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Abstract  

Stability of underground structures is typically assessed by applying various mathematical modelling methods (FEM, FDM, DEM). 

One of the options is to apply the Convergence-Confinement Method (CCM), which was primarily used in the period when the modern 

tunnel industry was emerging. In this paper, the identified graphical curves of the deformation characteristics of a rock massif (In Slovak)-

Ground Reaction Curve (GRC) and the deformation characteristics of the support (In Slovak) – Support Characteristic Curve (SCC) were 

used to identify the load to which the support was exposed, as well as the deformation of the excavated part of the underground structure 

and safety of the rock-support system. This article presents a description and practical application of CCM with regard to tuff cellars. 
 

Abstrakt 

Posudzovanie stability podzemných diel sa v súčasnosti realizuje hlavne pomocou rôznych metód matematického modelovania 

(Metóda konečných prvkov - FEM, Metóda konečných diferencií - FDM, Metóda oddelených prvkov -  DEM). Jednou z alternatív, ktorá sa 

dá použiť   je aplikácia deformačnej metódy, ktorá bola využívaná hlavne v období nástupu moderného tunelárstva.  Zo známeho 

grafického priebehu deformačnej charakteristiky horninového masívu a deformačnej charakteristiky výstuže sa stanoví veľkosť zaťaženia 

výstuže, deformácia výlomu podzemného diela a stupeň bezpečnosti systému hornina - výstuž. Príspevok sa zameria na popis a praktickú 

aplikáciu deformačnej metódy na podmienky tufových pivníc.   
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1. Introduction 
Underground structures have been used by the mankind since the ancient times. They were first simply used as underground spaces 

(caves), later adjusted to secured, and eventually used by the mankind for building artificial underground objects for various purposes 

(religious, defence, water management, communication, etc.) (Ratkovský, K. ; Klepsatel, F., 1980). 

Multiple underground structures can be found, dating back to the ancient times. The first water tunnels were built as oval ‘qanats’ to 

serve towns, especially in Mesopotamia and Iran. Those structures were built since 3
rd 

millennium BC, primarily in soils (Girmscheid, G., 

2008; Klepsatel, F. et al., 2005).   

In ancient Babylon, approximately 2,500 years BC, the Queen Semiramis ordered the cons truction of an underground corridor 

connecting her palace with the temple under the Euphrates River. The tunnel that was approximately 900 m long was built in an open 

trench while the Euphrates River was temporarily relocated to flow through a bypass channel (Ratkovský,K., Klepsatel, F., 1980; 

Girmscheid, G., 2008). 

Probably the oldest underground structure is a cult complex – Hypogeum in Hal Safiens, near the town of La Valetta on the Malta 

island. It was built in the period after year 2400 BC (Klepsatel, F. et al., 2005). 

The first water tunnel, excavated in rock, was located in the oldest part of the aqueduct in Jerusalem; it was built in the times of King 

Solomon (Klepsatel, F. et al., 2005). 

One of the most interesting ancient structures is a drainage tunnel built in the times of Caesar in years 50–46 BC, which was used for 

draining water from the Fucine Lake; it was approximately 5,600 m long and its clear cross-sectional area was 1.8 x 3.0 m (Klepsatel, F. et 

al., 2005). 

One of the first recognised road tunnels is the tunnel near Cumae between Napoli and Pozzuoli, 690 m long, built by the Roman 

emperor Octavian (Ratkovský, K., Klepsatel, F., 1980; Girmscheid, G., 2008; Klepsatel, F. et al., 2005). 

After the fall of the Roman Empire in the Middle Ages, the construction of underground structures was in recess. Underground works 

were limited to the construction of military structures (emergency exit corridors from buildings, monasteries, etc.). A new impulse for the 

development of the underground building industry was the development of the mining industry, primarily the underground excavation of 

precious metals. 

The Modern Era is mainly associated with the construction of traffic structures, such as ship tunnels that were built in 17
th
–19

th 

century, followed by the construction of railway tunnels, and later on also road tunnels.  

In addition to the underground structures for traffic, water management, power and defence purposes, there is also a category of other 

underground structures, the importance of which is currently increasing. Those underground structures include sporting centres, museums, 

galleries, waste water plants etc.  
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Traditionally, other underground structures were mostly wine cellars. They were built where conditions were suitable for growing 

wine grape, i.e. primarily in the Mediterranean. Expansion of the viniculture may be attributed to ancient Greeks and Romans, who shifted 

the borders of viniculture regions to Central Europe and Rhineland (Klepsatel, F. et al., 2005). 

Extensive wine cellars can also be found in the Tokaj Wine Region, which is a geographically enclosed region of viticulture and 

viniculture in the Bodrog River basin, surrounded on its north side by the Zemplínske Mountains and the Rozhľadňa Hill (469 m a. s. l.) in 

Slovakia and on its south side by the confluence of the Tisa and Bodrog Rivers in Hungary (Fig. 1). It is a historical and territorial part of 

the Tokaj Region, a major part of which is located in Hungary (ca 5,000 ha). In Slovakia, its surface area defined by law is 907 ha. It is the 

smallest viticultural area in Slovakia. 

Wine cellars are being built in that region even today. They may be located in less suitable geological and geotechnical conditions 

and exposed to additional surface load induced by, for example, new investment structures built above the existing underground spaces 

where the overburden layer is thin. In such cases, assessment or evaluation of stability of such underground structures is required.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

                    

 

                          Fig. 1 Tokaj Region (Geoslovakia, 2010)            Fig. 2 Area of interest – Veľká Bara (Geoslovakia, 2010) 

 

Early in the 21
st
 century, an investor decided to build a wine-making complex, comprised of above-ground and underground 

premises, at the south-west border of Veľká Bara village on the southern slope of the Piliš Hill (Fig. 2).  
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2. Engineering and geological conditions at the Veľká Bara location  
Based on the geomorphology of Slovakia, the area of interest is part of the Matra-Slanec Area in the Zemplínske Mountains 

(Mazúr,E., Lukniš,M., 1986). A substantial part of the investigated area emerges on the south-west border of the Zemplínske Mountains. 

The geological composition of the area of interest mostly consists of rocks that date back to the young Palaeozoic Era (Carboniferous 

and Permian), emerging in the Zemplínske mountains near Veľká Bara and Černochov villages. They comprise layers located around 

Trňany, Kašov, Cejkov and Černochov villages, characterised by rhyolite and dacite vulcanites, polymictic conglomerates, sandstones, 

shale and shaly claystones. Neogene vulcanites are the products of andesite and acid rhyolite vulcanism. They are characterised by lava 

flows of basaltoid andesites and their breaks, unsorted rhyodacite pumice tuffs and fine-grained redeposited rhyodacite tuffs. Quaternary 

sediments emerge mostly in the form of Holocene fluvial clays, proluvial clays and clay gravel, as well as unsegmented clay and clay-stone 

diluvial sediments (Baňacký, J. et al., 1986). 
 

2.1 Exploratory engineering geological survey 
In the exploratory stage of the engineering geological survey conducted in 2010, three core-drilled boreholes VBJ-1 to VBJ-3 were 

made to a depth of 15 m under the surface. 

The identified engineering geological parameters of the collected lithology types were as follows: 

 A humus layer with a thickness of 0.2–0.3 m; 

 Diluvial sediments (CI and CV classes) collected at depths from 0.2–0.3 m to 0.9–2.1 m; 

 The base of the investigated profile consisted of significantly weathered and disrupted eluvium formed of clay sand (CS) at 

a depth of 1.1–4.1 m under the surface; 

 At a depth from 2.1–6.2 m under the surface to the final depth of 15 m, weathered eluvium of R6 class was found, represented 

by redeposited rhyodacite and tuffite breaks with primarily a clay-sand filling (Geoslovakia, 2010). 

 

The presence of underground water was not observed in any of the VBJ-1 to VBJ-3 boreholes. With regard to the construction of 

underground cellars, the executor of the exploratory survey stated that “the geological conditions identified in the area of the planned 

construction site appear to be unsuitable for building cellars with natural arches. Based on the borehole drilling, no high-quality tuffs 

capable of transferring the load exerted from the surface through arches were found”. 

 

 

 



 - 73 - 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 3 Geological profile and photo documentation of the VBJ-2 borehole (Geoslovakia, 2010) 
 

2.2 Additional engineering geological survey 
In 2012, an additional engineering geological survey was conducted by MontanA, s. r. o. with the aim of verifying the presence of 

hard tuff massifs suitable for the construction of wine cellars. The survey zone was located further north of VBJ-1 to VBJ-3 boreholes. In 

that stage, 9 boreholes were drilled –VB1 to VB9. The composition of the layers of the individual cores was similar to that of the cores 

obtained in the exploratory survey. The top parts included humus layers of various thicknesses, mostly formed of dark brown soil. Below 
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them, there were layers of tuffite clays and clay sand of brown and light brown colour, 4 m thick. The bottom parts mostly included 

medium-grained grey-white and white tuffites with higher contents of pumice, containing also pieces of andesite (MontanA, 2012). 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 4 Photo documentation of the VB-7 cores 
 

Photo documentation of the VB-7 cores, showing the contour of the planned wine cellar (yellow) is presented in Fig. 4. In this stage 

of the survey, no underground water was detected at the depth drilled. 

Even though the survey did not confirm the presence of tuffs with a strength sufficient for smooth digging of cellars, the investor 

nevertheless decided to construct underground structures in tuffite sands with a high degree of consolidation. 

 

3. Geotechnical properties of tuffites and tuffs 
As for the stability of tuff cellars in the Veľká Bara location, the most important rock materials are tuffites or tuffite sands, in which 

the underground structures have been excavated. 

The eluvium is mostly formed of rhyolite or andesite redeposited volcanic and clastic layers in the form of tuffites (a pyroclastic 

sediment containing mixed volcanic and terrigenous materials). In the region where the wine cellars have been built, the dominating 

sediment is fine-grained and pyroclastic (tuffite sand). 

In the engineering geological survey (EGS) of the Veľká Bara location, the following geological works were carried out: 

Exploratory engineering geological survey (Geoslovakia, s.r.o.) – 2010, 

Exploratory engineering geological survey (MontanA, s.r.o.) – 2012, 

Additional engineering geological survey (MontanA, s.r.o.) – 2012. 
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Results of the individual stages of the exploratory engineering geological survey did not provide the necessary geotechnical (shear) 

parameters of tuffite sands. In the additional engineering geological survey, additional parameters of rocks were identified (uniaxial 

compressive strength); however, since the test samples did not have the required dimensions and their preparation was difficult, their 

explanatory power was not sufficient.  
 

3.1 Physical and mechanical properties of tuffites and tuffite sands 
In May 2022, an engineering geological survey was conducted near the Veľká Bara Winery with the aim of assessing the possibilities 

of building tuff cellars there. The survey included laboratory research aimed at identifying shear strength of tuffite clays and tuffites found 

in the Veľká Bara location, in particular on the southern slope of the Piliš Hill, which were not examined in years 2010–2012. 
 

Shear strength 

Shear parameters of soils (c – cohesion, ϕ – angle of friction) were identified using a triaxial equipment, while one of the samples 

was tested using a shear box testing equipment (Fig. 5 and 6).  

 

The first sample was tested in the shear box testing equipment. 

Due to certain difficulties in the preparation of test samples for that 

type of test (a sample diameter of 100 mm), the following samples 

were tested in the triaxial equipment while the diameter of the 

samples (cylinders) was 38 mm (Table 1). 

The VBP-22 and 23 samples were taken from the consolidated 

positions of fine-grained sediments – tuffite sands. Triaxial tests 

were carried out as multi-level consolidated tests. For tuffite clays, 

the test outcomes were total shear parameters, while for light tuffite 

sands, the outcomes were shear effective parameters, similarly to 

the direct shear box test.  

Fig. 7 and Fig. 8 show the curves of the monitored parameters 

(chamber pressure – kPa, axial force – N, axial displacement – mm) 

and the evaluation of the triaxial test with the VBP-23 sample. 

 

 

                                                                                                          Fig. 5 Triaxial equipment     Fig. 6 Shear box testing equipment                  
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Tab. 1 Parameters of test samples 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

                   Fig. 7 Curves of the measured parameters                                           Fig. 8 Evaluation of the triaxial test 
 

The summary table (Table 2) below contains the resulting values of shear strength. The parameters of relevant rock types stated 

above (Tables 1 and 2) were used to identify the parameters of the rock massif for the lithological type – tuffites. 

 

 

 

Designation 

of samples 
Collection site and depth  

Test sample 

diameter 

d  

[mm] 

Water content 

w  

[%] 

Bulk density 

ρo 

[kg.m
-3

] 

VBP-22 VBP-2, depth of 9.0–9.2 m 100 25.6 1,600 

VBP-23 VBP-2, depth of 12.8–13.0 m 38 26.7 1,700 
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Tab. 2 Shear strength of tuffites  

Designation of samples Collection site and depth Shear strength 

cef (kPa) Φef (°) 

VBP-22 VBP-2, depth of 9.0–9.2 m 12 53 

VBP-23 VBP-2, depth of 12.8–13.0 m 74 36 
 

It should be noted that the properties shown in Table 2 are of the point laboratory nature and, therefore, must be adjusted to the 

analysed rock massif. Foreign literature specifies a wide range of geotechnical parameters of tuffites and tuffite sands (Table 3). 
 

Tab. 3 Properties of tuffite sands  

 

Sources  

Lithological type 

Bulk density 

o 

[kg.m
-3

] 

Modulus  of 

elasticity 

E 

[MPa] 

Poisson’s ratio 

 

[-] 

Angle of 

friction 

 

[] 

Cohesion 

c 

[kPa] 

Contreras, C., A., et al., 2010 

Tuff sand, Breccias 
2,500 2,484 0.3 38 210 

Santolo, A. S., et al., 2015 

Pozzolana 
1,500 336  0.3 33 15 

Covassi, A. P., et al., 2015 

Pyroclastic sand 
1,250 - - 39 7 

Asniar, N. et al., 2019 

Tuff soil 
1,000–2,600 - - 10–40 7–100 

Vavrek, P., 2022 

Tuffite sand 
1,600–1,700 - - 36–53 12–74 

 

One of the most complex publications providing a review of the properties of tuffite soils and tuffs is the one published by Asniar, N. 

et al. (2019). According to that review, cohesion of tuffites ranges from 0.007 to 0.1 MPa. Cohesion of saturated tuffites amounts to 0.032 

MPa. The angle of friction ranges from 10° to 40°. For the purpose of assessing stability of the tuff cellars, the tuffite zones were assessed 

based on the following values of shear strength: coh = 30 kPa (according to Asniar, N. et al., 2019) and fri = 36° (according to Vavrek, P., 

2022).   

According to the opinion of the authors of the article, construction of a surface structure on a land that has been partially excavated 

underground and comprises a shallow overburden layer falls within the Geotechnical Category 3. A survey for the Geotechnical Category 3 
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must provide characteristics of the underlying soils; those were identified based on the results of the tests conducted directly on the 

construction site. In the survey, samples collected had to be both disturbed and disturbed for the purpose of laboratory investigation 

customised to a particular survey project; alternatively, in-field tests should be carried out. Since the local characteristics of soils, identified 

based on the results of the tests conducted in the survey on the construction site, were not available, analytical calculations were made using 

the properties described in literature published by foreign authors (Asniar, N. et al., 2019) as well as local characteristics (Vavrek, P., 

2022). 

According to a paper (Barták, J. et al., 2010) based on Eurocode 7, geotechnical parameters were calculated using respective partial 

coefficients of the properties of rocks or soils γkr for the ultimate limit state. However, the above-mentioned paper did not specify partial 

coefficients the for mean values of deformation parameters (modulus of elasticity, modulus of deformation), only the Poisson’s ratio was 

specified; therefore, their values were used without making adjustments with the use of those partial coefficients.  
 

3.2 Physical and mechanical properties of tuffs - facing stone  
In terms of stability of the wine cellars, important parameters also included the properties of tuffs that were used as a permanent 

support in the form of a cladding made of facing stones installed using cement mortar. 

The support was built using quarry tuff stones taken from the Kerestúr location (Hungary). The quarry stones were subjected to 

testing in 2012/2013 and in 2025 with the aim of identifying their basic physical and mechanical properties, which had to be identified in 

order to assess stability of the permanent support and its surroundings. The test samples were drilled out of the pieces of tuff rock 

specimens and further trimmed to obtain the required dimensions. Subsequently, the samples were subjected to strength testing following 

the ISRM requirements (Fig. 9). The summary results are presented in Table 4. 
 

Tab. 4 Properties of tuffs  

Test year 
Properties 

ρo 
[kg.m-3] 

σct 
[MPa] 

σtt 

[MPa] 
σft 

[MPa] 
Etl 

[MPa] 
µt 

[-] 
2012/2013 1,414 9.3 1.7 - 840 - 

2025 – dry state 1,380 5.8 0.9 1.8 1,500 0.4 

2025 – wet state 1,650 4.7 0.8 1.4 1,208 0.43 
Legend: ρo – bulk density, σct – uniaxial compressive strength, σtt – transverse tensile strength, σft – flexural (bending) strength, Etl – modulus of elasticity, µt - 

Poisson’s ratio. 
 

Around the turn of 2012 and beginning of 2013, the test samples were tested at a water content corresponding to laboratory 

conditions. In 2025, strength tests were carried out in the dry state (in laboratory conditions) at a water content (w) of 0.6 % in the test 

samples, and in the wet state. 
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The tuff test samples were tested for absorption rate; subsequently, their strength and deformation properties were identified after 

being saturated with water. The absorption rate was identified as 48 hours in a test consisting of gradual pouring of water onto the test 

samples. During the strength tests, the water content w = 21.6 %. The water content of the tuff stone in situ was 22.4 % (piece samples were 

collected underground, put into a plastic bag and taken to the laboratory for testing with the aim of identifying their water content). 

The identified properties of tuff stones after being saturated with water were comparable to the properties of the tuff facing stones 

used as the permanent support in the underground cellars (Fig. 10), which was also proven by the water content values specified above (w = 

21.6 % in strength testing and w = 22.4 % in the tuff stones located underground in situ). 

 

 

 

 

 

 

 

 

 

 

 

 

    Fig. 9 Testing of deformation properties   Fig. 10 Arch support with variable thickness                  Fig. 11 Schmidt Hammer 

 

Similarly to the tuffite parameters, the load-bearing capacity of the permanent tuff support is one of the crucial characteristics that 

affect stability of the underground premises; they should transfer additional loads exerted, for example, by newly-built surface structures 

above the tuff cellars. 

It should be kept in mind that the permanent support is a cladded structure (tuff blocks were attached to cement mortar or cement 

seal). The tuff support was built using adhesive mortar (glue) mixed with sieved tuffite sand as a binder.  

The Schmidt Hammer test was conducted at two different underground locations to examine the strength of the cement seal and of 

the tuff blocks. The tests were carried out in the direction perpendicular to the test surface. At each test location, ten measurements were 

carried out on the tuff stones and cement seal. The in-situ measurements were carried out using a type N Hammer (Fig. 11) with an energy 

of 2.25 J. 

Average rebound values R, as identified at two measurement sites on the tuff stones, were R = 24 and R = 25. As for the cement 

mortar, the rebound values were R = 23 and R = 20.                                                                              
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Based on a comparison of the average strengths of tuff and of mortar, as identified in the Schmidt test, it may be stated that the 

sealing mortar exhibited strength 12 % lower than that of tuff.   

 

4. Convergence-Confinement Method 
One of the key tasks that are required in any underground activities, including underground mining of minerals and building 

underground engineering structures, is to ensure stability of underground premises. Successful execution of practical tasks related to rock 

mechanics is conditioned by understanding mechanical characteristics of relevant rock massifs. The efforts aimed at defining, as accurately 

as possible, mechanical characteristics of rocks are accompanied by the development of theories and methods regarding stability of 

underground mining spaces. Contemporary engineering activities are typically characterised by efforts aimed at optimising every 

construction and developing a solution that is not only technically perfect, but also cost-efficient. In technical practice, various methods of 

executing geotechnical tasks are currently applied. They are categorised into three basic groups:  

 Analytical methods; 

 Experimental methods; and 

 Numerical methods. 

One of the most frequently used analytical methods used in the process of designing supports for mining and underground 

engineering linear structures and assessing their stability is the Convergence-Confinement Method (CCM) developed by Pacher (1964). It 

has become the basic analytical tool for the New Austrian Tunnelling Method, originally developed by Fenner (Fenner, R.,1938). The 

Fenner’s solution did not take into consider cohesion in ideal elastic-plastic behaviour of a rock environment. That approach was later 

improved by Salencon,J. (1969) and further extended by Kastner,H. (1971); Kabwe, E. et al., 2020. 

Over the last 30 years, many authors (Brady,B.G.H.,Brown,E.T.,1985; Carranza-Torres, C.,2003; Duncam Fama, M.E.,1993; Hoek, 

E., 1990,1998,1999; Hoek, E., Brown, E. T.,1980,1997; Lee,Y.K., Pietruszczak, S., 2014; Oreste,P.P, Peila, D.,1997; Panet, M., Guenot, 

A., 1983; Panet, M., 1995; Vlachopoulos, N., Diederichs, M.S., 2009 etc.) have studied, developed, and promoted CCM as the method to 

be used in geotechnical practice. 

The process of ensuring stability of linear underground structures by applying the CCM is based on identifying the following: 

 Deformation characteristics of the massif (Ground Reaction Curve), 

 Deformation characteristics of the support (Support Characteristic Curve), and 

 Deformation profile in the longitudinal axis of the excavated structure (Longitudinal Deformation Profile). 

The CCM is currently regarded as one of the most ideal theoretical methods for explaining the interactions between the excavated 

part of an underground structure and the surrounding rock in terms of stress and strain.  
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         The CCM  is a calculation and graphical analysis 

based on designing an enclosed shape of a circular 

transverse cross-section of an underground structure 

with a radius R , loaded with even natural stress σo 

exerted on the external wall of the circular ring 

representing the isotropic elastic-plastic behaviour of 

the rock environment (Fig. 12). 

The internal radius of the excavated structure is 

exposed to the support resistance pressure pi, 

determining the radial displacement of the excavated 

part ur. The interface between the plastic and elastic 

behaviour of rock is determined by the radius of the 

plastic zone Rp. At the point of critical reaction 

pressure of the support pcr, inducing radial 

displacement ucr, elastic properties transform into 

plastic properties (Fig. 12).  

 

                                    Fig. 12 Convergence-Confinement Method 

  

4.1 Deformation characteristics of the massif (GRC) 
Deformation characteristics of the massif describe a correlation between the displacement of the excavated part of the rock u r and 

radial support pressure pi on the excavation boundary. Equations to be applied in the construction of the GRC were derived while using 

primarily the Mohr-Coulomb failure criterion (Brown, E.T. et al., 1983). That approach is based on the fact that a displacement response of 

rock to the excavation of an underground structure is primarily affected by its shear strength. 

Carranza-Torres,C. and Fairhurst,C. (1999) modified the GRC by applying the Hoek-Brown failure criterion, under which a rock is 

characterised by its intact strength and material constants – m, s, and a. A tool that is beneficial to use when identifying the aforesaid 

geotechnical parameters of a massif is the RocLab software by Rocscience.  

Relevant publications specify a detailed procedure for deriving basic equations used in the identification of deformation 

characteristics of massifs for various types of rock massif behaviour.  
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Identifying behaviour of stresses around an underground structure is only the first step in the process of ensuring stability of horizontal 

mining workings or underground engineering structures. It should be kept in mind that every change in the stresses is accompanied by 

corresponding deformation. Based on the support reaction pressure and type, two different states may occur: 
 

 at pi ≥ pcr – the state of total stability 

 at pi ≤ pcr – the state of partial stability 
 

wherein pi  is reaction of the support on the walls of the tunnel (cellar); pcr – the critical value of the support’s reaction; ucr – radial 

deformation in the form of displacement of the excavation boundary at the critical value of the support reaction. 

At subcritical depths, i.e. where the concentration of stresses on the excavation boundary does not reach critical values in terms of 

rock strength and where a zone of inelastic deformations is not formed behind the excavation boundary, the correlation between the rock 

displacement on the excavation boundary and the support reaction pressure is linear. At pi ≤ pcr behind the excavation boundary, a zone of 

plastic deformations with an external radius Rp is formed. Deformation characteristics of the massif for the state of partial stability are non-

linear; at pi = 0, deformations of the excavated part of the underground structure without a support become terminal – maximum radial 

displacement ur
max 

 (Fig. 12). In the case that an underground structure is excavated in mostly poor rock mass, a zone is formed where the 

material loosens and rocks eventually fall out. Such structures are therefore unstable without a support. In such a case, deformation 

characteristics of the massif in the zone of plastic behaviour are convex.  
 

4.2 Deformation characteristics of the support (SCC) 
Resistance pressure of the support is only manifested when it is deformed due to the displacement of the excavated part ur and the 

gravitational force exerted by broken rocks in the ceiling of the excavated part. The correlation between the support resistance pressure pi 

and the support displacement ur, or between the support deformation and the load exerted on the support, ur = f (pi), is referred to as the 

deformation characteristics of the support of an underground structure. Deformation characteristics of the support is a parameter that is a 

function of deformation properties of the support’s material and thickness. 

A support in an underground structure is concurrently affected by at least two elements with different deformation characteristics. 

Deformation of the support is accompanied not only by a decrease in the clear cross-sectional area of the underground structure, but also by 

an increase in the radial resistance pressure of the support; this means that the support increases stability of the process of deformation of 

the rock shell around it.  

An important value that is part of the deformation characteristics of the support is its terminal point, i.e. its maximum value ps
max 

– 

the maximum support capacity before failure, which depends on the strength of the support material and the support thickness. Behaviour 

of the massif-support complex is also affected by the stiffness of the in-built support ks (Fig. 12), which describes the slope of the linear 

region of deformation characteristics of the support to the vertical plane. 
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An intersection of the massif’s deformation characteristics (GRC) and the support’s deformation characteristics (SCC) is achieved 

when the internal resistance pressure of the support and the displacement of the excavated part of the underground structure are balanced; 

such balance corresponds to the factor of safety of the rock-support system FoS = 1 (Fig. 12). 
 

4.3 Deformation profile (LDP) 
Issues regarding the prediction of radial displacement of the excavated part of an underground structure have been studied by 

multiple authors. One of the theories that are most frequently applied is the Paneta’s calculation, under which the course of radial 

displacement in the longitudinal axis of an underground structure is calculated using the λ coefficient and a distance d to which the primary 

support is built from the working face of the excavated structure. The λ coefficient is determined by empirical constants m and α and the 

radius of the excavated underground structure R. Hoek (1999) used the empirical equation for calculating a longitudinal deformation profile 

of an underground structure, which is a function of its radius, the maximum value of radial displacement of the excavated part at zero 

resistance pressure of the support, and the distance between the place where the support is built and the working face. 
 

4.4 Assumptions of solution 
Stability of an underground structure, when assessed by applying the CCM, is determined by the following conditions: 

 A circular cross-section of the excavated structure with the tunnel of radius R, 

 A hydrostatic stress field σo, which is a function of the depth of the structure excavated under the surface H and the bulk density 

of the overburden rocks ρo, 

 Homogenous material properties of the rock mass, and 

 Plane strain conditions. 
 

However, the assumptions stated above are not realistic, and many authors (Feder,G., Arwatinakis, M., 1977; Kabwe,E. et al.,2020; 

Liu,N. et al., 2020; Vlachopoulos,N., Diederichs, M.S.,2014 etc.) have therefore tried to modify the CCM so that the analytical solution is 

as close as possible to the real conditions (a non-circular cross-section, an uneven stress field). 

 

5. Assessment of stability of the tuff cellars by applying the CCM 
A fundamental assessment of stability of the complex of tuff cellars was carried out through numerical geotechnical modelling of a 

continuum based on finite-difference methods in a 3D variant. Factors of safety (FoS) of the individual zones, calculated using the Mohr-

Coulomb failure criterion for the variant without any load exerted on the terrain surface by the residential complex, acquired values FoS ≈ 

<1–1.2> at critical points of the model (immediate vicinity of the excavated structures in their ceilings and on their sides). When the load 

exerted on the terrain surface was taken into account, FoS values in the modelled zones decreased to FoS =<0,8–1>. 
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The validation of the numerical modelling results was carried out by applying an analytical method – the CCM, applied to the largest 

transverse cross-section existing underground, using a calculation parameter – a cross-section leading across the large testing room (Fig. 13, 

16). The subchapters below provide brief results of the validation.   

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 13 Tuff cellars layout 

 

The total length of the underground structures in the area in question was approximately 500 m. The original part of the underground 

premises (the layout of the underground structures shown in blue in Fig. 13) exhibited satisfactory results in terms of its stability. CH1 and 

CH2 corridors do not have any supports and they are currently used for wine ripening in barrels, while the other corridors (the winze, the 

archive corridor, and the large testing room) have tuff claddings. Unsupported corridors are horseshoe-shaped and their dimensions are 

approximately 2.2 x 2.2 m (w x h). The surface of the walls in the corridors was sufficiently moist and covered with a layer of humid 

materials and moulds; that prevents increased falling of materials from the walls and the arch (Fig. 14). 
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The so-called “new section” of the underground 

premises (the contour of the underground structures 

in green and red, shown in Fig. 13 – the connecting 

and main corridors, the circular tasting room, and M1 

to M5 corridors) were in a rather complicated state in 

terms of their stability. The structures with the tuff 

cladding were in good condition, while certain parts 

of the unsupported M1, M2, and M3 corridors were 

in bad condition as to their stability; they had 

chimney shafts shaped as vertical ellipses (Fig. 15) 

protruding up to the surface. 

 

Fig. 14 CH1 mine – without a support   Fig. 15 M2 corridor – a chimney shaft 

 

Therefore, the problematic sections of the corridors were filled with a cement-ashes mixture, while certain parts of the corridors were 

secured with a supporting steel frame with a OO-O-03 profile (an arch open in steel, size 03). 
 

5.1 Deformation characteristics of the massif located in the large tasting room area (GRC) 
The cross-section as a calculation parameter was based on the horseshoe cross-section of the large tasting room with a clear width of 

4.4 m and a height of 3.85 m. The analysed structure has been excavated in tuffite sands with a bulk density ρo = 1,650 kg.m
-3

, while the 

higher overburden layer consisted of tuffite clays with a bulk density ρo = 1,900 kg.m
-3

 (Fig. 16). 

Brown, Bray, Ladanyi and Hoek (1983) published equations that were used to calculate deformation characteristics of the massif in 

the area of the large tasting room while applying the Mohr-Coulomb failure criterion. 

Average crack initiation stress σo [MPa] was calculated using equation (1) Carranza-Torres, Fairhurst (2000): 
 

𝝈𝒐 =
𝝈𝒙 + 𝝈𝒛

𝟐
    (𝟏) 

 

where σx – horizontal stress [MPa], and 

        σz – vertical stress [MPa].  
 

It is recommended to calculate vertical stress σz (unless the stress values measured using a tensor in situ are available) with the use of 

equation (2) stated in a paper by Carranza-Torres, Fairhurst (2000): 
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𝝈𝒛 = 𝟎. 𝟎𝟐𝟕 ∗ 𝒛    (𝟐) 
 

where  z is the depth at which the underground structure is located under the surface, in meters. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 16 Cross- section used for calculations 

 

Equation (2) is based on the measurements of vertical stress in situ in various regions around the world, as modified by Hoek 

and Brown (1980) who hence created equation (2). Since the measurements in situ were carried out in rocks with an average unit weight γo 

= 27 kN.m
-3

 (Carranza-Torres, Fairhurst, 2000) and tuffite sands, which are dominating in the analysed area in terms of its thickness, 

exhibits a unit weight γo  17 kN.m
-3

, vertical stress was calculated using a classical equation (3): 
 

𝜎𝑧 = 𝛾𝑜 ∗ 𝑧   (3) 
 

The unit weight of overburden rocks was calculated as a weighted arithmetic mean, and for the inputs shown in Fig. 16 the value of 

σz was 0.27 MPa, while z = 16 m. 
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Horizontal stress σx was calculated using equation (4): 
 

𝝈𝒙   =   𝒌 ∗ 𝝈𝒛   (𝟒) 
 

wherein k is the coefficient of lateral earth pressure, which may be calculated using equations created by various authors, such as: 
 

𝒌𝒂   =  
𝟏 − 𝒔𝒊𝒏 𝝋

𝟏 + 𝒔𝒊𝒏 𝝋
  (𝟓) 

 

𝒌  =  
𝝁

𝟏 − 𝝁
       (𝟔) 

 

𝒌 = 𝟓. 𝟏𝟑 ∗ 𝒛−𝟎.𝟏𝟔      (𝟕) 
 

wherein ϕ is the angle of friction of rocks or soils; 

              ka – coefficient of active earth pressure, which was used due to the soil nature of tuffites; and 

              µ – Poisson’s ratio of rocks or soils. 

Tuffite sands have the character of overconsolidated sediments, therefore Jaky's formula for calculating the lateral pressure 

coefficient, which is recommended for normally consolidated soils (Boháč, J. et al., 2013), was not used. 

Hoek and Brown (1980) modified the measurements of stress in situ into a graphical form, which contains the coefficients of lateral 

earth pressure observed in various regions of the world, delimited by two curves. The minimum value of the coefficient of lateral earth 

pressure was approximately k 0.5 while the maximum value of horizontal stress was approximately a 3.5-fold of the average value of 

vertical stress. Results of in situ measurements indicated that in areas near the terrain surface, including the analysed area (Fig. 16), the 

coefficient of lateral earth pressure acquired values k ˃ 1 (Carranza-Torres, Fairhurst, 2000). 

A partial coefficient of the angle of friction of tuffites γϕr = 1.21 (Barták, J. et al., 2010) was used to calculate the angle of friction ϕ = 

30° (angle for tuffites ϕ = 36°, identified in the laboratory). With the calculated value of friction, the coefficient of lateral earth pressure 

was calculated using equation (5) with a resting value ka =0.33. 

For tuffite sands, classified as class S1/S2 – clayey or silty sand, the value of the Poisson’s ratio µ = 0.28 was used as the benchmark. 

Using equation (6), the calculated coefficient value was k = 0.39 for value µ = 0.28. 

Using equation (7), created by Arjang (1998), the value of the coefficient of lateral earth pressure was calculated as k = 3.3 for the 

depth at which the testing room is located under the surface z = 16 m. 

Depending on the equations used, the coefficient of lateral earth pressure acquired values falling within a wide range of values. 

Values k and ka were used to calculate the average of lateral earth pressure k = 3.3+0.33+0.39/3   1.3, which was then used to calculate σx = 

1.3 * 0.27   0.35 MPa. The reason for using the Arjang (1998) equation was the authors' effort to achieve a value of the average lateral 
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pressure coefficient that would approach the value k ≥ 1, because in the authors' opinion this value is closer to the real behavior of the 

massif, i.e. the chimneying of the roof of corridors M1, M2 and M3 (Fig. 15) than the values k ≈ 0.3 – 0.4, when the vertical stress is 

greater than the horizontal stress and failure should occur on the side walls of the underground works, which did not happen in reality. 

Brown and Hoek (1978) report the values k = 2.54, 1.25, 1.23, 0.9 for the lateral pressure coefficients measured in situ in tuff conditions, 

which approximately corresponds to the value k = 1.3 used in this article. The value of crack initiation stresses, as calculated using equation 

(1), was σo = 0.31 MPa. 

Carranza-Torres and Fairhurst (2000) stated that if k ˂ klim, then the CCM may also be applied to an uneven stress field in order to 

assess stability of underground structures, wherein klim is the limiting value of the coefficient of lateral earth pressure. The limiting 

coefficient klim was identified using the graph described in a paper by Carranza-Torres, Fairhurst (2000), while its values fell within the 

range klim = ˂1.85–3˃ for the value of the angle of friction of tuffites ϕ = 30°. Since the lowest value klim =1.85 ˃1.3, the above stated 

requirement for the application of the CCM in a non-hydrostatic stress field was satisfied. 

For a non-circular shape of the underground structure, an equivalent radius of the analysed structure Req was used, and the calculation 

was made using equation (8) (Kabwe, E. et al., 2019): 
 

𝑅𝑒𝑞   =   √
𝐴

𝜋
   (8) 

 

wherein A is the surface area of the analysed structure in m
2
. 

 

For a transverse cross-section of the large tasting room with the height of the vertical wall L = 1.65 m (Fig. 16), the equivalent radius 

was Req = 2.18 m. 
 

Critical reaction pressure of the support pcr was calculated using equation (9): 
 

𝒑𝒄𝒓   =   𝝈𝒐   ∗  (𝟏 − 𝒔𝒊𝒏 𝝋)  −  𝒄  ∗  𝒄𝒐𝒔 𝝋   (𝟗) 
 

wherein c – cohesion of tuffites [MPa].  
 

With the use of partial coefficient of tuffite cohesion γcr = 1.25 (Barták, J. et al., 2010), the calculated cohesion was c = 24 kPa (the 

cohesion value adopted from foreign literature was c = 30 kPa), (Asniar, N. et al., 2020). 

Critical reaction pressure of the support pcr corresponds to the critical value of displacement  ucr, which was calculated using equation 

(10): 

𝒖𝒄𝒓 =
𝟏 + 𝝁𝒕

𝑬𝒕
∗ 𝝈𝒐 ∗ (𝟏 −

𝒑𝒄𝒓

𝝈𝒐
) ∗ 𝑹𝒆𝒒             (𝟏𝟎) 
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where    µt - Poisson’s ratio of tuffites [-]; and 

              Et – modulus of elasticity of tuffites [MPa]. 

 

Radius of the plastic zone Rp was calculated using equation (11): 
 

𝑅𝑝   =   𝑅𝑒𝑞  [
2

(𝑘𝑝 + 1)
  ∗ 

(𝜎𝑜   +  𝑐  ∗  𝑐𝑡𝑔𝜑)

(𝑝𝑖   +  𝑐  ∗  𝑐𝑡𝑔𝜑)
]

1
𝑘𝑝−1

   (11) 

 

wherein pi – fictitious support pressure [MPa], which fell within the interval ˂pcr, 0˃ in a selected step.  
 

For a selected internal pressure of the support pi, radial displacement of the excavated part ur was calculated using equation (12): 
 
 

𝑢𝑟 =
1 + 𝜇𝑡

𝐸𝑡
∗ 𝑅𝑒𝑞 ∗ [𝐹1 + 𝐹2 ∗ (

𝑅𝑒𝑞

𝑅𝑝
)

𝑘𝑝 −1

+ 𝐹3 ∗ (
𝑅𝑒𝑞

𝑅𝑝
)

𝑘𝑝𝑠𝑖 +1

]            (12) 

 

wherein 𝒌𝒑 =
𝟏+𝒔𝒊𝒏 𝝋

𝟏−𝒔𝒊𝒏 𝝋
,  φ – friction angle, 𝒌𝒑𝒔𝒊   =  

𝟏+𝒔𝒊𝒏 𝝍

𝟏−𝒔𝒊𝒏 𝝍
,   – dilation angle; 

 

𝑭𝟏   =   −[(𝟏 − 𝟐  ∗ 𝝁)  ∗  (𝝈𝒐   +  𝒄  ∗  𝒄𝒈𝒕𝝋)] ; 
 

𝑭𝟐   =   [
(𝟏−𝝁)∗(𝟏+𝒌𝒑∗𝒌𝒑𝒔𝒊)

(𝒌𝒑+𝒌𝒑𝒔𝒊)
− 𝝁]   ∗ 

𝟐∗(𝝈𝒐+𝒄∗𝒄𝒕𝒈𝝋)

(𝒌𝒑+𝟏)
; and 

 

𝑭𝟑 =
𝟐∗(𝟏−𝝁)∗(𝒌𝒑−𝟏)∗(𝝈𝒐+𝒄∗𝒄𝒕𝒈𝝋)

(𝒌𝒑+𝒌𝒑𝒔𝒊)
. 

 

Deformation characteristics of the massif (GRC) located in the area of the large tasting room is shown in Fig. 18. 
 

5.2 Deformation characteristics of the tuff support (SCC) 
That curve represents the correlation between the reaction pressure of the tuff support and the displacement of the excavated part of 

the large tasting room. Deformation characteristics of the support may be expressed as a curve for various types of supports and 

combinations there of (sprayed concrete, bolts, steel support). It is calculated per unit length of the underground structure in its longitudinal 

axis.  
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Equations below, used for calculating deformation characteristics of the support, are provided in a paper by Carranzza-Torres, 

Fairhurst (2000); the authors created them by modifying equations presented in papers by Hoek and Brown (1980) and Brady and Brown 

(1985). 

If the stiffness of the tuff support is designated as Kt [MPa/m], the elastic region of the deformation characteristics of the support, i.e. 

the KR segment (Fig. 12), may be calculated using equation (13): 
 

𝐾𝑡 =
𝑝𝑡

𝑢𝑟
   (13) 

 

where pt – load-bearing capacity of the tuff support [MPa], 

                 ur – tuff support displacement [m]. 
 

The slope of the elastic region of the deformation characteristics of the support was calculated using equation (13) as a pt/Kt ratio. 

The plastic region of the deformation characteristics of the support, i.e. the horizontal section beginning in point R, is determined by the 

maximum load-bearing capacity of the support ps
max

 before destruction (Fig. 12). 

The maximum load-bearing capacity of the tuff support pt
max

 was calculated using equation (14): 
 

𝒑𝒕
𝒎𝒂𝒙 =  

𝝈𝒕

𝟐
∗ [𝟏 −

(𝑹𝒆𝒒 − 𝒕𝒕)
𝟐

𝑹𝒆𝒒
𝟐

]               (𝟏𝟒) 

 

wherein σt – strength of the tuff support; and 

               tt – thickness of the tuff support [m]. 
 

Stiffness of the tuff support Kt was calculated using equation (15): 

 

𝑲𝒕 =
𝑬𝒕

(𝟏 − 𝝁𝒕) ∗ 𝑹𝒆𝒒
∗

𝑹𝒆𝒒
𝟐 − (𝑹𝒆𝒒 − 𝒕𝒕)𝟐

(𝟏 − 𝟐 ∗ 𝝁𝒕) ∗ 𝑹𝒆𝒒
𝟐 + (𝑹𝒆𝒒 − 𝒕𝒕)𝟐

   (𝟏𝟓) 

 

where Et – modulus of elasticity of the tuff support [MPa]; and 

 μt – Poisson’s ratio of the tuff support [-]. 
 

Equations (13) and (14) were derived for a circular shape of the support of the underground structure. For non-circular cross-sections, 

the analytical equations for calculating stiffness and maximum capacity of internal pressure of the support, which are necessary for the 

purpose of using the Convergence-Confinement Method, were not available. 
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Despite the simplification above (a circular versus non-circular cross-sections of the support), may authors, such as Russo and 

Repetto, 2009; Ascioglu, G., 2007; Ayman, A., M., et al., 2009; Rahmannejad, R. et al., 2015; Sebbeh-Newton, S. et al., 2021; etc. applied 

the CCM to their assessment of stability of underground structures with a non-circular cross-section. 

An assessment of stability of non-circular cross-sections of underground structures may also be carried out by applying not only 

numerical modelling, but also procedures used in the conventional statics of buildings dating back to the last century, as described by many 

authors, e.g. Kommerell (1912), Bierbaumer (1913), Zurabov and Bugajevova in Szechy, K. (1967), or by applying the hyperstatic reaction 

method (Oreste, 2007). 

A planar support with a circular shape in a hydrostatic stress field is exposed to compressive stresses without the formation of 

internal forces (bending moments, normal forces, shear forces) in a radial cross-section; therefore, when calculating pt
max 

using equation 

(13), the uniaxial compressive strength of sprayed or pumped concrete of various ages (e.g. 1-, 5-, 10-, or 28-day-old compressive strength 

etc.) was used as the allowable stress of the support. 

With a non-circular cross-section, a certain part, for example, the arch section of the tuff support, may be loaded by the loosening 

layers of tuffites, which induce bending (flexural) tensile 

stresses that affect the weight-carrying cross-section. Under the 

tensile bending stress, the external part of the loaded cross-

section is exposed to compressive stress while the internal part 

of the cross-section is exposed to tensile stress.  

Behaviour of brick-laid arch bridges under point (Fig. 17) 

or evenly distributed stress acting on the crown of the arches 

may indicate the nature of the process of deterioration of an 

arch support made of quarry tuff stones installed into cement 

mortar for supporting underground structures when the surface 

above them is loaded.  

Fig. 17 Thrust line at a collapse (a) of the support and (b) of the arch  

              (Gilbert, M., 2007) 
 

Above the place of the point load, the external side is exposed to thrust while the internal side is exposed to tensile force. Outside of 

the area of the point load, the deterioration process is the opposite (Fig. 17).  

Vertical parts of the cross-section used for calculations may be exposed to tensile as well as compressive stresses. Similarly, the arch 

part of the cross-section may be exposed to thrust or tensile force, primarily depending on the magnitude and direction of the exerted crack 

initiation stresses in the rock massif.  

Combined stresses to which the support cross-section is exposed may be assessed by applying numerical modelling; nevertheless, the 

application of those methods to conditions with an uneven, non-constant thickness of the tuff cladding also has certain limitations.  
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Due to the facts stated above, with an allowable stress of the tuff support σt, the calculation of pt
max

, which was made using equation 

(13), was based on uniaxial compressive strength, transverse tensile strength of tuff, and flexural tensile strength. 

According to the STN 731101 standard titled Masonry Structures of 1989, the material reliability coefficient γm = 2 should be used 

for excessively damp walls when calculating an allowable stress of a wall. 

Allowable stress of the tuff support at uniaxial compressive pressure σctd was calculated using equation (16): 

𝜎𝑐𝑡𝑑 =
𝜎𝑐𝑡

𝛾𝑚
=

4.7

2
= 2.35𝑀𝑃𝑎   (16) 

 

wherein σct – uniaxial compressive strength of wet tuff, identified in the laboratory [MPa]. 
 

Allowable stress of the tuff support at transverse tensile stress σttd was calculated using equation (17): 
 

𝝈𝒕𝒕𝒅 =
𝝈𝒕𝒕

𝜸𝒎
=

𝟎. 𝟖

𝟐
= 𝟎. 𝟒𝑴𝑷𝒂   (𝟏𝟕) 

 

wherein σtt is the transverse tensile strength of wet tuff, identified in the laboratory [MPa]. 
 

Allowable tensile bending stress of the tuff support σttod was calculated using equation (18): 
 

𝝈𝒇𝒕𝒅 =
𝝈𝒇𝒕

𝜸𝒎
=

𝟏. 𝟒

𝟐
= 𝟎. 𝟕𝑴𝑷𝒂   (𝟏𝟖) 

 

wherein σft is the flexural (bending) strength of wet tuff, identified in the laboratory [MPa]. 
 

The calculation of deformation characteristics of the tuff support in the large tasting room was made using a thickness t t = 0.25 m. 

Equation (13) was used to calculate the maximum load-bearing capacity of the tuff support pt
max

 for 3 different values of allowable stress of 

the tuff support using equations (16), (17) and (18), which were subsequently used to construct the deformation characteristics of the tuff 

support. 

Similarly to the calculations made using equations (16), (17) and (18), the modulus of elasticity of the tuff support Et was calculated 

as the quotient of the modulus of elasticity identified in the laboratory in the wet state and the material reliability coefficient, calculated 

with the use of equation (19): 

𝑬𝒕 =
𝑬𝒕𝒍

𝜸𝒎
=

𝟏, 𝟐𝟎𝟖

𝟐
= 𝟔𝟎𝟒 𝑴𝑷𝒂   (𝟏𝟗) 

 

wherein Etl – modulus of elasticity of wet tuff, identified in the laboratory [MPa]. 
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In the calculation of stiffness of the tuff support Kt, made using equation (15), the following deformation properties of the tuff 

support were used: 

The modulus of elasticity – Et = 604 MPa; and 

The Poisson’s ratio – µt = 0.43. 

 

5.3 Longitudinal deformation profile (LDP) of the large tasting room 
An important part of the Convergence-Confinement Method is also the calculation of the deformation profile of the underground 

structure in its longitudinal axis. It provides information on how quickly an interaction between the rock massif and the support behind the 

working face of the excavated structure occurs.   

Based on the known values of radial displacement in the longitudinal axis of the large tasting room before and behind its working 

face, it is possible to calculate the crack opening displacement uin that occurred before the permanent tuff support was built (Fig. 12). 
 

According to Paneta (1995), crack opening displacement uin [m] may be calculated using equation (20): 
 

𝒖𝒊𝒏 = 𝝀 ∗ 𝒖𝒆𝒍   (𝟐𝟎) 
 

wherein 𝝀 = 𝟎. 𝟐𝟓 + 𝟎. 𝟕𝟓 ∗ [𝟏 − (
𝟎.𝟕𝟓∗𝑹𝒆𝒒

𝟎.𝟕𝟓∗𝑹𝒆𝒒+𝒙
)

𝟐

] 

wherein x is the advance distance of the working face before the place of construction of the tuff support [m]. 
 

Elastic displacement uel is the maximum elastic displacement calculated at zero resistance pressure of the support, i.e. when the 

tasting room is without the support, using equation (21): 
 

𝒖𝒆𝒍 =
𝟏 + 𝝁

𝑬
∗ 𝝈𝒐 ∗ 𝑹𝒆𝒒   (𝟐𝟏) 

 

The tuff support in the large testing room was not built after each partial excavation, but after a certain time period after a relevant 

part of the working face was made; therefore, the advance distance of the working face was determined as x = 10 m. The value of crack 

initiation stress in the massif was determined as σo = 0.31 MPa, as stated in Subchapter 5.1. 

 

In the validation of stability of the large tasting room by applying the CCM, the following input parameters were used: 

Rock massif – tuffites 

E = 100 MPa 

μ = 0.28 
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coh = 24 kPa 

ϕ = 30° 

ψ = 0° 

γo = 16.81 kN.m
-3 

σo = 0.31 MPa 

Large testing room 

Req = 2.18 m 

x = 10 m 

Tuff support 

Et = 604 MPa 

µt = 0.43 

tt = 0.25 m 

σt = 2.35 MPa; 0.4 MPa; 0.7 MPa 

 

The assessment of stability of the large tasting room with the input parameters above is graphically depicted in Fig. 18. 
 

5.4 Deformation characteristics of the large tasting room for loaded terrain surface  
This Subchapter presents the constructed deformation characteristics of the massif in the cross-section leading through the large 

tasting room with the terrain surface exposed to an evenly distributed load q, which will be exerted by the planned construction of a new 

residential complex above a part of the existing wine cellars, the so-called original wine cellars (Fig. 13). 

The evenly distributed load of the terrain surface q was taken into account in the GRC calculation with the use of a fictitious height 

h´, which was calculated using equation (22): 
 

𝒉´ =
𝒒

𝜸𝒐
=

𝟓𝟎 

𝟏𝟔. 𝟖𝟏
  ≈  𝟑 𝒎   (𝟐𝟐) 

 

wherein q is the evenly distributed load exerted on the terrain surface [kN.m
-2

]; and 

              γo – unit weight of overburden rocks or soils [kN.m
-3

]. 
 

 The fictitious height h´ was added to the original height z, which represents the height of the overburden layer and the height of the 

large tasting room (Fig. 16). 

The most important results of the Convergence-Confinement Method, which was applied to the assessment of stability of the large 

tasting room that was excavated in tuffites and secured with a tuff support, are shown in Fig. 18. 
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Deformation characteristics of the massif present in the profile of the large tasting room with the maximum radial displacement ur
max

 = 

0.0261 m was calculated and constructed for the input parameters presented at the end of Subchapter 5.3. 

Under a planar load of the terrain surface q = 50 kPa, there was a change in the course of deformation characteristics; in particular, there 

was a shift upwards compared to the baseline GRC, while the maximum radial displacement was urq
max

 = 0.0346 m. 

Deformation characteristics of the support were constructed for 3 different values of allowable stress σt = 0.4 MPa; 0.7 MPa; and 2.35 

MPa, for which the maximum load-bearing capacity was calculated: ps
max1

 = 0.043 MPa; ps
max2

 = 0.076 MPa; and ps
max3

 = 0.254 MPa for the 

selected parameters of the support (see equation 14) (Fig. 18, points 1, 2, and 3). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 18 CCM results – large testing room 
 

If there is no intersection in the GRC/SCC system, then FoS ˂ 1 and the rock-support system is imbalanced. Fig. 18 shows such a state, 

occurring at GRC without exposure to a surface load, provided that transverse tensile strength σttd of the tuff is used at the allowable stress 

of the support (point 1 in Fig. 18), or if transverse tensile strength σttd and flexural bending strength σftd are used at the allowable stress at 

GRC with exposure to surface load (point 2 in Fig. 18). 
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Factor of safety FoS ˃ 1 if there is an intersection in the GRC/SCC system and the rock-support system is balanced; in Fig. 18, the 

corresponding points are pe and peq. In the case that allowable stress of the support is replaced with uniaxial compressive strength of tuff 

σctd, then the following applies to GRC with and without exposure to evenly distributed load q: FoS ˃ 1. If allowable stress is replaced with 

flexural bending strength σftd, then FoS ˃ 1 also in the case of GRC without exposure to surface load q. 

Concrete values of FoS for the individual combinations of allowable stress of the tuff support and deformation of the excavated part of 

the large tasting room in tuffites are shown in Fig. 18. 

 

6.Conclusion  
Despite certain simplifications, the CCM is still used at present, especially in the process of preliminary designing of primary tunnel 

linings made of sprayed concrete, as well as in assessment of stability of underground structures of other types. 

The advantage of the CCM is that it is fast and flexible, when compared to numerical modelling, in particular 3D modelling, which 

facilitates conducting a wide range of parametric studies for those of the parameters the values of which are not fully reliable (e.g. 

properties of the massif, properties of the brick-laid support, crack initiation stresses, etc.). 

In the conducted validation of stability of the underground structure, which was of relatively large transverse dimensions (the large 

tasting room), secured with a brick-laid tuff support, located in the Tokaj Wine Region in the Slovak Republic, the CCM confirmed good 

concordance between the results of the numerical and analytical approaches. 

Stability of the large tasting room was unchanged in the cases without exposure to additional planar load of the terrain, except for the 

cases in which the uniaxial tensile force is formed in the tuff support.  

Evenly distributed load exerted by the terrain surface will cause considerable deterioration of stability of the large tasting room. 

Stability of tuff cellars with a different height of the overburden layer and different transverse cross-sections may be assessed in a similar 

manner, as described above.  
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