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represented mostly by fissured and weathered supporting pillars or hanging layers on the roof in 
chambers. The Jeroným Mine consists of an underground system of workings, galleries, shafts 
and chambers on at least three horizontal levels in the depth ranging from 50 to 10 m below the 
surface. The lowest level is permanently flooded and its scope is unknown. All historical maps 
and documents were destroyed by the fire in the Bureau of Mines in the 18th century. The oldest 
known map displays a sketch of the Jeroným Mine in 1891. Other maps are known from World 
War II, when German companies lead the exploration and mining activities in this mine. In this 
period, some parts of the mine were re-discovered and new galleries were also driven. 

3. Mining methods used in the locality and their effect 
on weathering processes

Cracking of rock massif is realized during mining to obtain better workability of rocks. In 
the oldest stages of mining in the Jeroným Mine, which began in the 16th century, hand tools 
were used for crumbling away the rock. Using this mining method, the rock cracked only in the 
contact zone of a hammer with the rock; the formation of cracks in a surface layer of rock massif 
was negligible. The principle of rock ruptures in the contact zone of a hammer with the surface 
of rock material during manual work is shown in Fig. 2. Surfaces formed like this have been 
preserved so far in the majority of historic parts of the Jeroným Mine and they have become the 
most valuable from the historical point of view. Typical examples are galleries with space-saving 
profile where the height is only about 1.5 m (see the example in Fig. 5a,b). 

Fig. 2. Principle of rock ruptures after hammer blow (according Lehrberger & Gillhuber, 2007): (1) crushed 
zone, (2) cracked zone – radial cracks, (3) abruption of fragments; photos illustrate examples of mined out 

spaces using hammer blow in the Jeroným mine (photo: Lednická)

Another method, used in the oldest stages of mining in the deposit, is called fire-setting 
which consisted in heating the rock using kindled logs (Agricolae, 1556). When the temperature 
changes, various minerals are subjected to volume changes at various speed resulting in devel-
opment of stress at the boundaries among individual minerals. As a result, the surface layer of 
the rock cracked and it was easier to cleave it by iron tools. Typical phenomenon is the rest of 
soot on the roofs and walls of mine workings, which were used for fumes ventilation (Fig. 3).
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Fig. 3. Principle of fire-setting (according Agricolae, 1556): (1) kindled logs, (2) heap of dried logs, (3) fumes 
ventilation; photo illustrates an example of the rest of soot on the roof of gallery (photo: Lednická)

Drilling and blasting operations, used in the deposit probably from the 19th century, im-
pacted considerably on the deterioration of surface layers of rock massif. The depth of impaired 
zone (cracked zone, Fig. 4) depends on a number of parameters, e.g. quasi-static pressure on 
the wall of the hole, tensile strength of rock, hole radius, detonator charge radius, detonation 
velocity, rock density (Li et al., 2009). The purpose of blasting was to expand the original old 
space-saving profiles of galleries, or extraction in chambers and making new galleries. Blasting 
operations were also used in the 20th century during World War II, and probably in the course of 
the exploration in the 1960s. 

Fig. 4. Principle of rock ruptures around a blasthole (according Li et al., 2009): (1) borehole, (2) bulge, (3) 
crushed zone, (4) cracked zone; photo illustrates roof of the gallery made during World War II using blasting 

(photo: Lednická)

Some examples of galleries driven by different methods are presented in Fig. 5. There are 
examples of galleries made by hand tools, by blasting and by a combination of both methods. 
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Fig. 5. Examples of galleries in the 
Jeroným Mine (photo: Lednic-
ká): (a,b) space-saving proÞ le 
made by hand tools, height 
1.5 m; (c,d) handmade proÞ le 
expanded by blasting opera-
tions, height 2 m; (e,f) gallery 
driven by blasting operations, 
height 2 m
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Galleries, made by blasting, have a typical flaking-off phenomena, caused mainly by ongoing 
weathering processes in a cracked zone. 

Used mining methods have had an influence on cracking of rock massif, radius of cracked 
zone and consequently on weathering processes in surface layers at these places. Granite may 
weather away by chemical decomposition or by physical disintegration; however, in most cases 
these processes act together. During chemical decomposition of granites, feldspars are decom-
posed to various clay minerals. The rock disintegrates mechanically by opening the fissures and 
forming new discontinuities. The type and grade of weathering depends on climatic conditions, 
namely, on temperature and precipitation (Bell, 2004). Chemical weathering processes mostly 
prevail in wet environments. Presence of water accelerates weathering process, not only because 
water itself is an efficient weathering agent, but, in addition, it may contain dissolved substances 
that react with component minerals of rock. Chemical weathering processes may be further ac-
celerated by mechanical breakdown that leads to the enlargement of mineral surfaces. 

Weathering in the Jeroným Mine takes its course by both physical disintegration and chemi-
cal decomposition. Such specific climatic conditions like a relatively constant temperature of 4-8 
degrees Celsius, almost a hundred per cent humidity, and minimum air movement prevail. Under 
these conditions, it is possible to eliminate some types of physical weathering processes, e.g. 
mechanical weathering owing to frost wedging or thermal expansion, and also owing to changes 
of temperature in the daytime and at night. Conversely, the anthropogenic activity connected with 
mining caused mechanical breakdown of the massif, i.e. opening up already existing fissures or 
forming new ones. Biological weathering in underground spaces of the Jeroným Mine, localized 
close to the surface, is also observable. It concerns the chambers with sinking roofs into which 
caved material leads from the surface. It is possible to see roots of trees penetrating into the caved 
material and into cracks in the roofs. 

In previous studies (Lednická & Kaláb, 2012; Lednická & Kaláb, 2013b), results of initial 
measurements of UPV (ultrasonic pulse velocity) and R (Schmidt hammer rebound value) for 
different weathering grades are presented and the summary of results is given in Table 1. De-
termination of weathering grade of rock massif in selected places of the mine was carried out 
visually. It means that colour changes of rock massif, presence of cracks visible on the surface, 
friability, and visual assessment of weathering state of feldspars were evaluated. The classifica-
tion of granites, presented by Hencher and Martin (in Vahed et al., 2009), has been selected for 
the determination of weathering grade for our study (see Table 2). 

TABLE 1 

Initial measurements of UPV and R values for different weathering grades of granite rock massif in the 
Jeroným mine (according Lednická & Kaláb, 2012; Lednická & Kaláb, 2013b)

Grade Description UPV, [m/s] R, [-]
I Fresh rock – –

I-II Fresh to slightly weathered rock 4600-5300 44-51
II Slightly weathered rock 4200-4600 35-44

II-III Slightly to moderately weathered rock 3400-4200 28-35
III Moderately weathered rock 3000-3400 20-28
IV Highly weathered rock 2700-3000 12-20
V Completely weathered rock 2500-2700 No value 
VI Residual soil No value No value
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TABLE 2 

Weathering classification system for granite and volcanic rocks presented by Hencher and Martin 
(in Vahed et al., 2009)

Grade Description Typical Distinctive Characteristic
I Fresh rock No visible signs of weathering or discolored

II Slightly 
weathered rock

Discolored along discontinuities;
Strength approaches that of fresh rock;
N Schmidt rebound value greater than 45;
More than one blow of geological hammer to break specimen

III Moderately 
weathered rock

Completely discolored;
Considerably weathered but possessing strength such that pieces 55 mm 
diameter
cannot be broken by hand;
N Schmidt rebound value of 25 to 45;
Rock material not friable

IV Highly 
weathered rock

Rock weakened so that large pieces can be broken by hand;
Positive N Schmidt rebound value up to 25;
Does not slake readily in water;
Geological pick cannot be pushed into surface;
Hand penetrometer strength index greater than 250 kPa;
Individual grain may be plucked from surface

V Completely 
weathered rock

Rock wholly weathered but rock texture preserved;
No rebound from N Schmidt hammer;
Slake readily in water;
Geological pick easily indents surface when pushed

VI Residual soil A soil formed by weathering in place but with original texture of rock 
completely destroyed

4. Non-destructive testing methods used in the locality

4.1. Ultrasonic pulse velocity measurement

In laboratory conditions, it is possible to perform precise UPV measurements on specimens 
under defined conditions. Laboratory UPV measurements of granites with various weathering 
grades were implemented by a number of authors, e.g. (Vasconcelos et al., 2008; Gupta & Rao, 
1998). The UPV can be correlated with a number of rock parameters, such as density, poros-
ity, humidity, strength, Young modulus, etc. However, it is impossible to make exact ultrasonic 
measurements in field conditions of the mine. Ultrasonic measurements in the Jeroným Mine 
were performed by portable ultrasonic apparatus. Geometry of workings only allows to use in-
direct measurement on the walls and roof of workings. Direct measurements may be used only 
through thin pillars. 

Some recommendations resulted from initial non-destructive measurements performed in the 
Jeroným Mine and they were mentioned in the paper (Lednická & Kaláb, 2012). Among others, 
it was found out that plasticine was the only acoustic couplant that made the measurement pos-
sible on rough surface of rock massif. The correct transmission time was possible to determine 
only from waveform records of ultrasonic signal. 
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4.2. Measurement of Schmidt hammer rebound value 

The Schmidt hammer is widely used for approximate determination of surface hardness of 
concrete, but this method is also widespread when investigating properties of rock massif (Viles 
et al., 2011). The height of rebound of a piston, indicated on the scale of rebound hammer, cor-
relates to the surface hardness of material. The N-type Schmidt hammer with impact energy of 
the spring of 2.207 Nm was used in our measurements. The rebound values are influenced by 
gravitational forces so that non-horizontal values must be normalized with reference to the hori-
zontal direction. Apart from surface hardness, the rebound value of Schmidt hammer depends 
on the relative strength of coarse grains versus matrix, moisture content, anisotropy, etc, (Aydin, 
2009). During the field measurements in the Jeroným Mine, such effects were not proved in detail.

5. Experimental measurement in selected galleries

Experimental measurement was performed in two different galleries situated at the lowest 
accessible level of the mine (Fig. 1). Both galleries were made by hand tools probably in the 17th 
or 18th century and they were partly extended later by blasting operations. Two different mining 
methods, used in the same gallery, enabled to study how each used method influences the extent 
of cracked zone and weathering of surface layers of rock massif.

In Fig. 6 there are profiles of selected galleries with numbering of measured sections. 
The profile A is situated in the gallery located in the depth of 50 m below the surface near the 
Jeroným shaft. This gallery was presumably re-discovered during World War II and extended by 
blasting operations at that time. The handmade profile covers sections of measurement from 1 to 
10; extended part of the profile is from 11 to 21. The second studied gallery was also extended 
from the original handmade profile, either during World War II or during the 19th century. The 
handmade profile is from the section 1 to 6 so this gallery was apparently only 1.5 m high. There 
is weathered material and small blocks of rock massif at the bottom of both galleries, partly prob-
ably flaked-off from the walls and roof, partly flushed away by water. According to the visual 
assessment, weathering grade of rock massif in the profile B seems to be higher than that in the 
profile A. The walls of the profile B show considerable colour changes in both handmade and 
extended part. The surface layer of rock massif is completely weathered around the section no. 10. 

The ultrasonic portable apparatus Pundit Lab (Proceq Company) was used for presented 
UPV measurement. The measurement was performed with transducers of frequency of 150 kHz 
and plasticine was used as an acoustic couplant. The indirect measurement in the profile A was 
made on 21 sections (Fig. 6). The distance of transmitting and receiving transducers was at each 
section 0.2 m and 0.4 m. Selected distance of transducers is sufficient for the frequency of 150 kHz 
according to the producer´s recommendation. 10 values of transmission time were recorded in 
each measured section together with wave patterns for both distances of transducers. After the 
measurement, detailed interpretation of recorded wave patterns was performed by Punditlink 
software and corrected transmission times were used for calculation of UPV. In the profile A, 
the wave pattern was of a good quality for almost all measured places (except for three sections 
in extended part of the profile – no. 13, 19 and 21). 

The measurement in the profile B was taken in 22 sections (Fig. 6) with distances of trans-
ducers of 0.2 and 0.3 m. Compared to the profile A, the measurement in the profile B showed 
a quick attenuation of ultrasonic pulse and that is why the used distance of transducers was only 
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up to 0.3 m. In the extended part of the profile, only a half of measured places have an interpret-
able wave pattern. 

The measurement of R values using the N-type Schmidt hammer was performed in the 
same profiles A and B. The size of measured areas varied from 30 × 10 cm to 30 × 20 cm and it 
corresponded to the sections where UPV measurement was accomplished. The measurements 
were carried out on 10 points uniformly distributed across the measured area. Measured R values 
were corrected according to the hammer position. 

Fig. 6. Sketch of selected profiles of galleries and numbering of measured sections

6. Results and discussion

The data sets of UPV and R values measured in each section were elaborated using box-
whisker plots and the results are shown in Fig. 7 and 8. Calculated median values of UPV and 
R were used for presentation of results in the Fig. 9.
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Fig. 7. UPV and R values measured in the individual sections of profile A.

UPV for the profile A ranges from 4200 m/s to 4700 m/s (transducer distance 0.2 m) and from 
4300 m/s to 5000 m/s (transducer distance 0.4 m). In comparison with Table 1, it corresponds to 
slightly weathered rock massif, rarely almost fresh rock massif. There is a considerable difference 
in UPV for two different distances of transducers in the profile sections from 5 to 8. In this place, 
rock massif shows lower weathering grade in the deeper layer below the surface (almost fresh 
rock). This difference may also be caused by existing layer with different rock massif parameters, 
e.g. layer with higher amount of quartz. In the profile sections 13, 19, 20 and 21 the UPV values 
were not possible to determine, only for the section no. 20 with the transducer distance of 0.2 m. 
In these parts of profile, it is probably the rest of cracked zone around the profile extended by 
blasting. In the sections from 14 to18 the cracked zone of rock massif probably flaked-off in the 
past and that is why the UPV is higher and corresponds to slightly weathered and/or almost fresh 
rock massif outside the cracked zone.

R values were measured in all sections of the profile A. The results of R values are not as 
clear as UPV values, because of great range of measured values, especially on the roof of a gal-
lery (sections from 9 to 12). The highest R values correspond to the highest values of UPV, in 
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the sections 4, 5, 6 and 16. In these places median values range from 43 to 45 and it also matches 
slightly weathered rock massif, infrequently almost fresh rock massif. The lowest values accord 
with sections where no UPV were determined (13, 19, 20 and 21). The lower R value was also 
measured in the point 1 – R value is equal to 22 and it corresponds to moderately weathered rock 
massif. It may be caused by chemical weathering processes in the surface layer of rock massif 
at this place, because this part of rock massif was flooded in the past.

Measured values of UPV for the profile B are in wide range from 2900 m/s to 4350 m/s. It 
corresponds to a moderately and slightly weathered rock massif. Clear results for UPV can be 
seen at the beginning of the profile where is handmade zone (sections from 1 to 6). There are no 
differences in UPV for two different distances of transducer, so the rock massif is of the same 
quality to the depth of approximately 0.1 m. The UPV values were not determined in the sec-
tions of the profile from 8 to 11; the rock massif was highly weathered on the roof of a gallery. 
The rest part of the profile, extended by blasting, has the values different for each section and 
the data set in each section are of wide range. Cracks in the rock massif cause the attenuation of 
ultrasonic pulse and at the same time a very bad quality of UPV measurement. It these parts, it 
is probably the rest of cracked zone around the profile extended by blasting.

?? 

 

Fig. 8. UPV and R values measured in the individual sections of profile B
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Fig. 9. Illustration of calculated median values of UPV and R and corresponding weathering grade 
in the profiles A and B
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The results of R values range from 19 to 34 which also correspond to a moderately and 
slightly weathered rock massif. Values were not determined on the roof of a gallery where the 
rock massif is highly and/or completely weathered. At the beginning of the profile, the R values 
correspond to UPV values, but for an extended part of the profile it is not possible to compare 
these values. The R values are quite stable for sections from 15 to 20, but not values of UPV. The 
reason is probably that the cracked zone is formed by the blocks of a moderately weathered massif 
and it is possible to measure rebound values at these places. But due to some cracks ultrasonic 
pulse is quickly attenuated in the rock massif and the wave pattern is of a bad quality. It is not 
possible to determine transmission time and calculate UPV values.

7. Conclusions

This paper presents the application of two selected non-destructive testing methods for 
characterization of weathering in the historical parts of the medieval mine. According to the 
results obtained from the in situ measurements, it is possible to state that measurements of 
UPV and R values are applicable as supplementary methods evaluating the weathering grade 
of rock massif in this mine. Referring to these results the weathering grade of the rock massif 
and/or cracking of surface layers may be defined and a suitable type of underground spaces 
stabilization may be selected. The most valuable historical parts have to be certainly preserved 
in their original state. 

According to the results, it is possible to say that the oldest and the most valuable mine 
workings, made by hand tools, show only a negligible formation of cracks in a surface layer 
of the rock massif. Generally, only chemical weathering took part in the surface layers of the 
handmade profiles, and the weathering grade depends mainly on the underground climatic con-
ditions such as the presence of water movement and air moisture content. In almost all places, 
these handmade profiles have been preserved in original state and flaking-off phenomena have 
seldom been found there. In two investigated galleries, handmade parts of profile show from 
a moderately to slightly weathered rock massif without cracks, and almost fresh rock massif 
was documented in some places. On the other hand, blasting operations, used since 19th century, 
cause higher deterioration of surface layers of the rock massif around galleries. In these cracked 
zones weathering processes take its course more quickly and they cause flaking-off of surface 
layers of rock massif there. The UPV and R values were not determined on the gallery roof of 
the profile B where the rock massif was highly to completely weathered and consequently the 
flaking-off phenomena may occur at this place. Information about possible flaking-off phenom-
ena is very important for safety of people attending underground spaces and also for assessing 
the stability of these places and for subsequent stabilization of the most hazardous parts.
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