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Summary 
 
Including in the WP7 for developing exploration methods, this task is dedicated to the 
analogue field work and how the study of these analogues can be useful for the deep 
geothermal targets. 
 
On the field, numerous data and information on the rock mass are available can be 
measured by the geologist, but knowing which are usefull for local models and numerical 
simulation is not often obvious. In particular, discontinuities use to play a role in the rock 
mass behavior (mechanical and hydrogeological behavior), and numerical simulation need to 
take into account the discontinuities, even explicitly (by example for hydraulical (transport 
and flow), mechanical and/or thermal modellings of complexes zones such as fault zones) 
using a Discrete Fracture Network approach (DFN), even by homogenizing the medium 
using continuous approach. We will focus and detail the development of practical methods to 
transfer field data though quantifiable value to local model with DFN approach which need 
the most detailed and complex data. 
 
The key question is which data are needed to be transferred from field data though 
quantifiable value to local model, and how can be transfer. For a long time, it has been well 
known that the discontinuities properties that have the greatest influence on the rock mass 
behavior are: 

- orientation, 

- size (here size refers to the extension of the discontinuity), 

- frequency, 

- surface geometry, 

- genetic type, and 

- infill material. 

Although this kind of information uses to be measured by the geologist, there is still a gap 
between the descriptive methods of the geologist (whatever the substrate of the data: aerial 
photographs and satellite images, outcrops, borehole logging…) and the needed quantitative 
data for modeling. This gap may be bridged by applying mathematical methods sort in three 
main themes, corresponding to the three main steps of the workflow, will be developed here: 
upstream work, data acquisition on field and post-treatment.  
 
A short application has been done in the Eclépens quarry, in Switzerland, where the rock 
faces are easily accessible. This site is belonging to the internal edge of the folded Jura. This 
edge is mainly constituted by calcareous rocks with marls from lower Cretaceous. The 
anticline structure of Mormont outcrops Mesozoic rocks within the Molasse Basin. The main 
interest of this study is the La Sarraz fault system, which outcrops in this quarry. This is a 
dextral strike-slip fault conjugated to the most important N-S dextral fault of Pontarlier. In this 
quarry, the vertical strike-slip faults linked to the main fault oriented NW-SE and probably 
currently active, offers an interesting site to acquire structural data in limestones. These fault 
zones are probably continuous under the Molasse Bassin and can be constituted potential 
geothermal target. 
 
An area of the quarry has been chosen in order to compare two fracture measurement 
methods: the scanline, directly on the outcrop, and the photogrammetry. The both acquisition 
methods give similar results for orientations, spacing and density. However, some 
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differences can be linked to the scale observation. Therefore, the scanline method brings 
more detail for the small structures, whereas the photogrammetry method allows to better 
sample large structures and their relations with the whole outcrop. The combination of both 
methods allows to overly the whole fracture data acquisition. Then, for each type of data, it is 
important to identify the most appropriate method and their limits. 
 
As a way forward, we recommend to make a good screening of the need for modelling and 
adapt transfer method. The acquisition by photogrammetry can be used to give data in non-
accessible areas, particularly in the highest part of the cliffs or dangerous outcrops. Whereas 
scanline give more precise data, particularly about mineralization, movement of fault … 
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1 Introduction 
 
Including in the WP7 for developing exploration methods, this task is dedicated to the 
analogue field work and how the study of these analogues can be useful for the deep 
geothermal targets. The objective of this task is to define the most appropriate data to 
acquire and how process them to input in the models.  
 
For that, in the first part of this report, we present geological and structural data we need in 
models, as hydro-mechanical models, hydraulic models, thermo-hydraulic models, discrete 
or continuous and practical methods to transfer field data though quantifiable value.  
 
In the second part, we present an acquisition of field data in a quarry located at Eclépens, in 
Switzerland, where the rock faces are easily accessible. A comparison of a direct acquisition 
method on field (scanline) and by photogrammetry has been done. 
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2 Development of practical methods to transfer field data 
though quantifiable value for modelling 

 

2.1 Introduction 
 
On the field, numerous data and information on the rock mass are available can be 
measured by the geologist, but knowing which are usefull for local models and numerical 
simulation is not often obvious. In particular, discontinuities1 use to play a role in the rock 
mass behavior (mechanical and hydrogeological behavior), and numerical simulation need to 
take into account the discontinuities, even explicitly (by example for hydraulical (transport 
and flow), mechanical and/or thermal modellings of complexes zones such as fault zones) 
using a Discrete Fracture Network approach (DFN), even by homogenizing the medium 
using continuous approach. We will focus and detail the development of practical methods to 
transfer field data though quantifiable value to local model with DFN approach which need 
the most detailed and complex data. In DFN models, each discontinuity is explicitly 
represented with all its geometric (i.e. discontinuity shape, length, orientation) and physical 
parameters (hydraulic properties as aperture, porosity… and/or mechanical properties as 
rigidity, friction angle, dilatance… and/or thermal properties as conductivity…). The 
geometric parameters used to describe discontinuity networks could be deterministic data 
(parameters as size, center coordinates/spatial position, plan orientation are given for each 
discontinuity) and/or stochastic data (size distribution, density – potentially per region, 
orientation distribution) given for each discontinuity set or for the whole discontinuities with a 
fractal, a Poisson or a geostatistical approach (Chilès, 1988).   
 
The key question is which data are needed to be transferred from field data though 
quantifiable value to local model, and how can be transfer. For a long time, it has been well 
known (e.g. : Piteau, 1970, 1973, Priest, 1993, Obert and Duvall, 1967, Hoek and Bray, 1981, 
Snow, 1968, Louis, 1974 …) that the discontinuities properties that have the greatest 
influence on the rock mass behavior are: 

- orientation, 

- size (here size refers to the extension of the discontinuity), 

- frequency, 

- surface geometry, 

- genetic type, and 

- infill material. 

Although this kind of information uses to be measured by the geologist, there is still a gap 
between the descriptive methods of the geologist (whatever the substrate of the data: aerial 
photographs and satellite images, outcrops, borehole logging…) and the needed quantitative 
data for modeling. This gap may be bridged by applying mathematical methods as illustrated 
by the Figure 1 and developed in the following paragraphs. Three main themes, 
corresponding to the three main steps of the workflow, will be developed here: upstream 
work, data acquisition on field and post-treatment.  

                                                
 
1
 The word “discontinuity” includes features as bedding planes, faults, fissures, fractures, joints and 

other mechanical defects in a rock mass. The both terms are used interchangeably for all these 
features. 
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Figure 1 - Conceptual scheme for set out the gap between field data (in green) and numerical models (right part of the figure, in purple) 
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2.2 Upstream work 
 
Before on field measurements, a first key question is “what do we need?”. The response of this 
question could help to adopting appropriate sampling strategies. The a priori knowledge of the 
object involved in the physical process to model help to define the scale of the measurements, and 
on which details the greater attention should be given. By example, the understanding of the flow 
pathway through discontinuity network between two 1- km-away wells will need to sample 
discontinuities network at hectometric scale and to focus on their hydraulic behavior; whereas the 
estimation of the mechanical stability of a wellbore in an fault zone by example will lead to sample 
at fault zones width scale (few meters to few decameters) and to focus on mechanical properties. 
 
A second key point is to have an a priori idea of the mechanism of formation of the studied objects, 
in relationship with the tectonic history and generic concept (as Riedel models…), that could be 
helpful to drive the sampling (sometimes it is easier to find things you are looking for), to analyze 
the data and finally create a statically representative network, in particular when data set will be 
probably incomplete (low quality outcrop) or biased (line survey). An example of data interpretation 
in regards with Riedel model at the scale of a fault zone is presented Figure 2 (from Katz et al., 
2004). 

A  B  
Figure 2A – RIEDEL MODEL: Stages in the evolution of complex Riedel shear structures. (a) Primary basic Riedel 
structure consisting of sparse, broadly distributed deformation bands is created during the first stages of shear-zone 
evolution. (b) With progressive strain, new closely-spaced deformation bands displace old deformation bands. (c) Dense 
networks of deformation bands, restricted to narrow elongated domains orienting sub-parallel to shear direction, are 
created at later stages of the shear-zone evolution. Due to intensive rotation within these domains the primary R0-bands 
change into a sigmoidal-like shape(Katz et al., 2004). B – DATA INTERPRETATION IN REGARDS WITH RIEDEL 
MODEL:  Stages in the evolution of complex Riedel shear structures. (a) Primary basic Riedel structure consisting of 
sparse, broadly distributed deformation bands is created during the first stages of shear-zone evolution. (b) With 
progressive strain, new closely-spaced deformation bands displace old deformation bands. (c) Dense networks of 
deformation bands, restricted to narrow elongated domains orienting sub-parallel to shear direction, are created at later 
stages of the shear-zone evolution. Due to intensive rotation within these domains the primary R0-bands change into a 
sigmoidal-like shape (Katz et al., 2004) 
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2.3 Measurement on field 
 
Measurement on field can be performed at different scale and using different supports: on satellite 
images, aerial photographs, photogrammetry, outcrops (rock faces), wellcores, borehole logging… 
Depending on the support, all the needed data given below are not available. Generic knowledge 
and local geological history can then complete the data set. 
 
The most widely used measurement strategy to acquire the geometric parameters from outcrops or 
wellcores are scanline sampling (e.g. Priest and Hudson, 1981), window sampling (e.g. Pahl, 1981 ; 
Priest, 1993) and circular scanline and window sampling (e.g. Mauldon et al.,2001). The data can 
be acquired manually or automatically (automatic detection of lineaments, e.g. Reid and Harrison, 
2000; Masoud and Koike, 2011; Wilson et al., 2011…); in the last case, the information should be 
cross-checked by local manual measurements.  
 
The most essential data needed for building a DFN are (Figure 1): 

- Discontinuities orientations (dip, dip direction): after having corrected the data from the 

survey bias (e.g.: Terzaghi, 1965), identifying and delimiting discontinuity sets in accord 

with the tectonic settings (e.g.: Peter-Borie and Gentier, 2011) and/or by using clustering 

methods (e.g.: Zhou and Maerz, 2002) give the number of discontinuity sets, the orientation 

of their mean plan and the dispersion around the mean plan, and the density of 

discontinuity by set (on the whole or per region).  

- Length trace: after sampling bias correction, it gives information on the distribution of the 

discontinuity size. 

- Spacing: after geostatistical analysis, it provides information on spatial distribution on the 

different discontinuity sets (special correlation, repeating sequences…). 

- Termination (discontinuity trace terminates on intact rock or on other discontinuity – which 

orientation?): it gives information on temporal ranking of the discontinuity sets and could be 

related to the tectonic history or the strain mode and steps.  

Figure 3 give an example of a classical scanline survey logging form allowing the record of the 
above information. 

 
Figure 3 - Classical blank scanline survey logging form (Priest, 1993) 
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In numerical simulation, geometrical DFN is not enough: numerical discontinuities have mechanical, 
hydraulic and/or thermal properties as well as the intact rock, and the quality of these properties is 
a prerequisite for physical modeling relevance. On the field, different indicators can help to 
estimate the properties of the rock mass and of the discontinuities.  
 
In particular, rock mass behavior could be estimated from:  

- The rock nature (generic properties database), 

- Laboratory tests (sampling on field), 

- The volumetric density of discontinuities in the rock mass ; on field, the record data such as 

discontinuity length trace, spacing between discontinuities and the discontinuity persistence 

give information about rock mass mechanical behavior (through the rock mass rating 

(RMR) or the Rock mass Quality (Q) methods e.g. : Bieniawski, 1979). The nature of the 

termination of the discontinuity trace and the discontinuity persistence give information on 

hydraulic behavior (through global connectivity of the discontinuity network – e.g., Priest, 

1993): the computation of the Terminaison Index (Ti, ISRM 1978) is an estimation of the 

rate of intact rock bridge: a large value of Ti would be relatively stiffer and stronger than a 

mass with a lower index, that it would not be susceptible to rigid block failures and would 

have a lower mass permeability.  

The properties of the discontinuities could be estimated from: 
- For mechanical behavior: 

o The discontinuity curvature and roughness (irregularities on discontinuity plan at 

different scale: less than about 100 mm for roughness and greater for curvature – 

Priest, 1993) that give information on mechanical behavior (through the Joint 

Roughness Coefficient – JRC - Barton and Choubey, 1977) 

o The joint wall compressive strength  (JCS; ISRM,1978) 

- For hydraulic behavior: 

o Laboratory tests, 

o Discontinuity Infill 

o Discontinuity roughness (see Brown, 1987 - link between JRC and discontinuity 

aperture – e.g. Zimmerman et al., 1990). 

2.4 Post-processing for geometrical parameters of a DFN 
 
The post-processing concerns in particular stochastic DFN: data acquired on analogue field have 
to be generalized to be projected on the future borehole target rock mass where no deterministic 
data are available in exploration phase. We should notice that many post-processing are proposed 
in automatic or semi-automatic tools (e.g.: Zeeb et al., 2013, FRACMAN software...). 
 
At least, a stochastic DFN needs as geometrical inputs: 

 Discontinuity orientation (dip and dip direction distributions), 

 Number of discontinuities or discontinuity density (number of discontinuity center per unit of 

volume or areal surface per unit of volume), 

 Discontinuity shape (may be imposed by the chosen software) and size distribution. 

These data can be completed and the DFN may be more representative by adding: 
- Density per region and per discontinuity set (if the distribution is not homogeneous in the 

space; case in particular of fault zone or spatially clustered discontinuity sets) 

- Hierarchisation that may have an impact on the discontinuity shape as discontinuities from 

a given set terminate at discontinuities of other sets. 
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2.4.1 Definition, delimitation and characterization of discontinuity sets 

 
The first step of post-processing of the field data is the clustering of the discontinuities into sets 
consistent with the tectonic. In addition of classical method for discontinuities clustering taking into 
account one variable, the plan orientation, multivariate clustering methods are developed (e.g.: 
Zhou and Maerz, 2002). These last methods characterize discontinuities into subsets according to 
multiple parameters such as orientation, spacing, roughness…  
 
Plane orientations are directional data that may be visualized in three dimensional-space where 
they may be represented by points on the surface of a sphere (extremity of the normal to the plan). 
Specific techniques have been developed to treat this data that can not be studied by using linear 
theory (Mardia, 1972). The clustering methods, usefull to determine and to delimit discontinuity 
sets, use the theory of directional statistic. 
 
The clustering methods are preceded by a correction of the bias of the sample survey. A classical 
method to correct the bias of a scanline survey is described by Terzaghi (1965) using the acute 
angle between the scanline and the normal of the discontinuity. The annex 1 details the 
mathematical formulation of Terzaghi bias correction, which use the directional statistics developed 
by Mardia (1972). From the first method of bias correction presented by Terzaghi (1965), other 
methods have been developed and have been automatized for different measurements strategy as 
window sampling (e.g.: Lato et al., 2010).  
 
The clustering methods are numerous: K-means clustering method (Dillion and Goldstein, 1984), 
Fuzzy c-means clustering method (Zadeh, 1965), vector quantization method (Pandya and Macy, 
1996), Nearest neighbor clustering method (Dillion and Goldstein, 1984), Clustering algorithm 
developed by Mahtab & Yegulalp (1982 – algorithm presented in annex 1), Fisher distribution 
(Fisher, 1953 ; Mardia, 1972)… They constitute a base to cluster the discontinuities and then to 
compute representative orientation for each set and dispersion around this orientation. When DFN 
uses statistical information on orientation of discontinuities, distributions of discontinuity orientation 
are required (probability distribution, mean, standard deviation at least). Theoretical laws should 
then be adjusted to the experimental distributions of the discontinuities in each identifying set (for 
the dip and for the dip direction). Distribution around the mean value of orientation should be 
performed using distribution on sphere theory (Mardia, 1972).  
 
In most software using DFN approach (e.g. 3FLO © Itasca), common continuous probability 
distributions (as normal or lognormal distributions) are available. Nonetheless, others laws can 
quite often be added by encoding them.   
 

2.4.2 Discontinuity shape, size and density 

 
Before defining the size and the density of discontinuities, the shape of the discontinuities should 
be considered. If each discontinuity terminates at other discontinuities, the shape will take form of a 
complex polygon. To avoid the difficulties due to complex shape of the discontinuities, and to the 
fact that the real shape of each discontinuity is not available whatever the measurement strategy, a 
number of workers have adopted the simplifying assumption that discontinuities are circular 
(Dverstop and Andersson, 1989, Cacas et al., 1990, Priest, 1993…), or have polygonal shapes 
(Huseby et al., 1997…..), or ellipsoidal shapes (de Dreuzy et al., 2000, Gao et al., 2016…). 
 
Depending on the support of measurements, the quantity of collected information on size and 
density of the discontinuities may vary: outcrops have limited extent and discontinuity trace may 
not be complete. The size of a discontinuity is one of the most difficult discontinuity properties to 
measure accurately on field (Priest, 1993). As a result, the estimation of the volumetric density of 
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discontinuities is mainly expressed as a function of the discontinuity size (see: Dverstop and 
Andersson, 1989, Zang and Einstein, 2000 and Peter-Borie and Gentier, 2011…). 
  
To summarize, the characterization of the geometry of three dimensional discontinuity networks is 
severely limited by the impossibility of measuring accurately discontinuity data sets, that are at best 
2D data, but in many cases 1D data. One solution to that problem results in the application of the 
stereological rules that link 1D or 2D measurements with 3D ones. The first step is to define, to 
estimate or to make assumptions on the discontinuity spatial distribution and on the discontinuity 
size distribution. The discontinuity distribution may be random and follow a Poisson law, or a 
spatial organization could be observed or expected, and the discontinuity distribution may follow for 
example the form of a fractal distribution. Discontinuity size distribution use to follow exponential, 
power-law or lognormal distribution. Many authors have been dealing with these problems for a 
long time (e.g.:  Chilès, 1988; Marrett and Allmendinger, 1991; Piggott, 1997; Berkowitz and Adler, 
1998; Bonnet et al., 2001; Darcel, 2002; Gao et al., 2016…). Most of the authors mentioned above 
propose ways to infer the probability density function of the discontinuity size from 1D or 2D data 
with different assumptions on discontinuity shape and spatial distribution. 
 
Nonetheless, it should be notice that the discontinuity network geometrical characteristics depend 
on the studying physical process: for example, if the DFN is created to solve a hydraulic problem, 
we have to consider only efficient hydraulic discontinuity:  

 that is a subset of the whole discontinuities in the rock mass, moreover, the rate of efficient 

hydraulic discontinuity may vary depending on the discontinuity set and its tectonical 

history, 

 that is probably also a subpart of each discontinuity, i.e. that all the surface of a given 

discontinuity is not efficient from a hydraulic point of view.  

Subset may mean thus a fewer density, but also a fewer discontinuity size for a “hydraulic” 
discontinuity than “mechanical” discontinuity (Peter-Borie and Gentier, 2011). Thus, for a same 
rock mass, the DFN may be different depending on the physical process studied. 
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3 Application on collected data in the Eclépens quarry 
 

3.1 Geographical and geological context 
 
The studied site is located in an exploited quarry at Eclépens in Swizerland. This quarry (Figure 4), 
exploited by HOLCIM group, is locates in the Vaud canton, between the town of Lausanne and 
Yverdon, within the Mormont anticline. 
 
This site is belonging to the internal edge of the folded Jura. This edge is mainly constituted by 
calcareous rocks with marls from lower Cretaceous. The anticline structure of Mormont outcrops 
Mesozoic rocks within the Molasse Basin. 
 
The main interest of this study is the La Sarraz fault system, which outcrops in this quarry. This is a 
dextral strike-slip fault conjugated to the most important N-S dextral fault of Pontarlier. 
 
 

 
Figure 4 – Arial photo of the Eclépens quarry (courtesy by HOLCIM group). 

 
The Jura is essentially constituted by limestones and begin to fold during Miocene on the Triassic 
evaporate, which constitute a slip plan. This is due to the movement of the African plate to the 
North, which forms fault systems oriented NE-SW dipping to the South. During the folding, the 
sediments coming from the Alps fill the basin between the Jura and the Alps, forming the Molasse 
Bassin (Grassi et al., 2014). 
 
The Mormont hill, in which the quarry is excavated, represents an important calcareous rock 
promontory behind the centre of the Molasse Bassin, between the alluvial plain of the Venoge, in 
the South, and the Nozon, in the North. 
 
In this quarry, the vertical strike-slip faults linked to the main fault oriented NW-SE and probably 
currently active, offers an interesting site to acquire structural data in limestones. These fault zones 
are probably continuous under the Molasse Bassin and can be constituted potential geothermal 
target. 
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The tectonic map (Figure 5) indicates that the studied area is located in a regional fault system 
constituted by two branches of La Sarraz fault zone. These two faults limited the Eclépens quarry 
and are oriented WNW-ESE. In depth, this faults are located only in the Cenozoic and Mesozoic 
sediments (Grassi et al., 2014). 
 

 
Figure 5 – Geological map and tectonic of the Eclépens area. The quarry is drawn in light red and the two La Sarraz 
faults oriented NW-SE are in dark red. 

 
The Mormont hill is a small anticline structure with a N70°E axis and the layers dipping 10° to NW 
and SE. This structure is cross cut by numerous vertical strike slip faults (Figure 6; Grundman et al., 
2007). 
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Figure 6 – Fault plan of the strike NW-SE slip fault in the NE of the quarry 

 

3.2 Methodology 
An area of the quarry has been chosen in order to compare two fracture measurement methods: 
the scanline, directly on the outcrop, and the photogrammetry. These both methods have been 
applied on an outcrop with about 40 meters long and 20 meters high. The goal is to collect about 
100 to 150 data to compare both methods. 
 
This area of the quarry has been chosen in the central part of the main fault which take into 
account the different part of a fault zone (fault core, damage zone and protolith; Caine et al., 1996; 
Figure 7). 
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Figure 7 – Arial picture of the Eclépens quarry. Main faults in red. Studied area is in orange. 

3.2.1 Scanline method 

 
The scanline is a manual method permitting to locate all fractures cross cutting the graduated 
chain along a cliff (Figure 8). This rock plane must be cleanest and smoothest as possible. The 
long have to be enough large to take into account the size of the fractures and the space between 
two of them. Moreover, the studied rock plane have to be representative of the whole of outcrop 
(Priest et al., 2012). 
 

 
 
Figure 8 – Picture of a part of the outcrop with the scanline (graduated chain). High of the picture is about 3m. 
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Fractures parallel to the scanline are under-estimated. Therefore, we need ideally take several 
direction of scanline in order to sample all the fracture sets. 
 
Along the scanline, each fractures cross-cutting the scaline have been characterized by: 

- The type of the discontinuity: fault, fracture, bedding,… In this study, we call fault as 
discontinuities showing slip (slickensides) and fracture as discontinuities without slip 
movement. 

- The location of the fractures along the graduated chain. 
- The orientation of planes: dip and dip direction. 
- High of the fractures 
- Type of end the plane: I for non brittle rock, A for other plane, O for we don’t know. 
- Other observations like rugosity, mineralisation, alteration, fluid flow,… 

 
 

3.2.2 Photogrammetry method 

 
The principle of photogrammetry is close to the working of the human eyes. Each eye sees the 
same picture but with a slightly different angle and the brain build a 3D image. To make 
photogrammetry, two pictures have been taken for the same outcrop and software (Sirovision 6, 
CAE, 2010) allows to reconstitute the outcrop in 3D par processing the both pictures (Figure 9). 
 
 

 
 
Figure 9 – 3D picture of the outcrop built by Sirovision. The dotted yellow line represents the scanline of Figure 8. 

 
These pictures are georeferenced by GPS with a precision of centimetre.  
 
The planarity and the good light are two important parameters in order to have a good 3D picture 
(Altwegg et al., 2013). After the reconstruction of the outcrop in 3D, the fractures and faults are 
identified by picking (Figure 10). This method allows acquiring data even if the outcrop is not 
accessible. However, it is difficult to observe details of plans, as mineralisations. 
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Figure 10 – 3D picture of the outcrop with the linedrawing of faults in blue, fractures in green and bedding in red. 

 

3.3 Comparison of the acquired data 
 

3.3.1 Orientations of fracture sets 

 
 
The orientations (dip and dip direction) measured on the outcrop by the scanline method and on 
the pictures by the photogrammetry method, have been processed with the software DIPS (v.7.0, 
Rocscience, 2016). These orientations allow to define the main sets. A Terzaghi correction has 
been applied and the isolines have been computed by the Fisher method (Figure 11). 
 
With the photogrammetry method, we have measured 126 data, whose 31 beddings, 21 faults ans 
74 fractures. On the outcrops, we have measured 103 data, whose 4 beddings, 18 faults ans 81 
fractures.  
 
The photogrammetry data allow to identify 4 main sets: 

1. Bedding is horizontal 
2. A fracture set N72°E and vertical 
3. A fracture set N130°E and vertical 
4. A fracture set N179°E and vertical 

On the outcrop, the sets are rather the same: 
1. Horizontal bedding  
2. A fracture set N69°E and vertical 
3. A fracture set N142°E and vertical 
4. A fracture set N178°E and vertical 

 
The orientations of the sets are close and are the same of the regional fracture sets. The sets 2 
and 3 are consistent with the large faults cross cutting the quarry (Figure 7). The set 4 is also 
present in the different outcrops around the quarry. 
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Figure 11 – Comparison of orientation of the plans measured by photogrammetry and scanline, and the identified sets on 
the Schmidt diagram (with Terzaghi correction). 
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3.3.2 Fracture spacing 

 
Fracture spacing are computed for each fracture sets, considering the interval between each 
fracture along the scaline. These measurements are corrected with the orientation of the set in 
order to obtain the perpendicularly distance of fracture, i.e. true distance (. In the case of 
photogrammetry method, the spacing are computed using a computer routine included in the 
Sirovision software. 
 
 
 

 
Figure 12 : Histogram of the fracture spacing for photogrammetry method (left) and scanline (right) for the N70E set (set 
2). 

 

 
Figure 13 : Histogram of the fracture spacing for photogrammetry method (left) and scanline (right) for the N180E set (set 
4). 

 
The fracture spacing distribution seems to constitute a log-normal or a negative exponential law 
(Figure 12and Figure 13). But, the low quantity of data (about 30 data for each set) does not allow 
to give a more detailed statistical analysis. 
 
Regarding the N70°E set, average spacing is 0.98 m for photogrammetry method and 0.66 m for 
scanline. For the N1800°E set, average spacing is 1.2 m for photogrammetry method and 0.6 m for 
scanline. 
 
 

3.3.3 Fracture length 

 
Fracture length has been measured on the field above and below the scanline. Fractures are often 
truncate and this measure represents the minimum length. For photogrammetry method, the 
software estimates the fracture length by a disk with a minimal diameter including the mapped 
fracture. 
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The fracture lengths less than 1 m are dominant for the both methods (Figure 14). However, the 
lengths between 1 and 3 m are more numerous for the photogrammetry method (Figure 14). 
 
 

 
Figure 14 : Histogram of fracture length for scanline (left) and photogrammetry (right). 

 
 

3.3.4 Fracture density 

 
Fracture density is the number of fracture per meter. Several virtual scanlines (7 in this case) have 
been done on the photogrammetry model in order to compare with the on field scanline. 
 
The diagram of cumulated fractures allows to identify the different fracture density zones (Figure 
15 and Figure 16). We can see the different parts of the fault zone (Fault core, Damage zone et 
Protolith). For the both methods, measurements show a asymmetry of fracture density of the 
damage. The damage zone on the right of the core zone is more fractured. 
 

 
Figure 15 : Cumulated number of fracture for the scanline method. 
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Figure 16 : Cumulated number of fracture for the photogrammetry method 

 
The difference of density values is probably due to the methods. The virtual scanline created by 
the photogrammetry software is parallel to the average direction of the wall, whereas the scanline 
of the field has different orientation in order to follow the wall. 
 

3.3.5 Fracture tips and mineralization 

 
In this case, the fracture tips are difficult to identify. 
 
Mineralizations are not visible on the photogrammetry. On the field, we can observe calcite with 
hematite or clay within few fractures. Mostly fractures do not have mineralization. 
 

3.4 Analysis of results and discussion 
 
 
The both acquisition methods give similar results for orientations, spacing and density. 
 
However, some differences can be linked to the observation. In the case of a quarry, the outcrop is 
artificial and some fractures are induced by the blast. These fractures are more difficult to identify 
on photogrammetry and constitute a “noise”.  
 
With high resolution pictures, with camera at about 10 m of the outcrop, slickensides can be 
observed and allow to distinguish faults and fractures (Figure 17°; In this study, all slickensides 
observed on photogrammetry and on the field are horizontal.  
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Figure 17 : Zoom of a 3D picture built by photogrammetry. This picture shows a fault plane with horizontal slickenslides. 

 
The photogrammetry model allows to show the whole outcrop wall and to measure the length of 
fractures. On the field, only an estimation of this length can be done. Moreover, photogrammetry 
can overlay a bigger surface of the outcrop and then allow to have more data in order to do a 
better statistical analysis. However, following the observation angle, some fracture sets can be 
hided, totally or partially, and this leads to a bias in the sampling. 
 
The scanline method can allow to observe the small structure, mineralization, roughness,… usually 
not observable on photogrammetry. For example, the movement of faults can be only identified on 
the field. 
 
Therefore, the scanline method brings more detail for the small structures, whereas the 
photogrammetry method allows to better sample large structures and their relations with the whole 
outcrop. The combination of both methods allows to overly the whole fracture data acquisition. 
Then, for each type of data, it is important to identify the most appropriate method and their limits. 
 
 

3.5 Conclusion 
 
This study shows that the both acquisition methods used to characterize fractures on a rock face 
are complementary. Photogrammetry brings a large vision and a large sampling. But scanline is 
more precise for small scale structures. The combination of both methods allows to overly the 
whole fracture data acquisition. Then, for each type of data, it is important to identify the most 
appropriate method and their limits. 
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4 Conclusions and way forward 
 
In this task, we have listed all parameters we need as input for the models (hydro-mechanical 
models, hydraulic models, thermo-hydraulic models, discrete or continuous) and screened the 
transfer methods to obtain quantifiable values can be use in these models. A data acquisition has 
been done on field in the Eclépens quarry and two methods have been compared: directly on field 
by scanline and indirectly by photogrammetry. These methods are complementary following the 
observation scale and bring data for future modelling. 
 
As a way forward, we recommend to make a good screening of the need for modelling and adapt 
transfer method. The acquisition by photogrammetry can be used to give data in non-accessible 
areas, particularly in the highest part of the cliffs or dangerous outcrops. Whereas scanline give 
more precise data, particularly about mineralization, movement of fault … 
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6 Annexes 
 

Annex 1: Mathematical formulation of post-processing and algorithms 
 
Trend & plunge of the normal to the plane i 
 

𝛼𝑛
𝑖  = 𝛼𝑑

𝑖 ± 180°       0 ≤ 𝛼𝑛
𝑖 ≤ 360° 

𝛽𝑛
𝑖 = 90° − 𝛽𝑑

𝑖         0 ≤ 𝛽𝑛
𝑖 ≤ 90° 

with: 

 𝛼𝑛
𝑖  : Trend of the normal to the plane I (degrees),  

 𝛽𝑛
𝑖  : Plunge of the normal to the plane I (degrees) 

 𝛼𝑑
𝑖   : Direction of the plane I (degrees),  

 𝛽𝑑
𝑖  : Dip of the plane I (degrees) 

 
Weight each discontinuity as a correction of the orientation sampling bias due to scanlines 

of trend/plunge 𝜶𝒔
𝒋
/𝜷𝒔

𝒋
 

 

cos 𝛿𝑖𝑗 = |𝑐𝑜𝑠(𝛼𝑛
𝑖 − 𝛼𝑠

𝑗
)𝑐𝑜𝑠𝛽𝑛

𝑖 𝑐𝑜𝑠𝛽𝑠
𝑗

+ 𝑠𝑖𝑛𝛽𝑛
𝑖 𝑠𝑖𝑛𝛽𝑠

𝑗
| 

𝑤𝑖𝑗 =
1

𝑐𝑜𝑠𝛿𝑖𝑗
         𝑤𝑖𝑗 ≤ 10 

𝑤
𝜀𝑖,𝑚𝑎𝑥

𝑖𝑗
= (

𝑠𝑖𝑛𝛿𝑖𝑗

𝑠𝑖𝑛(90° − 𝛿𝑖𝑗 − 휀𝑖)
) × 100 

With: 

 𝛼𝑠
𝑗
: Trend of the normal to the scanline j (degrees),  

 𝛽𝑠
𝑗
 : Plunge of the normal to the scanline j (degrees) 

 𝑤𝑖𝑗 : weighting factor for the plane i on the scanline j. The maximum weighting is 

commonly limits to 10 to avoid unreasonable weighting due to the limit of the function: 

the weighting function tends to ∞ when 𝛿𝑖𝑗 tends to 0. 

 𝑤𝜀,𝑚𝑎𝑥
𝑖𝑗

: maximum weighting factor error (percentage)  

 휀𝑖 : orientation measurement error of the plane I (degrees) 

Source: Terzaghi, 1965 
 
Correction of the orientation sampling bias due to a scanline survey 
 
Transform trend/plunge into Cartesian system (x,y,z) taking into account the weight correcting the 
sampling bias: 

𝑛𝑥
𝑖𝑗

= 𝑤
𝑖𝑗

𝑐𝑜𝑠𝛼𝑛
𝑖 𝑐𝑜𝑠𝛽𝑛

𝑖  

𝑛𝑦
𝑖𝑗

= 𝑤
𝑖𝑗

𝑠𝑖𝑛𝛼𝑛
𝑖 𝑐𝑜𝑠𝛽𝑛

𝑖  

𝑛𝑧
𝑖𝑗

= 𝑤
𝑖𝑗

𝑠𝑖𝑛𝛽𝑛
𝑖  

With : 

𝑛𝑥
𝑖𝑗

, 𝑛𝑦
𝑖𝑗

, 𝑛𝑧
𝑖𝑗

, the components of the normal vector of the plane i on the axis x,y,z of the Cartesian 

system ; the vector length is proportional to the weight 𝑤
𝑖𝑗

 due to the orientation sampling bias 

(scanline j) 
Source: Mardia (1972), Priest (1993) 
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Discontinuity network model 
 
Main discontinuity sets: identifying and delimiting sets 
 

Clustering algorithm of Mahtab & Yegulalp (1982): 

The probability P(>t,c) of more than t randomly orientated discontinuity normals occuring within a 

cone angle  is given by simple summation as follows : 
𝑐 = 1 − cos 

𝑛 = ∑ 𝑤𝑖𝑗

𝑖=𝑁

𝑖=0

 

𝑃(> 𝑡, 𝑐) = 1 − ∑
𝑒−𝑛𝑐(𝑛𝑐)𝑙

𝑙!

𝑡

𝑙=0

 

With : 
tcrit : maximum number of discontinuity in the cone angle  that could be interpreted as randomly 
oriented with a probability of s ; beyond this number of discontinuity, the discontinuity repartition is 
considered as clustering (and said to be dense in the cone). tcrit is the smallest value of t for which 
P(>t,c)≤c. 
 : cone angle (degrees) that included all the discontinuity of the set (axis of trend/plunge 𝛼𝑎 /𝛽𝑎 ). 

The chosen value for   has an important influence on the clustering process: left to the user's 

choice, the choice of    value allows the exercise of the personal knowledge of theorical 

knowledge of a particular site/object. By default   value can be chosen equal to 18.2°; c is then 
equal to 0,05 that corresponds to the assumption of each discontinuity belong to a cluster with a 
risk of 5%. 
c : proportion of all possible uniformly distributed orientation  
n : weighted number of discontinuity (N discontinuities with weight)  
Algorithm to define the critical frequency t: 

 
 
 
Source: Priest (1993) 
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Annex 2: Fracture data from Eclépens quarry 
 

 
Fracture data on field (scanline method) 

Length (m) Type Terminaison Longueurs (m) Roughness Remplissage Azimut (°) Pendage (°) Reference line

0.09 FR O - O 0.2 - 1 Irrégulière Fraîche 337 75

0.21 FR O - O 0.04 - 1 Irrégulière Fraîche 286 80

0.35 FR O - O 0.04 - 1 Irrégulière Fraîche 290 82

0.57 FR O - O 1 - 1 Irrégulière Fraîche 308 78

1.02 FR O - O 1 - 1 Irrégulière Fraîche 49 88

1.10

1.50

1.50

5.80

3.50 FR 293 85

4.50 BD ? 33 4

5.10 FR O - O < 1 Irrégulière Fraîche 282 76

5.70 FR O - O < 1 Irrégulière Fraîche 18 1

6.20 FLT O - O 1 - 20 149 85

6.18 FR A - A 0.05 - 0.8 Irrégulière Fraîche 59 87

6.50 FR A - A 0.03 - 1 Irrégulière Fraîche 53 89

6.20 FLT 150 87

7.02 FR A - A < 1 Irrégulière Fraîche 60 85

6.62 FLT 154 88

7.29 FR Irrégulière Fraîche 265 74

7.18 FR Irrégulière Fraîche 268 83

6.90 BD 59 3

7.92 FR O - O 1 - 1 Irrégulière Fraîche 258 87

7.78 FR O - O < 1 Irrégulière Fraîche 309 87

7.97 FR O - O < 1 Irrégulière Fraîche 304 89

8.51 FR O - O < 1 Irrégulière Fraîche 244 82

8.99 FR O - O < 1 Irrégulière Fraîche 60 88

9.28 FR O - O < 1 Irrégulière Fraîche 50 87

8.58 FR O - O < 1 Irrégulière Fraîche 270 78

8.38 FR O - O < 1 Irrégulière Fraîche 273 72

8.12 FR O - O < 1 Irrégulière Fraîche 291 85

9.56 FR O - O < 1 Irrégulière Fraîche 281 71

9.98 FR O - O < 1 Irrégulière Fraîche 265 69

9.82 FR O - O < 1 Irrégulière Fraîche 262 85

10.52 FR O - O < 1 Irrégulière Fraîche 255 87

11.21 FR O - O < 1 Irrégulière Fraîche 69 83

10.83 FR O - O < 1 Irrégulière Fraîche 151 88

11.10 FR O - O < 1 Irrégulière Fraîche 6 87

11.69 FR O - O < 1 Irrégulière Fraîche 260 82

12.80 BD 210 2

13.13 FR O - O < 1 Irrégulière Fraîche 358 65

13.02 FR O - O < 1 Irrégulière Fraîche 231 83

14.02 FR O - O < 1 Irrégulière Fraîche 57 89

16.85 FR O - O < 1 Irrégulière Fraîche 55 87

16.10 FR O - O < 1 Irrégulière Fraîche 199 75

17.85 FLT O - O 84 88

18.40 FLT O - O 75 87

18.50 FLT 337 90

18.88 FR 77 83

21.30

21.80

21.65 FR O - O < 1 Irrégulière Fraîche 280 84

21.80

23.30

23.24 FR O - O < 1 Irrégulière Fraîche 115 83

23.55 FR O - O < 1 Irrégulière Fraîche 247 82

24.67 FR O - O < 1 Irrégulière Fraîche 271 80

24.75 FR O - O < 1 Irrégulière Fraîche 259 75

24.73 FR O - O < 1 Irrégulière Fraîche 294 88

26.62 FR O - O < 1 Irrégulière Fraîche 359 86

25.38 FR O - O < 1 Irrégulière Fraîche 80 85

24.91 FR O - O < 1 Irrégulière Fraîche 8 88

25.40 FR O - O < 1 Irrégulière Fraîche 182 89

25.84 FR O - O < 1 Irrégulière Fraîche 66 87

25.52 FR O - O < 1 Irrégulière Fraîche 354 86

26.14 FR O - O < 1 Irrégulière Fraîche 270 89

26.21 FR O - O < 1 Irrégulière Fraîche 282 82

26.33 FR O - O < 1 Irrégulière Fraîche 265 87

26.60 BD 184 2

26.72 FLT O - O 1 - 20 134 76

26.99 FR O - O < 1 Irrégulière Fraîche 129 89

27.10 FR O - O < 1 Irrégulière Fraîche 316 90

27.33 FR O - O < 1 Irrégulière Fraîche 232 79

27.34 FLT O - A 1 - 5 336 85

27.72 FLT 250 72

27.79 FR O - O < 1 Irrégulière Fraîche 324 88

28.12 FLT O - A 1 - 5 170 87

28.02 FR O - O < 1 331 89

28.67 FR O - O < 1 Irrégulière Fraîche 106 90

28.73 FR O - O < 1 Irrégulière Fraîche 99 90

28.75 FR O - O < 1 Irrégulière Fraîche 295 88

28.96 FR O - O < 1 Irrégulière Fraîche 299 75

29.27 FR O - O < 1 Irrégulière Fraîche 84 84

29.38 FLT O - A 1 - 1 316 83

29.61 FLT O - A 1 - 1 349 86

29.57 FR O - O < 1 Irrégulière Fraîche 250 89

29.97 FR O - O < 1 Irrégulière Fraîche 166 82

29.85 FR O - O < 1 Irrégulière Fraîche 160 85

30.33 FR O - O < 1 Irrégulière Fraîche 353 87

30.14 FR O - O < 1 Irrégulière Fraîche 73 80

30.6 FR O - O < 1 Irrégulière Fraîche 70 85

30.87 FR O - O < 1 Irrégulière Fraîche 60 89

30.86 FR O - O < 1 Irrégulière Fraîche 312 88

31.1 FR O - O < 1 Irrégulière Fraîche 305 86

31.18 FR O - O < 1 Irrégulière Fraîche 140 80

31.36 FR O - O < 1 Irrégulière Fraîche 256 88

31.45 FR O - O < 1 Irrégulière Fraîche 194 90

31.93 FLT O - O 1 - 10 4 88

32.9 FR O - O < 1 Irrégulière Fraîche 90 90

33.1 FR O - O < 1 Irrégulière Fraîche 356 86

33.35 FR O - O < 1 Irrégulière Fraîche 168 67

34.64 FR O - O < 1 Irrégulière Fraîche 57 86

34.04 FR O - O < 1 Irrégulière Fraîche 261 84

34.59 FR O - O < 1 Irrégulière Fraîche 76 79

35.26 FLT O - A 1 - 3 334 81

36.44 FLT O - O 1 - 10 140 90

37.22 FR O - O < 1 Irrégulière Fraîche 140 85

37.64 FR O - O < 1 Irrégulière Fraîche 43 88

301/0

310/3

250/0

289/0

Zone de brèches

33 73
Parallèle au plan de mesure, faille striée, minéralisation 

calcitique, plan irrégulier
FLT

Zone de gouge, éléments grossiers, hétérogènes, matrice argileuse 58 90

Oblitérée par la faille

Striée, dextre, 

minéralisation calcitique, 

plaquage hématite, plans 

multiples (anastomosé)

Dextre, se termine sur faille à 6.20, même type

284/0

FLT Sénestre, stries horizontales, plaquage argileux
209 88

Stries horizontales

Stries

Minéralisée

Stries

Stries

Stries, minéralisation, 

plaquage hématite, dextre 

? (même famille que les 

autres failles dextres ?)

Stries horizontales, failles 

en escaliers (se décale au 

niveau des beddings)
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Même type que faille précédente

Associées au plan de faille

Dextre, stries horizontales, veines, plaquage argileux,, très 

ondulés, parallèle à la ligne jusqu'à 21.50 m

Associée aux veines de la faille

Sénestre, stries 

horizontales
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Fracture data on photogrammetry (Sirovision software) 

Name Dip Dip Direction Traverse Set Length (m)

Bedding 7 263 P1 1 2.446

Fracture 83 285 P1 4 0.798

Fracture 78 260 P1 4 0.439

Bedding 5 286 P1 1 1.045

Fracture 84 248 P1 3 0.198

Fracture 77 246 P1 3 0.343

Bedding 17 120 P1 1 1.263

Bedding 18 114 P1 1 0.829

Fracture 71 128 P1 0.9

Bedding 10 203 P1 1 0.994

Bedding 3 258 P1 1 0.953

Fracture 89 84 P1 4 1.634

Fracture 68 57 P1 3 1.21

Fracture 69 298 P1 0.993

Fracture 76 151 P1 2 0.439

Bedding 11 278 P1 1 0.615

Fracture 90 58 P1 3 0.385

Fracture 90 65 P1 3 1.142

Fracture 82 271 P1 4 0.818

Fracture 88 345 P1 2 1.134

Bedding 11 207 P1 1 2.569

Fracture 79 263 P1 4 0.651

Bedding 4 256 P1 1 0.98

Bedding 3 301 P1 1 1.149

Bedding 8 238 P1 1 0.567

Bedding 6 318 P1 1 0.838

Fracture 82 102 P1 4 0.484

Fracture 83 271 P1 4 0.684

Fracture 89 104 P1 4 0.782

Fracture 88 80 P1 4 0.849

Fracture 85 47 P1 3 0.273

Bedding 3 262 P1 1 1.213

Fracture 80 56 P1 3 0.568

Fracture 70 59 P1 3 2.253

Fracture 83 70 P1 3 1.806

Bedding 14 126 P1 1 2.959

Fracture 84 238 P1 3 3.577

Bedding 14 124 P1 1 1.191

Fracture 76 29 P1 3 1.242

Fracture 84 30 P1 3 1.425

Fracture 90 340 P1 2 0.894

Fault 81 27 P1 3 7.641

Fault 82 152 P1 2 3.171

Fault 83 126 P1 2.294

Fault 78 141 P1 2 0.958

Fault 80 148 P1 2 1.473

Fault 80 139 P1 2 1.008

Fault 83 41 P1 3 0.978

Fault 84 45 P1 3 0.874

Fracture 76 131 P1 0.26

Fracture 85 81 P1 4 0.328

Fracture 84 222 P1 3 0.488

Fault 89 43 P1 3 0.873

Fracture 72 5 P1 2 0.753

Fracture 88 60 P1 3 0.398

Fracture 88 11 P1 1.225

Fracture 86 328 P1 2 0.497

Fracture 80 281 P1 4 1.104

Fracture 77 267 P1 4 0.819

Fault 81 217 P1 3 0.415

Fault 90 205 P1 3 0.265

Fault 84 54 P1 3 0.146

Fracture 88 93 P1 4 0.896

Bedding 23 86 P1 1 0.796

Bedding 19 88 P1 1 0.715

Fracture 77 277 P1 4 1.383

Fracture 76 277 P1 4 1.253

Fracture 87 174 P1 2 0.508

Fracture 74 164 P1 2 0.78

Bedding 18 101 P1 1 0.362

Fracture 83 13 P1 1.249

Bedding 3 260 P1 1 1.629

Fracture 82 149 P1 2 2.628

Fracture 88 118 P1 2.025

Bedding 20 92 P1 1 1.567

Fracture 88 127 P1 2.446

Fracture 67 100 P1 0.764

Bedding 9 27 P1 1 1.637

Fracture 54 230 P1 0.398

Fracture 84 84 P1 4 0.419

Fracture 82 281 P1 4 0.415

Fracture 86 259 P1 4 0.47

Fracture 81 84 P1 4 0.854

Bedding 5 27 P1 1 1.241

Fracture 85 51 P1 3 0.653

Bedding 11 236 P1 1 0.898

Fracture 77 149 P1 2 1.336

Fracture 78 40 P1 3 2.189

Bedding 6 201 P1 1 1.234

Fracture 81 66 P1 3 2.313

Fracture 69 311 P1 1.834

Fracture 90 146 P1 2 0.871

Bedding 15 150 P1 1 0.931

Fracture 75 21 P1 3 0.931

Fracture 86 263 P1 4 1.918

Fracture 85 259 P1 4 0.797

Fracture 85 20 P1 3 1.217

Fracture 83 172 P1 2 2.229

Fault 88 344 P1 2 7.148

Fault 86 23 P1 3 2.722

Fault 83 74 P1 3 0.785

Fracture 89 194 P1 0.426

Fracture 90 243 P1 3 0.552

Fracture 89 41 P1 3 0.469

Bedding 6 251 P1 1 1.396

Bedding 12 116 P1 1 0.858

Bedding 6 188 P1 1 1.091

Fracture 89 163 P1 2 3.218

Fault 75 143 P1 2 0.622

Fracture 82 142 P1 2 1.163

Fault 87 346 P1 2 0.921

Fault 88 179 P1 2 1.041

Fracture 85 90 P1 4 1.212

Bedding 4 333 P1 1 2.955

Fracture 88 242 P1 3 2.106

Fracture 90 18 P1 3 1.513

Fracture 72 124 P1 0.951

Fracture 85 210 P1 3 2.591

Fracture 78 144 P1 2 1.009

Fault 89 183 P1 2 4.499

Fracture 85 4 P1 2 0.745

Fracture 87 218 P1 3 1.065

Fault 86 175 P1 2 1.641

Bedding 6 351 P1 1 2.153

Bedding 15 268 P1 1 1.441

Fault 78 336 P1 2 2.039


