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Abstract

Carbonate reservoirs are of significant importance as they host a high percentage of the world’s oil and gas
reserves. They are however subject to dissolution and may be heavily karstified often resulting in large
cavities which may impose major hazards in drilling and production. In many cases, difficulty remains due to
poor understanding of karst geometry and how it is distributed. This research presents a geometry and
stability analysis using LIDAR (Light Detection and Ranging) data on cave systems in Brazil that can serve
as direct analogues to subsurface carbonate reservoirs and therefore enhance our ability to predict them. Our
study area lies in the state of Bahia in Brazil and consists of five caves: Diva De Maura, Torrinha, loi0,
Lapinha, and Paixao. These cave systems occur in Neoproterozoic carbonates of the Salitre Formation in the
Irecé basin of the S&o Francisco Craton. Analysis of the geometry shows existing preferential karstic
developments and tunnel shape patterns mainly classified in two, horizontal ellipse and vertical ellipse.
Analysis of geologic structures and orientations of cave passages show that these caves exhibit marked
structural guidance with two main orientations N-S and E-W. This aligns with the regional phases of
deformation corresponding to collisional events that occurred on the margin of the S8o Francisco Craton.
Stability analysis shows that tunnels aspect ratio is a major parameter controlling the stability, whereas the
dimension of a tunnel has a much less effect on stability. Tunnels with aspect ratios less than 1 show a
collapse depth greater than 1000 m and are more stable than tunnels with aspect ratios greater than 1.
Results show that almost all tunnels with a horizontal ellipse geometry are supported with rock that is already
undergoing severe deformation at a depth of 500m. Sensitivity tests show that overburden and rock mass
strength parameters namely cohesion have the largest effect on the stability results.
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Introduction

1.1. General Overview

Studying carbonate reservoirs is highly important as it is believed that carbonates host ~ 50 % of the world’s
oil and gas much of which is trapped in karstic porosity (Ford, 2007). Carbonates are however subject to what
is termed as karstification, which is a complex that depends on several factors such as fluid-rock interaction,
lithology and, the geologic structure. Karstification occurs with widespread dissolution of the host rock and
therefore creates some large cavities. Though presence of such cavities helps enhance permeability, on the
other hand it imposes some major problems related to drilling and the reservoir stability. We therefore expect
significant challenges and technical risks accompanied with the production from carbonate reservoirs,
especially owing to the highly complex internal structure of karst and the difficulty in understanding how it is
distributed in the subsurface.

Brazil is home to large areas of carbonate karsts estimated at 5 to 7 % (425,000-600,000 km2) of the total
surface of the country (Karmann, 1994) which makes it an important target for research on karsts. Not only
carbonate areas in Brazil are extensive but the access to these areas is fairly easy due to very little or no
relief and well populated areas (Auler, 2002). The most extensive karst regions occur in central Brazil in rocks
of the Bambui and Una Groups (Auler, 1996). The identification of the type of speleogenesis and the
processes that govern the formation and distribution of karst in a cave is highly essential for carbonate
reservoir characterization. The challenge that accompanies the exploitation of such reservoirs is mainly due
to the poor understanding of the karst systems. A detailed study of accessible caves is therefore a necessity
as they represent direct analogues of karst reservoirs in the subsurface and provide insight on reservoir
porosity and permeability distribution as well as subsequent fluid flow.

1.2. Research Objective

This study is focused on cave systems of the Irecé basin consisting of the Diva De Maura, Torrinha, 10i6,
Lapinha, and Paix&o caves of which some are of hypogene origin and others of epigene origin. The aim is to
understand the geometry of these cave systems while taking their underlying speleogenetic processes into
account, their interrelation with fracture networks, along with the stability aspect to better characterize
carbonate reservoirs for further implement in oil exploitation. For that purpose, the present study is based on
the use of 3D LIDAR data of the cave interior to extract a set of metrics that could aid in constraining factors
controlling the geometry of those caves. A stability analysis is then done to compare to investigate collapse
potential and compare between the different geometries.
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Literature Review

2.1. Regional Geology

The study area lies in the Irecé basin of the Sdo Francisco Craton, Brazil (figure 1,2). It is located towards
the northern part of the S&o Francisco Craton on which an extensive carbonate platform had formed during
the Late Proterozoic. This sedimentary terrain consisted of carbonates of the Una and Bambui Groups
overlying Paleo-Mesoproterozoic sedimentary and Archean metamporphic units (Misi et al., 2011). The Una
Group comprises two formations, the Bebedouro and Salitre Formations. The Bebedouro Formation,
constituting of glacio-marine sediments, formed during a major glacial event that had affected the craton at
approximately 1 Ga. In the period between 750 and 650 Ma, the Salitre Formation deposited with thickness
of hundreds of meters. Most of the cave systems in Brazil are formed in the Salitre Formation thus it is our
main target for investigation.

The Séo Francisco Craton is bordered by the Brasilia, Rio Preto, Riacho do Pontal, Sergipano, and the
Aracuai fold belts as seen in figure 1. The tectonic evolution of the Neoproterozoic sedimentary basins in that
region started in response to extensional events during the fragmentation of Rodinia. Later tectonic inversion
and compressional movement developed the Sao Francisco basin which lies west to the Irecé basin (see
figure 1). The Irecé basin is likely to have formed in response to the same tectonic events that formed the
Sao Francisco basin (Misi and Kyle, 1994). Deformations in the Neoproterozoic units of these basins have
also been influenced by the collisions between the Sao Francisco Craton and the bordering fold belts.
According to a structural analysis done by Ennes-Silva, there has been evidence of superposed folding on
the Neoproterozoic sedimentary units. It was shown that these units exhibit two phases of deformation. The
first are folds and thrusts striking NNE-SSW and the second are folds and thrusts striking E-W, both of which
correspond to collisional events that occurred on the margin of the craton (Ennes-Silva et al., 2015).



D Phanerozoic cover
: Neoproterozoic cover

:I Paleo/Mesoproterozoic cover

:I Archean (basement)

b I

40°
Riacho do Pontal belt_/@@@
AN A

AN be,) 7
N (o}

és/,

207

E Paramirim aulacogen outline

D Sao Francisco Basin outline

Figure 1-Localization map of the study area and geological setting of the Irece basin within the Sao Francisco Craton.
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Figure 2- Satellite image showing localization map of the studied caves (Google Earth).



2.2. Hypogene Speleogenesis

Speleogenesis is the development of well-organized cave systems by fluids moving through fissures of a
soluble rock (Audra, Palmer, 2015). Traditionally caves have been classified as epigenic where dissolution of
exposed carbonate rocks occurs due to released carbonic acid by reactions with CO; in soil upon the
infiltration of meteoric water. The advancements in the study of karsts led to the growing recognition of the
widely occurring hypogenic caves where karsts form in deep seated conditions and thus have no linkage to
the surface. It has been clear that certain features and patterns show evidence of upward movement of deep
water that differs fundamentally from surface-related epigene features. Hypogene speleogenesis is therefore
defined as “the formation of solutionally enlarged permeability structures by the upwelling groundwater flow,
independent of recharge from the overlying or immediately adjacent surface” (Klimchouk, 2015).

The uprising fluids could be driven by hydrostatic pressure or possibly by thermal or concentration gradients.
The resulting patterns are often complex and are guided by the permeability structure of the soluble host rock
which is why hypogene processes are often heavily influenced by the fracture patterns in the rock. The
hypogene flow often develops network maze patterns which may either be systematic or polygonal depending
on the nature of the fracture networks (Klimchouk et.al, 2016). A conceptual model of the most typical
hypogene cave patterns is shown in figure 3. Patterns are mainly subdivided into two types: deep phreatic
systems which are generally developed in confined aquifers by transverse speleogenesis, and systems
developed above the water table where condensation-corrosion plays an important role (Audra, 2017).

! :
3D Giant
multistorey il ascending
Isolated shaft
geode

PR

Figure 3-Conceptual model of typical types of hypogene caves based on geological structure and type of flow (Audra 2007, Audra et al.
20093, b).

Certain arrangements of individual features characterize what is distinguished as the morphologic suite of
rising flow (MSRF; Klimchouck, 2007, 2009). This often shows a regular combination of features through
which ascending fluid flow can be traced from rising inlet features (termed feeders, vents, or risers), through
transitional wall and ceiling features, to spherical ceiling pockets (cupolas) and outlet features (domepits)
(Klimchouk et.al, 2015). This arrangement provides diagnostic evidence of hypogene speleogenesis and has
been recognized in hundreds of hypogene caves across the globe (Klimchouk et.al, 2016). Figure 4 shows
the conceptual representation of the morphologic suite of rising flow in hypogene systems.
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Figure 4- Conceptual model of the morphologic suite of rising flow (MSRF) which is diagnostic of rising cave-forming fluid flow in hypogene
speleogenesis (Klimchouk et.al, 2016)







3
Methodology

3.1 Data Acquisition

Earlier attempts to quantitatively characterize karst networks have been mainly based on conventional
methods of hand mapping and creating two-dimensional planar maps. Not only this mapping technique is
very tedious and time consuming, but depends on manual measurements which is certainly prone to human
errors besides the fact that it is only in 2D. 3D LIiDAR surveying has recently emerged as a new tool that
eases the acquisition process and storage of the acquired data and achieves scan results with high accuracy
(Zlot and Bosse, 2014b). In this study we rely on 3D LiDAR data which was acquired in a 2018 campaign in
the caves of Brazil to obtain the information needed to quantitatively characterize karst networks in that area.

Figure 5- Mobile LiDAR device used for the cave scanning (ZEB-REVO GeoSLAM).

A mobile LIDAR device, Geoslam ZEB REVO®, was used to obtain point clouds of the cave interior geometry
(figure 5). This handheld device makes it quite easy to map a cave interior as it only requires a single operator
holding it while traversing a cave. The device uses SLAM (Simultaneous Location and Mapping) based
scanner with a rotating laser that captures real time point clouds up to a centimeter accuracy while the
operator is moving. Prior planning of a survey path is required in order to decide on a stationary location that
marks the initialization and the end of the survey. This is done for loop closure in order to minimize drift in the
solution (Zlot and Bosse, 2014b). The data that is recorded after the device has been initialized is stored in a
data logging unit as the operator walks the trajectory. The raw data that is acquired is then transferred from
the data logger and converted into metrically accurate 3D point clouds for further processing (figure 6 shows
an example of cave interior in point cloud).



Figure 6-Scanned cave interior of TOR shown in 3D point cloud (Hoop, 2018).

3.2 Point Cloud Data Processing and Alignment

Due to the normally challenging environment in caves with possibly difficult terrain, in some cases, splitting
up the surveys is necessary to be able to safely traverse the cave. Since such difficulty was encountered in
some parts during the acquisition, each cave was surveyed in multiple segments; hence processing the data
required point cloud registration steps in order to align the surveys together (point cloud data seen in table 1)
A 3D point cloud processing software CloudCompare was used to process the LIDAR surveys. For the
purpose of point clouds alignment, the software had several ways to perform this task which were all tested
to check for best results. What is meant by point cloud alignment is stitching (registering) two point clouds
based on overlapping points; best results are judged based on how minimal the offset between the point
clouds is upon registration.

Table 2- Point Cloud Data of the 3D LiDAR surveys acquired.

Cave Number of Total Points
Surveys

DDM 4 43,391,767

101 4 35,911,676

TOR 4 70,957,043

LAP 2 36,239,534

PAX 2 50,295,335

The easiest way through which we were able to achieve desirable results was simply performing a manual
transformation where one cloud is taken as a model cloud (reference) and the other is taken as a data cloud
(one which will be moved). Afterwards rotation and transformation are applied to the data clouds with respect
to the reference based on our observations of obvious overlapping points (figure 7). Another method which
we tried but found to be less reliable than the manual transformation is the point pairs picking method where
the user picks several equivalent points from each cloud and then the tool automatically registers the clouds
together. It was rather a less efficient method and took some effort to pick the proper points that would achieve
better registration of the clouds. Results still showed obvious offset between the point clouds. The last one
was an automatic method known as the lterative Closest Point (ICP) algorithm; this algorithm iteratively
estimates the combination of rotation and translation needed based on a root mean square point to point
distance metric minimization technique. This method was used to check if better results are achieved (less
offset between the registered point clouds) after the manual transformation; however little if any enhancement
was observed so we ignored it since sometimes it required additional steps involving weighing points and



rejecting outliers before alignment. The manual transformation method was therefore the simplest yet yielding
successful results with barely any noticeable offset between the registered point clouds.

[Rotation/Translation mode]

Overlapping p oints

Figure 7-Point cloud registration using rotation and translation based on observation of overlapping points.

Afterwards the aligned point clouds of the caves are compared with the 2D maps of those caves which were
previously made by Grupo Bambui de Pesquisas Espeleologicas (figure 8). Results of the aligned cave point
clouds along with the 2D maps are found in Appendix 1 and 2.
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Figure 8-Comparison of the TOR point cloud with the 2D cave map.

3.3 Metrics to Characterize Network Geometries

Point clouds as processed in CloudCompare have only local coordinates and are not geo-referenced which
makes it difficult to be able to extract useful parameters such as real distances between tunnels, lengths and
other statistical metrics needed for the geometrical analysis of karst networks. They are therefore converted
into georeferenced graphs through QGIS software for real distance computations. The process to that
includes extracting the local coordinates of the points from CloudCompare as {x,y,z} coordinates. Due to the
very large number of data points in a survey which cannot be entirely extracted into a document or excel file,
a Python script is used to down sample the number of points whereby an iteration is applied to extract every
100™ or 50™ point so that the total number of points is largely reduced. QGIS then allows us to define for this
data a global and project-wide coordinate reference system (CRS) in which case WGS 84 / Pseudo-Mercator
projection is used. This CRS projection is suitable for use in world between 85.06°S and 85.06°N. Upon
defining the coordinate system, x and y coordinates of the points are then used to display a planar 2D map
of the caves above which layers can be added to manually draw a graphical representation (figure 11).

3.3.1 Conduit Shape & Aspect Ratio

Shapes of conduits are investigated to determine any existing patterns attributed to certain areas or
orientations. The shapes of the conduits are observed on the 3D point clouds and cross sections in the vertical
direction which are mostly representative of the tunnel’'s shape are taken. Those cross sections are then
imported as ASCII text files into QGIS for real distance measurements. Measurements of the widths and the
lengths of the tunnels are recorded to get an aspect ratio value (figure 9).

11
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Figure 9-Representation of the equation of the aspect ratio of an ellipse.

3.3.2 Conduit Orientation

To analyse network geometry of caves it is of relevance to compute the conduits orientation. For that purpose,
we first produce a skeleton of the caves with a set of nodes connecting segments based on the geometry of
the karst network. For simplicity nodes are only placed at the end of segments and the intersection point
between two segments. The skeleton is kept as simple as possible and of course preserving the topology of
the caves. Certain rules have been used consistently as a basis for generating the skeletons (figure 10):

1. Segments are drawn only when a conduit length is greater than 4% of the main conduit’s length.

A new segment is drawn only when there is a change in orientation that is greater than 5 degrees.

3. Epigenic features such as stalagmites and stalactites which in some cases appear as passage barriers
are not taken into account as these may have occured in later stages and thus have no linkage to the
origin of caves (figure 12).

N

Branches lengths> % 4 of main
conduit

Main Conduit
Length=111.4m [

o

25 SOm

Figure 20-Example showing the rules used for generating the skeleton of the cave bodies.

Conduit orientations are then computed based on the skeletonized graphs of the caves. Azimuth is measured
as the angle between the north and the individual segment ranging from 0 to 360 °. The orientation data is
analysed on a Rose diagram that can depict clearly dominant orientations. Since the lengths of the segments
vary, each orientation value is weighted by the length of the segment while computing a Rose diagram. This
gives an estimate of the relative frequency of the preferred directions with respect to other less dominant
directions. Computing conduits orientation and its distribution in the cave is certainly a useful parameter to
assess the existence and relative importance of preferential karstic developments.

12
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on the stated rules.
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Figure 12-Passage loops due to epigenic features are not taken into account thus cyclic structures are not used while producing the cave
skeleton. (A) Schematic map of Lapinha cave showing the cave skeleton with linear segments. (B) Cyclic structures in case of passage loops
due to epigenic stalagmites/stalactites.

3.4 Structural Analysis

Some field structural data was provided by PhD student Cayo Pontes from the Universidade Federal do Rio
Grande do Norte; this data is used is to make comparison between fracture networks and the conduit
orientations in order to check the degree of correlation between both. The data is plotted on Rose diagrams
using Stereonet and compared to the conduits orientation results.
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3.5 Stability Analysis

Investigating stability of underground cavities invites many relevant researchers and practitioners into
understanding rock mechanics related to increased stress in subsurface rocks. In our case it is particularly a
concern due to the increase in stress levels introduced by drilling from reservoirs where such cavities are
present and therefore the hazard which that would impose. Estimation of the failure pattern of caves under
certain stress conditions would be essential in understanding their geomechanical stability. For this purpose,
a numerical model for stress/strain analysis is adopted using the boundary element method (BEM) in order
to analyze the response of these caves to different stress conditions. The BEM is a nhumerical technique for
solving initial value problems based on an integral equation that is defined on the boundary of the domain
and an integral that relates the boundary solution to the solution at points in the domain (www.boundary-
element-method.com). It has the advantage that only the boundary of the domain needs to be meshed so
therefore it is discretized into elements and the surrounding rock mass is treated as an infinite continuum
(figure 13). Since discretization is required only along the boundary, this therefore leads to the reduction of
the spatial distribution of our domain of interest by one. For example, an equation governing a three-
dimensional region would then be transformed in two dimensions. Since fewer elements are required in this
case, it makes it a less tedious technique compared to other techniques such as the finite element method
where a significant amount of effort is required to generate a mesh first and then having the entire rock mass
discretized into individual elements. Therefore, the BEM has been a very powerful numerical method due to

its simplicity while still producing high accuracy stress analysis.
,{m

Figure 13-Discretization in the Boundary Element Method for 3D unbounded problem (Hamdan, 2013).

A boundary element software called Examine2D is used for the purpose of our analysis. It will be used to
demonstrate the effect of differences in the tunnel geometries along with other rock parameters on the
induced stresses and consequently failure patterns of the different cave tunnels. This software is convenient
due to its capability for conducting real-time analysis which allows us to manipulate the model and directly
view the influence of these changes. The assumptions used in this model are that the material being modeled
is homogenous, isotropic, and linearly elastic. It is therefore important to note that this software is limited to
elastic analyses thus the near field rock mass model may not be as precise after failure is attained (where
elastic conditions no longer hold). Since Examine2D calculates only elastic displacements, this in reality may
be quite a small part of the actual measured deformation in the field. As long as this effect is kept in mind,
results can still yield useful information on behavioral trends of induced stress and strain in the plane of the
analysis.

The software is based on plane strain conditions, whereby the principal stresses are defined in terms of in
plane stresses g; and o3 and out of plane stress 0z. The software calculates o; and g3 being the maximum
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and minimum in plane principal stresses respectively. It is important to mention though that o; may not
necessarily be the maximum principal stress in 3D; if the out of plane oz is of greater value, then the in plane
o, would therefore be the intermediate principal stress in 3D. Likewise g3 may not necessarily be the minimum
principal stress in 3D; if 0z has a less value, then the in plane o; would therefore be the intermediate principal
stress.

The governing equations of the numerical modeling of the present study are the following:

o, + o o, — 0.
01 = x2 y+ (yz x)2+T§y
Oy + 0y 0y — Oy

maximum shear strain = €,,,, = €1 — €3

Where e; and e are the major and minor in-plane principal strains respectively.
. . . . . 01—03

Spalling Criterion equation: s

Where UCS refers to unconfined compressive strength defined as the ultimate breaking strength of the rock.

It is expressed as the maximum load at failure divided by the cross-sectional area.

For the present study, the Spalling Criterion is used to indicate failure in the cave tunnels. Spalling is a mode
of damage defined as the development of visible extension fractures under compressive loading near the
boundary of a tunnel (Diederichs, 2010), in other words it refers to the process of fracture initiation and
propagation. As a general guideline, Spalling Criterion values less than 0.4 indicate no potential for failure to
develop; values of 0.4 indicate initiation of damage such as onset of fracturing; and values of 0.7 and higher
indicate potential for the occurrence of strain bursting (http://www.rocscience.com). Since most failure
mechanisms in caves have been drawn from rock mechanics of mining excavations, the present study of
caves instability will be based on failure criteria that is also applied for underground mines, instead we refer
to failure in this case as ceiling collapse or, as termed, cave breakdown.

It is reasonable to mention though that caves are different than mines in that they have been excavated over
a long period of time through slow dissolution rather than blasting. Stress patterns responsible for failure
around these underground openings thus would be expected to be different. Horizontal strain in caves is most
likely to have been annealed thus we would expect that only strain remaining is that due to the gravitational
loading on caves ceilings (White, 2005). In this modeling we are assuming a scenario where vertical stress
o, is much greater than the horizontal stress o, for all experiments. It is uncertain to know whether the
horizontal strain due to tectonic deformation has been completely annealed. Many massive ceiling failures in
limestone mines are thought to be due to compressive stresses parallel to the bedding (Esterhuizen et al.,
2007). And it also has been observed that several residual cavities in mine collapses have some similarity to
those in caves so it could be possible that similar failure mechanisms are responsible (White, 2005).

The stress and strain results upon the change in input parameters can be viewed by means of contour
patterns surrounding the tunnels. Results of the modelling are presented in terms of two mechanical
properties:

-Maximum shear strain, for the comparison of amount of deformation occurring for tunnels with different
aspect ratios.

-Spalling Criterion values, for detection of damage zone and breakout potential.
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Table 2-Cave cross sections used for the numerical modelling.

Name Cave Shape
Slice 1 Diva De Maura ”‘*-.ﬁ P )
—
Slice 2 Torrinha : }
_
TN
Slice 3 Lapinha /
s
Slice 4 loio P
Ne— S
r‘,!‘\r-—--
g
Slice 5 Paixdo !
e

The numerical modelling is done on specific cross sections taken from each of the caves and that represent
the main different geometries that were encountered in the previous analysis (table 2). To be able to make
comparisons between responses of the different geometries, values of rock mechanical properties and other
input parameters are fixed as shown in table 3.

Table 3-Rock Mechanical properties used for the numerical modelling.

Field Stress Type Gravitational Stress
Ground Surface Elevation 500 (m)
Overburden Unit Weight 0.021 (MN/m3)
Horizontal Stress Ratio 0.38

Rock Mass Elastic Type Isotropic

Properties Young's Modulus 59000 (Mpa)
Poisson’s Ratio 0.275

Rock Mass Strength Type Mohr Coulomb
Tensile Strength 2.75 (Mpa)
Cohesion 15.16 (Mpa)
Friction Angle 38.4 deg

Afterwards different modeling scenarios are used to demonstrate the effect of changes in input parameters
as in the sensitivity of those parameters. The input parameters which will be tested are:

- Rock Mass Strength parameters (tensile strength, cohesion, friction angle)

- Overburden Unit Weight (based on density range for limestone)

The rock mass elastic properties (Young’s modulus and Poisson ratio) showed little effect on the results so
therefore will be kept constant throughout the analysis. Since values specific to the area of study are not
available, for this present model we assume all the lithology is limestone and use mid values of ranges that
are specific to limestone (according to Goodman 1989), table 4.
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Table 4-Rock Mass Strength parameter values used for sensitivity analysis

Tensile Strength Cohesion Friction Angle
Low 1.5 6.72 34.8
Mid 2.75 15.16 38.4
High 4 23.6 42
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A4

Results & Discussions

4.1 Point Cloud Data Processing and Alignment

Cave point clouds were aligned using manual rotation and transformation. Figures 14, 15 show the separate
surveys before and after alignment of caves DDM and TOR (the other caves are found in the appendix). The
process of manual transformation achieved good alignment results as mentioned earlier with barely any
noticeable offset. The process took a lot of time however due to the large amount of points which was causing
the software to respond very slow and crash several times therefore having to repeat the process all over
again. Down-sampling of points could have maybe helped reduce this problem.

The GeoSlam device that was used for the acquisition of this data lacked a real-time datalogger which helps
to simultaneously collect and process scanned data of the cave regions and control the point cloud density
based on the areas of interest. Therefore, point cloud density in certain interesting locations was not enough
which didn’t make it possible to extract any measurements because the boundary of the tunnel is not
complete. This is the case in for example one of the mazes in TOR (figure 15) which could not be investigated
due to insufficient point density (examples of cross sections with insufficient point density are seen in the
following section).
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Figure 14-Point Cloud Alignment of DDM cave.
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Figure 15-Point cloud alignment of TOR cave. Location in the box denotes the maze network with insufficient point density.

4.2 Geometry Analysis
4.2.1 Conduits Shape and Aspect Ratio

After investigating numerous cross sections of conduits in all five caves, the observed shapes can be
generally categorized into five: horizontal ellipse, horizontal ellipse with notch edges, vertical ellipse,
rectangular, and triangular shapes. Example cross sections of the different shapes are shown in table 5.

Table 5- Main conduit shapes observed in the geometry analysis of the caves.

Main Conduit Shapes Observed
Horizontal Ellipse N
___,..qJ
Honzontal Ellipse with Notch Edges :r,—ﬁ]\__,\
~N - .F
Vertical Ellipse /|
1
Rectangular ;f’ T 2
{
Triangular A

Cross sections of the caves are taken at an incremental distance and aspect ratios are measured and plotted
with distance. It is important to mention that in some caves few cross sections showed a rather flat base which
is linked to the presence of sediment content at the floor of the cave. Not being able to predict the actual base
of the tunnel is certainly a drawback towards accurately calculating the aspect ratio for some cave cross
sections. Keeping that mind, certain values may be more precise than others. In other cross sections, aspect
ratios were impossible to calculate due to difficulty in clearly delineating the boundary of a single tunnel or
due to insufficient point density.
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Gruta Diva De Maura:

Diva De Maura cave is located in the municipality of Seabra, state of Bahia. Cross sections are taken every
25 m distance (figure 16). In general, these show a dominant horizontal ellipse shape, with a flat base in the
majority of them, denoting high presence of sediment content or dust from disaggregation at the floor of the
cave.
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Figure 16-Cross sections and aspect ratio measurements with distance of DDM cave.

This cave records the highest aspect ratio among the studied caves (ranging between 2.85-7.73), due to its
increased width which is influenced by the underground river coming from quartzite recharge area. As stated
by (Audra, 2019), this cave’s proximity to the Rio Preto river, which represents the regional base level, dictates
its epigene origin and the influence it has on the evolution of its conduits.

Gruta do loib:

The loié Cave is located in the Patos Lagoon Village, in the municipality of Palmeiras, state of Bahia. Cross
sections are also taken each 25 m of distance (figure 17). For cross sections 1 and 2 aspect ratio is difficult
to compute as it shows there is a stacking of several tunnels above each other. In general, the shapes
observed in this cave are also interpreted as horizontal ellipse with aspect ratios ranging from 1.59 to 3.27.

This cave is identified as a hypogene water table maze fed by deep rifts. It is thought to have recently been

active or even still since rifts are not filled with sediments and certain morphologies are precisely associated
to the present water table (Audra, 2019).

21



Aspect Ratio
n
>

’,“/-
0 - B L
0 50 100 150 200 250 i

Distance (m) M~ 6

100

Figure 17- Cross sections and aspect ratio measurements with distance of /0/ cave.

An obvious feature observed in cross sections of this cave is the presence of notch edges on the sides (cross
sections 6,9). This is attributed to change in the water table whereby water rises from deep feeders and the
notch position would correspond to the maximum enlargement at the water table (see figure 19, Audra 2019).
The water table elevation then decreased (probably recently) because of drought and possible
overexploitation of groundwater and therefore resulted in the V shaped walls that start at 12 m apart joining
at a 2 m wide rift (Audra, 2019). Audra (2019) also states that as we move further away from the feeder, the
rift gradually narrows till it reaches a dead end.

Hanif (2019) claims that the width of the cave passage decreases going from cross section 1 to 10 and
therefore interprets the presence of a feeder near the location of cross section 1. However, according to the
results of this study, maximum widths are observed at cross sections 6 and 9 and the width of the passage
is seen to gradually decrease away from those locations (see figure 18). This suggests presence of two
feeders at those two locations.
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Figure 18-Change of width of 10l passage moving from cross section 3 till 10.
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Figure 19-lllustration showing the geometry corresponding to changes in water table fed by deep rifts. Right diagram shows the rift
gradually narrowing away from the feeder (Audra, 2019).

Gruta do Torrinha:

Torrinha is located in the municipality of Iraquara, in the state of Bahia and has 12 km long passageways.
There is a clear distinction between the morphology of two parts of the cave (figure 20); part A shows a
meandering pattern, and part B consists of mazes of rectilinear pattern. Both parts are investigated in detalil
through a number of cross sections.
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Figure 20-Boundary between two parts of the cave with different characteristics.

The meandering passageways of Part A are divided in 4 (as seen in figure 21). Cross sections in all parts
show almost similar shapes classified as horizontal ellipse with aspect ratio values ranging between 1.72-
4.40. A flat base is observed in several cross sections indicating presence of sediments at the base of the
passageways.
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Figure 21- Cross sections and aspect ratio measurements with distance of TOR-Part A.

A distinct change is observed in Part B and where we no longer see any horizontal ellipse shape but a
dominance of vertical ellipse shape. Cross sections of the main conduit are observed in figure. Aspect ratio
values show almost a gradual increase going from cross section 1 to 12 with aspect ratios increasing from
0.39 to 0.81. Measurements on cross sections 7-9 are not made because the boundary is not clear.
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Figure 22- Cross sections and aspect ratio measurements with distance of TOR-Part B.

Part B consists of 2 mazes (figures 23, 24) with tunnels of aspect ratios below 1. No signs of lateral
development of the conduits was observed at all in this part of the cave. Based on this analysis, it is clear that
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there is a distinction in the geometry of the conduits besides just the geomorphological pattern of the two
parts of TOR cave.

Figure 24- Cross sections of TOR-Part B Maze 2.

We might be able to speculate that both parts of the cave originate from a different system and thus giving
this cave a mixed origin. Part A which resembles a meandering river system clearly displays its epigene origin
and is as well stated by Audra (2019). The fact that we observe horizontal ellipse shape could be related to

25



the lateral process of dissolution that a fluvial system develops. On the contrary, in part B where only vertical
ellipse geometries are observed, we could claim that this might be a result of hypogenic processes that has
encouraged upward dissolution due to rising fluids and hence the vertical development of the conduits.

Audra (2019) believes that identifying the origin of those mazes is quite a challenge (they could be either
hypogenic or floodwater maze) since possible early hypogene features have been obscured by later fluvial
phase(s). Hanif (2019) claims presence of horizontal ellipse shapes in maze 2 linked to later phases of fluvial
activity which brought in sediments and thus modified the shape. Based on the results of this study, no
horizonal ellipse shapes of individual tunnels were observed at all in maze 2; the case those appear is when
cross sections show 2 adjacent tunnels connected together and in fact not an individual tunnel.

Gruta da Lapinha:

The Lapinha cave is located in the municipality of Ibiquera, state of Bahia. This cave has a series of rectilinear
conduits with large internal spaces that seem to have developed around a system of orthogonal fractures.
The labyrinthine pattern indicate that it probably has an exclusive hypogenic origin (Audra, 2019). In terms of
the conduits’ shapes, the dominant shape is that of a horizontal ellipse with aspect ratios ranging 1.39-2.36.
In some cases, it appears to be flat on top (cross section 1 & 2) which could be related to presence of silt
layer on top.

The other shape which has appeared on some cross sections is the triangular shape. This has been observed
in two cases:

1. Cross section 10: An accentuated roof due to the presence of an anticline which extends in the N-S
direction. The base is convered with sediments and therefore appears to be flat. Resulting shape is a
triangle.

2. Cross sections 3, 8, 9: Two thin conduits lying on top of each other but at some point become
connected because of dissolution. The resulting shape appears to be a triangle attributed to a single
conduit but in fact they are two separate conduits. This transition is observed clearer in cross section
9.

This cave appears to be inactive due to the presence of sediments at the base.

Figure 25- Cross sections of LAP cave.
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Gruta da Paixao:

The Paixdo Cave is located in the municipality of Andarai, in the state of Bahia. Two shapes are observed
from the cross sections of this cave: horizontal ellipse, and a more rectangular shape. Aspect ratios vary
between 1.27 and 2.61. This cave is also identified as a hypogene water table maze and certainly an inactive
one as we see a flat base in almost all of the cross sections.
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Figure 26- Cross sections and aspect ratio measurements with distance of PAX cave.

Two hypotheses could be formulated as to why we see a rectangular shape:

- First one is permeability related; when there is a softimpermeable (shale) layer on top of a strong permeable
(fractured limestone) layer, the impermeable layer therefore acts as seal and stops fluid flow and the
development of the conduit vertically.

- Second one is strength related; in cases of collapse.

4.2.2 Conduits Orientation

Gruta Diva De Maura:

Orientation analysis of the cave passage show in general two preferential orientations. Two caves are
unidirectional: DDM (NNW-SSE), and |01 (NNE-SSW), while caves PAX and LAP conduits are developed in
two orientations perpendicular to each other (N-S, E-W). Cave PAX shows a bit more scatter in orientations,
however a dominant orientation is obvious in N-S. Results are shown in figures 27 to 31.
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Figure 28-Orientation analysis of 10l cave showing a single preferential orientation.

Figure 29-Orientation analysis of TOR cave showing two preferential orientations perpendicular to each other.
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Figure 30- Orientation analysis of LAP showing two preferential orientations perpendicular to each other.
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Figure 31- Orientation analysis of cave Paixao showing a dominant single orientation.

4.2.3 Discussion

Based on the geometry analysis, the main observed shapes can be in general classified into either a
horizontal ellipse or vertical ellipse based on measurements of aspect ratios. Other modifications to the shape
that were observed are related to certain processes occurring under the influence of factors like:

1. Changes in the hydraulic gradient where we see notches at the sides of the tunnel like in the example
of loio cave (cross section 6).

2. Permeability, where presence of an impermeable layer on top of limestone could inhibit the vertical
development of the tunnels and result in a rectangular shape with a flat ceiling as seen in Paixao cave
(cross section 9).

3. Geological structures like in the case of the anticline present in Lapinha cave which yields a triangular
form as a result (cross section 10). Influence of fractures is discussed in the following chapter.

There are certainly other factors that control the karstification process. Lowe and Gunn (1997) realized that
some carbonate facies and bedding planes are favorable to karstification due to lithological or chemical
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characteristics that further guide conduit development. They introduce the term “inception horizon” which
describes “any lithostratigraphically controlled element of a carbonate sequence that passively or actively
favors localized inception of dissolutional activity by virtue of physical, lithological, or chemical deviation from
the predominant carbonate facies within the sequence” (Lowe & Gunn, 1997). This could explain why for
example in loio and Lapinha caves we encounter a development of stacked conduits on top of each other
which also at some point become connected as one due to varying dissolutional processes.

Regarding the distinction between conduits that are developed laterally in contrary to conduits developed in
the vertical direction (Torrinha cave example), this may be related to the genetic origin of the system where
the source and mechanism of fluid flow plays a role. In a hypogene system where karstification forms due to
upwelling deep waters, presence of vertical ellipse shaped conduits could be evidence of the upward
movement of fluid which differs fundamentally from surface-related epigene mechanisms. More evidence is
needed to support this hypothesis and definitely we cannot rely only on the geometry of cave passages to
understand the entire development process of the cave systems. Analysis of the shapes though can definitely
confirm, in the case of Torrinha, that different underlying mechanisms took place and led to the distinct
geometries of the tunnels.

4.3 Structural Analysis

The analysis of the structural data of all the caves indicated 3 main sets of fracture orientation: NNW-SSE
(DDM), N-S (TOR), E-W (LAP, PAX), NNE-SSW (PAX, LAP) as seen in figure 32. Details of the structural
data are found in appendix 4.
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Figure 32-Rose diagrams showing orientations of fractures, veins and conduits in all of the caves.
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Fractures have a major control on fluid flow and karstic development in carbonate rocks (Klimchouk & Ford,
2000). Primary porosity is usually very low in carbonates which is why secondary porosity plays a role in
creating the path for fluid circulation. In a statistical study on the structural guidance of cave development,
Palmer (1991) concluded that 42% of cave passages are controlled by fracture networks whereas only 1%
were formed due to primary porosity. Klimchouk et. al (2009) investigated the relationship between fractures
and speleogenesis and therefore divided fractures into three groups:

1. Pre-speleogenetic passive fractures, which are formed prior to speleogenesis and were hydraulically
inactive during the period of speleogenesis due to very small aperture or complete infilling (veins).

2. Speleo-initiating fractures, which were hydraulically active during the period of speleogenesis and
therefore guided the conduit development.

3. Post-spelegenetic fractures, which have formed at a later stage after speleogenesis, and indicated by
offsets that are younger than the age of the cave passage.

Based on the results of the structural analysis, we can say that most of the fractures could be represented as
speleo-initiating fractures as we see a correlation between the fractures and conduit orientation. It is therefore
evident that the development and evolution of the conduits have been strongly influenced by fracture networks
which almost certainly served as passages for fluid flow. Dominant vein orientations on the other hand do not
show same correlation in some cases like in DDM and 10l which could possibly be identified as pre-
speleogenetic passive fractures that had not been hydraulically active during the development of the cave
passage due to the complete cementation.

Looking at the regional perspective, the karst patterns and the geologic structure correlate with the regional

deformation of the Neoproterozoic units. The Neoproterozoic units have been influenced by two phases of
deformation, NNE-SSW and E-W striking folds and thrusts, that resulted due to collisional events which
occurred on the margin of the S&o Francisco Craton. This correlates with the dominant orientations of the
fracture networks in the caves.

4.4 Stability Analysis
4.4.1 Numerical Simulation Results

Spalling criterion values are investigated in the areas surrounding the tunnels in order to identify the extent
of the damaged zone. As mentioned earlier, values greater than 0.4 indicate initiation of fracturing and thus
we would refer to this as the critical zone, whereby it is characterized by fractured or loosened rocks.
Dimensions of the critical zone (see figure 33) are measured for the different tunnels and are shown in table
6. The severity of damage can be classified qualitatively as minor, moderate, and severe. Quantitatively,
minor, moderate and severe damage would then be characterized by critical zones less than 0.25m, 0.25-
0.75m, and greater than 0.75m respectively (Kaiser et.al, 1996). At the depth of 500m all tunnels except for
slice 2 show two critical zones on each side of the tunnel. Tunnel 2 has no fracturing at all at this depth.
Tunnels 1, 4, and 5 all indicate severe damage while tunnel 3 indicates moderate damage.
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Figure 33-Contour plot of spalling criterion values for tunnel 1 showing how width and height of the critical zone are measured based on
spalling values greater than 4.

Table 6-Critcial zone dimensions for the different tunnel slices at a depth of 500m.

Critical Zone Dimensions
Cave Slice Number Width Height
DoM 1 5.39&5.38 8.33 & 8.23
TOR 2 0 0
LAP 3 0.31 & 0.66 0.93 & 0.55
101 4 2.30&0.92 2.40 & 2.37
PAX 5 1.12 & 0.56 132&147

Figure 34 shows how far from the tunnel boundary deformation has taken place with increasing depth.
Deformation for tunnel 1 starts the first which is at a depth of 300 m, it increases gradually and reaches 25 m
distance away from the tunnel at a depth of 1700m. Critical zones for tunnels 4 and 5 start at depth 400 m
and extend about same distance from the tunnels boundary except that for tunnel 4 it does at a later depth.
Deformation around tunnel 3 extends very little gradually with depth and reaches only around 4 m at the depth
of 1700m. Deformation for tunnel 2 starts the latest, at a depth of 800m, and extends a few meters away from

the tunnel boundary.
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Figure 34-Width of deformed zones horizontally from the tunnel boundary with depth for the different tunnels.

Collapse potential is also investigated based on the Spalling Criterion values that reach 7 and higher in the
region surrounding the tunnel. The depth at which we start to see those values exceeding the threshold of 7
in the critical zone could imply collapse potential. This is considered the minimum depth of collapse potential;
results are shown in table 7. In terms of comparing the stability of the different shapes, we can definitely
conclude that tunnels of horizontal ellipse shape have far less stability than the vertical ones. For an aspect
ratio of 3.2, minimum depth of collapse potential is 500 m while for a tunnel with an aspect ratio of 0.4 it is
1150 m. Figure 8 shows how maximum shear strain increases with increasing aspect ratio and therefore, we
would expect less stability the higher the aspect ratio.
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Figure 35-Comparison of maximum shear strain values for tunnels with different aspect ratios.

The dimension of the tunnel is tested for the effect on the stability in comparison to the aspect ratio parameter.
Two experiments were performed, the first one includes keeping the aspect ratio constant while changing the
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dimension of the tunnel, and the second one includes changing the aspect ratio while keeping the dimension
constant. Results show that change in the aspect ratio causes a significant change in the stability, while
changing the dimension had a little effect (see figure 36, note that there are two x-axes, top one referring to

tunnel dimension and bottom one referring to aspect ratio).
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Figure 36- Plot showing the effect of changes in tunnel dimension compared to changes in the aspect ratio. Note that there are two x-axes in

the plot, the top refers to tunnel dimension and the bottom one refers to the aspect ratio.

Table 7-Minimum depth of collapse potential for the different tunnel slices.

Cave Slice Minimum depth of
collapse potential {(m)
DDM Slice 1 500
TOR Slice 2 1150
LAP Slice 3 560
01 Slice 4 530
PAX Slice 5 600

Minimum depth of collapse potential for the all the studied tunnel geometries are plotted against the aspect
ratio in figure 37. As expected, the tunnel with the highest aspect ratio 4.3 has the least stability while the
tunnel with the lowest aspect ratio 0.4 has the highest stability among the tunnel geometries. What is
unexpected is the difference in stability between tunnels 3 and 5 which have the same aspect ratio of 1.4 but
one has an angular form resembling more of a rectangle than an ellipse. One would think that presence of
sharp edges, like in the case of a rectangle, would drastically affect the stability as these could be zones of
weakness due to the high stress localization at those points, however the result shows that the angular form

has a higher stability.
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Figure 37-Estimated minimum depth of collapse potential for the different tunnel geometries with respect to aspect ratio.

A simulation model is performed on a set of ellipses and rectangles to check for resulting stability difference
between the two shapes, taking into account the aspect ratio (figure 38). It did show that for rectangles with
aspect ratios less than and greater than 1, the stability is higher than the counterpart ellipse shape of same
aspect ratio. Though such a result is unexpected, similar result has been found in another study done by
Wilson et. al, 2014 on tall rectangular tunnels versus arched tunnels. Wilson defined stability with reference
to internal tunnel pressures. As such, with increasing overburden the total force resisting failure would then
be proportional to the perimeter of the tunnel. Since an elliptical tunnel has a smaller perimeter than a
rectangular tunnel, Wilson states that it would be reasonable to surmise that larger internal tunnel pressures
would be required to resist the loads driving collapse. Results of the present study show that this could be
the case except for when the aspect ratio is equal to 1. More research is required to prove this hypothesis
and reasons behind it.
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Figure 38-Comparison between a rectangular and ellipse geometry stability for different aspect ratios.
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4.4.2 Sensitivity of parameters

Sensitivity analysis is carried on a cross section of one of the tunnels in order to check which input parameters
have the highest effect on the results of the simulation model. In terms of the rock mass strength parameters,
cohesion had the highest effect, friction angle had a slight effect, and tensile strength had no effect at all.
Overburden unit weight sensitivity test also shows higher values of deformation with the increasing
overburden.
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Figure 39- Sensitivity analysis of overburden.
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Figure 40- Sensitivity analysis of tensile strength.
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Figure 42- Sensitivity analysis of friction angle.

4.4.3 Discussion

It is of high importance to study if the rock surrounding the cave is overstrained or has undergone severe
deformation because then we could map out areas of cave systems where collapse is possible to happen
and the extent of the damaged zone. At surface elevation all caves are well stable and breakouts are very
unlikely to happen. If we try and imagine such systems at reservoir depths then we would expect, according
to results of the present model, that all caves would have somehow collapsed. In fact, seismic data from an
area in the Campos Basin SE Brazil has shown numerous closed circular depressions which were interpreted
as collapse sinkholes linked to supra- and intrastratal deformation (Basso, 2018). For this present study,
almost all tunnels with a horizontal ellipse geometry are supported with rock that is already undergoing severe
deformation at a depth of 500m. As far as the exact depths of collapse potential, there is definitely an
uncertainty to that keeping in mind that this software only calculates elastic deformation which may be a small
part of the actual deformation that occurs in the field. The model also assumes a void tunnel which also
eliminates the effect of fluid pressure which in reality is not the case. Adding to that, if rock properties specific
to each of the caves are available then results would also be more reliable. In some cases, as well, systems
tend to collapse as a whole when exposed to overburden stresses generating coalesced collapsed paleocave
(Loucks, 2007). Therefore, we would expect that interconnectivity between caves and tunnels also plays an
important role in the geomechanical stability and prediction of collapse which should also be taken into
account and investigated more.
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This geomechanical analysis still provides quite useful information on behavioral trends of stress and strain
for various tunnel geometries and can be improved with more research.
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5

Conclusion

5.1 Conclusion

Several studies have shown the importance of karst network geometry and structure for understanding flow
mechanisms. The fact that carbonate reservoirs host a high percentage of the world’s hydrocarbon reserves
invites many researchers and practitioners into understanding the distribution of karst network. In many
cases, the network geometry remains unknown due to poor 3D seismic resolution. This research provides a
study of accessible cave systems which can be considered as direct analogues to subsurface karst networks.
Using 3D LIDAR surveys, the internal geometries are observed and analysed through metrics including
measurements of aspect ratios and passage orientations while linking observations to possible underlying
speleogenetic processes.

In general, two main shapes of tunnels are observed, horizontal ellipse and vertical ellipse shapes based on
the measurements of aspect ratios. Several factors come in to play controlling the karstification processes
and the resulting differences in geometry. In most cases the development of the cave systems was seen to
be related to inception features like fracture networks and possible lithology contrast. Analysis of the conduit
orientations in general shows two existing preferential orientations for the development of the cave passages,
N-S and E-W. Correlation with field structural data indicated a structural control which aligns with the regional
phases of deformation corresponding to collisional events that occurred on the margin of the Sdo Francisco
Craton.

Stability analysis of the tunnel geometries shows that tunnels with vertical ellipse shape have much higher
stability than tunnels with horizontal ellipse shape. Results of the present study show that almost all tunnels
with a horizontal ellipse geometry are supported with rock that is already undergoing severe deformation at
a depth of 500m. The aspect ratio was found to be a major parameter controlling the stability of the tunnels,
on the contrary the dimension of the tunnel showed a much less effect. Under the set of input parameters
that was used in the present numerical model, a tunnel with rectangular shape showed higher stability than
an ellipse shape. Possible explanation was discussed however more research is needed to confirm this
hypothesis. Sensitivity test showed that overburden and rock mass strength parameters including cohesion
and friction angle have the highest effect on the stability results.

5.2 Recommendations

Most of the methodologies developed in this project were performed manually. For future, more investigation
into developing certain algorithms for point clouds processing could maybe help automatically extract more
metrics for characterizing the network geometries. Subsurface data acquisition would be helpful to determine
the real base of the tunnels since in many of the caves, the floor appeared to be covered with sediments.
Such data could be used to improve the measurement results of this research. Interpretations of the
underlying speleogenetic processes and the origin of the cave systems can be certainly improved by
integrating more field-based investigations including geochemical analysis of rock samples.
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The boundary element method (BEM) used for the stability analysis is based on a mesh of the boundary only,
therefore use of alternative numerical techniques like the finite element modelling (FEM) which discretizes
the entire rock mass could help improve the results taking into account the cavity infill and pore pressure.
Last, collecting rock properties that are specific to the lithologies in each of the caves would help improve the
stability model.
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Appendices

Appendix 1. Cave Maps
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Appendix 2. Cave Point Clouds Alignment
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Appendix 3. Aspect Ratios

DDM Width  Length Aspect Ratio
1 42.10 5.45 7.73
2 34.63 7.43 4.66
3 34.20 11.99 2.85
4 55.06 12.00 4.59
5 - - -
6 27.73 9.33 2.97
7 - - -
8 22.15 6.57 3.37
10l Width Length  Aspect Ratio
1 - - -
2 - - -
3 13.02 6.22 2.1
4 13.2 6.30 2.06
5 15.72 4.81 3.27
6 16.28 6.25 2.61
7 13.31 7.29 1.82
8 12.37 7.77 1.59
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9 17.04 6.50 2.62
10 12.80 7.47 1.71
Aspect
TOR- Part B Width Length Ratio
1 2.62 6.77 0.39
2 4.80 7.23 0.66
3 2.84 7.07 0.40
4 3.01 7.24 0.42
5 3.10 7.04 0.44
6 3.10 6.06 0.51
7 - 6.05 -
8 - 5.74 -
9 - 5.36 -
10 4.29 5.44 0.79
11 5.50 7.01 0.78
12 6.23 7.73 0.81
TOR-Part B
Maze Width Length Aspect Ratio
1 3.18 7.651 0.42
2 3.045 6.139 0.50
3 1.88 2.491 0.75
4 2.642 4.893 0.54
5 3.268 6.717 0.49
6 2.418 6.046 0.40
7 1.793 2.402 0.75
TOR- Part A. A Width Length  Aspect Ratio
1 10.23 2.591 3.95
2 7.80 2.818 2.77
3 8.41 2.515 3.34
4 11.15 2.534 4.40
TOR- Part A.B  Width Length  Aspect Ratio
1 8.01 2.147 3.73
2 8.91 3.124 2.85
3 8.31 2.791 2.98
4 11.65 3.98 2.93
5 10.79 4.031 2.68
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TOR-Part A.C Width Length Aspect Ratio

1 7.92 3.35 2.36
2 11.82 3.49 3.38
3 13.00 3.88 3.35
4 6.17 2.75 2.24
5 6.12 2.97 2.06
6 5.72 3.01 1.90
7 5.21 3.02 1.72
8 - - -

TOR-Part A.D  Width Length Aspect Ratio

1 9.25 2.74 3.38
2 7.83 241 3.25
3 6.32 1.77 3.58
4 9.38 3.01 3.12

Appendix 4. Structural Data

DDM
Dip Direction Dip Angle
335 90
332 90
330 90
340 90
Fractures 338 90
16 90
336 90
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20 90
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248 88
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Veins 240 79
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Fractures
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Appendix 5. Stability Analysis Contour Plots
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