and the given measurement 

point, 

n – power factor depending on mining and geology (according to Żuk 2011; 

Kurpiewski 2018 as n = 0.5). 

The combination of relations (4) and (5) gives a mathematical picture of the prop-

agation of vibrations in a given rock on a given measurement profile, taking into ac-

count the actual geological-mining conditions and the actual blasting conditions (co-

efficients a and b, ). The superposition of the calculation points took into account the 

measured vibration magnitudes on the rock face (Vmax on the y-axis) and the reduced 

charge ( on the x-axis). Thus, taking into account the reservoir and geological-mining 

conditions, it was found that the prediction of the vibration velocity depending on the 

magnitude of the applied charge on the millisecond delay Qz at the measuring point 

located at a distance d can be made on the basis of the relationship: 

 
1.384222.347 [cm/s],V   (6) 

where  is determined by Eq. (5), with the power factor assumed as n = 0. 

It is possible to predict the magnitude of the vibrations at a distance d from the 

blasting site as a function of the charge size per millisecond delay used. To determine 

the charge size per millisecond delay Qz as a function of the distance of the blasting 

operation from the protected object a certain limiting of vibration velocity could be 

assumed (Fig. 13). Using the readings from the measuring apparatus anchored in the 

rock medium, a mathematical model of the magnitude of the displacements depending 
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on the value of the reduced charge specified by the formula (5) was determined. Thus, 

based on the study, the value of displacement can be predicted according to the equa-

tion: 

 1.01070,7727 [mm],p   (7) 

where  is determined by Eq. (5), with the power factor n = 0.5. 

The determined equations and the possible magnitude of vibrations could be im-

portant for the safe blasting operations for the protection of caves, as well as for the 

optimal mining of the deposit. However, it should be borne in mind that during pro-

gress of exploitation the model of wave propagation may change, so it is worth to 

verify it repeating the studies.  

 

Fig. 13. Charge size diagram for millisecond delay nearest caves as a function. of distance 

10. CONCLUSIONS 

The geophysical investigations allowed to make a preliminary characterization of the 

geological and engineering structure of the studied area. An attempt was made to detect 

rock voids in the “Polom” crystalline limestone deposit by means of a non-invasive 

MASW method. The measurements were carried out on the SW slope of the mine, at 

578 m a.s.l., over a distance of 48 m. It allowed to characterize the strength properties 

of the rock substrate at the investigated level with different values of shear wave ve-

locity down to a depth of 22.5 m. The survey revealed several zones of shear wave 

velocity and the existence of an isolated oval zone, which may indicate a cavity or 

cave. The zones of Vs velocity are highly variable, with the greatest changes occur-
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ring in the first 22 meters of the section, where a zone of significantly lower Vs veloc-

ity values occurs. These method is seem to be suitable for detection of the caves from 

the surface of quarry exploitation levels. The usage of Ramac GPR 250 MHz antenna 

for detection of similar crystalline limestone cave in Śnieżnik Massif in Sudety Mts. 

was not fully successful (Szynkiewicz 2015). Better geophysical recognition of the 

karst cave could obtained by GPR and ERT scanning (Kasprzyk et al 2019). MASW 

method has its limitation connected with relatively long time of measurements and 

limited distance but besides the detection of the caves and void it allowed also for the 

strength parameters characterization. The performed investigations included also 

slope stability analysis. They took into account the results of the geophysical surveys 

and indicated that the slope was stable Fos = 10.49. The determination of more repre-

sentative rock parameters on the basis on representative number of strength tests, 

current drilling, mapping and their correlation with additional MASW surveys in oth-

er areas of the quarry may provide additional information on rock strength parameters 

and their spatial distribution. It was determined that the optimal method of monitoring 

the seismic wave propagation and the stability of the rock faces is a combination of 

the method of mounting monitoring points with building gypsum and comparative 

photographic documentation, while using the apparatus for monitoring the magni-

tude of paraseismic vibrations on the rock face. On the basis of the measurements, a 

mathematical model for the propagation of paraseismic vibrations was established. 

These allowed to found the correlation between the vibration velocity and displacement 

at a distance d from the blasting site as a function of the size of the charge applied per 

millisecond delay. It was predicted that he velocity of vibrations at the level of v = 

2.45 cm/s does not violate the structure of the rock face, which, given the same rock 

medium, can be accepted as a first approximation of the safe level of vibrations for 

the protection of caves. Due to the unique character of the caves its safety need to 

be regularly monitored. 
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