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Abstract. Portugal, in the continental and insular territory, has raw geological resources in diversity and
quality that are materials for the manufacturing industries, particularly linked to the civil construction,
architecture and public works with great weight in its exports, revealing to be one big producer of
ornamental stones worldwide. In this industry, the presence of discontinuities, grain size, colour, textural
anisotropy and porosity are factors that can determine the economic viability of the exploitations. For
this, it is important to develop effective prospecting routines that allow the geological/structural fast
analysis and economic potential assessment of the massifs and subsequent correct planning and
dimensioning of the exploitations. This work intends to model and integrate data from the ground
penetration radar (GPR), together with close-range photogrammetry, derived from an Unmanned aerial
vehicle (UAV) imagery. The objective is to identify and determine the spatial distribution of the various
elements by modelling the acquired data, as well as verifying the feasibility of the technical disassembly
option adopted. We have used GPR as it is non-destructive, fast to deploy, survey, process and interpret.
The acquired data were processed using the GPR-SLICE, where a 3D final dataset was obtained and
interpreted. GPR and photogrammetric model was integrated and interpreted and validated with direct
field observations. The model obtained showed in its upper part, an area corresponding to the presence
of sludge from the cut of the rock, followed by a strip that corresponds to the oolitic limestone. Further
down to the end of the block, the presence of oolitic limestone with crossed stratification is identifiable.
There was a textural and structural correspondence between the GPR data and direct field observations.
GPR did not reveal any major morphostructural discontinuity, validating the technical option of
choosing the places where the cuts were made for their individualization, as the block was cut clean. The
GPR and photogrammetry data integration method revealed to be complementary, where results were
obtained easily, fast, and with centimeter accuracy. The same methodology presented, revealed to be
cheap and effective for both localized studies and optimization of the overall quarry’s extraction plan
and design.

1. Introduction

State in the ornamental rock industry, it is important to characterize and locate, in the exploration phase,
the areas where the massif will be dismantled, considering the characteristics that give them most
commercial value [1].
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For this to be economically viable, it is necessary to meet some requirements related to the presence
of discontinuities, size or presence of grains, structural anisotropy, and porosity of materials [2] [3], as
well as their location and extent in the massif.

The presence or not of these elements in the rocky massif is an economic risk factor, which must be
identified previously [4], determining the technical and economic viability of the exploration. This
preliminary work intends, with the use of non-destructive geophysical methods, reveal a methodology
that allows to reduce costs and rigorously, detect, quantify and model these hidden subsurface
characteristics (discontinuity [3, 5, 6], the variety of types and textures of rocks, horizontal and vertical
development [7]) and position them in the massif, since pre-detection presents some degree of difficulty
and generally uses intrusive and expensive techniques.

The aim of this study is to validate, in the exploration phase, the use of a methodology that uses non-
destructive techniques, in the evaluation of the rocky massif. The use of the ground-penetrating radar
(GPR) method, integrated with aerophotogrammetric surveys and 3D modelling. This is objectively a
competitive advantage, which allows professionals involved in the sector to identify and quantify the
risk factors that allow the implementation of the exploitation or minimization of associated risks. It
increases the possibility of exploiting quality products, avoiding as much as possible their waste,
reducing the costs associated with exploration, through the proper planning of the exploiting.

2. Spatial and geologic framework

The present work was carried out in a quarry located in the center of Portugal, at Valinho de Fatima,
Fatima, whose location is indicated in figure 1 [8-9]. Geologically the outcrop limestones are
stratigraphically located in the middle Jurassic — Callovian, Formation of Santo Anténio - Candeeiros -
Member of Moleanos) [10], formed by oolitic, biocalciclastic and sparritic limestones.
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Figure 1. a) Location of the Studied area. Santarem b) Red arrow — Location in the excerpt
from the map (Carta militar de Portugal 1:25 000. Continente, série M888; 309), Servicos
Cartogréficos do Exército; Instituto Geogréfico e Cadastral) Accessed 27/06/2020. c¢) Blue
circle — Profiles location in Valinho de Fatima (EM&R quarry), Google Earth image.
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3. Methods and methodologies

To perform the work, several methods were used, which allowed the 3D modelling of the acquired data
and its visualization integrated into the rocky massif, according to the proposed methodology and
expressed in the schedule of figure 2.

Planning
| |
] |
GPR Surveys Aerophotogrammetric surveys
| |
Point Cloud Point Cloud

3D integration (Cloud Compare) [20]

Comparison of the model with the
result of the exploiting

Figure 2. Methodology workflow

3.1. Ground Penetrating Radar survey

The geophysical method used was the GPR, using PULSEEKKO GPR SENSORS & SOFTWARE
equipment (Figure 3 a)) with the configuration described in Table 1. For this purpose, a grid was
designed on the quarry floor (Figure 3 a)) with a length of 7 meters (m), a width of 5 m and spacing
between profiles of 1 m, in the place marked by the red circle and polygon (Figure 3 b)).

Figure 3. a) Equipment and acquisition grid on the floor of the quarry. b)
Location of the area surveys in the quarry (red polygon and circle)
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Table 1. Equipment Configuration Parameters

Profiles
Data Collected 2019-Jun-05
Survey Type Reflection
Acquisition mode and trigger Continuous, odometer
Antenna type Bi-static, shielded

Frequency (Mhz) 250.00
Time Window (ns) 140.00

Wave velocity (m/ns) 0.120 m/ns
Step Size (m) 0.050

Antenna Separation (m) 0.40
Dynamic Stacking (medium value) 40

Maximum depth of investigation (m) +7.20

The GPR method is an active EM geophysical method for the acquisition and recording of in-depth
information from the subsoil. It works by sending a small electromagnetic energy impulse in depth along
the subsoil, with a certain frequency, from a transmitting antenna (TX), and records the intensity and
time of the return of that same impulse that reaches the receiving antenna (RX) [11], [12]. After
penetrating underground and along their path between the TX and RX antenna, electromagnetic
impulses undergo phenomena of reflection, refraction, attenuation and absorption, these intrinsically
linked to the properties of electrical conductivity, dielectric permissiveness and magnetic permeability
of materials traversed by that same wave/impulse EM (Figure 4) [13].
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Figure 4. Idealized ground penetrating radar (GPR) transect measured with a fixed antenna
separation over an anomalous wetter zone and a horizontal groundwater table (GWT). A marks the
air wave, B marks the point reflector, and C marks the reflection from the groundwater table (after

Davis and Annan, 1989).

Twao-way Travel Time

Thus, the time of sending and returning a signal in depth (velocity of wave propagation in the middle)
indicates to us the apparent depth to which a given target/discontinuity is found between materials, and
the contrast in the amplitude/intensity and aspect of the reflection of that signal at that point indicates
the differences between the dielectric properties between these material means, structures and objects
(the greater the contrast between them, the greater the amount of electromagnetic energy reflected in
this point).
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According to the works of [12] Jol (2008) and described by [14] Lourengo et al. (2012) we have to,
using a generator that emits electromagnetic wave impulses from a TX antenna, these waves are diffused
from that same antenna to the study medium/material, where they propagate with a speed determined
mainly by the electrical permissiveness of the medium (g). When they find objects or boundaries
between mediums with different electrical properties (high EM impedance result from dielectric
contrast), they suffer deviations by refraction, reflection and diffraction. Part of this emitted radiation
returns to the surface, where it is picked up by an RX antenna, and stored in the form of computer data
in the control unit.

For GPR data processing, it was used GPR-Slice [15], where it was set an XY-GRID, data was split
into 2 channels, then re-joined. Data was wobble corrected (DC removal and Dewow), time zero
corrected, applied suited bandpass filter and gain, and removed background noise. For further analysis,
it was applied to migration and performed Hillbert transform to envelope data. After energy
balancing/normalization between survey lines, three 3D grids were then computed (filtered, migrated,
and enveloped data) and geologic interpretation was done.

3.2. Aerophotogrammetric survey
The aerophotogrammetric method used for data acquisition a UAV DJI Phantom 4, which comes
equipped with a camera with the specifications indicated in table 2.

Table 2. UAV Camera Specifications

. Maximum Sensitivity
Brand Model Nr. Pixels Focal length (f) aperture (F) (1S0)
DJI FC330  12.4 Mpix f=3.6mm F2.8/F11 100 - 1600

(~20 mm on 35mm eq.)

Unmanned aerial vehicles (UAVS), which include the platform and control systems, are a technology
with great expansion and a diversity of uses, ranging from aerial surveillance, engineering applications
(mapping, monitoring of infrastructure and the environment) to a 3D mapping of geologic structures
[16], [17] From the data collected, orthophoto maps, digital surface or terrain models (MDS or extracted
MDT) [18] and 3D models can be produced.

As a data acquisition methodology, the flight held on 14 May 2019, was initially planned for a
longitudinal overlap of 75% and a lateral overlap of 65%, in the Drone & UAV Mapping Platform
application (Figure 5a)), the rest being planned according to the parameters defined in figures 5b), 5¢)
and flight plan set out in Figure 5d) for the proposed objectives.

The photogrammetric survey modelling was performed using the software program Alicevision
Meshroom [19], which is based on the Structure from Motion (SfM) and dense correlation technique [20].
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4. Results and discussions
The results were very satisfactory. GPR had a high S/N ratio, and with minimum processing, inner
geologic features were viewable directly/interpreted in radargrams (Figure 6).
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Figure 6. Filtered radargram (top) and interpreted radargram (bottom; noticeable stratification)
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2D radargrams, in lines and crosslines, were processed and interpreted in their filtered, migrated, and
enveloped form (Figure 7), and after interpolation between survey lines into a 3D volume dataset, further
interpretation was carried (Figure 8).

00 0 20 30 0 50 0 0 20

0

x{m)

Figure 7. Sample of filtergd (top), migrated (middle), enveloped (bottom) inline (left) and crossline
(right)

Figure 8. 2D radargrams projected in 3D (Ieﬁ), Enveloped volume with grz;y colourmap (middle),
Envelope volume with colourmap (right)

Combined interpretation of 2D and 3D data was carried to assess the presence of any discontinuities
(other than stratification and cross-stratification), voids, bodies, or different geology (geologic contacts),
or any other disturbance, detected by the geophysical survey, that could affect negatively and cause an
impact on the block value and consequent viability (Figure 9).
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The GPR 3D data volume was integrated for visual inspection and 3D analysis in CloudCompare [21],
with the photogrammetric point cloud (Figure 10) and compared to a quarry fronts (Figure 11).

0 5

Figure 10. 3D Data integration, visualization and interpretation. Plant view (left) and a
perspective view (right)

o L T AR
Figure 11. Quarry fronts. Perspective (left). Location of
the blueish tint, red polygon (right).
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5. Conclusions
The present methodology was revealed as a fast, easy and long-term cheap technology to assess the
subsurface features of a limestone block and quarry exploration.

Current technologic capabilities of fast computation, both to GPR processing and photogrammetric
3D restitution, on a consumer-grade computer, and the usage of opensource software in the workflow
(photogrammetry and integration) also lowers the overall costs of these procedures.

The resultant models were integrated into a non-GIS software, but as all data were georeferenced, all
models and interpretations can be easily exported to any GIS or CAD software, as it is industry standard,
like QGIS or similar.

The enveloped GPR data revealed the presence of some geophysical bodies, that might be related to
the inner mineral sedimentary structuration of the limestone formation (mineral/grain content, porosity
moisture, or others), but when the block was cut no macrostructures were visually identified.

On the lower part of the block, visually was interpreted the presence of a blueish tint, revealing the
presence of microscopic mineralogy, but without further analysis (geophysical, geochemical or
mineralogical) no conclusions were made, regarding its composition or nature, as dielectric impedance
was not sensed in GPR (Figure 11).

As foreseen in the final interpretations, other than cross-stratification and parallel stratification, no
faults, voids or fractures were present both in the limestone block and in the final cut panels.

Further similar studies will continue in the same quarry, to correctly assess and redesign (if needed)
the exploration plan, avoiding, when detected, the presence of faults, fractures, or similar
morphostructural discontinuities.
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