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RESUMEN 

 

 

La provincia de Napo, en la lluviosa región amazónica de Ecuador, cuenta con una 
geodiversidad de cuevas kársticas muy visitadas por turistas de todo el mundo. La 
probabilidad de derrumbes y colapsos de las cuevas kársticas es una preocupación que 
afecta a las actividades turísticas y culturales que se desarrollan en estos espacios. El 
acceso a la cueva Aguayacu, ubicada a 14 km de la capital provincial de Napo, se 
caracteriza por la presencia de desprendimientos de bloques masivos de caliza, caliza 
fosilífera y lutita. Por ello, en esta investigación se realizó un análisis de estabilidad en la 
entrada de la cueva. Se establecieron cinco estaciones geomecánicas para detallar la 
ubicación, la litología, el grado de meteorización y los parámetros geotécnicos de las 
discontinuidades, como la resistencia a la compresión uniaxial, el espaciado, la apertura, 
la rugosidad, el relleno y el nivel freático. Con estos datos se determinaron las 
clasificaciones Rock Mass Rating (RMR) y Geological Strength Index (GSI). 
Posteriormente, se realizó un Análisis de Elementos Finitos utilizando el criterio de fallo 
de Hoek y Brown en el software RS2 para determinar el Factor de Reducción de 
Resistencia (SRF) y los desplazamientos máximos de las zonas inestables. Obtuvimos 
valores de GSI de 60-65 para la capa de esquisto, 68-73 para la caliza fosilífera y 77-85 
para la caliza masiva, lo que indica una buena calidad de la roca. Además, determinamos 
una zona crítica con un SRF de 0,89, sin embargo, toda la sección de la entrada de la 
cueva no puede declararse inestable. El análisis de elementos finitos obtuvo 
desplazamientos máximos entre 0,030 y 0,037 m. Estos desplazamientos son mínimos 
en comparación con otras investigaciones. La cueva es estable a nivel de sección con 
un valor SRF > 2,21. Además, la calidad de la roca a partir de las clasificaciones 
geomecánicas indica que la cueva no está sujeta a desequilibrios de tracción que puedan 
desencadenar inestabilidad. No obstante, debe prestarse atención a las paredes de la 
cueva en las que se obtuvo un SRF < 1, que coincide con la zona de desprendimientos 
de placas de roca esquistosa. Se aconseja a los guías turísticos que establezcan un 
itinerario alejado de las zonas de desprendimiento de rocas inestables. 

Palabras clave: Elementos Finitos, Clasificación del macizo rocoso (RMR), Índice de 
fuerza geológica (GSI), RS2, Factor de reducción de fuerza (SRF). 
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ABSTRACT 

 

 

Napo province has a geodiversity of karst caves, which are visited by a large number of 
tourists annually. In general, underground spaces of karst origin exhibit stability at a 
global level, however, they can present collapses, rockfalls, and various types of 
geological hazards associated with their nature. The geographical location of the study 
area is characterized by sedimentary shale and limestone rocks, heavy rainfall, and 
significant development of organic soil. The present study focused on analyzing the 
stability of the Aguayacu cave using finite elements and a non-linear failure criterion, 
based on five geomechanical classifications RMR and GSI. The analyzed results were 
based on the strength reduction factor and the maximum displacements. The walls of the 
cave corresponding to the shale rock layer presented SRF<1 values and displacements 
<0.037 m. The roof of the cave presented SRF>2.2 values and displacements <0.025. It 
was concluded that at the section level, the cave is stable. Additionally, tabular blocks 
were evidenced on the floor, which is the main hazard. 

Keywords: Finite Elements, Rock Mass Rating (RMR), Geological Strength Index (GSI), 
RS2, Strenght Reduction Factor (SRF).  
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INTRODUCTION  

 

 

Geodiversity preexistent in Ecuador benefited the province of Napo, in which there is a 

variety of caverns, caves, and grottoes that, thanks to different tectonic-structural, 

geomorphological processes, among others, have given rise to its variability (Benito et 

al., 2009; Das, 2001). In Ecuador, the informative activities on speleology have been few 

or almost non-existent, therefore, finding scientific information on these topics is very 

difficult. The Geopark Project Napo Sumaco developed a geotourism inventory of the 

natural cavities belonging to the province of Napo, where a compendium of speleological 

research was carried out at the provincial level, in the fields of geology, geomorphology, 

biology, hydrology, local manifestations and tourist resources (Sánchez Cortez, 2017).  

 

The rocks present in this eastern sector favoured the formation of these natural cavities, 

in addition, the high rainfall typical of the Ecuadorian Amazon helps to dissolve the 

soluble rocks, generating these formations. These natural cavities are part of the karstic 

terrain of the Napo formation present in the area, composed chiefly of carbonate rocks 

(Sánchez Cortez et al., 2017). In turn, the water present inside the caves is the element 

that creates the caverns, but in turn, is to blame for their collapse and subsequent 

disappearance, if there is a large amount of water in the cavity, over time it will tend to 

collapse, being the case of the Amazonian caves. The study area is located within the 

territory belonging to the Napo Sumaco Aspiring UNESCO Geopark (Vera et al., 2023). 

 

Most of the caves have been sites that the oldest human beings have used as a refuge 

or as ceremonial temples, but they are currently used as a tourist attraction (Jordá-

Bordehore et al., 2016). Some small caverns may suffer collapses or landslides in areas 

where the rock has high degrees of fracture. 

 

The present investigation carried out a stability analysis in the Aguayacu cavern access, 

through a finite element analysis and a geomechanical classification. 
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Study area 

 

Aguayacu community is located northeast of the city of Archidona, 14 km from the city 

of Tena, shown in figure 1. Archidona has a warm humid climate, with rainfall that varies 

between 4,000 and 5,000 mm per year, its minimum altitude is 613 meters above sea 

level and its maximum is 4,294 meters above sea level (Guacamayos range), has an 

average temperature of 24 ° C, and an atmospheric pressure of 712 mm. The average 

annual humidity of Archidona is 80%, with maximum values at the time of greatest 

precipitation during the months of June and July (GADMA, 2014).  

 

The cave system of the Aguayacu Community is managed by the Aguayacu Tourist 

Association. Upon reaching the community, it is necessary to contact the leaders, who 

will give you all the information on the places that can be visited in the sector. Afterward, 

there will be walks through established trails that will allow you to reach the caves 

(Sánchez Cortez, 2017). 

 

 
Figure 1: Cave location map.  
Elaborated by: Angel Medina 

The red star indicates access to the cavern, in addition, the red, blue, green, yellow, and brown points show the 

location of the stations. The Rukullacta and Aguayacu communities have been indicated as references. 
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GEOLOGICAL SETTINGS  

 

 

Caves by dissolution are formed from the dissolution processes of the rock in conjunction 

with groundwater. For the aforementioned process, two elements are required, the first 

is that the rock is soluble and the second is that the water is chemically active.  

 

As Figure 2 shows us, the Napo formation is the one that dominates in the study area, 

in which shale, black limestone, marine limestone rich in organic matter, and sandstone 

can be found (Baby et al., 2004). The Napo formation belongs to the Cretaceous 

geological period with an approximate age of 70 to 90 million years (Baby et al., 2004; 

Shanmugam et al., 2000). The Lushian River and the presence of two faults near the 

cave are appreciated, among them are the Porotoyacu fault and a little further away the 

Jondachi River fault. The Napo Formation is a calcareous unit, characterized by the 

presence of abundant fossil fauna and a high presence of limestone in the middle part, 

and the rocks of this same formation exist in the Misahuallí River and the Hollín River to 

the north. According to (Vallejo et al., 2002), the Napo formation was subdivided into four 

different formations, (1) Napo Basal Formation, which includes a calcareous member at 

the base, a lutaceous member called Lutita Basal, and an oil-bearing member; (2) Lower 

Napo Formation, also has a calcareous member in the base, shales in the middle section 

and an oil interval between calcareous and sandy in the upper part; (3) Middle Napo 

Formation, includes shallow carbonate platform deposits, which differ in their faunal 

diversity and the presence of sandstone; (4) Upper Napo Formation, composed of 

alternate shale, limestone, and sandstone. This formation is characterized by a variety 

of fossil fauna and organic matter. In addition, this research was carried out in the middle 

and upper part of the Napo formation (Baby et al., 2004).  
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Figure 2: Geological map of the study area.  
Elaborated by: Angel Medina 

In the upper left part, the topographic map of the area is denoted, in addition to the Lushian River and the main road that 

leads to the cave. In the lower part, the geological faults found in the place are observed, among them are the Porotoyacu 
fault, which is a Reverse and Strike-slip fault, also, the Jondachi river fault, and finally La Merced de Jondachi fault, which 

is a Blind reverse fault. On the other hand, Napo formation is predominant in the map with green coloration, and an alluvial 
deposit is also observed near to the cave. 
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MATERIALS AND METHODS 

 

 

In the months of February, March and April 2022, an in situ geological and geotechnical 

characterization of the access to the Aguayacu cave was carried out. At this site, 

information was collected from 5 geomechanical stations identified as S1, S2, S3, S4 

and A1, along the study area, as shown in Figure 1. These stations were selected based 

on lithological and structural criteria present in the rock mass. Stations S1, S2, S3 and 

A1 were installed on the outside of the cavern, while station S4 was installed inside the 

cavern. Table 1 shows the coordinates, lithology and moisture conditions of the identified 

stations. In addition, the degree of weathering of the rocks and what the weather was 

like that day are shown. Most of the day when the data were taken there was no water 

present, but at other stations the water inflow was higher as there was a small stream.  

The geomechanical survey conducted at S4 was more specific as it was inside the 

cavern, Figure 4. 

 

Table 1: Coordinates, lithology and climate description for the area of interest.  

Elaborated by: Angel Medina 

 

 

 

 

 

 

Station 

ID 

Longitude  Latitude  Lithological Description Weathering 

degree (ISRM, 

1981) 

Weather in situ 

S1 0191144 9900841 Sedimentary limestone 

type, massive. 

Moderately 

weathered 

Dry (Signs of 

water) 

S2 0191143 9900841 Sedimentary limestone 

type, massive. 

Highly weathered Dry (Signs of 

water) 

S3 0191142 9900841 Limestone types 

sedimentary, massive, 

near a water sink. 

Moderately 

weathered 

Dry 

S4 0191143 9900841 Three types of rocks, 

massive limestone, black 

shale and fossiliferous 

limestone. 

Highly weathered For massive 

limestone there is 

a permanent water 

flow 

A1 0191145 9900759 Massive Limestones and 

Black Shales. 

Moderately 

weathered 

Dripping in the 

outcrop area 
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Geomechanical classifications 

 

Geomechanical stations were used in order to collect input parameters for the analysis 

of cavern stability by applying finite elements. Data was processed in order to obtain 

geomechanical classifications in terms of Rock Mass Rating (RMR) (Bieniawski, 1989) 

and Geological Strenght Index (GSI) (Hoek et al., 1998). The RMR was originally created 

for the execution of subway excavations, and have been used since 1970 until today. 

These methods are applied worldwide by professionals in rock mechanics, which allows 

the characterization, classification, and understanding of the properties of rock masses 

(Tomás et al., 2020).  The GSI has been utilized in back-analysis of tunnels, karstic 

caves, slopes, and rock mass foundations (Alemdag et al., 2019).  

 

The RMR is a classification system for rock masses that allows relating rock mass quality 

index to design parameters (strength and deformability) and tunnel support (Bieniawski, 

1989). The RMR is based on 6 parameters: uniaxial strength of the rock matrix, fracture 

degree in terms of RQD, discontinuity spacing, joint conditions, hydrogeological 

conditions, orientation of discontinuities with respect to the cave structure (Bieniawski, 

1989). The GSI classification is a system that is applied to rock masses by observation. 

The factors used by the GSI are rock mass structure,  joint roughness and alteration 

(Vassilis, 2020). The quality scores in both RMR and GSI range from 0 to 100, where 

the value in RMR rating <20 means very bad quality and the 100 value means very good 

quality. Also, in GSI the value <10 means a foliated/laminated rock mass and the >90 is 

a rock intact or mass, as seen in Appendix A1.  

 

Currently, these geomechanical classifications are still applied, in addition, research 

proposes their application in caverns or underground labours (Bastidas et al., 2022; 

Bhasin et al., 1995; Espín et al., 2022; Hoek, 2007; Sapigni et al., 2003).  

 

Finite element analysis, failure criterion and input parameters 

 

Finite element analysis is an automated engineering method that has made it possible 

to predict how a product will react to exposure to heat, fluids and vibrations, among other 

real-world physical effects. Technological advances have helped geotechnical 

engineering to rely on these methods to perform numerical simulations (Pandey et al., 

2022). Finite elements are considered the most recent and comprehensive tool for 

evaluating stresses and strains (Herrera Mazuera, 2015). In our case, the RS2 program 

was used, which belongs to the rocscience package (Rocscience, 2022). 
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 The failure criterion used for the numerical calculation was that of Hoek et al. (2002). 

For this criterion to work, several parameters are required, particularly the value of GSI. 

However, the value of GSI, being subjective and dependent on the specialist's criteria, 

is highly variable. For this reason, the RMR value was calculated as a means of verifying 

that the GSI value does not vary significantly with respect to the RMR. The other 

parameters required by the failure criterion correspond to the uniaxial compressive 

strength (UCS), constant (mi), disturbance factor (D). In order to obtain the 

geomechanical parameters in terms of cohesion and friction, the RocLab program was 

used (Rocscience, 2022).  

 

The rebound values were obtained on the surface joint walls and the rock matrix using 

the Schmidt hammer. The rebound values were used to calculate the Uniaxial 

Compressive Strength (UCS), and in turn, the unit weight was determined through 

bibliographic references (González de Vallejo et al., 2002). The intact rock constant m i 

is an important factor for the Hoek-Brown failure criterion (Hoek et al., 2000). This 

constant indicates the behavior of the intact rock. Traditionally, the constant m i is 

determined by a laboratory triaxial test on rock cores with a diameter of 50 mm and a 

length of 100 mm, however, due to unfavorable time or budget conditions, it can be 

determined from tables based on the results of triaxial test performed on intact rock 

(Hoek et al., 2000).  

 

Several factors such as heavy blast damage, lateral confinement or reduction of stress 

due to overburden can result in alterations to the rock mass. To take these alterations 

into account for the rock mass, the Hoek-Brown failure criterion considers including the 

disturbance factor D into the analysis. Thus, a disturbance rock mass is considered when 

D = 1, and an undisturbed rock mass when D = 0 (Hoek et al., 2002).  

 

Deformation parameters E and v were calculated as follows. Young's Modulus is defined 

as the ratio of stress to strain. If the Young's modulus is low, the rock tends to be ductile, 

while if the Young's modulus is high, the rocks are brittle (Ma et al., 2016). 

 

𝐸𝑟𝑚(𝑀𝑃𝑎) = 100000 (
1−𝐷/2

1+𝑒
(
75+25𝐷−𝐺𝑆𝐼

11
)
)      (1) 

 

This equation shows the calculation of Young's Modulus. Where, D is the disturbance 

factor. 
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Poisson's Ratio is a measure of a material's ability to expand in directions perpendicular 

to the force applied to the material. This ratio is defined as the fraction of expansion 

divided by the fraction of compression. According to Vásárhelyi & Kovács (2017), there 

is a linear relationship, where it shows that as the quality of the rock mass decreases, 

the Poisson's ratio increases. Therefore, we use the equation 2 to compute the Poisson’s 

ratio.  

 

V𝑟𝑚 =  −0.002𝐺𝑆𝐼 −  0.003𝑚𝑖 +  0.457                 (2) 

 

Where Vrm, Poisson’s ratio of the intact rock.  

 

This equation for calculating the Poisson value is found as a function of the GSI and the 

Hoek-Brown constant (mi).  

 

Roclab software uses equation (1) to compute de Young´s modulus for each type of rock 

to be analysed, this result can be found in the Rock Mass Parameters section, see 

Appendix-Figures A4, A5, and A6. In turn, the Poisson's ratio was calculated using 

equation 2.  The results are shown in Table 3. 

 

Once the geomechanical parameters of all the layers have been obtained, a geological 

model of the cave is necessary for the RS2 program to perform the analysis. This model 

was obtained in situ, we took measurements of the height and width in order to generate 

a geometric model of the cave. This model was created in AutoCAD and the geologic 

model of the cave was imported into RS2. Then, the strata belonging to the study area 

were placed with their corresponding geomechanical properties, the water table was 

placed in the cave and an external force or load was applied, and finally, a mesh was 

applied. 

 

The results correspond to the analyzed section shown in Figure 3. For the computation, 

it was considered that the biota exerts a superficially distributed load of 0.0079 MN/m2, 

as well as the horizontal arrangement of three types of rocks. 
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                  Figure 3: Detailed geometrical and geological model of the analysed section.   

Elaborated by: Angel Medina 

 

 

RESULTS 

 

 

The parameters to compute the geomechanical classifications are shown in Table 3. In 

the Figure 4 shows the geomechanical stations where the geological and geotechnical 

data was collected.  

 
Table 2: Geomechanical classification according to the value of RMR and GSI 
Results of the evaluation of the rock mass geotechnical parameters to obtain the value of geomechanical classifications 

RMR and GSI.  

Station 

ID 

Plane type Orientation 

U
C

S
 

R
Q

D
 

S
p

a
c
in

g
 o

f 

d
is

c
o

n
tin

u
iti

e
s
 

P
e

rs
is

te
n

c
e
 

O
p

e
n

in
g

 

R
u

g
o

s
ity

 

F
illin

g
 

 

D
is

tu
rb

a
n
c
e
 

U
n

d
e

rg
ro

u
n

d
 w

a
te

r 

 

R
M

R
 

G
S

I 

   Puntuation  

S1 J1 216/86 2 2

0 

10 2 0 5 2 3 7  

49 

77-

85 

S0 143/45 2 2

0 

10 2 0 5 0 1 7 

S2 J1 323/52 2 2

0 

10 4 0 5 4 1 7  

 

49 

77-

85 

J2 231/20 2 2

0 

10 4 0 0 0 0 7 

J3 24/74 2 2

0 

15 4 0 0 2 1 7 
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Elaborated by: Angel Medina 

 

The calculated values for the GSI of the three types of rocks found in the cave were the 

following: Fossiliferous Limestone with a value of 68-73, Figure A1, Massive Limestone 

77-85, Figure A2, and the Shales with a value of 60-65, Figure A3. In addition, Figure 5, 

shows the types of rocks found within station S4, which could be identified: A) 

Fossiliferous Limestone, B) Shale and C) Massive Limestone. 

 

 
Figure 4: Geomechanical stations for this study and the outcrop near the cave are shown. Persons and geological 
hammer as scale. 

Elaborated by: Angel Medina 
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Figure 5: Types of rocks found inside the cave. A) Fossiliferous Limestone, B) Shale and C) Massive Limestone. 

Elaborated by: Angel Medina 
 

 

Table 4 corresponds to the input parameters used for the Strenght Reduction Factor 

calculation. 

 

Table 3: Geomechanical parameters 

Elaborated by: Angel Medina 

 

Strenght reduction factor  

 

Figure 6 shows the zones of total displacements along with the deformation vectors, 

whose direction points towards the boundaries of the cave. On the left wall of the cavern, 

the areas in red and orange denote the most critical zones that can be displaced, which 

show a maximum displacement of 0.030 m. This is the critical zone of displacements, 

where the deformation vectors stack up to a greater extent than in other areas. In the 

central or ceiling part of the cavern, the displacement ranges vary from 0.018 to 0.024 

m. and are denoted in light green to yellow color. While the right and bottom walls of the 

cavern present maximum displacements of 0.0000132 m. and are denoted in bluish to 

cyan colors. The light blue horizontal line represents the position of the water table. We 

  Layer Rock Mass Unit 

Weight 

(MN/m3

) 

Uniaxial 

Compressive 

Strength 

(MPa) 

Young’s 

Modulus 

(MPa) 

 

Poisson’s 

Ratio 

Frictio

n 

Angle 

(deg) 

Cohesio

n (MPa) 

1 Fossiliferous 

limestone 

0.024 11 10992.2

1 

0.28 58.96 0.28 

2 Shale 0.022 0.50 3354.75 0.31 34.79 0.01 

3 Massive 

limestone 

0.024 8 12245.2

5 

0.27 56.48 0.29 
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determined a range of critical values from 0.030 m. to 0.037 m., which represents the 

layer-to-layer displacements in the Y axis. Furthermore, Figure 6 and Figure 7 indicates 

that the most critical area of displacements is located at the entrance of the cave, 

specially at the top.  

 

Figure 7 indicates the zones of critical values for the Strength Reduction Factor (SRF). 

On the left wall of the cavern, the zone with the maximum critical SRF value of 0.89 is 

shown in yellow and orange. Values of SRF within the range of 2.21 to 3.47 are shown 

in greenish color on the ceiling and base of the cavern.  

 

 
Figure 6: Total Displacement with display deformation vectors.  
Elaborated by: Angel Medina 

 

 

 
Figure 7: Finite element analysis of the access to the Aguayacu cave with safety factor and maximum shear stress 
distribution, also shows the deformed limit, the joints were excluded to avoid complexities in the calculation.  

Elaborated by: Angel Medina 
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DISCUSSION 

 

 

The geological and geotechnical characterization yielded an average RMR rating of 50 

for the limestone layer, being a class III rock (medium quality). In turn, the RMR rating 

for the shale layer was 48, which is a class III rock (medium quality) (Bieniawski, 1989). 

According to  Singh et al. (2019) the RMR ratings for shale layers ranges from 38.4 - 

55.8, our results are within this range. RMR ratings for massive limestone range from 31 

- 47 according to Shalabi et al. (2009), our RMR ratings assessment is slightly above 

this range. Waltham & Fookes (2005) mention that the quality of a karstic rock mass can 

be of Class II or good quality, with a Q index between 4 - 10 (Barton et al.,1974) and a 

RMR range from 40 - 60 based on Bieniawski (1989). Our RMR ratings for 

geomechanical stations are within this range. 

 

Regarding the GSI index, ratings were obtained that fall into the category of good quality 

rock for shale layer (60 – 65 points), and very good quality for both fossiliferous limestone 

layer (68 – 73) and massive limestone layer (77 – 85). Marinos & Carter (2018), mention 

that the GSI ratings range for shales is between 15 – 25 points, due to their fine 

stratification similar to schistosity. Similarly, Marinos & Carter (2018) mention that when 

limestones are massive or arranged in thick layers, and are far from areas of disturbance 

by tectonics, it is expected that the GSI fracture index will range from intact to very 

blocky, as shown in Figure 3. 

 

RQD values in the four geomechanical stations were above 90%, which means that the 

rock has a low degree of fracturing. That is because the average spacing of the joint sets 

is greater than 60 cm. In fact, in some areas of the limestone layer, the structure was 

intact without any visible discontinuity. However, this parameter does not include the 

orientation, filling, alteration, and other conditions of the discontinuities, therefore, it does 

not consider these surface characteristics that are important when evaluating the 

geomechanical behavior of the rock mass (González de Vallejo et al., 2002).  

 

The range of UCS values for the massive limestone layer were 5.9 to 8 MPa. For the 

fossiliferous limestone layer, the UCS value was 11 MPa. While the shale layer is at 0.5 

MPa. According to the ISRM (2015) classification of rock mass quality based on the 

UCS,  geomechanical stations S1, S2, S3 and S4 were classified as low quality (UCS = 

6 - 10 MPa), while station A1 was classified as medium quality (UCS = 20 - 60 MPa) 

(Sajid & Arif, 2015). Aydin & Basu (2005) mention that the surface condition of 
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discontinuities, such as roughness, joint degree, moisture content and sclerometer axis 

can reduce rebound value, and thus the UCS values.  

 

The roughness of the discontinuity surfaces was categorized between undulating rough 

and staggered rough. During the fieldwork, we note that the surface roughness of 

massive and fossiliferous limestone layers increases depending on the degree of 

weathering. This indicates that the roughness categories found in this study correspond 

to highly weathered limestone rock samples. Similarly, Aydin & Basu (2005) point out 

that weathering is considered a conditioning factor for obtaining rebound values, since it 

generates micro-level changes in the structure of the rock mass. Thus, scattered 

rebound values are expected while increasing the degree of weathering (Aydin & Basu, 

2005). In the 5 geomechanical stations, the presence of both dripping water and in 

constant flow and characteristic humidity of the cavern was evidenced. In addition, near 

station A1 (approximately 3 meters) there is a water sink which is flooded in rainy 

seasons. Sumner & Nel (2002), mention that the rebound values decrease non-linearly 

when the moisture content increases, and therefore the resistance of the lithologies 

under study. In addition, the tropical climate of the region is a factor that determines the 

stability of the wall cave, since it accelerates the process of dissolution and weathering 

in the Amazonian karstic system (Piccini & Mecchia, 2009).  

 

We obtain a SRF value of 0.89, which is considered a low safety factor, considering that 

SRF values greater than 1 indicate a safe or stable zone (Pandey et al., 2022). It is 

important to note that the SRF value is only a general value (Hammah et al., 2005), this 

means that the SRF value of 0.89 cannot be assumed to be unstable for the entire 

section. This value of 0.89 corresponds specifically to the shale layer, this is consistent 

because the shale layer has the lowest resistant parameters compared to the other 

layers. We can even see that the roof has SRF values between 2.2 and 2.8, and that the 

values lower than 1 are actually concentrated in the walls. Based on the above, it can be 

deduced that the cavern would be globally stable.  This result is consistent with the global 

stability analysis of the Humanti cavern (Yépez et al., 2022). It is important to mention 

that the lithology of the mentioned study is similar to the present investigation. In fact, 

the distance between study areas is 3 km.  

 

However, where SRF values are less than 1, it could be understood as zones that are 

being affected by lithostatic stresses, chemical weathering, and that, due to their lithology 

susceptible to detachment in parallel planes, the material is detaching. In situ 

observations are faithful witnesses of the detachments.  



 

15 

From the results obtained in our study, Figure 6 indicates that the total average 

displacement of 0.025 m. Akgün & Koçkar (2004) report maximum displacements 

between 0.662 to 0.974 m in a man-made cavern in silty limestone. Nadimi et al. (2011) 

report displacements of 0.272 to 0.474 m in a cavern for a 132-meter-long powerhouse 

established in an area of dark and red shales. Spyridis et al. (2018) report displacements 

between 0.227 to 0.418 m for the excavation design of a tunnel for a light rail transit 

project in Ottawa. The tunnel is excavated over layers of shale and limestone with 

minimal coverage of a soil layer. Van Kien et al. (2022) determined maximum vertical 

and horizontal displacements of (-0.064) m and (0.147) m, respectively, in a large-scale 

underground cavern. Sari (2022) reports maximum displacements of 0.260 m at a depth 

of 5 m in storage caverns in soft tuff rock masses belonging to the Kavak formation in 

Turkey.  

 

The displacements in the previous cited investigations are minimal, and in all of them, 

the underground space exhibits stability. 

 

 

CONCLUSIONS AND RECOMMENDATIONS 

 

 

The stability of the cavern is stable at section level, this is supported by the SRF values 

> 2.21 of the roof, and the small magnitude displacements obtained. Another aspect that 

indirectly informs about the stability is the quality of the rock mass obtained from the 

geomechanical classifications. Station A1 both in its RMR and GSI values show that the 

massif is of medium and good quality respectively. This is in agreement with the quality 

of the massif at stations S1, S2, S3 and S4. In addition, being a cavern where the subway 

space was formed naturally, the massif is not subjected to tensional imbalances, which 

contributes to the cavern maintaining its stability.    

 

Specifically, attention should be paid to the walls of the cavern, since it was where SRF<1 

values were obtained, coinciding with tabular plates, observed in situ drops of 

approximately 20 cm, which belong to the shale layer. However, this zone does not 

jeopardize the global stability because the shale layer has a thickness of not 

considerable dimensions and the orientation of the stratification plane is horizontal.   

 

When the cavern is visited by tourists, the guides in charge of the tour should be in 

charge of marking the route, staying away from the walls of the cavern that show a 
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tendency to plate detachment. Monthly inspections are recommended in order to make 

an inventory of rockfall zones, which will help in defining the route. 
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APPENDIX 

 

Input Parameters to Determinate the Geological Strenght Index  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure A1: Valor de GSI para la Caliza Fosilífera. 

Source: Marinos and Carter, 2018 

 

 

 

 

 

 

 

 

 



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

                                      Figure A2: Valor de GSI para la Caliza Masiva. 
Source: Marinos and Carter, 2018 

 

 

 

 

 

 

 

 

 

 

 

 

  

        
                    Figure A3: Valor de GSI para las Lutitas. 

Source: Marinos and Carter, 2018 
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Figure A4: Caliza Fosilífera 
Source: Rocscience, 2022 

 

 

            

 

 

 

 

 

 

 

 

Figure A5: Caliza Masiva 

Source: Rocscience, 2022 
 



 

 

 

           Figure A6: adShale 
Source: Rocscience, 2022 
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