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Abstract
The production of building stones shown an exponential growth in last decades as consequences of the demand and devel-
opments in the extraction and processing techniques. From the several conditioning factors affecting this industry, the 
geological constrains at quarry scale stands out as one of most important. Globalization and increasing competition in the 
building stone market require large raw material blocks to keep further processing as cost-effective as possible. Therefore, 
the potential extraction volume of in-situ stone blocks plays an important role in the yield of a dimensional stone quarry. 
The full characterization of the fracturing in the quarries comes up as fundamental in the assessment of the in-situ blocks 
volume/shape and potential extracted raw blocks. Identify the joint sets present, their spacing and the differences across the 
quarry demands a continuous assess during the quarry live span. Information from unmanned aerial vehicles helps in the 
field survey, namely trough digital surface models, orthophotos, and three-dimensional models. Also, the fracturing model-
ling by specific software programs is crucial to improve the block size assessment and the increase the quarry yield. In this 
research fracturing of twenty-one quarries of granite, limestone, marble, and slate from Portugal were assessed by combin-
ing field surveys with new techniques. From the studied quarries several cases were selected and presented to highlight the 
importance of this combined methodology in the fracturing assessment and how they can be helpful in the maximization of 
the resources and quarry management.

Keywords Building stones · Quarries · Exploitation · Fracturing modelling · UAV technique ·  3D BlockExpert · 
Photogrammetry

Introduction

Most of historic buildings and structures have been con-
structed from natural stones (Siegesmund and Török 2014). 
Today designers are rediscovering the beauty of natural 
stone materials for structural applications especially in the 

building sector and furnishing accessories. The market of 
the dimension stones will keep the exponential growing in 
the next decades (Fig. 1). This great demand led to major 
improvements in the extraction and processing of natural 
building stones. Therefore, the potential extraction volume 
of in-situ blocks plays an important role in the profitability 
of a dimensional stone deposit, considering a market which 
is worth over 21 billion dollars in 2017 (Montani 2018). 
According to Montani (2019), the raw production in 2018 
increased slightly to 153 million tons. The amount of the 
quarrying (160 Mt) and processing waste (62.75 Mt) of the 
quarries reaches more than 71%, leaving less than 29% for 
the final products in the year 2018 (Montani 2019) (Fig. 1). 
These ratios have not changed in the last 2 decades and 
around 51% of the extracted material is dumped already 
in the quarry, while 20% is lost during processing in the 
factories.

An essential progress is necessary, to reduce waste pro-
duction and increasing the volume of raw blocks. To realize 
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this critical point, it is crucial to concentrate more on geo-
logical conditions in the deposits, to optimize a sustainable 
extraction of resources (Siegesmund and Török 2014). There 
are several conditioning factors of the exploitation and uti-
lization of the building stones, some related with material 
itself like the physico-mechanical properties and others with 
geological constraints at outcrop scale (Carvalho et al. 2013; 
Yarahmadi et al. 2015, 2019a, 2019b; Mustafa et al. 2016; 
Sousa et al. 2017, 2018; Siegesmund et al. 2018; Sousa 
2019).

One of the key information required by the owners of the 
dimension stone quarries is the amount of extractable and 
profitable stone blocks, i.e. the quarry yield. Especially joint 
systems play an important role to give reliable information 
about quantity and quality of in-situ blocks (Mosch 2008). 
The extraction of stone blocks is limited by fracturing pat-
tern, the density and spacing of the fractures, and the thick-
ness of the bedding planes (in case of stratified deposits). 
During exploration, evaluating fractures play a major role 
and will define the productivity of a dimension stone reserve 
(Mosch et al. 2011; Nikolayev et al. 2007; Yarahmadi et al. 
2018). Therefore, it is necessary to perform measurements 
and analysis of the discontinuity distribution, to predict the 
sizes and shapes of the extracted blocks (Sousa et al. 2017; 
Figarska-Warchoł and Stańczak 2019). The final block size 
and quality of the blocks are influenced by several factors 
like microcracks, fissures, bedding planes, joints, and faults 
(Palmström 2001; Yarahmadi et al. 2017) (Fig. 2), despite 
of some of them only are identified during the processing 
stage when the slabs breaks under high pressure (Yarahmadi 
et al. 2019b).

The orientation of fractures identified in a quarry is nor-
mally related with regional fault zones nearby (Sousa et al. 
2016; Santos et al. 2018). These first-order fractures mostly 
occur together with lower-order fractures oriented orthogo-
nally to those of the first-order. Nevertheless, it should be 
noted that fractures may occur irregularly, vary widely from 
quarry to quarry and may not always be related to regional 

fault zones (Ehlen 1999; Sousa 2010), affecting the shape 
and the volume of the in-situ blocks (Mosch et al. 2011). For 
these reasons, not only large-scale surveys are important for 
the development of a deposit, also detailed small-scale sur-
veys in the quarries are required (Santos et al. 2018). It also 
important assess how fracturing pattern and density changes 
within the quarry as the depth and the proximity to the faults 
have noticeable influence (Sousa et al. 2017).

One aspect usually neglected during the analyses of the 
joint spacing is the distribution of the data, which usually 
follows a lognormal distribution (Priest 1993; Sousa 2010; 
Annavarapu et al. 2012; Sousa et al. 2016; Carvalho et al. 
2018; Santos et al. 2018; Ferrari et al. 2019; Bruzzi et al. 
2020). Consequently, the mean value is not the best meas-
ure of the “average” distance or block volume, being pref-
erable a more realistic value as the median value (Sousa 
2010; Morales Demarco et al. 2013). Using median values, 
the results of the block size and quarry yield will be more 
conservative (Morales Demarco et al. 2013) and closer to 
the reality.

During processing, quartz or calcite filled veins can open 
and should also be considered as discontinuities (Yarah-
madi et al. 2019b). The occurrence of fractures in the rock 
mass can have a negative effect on the coloration, as it is 
the case with some of the weathered granites in northern 
Portugal (Sousa et al. 2016, 2017). The commercial value of 
a granite quarry depends on the occurrence of large granite 
volumes and a homogeneous color, which is depending on 
the occurrence of natural fractures (Santos et al. 2018). The 
color variation (Fig. 3) in the weathered granite is caused 
by weathering processes and the heterogeneous coloration 
of the granites can be perceived by the customers as nega-
tive. The same is true for other rock types, like the marbles 
showing spots and veins with different colors associated to 
dolerite dikes (Menningen et al. 2018). Such information 
needs to be also considered during the resource evaluation.

New techniques and equipment can help in field survey, 
like the use of unmanned aerial vehicles (UAV). In fact, this 

Fig. 1  The production of dimension stone shown an exponential growth (left; data from Montani 2017). Less than one-third of the extracted 
resource goes into the global trade as a finished product (right; data from Montani 2019)
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Fig. 2  The discontinuities affect 
the dimension stones at all 
scales with different magnitude. 
(a) Intragranular fissure in a 
feldspar; (b) intragranular and 
transgranular fissures in a gran-
ite; (c) open, closed and filled 
joints in a granite; (d) fault in a 
granite quarry; (e) fracturing in 
an underground marble quarry; 
(f) joints and bedding planes in 
a limestone quarry; (g) karstifi-
cation in limestone; (h) joint set 
in a slate quarry

Fig. 3  Color variations along 
joints diminishes the quarry 
yield
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equipment is now popularized, are friendly used and acces-
sible to everyone. Taking images by UAVs is not only a safe 
method, to obtain images of hard accessible slopes in quar-
ries; it is also a fast technique to study and monitor quarrying 
areas (Salvini et al. 2017). UAVs can be used to map visible 
discontinuities, regardless of their position, attitude or height 
above ground (Sousa et al. 2019; Török et al. 2020). The 
acquired images allow processing of detailed digital surface 
models (DSMs), orthophotos, and three-dimensional (3D) 
models (Egels and Kasser 2001). These data can be used in 
commercial terms to calculate the yield, volume of waste 
and for analysis of stability, and stress distribution, among 
other applications (Wang et al. 2019a, b; Török et al. 2020; 
Pagano et al. 2020; Duarte et al. 2020; Akara et al. 2020). 
The utilization in practical applications to daily problems 
in mining industry is nowadays very common (Török et al. 
2020; Duarte et al. 2020; Lazar et al. 2020).

Quarrying activities intends to maximize the extraction 
volume of final blocks and minimize cost for investors by 
reducing the amount of waste. To determine the potential 
volume of blocks that could be exploited or expected in a 
rock massif, modelling of natural fracture patterns will be 
needed (Rasmussen 2020). This fracturing modelling is 
crucial to improve the block size assessment in the quar-
ries, and is accomplished by considering the number of joint 
sets and joint spacing (Nefeslioglu et al. 2006; Sousa 2010). 
Small variations in the fracturing pattern has major impact 
on the size of the quarried blocks and in some case make 
the exploration impossible (Sousa et al. 2017). To optimize 
the production and especially the size of commercial block 
in dimension stone quarries, the evaluation of in-situ block 
geometry requires consideration of density and condition of 
joints, obtained by fieldwork and airborne photogrammetric 
surveys. These surveys avoid errors related with geological 
heterogeneities and can be used in small or large areas (Bog-
danowitsch 2020). 3D applications like 3D-BlockExpert and 
photogrammetric surveys can help to identify and recog-
nize the shape and volume of in-situ blocks in all rock types 
(Mosch et al. 2011; Morales Demarco 2012; Sousa et al. 
2017; Yarahmadi et al. 2018). Furthermore, the modelling 
of the fractures allows the maximization the volume of the 
final blocks by changing the cut distances and/or cut strikes 
(Sousa et al. 2017; Yarahmadi et al. 2018).

In this work, several case studies will be discussed, out-
lining the main rock groups from igneous (granite) and 
sedimentary (limestone) to metamorphic (marble and slate) 
rocks. During two-field investigations, in the years of 2016 
and 2018, data were collected in 22 well-known granite, 
limestone, marble, and slate quarries around Portugal for 
discontinuity mapping using a low cost commercial drone, 
alongside the conventional field work methods which were 
mentioned in Sousa et al. (2017). From the studied quarries 
several cases were selected and presented to highlight the 

importance of these combined techniques in the fracturing 
assessment and quarry management. Natural constraints, 
specially the geological ones, defines the scope of the meth-
odology applicable in each quarry. Therefore, the selected 
cases belong to the four of rock types studied. By the first 
time, the combination of field and airborne survey was sys-
tematically applied in the characterization of building stones 
quarries. The results highlight the importance of these new 
techniques to improve the quarry yield and maximize the 
available resources.

Materials and methods

Materials

Mainland Portugal has a great rock diversity, which is 
reflected in the distribution of quarry clusters (Fig. 4). The 
geological diversity, excellent physical–mechanical proper-
ties together with technological advances in quarrying and 
processing make Portugal one of the leading countries in this 
sector (Carvalho et al. 2018). The location of the clusters 
besides the fracturing is controlled by the texture, color, and 
location of the processing chain. Investors tend to explore 
the processing plants near the quarries of important stones.

In the following, a brief description of the main Portu-
guese stones is made with a special reference to the clusters 
where studies were conducted.

In northern Portugal, outcrops of granitic bodies of Vari-
scan age predominate, showing distinct mineral composi-
tions and textures. The most common are the two-micas 
syn-tectonic granites, while the post-tectonic, the most 
favourable in terms in fracturing, are scarce but important 
(Casal Moura 2000; Sousa 2007b; Carvalho et al. 2018). As 
can be seen in Fig. 4, in the north of Portugal the clusters 
of ornamental granite dominate, particularly the light or 
grey colored ones, such as those located in Pedras Salgadas 
(number 5 in Fig. 4) and Alpendorada (number 11 in Fig. 4) 
(Sousa et al. 2020). In the last decades, the weathered gran-
ites, yellowish colored, are more and more extracted as the 
clusters of Ponte de Lima (number 2 in Fig. 4), Mondim de 
Basto (number 4 in Fig. 4), and Serra da Falperra (number 
7 in Fig. 4) (Sousa et al. 2020).

The Estremoz Anticline (numbers 44–53 in Fig. 4) is the 
most active marble mining area in Portugal, dating back to 
the Roman period (Taelman et al. 2013). Nowadays about 
40 active quarries extracting dimension stones in this region 
(Lopes et al. 2015), but the total number reaches 150 (Car-
valho et al. 2018). The Estremoz Anticline is a 40 to 45 km 
NW–SE striking variscan structure in central Alentejo with 
a maximum width of 10 km at the City of Estremoz (Lopes 
et al. 2015). The Paleozoic calcite marbles belong to the 
geological Ossa-Morena Zone, which is a southern branch 



Environmental Earth Sciences (2022) 81:16 

1 3

Page 5 of 55 16

Fig. 4  Distribution of the foremost quarry clusters in Portugal ( adapted from Carvalho et al. 2018)
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of the European Variscides in Portugal (Lopes et al. 2015). 
The stratigraphic sequence of the Estremoz Anticline con-
sists in the core of the Precambrian Mares Formation, which 
includes Ediacaran greywackes, shales, and black cherts. 
Followed by fine grained Cambrian metadolomites, acid 
metavolcanics, and metaconglomerate at the base of the 
Dolomitic Formation. On top of the dolomitic limestones, a 
quartz and iron-rich horizon up to 50 m thick forms the base 
of the Volcanic-Sedimentary Complex (VSC) of Estremoz, 
followed by metadolomites. The VSC includes different 
colored marbles, varying from white to grey and pink. The 
Estremoz Anticline is surrounded by metavolcanic rocks, 
aged Silurian to Devonian (Pereira et al. 2012; Taelman 
et al. 2013; Lopes and Martins 2015). The quarry yield of 
large sized blocks is about 20% (Carvalho et al. 2018), as 
consequence of the important constraints to exploration. 
The main constrains are the folding and shearing related 
to Variscan orogeny, the volcano sedimentary–sedimentary 
inter-fingering, and the weathering (Carvalho et al. 2008; 
Lopes and Silva 2006).

The areas appropriate for limestone exploration are in 
the west and south borders of Portugal mainland (Kullberg 
et al. 2013). In the main mining district (numbers 21–37 
in Fig. 4), located at Maciço Calcário Estremenho (MCE), 
several ornamental varieties are exploited. The MCE is an 
intracratonic rift basin, that developed under extensional 
tectonic during the opening of the North Atlantic Ocean 
(Alves et al. 2003; Carvalho et al. 2018). During the late 
Miocene, the MCE was also influenced by Alpine compres-
sive tectonics. The exploitation occurs mainly in strata of 
coarse-grained calciclastic sparitic rocks of some horizons 
of Middle Jurassic age (Carvalho and Lisboa 2018) formed 
at a carbonate ramp depositional system (Azerêdo 1998, 
2007). Cream colored fine- to coarse-grained calcarenites 
showing several types of sedimentary laminations can be 
found. These laminations are very important to define the 
texture of the stone, since from the same facies different tex-
tural patterns can be found according to the cutting direction 
(Carvalho and Lisboa 2018). The Upper Jurassic limestones 
are exploited in two sites where a grey calciclastic micritic 
limestone is found (Carvalho and Lisboa 2018). The thick-
ness of the exploitable limestones ranging from 40 to 150 m 
and 50 quarries are currently spread in main six clusters 
(Carvalho and Lisboa, 2018; Carvalho et al. 2018).

Despite the large areas of slate-bearing unities outcrop-
ping in Portugal there are only four feasibly economic explo-
rations. The most important ones located in the north of 
Portugal: Valongo (number 10 in Fig. 4), Arouca (number 
12 in Fig. 4), and Vila Nova de Foz Côa (number 17 in 
Fig. 4). Valongo and Arouca quarries exploit Ordovician 
stratigraphic horizons with slaty-cleavage composed by high 
quality, whilst in Vila Nova de Foz Côa siliceous slates are 
extracted in Cambric levels.

In Vila Nova de Foz Côa cluster the conjugation of the 
schistosity (primary and secondary) with the jointing turns 
possible to obtain geometric blocks in some areas of the 
folded sequence (Lourenço et al. 2012). The quarrying starts 
more than 200 years ago to supply vineyards support-masts 
nowadays spread along the Douro valley wine producer 
region (Búrcio 2004; Lourenço et al. 2012; Sousa et al. 
2015). In the present, this stone is used worldwide in differ-
ent applications after technical improvements in the extrac-
tion and processing stages.

In this research, 22 quarries were studied (Table  1), 
named as following: 7 in granites: Branco Micaela, C&G, 
Granitos Ribeiro, Irmãos Queirós, Mármores Central Tans-
montana (MCT), Oliveira Rodrigues and Transgranitos; 7 
in marbles: António Galego, Bentel, Cochicho, Geopedra, 
Granoguli, Marmetal JPL and Mármores Galrão; 5 in lime-
stones: Cheira Pia do Zé Gomes, Codorneiro, Portela 8, Vale 
da Louceira and Vale da Moita; 3 in slates: Cupastone, Soli-
cel and Solicel upper quarry. The location of the quarries 
can be seen in Fig. 4. More information about the stones 
extracted will be presented later. 

Table 1  Location of the studied quarries

Rock type Quarry name Location—cluster num-
ber (see Fig. 4)

Granite Branco Micaela 15
C&G 5
Granitos Ribeiro 7
Irmãos Queirós 5
Mármores Central Tans-

montana (MCT)
30 km NE from cluster 5

Oliveira Rodrigues 5
Transgranitos 7

Marble António Galego 44–53
Bentel 44–53
Cochicho 44–53
Geopedra 44–53
Granoguli 44–53
Marmetal JPL 44–53
Mármores Galrão 44–53

Limestone Cheira Pia do Zé Gomes 21–37
Codorneiro 21–37
Portela 8 21–37
Vale da Louceira 21–37
Vale da Moita 21–37

Slate Cupastone 17
Solicel 17
Solicel upper quarry 17
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Methods

Field mapping (conventional mapping techniques)

In this research, the scan line sampling technique or window 
sampling was used to identify different joint sets on vertical 
quarry walls (see ISRM 1978). To minimize the disadvan-
tages of this technique (see Shang et al. 2018) orthogonal 
scan lines must be used. The orientation of natural disconti-
nuity planes was measured by compass and their dip direc-
tion and dip angle were recorded. Afterwards, the joint data 
were processed with the StereoNet software (Allmendinger 
et al 2011), version 10.2.9, to generate a rose and Schmidt 
contour diagram (Fig. 5).

The joint spacing was measured along the same scan 
lines, perpendicular to the fracture surfaces. Since the mean 

joint spacing is more susceptible to outliers, Sousa 2010 
does not recommend using this parameter to characterize 
the joint spacing distribution, but rather the median joint 
spacing. A histogram offers the possibility of analysing and 
representing the joint spacing distribution for different orien-
tated joint sets. With the help of the median joint spacing an 
average block volume can be calculated (Singewald 1992).

For fracture mapping, the “P” system was adopted, 
which was introduced by Dershowitz and  Einstein (1988), 
to define density (P10 and P20) and intensity (P21) in the 
Cochicho case study (Salvini et al. 2017). This method is 
used to define fracture density and intensity parameters by 
mapping line traces on 2D survey windows (Salvini et al. 
2017). This approach offers a convenient framework to move 
in between different scales and dimension. The parameters 
can be calculated as follows (Salvini et al. 2017):

Fig. 5  Example of data in a granite quarry: (a) Strike direction of 
joint sets in a rose diagram. (b) Stereographic projection of the den-
sity distribution of pole points in a Schmidt contour diagram (lower 

hemispherical equal-area). (c) Presentation of the joint spacing distri-
bution in a histogram
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Due to the simplicity of the method and the availability 
of high spatial resolution orthophotos and 3D information, 
it was possible to extract the needed data by a detailed car-
tographic approach within a geographic information system 
(GIS) (Salvini et al. 2017).

A main problem of this technique is the termination 
behaviour of the joints. The observed direction of a joint on a 
quarrying wall can end, change or even shift with increasing 
depth (Schneider 2009). In this case, errors can occur during 
the evaluation of the in-situ blocks. Therefore, it is important 
to clean the surfaces of the rock bodies as far as possible, 
to track and measure the trend and orientation of the joint 
surfaces. However, the surfaces of the exploited areas are 
often covered by sedimentary cover or waste material, so 
that under such conditions, no statements can be made about 
the trend of the joint surfaces (Mosch 2008). This problem 
also occurred during the mapping of joints with the help 
of the aerial photography’s and 3D models, which made it 
sometimes impossible to draw valid conclusions.

3D fracture modelling (3D‑BlockExpert)

To visualize the orientation of joint surfaces in a raw block, 
the program 3D-BlockExpert was developed (Nikolayev 
et al. 2007; Mosch et al. 2011) and used in this research. 
With this method, it is possible to model the trend of joint 
surfaces within a raw block and to calculate the shape, 
potential volume, and distribution of the in-situ blocks. It is 
assumed that a joint surface is equal to a plane (Mosch et al. 

P10
(

m−1
)

= number of fractures∕lengths of scan line,

P20
(

m−2
)

= number of fractures∕areas of exposure,

P21
(

m∕m−2
)

= length of fracture traces∕area of exposure.

2011), which can be defined with three points (X, Y, Z) in 
a coordinate system (Fig. 6). This method can be applied 
directly to the quarry wall, even in the stage of explora-
tion (Mosch et al. 2011) by following the scan line sam-
pling technique or window sampling (ISRM 1978; 1981). 
In this approach, the joint surfaces can only be modeled as 
continuous separating surfaces intersecting the entire raw 
block. Consequently, inaccurate prognosis of the block sizes 
in stratified sedimentary rock can occur, where the vertical 
joints often terminate at layer parallel discontinuities (Sch-
neider 2009; Schneider et al. 2022).

Using the mathematical models from 3D-BlockExpert, 
two-dimensional sections can be generated parallel to each 
surface of a block. The generated surfaces are perpendicular 
to the outer walls and can be chosen freely. If put together, 
a 3D model and a first impression of the orientation of joint 
surfaces can be obtained. From the 3D-BlockExpert model, 
information about block sizes, block geometry, and posi-
tion of mineable in-situ blocks can be extracted (Fig. 7). 
The identified vertical to sub-vertical joints can be used for 
modelling the deeper and future quarry levels and a possible 
yield can be calculated (Sousa et al. 2017).

A powerful function of the 3D-BlockExpert software is 
the differential view of two parallel cutting sections, which 
allows the simulation and spatial construction of a potential 
slab (Mosch et al. 2011). The black areas in the differen-
tial view are representing fracture surfaces, which cannot 
be used for the extraction of dimensional stones and will be 
considered as waste material. With the help of the function 
“optimization”, final blocks customized in size can be dis-
played to predict potential block volumes (Schneider 2009).

For details, mathematical background information on the 
detailed operation of the software is available in Mosch et al. 
(2011).

Fig. 6  Example of data acquisi-
tion by three points (each point 
with an X-, Y-, and Z-coordi-
nate) for describing a joint plan 
in a coordinate system (modi-
fied after Mosch 2008)
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Volume/shape of the blocks (calculation of the quantity 
of in‑situ blocks)

According to Singewald (1992), extracted blocks with a 
minimum volume of 0.4  m3  (Vminimum = 0,4 × 1 × 1 m) are 
required for further processing. However, a granite block 
with this dimension is considered as waste and that value 
is depending on the rock type. To evaluate the quantity of 
in-situ blocks, joint spacing values as measure of fracture 
density will be taken into account (Figarska-Warchoł and 
Stańczak 2019).

On the basis of the median joint spacing values, the vol-
ume of a median block can be calculated after following 
equation (Singewald 1992):

(1)Vmedian block

[

m
3
]

= Xmedian[m] × Ymedian[m] × Zmedian[m].

In the case of a uniform and orthogonal fracture system, 
this approach is a first possibility for estimating the aver-
age block sizes in a dimensional stone deposit. In many 
situations a non-orthogonal joint system is observed in the 
studied quarries and the extracted blocks have irregular 
shapes (Fig. 8), which causes waste (Figarska-Warchoł and 
Stańczak 2019).

The minimum block volume depends on the joint ori-
entation and the dihedral angles between average planes of 
the discontinuity sets (see Figarska-Warchoł and Stańczak 
2019).

Airborne photogrammetry and modelling

The method of photogrammetry describes the process of 
using 2D images to create a 3D model, which can be used 
for surveying in remote sensing and generating data for Geo-
graphic Information Systems (GIS) (Egels et al. 2001).

Fig. 7  Procedure to optimize 
in-situ block extraction with 
the help of the 3D-BlockExpert 
software. On the left the com-
puted joints and the stratifica-
tion dividing the raw block into 
smaller blocks. The software 
gives information about the 
volumes of the blocks defined 
by the natural discontinuities

Fig. 8  Density distribution diagrams represent orientation of joints controlling different shapes of in-situ blocks in case of (a) an orthogonal 
joint system and (b) a non-orthogonal joint system
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The enormous popularity of the unmanned aerial vehi-
cles (UAVs) in the field of mapping and photogrammetric 
surveys is a result of the rapid development of computer 
software, hardware technologies, and improvements in the 
digital camera technology (Wang et al. 2019a, b). Today 
all-in-one solutions are available on the market, that allow 
even pilots with small experience in aerial photography, 
to take detailed pictures and produce high resolution and 
affordable 3D models.

A DJI Phantom 4 was used as a UAV system for data 
acquisition in the quarries (see Fig. 9). It is a small quad-
copter with a fixed 12-megapixel camera and a maximal 
flight time of approximately 20 min. With the help of the 
built-in GPS, georeferenced images can be taken to com-
pute point clouds.

Aerial photographs from two-field surveys in Portugal 
from 2016 and 2018 were processed photogrammetrically 
using the Pix4D software. This widely used software pack-
age computes a 3D point cloud using 2D feature matches 
(triangulations), automatic calculation of camera positions 
and structure from motion (Mills et al. 2019; Szeliski 2011). 
A summary of the point cloud data for 21 quarries from 
Portugal can be found in Table 2. This table includes the 
mapped area (total: 2.3  km2), number of images used for 
the photogrammetry reconstruction (total: 4175), the ground 
sampling distance (GSD) with a mean of 3.97 cm/pixel and 

the year of the survey for each quarry. The GSD describes 
the ground distance covered within a pixel (Medinac 2019).

The surveys from 2016 show a smaller number of images. 
At that time no planned missions were performed and the 
obtained images by an UAV were only used for perspective 
reasons. Still the number of images were enough to compute 
3D models for further structural analysis. The surveys from 
2018 were performed more systematically, using autono-
mous flight missions for accurate flight routes.

Once the point cloud is processed, the data can be 
exported as a georeferenced point cloud, which comprises a 
digital outcrop model (DOM), digital surface model (DSM) 
for ground elevation and orthophotos, which can be used for 
mapping the orientation and spacings from discontinuities 
(Wang et al. 2019a, b). Some of the DOMs were further 
processed in a specialized point cloud program called Cloud-
Compare (see Fig. 10). 

The quality of the aerial images is depending on multiple 
parameters which have a significant impact on the results 
of the photogrammetry: camera resolution, distance from 
the target area, lighting conditions, flight height, overlap 
between photos and weather conditions (Medinac 2019). 
Some of the parameters cannot be controlled by the operator, 
such as the weather and lighting conditions (Medinac 2019).

The orientation and spacing of discontinuities are nor-
mally measured in the outcrop, which can be hazardous and 

Table 2  Summary of the point 
cloud data set for each quarry

*Quarries located side by side

Location/quarry Area  (km2) Images 
(number)

GSD (cm/pixel) Survey (year)

António Galego 0.064 196 3.74 2018
Bentel/Geopedra* 0.107 218 3.04 2018
Branco Micaela 0.076 39 4.84 2016
C&G 0.069 27 3.00 2016
Cheira Pia do Zé Gomes 0.048 122 2.10 2018
Cochicho 0.076 136 3.68 2018
Codorneiro 0.068 195 2.89 2018
Cupastone 0.173 259 3.69 2018
Granitos Ribeiro 0.176 49 4.89 2016
Granoguli 0.130 271 2.43 2018
Irmaos Queirós 0.085 28 6.25 2016
Marmetal JPL 0.219 349 3.29 2018
Mármores Central Tansmontana 0.138 33 11.93 2016
Mármores Galrão 0.090 358 3.11 2018
Oliveira Rodrigues 0.064 19 6.67 2016
Portela 8 0.0022 47 2.12 2018
Solicel 0.422 906 6.25 2018
Solicel upper quarry 0.021 102 1.60 2018
Transgranitos 0.116 376 2.82 2018
Vale da Louceira 0.068 258 2.35 2018
Vale da Moita 0.071 187 3.28 2018
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sometimes impossible at slopes or higher outcrops (Dewez 
et al. 2016). The aim was to map the traces and spacings 
of joints on the horizontal quarry surfaces. Afterwards the 
orthophotos were used in ArcGIS to map the joint orienta-
tion, stratification, cutting pattern of the quarry, and to meas-
ure the spacing of the different joint sets. It was assumed 
that the joints have a vertical orientation (90°), which was 
confirmed by previous field observations. The detailed 3D 
model also helped to identify and measure joint spacings 
(Fig. 10). In some cases, the horizontal quarry surfaces were 
covered by waste or sediment and active mining made the 
mapping nearly impossible. A better situation was found 

after a rain shower when the joints are more visible on the 
surfaces. 

Since processing 3D point clouds is not a challenging task 
anymore, the question is, how to evaluate the collected data. 
One of the most important properties already discussed in 
this research, the 2D plane, corresponding to joints, faults 
and fractures within a quarry.

A so called “virtual geological 3D-outcrop” can help to 
distinguish fracture networks, when using the information 
from the 3D point clouds correctly. Measuring dip and dip 
direction is a time consuming process, requires expertise 
and is done by hand with a compass in the quarries (Dewez 
et al. 2016). To help in this situation and to compare the 
data with the conventional methods, a helpful plugin was 
used in CloudCompare (open-source software), to perform 
planar facet extraction. FACETS is a user friendly and well-
integrated structural geology plugin in CloudCompare. This 
plugin was designed to extract planes from unstructured 3D 
point clouds and was used to identify and calculate the dip 
and dip direction of stratification and joint sets (Dewez et al. 
2016). Another useful aspect is the integrated interactive 
stereogram-rendering tool to produce structural geology 
diagnostics. In a final stage, it is possible to export facet 
polygons as 3D polygon shapefile towards third party soft-
ware like ArcGIS (for more details see Dewez et al. 2016; 
Millis et al. 2019).

General methodology

The application of the above-mentioned methods in the stud-
ied quarries allows to maximize the fracturing assessment. 
Field observation and the information gathered from UAVs 

Fig. 9  Data collection by (a) traditional joint survey, using a geological compass and measuring tape. (b) All-in-one UAV: DJI Phantom 4 with 
remote control. (c) UAV during photogrammetric survey

Fig. 10  Point clouds were used to identify the orientation of joints 
and the joint spacing. In this case, joint traces are visible after rain 
wetting
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enhance the characterization of the fracturing at each quarry 
site. A better resource evaluation is achieved when multiple 
sources of information are used. In this manuscript rather 
than explain the complete fracturing evaluation performed 
at each quarry, special cases are presented where combined 
methods improve the resources evaluation. Therefore, some 
examples are explained for each type of stone.

Results and discussion

This chapter is subdivided according to the rock types stud-
ied. For each rock type, i.e. granite, marble, limestone, and 
slate a general characterization is presented.

Granite quarries

The orientation and spacing of natural fractures were meas-
ured in seven granite quarries in NE Portugal (Fig. 11). Two 
important regional faults, the Vila Real Fault and the Vilar-
iça Fault are located near the studied granites, therefore, the 
fracturing patterns observed in the quarries of the north-
east of Portugal are dominated by the NNE–SSW jointing 
(Lourenço et al. 2002; Sousa 2000). Other important fault 
sets in the region are the N40°− 50°W and N60°− 80°E 
(Sousa 2007a, 2007b). The link between jointing and 
regional faults is not always clear because the secondary 
faults located near the quarries can have a great influence 
in the local jointing (Sousa et al. 2016). Generally, the frac-
ture sets identified in studied quarries coincide with the 
main regional fracturing pattern and corroborate the results 
obtained by others researches in the region (Sousa 2000; 
Lourenço et al. 2002; Morais 2003; Santos et al. 2017; Sousa 
et al. 2016; Sousa et al. 2017). 

The histograms of joint spacing values measured in 
quarry show the prevail lower spacing classes and a log-
normal distribution, as is common in fracturing evaluation 
in granitic building stones (Sousa 2007a, 2010; Morales 
Demarco et al. 2012). The mean/median joint spacing value 
is very low, usually ranging between 1 and 5 m, in accord-
ance with previous research in these granites (Sousa 2000, 
2007a; Santos et al. 2016; Sousa et al. 2016, 2017, 2018).

Case study: Granitos Ribeiro quarry

The natural fracture patterns and the resulting in-situ block 
geometry of the yellowish granite called Amarelo Real, in 
the region of Vila Pouca de Aguiar, located in the north 
part of Portugal, were studied. The stone is a two-mica, 
medium-grained, hypidiomorphic granular granite with a 
slight porphyritic tendency (Fig. 12). According to Sousa 

et al. (2005), the mineralogical composition of Amarelo Real 
granite is as follows: quartz (35.8%), K-feldspar (23.6%), 
plagioclase (29.3%), biotite (3.3%), muscovite (7.9%), and 
apatite (0.1%). The intense fracturing by the sub-vertical 
joints is notorious in the quarries by the low volume of the 
extracted blocks and low quarry yield (Sousa et al. 2017).

Besides the Granitos Ribeiro quarry another quarry, 
Transgranitos, located nearby was also studied to compare 
the fracturing pattern. Both quarries are located approxi-
mately 10 km south of Vila Pouca de Aguiar, on top of the 
mountain range Serra da Falperra. The companies Granitos 
Ribeiro and Transgranitos (Fig. 13) operate the near-surface 
extraction of the weathered and highly fractured granite 
(Sousa et al. 2017).

To determine the geometry of the in-situ blocks and the 
influence of the discontinuity pattern, several joint surveys 
were performed, following four scanlines in the upper and 
lower parts of the Granitos Ribeiro quarry. The obtained 
joint data were processed with the StereoNet software to 
stereographic projections for further analysis. Additionally, 
the 3D-BlockExpert was applied for modelling the fracture 
network of two selected areas in the lower part of the same 
quarry. With the help of a drone, a detailed 3D-Model, DSM 
and an orthophoto was generated to identify large-scale frac-
ture system through the quarry.

In total, three main joints were identified across the Gra-
nitos Ribeiro quarry. The main joint sets have an NNE–SSW 
orientation, followed by an NW–SE and another set orthogo-
nal to the previous with an NE–SW orientation (Fig. 14). 
The sub-horizontal to horizontal joints are dipping to the 
south.

Only 1-kilometer SE of the Granitos Ribeiro quarry, 
separated by the highway A24, the Transgranitos quarry 
is located. Two dominant joint sets can be recognized, one 
which is striking in NW–SE and the second one in NE–SW 
direction. Several previous studies in these granite quarries 
indicating two to three main joint sets, which are parallel 
to the Vila Real Fault (NNE–SSW) and also orientated to 
the WNW–ESE and NE–SW faults (Sousa 2007b, 2010, 
2014; Santos 2017; Santos et al 2018). In general, the meas-
ured joints are sub-vertical to vertical and are compatible 
to regional fracturing, which was shaped by NNE–SSW 
structures of tectonic origin (Lourenço et al. 2002). One 
of the most important regional faults in NE Portugal is the 
Vila Real Fault, which is located near the investigated area 
(Sousa 2007a). Figure 13 shows the differences in jointing in 
these quarries as a result of regional faults. In Transgranitos 
quarries, the NNE–SSW regional faults are absent and the 
same is true for the joints observed in the quarry. In contrast, 
in the Granitos Ribeiro quarry, the NNE–SSW joints are 
very important. This relationship between regional faults 
and jointing in these quarries was also mention by Santos 
et al. (2018).
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Fig. 11  Location of the studied quarries with rose diagram and joint spacing (map  modified from Sousa 2007a)
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The measured joints differ across the Granitos Ribeiro 
quarry in direction of strike. Following the first scan line 
(scan line 1, Fig. 15), which is parallel to the NNE–SSW 

fault and passing mining levels two to four, all three 
main joint sets can be recognized. Nevertheless, the 
two orthogonal joint sets are more dominant than the 
NNE–SSW striking joint set. A similar situation can be 
found within the second scan line, which is located at the 
bottom of mining level four. The dominant joint set shows 
a NW–SE direction, and another set orthogonal to the 
dominant direction. The third scan line is in the first and 
second mining level and is more influenced by horizontal 
joint sets. The two dominant joint sets are showing an 
NNE–SSW and NE–SW direction. The last scan line is in 
the first mining level and is almost orthogonal to the previ-
ous scan lines. Two directions of strike, one N–S and one 
ESE–WNW direction can be recognized. Mining levels 
one and two are stronger influenced by horizontal joints.

Horizontal joints are related to the stress relaxation in 
the granite complex (Sousa et al. 2017). In the first extrac-
tion level, following scan line four, the median horizontal 
joint spacing is about 0.95 m (Table 3) and varies between 

Fig. 12  Typical yellowish tone of Amarelo Real granite

Fig. 13  Detailed fracturing surveys in marked quarries with regional lineaments, identified in aerial photography. Rose diagrams for measured 
joints in the Granitos Ribeiro and Transgranitos quarry (the map was  modified from Santos et al. 2018)
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0.4 m and 2.5 m. In mining levels two and three, the maxi-
mum joint spacing is 3 m and indicating an increasing 
median spacing of 1.4 m. Joints of mining levels four and 
five reaching a maximum of 4.5 m and the mean horizon-
tal joint spacing increases to 1.8 m. The sub-horizontal 
to horizontal joint spacing is increasing with the depth 
(Fig. 16) of and within individual mining levels (Sousa 
et al. 2015).

A similar trend can be observed with the sub-vertical to 
vertical joint spacing throughout the mining levels. In the 
first mining level, the median spacing of the NNE–SSW 
and the NE–SW is 0.5 m, reaching a maximum of 1 m and 
indicating the nearby presence of the main faults. The joint 
spacing of the NW–SE joint set, which is orthogonal to the 
NE–SW varies from 0.1 m to 2.8 m and is showing a median 
joint spacing of 1 m. In general, all joint sets are showing a 
high-joint spacing distribution in the range 0.1–0.5 m and 
as an exceptional case only the NW–SE striking joints are 
showing spacings higher than 1.5 m (Fig. 17). The median 
vertical joint spacing in the second and third mining level 
keep increasing and varying between 1.1 m and 1.6 m. The 
spacings of the NNE–SSW (1.13 m) and NE–SW (1.1 m) 
joint sets have doubled while the median of the NW–SE 
joint spacing increased by 0.65 m, compared to the first min-
ing level.

The highest spacings of the vertical joint sets were 
reached in the fourth and fifth excavation level. The spacing 
of all joint sets varying between 0.8 m (NE–SW joint set) 
and 5.8 m (NNE–SSW joint set). The median spacing of the 
NW–SE joint set nearly doubled (3 m), compared to the pre-
vious mining levels. The median spacing of the NNE–SSW 
(2 m) and NE–SW (1.75 m) joint set keep increasing. In 
Fig. 18, the planes of the three main joint sets were colored 

in a 3D model, to identify the frequency and orientation of 
the joint sets.

The investigated spacings of the vertical joint sets and 
the horizontal spacings were used to compute median 
block volumes. The vertical NE–SW and NW–SE joint 
sets are approximately orthogonal, the angle between the 
NNE–SSW and NE–SW joint set is 40° and the angle 
between NNE–SSW and NW–SE joint set is 50°.

In the following sketch (Fig. 19), four blocks and their 
maximum volume were modeled, resulting from the joint 
set orientation and median edge lengths of the joint spac-
ings from mining level one  (L1). In all following cases, 
the horizontal joints have a median spacing of 0.95 m. 
The first block  (VB1) is defined by the NNE–SSW and 
NW–SE striking joint sets and has a volume of 0.39  m3 
 (VB1L1 = 0.82 × 0.5 × 0.95 m). In this case, 0.2  m3 are lost, 
which is 33.83% of the total volume, caused by the joint spac-
ing and the angle of 50°. Block two  (VB2) and three  (VB3) 
have a volume of 0.09  m3  (VB2/3L1 = 0.18 × 0.5 × 0.95 m) 
considering that the volume of block two is mainly influ-
enced by the smallest spacings of the NE–SW (0.5 m) and 
NNE–SSW (0.5 m) joint sets, as it is the case of block num-
ber 3. The loss of 75% of the total volume is higher than the 
first block, which is a result of the geometry of the paral-
lelogram with a narrow angle of 40° and the two smallest 
joint spacings. The fourth  (VB4) and biggest block has a 
maximum volume of 0.45  m3  (VB4L1 = 0.5 × 0.95 × 0.95 m), 
leaving no waste, due to the orthogonal joint sets (Table 4). 

The final block volumes were also calculated for the 
lower mining levels with respect to the increased joint 
spacing values of the studied joint sets. Already a big 
difference in the final block volume is noticeable in min-
ing levels two and three  (L2/3). The volume of the final 

Fig. 14  Rose diagram of three identified fracture directions (left) and stereographic projection of the density distribution of pole points (right) 
for measured joints in the Granitos Ribeiro quarry. Blue lines indicate strike direction of sawed quarry faces (Schmidt net, lower hemisphere)
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Fig. 15  Orthophoto and digital surface model (DSM), with location 
of the four scan lines and 3D-BlockExpert models of the Granitos 
Ribeiro quarry. Rose diagram of the identified fracture directions and 

stereographic projection of the density distribution of pole points for 
measured joints corresponding to the four scan lines (Schmidt net, 
lower hemisphere)
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block 1 in mining levels two and three reaches 1.8  m3 
 (VB1L2/3 = 1.13 × 1.14 × 1.4 m), which is nearly three times 
the volume of the final block volume (0.68  m3) of block 2 
and 3  (VB2/3L2/3 = 0.44 × 1.1 × 1.4 m). The block 4, resulting 
from the spacing of the orthogonal joint sets reaches a maxi-
mum volume of 2.46  m3  (VB4L2/3 = 1.1 × 1.6 × 1.4 m). The 
volumes of the final blocks in mining levels four and five 
 (L4/5) are as followed: 8.06  m3  (VB1L4/5 = 2.24× 2 × 1.8 m), 
3.23  m3  (VB2/3L4/5 = 1.03 × 1.75 × 1.8  m) and 9.45  m3 
 (VB4L4/5 = 1.75 × 3 × 1.8 m).

The computed median block volumes, defined by the joint 
spacing in the different mining levels can be compared with 
the data from the production volumes, given by the com-
pany in 2013 (Fig. 20). Only 11 blocks in mining level one, 
38 blocks in mining level two and 140 blocks in mining 
level three were extracted. The mean block volumes are 1.76 
 m3, 1.97  m3, and 2.84  m3, respectively, for mining levels 
one, two, and three. Mining level three is standing out with 
around 81% of the volume and 74% of the extracted blocks. 
In this dataset, the amount of waste was not given, which 
is of course a very important information for the quality of 
extraction.

In general, the computed median block volumes from 
mining levels one to three, resulting from the joint spac-
ing, are smaller than the mean block volumes given by the 
company (Table 4). The median block volumes of mining 
level one varying between 0.09  m3 and 0.45  m3, from 0.68 
 m3 to 2.46  m3 in mining levels two and three and the maxi-
mum volumes can be reached within mining levels four and 
five, with volumes of 3.23  m3 to 9.45  m3 with respect to 
the increasing median joint spacings (Sousa et al. 2017). 
The acquired joint spacings and resulting final block vol-
umes in mining level one indicating that the resulting block 
volumes are not suitable for the exploitation of dimension 
blocks. Only block 4 with the highest final block volume of 
0.45  m3 (V(4)1 = 0.5 × 0.95 × 0.95 m) is nearly suitable for 
minimum block volumes (Vminimum = 0.4  m3 = 0.4 × 1 × 1 m) 
according to (Singewald 1992). All final block volumes in 
the lower excavation levels, except block two and three in 
mining levels two and three, fulfill the minimum require-
ments for block volumes and especially mining levels four 
and five are showing excellent quality of blocks. The assess-
ment of the block volume is made assuming that all the joint 
sets are present in the quarry. This is not true, the joints are 
not always continuous therefore, in some areas only one or 
two joint sets are present consequently the extracted blocks 
will have higher volumes.

Two 3D-BlockExpert models, one in mining level five 
and one in mining level four were studied in the Granitos 
Ribeiro quarry (Fig. 21). The first modeled block is in the 
fifth mining level with edge lengths of 2.1 m in the X-direc-
tion, 7.8 m in Y-direction, 9 m in Z-direction, and a total vol-
ume of 147.42  m3. The 2.1 m in X-direction was defined by Ta
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the cutting pattern in the quarry. In total six joints were iden-
tified, which can be separated in three joint sets. One joint 
set is vertical and has a spacing of 5 m and is striking N–S. 
Another joint set is sub-vertical, has a spacing of around 
2.5 m and is NE–SW orientated. The last joint set is sub-
horizontal and has a spacing of 3 m. The joint planes cover 
up to 15% of the raw block volume. The wall in X-direction 
is due to the sawed nature of the quarry wall. The raw block 
was divided into 6 × 1.5 m slabs in Z-direction afterwards 
to identify in-situ blocks. The surface of the joints (black 

color) represent waste and cannot be used for the extrac-
tion of dimensional stones. The raw block was separated in 
Z-direction into six slabs with a height of 1.5 m. In the final 
step, the size of the in-situ blocks were set with the typical 
sizes of 2 × 1.5 × 1.5 m, 2 × 0.75 × 1.5 m, 2 × 1 × 1.5 m, and 
1 × 1 × 1.5 m. Proceeding from this assumption, 16 in-situ 
blocks with a total volume of 35.25  m3 can be extracted, 
which makes 24% of the total volume of the raw block.

The second raw block was studied in the fourth mining 
level and is in the same direction as the raw block before 

Fig. 16  Horizontal joint spacing 
in different mining levels. Left 
picture with mining levels two 
to five using an image from the 
3D model, which was computed 
by the images of a drone. Right 
picture is showing mining level 
one. Black lines indicating joint 
traces on the quarrying walls

Fig. 17  Joint spacing distribution of the identified three main vertical and horizontal joint sets (red—mining level 1; blue—mining levels 2 and 
3; green—mining levels 4 and 5) 
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(Fig. 21). With its edge lengths of 9.7 m in X-direction, 8 m 
in Y-direction, and 7.7 m in Z-direction. The total volume 
(597.5  m3) is four times bigger than the previous raw block. 
The joint planes cover up to 10% of the raw block volume 
and are defined by a total of ten joints. In this block, more 
joint sets can be identified. The orthogonal joint sets, strik-
ing NE–SW and NW–SE (with a joint spacing of 2 m) are 
showing up. The N–E to NNE–SSW (with a joint spacing 
of 1 m) can be also recognized. Again, the raw block is 
divided by a sub-horizontal plane in the lower to the middle 
part of the block. In this 3D-BlockExpert model, the raw 
block was separated into five slabs, with a height of 1.5 m 
in Z-direction. The size of the in-situ blocks was chosen 
with following dimensions: 4 × 1.5 × 1.5 m, 2 × 1 × 1.5 m, 
and 1 × 1 × 1.5 m. In an ideal case, six blocks with a volume 
of each 9  m3, 24 blocks with a volume of each 3  m3 and 
15 blocks with a volume of each 1.5  m3 can be extracted. 

Fig. 18  North facing view of all mining levels with the identified ver-
tical main joint sets. The orange surfaces indicating the NW–SE joint 
set, the purple surfaces the NE–SW joint set and the green surfaces 
the NNE–SSW joint set

Fig. 19  Four modelled blocks 
and their maximum volume, 
resulting from the joint set 
orientation, the angle between 
the joint sets and median edge 
lengths of the joint spacings, 
from mining level one (Table 4). 
The angles of the two joints sets 
in block 4 are orthogonal. The 
gray frame around the block 
figures were chosen arbitrarily 
and are not rectangular
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Overall, these blocks correspond to a total volume of 148.5 
 m3, which is about 25% of the total volume of the original 
raw block and comparable to the previous yield in the fifth 
mining level.

According to the Granitos Ribeiro owners, 10,380  m3 of 
granite was extracted in the year 2016 and a total of 2700 
 m3 were used for dimensional blocks. Therefore, the annual 
profit was around 26%, which is comparable to the calcu-
lated volumes with 3D-BlockExpert. This is true because 
exploitation works during 2016 happens in the deepest less 
fractured were the modelled blocks were located. However, 
such relationships must always consider the progress of the 
quarry. Large quarry like the Granitos Ribeiro quarry have 
areas with different fracturing pattern and joint density, 
consequently with variable yield. The quarry yield assessed 
from the modelling of a single raw block has only an indica-
tive result.

Limestone quarries

In total, five limestone quarries were studied in several field 
surveys during April 2018 (Fig. 22). All of them are located 
in the Jurassic limestone massif, known as Maciço Calcário 
Estremenho (MCE). The company Solancis is extracting and 
processing dimension stones in several quarries and the fol-
lowing were selected: Codorneiro, Portela 8, Vale da Moita, 
Vale da Louceira and Cheira Pia do Zé Gomes. The quarries 
Vale de Moita and Vale da Louceira are located in the west 
flanks of the Candeeiros Hill, which is one of the elevated 

morphostructures in the limestone massif (Carvalho et al. 
2018). The Portela 8 quarry is located at the edge of the 
Candeeiros Hill. The quarry located most to the west is the 
Codorneiro quarry, which is situated next to the Alcobaça 
Depression. The last quarry, Cheira Pia do Zé Gomes is in 
the Santo António Plateau. The Mendiga Depression, a fault-
related elongated depression separates the Candeeiros Hill 
from Santo António Plateau (Carvalho et al. 2018).

The jointing observed in the studied quarries show the 
WNW–ESE joint set as predominant, with differences 
among the quarries. These differences are related with 
the tectonic evolution of this area as point out by Car-
valho (2013, 2018), mentioning the following main joint 
sets: NNE–SSW, WSW–ENE, WNW–ESE, NW–SE, and 
NNW–SSE. The joint spacing values are more frequent in 
the range 1–2 m, with low values higher than 4 m. The val-
ues of the joint spacing denote the possibility of extracting 
large blocks in some area of the quarries. These data were 
obtained in the ongoing extraction areas, the less fractured 
of the quarries. Therefore, the values of the joint spacing 
are higher than those mentioned by Carvalho (2013) who 
measured the more fractured areas.

Case study: Cheira Pia do Zé Gomes quarry

Ornamental stones are exploited in the Cheira Pia do Zé 
Gomes quarry, which belongs to one of six major exploita-
tion sites in the MCE (Carvalho et al. 2018), the so called 

Table 4  Resulting block volumes in the observed mining levels, respecting the median spacing of the joint sets and the resulting geometry

1. mining level 2. & 3. mining levels 4. & 5. mining levels

Block 1 2 3 4 1 2 3 4 1 2 3 4

Final block volume  (m3) 0.39 0.09 0.09 0.45 1.8 0.68 0.68 2.46 8.06 3.23 3.23 9.45
Waste  (m3) 0.20 0.28 0.28 0 1.49 2.02 2.02 0 6.04 6.57 6.57 0
Total volume  (m3) 0.59 0.37 0.37 0.45 3.29 2.7 2.7 2.46 14.10 9.80 9.80 9.45
Lost volume (%) 33.8 76.6 76.6 0 45.2 74.9 74.9 0 42.85 67.03 67.03 0

Fig. 20  Extracted volumes in 
the Granitos Ribeiro quarry dur-
ing production in 2013 (Sousa 
et al. 2017)
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Pé da Pedreira (Fig. 22). The quarry is located 16 km NE 
of Rio Maior, near Alcanede. Locally the individual strata 
can be 3–6-m thick and the maximum thickness of the Pé da 
Pedreira unit can reach 40 m. The ornamental variety Moca 
Creme (Relvinha) is extracted by the Solancis company, 
which is a coarse-grained limestone with well-marked lami-
nations (Carvalho et al. 2018). In general, the beige lime-
stone is compact, with a density of 2.39 kg/m3 and an open 
porosity of 10.4% (Fig. 23). The varieties are showing an 
alignment of small size grains and fossils (Solancis 2013).

In the Cheira Pia do Zé Gomes quarry, two orthogonal 
joint system could be identified, which are sub-vertical to 
vertical and orientated in NNW–SSE and ENE–WSW direc-
tion (Figs. 24 and 25). The sub-horizontal bedding planes 
dipping with an angle of 22° to SSW. Similar results can 
be found in the work from Carvalho et al. 2014 showing 
the NNW–SSE and ENE–WSW striking joint sets in the Pé 
da Pedreira unit. These studied joints can be related to the 
major families of faults in the MCE, which are NNE–SSW, 

NW–SE and NE–SW orientated. The faults were active 
during the opening phase of the Atlantic ocean (extension) 
and reactivated during the Alpine compression (strike-slip) 
(Carvalho 2018). 

The joint spacing was measured for both mining levels 
and the following results representing the median spacing of 
the entire quarry by measurements made in the field and aer-
ial survey. The vertical joints in the Cheira Pia do Zé Gomes 
quarry have a median spacing of 1.25 m in NNW–SSE direc-
tion and varying from 0.7 to 1.6 m (Table 5). The spacing 
of the vertical joints in ENE–WSW direction have a median 
of 1 m, reaching a maximum of 3.3 m. The median hori-
zontal joint spacing is 1.8 m and varying between 0.7 m 
and 3.3 m (Fig. 26). In general, the NNW–SSE joint set is 
showing a high-joint spacing distribution in the range of 
0.5–1 m (Fig. 26). Around 90% of the ENE–WSW joint set 
is distributed in the range of 0.5–1.5 m. About 30% of the 
horizontal bedding planes are distributed in range of 2–3 m.

Fig. 21  In-situ block identification with the help of the software: 
3D-BlockExpert. The first raw block (mining level 5) has a total vol-
ume of 147.42  m3 and a computed yield of 35.25  m3 (24% of total 

volume). The second raw block (mining level 4) has a total volume 
of 597.5  m3 and a computed yield of 148.5  m3 (25% of total volume)
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Fig. 22  Lithostratigraphic map of the MCE with locations (red numbers: 1–5), joint spacings and rose diagrams of the joints in the studied quar-
ries (map modified after Carvalho et al. 2018)
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The joint space data obtained by aerial survey are higher 
than the field data. The median spacing of the NNW–SSE 
striking joint set is with 3.13 m, 2.5 times higher than the 
data measured by hand in the field. The second joint spacing 
also has increased from 1 to 2.34 m. The horizontal joint 
spacing measured by aerial surveys slightly increased from 
1.8 to 1.99 m. In this case, the aerial data obtained from 
aerial photography cannot give a clear depict of the fractur-
ing pattern and erroneous conclusions and decisions will be 
achieved is such data were used. Closed and tight vertical 
joints are hardly identified in aerial photos and fracturing 
data obtained with such techniques must be always checked 
before drawing definite conclusions. The horizontal joints 
are more easily recognized in the photos.

The two investigated spacings of the vertical joint sets 
and the additional horizontal spacings (Figs. 26 and 27) 
were used to compute median block volumes. The verti-
cal NNW–SSE and ENE–WSW joint sets are orthogonal. 
In total four directions of sawed quarry faces were found, 
which have following directions: N10°E, N28°E, N68°W, 
and N88°E (Fig. 25). The N10°E striking quarry faces can 
be found only in the first mining level. Nearly orthogonal to 
the previous quarry face a second cutting direction can be 
found, which is only located in a smaller area in the N of the 
quarry. The last two quarry faces can be found in the second 
mining level.

A schematic representation of the fracture systems and 
bedding plane in Fig. 28 helps to understand the location 
and the geometry of the in-situ blocks. The maximum block 

Fig. 23  Some of limestone varieties extracted in the Cheira Pia do Zé Gomes and Vale da Moita quarries

Fig. 24  Rose diagram of the 
two identified vertical fracture 
directions and stereographic 
projection of the density 
distribution of pole points for 
measured joints in Cheira Pia 
do Zé Gomes quarry. Blue lines 
indicating the strike direction of 
the sawed quarry faces (Schmidt 
net, lower hemisphere)
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Fig. 25  Orthophoto and digital 
surface model (DSM) with the 
mining levels (L1, L2), mapping 
of the joint sets and cutting 
pattern in the Cheira Pia do Zé 
Gomes quarry
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(median joint spacings obtained in the field) has a possible 
volume of 2.25  m3 (VB = 1.25 × 1 × 1.8 m), considering the 
edge lengths of the horizontal bedding plane (1.8 m) and 
the vertical joints, NNW–SSE (1.25 m) and ENE–WSW 
(1 m). Using the data from the aerial survey, a volume of 
14.58  m3 was computed, considering the edge lengths of the 
horizontal bedding plane (1.99 m) and the vertical joints, 

NNW–SSE (3.13 m) and ENE–WSW (2.34 m). The dotted 
blue lines indicating the orientation of the cutting direction 
in the first mining level, located in the north western part of 
the quarry. The extracted slabs are in average 3 m thick and 
will be mined in N10°E direction and parallel to the sedi-
mentary lamination. The blue parallelogram has a surface 
area of 5.44  m2 and a total volume of 9.8  m3. The schematic 
sketch is showing that with the current cutting pattern only 
two raw blocks (2 × 2.25  m3), resulting from the natural frac-
tures and bedding plane, can be extracted. This means that 
a volume of around 54% will be lost and only 46% can be 
used as a raw block.

To minimize non-economic blocks and increase quarry 
production, the cutting direction must be changed, using 
natural fractures as limits of the final blocks (Yarahmadi 
et al. 2018). The cutting direction should be aligned to the 
NNW–SSE (N15°W) striking joint set, because the median 
joint spacing is slightly bigger (1.25 m) than the joint spac-
ing of the ENE–WSW striking joint set. This means, the 
cutting pattern must be rotated by approximately 25°, from 
N10°E to N15°W (Fig. 28), by taking the two main joint 
sets into consideration. With this approach and adjusting 
the thickness of the extracted slabs to the median spacing 

Table 5  Median and mean joint 
spacing in the Cheira Pia do Zé 
Gomes quarry from field data 
and aerial photography

Measured by compass Measured with 3D model

Joint set NNW–SSE ENE–WSW Horizontal NNW–SSE ENE–WSW Horizontal

Median 1.25 1.00 1.80 3.13 2.34 1.99
Mean 1.19 1.31 1.97 4.24 2.51 2.07
n 10 16 10 18 27 14

Fig. 26  Joint spacing distribution of the identified two main vertical 
joint sets and the horizontal bedding plane in the Cheira Pia do Zé 
Gomes quarry

Fig. 27  Horizontal joint spacing in the first mining level, located in 
the NW part of the Cheira Pia do Zé Gomes quarry

Fig. 28  Schematic sketch of the natural vertical joint sets and bedding 
plane, respecting the median edge lengths of the joint spacings. The 
dotted blue lines indicating the orientation of the cutting direction 
(N10°E)
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of the NNW–SSE striking joint sets, a median block with 
the computed volume of 2.25  m3 can be extracted without 
any major loss of volume in the investigated area of the first 
mining level (Fig. 25). This approach can be used for dif-
ferent areas in the quarry, if the fracturing pattern changes.

With the help of the 3D-Model, the dimension of 20 
already extracted blocks in the south and central part of 
the quarry were measured, with following average edge 
lengths: 2.5 m (length) × 1.21 m (width) × 1.05 m (height). 
The resulting mean block has a volume of 3.18  m3, which 
has a higher volume of 0.93  m3 than the computed median 
block volume (2.25  m3) from above. If we compare these 
dimensions from the extracted blocks with the mean joint 
spacings (Table 5), with 1.31 m (ENE–WSW) × 1.19 m 
(NNW–SSE) × 1.97 m (horizontal bedding) and a total vol-
ume of 3.07  m3, then the block volumes are nearly similar.

Case study: Vale da Moita quarry

The Vale da Moita quarry is located 15 km NNE of Rio 
Maior and belongs to the Candeeiros Hill Formation, where 
outcrops of the Pé da Pedreira Member also can be found. 
The fine to medium-grained and biolithoclastic limestone is 
exploited at the Portela das Salgueiras site (Carvalho et al. 
2014). The Pé da Pedreira Member in this area has a total 
thickness of 100 m. The limestones are light-cream, cut 
parallel to the sedimentary lamination and the ornamental 
variety is known as Semi Rijo Salgueiras (Carvalho et al. 
2014). The Solancis company extracting eight varieties in 
the Vale da Moital quarry: Branco Artico, Branco do Mar, 
Branco Imperial, Branco Moon, Branco Oriental, Branco 
Snow, Branco Real and Creme Real (Fig. 23). In general, 
the limestones are of compact appearance, with a density of 
2.2–2.3 kg/m3 and an open porosity of 14–18%. The varie-
ties are showing fine to medium size brownish grains and 
fossils (Solancis 2013).

Two joint sets in Vale da Moita quarry were identified by 
measurements in the field. The more dominant joint set is 

striking NNW–SSE and the second one in NW–SE direc-
tion, with an acute angle of at least 20–25° (Fig. 29). Both 
joint sets are sub-vertical to vertical. The stratification is dip-
ping with an angle of 14° to the ENE. The quarry is located 
near the Rio Maior-Porto de Mós Fault.

The joint spacing was measured in all mining levels by 
compass and by studying the orthophoto, which is a result 
of the drone images. The following results representing the 
median spacing of the vertical joint sets through the entire 
quarry. The vertical joints set striking in NNW–SSE direc-
tion have a median spacing of 3 m, varying from 0.65 to 
7.4 m and are showing a high-joint distribution in the range 
of 3–4 m (Fig. 30). The median spacing of the NW–SE joints 

Fig. 29  Rose diagram and 
stereographic projection of the 
density distribution of pole 
points for measured joints and 
bedding planes in the Vale da 
Moita quarry. Purple lines indi-
cating strike direction of sawed 
quarry faces (Schmidt net, lower 
hemisphere)

Fig. 30  Joint spacing distribution of the identified main vertical joint 
sets in the Vale da Moita quarry
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Fig. 31  Orthophoto and digital 
surface model (DSM), with the 
mining levels (L1–L4), location 
of the 3D-BlockExpert Model, 
mapping of the joint set and 
cutting pattern in the Vale da 
Moita quarry
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is 1.5 m, varying between 0.5 and 5 m and showing a high-
joint spacing distribution in range of 1–2 m. The stratifica-
tion is not a critical issue in the Vale da Moita limestones 
and, therefore, the horizontal spacings were not measured. 
The quarry phases are not oriented along the stratification.

In Fig. 31 it can be seen that a change in the direction of 
the extracted walls was implemented. The extracted walls 
in mining levels L1 to L3 are striking N63°E. In mining 
level L4, the extraction was rotated by 10° to N73°E, which 
is orthogonal to the main NNW–SSE joint set. A higher 
distribution of joints can be found within an area located 
in the NW of the first mining level (L1). The change in the 
cut direction was probably implemented to increase the 
extraction of the blocks. This highlights the importance 

of a permanent evaluation of the fracturing pattern dur-
ing the quarry evolution. Only this way will be possible a 
swift change in the extraction procedures and maximize the 
extraction.

To identify in-situ blocks in the Vale da Moita quarry, 
3D-BockExpert was used in the eastern part of the quarry 
(Fig.  32). The modeled block is in the second mining 
level with edge lengths of 8 m in the X-direction, 30.8 m 
in Y-direction, 7.9 m in Z-direction and a total volume of 
1946.6  m3. The 8 m in X-direction was defined by reaching 
the extraction wall of the second mining level. In total, 12 
joints were identified, which are all sub-vertical, striking in 
NNW–SSE direction and dipping to the ENE. Except for 
one joint (joint number 6 at 20 m in Y-direction) all joints 

Fig. 32  In-situ block identification with the help of the software: 3D-BlockExpert in the Vale da Moita quarry. The raw block from mining level 
two has a total volume of 1946.6  m3 and is divided by 12 sub-vertical joints into 13 in-situ blocks
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are parallel oriented. The NNW–SSE striking vertical joints 
of the raw block have a median spacing of 2.5 m. The high 
spacing, ranging from 2.5 to 7.4 m, causing relatively big 
block volumes in the first 18 m (in Y-direction). The follow-
ing 5 m, the spacings are narrower, in range of 0.5 to 1.3 m. 
The vertical joints dividing the raw block with a volume 
of 1946.6  m3 into 13 separate in-situ blocks. There are no 
orthogonal joints or horizontal bedding planes, which could 
divide the raw block and, therefore, the raw block volume 
was projected 8 m in X-direction (Fig. 31). The resulting 
three smallest blocks have a volume of 12.57  m3, 16.51  m3, 
and 16.76  m3, which is together 2.36% of the total volume. 
There are three more blocks with a volume smaller than 
100  m3: 24.69  m3 (1.27%), 63.21  m3 (3.25%), and 77.21 
 m3 (3.97%). The next bigger blocks have a volume of 111.5 
 m3 (5.73%), 149.7  m3 (7.69%), 162.9  m3 (8.37%), 179.5  m3 
(9.22%), 234.2  m3 (12.03%), and 234.5  m3 (12.05%). The 
last and biggest block has a volume of 471.2  m3, which is 
24.21% of the raw block (1946.6  m3). The joint planes cover 
a volume of 192.05  m3 and, therefore, 9.87% of the total 
block volume.

Three sizes for possible in-situ blocks were chosen, 
resulting from the X-direction of the quarrying walls thick-
ness (8 m), the thickness of the Z-direction (7.9/4/2 m), and 
a chosen thickness of 1.5 or 1 m in Y-direction, given us fol-
lowing block volumes: 94.8  m3 (8 m (X) × 1.5 m (Y) × 7.9 m 
(Z)), 32  m3 (8 m (X) × 1 m (Y) × 4 m (Z)), and 16  m3 (8 m 
(X) × 1 m (Y) × 2 m (Z)). Continuing with this assumption, 8 
in-situ blocks (each 94.8  m3) with a volume of 758.4  m3, 11 
blocks (each 32  m3) with a volume of 352  m3, and 4 blocks 
(each 16  m3) with a volume of 64  m3 can be extracted, 
which means 60.33% of the total raw block volume can be 
extracted. Overall, these in-situ blocks correspond to a total 
volume of 1174.4  m3. Considering that already 9.87% of the 
1946.6  m3 are covered by the joint planes, leaving a maxi-
mum quarrying waste of 29.8%. The results show a high 
yield in this area of the quarry, which will be lower where 
the fracturing density increases.

Reducing the number of cuttings and the controlled posi-
tioning of the cutting lines was applied in this case study, 
which was only possible with the knowledge of the location 
of the joints and the resulting in-situ blocks. In this case, 
25 vertical cuttings were made, to obtain the predicted final 
blocks, mentioned above. Even the remaining blocks can 
be considered as reasonable smaller blocks for dimensional 
stones, which means the amount of waste (29.8%) can be 
reduced furthermore.

Marble quarries

The marble quarries are located in several mining areas of 
the Estremoz Anticline, as following: Mármores Galrão, 
Bentel and Geopedra quarries near the Estremoz mining 

area, the Marmetal quarry in Borba mining area, and finally 
in south-eastern the António Galego, Granoguli and Cochi-
cho quarries (Fig. 33).

The Estremoz Anticline is affected by the Late Variscan 
fragile deformation, being identified two sets of arrays, sub-
vertical NNE–SSW and ENE–WSW trending conjugated 
faults and sub-vertical NNW–SSE and NE–SW trending 
faults (Lopes 2003; Lopes and Martins 2015; Menningen 
et al 2018). Tectonic overprint (multiple) in the marble quar-
ries can cause lower yields (Mosch 2008). The jointing iden-
tified in the studied quarries fall in those families (Fig. 33). 
However, the jointing in the quarries can be very different 
from the regional faults according to the local geological set-
ting (Lopes 2003). The joint spacing data show values lower 
than 4 m, with prevail values in the range 0–1.5 m. The prox-
imity of transversal main faults and dikes near the studied 
quarries can justify these low values (Carvalho et al 2008).

The Estremoz Marble has high quality, with excellent 
mechanical–physical properties and an appealing aesthetic. 
These marbles are fine- to coarse-grained and colored from 
white to grey with many intermediate varieties. Spots and 
veins randomly distributed are common and distinctive of 
these marbles.

Case study: Cochicho Quarry (Pardais Region)

The deepest marble quarry (150 m deep) is located in the 
Pardais mining area, which is situated in the most south-
eastern part of the Estremoz Anticline (Fig. 34). The Cochi-
cho quarry belongs to one of the smaller exploration areas 
in the Estremoz Anticline, the Pardais area with 229 ha of 
surface area (Carvalho et al. 2008). The quarrying area is 
influenced by NE–SW striking transversal faults, longitudi-
nal NW–SE to NNW–SSE oriented shear zone and altered 
dolerite dikes (Carvalho et al. 2008).

Half of the 21 quarries in the Pardais area are active and 
still extracting white- and cream-colored fine- to medium-
grained marbles. Within these white-colored marbles, grey 
to dark grey and fine to medium-grained marbles occurring 
(Carvalho et al. 2008). The whitish varieties with reddish 
and brownish veins and spots are common. In Fig. 35 some 
examples of these varieties are presented.

During the fieldwork in 2017 (Klein 2018), 96 natural 
fracture planes in the mining levels between 68 and 112 m 
under ground level were measured. Additionally, the data of 
17 joint spacings were obtained. Due to the active extrac-
tion of blocks, several mining levels could not be accessed 
and studied.

The density distribution of pole points for the measured 
joints identifying three groups of joints (Fig. 36) with one 
dominant joint set striking in NE–SW direction and dipping 
with an angle of 20–30° to SE. The second joint set is show-
ing a preferred NNW–SSE strike direction, dipping with an 
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angle of 40° up to 85° to ENE. The last set is nearly vertical 
and striking in ENE–WSW direction.

Comparing the obtained data from Klein 2018 with the 
joint data from Carvalho et al. 2008 (Fig. 37) for the entire 
Pardais mining area, similar orientations of the joint sets are 
noticeable. Both vertical oriented joints can be related with 
the measurements from Carvalho et al. 2008. Only the sub-
vertical, NE–SW striking joints are more dominant devel-
oped within the Cochicho quarry.

The joint spacing was measured for the sub-horizontal 
N35°E striking joint set, the joints striking in N16°W direc-
tion, which are dipping with an angle of 42° and 84° to ENE 
and the vertical joint set striking to N80°E (Fig. 38). The 
sub-horizontal joints striking to N35°E and dipping with 

an angle of 20° to SE, have a median spacing of 0.98 m and 
varying from 0.45 m to 1.5 m. The joints striking to N16W 
and dipping with an angle of 42° to ENE, have a median 
spacing of 0.76 m and varying from 0.35 to 1.5 m. The same 
joint set, striking in N16°W direction, but dipping with an 
angle of 84° to ENE have a median spacing of 0.63 m and 
varying from 0.3 to 2.5 m. The last joint set, which is verti-
cal and striking to N80E, has a median spacing of 0.5 m 
and varying from 0.3 to 1.3 m. All joint sets are showing a 
high-joint spacing distribution between 0 and 0.5 m. Around 
75% of the N80°E striking joint set is distributed in 0–0.5 m 
range. The biggest joint spacing, which was only measured 
one time, is 2.5 m. No joint spacing distribution between 1.5 
and 2 m was identified. Only a small amount of joint spacing 

Fig. 33  Lithostratigraphic map and location of the Estremoz Anti-
cline, with indication of the quarry locations (red numbers: 1–7): 
1—Mármores Galrão, 2—Bentel, 3—Geopedra, 4—Marmetal, 5—

António Galego, 6—Granoguli, and 7—Cochicho (measured joint 
spacings and rose diagrams of the identified joints provided by Klein 
2018; map  modified from Carvalho et al. 2008)
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measurements for each joint set (n = 4–5) were done, caus-
ing the results presented in this study to be quite unreliable.

To identify in-situ blocks in the Cochicho quarry, 
3D-BockExpert was applied in the 21st and 22nd mining 
levels (Fig. 39). The first modeled block is located 107 m 

under ground level with edge lengths of 3.1 m in X-direc-
tion, 10.1 m in Y-direction, 5.1 m in Z-direction, and a total 
volume of 162.8  m3 (Fig. 40).

The resulting three smallest blocks have a volume of 
0.82  m3, 1.27  m3, and 1.39  m3, which correspond to 2.14% 

Fig. 34  Geological map and profile of the Pardais region (between point A and B) with the location of the Cochicho quarry (modified after Car-
valho et al. 2008)

Fig. 35  Macroscopic images of the marble varieties from the Estremoz Anticline: a Branco, b Branco Vergado, c Branco Estremoz, d Branco 
Anilado, e Creme Vergado, and f Marinela
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of the total volume. Seven blocks with a total volume of 
50.08  m3, have following block volumes: 2.01  m3, 2.04 
 m3, 2.94  m3, 5.43  m3, 7.91  m3, 13.78  m3, and 15.98, which 
is 30.76%. The three biggest blocks: 21.22  m3 (13.29%), 
34.46  m3 (21.58%), and 37.38  m3 (23.41%) have a volume 
of 93.06  m3, which is 57.61% of the raw block (162.8  m3).

In total, six sizes for possible in-situ blocks were cho-
sen, resulting from the X-direction of the slab thickness 
(1.5/1.6 m), the thickness of the Y-direction (varying from 
1 to 4 m) and a chosen thickness of 0.5 to 2 m in Z-direction. 
Based on this assumption, following block volumes were 
computed: 0.75  m3 (1.5 m (X) × 1 m (Y) × 0.5 m (Z)), 0.8  m3 
(1.6 m (X) × 1 m (Y) × 0.5 m (Z)), 1.6  m3 (1.6 m (X) × 1 m 
(Y) × 1 m (Z)), 1.875  m3 (1.5 m (X) × 2.5 m (Y) × 0.5 m (Z)), 
3.2  m3 (1.6 m (X) × 2 m (Y) × 1 m (Z)), and 12.8  m3 (1.6 m 
(X) × 4 m (Y) × 2 m (Z)).

From the raw block (162.8  m3), eight computed in-situ 
blocks can be extracted. In total three in-situ blocks (each 
0.75  m3) with a volume of 2.25  m3 and one block with a vol-
ume of 1.875  m3 can be extracted from the first slab, which 
is 1.5 m wide. From the second slab, one block with a vol-
ume of 0.8  m3, one block with a volume of 1.6  m3, one block 
with a volume of 3.2  m3, and one block with a volume of 
12.8  m3 can be extracted (Klein 2018). Counted together, the 
computed in-situ blocks have a volume of 22.53  m3, which 
correspond to 13.8% of the total volume of the raw block.

The second modeled block is located 112 m under ground 
level with edge lengths of 3 m in the X-direction, 3 m in 
Y-direction, 5 m in Z-direction, and a total volume of 45  m3 
(Fig. 41). Five joints, which cover up 5.11% (2.3  m3) of the 
total volume, divide the raw block into six separated blocks. 
Again, the raw block was prepared to get cut in 1.5 m thick 
slabs, parallel to the YZ-surface (Klein 2018).

The resulting six blocks have following volumes: 2.8  m3 
(6.2%), 4.3  m3 (9.5%), 5.1  m3 (11.4%), 7.7  m3 (17.2%), 9.2 
 m3 (17.2%) and the biggest block with a volume of 13.5  m3 
(30%).

Fig. 36  Rose diagram of 
the identified sub-vertical to 
vertical and horizontal fracture 
directions and projection of 
the density distribution of pole 
points for measured joints in the 
Cochicho quarry. Purple lines 
indicating the strike direction 
of sawed quarry face in the 
mining levels 107 m to 112 m 
under ground level (data from 
Klein 2018; Schmidt net, lower 
hemisphere)

Fig. 37  Stereogram representing the data of the Pardais region (modi-
fied after Carvalho et al. 2008; Schmidt net, lower hemisphere)

Fig. 38  Joint spacing distribution of the identified main sub-horizon-
tal N35°E striking joint set, the joints striking in N16°W direction 
and the vertical joint set striking to N80°E (data from Klein 2018)
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Fig. 39  Orthophoto and digital 
surface model (DSM), with 
locations of the 3D-BlockExpert 
models, survey windows and 
mapping of the cutting pattern 
in the Cochicho quarry. Unfor-
tunately, no joint sets could be 
mapped by this approach, due 
to the covered surfaces of the 
mining levels
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Fig. 40  In-situ block identification with the help of the software: 3D-BlockExpert in the Cochicho quarry. The raw block from the  21st mining 
level has a total volume of 162.8  m3 and a computed yield of 22.53  m3 (13.8% of total volume) (modified after Klein 2018)
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In total, four sizes for possible in-situ blocks were cho-
sen, resulting from the X-direction of the slab thickness 
(1.5 m), the thickness of the Y-direction (varying from 0.75 
to 1.5 m) and a chosen thickness of 1.5 to 2 m in Z-direc-
tion. Based on this assumption, following block volumes 
were computed: 2.25  m3 (1.5  m (X) × 1  m (Y) × 1.5  m 
(Z)), 2.25  m3 (1.5 m (X) × 0.75 m (Y) × 2 m (Z)), 2.813  m3 
(1.5 m (X) × 1.25 m (Y) × 1.5 m (Z)), and 3.938  m3 (1.5 m 
(X) × 1.5 m (Y) × 1.75 m (Z)).

At the end, five computed in-situ blocks were identified 
within the raw block. Two in-situ blocks (each 2.25  m3) with 
a volume of 4.5  m3 and one block with a volume of 2.813 
 m3 can be extracted from the first slab. A smaller volume of 
in-situ blocks was identified in the second slab. Here, only 

one block with a volume of 2.25  m3 and one block with a 
volume of 3.938  m3 can be extracted. In total, the computed 
in-situ blocks correspond to a volume of 13.5  m3, which is 
30% of the total volume of the raw block.

A typical yield in the Pardais region was calculated with 
20% of the extracted volume (Carvalho et al. 2008). The first 
modeled block, which is situated in the  21st mining level 
and 107 m under the ground level, only indicates a yield 
of 14%, which is below the stated number of Carvalho et 
al. (2008). One of the reasons, for the lower yield, are the 
joints with the acute angle to the direction of the extraction. 
Another possible reason is the slight offset of the measured 
extraction walls in this area, which are not totally parallel 
to the NNW–SSE striking joints (Fig. 39). Already a small 

Fig. 41  In-situ block identification with the help of the software: 3D-BlockExpert in the Cochicho quarry. The raw block from the  22nd mining 
level with a total volume of 45  m3 and a computed yield of 13.5  m3 (30% of total volume) (modified after Klein 2018)
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adjustment of 10°, could improve the extraction of in-situ 
blocks.

The second raw block, which is situated in the  22nd min-
ing level and 112 m under the ground level, is showing a 
yield which is two times higher than the previous raw block 
from the  21st mining level. The higher yield can be explained 
by the orientation of the joint surfaces, which are orthogo-
nal to the YZ-surface and, therefore, not that limiting for 
the chosen orientation of the extraction walls and in-situ 
blocks (Klein 2018). The raw blocks in the Cochicho quarry 
are extracted parallel to the NW–SE striking shear zone 
by wire saws, which correspond to the YZ-surface of the 
3D-BlockExpert models. Orthogonal to the NW–SE striking 
shear zone and parallel to the XZ-surface, faults and dolerite 
discontinuities take place. Additionally, both vertical joint 
sets striking parallel to the shear zone and dolerite discon-
tinuities. The direction of mining in the Cochicho quarry is 
aligned to the natural joint planes and only need small cor-
rections. The second raw block is already showing a higher 
yield of 30%, resulting from a heterogenic distribution and 
orientation of the joints.

Like already mentioned above, the Cochicho quarry is the 
deepest marble quarry in this region and the quarry walls can 
be up to 150 m high. Structural data can be only obtained 
at the footwalls of the quarry, like it was the case with the 
surveys of Klein 2018, or even by rope climbing (Salvini 
et al. 2017). Both approaches make the surveys unsafe and 
the data often incomplete to understand the entire area. Data 
for discontinuities that intersect a defined scan line were col-
lected by Klein 2018 in accessible areas, using traditional 
scan line mapping techniques (Salvini et al. 2017). Unfor-
tunately, information about the orientation and location of 
the scanlines are missing and only the result of the measured 
joint sets of the entire quarry can be presented (Fig. 39). 
Therefore, a photogrammetric survey was carried out, using 
UAV technology to obtain high resolution 3D point clouds 
and DSMs, a helpful tool if integrated with traditional geo-
logical surveys to derive important parameters, such as frac-
ture orientation, intensity, density, and size (Salvini et al. 
2017). Both orthophotos were computed with the software 
Pix4D and the function “Orthoplane”, which allows the user 
to choose any wall of the 3D point cloud to receive a high 
resolution orthophoto of the desired quarry wall.

In total, four survey windows were applied in the 3D 
point cloud, to generate detailed orthoplanes of chosen quar-
rying walls: two at the NW facing wall and two at the NE 
facing wall. The NW facing wall (Fig. 42), where the survey 
windows 1 and 2 are located, is situated in the lower part 
of the Cochicho quarry and includes five extraction levels. 
The chosen wall is around 30 m deep and 85 m wide. The 
second quarry wall is facing NE (Fig. 43), which is parallel 
to the NW–SE striking extraction walls and include survey 
windows 3 and 4. This wall is special, because it is showing 

nearly the entire depth of the Cochicho quarry. The com-
puted orthoplane is 124 m deep, 61 m wide and including 
21 extraction levels. In the first four extraction levels, the 
previous mined slabs could be identified. In the lower parts, 
this observation was not possible, which could be explained 
with a change of mining direction.

The size of the survey windows (32 × 6 m) was fit to the 
average distance between the extraction levels (6 m) in the 
quarry and a chosen length of 32 m. In the next step, all 
observed and visible discontinuities within the survey win-
dows were counted and measured to calculate the  P10,  P20, 
and  P21 values (Salvini et al. 2017).

A difficulty, which was also described by Salvini et al. 
(2017), was to assign a set of discontinuities to the correct 
set identified by the field survey, which was done by Klein 
2018. Because only line traces are visible, the inclination 
of the discontinuity set could not be defined. Therefore, the 
sets were labeled with D1–D4, D1 and D2 in first wall, D3 
and D4 in second wall. Table 6 shows the calculated values 
of  P10,  P20, and  P21 from survey windows 1 to 4.

Furthermore, information about the distance between 
the extraction levels and the thickness of the slabs could be 
measured. The height of the extraction level varies between 
5.8 and 6.3 m. The thickness of the extracted slabs is show-
ing a mean of 1.66 m and varying from 1.36 to 2.2 m.

Slate quarries

To understand the natural fracture patterns and the resulting 
in-situ block geometry of the slates in the quarries near Vila 
Nova de Foz Côa (Northern Portugal), data in the Cupastone 
and Solicel quarry (Fig. 44) were collected by conventional 
methods and aerial photography. The slate schists of Foz 
Côa are of gray-dark to black color, when deeply fractured 
oxides precipitate and the schist is showing a brownish col-
oration (Lourenço et al. 2009).

The schists are exploited in an area, called Pedreiras do 
Poio, which is located inside the Vale do Côa Archaeologi-
cal Park, a World Heritage classified site by UNESCO since 
1998. The quarries are located 5 km west of the Vilariça 
Fault (NNE–SSW strike), conditioning the geomorphology 
of the area and forming the Longroiva graben, which con-
tinuous north through the Vale da Vila, near Vila Nova de 
Foz-Côa (Fig. 44). The Vilariça Fault divides the region 
into two great blocks, resulting in a horizontal displace-
ment of 5.5 km. The western block is extremely eroded 
after it ascended about 300–400 m after the Vilafranquian. 
The studied quarries are in the eastern block, which is less 
eroded and still preserves the Ordovician. The sedimentary 
sequences in the quarries representing the opening and clos-
ing of a primitive ocean (Sousa et al. 2015).

The studied areas, quarries Solicel and Cupastone, are 
located at the edges of a WNW–ESE-elongated hill, with 
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the highest area resulting from the continuity of the Foz-Côa 
plateau, which lies at the NW of the quarries. This plateau, 
with an approximate height of 360 m, is cut by two pre-
dominantly WNW–ESE rivers, that run to the Côa River at a 
height of 125 m. The exploited mining levels are part of the 
geological unit known as Desejosa Formation, which is part 
of the Dúrico-Beirão SuperGroup (Lourenço et al. 2009).

The extracted rocks are exploited through the bedding 
planes, which can reach a thickness up to 3 m.

The Solicel Company is extracting two varieties of 
ornamental stones, called Black Schist (Xisto Negro) and 
Oxidised Schist (Xisto Oxidado) in their quarry (Fig. 45). 
There are benches of striped shales composed of thin dark 
beds and light gray component, which alternate succes-
sively. This stone is very anisotropic, it shows a flexural 

Fig. 42  The top picture is showing the 3D model with the location of 
the orthoplane of the NW facing wall of the Cochicho quarry. In the 
lower part, the survey windows 1 and 2 were used to map the discon-

tinuity sets D1 and D2. The blue lines indicating the extraction levels 
and orthogonal to them the green lines the extracted slabs (see Fig. 38 
to locate in the quarry)



 Environmental Earth Sciences (2022) 81:16

1 3

16 Page 38 of 55

strength value three times higher in the longitudinal direc-
tion than in the transverse one (Morales Demarco 2013). 
The rock columns made of this local schist were used in 
vineyards in the Douro Valley region, forming the charac-
teristic landscape of narrow terraces. Today, the demand 
of this material changed, due to the use of cheaper mate-
rials in the already diminishing demand of new vineyard 
areas. Nowadays the production is oriented on facades, 
interior surfaces and pavements (Lourenço et al. 2009; 
Sousa et al. 2015).

The jointing is very similar in the studied quarries and 
follow the previous studies in the area (Gomes 1987; Búrcio 
2004; Lourenço et al. 2009, 2012; Sousa et al. 2015). The 

regional faults NNE–SSW to NE–SW and NW–SE (Fig. 44) 
seems control the jointing in the quarries.

Case study: Solicel quarry

In the Solicel quarry three sub-vertical to vertical joint sets 
could be identified. The most dominant joint sets are striking 
in N20°− 40°E and N40°− 60°E direction. One orthogonal 
joint set is striking in N50°− 70°W direction (Fig. 46). The 
sub-horizontal bedding planes dipping with an angle of 16° 
to SSW.

In the upper part of the Solicel quarry, where the weath-
ered slate is extracted, also three joint sets were found. The 

Fig. 43  The right picture is showing the 3D model with the location 
of the orthoplane of the NE facing quarry wall, which is parallel to 
the direction of the extracted raw blocks. In the left part, the survey 

windows 3 and 4 were used to map the discontinuity sets D3 and D4. 
The blue lines indicating the extraction levels and the green lines the 
extracted slabs (see Fig. 39 to locate in the quarry)

Table 6  Calculated values 
of  P10,  P20, and  P21 in survey 
windows 1 to 4

Window 1 Window 2

Set P10  (m−1) P20  (m−2) P21 (m/m2) P10  (m−1) P20  (m−2) P21 (m/m2)

D1 0.156 0.026 0.044 0.188 0.031 0.024
D2 0.125 0.021 0.022 0.094 0.016 0.021

Window 3 Window 4

D3 0.188 0.031 0.026 0.156 0.026 0.044
D4 0.094 0.016 0.023 0.094 0.016 0.028
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dominant joint set is striking in N20°− 30°E direction. 
Two less dominant joint sets are striking in N60°− 70°E 
and N60°− 70°W direction (Fig. 47). A difference in the 
strike direction of the sawed quarry face was noticed. 

While the quarry faces in the lower part of the quarry 
have a strike direction of N61°W, the strike direction in 
the upper part of the quarry is around N69°W.

Fig. 44  Aerial photography with locations of the Solicel and Cupas-
tone quarries. The main geological structures are marked within the 
map. Joint spacing distribution and Rose diagram of the identified 

fracture directions of the studied slate quarries (map was modified 
after Lourenço et al. 2009)
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Similar results can be found in the work from Lourenço 
et al. 2009 mentioning that, the fracturing is mostly notice-
able on the thicker benches, occurring in two families: 
N20°− 30°E and N40°− 60°E (Fig. 48) (Gomes 1987). 
The benches are sub-horizontal and typically incline about 
10° south. In some places and because of tectonic activity, 
the benches even tilt about 45° to SE.

The quarry zone is located on a plunging synclinal in 
the ESE, with sub-horizontal stratification dipping to the 
south and striking in N54°E direction (Lourenço et al. 

2009). The primary schistosity (S1) is parallel to the strat-
ification (S0), which allow easy separation of the rock. 
The cleavage planes (S2) in the slates are sub-vertical and 
formed later than the rock. The fractures are perpendicular 
to S0/S1 and S2, making it possible to obtain parallelepi-
ped blocks (Lourenço et al. 2009).

The studied joints in the Solicel quarry are located 
5 km west of the major Vilariça Fault which is striking 
in NNE–SSW direction. The distance to the main faults 
and the distance to the axial planes of the first-order folds 

Fig. 45  Black Schist (Xisto 
Negro) from the Solicel quarry, 
with typical thin dark beds and 
light gray component (left). 
Typical natural and rugged 
surface (right)

Fig. 46  Rose diagram of the 
three identified vertical fracture 
directions and stereographic 
projection of the density 
distribution of pole points for 
measured joints in the Solicel 
quarry. Blue line is indicating 
the strike direction of the sawed 
quarry face (Schmidt net, lower 
hemisphere)

Fig. 47  Rose diagram of the 
three identified vertical fracture 
directions and stereographic 
projection of the density 
distribution of pole points for 
measured joints in the upper 
part of the Solicel quarry for 
the weathered slate. Blue line is 
indicating the strike direction of 
the sawed quarry face (Schmidt 
net, lower hemisphere)
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influencing the quality of the dimensional stone extraction. 
The immediate vicinity to the main fractures is causing a 
dense joint pattern in the rocks. The quarries should be 
localized in the wide hinge zones of the major synclines 
(Búrcio 2004).

The joint spacing was measured along two scan lines 
(Fig. 49) in the lower and most active part of the Solicel 
quarry. The following result representing the median spacing 
of the above-mentioned part of the quarry by measurements 
made in the field (Fig. 50). The sub-vertical joints in the 
Solicel quarry striking to N20°− 40°E, have a median spac-
ing of 0.75 m and varying from 0.2 to 3.5 m. The orthogonal 
joint set with its N50°− 70°W direction has a spacing of 
1 m, varying from 0.4 to 2.1 m. The sub-vertical joint set 
striking to N40°− 60°E has a median spacing of 1.1 m and 
varying from 0.2 to 5.1 m. The median horizontal spacing 
is 1.3 m and varies between 0.3 and 3.1 m. In general, the 
sub-vertical joint sets are showing a high-joint spacing dis-
tribution in the range 0.5–1 m. Less than 5% of the spacings 
are greater than 3 m.

The joint spacing in the upper part of the Solicel quarry 
(Fig. 51), where the weathered slate is extracted near the 
surface, was measured along the quarry walls. The sub-ver-
tical to vertical joints striking in N20°− 30°E direction have 
median spacing of 0.6 m and varying from 0.2 to 1.9 m. The 
sub-vertical joint set striking to N60°− 70°E has a median 
spacing of 1.28 m and varying from 0.2 to 2 m. The orthogo-
nal joint set, which is striking in N60°− 70°W direction has 
a spacing of 1 m, varying from 0.3 to 2.3 m.

The median horizontal spacing is 1.3 m and is varying 
between 0.3 and 3.3 m. In general, the sub-vertical joint sets 
are showing a high-joint spacing distribution in the range 
0.5–1 m. Only the horizontal joints are showing a joint spac-
ing distribution of 70% in the range 0.5–1 m.

The data for the joint spacing obtained by aerial sur-
vey are showing slightly higher values than the field data 
(Table 7), except of the N60°− 70°W striking joint set. The 
median spacing of the N20°− 30°E striking joint set is with 
0.90 m higher than the data measured by hand in the field. 
The joint spacing of the N60°− 70°E striking joint set also 
has increased by 0.5 m to a median spacing value of 1.78 m. 
The median horizontal spacing is 1.42 m and similar with 
the spacing obtained by compass. Only the spacing of the 
N60°− 70°W shows a lower value of 0.88 m, which is 12% 
less than the field measurements. The differences seem to be 
related with fracturing pattern rather than the errors related 
with this methodology. When the visibility of the joint traces 
is low the fracturing density is underestimated, but this was 
not the case. The selected areas for field measurements and 
aerial survey do not match completely, therefore, differences 
are expected to occur.

To identify the fractures in the lower part of the quarry 
and to make a comparison with the conventional methods, 
a helpful plugin was used in CloudCompare to perform pla-
nar facet extraction. With function FACETS planes from 
unstructured 3D point clouds can be extracted and their dip 
and dip direction calculated (Millis et al. 2019). To get infor-
mation about the fractures, especially in the higher located 
rock slopes, a 3D point cloud was generated by drone images 
from the field survey in April 2018. This allows us to map 
discontinuities throughout the quarry and even in areas 
which are nearly impossible to reach.

After applying the FACETS function in CloudCompare, 
color-coded planes will be generated, corresponding to a 
certain range of dip and dip directions of surfaces in the 
unstructured 3D point cloud, which can be set in a previ-
ous stage (Millis et al. 2019). The results of the dip and 
dip directions can be visualized in stereoplots, but to avoid 

Fig. 48  Stereographic projection of the density distribution of pole 
points for measured stratification (contours at: 0, 1, 3, 5, 10), schistos-
ity (contours at: 0, 1, 5, 10, 15, 20), and fractures (contours at: 0, 1, 3, 

5, 10, 15, 20) in the Pedreiras do Poio mining area (data from Gomes 
1987; Schmidt net, lower hemisphere)
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Fig. 49  Orthophoto and digital surface model (DSM), with location of the scan lines, 3D-BlockExpert Model, mapping of the joint sets and cut-
ting pattern in the lower part of the Solicel quarry
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diffusion of the discontinuity sets and drift in the estimated 
set orientation, the high density of data must be filtered (Mil-
lis et al. 2019).

In the first part of Fig. 52, a large-scale study of the entire 
quarry was done and two stereoplots, corresponding to two 
nearly orthogonal joint sets in the Solicel quarry, were gen-
erated. These sets of facets were chosen, since they are cov-
ering more than 80% of the walls located in the quarry. The 
first picture is showing the computed 3D point cloud with 
violet facets striking to N47°E (mean values calculated by 
FACETS) and the orange facets striking to N59°W (mean 
values calculated by FACETS). The violet facets correspond 
also with the green facets and the orange facets with the 
blue ones. This coloration is caused by the vertical joints, 
which are striking in the same direction but dipping to the 
opposite quadrant. FACETS is grouping similar facets with 
the same coloration. The calculated striking of the joint sets 
from FACETS match the data from the field (Fig. 46), which 
were measured by compass.

In total two small-scale approaches with FACETS were 
done, following scan line 1 and 2 (Fig. 49). In the second 
part of Fig. 52, an active quarrying wall was selected, which 
was studied also with the 3D-BlockExpert software. In this 
area, also the green and orange facets are present and cor-
responding to the mean values of the large-scale survey, 
except of some small differences. The green facets strik-
ing to N52°E (mean values calculated by FACETS) and the 
orange facets striking to N56°W (mean values calculated 
by FACETS).

Another small-scale survey with FACETS was done in 
the higher part of the quarry, following scan line 2 (Fig. 49). 
The upper part of Fig. 53 is showing the same computed 
facets of the large-scale survey as in Fig. 52 and serves as 
an overview of the scan line 2 location.

In the second part of Fig. 53, another active quarrying 
wall was selected. In this area, the violet/green and orange 
facets are present and corresponding to the mean values of 
the large-scale survey, except of some small differences. The 
violet facets striking to N34°E and the orange facets strik-
ing to N56°W. Both joint sets of the second scan line are 
orthogonal. The orange facets of the first and second scan 
line are showing a constant strike direction of N56°W. A 
change in striking direction was only noticed in the NE–SW 
striking joints, supporting the assumption of two separate 
joint sets in NE–SW and NNE–SSW direction (Fig. 46). Due 
to the small survey areas, a high degree of accuracy in the 
generated results can be expected (Millis et al. 2019). The 
study of both scanlines shows the importance of window 
sampling in different parts of the quarry, to identify a change 
in joint direction and, therefore, the change of in-situ block 
locations.

The measured spacings of the sub-vertical joint sets and 
the additional horizontal spacing were used to compute 
median block volumes for both scan lines. The mean values 
of the small-scale surveys for dip and dip direction, calcu-
lated by the FACETS plugin (Figs. 52 and 53), were used to 
calculate the block volumes. The quarrying direction follows 
the schistosity (S2) with N60°W. The almost vertical joint 
sets in the first scan line striking to N56°W and N52°E. Both 
joint sets are not orthogonal and have an angle of 72°. The 
maximum block (median joint spacings obtained in the field) 
has a possible volume of 1.08  m3  (VB1L1 = 0.83 × 1 × 1.3 m), 
considering the joint set orientation and median edge lengths 
of the sub-horizontal bedding plane (1.3 m), the N56°W 
(1 m) and N52°E (1.1 m) orientated vertical joint sets. This 
means that a volume of 0.42  m3 will be lost, which corre-
spond to 28.09% of the total volume (1.50  m3).

Using the calculated strike direction and spacing of 
the joint sets from the scan line 2, a volume of 0.975  m3 
 (VB2L2 = 0.75 × 1 × 1.3 m) was computed, considering the 
median edge lengths of the sub-horizontal bedding plane 
(1.3 m), and the orthogonal joint sets striking to N56°W 
(1 m) and N34°E (0.75 m). In this case no waste will be 
produced, due to the orthogonal joint sets.

The dimension of 14 extracted blocks were measured 
during the field work with following average edge lengths: 
3.05 m (length) × 1.23 m (width) × 0.79 m (height). The 
resulting median block has a volume of 2.95  m3, which is 
three times bigger than the computed median block volume 
(0.975  m3) from above. This result is biased because only 
the largest blocks are held in quarry.

To identify in-situ blocks in the Solicel quarry, 3D-Block-
Expert was used at the scan line 1 (Fig. 49). The modeled 
block is in the lower part of the Solicel quarry with edge 
lengths of 12 m in X-direction, 14 m in Y-direction, 4.9 m 
in Z-direction and a total volume of 823.2  m3 (Fig. 54). In 

Fig. 50  Joint spacing distribution of the identified main sub-vertical 
joint sets and the horizontal bedding plane in the lower part of the 
Solicel quarry
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Fig. 51  Orthophoto and digital 
surface model (DSM), with 
location of the 3D-BlockExpert 
Model and mapping of the joint 
sets and cutting pattern in the 
upper part of the Solicel quarry
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total 15 sub-vertical to vertical joints and 2 sub-horizontal 
bedding planes were identified.

The median spacing of the N52°E striking sub-vertical 
to vertical joints is 1 m (value measured from the spacings 
in the 3D-BlockExpert model (Fig. 54), which is the same 
value as the spacings for the entire quarry. The median spac-
ing of the N56W striking joints is 2.1 m and is 2.1 times 
higher than the median spacing in the entire quarry.

The horizontal bedding plane is dividing the raw block 
in Z-direction with a volume of 823.2  m3 into three separate 
raw blocks (Fig. 54). Ten blocks with the biggest volume, 
defined by the natural fracture systems, are shown in Fig. 54. 
Nine of ten of the biggest blocks are located between sec-
tion b and c. These ten blocks volumes ranging from 11.61 
to 32.62  m3. The biggest block has a volume of 32.62  m3, 
which is nearly 4% of the total volume. Between section a 
and b, one of the bigger blocks is located, with a volume 
of 13.51  m3, which is 1.64% of the total volume. These ten 
blocks have a volume of 193.2  m3, which is 23.5% of the 
total volume. The joint planes cover up 112.2  m3, which 
represent 13.63% of the total block volume.

The raw block was separated in Z-direction along the bed-
ding plane into 3 slabs, with a thickness of 1 m (difference 
of section a and b), 2.8 m (difference of section b and c) and 
0.9 m (difference of section c and d), and edge lengths of 
12 m in X-direction and 14 m in Y-direction. This allows us, 
a view inside the three slabs to identify the in-situ blocks. 
The high-joint density of the NE striking joint sets, espe-
cially in an area which is 2 m wide, five joints (at 9–11 m in 
Y-direction) causing very small in-situ blocks. In between 
section b and c, these NE striking joints covering a large 
area of the raw slab, making it impossible to extract useable 
dimension stones (Fig. 54). The sub-vertical joints have a big 
influence of the final volume of the in-situ blocks, like it is 
the case again in between section b and c. This slab is 2.8 m 
thick and there are three sub-vertical joints striking in NW 
direction (around 3 m and from 10 m in X-direction), which 
were marked with orange lines in Fig. 54. Especially the 
two sub-vertical NE striking joint sets, with a narrow joint 
spacing of only 1.3 m, leaving nearly no volume for in-situ 
blocks. In the other two thinner slabs, these joints are present 
and their propagation through the entire raw block can be 
followed. In the thinner slab (between section C and D), the 

quantity of the in-situ blocks is higher, but the dimension is 
limited by the height (Z-direction) of the slab.

Possible final block sizes were chosen with 4 m, 3 m and 
2 m in X-direction, 1 m in Y-direction resulting from the 
joint spacing of the N52°E striking joint set and the thick-
ness of the Z-direction (1 m, 2.8 m or 0.9 m). The in-situ 
blocks have following volumes between sections a and b: 4 
 m3, 3  m3, and 2  m3. The smallest in-situ block volumes will 
be extracted between sections c and d with volumes of 3.6 
 m3, 2.7  m3, and 1.8  m3. The largest block volumes of the in-
situ block can be found between section b and c, with 11.2 
 m3, 8.4  m3 and 5.6  m3 (Fig. 54).

Proceeding from this assumption, 7 final in-situ blocks 
(4  m3) with a volume of 28  m3, 1 final in-situ blocks (3  m3) 
with a volume of 3  m3, and 13 blocks (2  m3) with a volume 
of 26  m3 can be extracted between sections a and b, which 
means a total volume of 57  m3 will be extracted (Fig. 54). 
Between sections b and c, in total four final in-situ blocks 
(11.2  m3) with a volume of 44.8  m3, four final in-situ blocks 
(8.4  m3) with a volume of 33.6  m3, and ten blocks (5.6  m3) 
with a volume of 56  m3 can be extracted, which is a total 
block volume of 134.4  m3. Between the last sections of c 
and d, a total block volume of 72  m3 can be extracted, with 
following final in-situ blocks: 7 final in-situ blocks (3.6  m3) 
with a volume of 25.2  m3, 4 final in-situ blocks (2.7  m3) with 
a volume of 10.8  m3 and 20 blocks (1.8  m3) with a volume of 
36  m3. Overall, these in-situ blocks correspond to a total vol-
ume of 263.4  m3, which is about 32% of the total volume of 
the original raw block (823.2  m3). This value is higher than 
the usually mentioned for the yield in slate quarries (Walsh 
1999; Morales Demarco 2013). The raw block modelled is 
located in a low fractured area of the quarry, therefore, the 
global yield of the quarry will be lower.

Landslides and rockfall instability

Rockfall is the most common cause (over 20%) of accidents 
and fatalities in an active quarry (Alejano et al. 2012). The 
process of rockfall is mainly driven by slope inclination 
and involves the detachment of rock fragments, rolling, 
sliding and deposition (Robiati et al. 2019). The safety of 
the workers in the quarries must be guaranteed while they 
became increasingly deeper during exploitation. Data of 

Table 7  Median and mean joint spacing of the investigated joint sets and horizontal planes divided into data obtained in the field and by aerial 
photography in the upper Solicel quarry

Measured by compass Measured with 3D-Model

Joint set N20°–30°E N60°–70°E N60°–70°W Horizontal N20°–30°E N60°–70°E N60°–70°W Horizontal

Median 0.60 1.28 1.00 1.30 0.90 1.78 0.88 1.42
Mean 0.72 1.37 1.05 1.27 0.98 1.90 1.02 1.50
n 30 9 11 10 22 12 10 8
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Fig. 52  Identified fracture 
surfaces from a 3D point cloud 
dataset. Upper part is showing 
the entire quarry and a large-
scale FACETS survey with 
corresponding stereoplots of 
the calculated fracture systems 
and calculated mean dip and dip 
directions. The location of the 
first small-scale survey of the 
active quarrying area is shown 
within the red rectangle. The 
mean striking direction of the 
corresponding facets is shown 
in the stereoplots
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Fig. 53  Identified fracture surfaces from the same 3D point cloud 
dataset of Fig. 52. Upper part is showing the entire quarry from a dif-
ferent angle of view and the same facets from the large-scale survey. 

The location of the second small-scale survey of the upper active 
quarrying area is shown within the red rectangle. The mean striking 
direction of the corresponding facets is shown in the stereoplots
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photogrammetric surveys can help to study landslides and 
rockfall instability. The resulting high-resolution point 
clouds can be analysed with tools like FACETS to charac-
terize the distribution of discontinuities in a rock slope, like 
joints, faults and stratification.

In Fig. 55, the FACETS application uses the point cloud 
to identify the dip and dip direction a fault in a quarry. The 
same point cloud was also used to determine the stratifica-
tion in the same quarry. The mean striking direction and the 
calculated mean dip and dip directions of the corresponding 
facets is shown in the stereoplots.

Two examples for landslides and rockfall instability can 
be found within Fig. 56. The blue facets representing critical 
planes dipping with 69° to the SSW which can cause rockfall 
in the Mármores Galrão quarry (Estremoz region, Portugal). 
The second example in the Solicel quarry is showing a previ-
ous rockfall that happened just some weeks before the field 
survey in April 2018. This rockfall was caused by undercut-
ting of the slope and causing instability.

The previous examples were intended to inspire and have 
not been carried out further in detail. They are only to show 
how new technologies can improve in the characterization 
of fracturing. For detailed studies please see Alejano et al. 
(2012) and Robiati et al. (2019).

Final comments

In this research, several examples of combining both field 
measurements and fracturing modelling in quarries of build-
ing stones were presented and discussed. We selected quar-
ries in four different rocks: granite, marble, limestone, and 
slates. The development of the quarries is conditioned by 
the rock structure, fracturing pattern, and weathering profile. 
Remarkable differences were found in the studied quarries, 
notorious even in the quarries of same rock type.

Fracturing assessment is of critical importance during 
the evaluation process of the building stones resources. A 
detailed field survey of the joint sets is very important to this 
evaluation. However, large areas to map and/or inaccessible 
walls and quarry fronts needs to be also mapped. Unmanned 
aerial vehicles help in this task by capturing imagery that 
enables orthophotos, digital surface models and 3D models. 
Also, the fracturing modelling is a powerful tool helping in 
the process of the quarry yield evaluation.

In this section, instead of conclusions from research 
already presented for individual cases, a general discussion 

is proposed. The study of the fracturing in building stone 
quarries is a stimulating task by incorporating new tech-
niques and technologies, but always based in field work. A 
general discussion is presented, by mention the observations 
in studied quarries, the complexity related with the natu-
ral fracturing and structural issues and the new possibili-
ties from new approaches. To combine the field work and 
geological knowledge with new technical opportunities is a 
challenge we need to win.

Fracturing in the studied quarries follows the regional 
fracturing pattern. This is true for all rock types, but small 
differences can be found from quarry to quarry. Quarries 
have large areas and the field measurements are sometimes 
difficult and only a small portion of the quarry is mapped. 
In the mapped areas not all the joint sets are visible, and 
the fracturing information is affected by this bias. On the 
other hand, the degree of development of the quarry has 
an impact on the accessibility of the joints. Large and deep 
quarries allow the evolution of the fracturing with depth to 
be assessed, particularly the increase in spacing in sub-hor-
izontal joints and the decrease in fracture density. These 
controlling factors should be considered when a comparison 
between the fracturing in quarries is made.

The results of joint spacing are generally consistent with 
those of previous investigations in the rocks and quarries 
studied. However, the above considerations regarding the 
differences in the joint pattern also apply to the values of 
the joint spacing. Measurements were made on the front 
faces of the quarries, where the joint spacing is greater than 
in the other parts of the quarries. The more fractured areas 
of the massif are not exploited or are rapidly abandoned, so 
that joint spacings calculated from information obtained in 
a single quarry are always the best values for the entire out-
crop. Given the above limitations, the results of joint spacing 
evaluations should not be used to draw general conclusions, 
and some caution should be exercised.

Assuming a uniform distribution of the joint sets in the 
quarries and considering the mean values of joint spacing, 
it is possible to identify the in-situ blocks and their volume. 
This is a statistical approach that can be used to compare the 
yield values in multiple quarries. In fact, all quarries show 
changes in the fracturing pattern and joint density. A yield 
variation can be expected in any quarry and larger range 
happens when several quarries are associate. When litho-
logical and structural questions are taking into consideration, 
these differences reach extreme values. Some examples are 
the extreme fracturing and weathering of the syn-tectonic 
granites when compared with sound and less fractured post-
tectonic, the limestone quarries located in very different 
sedimentary and stratigraphic levels, the marble and slate 
quarries located in folded and thrusted areas or in unfolded 
areas.

Fig. 54  In-situ block identification with the help of the software 
3D-BlockExpert in the Solicel quarry. The raw block from the lower 
mining level with a volume of 823.3  m3 has a yield of 263.4  m3 (32% 
of total volume). Orange lines pointing out NW striking joints and the 
green lines the NE striking joints and the space they are covering

◂
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Despite the above limitations the statistical approach 
to yield assessment is a powerful tool to guide the mining 
activity in a quarry, by defining the best approach to maxi-
mize the extraction of commercial blocks. In different parts 
of the quarry not all the joint sets are visible and/or the joint 
spacing is much higher than the mean values. In those cases, 
the yield and volume of the blocks will be higher, and every 
person can be successful with such excellent natural condi-
tions. When choosing between different quarrying areas and 

options, reliable data are key to successful quarry develop-
ment. Quarry activity cannot happen only where yield is 
higher, an overall evolution of the quarry fronts is crucial to 
maintain the production level trough time.

Modelling the joints in a quarry front with software pro-
grams like 3D-BlockExpert helps in quarry management. It 
is possible to model the trend of joint surfaces, to calculate 
the shape and volume of the in-situ blocks and the quarry 
yield. Besides the fracturing characterization and expected 

Fig. 55  The identification of joints, faults, and stratification during the quarry development is possible with the plugin FACETS
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quarry yield, the effect of changing the cutting direction of 
the block can also be assessed. A small shift in the cut-
ting angle improves the number and volume of final blocks. 
Another important tool of this software (3D-BlockExpert) 
is the prediction of the possible blocks that will be cut 
from the initial raw block or quarry front. Considering the 
fracturing pattern in a specific quarry area, it is possible to 
maximize the final blocks by changing the distance between 
the cuts. Sometimes, large blocks are destroyed avoiding 
higher quarry yield. Usually, such operations are performed 
automatically on a quarry front, using previous defined 
dimensions without checking whether the best option has 
been applied. Of course, such an option requires continuous 
monitoring of the quarry front, the collection of jointing 
data, modelling and finally investigation of the best option. 
These procedures are time consuming, and technical per-
sonnel capable of performing such tasks are needed, but the 

effort can be worthwhile. A modest increase of 10% in com-
mercial blocks will pay the investment.

Yield values were determined for the modelled quarry 
fronts that correspond to the best values found in the lit-
erature and are consistent with the real values reported by 
quarry technicians. The values of yield obtained in the fronts 
of studied quarries range from 14 to 60%. As mentioned 
above, these values represent only a local picture of fracture 
formation in a narrow area of the quarries. They do not give 
a false picture of quarry yield but show how fracture pattern 
and fracture density affect the ability to deliver commer-
cial blocks. The results are consistent with reality and give 
confidence for increased use of these modelling software in 
quarry operations.

Unmanned aerial vehicles are helpful in the characteri-
zation of the quarry fronts, namely in the identification 
of the joints in accessible walls and allowing a general 
view of the quarry. When evaluating a small portion of the 

Fig. 56  The plugin FACETS was used in CloudCompare to identify dip and dip direction of critical slopes which, can cause rockfall in the Már-
mores Galrão quarry (upper point cloud) and Solicel quarry (lower point cloud)
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quarries, it is possible to identify the main joint sets and 
faulted/folded areas that are not visible. Furthermore, post-
processing of point clouds from aerial photography allows 
the creation of digital surface models, orthophotos and 3D 
models that can be used to manage the development of the 
quarry (occupied area, extracted volume, waste volume 
and quarry yield). Since these techniques can be adapted 
to the requirements of each quarry, a new field of applica-
tion opens up.

Information from aerial surveys can be used in many 
cases to increase the detail of information from field meas-
urements and to improve knowledge of fracturing. The dis-
tance between sub-horizontal joints and stratigraphic levels 
can be determined without difficulty from an orthoplane 
of quarry walls. Inaccessible areas where traditional field 
surveys methods are not applicable can be considered here 
and now, strengthening fracture characterization, improv-
ing knowledge of exploitation constraints, and helping to 
increase yield.

The orthophotos of clean outcrops showing joint traces 
provide information about joint sets and joint spacings. 
However, surfaces must be clean, and visibility is a limiting 
factor—waste covers joint traces and closed joints are dif-
ficult to identify. In addition, evaluation based only on aerial 
photographs may yield different values than the results of 
field measurements. The joint pattern and spacing changes in 
a quarry, and differences between values from field measure-
ments and aerial photographs can be expected to occur when 
different areas have been evaluated.

The comparison of the main joint sets and the cutting 
can be easily done in an orthophoto, or a 3D model. The 
maximization of the yield is achieved when the joints are 
used to define the extracted blocks. This means that one cut-
ting direction is defined by the most important joint set and 
the other cut direction will be perpendicular to first one. In 
some cases, a slight difference is evident between the joint 
strike and the cut directions. Probably, the cutting direction 
was initially determined considering the joint strike, which 
changed in the quarry, or the cutting direction was deter-
mined incorrectly. A small angle between the cutting direc-
tion and the main joint set can result in large losses. Aerial 
photos can be used to control the extraction by adapting the 
cut direction to the fracturing. A permanent evaluation of the 
joint pattern during the extraction is mandatory, and chang-
ing the angle can improve the quarry yield.

The identification of the main joint sets or faults planes is 
also possible by applying special plugins to the point clouds. 
Such capabilities can be useful for obtaining a quick over-
view of the joint pattern in large areas, identifying variations 
in the joint pattern, confirming the joint pattern in an active 
quarry front, and distinguishing structural planes such as 
stratification. Potential slide planes can be identified to avoid 

deepening of the quarry without previous stabilization or 
other safety measures.

3D models are suitable for evaluating the volume quarried 
and waste dumped in a given period. Such information can 
be used for various purposes, such as to calculating quarry 
yield by the relation between the volume quarried and the 
volume of blocks extracted, or for monitoring the evolution 
of resources. Land planning management can benefit from 
such information, as an update of occupied land and quarry 
development is always done on an annual or multi-annual 
basis.

The combination of all these techniques is essential in 
today's building stone industry. With the development of 
extraction and processing techniques, the quantity of mate-
rial extracted from the quarries increases each year. Quarries 
must be able to follow the demand of raw material by maxi-
mizing the yield and improving the extraction techniques. 
Basic geological information such as joint set striking and 
spacing and their changes in the quarry area are key fac-
tors to improve the quarry yield. Combining traditional field 
techniques with information provided by drone imagery, 3D 
models and fracture modelling is the forthcoming evolution 
in the quarry management.

There is no single methodology, as all quarries are dif-
ferent, and the solutions must be suitable for the existing 
problems. Instead of presenting a general methodology, 
we focused on giving a picture of the possibilities to take 
into account the new technical developments. We strongly 
believe that the future for the natural stone industry starts 
now. These new techniques can be unfamiliar today, but 
their popularization and friendly use are contributing to 
their increasing application. In the coming decades, more 
and more of these tools will help improve quarry evaluation 
and management.

Despite these new developments, basic fieldwork and 
knowledge of the geological background should not be 
ignored. They are always the basis for quarry management 
and can never be replaced by the information provided by 
these new techniques. On the contrary, maximizing these 
new technologies and techniques requires a deeper knowl-
edge of geological information. Only in this way can the best 
option for new studies be identified to augment the existing 
information. Nice figures without valid information are only 
nice figures.

The examples given in this text are just a few of the situ-
ations where the combined methods improve geological 
knowledge and help in the quarry management. This new 
approach can be applied to single quarry, a cluster or to a 
pristine area. It is the problem to be solved that determines 
the best methodology to apply. Other applications are pos-
sible, and this will be our next focus.
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