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A B S T R A C T

A new methodology to identify discontinuity sets at the tunnel face based on the Structure from Motion (SfM)
photogrammetric technique is proposed. The work focuses on the performance of this technique when employed
to characterize the ground mass under real tunneling conditions, illustrating its possibilities and analyzing
several aspects that affect the quality of the obtained results. By means of a set of overlapping photographs from
the tunnel face, SfM constructs a 3D point cloud model, from which discontinuities are identified using a dis-
continuity set extractor software. To orientate and scale the digital model, an easy-to-use “portable orientation
template”, specifically developed for this work, is employed. The proposed methodology is applied to two real
tunnels under construction in Northern Spain. Its results are compared with those obtained with a traditional
analysis based on manual compass measurements. Results show that the SfM methodology provides an adequate
characterization of the structure of the rock mass, identifying the same number of discontinuity sets as the
compass measurements approach and with differences in orientation that are within the uncertainty range as-
sociated to manual measurements. Only one sub-horizontal set presented higher orientation differences, but this
is mainly due to the presence of shotcrete at the face. In addition to the advantages of a “distant” measurement
technique—e.g., health and safety advantages, capability to characterize unreachable areas, etc.—, as well as to
the advantage of its reduced cost, the proposed SfM methodology and its associated tools allow one to represent
planes associated to each discontinuity set back into the original 3D digital point model, and to perform detailed
analyses that clarify and improve the obtained results. Finally, an analysis about the minimum number of
photographs needed to adequately characterize the tunnel face is conducted, with results showing that around
15 good quality photographs are enough for tunnel faces with excavated areas of about 50m2.

1. Introduction

Discontinuities are the individual factor with a stronger influence on
the strength, deformability and permeability of rock masses (Goodman,
1976; Hudson and Harrison, 1997); they are also crucial for tunnel
design, as they control the occurrence of unstable blocks in the tunnel
and the loads imposed by blocks on the excavation support (Hammett
and Hoek, 1981; Karzulovic, 1988). For this reason, a good character-
ization of rock discontinuity sets—including their orientation, persis-
tence, etc.— is needed to conduct realistic analyses of block stability
(Shi and Goodman, 1989; Jimenez-Rodriguez and Sitar, 2006a, 2006b).
Visual observations and compass measurements of discontinuity

orientations at the tunnel face are often the main source of information,
particularly in shotcrete-supported tunnels. However, visual observa-
tions cannot quantify orientations or distances accurately; whereas the
quality of compass measurements depends on the workeŕs ability, and

there can be errors associated to the way in which the compass is po-
sitioned and its measurements are read (Van Knapen and Slob, 2006).
In addition, measuring at the tunnel face imposes a risk on the workers,
as the (unsupported) tunnel face is the area of the tunnel with a higher
risk of collapse (Slama et al., 1980; Health and Safety Executive, 1996).
It also interferes with production, and it is often difficult to reach the
upper portions of the face without resorting to auxiliary lifting equip-
ment.
These difficulties often lead to insufficient or unreliable data being

acquired, which has traditionally made researchers to consider that
“characterization of individual discontinuities is usually an insurmountable
site characterization challenge” (Jimenez-Rodriguez, 2004). However,
recent advances in photogrammetry and laser measurement techniques
have greatly improved our capabilities to characterize rock masses,
both at the surface (see e.g., Gigli and Casagli, 2011) and underground.
For instance, Wang et al. (2013) employ classical photogrammetry to
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obtain the discontinuity sets needed to analyze the stability of blocks
using block-theory and limit equilibrium; and Zhu et al. (2016) also
employ classical photogrammetry to identify discontinuity sets and to
conduct a discontinuous deformation analysis (DDA) of block stability.
Similarly, Fekete et al. (2010) use a laser scanner to compare the ex-
cavation surface and the final contour of the tunnel lining (hence al-
lowing them to compute the thickness of shotcrete installed), and to
develop a discontinuity model of the rock mass in which the tunnel is
constructed.
Due to its economy and ease of use, the Structure from Motion (SfM)

technique—based on the same principles than classical photo-
grammetry, but using redundant photographs that remove the need to
calibrate and to orientate the camera (Snavely et al., 2008)—is also
being rapidly developed for applications in geotechnical engineering
(Westoby et al., 2012), in areas such as slope characterization and
control (see e.g., Firpo et al., 2011; Francioni et al., 2014; Micheletti
et al., 2015b; Stumpf et al., 2015; Riquelme et al., 2016, 2018) or scour
analyses (Rieke‐Zapp and Nearing, 2005; Puig, 2015). The SfM tech-
nique has also been applied in tunneling to obtain, for example, digital
3D models of tunnel supports (see e.g., Roncella et al., 2012; Chaiyasarn
et al., 2015) or to develop an automated system to monitor tunnel
surfaces (see e.g., Stent et al., 2016). (See Attard et al., 2018 for an
extensive review about the use of photogrammetric techniques in
tunnel inspection). Similarly, Buyer and Schubert (2016, 2018) use SfM
to identify rock discontinuity sets; whereas Buyer and Schubert (2017)
employ SfM to determine their spacing and trace lengths. These works
illustrate the potential of SfM for underground rock mass character-
ization, but, they do not discuss in detail the performance of the tech-
nique, analyzing the influence of aspects such as the position of the
camera, the number of photographs employed, or the optimization of
the restitution process.
This paper describes comprehensively a methodology to identify

discontinuity sets under real tunneling conditions by means of the SfM
technology, in conjunction with a discontinuity set extractor software.
The proposed methodology is applied to two tunnels under construction
in Northern Spain, and its results are compared with those obtained by
the traditional compass-measurements approach. This allows us to
further illustrate the possibilities of the new methodology; and we
propose suggestions for its practical application, and to make it com-
patible with the production constraints of a tunnel under construction.

2. Structure from Motion (SfM) methodology to identify
discontinuity sets in tunnels

Fig. 1 presents a flowchart of the methodology proposed in this
work to identify joints sets in underground excavations using photo-
graphs from the tunnel face. As shown, the workflow comprises four
main steps, whose main features are discussed below; additional details
are available in the references provided.

2.1. General description of SfM

Traditional photogrammetry can locate the points that form the
surface of an object in 3D; to that end, it uses stereo vision techniques
on a single pair of overlapping images of the object, and the analyses is
conducted using the exterior and interior parameters of the camera
(position and orientation; geometry and optics), as well as the location
in 3D of several control points that appear in the photographs (Slama
et al., 1980).
The Structure from Motion (SfM) technology has recently emerged

as an efficient alternative; its main advantage is that multiple over-
lapping photographs can be employed to compute the orientation
parameters of the camera, hence avoiding the need to calibrate it. To
that end, the SfM algorithm (i) identifies multiple key-points in each 2D
image; (ii) matches them in overlapping images; and (iii) uses an
iterative bundle adjustment algorithm to estimate the camera para-
meters for every image, so that the 3D positions of such key-points are
computed and an initial disperse 3D point cloud is constructed. Then,
(iv) a high-density 3D point cloud is constructed using Multi-View
Stereo (MVS) techniques—or techniques that use the stereo corre-
spondence between points located in more than two images—; and, (v)
the point cloud can finally be scaled and oriented within a reference
system using (at least three) ground control points (GCPs), or points
that can be recognized in the photos, and whose coordinates in the
system are known.
The SfM photogrammetry coupled with MVS techniques can be

applied with software packages such as PhotoScan (Agisoft),
PhotoModeler (Microsoft), ReMake (Autodesk) or Pix4d (Pix4D SA). In
this research Agisoft PhotoScan (LLC, 2016), a common and user-
friendly program, is employed.

2.2. Identification of joint sets

The identification (or “extraction”) of discontinuity sets from the 3D
point cloud of a rock mass can be performed using specialized software
such as the Discontinuity Set Extractor (DSE), an open source software
to semi-automatically identify points that form planes within an un-
organized 3D point cloud (Riquelme et al., 2014). The methodology is
based on the sequential application of the following steps:

1. For each point of the 3D point cloud, a subset of neighboring points
is selected and a coplanarity test, based on a Principal Component
Analysis (PCA), is performed to check whether a flat area exists
around the point (or not). If it exists, the best-fit plane is obtained
using the third eigenvector of the PCA analysis.

2. The best-fit planes obtained in the step above are represented in a
stereographic projection, so that a cloud corresponding to their
poles is obtained. Next, a probability density function (PDF) of the
cloud of poles is obtained using non-parametric methods based on
Kernel density estimation. Such PDF of pole orientations can be

Fig. 1. Flowchart of the methodology proposed to identify discontinuity sets in tunnels using the SfM technique.
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employed to identify the main discontinuity sets and their re-
presentative orientations, using two conditions: (i) a minimum value
of the acute angle formed by two representative poles, and (ii) a
maximum number of discontinuity sets. (Alternatively, other algo-
rithms for clustering of discontinuity sets could also be employed;
see e.g., Jimenez-Rodriguez and Sitar, 2006b.)

3. Then, each pole of the initial cloud is either (i) assigned to one of the
families identified in step 2, or (ii) it is removed, if the pole does not
belong to a discontinuity set. To that end, each pole is assigned to
the family whose representative pole forms the minimum acute
angle with such pole, provided that this is less than a pre-set value
(if not, it is removed).

2.3. Portable orientation template

In contrast to traditional photogrammetry, SfM generates point
clouds within an arbitrary reference system; i.e., without scale or or-
ientation. But information about orientation, spacings, etc. is needed to
use such point clouds for geomechanical characterization of rock
masses. To that end, ground control points (GCPs)—or points associated
to pixels in the photographs for which 3D coordinates (x, y, z) are
known in a global or, perhaps more commonly, in a local coordinate
system—can be employed. Such GCPs can be placed on the object
studied or they can be selected from the scene, so that any singularity
that is easily recognized in the photographs can be used as GCP
(Dowling et al., 2009; Dandois and Ellis, 2010).
To correctly orient the 3D point cloud generated with SfM, a

15×15 cm2 “portable orientation template” has been specifically de-
veloped for this work. The template, built with Ethylene Vinyl Acetate
(EVA) foam, has points specifically labeled to be easily recognized in
the photographs and to serve as GCPs (see Fig. 2(a)). Its goal is to aid
the users of SfM in geotechnical applications to orientate and scale the
scene in a single step, hence avoiding the need for topographic devices
when only relative coordinates are required. The template serves as a
reference plane within the scene (Fig. 2(b)), so that, as we know its size
and orientation (its arrow can be aligned with the north using a com-
pass, and a spirit level can be used to place the template horizontally),
we can use it to position the rest of the model with respect to it.
(Therefore, the “portable orientation template” must be located and
oriented within the scene before any photograph is taken.) Although
only the relative coordinates of three points (GCPs) are theoretically
needed for that purpose, the template contains five points to provide
redundancy: the point at the center is used as origin of the (local) co-
ordinate system, and the (known) relative coordinates with respect to
the origin of the other four points are employed to orient and to scale
the model.

3. Application to real tunneling cases

This section presents the results obtained after applying the pro-
posed methodology to characterize the rock masses at the faces of two
real tunnels, showing the possibilities of the SfM technique to char-
acterize the rock mass in real tunneling conditions. First, we describe
briefly the characteristics of each tunnel, and the discontinuity sets
obtained from traditional compass measurements and a DIPS analysis
(Rocscience, 2017). Then, we present the application of the SfM
methodology to identify rock discontinuity sets, describing the condi-
tions in which photographs were taken and the process to generate and
edit the point clouds of the models. Finally, we compare and discuss the
results of both approaches.

3.1. Description of the tunnels

The twin tunnels used for this study are located in Northern Spain.
They belong to Santa Barbara Foundation, and they are mainly used for
teaching and training of workers for underground construction and

mining activities, as well as for research (FSB, 2017). The tunnels—-
referred to as Tunnels 1 and 2—have excavated cross-sections of 44m2

and 60m2. They are constructed using drill and blast methods, with a
two-phase excavation sequence in Tunnel 1 and with full-face excava-
tion in Tunnel 2. Their respective lengths when this study was con-
ducted were approximately 480 and 295m. Both tunnels are supported
using rock bolts and shotcrete, so that shotcrete is partially present at
the tunnel face, specially in Tunnel 1 (as will be shown, hindering the
observation of the rock mass surface and the characterization of its
discontinuities). The rock mass in which the tunnels are constructed is
constituted by lutites, limolites, and sandstones; and it has “medium”
quality in terms of its Rock Mass Rating (RMR between 40 and 60).

3.2. Traditional characterization of discontinuity sets (compass
measurements and DIPS analysis)

To be able to compare and validate the results of the SfM+DSE
approach, we first used a compass to measure the orientations of dis-
continuities found at the tunnel face. However, the difficulties to
measure all joints—mainly due to (i) the presence of shotcrete at the
face, and (ii) to the impossibility to access planes above approx. 2m
height—made us to focus on obtaining “representative” measurements,
instead of measuring all planes. To that end, we started identifying the
main discontinuity sets visually, after which we measured the or-
ientations of planes belonging to such main representative sets.
Discontinuity orientations were measured using a Freiberger-type

geological compass, and we took 19 and 33 measurements in Tunnels 1
and 2, respectively. The measurement process took about 30min in

Fig. 2. (a) Photograph of the “portable orientation template” developed for this
work; (b) example of the definition and orientation of a 3D scene using an
auxiliary horizontal plane defined by five points (1, 2, 3, 4 and 5): one of them
(1) is chosen as origin of the reference system, hence having coordinated (0, 0,
0); then, as the dimensions of the plane are known (15×15 cm), it is possible
to determine the relative coordinates (x, y, z) of each point (2, 3, 4 and 5) with
respect to the origin.
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each tunnel. Fig. 3 shows, for each tunnel face, the poles of dis-
continuities measured with the compass and the three representative
discontinuity sets identified with the aid of DIPS.
Results in Fig. 3 show that three main discontinuity sets exist in the

rock mass. Two of such sets (F1-F2) are sub-vertical (dip angles of
β≈ 70–80°) and have conjugated directions: F1 has a representative
dip direction of approximately 234° (SW), and F2 of approximately 131°
(SE). (Note also that, due to its dip being close to vertical, F1 has
normal measurements that appear at opposite diameters of the stereo-
graphic projection.) Both sets outcrop at both tunnel faces.
The F3 set has a much lower dip angle (β≈10–30°) and a more

variable dip direction, of approximately 340° (NNW) in Tunnel 1 and 4°
(NNE) in Tunnel 2. Measuring the orientation of discontinuities be-
longing to F3 imposed a challenge, particularly for Tunnel 1, due to the
shotcrete accumulated on such sub-horizontal surfaces. It was therefore
often easier to measure “hanging” planes belonging to F3, when they
could be found (and reached) at the upper part of the tunnel face. (Note
that the upper part of the face is often inaccessible for traditional
measurements. Although this might seem to be a problem, it is also an
opportunity to test the advantages of remote measurement methods,
such as those employed herein. See Section 3.4 for more details).

3.3. Application of the SfM methodology

3.3.1. Conditions for acquisition of photographs
To make the photographs, we employed a Sony Digital Single-Lens

Reflex camera (DSLR model α230) with a Sony DT 18–55mm F3.5–5.6
SAM lens (focal length equivalent of 27–82.5mm in 35mm format),
mounted on a professional Yashica YT-300 tripod (max-min height
144–61 cm), and activated by remote control. The tripod included an L-
Braket Plate that served us to install a portable light (rechargeable LED
torch with continuous light, model Yongnuo YN-216 LEDs, with a
maximum power of 13W and 2000 lm intensity [luminance angle of
55°]). Such plate-torch system provided an extra illumination that
pointed towards the same direction as the camera, hence helping us to
overcome the main challenge to photograph tunnels in low-luminosity
conditions: to avoid infra-exposing the photographs while still working
with low exposition times (of< 1/3″). Similarly, the LED torch

combined with a tripod helped us to overcome two difficulties for 3D
SfM reconstruction of underground scenes: the presence of “shadow
areas” which produce occlusions in the future 3D model; and the ap-
pearance of “noise” in the photographs (due to micro-vibrations).
Different lighting conditions were adopted in the two tunnels to

evaluate their influence on the results. In Tunnel 1, three sources of
60W continuous light were selected and located at 4.5 m distance from
the face, which provided an approximated luminosity (as measured on
the rock surface) of 90–120 LUX. (This values does not include the ef-
fect of the portable flash light). To better mimic the lighting conditions
in a real tunnel under construction, a drilling jumbo at the face of
Tunnel 2 was used for lighting; it provided a luminosity of about
100–130 LUX (measured at the rock surface). (Again, without con-
sidering the portable flash light).
The photographs were taken using a fixed focal distance and fixed

camera adjustments based on the available lighting conditions of the
tunnel face. All photographs were taken with the maximum possible
resolution (1MP, 3:2; effective pixels 3872×2592; RAW-JPEG format)
and with the following adjustments: manual mode, focal length 18mm,
multi-segment metering, AF, aperture F/3.5–4.5, shutter speed 1/4″
and ISO 100.
169 photographs (F/4.5) were taken in Tunnel 1 from 22 different

positions and 206 photographs (F/3.5) in Tunnel 2 from 18 different
positions (see Fig. 4). For better performance of the SfM technique, the
tunnel face must be fully covered (or “scanned”) with photographs
taken from different positions; ideally, they should be located as distant
from each other as possible, while still maintaining a high level of su-
perposition between images (> 60%). The larger number of photo-
graphs in Tunnel 2 is due to the larger cross-section of the face, as this
tunnel is constructed using full-face excavation. But, in contrast to
Tunnel 1, the presence of the jumbo near the face prevented us from
being able to move freely at the face; in particular, it was difficult to
access the tunnel shoulders to take photographs from there, so that
photos were mainly taken from positions at the center of the tunnel face
(see Fig. 4 right).
The “portable orientation template” was located (oriented and le-

velled) at the lower part of the face before any photograph was taken.
In addition, precision targets were distributed within the tunnel face

Fig. 3. Stereographic projection (lower hemisphere, equal angle) of the pole vectors of discontinuity orientations measured with the compass (Δ symbols). The three
main discontinuity sets (F1-F2-F3) identified for Tunnels 1 (left) and 2 (right) using DIPS statistical analysis are also shown (red stars). The contours represent the
pole concentrations calculated using the Fisher distribution method (count circle size 1.2% of surface area). (For interpretation of the references to color in this figure
legend, the reader is referred to the web version of this article.)
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(six targets were employed in Tunnel 1 and seven in Tunnel 2). Their
objective was to compare the distances between them computed from
the 3D digital model with actual measurements made with tape; this
allowed us to assess the scaling accuracy of the 3D digital model, as
obtained from the “portable orientation template”.
Photographing the tunnel face (including preparation, camera dis-

placements, and taking pictures) took about 30min in each tunnel,
hence being about equal to the time needed for compass measurements.
However, for practical applications—and as discussed in Section
3.4.3—this time could be significantly reduced because fewer photo-
graphs could be employed. (Here, we used a rather large number of
photographs to assure good results, and to analyze the minimum
number of photographs needed to provide satisfactory results under
challenging lighting conditions).

3.3.2. Generation of the basic point cloud
To build the 3D models of the tunnels and rock masses, it is ne-

cessary to generate a point cloud using the digital photographs from
each face. This task is performed using the professional version of
Agisoft PhotoScan software. (The standard version does not allow one
to work with reference points). Two 3D models were generated (one for
each tunnel) using all available photographies (169 for Tunnel 1 and
206 for Tunnel 2).
The first step is to align and orientate the images. Agisoft PhotoScan

allows one to select different “levels of computation” that influence the
precision and quality of the results. Among the two possible level-
s—high and medium precision—the medium one is selected because it

allows us to significantly reduce the processing times while maintaining
an acceptable accuracy. Table 1 shows the computation time required
to align and orientate the images, and to generate the initial (disperse)
point cloud. However, the resulting initial point cloud has not the
quality and precision required to extract discontinuity sets using DSE.
Therefore, a second step is needed to generate a new point cloud with a
much higher point density (similar to those provided by LiDAR devices)
using MVS techniques. This is the most computationally expensive step,
taking about 95% of the processing time (see Table 1). (All computa-
tions were performed using a single core of an Intel Core i7-6700
computer [3.4 GHz processor; 16 GB RAM] running the Windows op-
erating system). As with the disperse point cloud, the dense point cloud
was also generated using the medium precision quality settings pro-
vided by Agisoft PhotoScan.
In addition, the “portable orientation template” described above is

used to scale and orient the high density point cloud using relative
coordinates. The errors of the (x, y, z) coordinates of reference points

Fig. 4. Camera positions for photographs taken in Tunnel 1 (up) and Tunnel 2 (down). Figures at the left show the front view (perspective 30° mode) of the
photogrammetric 3D models generated with Agisoft PhotoScan. (For a better visualization, results are presented as a “textured mesh”.) The blue squares indicate the
camera positions where the pictures were taken. Figures at the right show a top-view of the trajectories taken to fully cover the tunnel face with the photographs. (For
interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)

Table 1
Computation times for generation of the photogrammetric 3D models in Agisoft
PhotoScan.

Tunnel Disperse point cloud High density point cloud

Accuracy Time Accuracy Time

1 Medium 1 h 1min Medium 20 h 46min
2 Medium 1 h 17min Medium 23 h 45min
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within the template (i.e., the differences between their real (known)
coordinates and those provided by the 3D digital model) are listed in
Table 2.
Finally, to further assess the quality of the digital 3D model, we

compared the distances between precision targets measured with
measuring tape and the corresponding distances estimated using the
scaled 3D model. Table 3 summarizes the errors computed with such
analysis. Errors in Tunnel 2 are slightly larger than in Tunnel 1. This
might be because the model of Tunnel 2 was constructed using a large
number of images, hence introducing additional noise and uncertainty
into the model. (See Section 3.4.3 for an additional discussion).

3.3.3. Edition of the 3D model for extraction of discontinuity sets
The generated high-density point cloud can then be edited, classi-

fied and exported to be analyzed with DSE. Note, however, that
working with the whole data can be counterproductive in cases such as
this, in which the shotcrete to support the tunnels hides the natural
discontinuities in the rock mass and their intersections. To avoid these
difficulties, we have manually trimmed the 3D point cloud, removing
the areas in which shotcrete was present (i.e., in the perimeter of the
face), and keeping only those areas where the rock mass could be freely
observed without shotcrete interferences (i.e., in the central zone of the
face). In this way, a new point cloud results, which is herein referred to
as the “region of interest” (ROI) of the model; note, however, that some
“splashes” of shotcrete remain, mainly in Tunnel 1. Table 4 shows, for
each tunnel, the area of the triangulated surface that constitutes the
ROI, comparing it with the area of the tunnel face and the area of the
whole 3D digital model. This model-reduction process, that aims to
consider only the regions of the tunnel face where the rock mass is
observed, has two main advantages: (i) it reduces the uncertainties of
the results, and (ii) it greatly reduces the model size, hence reducing the
processing times to extract discontinuities with DSE.
As discussed in Section 2.2, the process to identify (or “extract”)

discontinuity sets from the point cloud of the tunnel face is based on the
analysis of the probability density function (PDF) of orientations of
poles that pass the co-planarity test; this procedure determines the main

discontinuity sets within the rock mass and their representative or-
ientations. Therefore, the density of points (in points/cm2) is an im-
portant factor that influences the results, as the joint sets that are more
parallel to the visual have smaller point densities and tend to be un-
derrepresented in the polar density plot, hence making then more dif-
ficult to be identified and conditioning the results. One solution to this
problem, already applied to rock slopes (Riquelme, 2015), is to estab-
lish a minimum distance between points using an automatic filtering
(subsampling) of the point cloud. For that reason, we limit to 1 cm the
minimum distance between points of the point cloud for the models of
Tunnels 1 and 2. (Such subsampling has been performed with 3D
Cloudcompare software; Girardeau-Montaut, 2016).

Table 2
Errors of (x, y, z) coordinates of template’s reference points within the 3D
model. The “projections” column indicates the number of photos in which each
GCP is visible.

Tunnel GCPs x error [mm] y error [mm] z error [mm] Projections

1 1 0.3 0.8 −0.0 52
2 −0.1 −0.2 −0.1 53
3 0.4 −0.1 0.1 53
4 −0.1 −0.3 −0.1 52
5 −0.5 −0.2 0.1 52

2 1 −2.8 1.4 1.7 49
2 −3.8 3.1 2.5 70
3 −0.3 0.3 1.9 53
4 −3.8 −2.5 2.1 68
5 −6.7 0.4 2.4 68

Table 3
Distance errors for precision targets installed on the tunnel faces.

Tunnel Scale bars Distance measured with tape [mm] Estimated distance (3D model) [mm] Distance error [mm]

1 Target 1_target 2 367 367.2 0.2
Target 3_target 4 443 442.7 0.3
target 5_target 6 942 942.1 0.1

2 Target 1_target 2 441 451.0 10.0
Target 3_target 4 755 776.0 21.0
Target 5_target 6 547 561.1 14.1
Target 5_target 7 598 611.7 13.7
Target 6_target 7 350 359.1 9.1

Table 4
Surface area analyzed (ROI) to extract discontinuities with DSE, and compar-
ison with the surface area of the tunnel face and of the whole 3D model.

Tunnel Surface [m2]

ROI Tunnel face Whole model

1 33.9 63.9 137.8
2 53.3 96.3 191.5

Fig. 5. Normal vector density plot in a stereographic projection (lower hemi-
sphere, equal angle) and identified principal poles (F1 [227/82] - F2 [137/78] -
F3 [52/30]) of the discontinuity sets in Tunnel 1 (blue stars) calculated by DSE.
Results of the manual characterization with compass are also provided (red
stars) as well as the possible secondary planes (F1A [244/85] – F1B [251/76]
and F3A [226/11] - F3B [298/39]) (white dots). Isolines are plotted each
1.25%. (For interpretation of the references to color in this figure legend, the
reader is referred to the web version of this article.)
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3.4. Results and discussion

3.4.1. Results on Tunnel 1
Fig. 5 and Table 5 show the results of the analysis to identify dis-

continuity sets in Tunnel 1. In particular, Fig. 5 shows a lower-hemi-
sphere equal-angle stereological projection of the discontinuity sets
“extracted” with DSE, using planes identified within the dense point
cloud of the region of interest (ROI) that was constructed with Agisoft
Photoscan, using the 169 photographs taken at this tunnel face and
filtered by CloudCompare (184,433 points). Table 5 summarizes the
representative orientations values (in Dip direction/dip, and trend/
plunge) for each discontinuity set.
Although seven discontinuity sets are obtained, sets F1A, F1B, F3A

and F3B do not represent, as demonstrated later, real discontinuity sets,

since they are mainly due to the accumulation of shotcrete at the tunnel
face. Table 6 reports the differences between the orientations of the
main discontinuity sets—F1, F2 and F3—“extracted” with DSE from the
3D dense point cloud of the ROI of Tunnel 1, and the representative
orientations of discontinuity sets computed with DIPS based on the
manual compass measurements. The differences of orientation between
two planes has been computed using the acute angle formed by their
unit normal vectors (Jimenez-Rodriguez and Sitar, 2006b).
Results of both analyses are very similar, as DSE identifies from the

3D point cloud three main discontinuity sets that are approximately
equal to those identified with the DIPS analysis of compass measure-
ments. In particular, DSE identifies two sub-vertical conjugate dis-
continuity sets (F1-F2, with ΔDipdir= 90°) whose orientations are
clearly clustered within the stereonet, hence easing their identification.
Their orientations are also very similar to those of the sets identified
with DIPS, with maximum orientation differences of only 9°, a value
that is within the error range associated to traditional compass mea-
surements. Note that, for instance, Windson and Robertson (1994) es-
timated errors associated to compass measurements around 5° for dip
angle value, and about 10° in dip direction value; these error ranges
might be even higher for sub-horizontal joints, as Robertson (1970)
reports errors of± 20° in dip direction values when the dip is below
10°. Transferring this variation into our scale to measure orientation
differences (i.e., considering the angle between normal vectors), this
results in errors ranging between 6° and 11°, depending on the dip angle
of the joint. More recently, Drews et al. (2018) compared orientations
of individual 3D planes obtained using compass measurements and
using an automatic plane detection algorithm from a Terrestrial Laser
Scanner point cloud. The average angular difference between both
methods is 5°, with maximum differences of 13°, hence being similar to
those obtained with our methodology.
DSE results for the sub-horizontal discontinuity set, F3, show three

density maxima located around the representative F3 discontinuity pole
computed with DIPS based on traditional compass measurements (see the
red star in Fig. 5). Once the F3A and F3B are discarded (due to the ac-
cumulation of shotcrete, see below for further discussion), the angular
difference between both is 34°. This worse result is due, at least partially,
to challenges associated to developing a photogrammetric model of dis-
continuities that are approximately parallel to the camera visuals
(Riquelme, 2015). However, we must note that traditional measurements
also had to overcome challenges in this case, since, in addition to classical
difficulties associated to measurements of horizontal discontinuities

Table 5
Representative orientations provided by DSE from the analysis of the 3D dense
point cloud of the ROI of Tunnel 1.

Discontinuity sets Plane Normal [%] Over the
total number
of pointsDip

direction
[°]

Dip [°] Trend
α [°]

Plunge β [°]

F1 (principal) 227 82 47 8 8.46
F1A 244 85 64 5 10.39
F1B 251 76 71 14 10.02
F2 (principal) 137 78 317 12 11.14
F3(principal) 52 30 232 60 0.99
F3A 226 11 46 79 0.67
F3B 298 39 118 51 1.83

Table 6
Differences of orientation between the discontinuity sets identified with DIPS
based on manual compass measurements, and the discontinuity sets obtained
with DSE from the 3D dense point cloud of the ROI of Tunnel 1.

Discontinuity sets DIPS DSE Differences

Dip direction
[°]

Dip [°] Dip direction
[°]

Dip [°] δ [°]

F1 227 73 227 82 9
F2 131 81 137 78 7
F3 340 29 52 30 34

Fig. 6. Spatial distribution of discontinuities belonging to the main discontinuity sets—F1, F2 and F3—identified with DSE in Tunnel 1, projected back into the
original 3D point cloud.
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(Terzaghi, 1965), the sub-horizontal planes from the F3 set had accumu-
lated shotcrete, hence hindering the measurement process.
The modellings tools of the SfM methodology allow us to represent

the planes associated to each discontinuity set back into the original 3D
digital point model developed with Agisoft Photoscan. The results of
such analysis, conducted with CloudCompare, are presented in Fig. 6,
which shows that joint-sets F1 and F2 were identified clearly along a
great percentage of the face, whereas the F3 set appears less often.
Similarly, projecting the discontinuities into the 3D point cloud can

also help us to shed light on sub-sets that seem to form the F3 and F1
discontinuity sets (Fig. 7 and Fig. 8 respectively). Fig. 7 illustrates that,
in this case, only F3 corresponds to real discontinuities at the tunnel
face since sub-sets F3A and F3B appear in areas with accumulated
shotcrete, as verified during on the visual inspection of the tunnel face.
Note that, on the other hand, F3 appears mainly near the face crown,
where shotcrete is absent and where traditional measurements are more
difficult. Similarly, results in Fig. 8 show that F1A corresponds to the
“distorted” discontinuity surfaces formed due to accumulation of
shotcrete on F1; whereas F1B is mainly associated to areas where F1
intersects with other planes or discontinuities.

3.4.2. Results on Tunnel 2
Fig. 9 and Table 7 show the results of the DSE analysis of the high

density point cloud of the ROI of Tunnel 2. The point cloud was gen-
erated using Agisoft Photoscan with the 206 photographs from the face,
and the original digital model was subsampled with Cloudcompare,
providing a model with 295,705 points.
As in Tunnel 1, three main discontinuity sets are identified in

Tunnel 2: two are sub-vertical and conjugated (F1 and F2), and one is
sub-horizontal (F3). Results in Table 8 show that both the traditional
DIPS approach based on compass measurements and the DSE-based

Fig. 7. Spatial distribution of discontinuities belonging to the sub-horizontal set—F3, and subsets F3A and F3B—identified with DSE in Tunnel 1, projected back into
the original 3D point cloud.

Fig. 8. (a) Photograph of an area of the face of Tunnel 1 when F1 outcrops; (b)
spatial distribution of discontinuity sets F1, F1A and F1B identified with DSE in
Tunnel 1, projected back into the original 3D point cloud of the same area.

Fig. 9. Normal vector density plot in a stereographic projection (lower hemi-
sphere, equal angle) and identified principal poles (F1 [249/82] – F2 [132/73] -
F3 [352/19]) of the discontinuity sets in Tunnel 2 (blue stars) calculated by
DSE. Results of the manual characterization with compass are also provided
(red stars). Isolines are plotted each 1.25%. (For interpretation of the references
to color in this figure legend, the reader is referred to the web version of this
article.)

R. García-Luna et al. Tunnelling and Underground Space Technology 83 (2019) 262–273

269



photogrammetric approach provide very similar results in this case,
with maximum angular differences of 9°, 2°, and 9° for sets F1, F2 and
F3 respectively, which are therefore again within the range of variation
associated to manual orientation measurements. Note also that the re-
sults of this tunnel do not suffer the identification difficulties associated
to F3 in Tunnel 1, probably due to the rarer presence of shotcrete on the
face of Tunnel 2.
Again, we can represent the locations of discontinuities belonging to

each family that has been identified (F1, F2, F3) back into the point
cloud that reproduces the tunnel face (see Fig. 10a). According to the
visual inspection, several rock blocks outcrop at the upper central zone
of the face, and their discontinuities (and intersections) can be clearly
observed there. However, Fig. 10a shows that the sub-vertical F2 set is
not well represented in that area; therefore, we developed a model of
approximately 20m2 of this region (1/3 of the tunnel face surface, with
40,509 points) to better analyze it.
DSE identifies two main discontinuity sets for this model: F2A (131/

84) and F2B (157/77). F2A corresponds to the F2 set identified before,
but with a slight increase of the dip angle (132/73 vs. 131/84); and F2B
corresponds to two compass measurements (with orientations 158/82
and 154/84), that where initially discarded when F2 was characterized
(see Fig. 3(b)). The angular differences between the orientations ob-
tained with DSE and those computed with DIPS for discontinuity sets
F2A and F2B are, respectively, 2° and 6°. Fig. 10b shows the positions of
planes belonging to these four discontinuity sets—F1, F2A, F2B and
F3—within the point cloud of the face. It can be observed that the F2A
set (in green1) is homogeneously distributed within the face, being well
represented within the lower part, where compass measurements are
possible. However, the F2B set (in yellow1) mainly appears in the upper
area of the face and its presence in the lower parts is rare, explaining
why only two manual measurements of this set were conducted.

3.4.3. Influence of the number of photographs
One significant uncertainty for the use of SfM in real tunnels, which

has not been previously analyzed in the literature, is associated to the
number of photographs needed for an adequate performance of the

technique. This number might be difficult to establish a priori, because
(i) it will depend on factors such as the scale, the object morphology or
the complexity of the scene, and (ii) the available recommendations,
which are related to applications of the SfM technique under different
conditions (e.g., slopes), are scarce and general. For instance, Micheletti
et al. (2015a) propose using between 10 and 100 images for works
ranging from detail works (between 0.01 and 10m) to general works
(less than 1 km).
It is generally accepted that increasing the number of images sig-

nificantly improves the precision of the photogrammetric model,
helping to produce 3D point clouds with higher point densities.
However, as we have shown, such increase implies a huge growth of the
size of the model and of the computing times. In addition, more pho-
tographs mean more time at the tunnel face and, consequently, more
affection to the production. And, as reducing the number of photo-
graphs to construct the model significantly reduces the processing
times, such reduction could allow one to increase the quality and pre-
cision employed during model generation.
Hence, we analyze the influence of the number of photographs on

the results and, in particular, on the discontinuity sets identified for
each tunnel. To that end, we first analyze the minimum number of
photographs needed to cover the whole face of each tunnel. Starting
with a 2× 2m2 grid that sectorizes the face, we selected the photo-
graphs with higher quality (as defined by the “sharpness” value pro-
vided by Agisoft Photoscan) that covered each sector. (We used this
approach because it seems reasonable to assure that the quality of
photography will improve when fewer are haven, as more care and time
can be devoted to each one). The minimum number of photographs
needed to cover the whole tunnel face was 13 in both tunnels, and we
therefore constructed 8 models in which the number of photographs
was sequentially increased (from 13 and up to 142–137 photographs).
Fig. 11 shows the evolution of the angular differences (δ) between

the discontinuity sets obtained with DSE and with DIPS, as a function of
the number of photographs used to construct the digital model. Dif-
ferences are almost constant (and always smaller to 10°) for dis-
continuity sets F1 and F2 in both tunnels; whereas differences for F3
tend to increase (although not in a continuous manner) as the number
of photographs decreases, reaching differences of up to 45° in Tunnel 1
and up to 15° in Tunnel 2. These worse results can be attributed to the
orientation of F3 (sub-parallel to the visual, and sub-horizontal) and to
the shotcrete accumulated on it.
Results in Fig. 11 allow us to propose a significant reduction of the

number of photographs employed to construct the 3D point clouds,
with a subsequent significant reduction of computing time. For in-
stance, the model with all available photos (169 for Tunnel 1 and 206
for Tunnel 2) required processing times of 22 and 25 h respectively;
whereas the models constructed with 13 photographs required 9min
for Tunnel 1 and 19min for Tunnel 2. This made it possible to use the
“high quality” option of Agisoft Photoscan during generation of the
disperse and dense point clouds, so that better models with a higher
quality were generated (as shown, for example, by the increase of the
mean size of the ground control points from 2.32 to 7.15 pixels in
Tunnel 1 and from 2.45 to 6.68 pixels in Tunnel 2).
These observations make us to argue that, against the general belief

in this area, a reduction of the number of photographs employed can be
associated to an increase on the model accuracy, as long as (i) the
number of photographs is sufficient to adequately cover the analyzed
area, and (ii) their quality is adequate. In other words, it might be better
to work with fewer photographs of better quality than with more
photographs of worse quality, since increasing the number of photo-
graphs is likely to introduce images with worse quality (“sharpness”)
that introduce “noise” into the model. This was reflected in our initial
models of Tunnels 1 and 2, in which Tunnel 2 had a larger number of
photos (206 vs. 169) and a larger error (see Table 3). And it is further
confirmed by the observation that the average error of the model for
Tunnel 2 (i.e., the average of errors presented in Table 3) greatly

Table 7
Representative orientations provided by DSE from the analysis of the 3D dense
point cloud of the ROI of Tunnel 2.

Discontinuity sets Plane Normal [%] Over the
total number
of pointsDip

direction
[°]

Dip [°] Trend
α [°]

Plunge β [°]

F1 249 82 69 8 7.60
F2 132 73 312 17 6.05
F3 352 19 172 71 1.07

Table 8
Differences of orientation between the discontinuity sets identified with DIPS
based on manual compass measurements, and the discontinuity sets obtained
with DSE from the 3D dense point cloud of the ROI of Tunnel 2.

Discontinuity sets DIPS DSE Differences

Dip direction
[°]

Dip [°] Dip direction
[°]

Dip [°] δ [°]

F1 240 79 249 82 9
F2 131 71 132 73 2
F3 4 10 352 19 9

1 For interpretation of color in Fig. 10, the reader is referred to the web
version of this article.
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decreases when the number of photographs employed is reduced, from
13.6mm (206 photographs and medium quality options) to 1.0 mm (13
photographs and medium quality options) or to 0.8mm (13 photo-
graphs and high quality options). In Tunnel 1 the average error in-
creases slightly, from 0.2 (169 photographs and medium quality op-
tions) to 0.4 mm (13 photographs and high quality options), although
note that the error is very small in both cases.

4. Conclusions

We present a methodology, based on the Structure from Motion
(SfM) photogrammetric technique, to identify discontinuity sets at the
tunnel face of real tunnels under construction, our analysis focuses
mainly on its performance and possibilities for use in real underground
conditions, illustrating the influence of previously unexplored

aspect—such as number of photographs and of their quality—on the
quality of the results obtained. The first step of the methodology is to
develop a 3D point cloud using photographs from the face with a spe-
cialized SfM software (in this case, Agisoft Photoscan; LLC, 2016); then,
discontinuities are “extracted” from such digital model using the pro-
gram DSE (Discontinuity Set Extractor; Riquelme et al., 2014).
A correct orientation and scaling of the digital models is required for

these analyses. In this work, we propose, a novel, a “portable orienta-
tion template”; an inexpensive and easy-to-use tool constructed with
EVA foam, which has been specifically developed for this work to orient
and scale the digital model easily. (We have also used it to check the
precision of the generated model).
The proposed methodology has been applied to two real tunnels

under construction in Northern Spain. The results obtained with the
SfM+DSE approach have been compared with the results of a

Fig. 10. Spatial distribution of discontinuities belonging to the main discontinuity sets—(a) F1, F2 and F3, (b) F1, F2A, F2B and F3—identified with DSE in Tunnel 2,
projected back into the original 3D point cloud.
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traditional DIPS analysis based on manual compass measurements.
Both techniques identify the same number of discontinuity sets with
similar orientations. Differences in orientation tend to be less than 10°
for non-horizontal sets, or within the range of measurement variability
(uncertainty) associated to manual orientation measurement with
compass (Robertson, 1970; Windsor and Robertson, 1994; Drews et al.,
2018). Only one sub-horizontal set presented higher orientation dif-
ferences with respect to manual results; this is partially due to diffi-
culties to characterize planes parallel to the camera visuals (Riquelme,
2015), but we argue that, in this case, such difficulties are largely in-
creased by shotcrete accumulated on them.
The proposed methodology has several advantages with respect to

other alternative approaches. First, the equipment needed is readily
accessible and relatively inexpensive, as only a reasonably good camera
and a tripod are needed. Moreover, the personnel taking the pictures
does not need advanced photographic skills, hence facilitating the use
of the methodology in real construction projects.
In addition, it is a “distant” measurement technique that—unlike

traditional compass-based approaches that require being at the face
while measurements are taken—minimizes the time that the worker
needs to be at the face. This has implications from a health and safety
perspective, as it significantly reduces the hazards associated to col-
lapses at the face. At the same time, it allows one to obtain information
about discontinuities located in the upper part of the face, an area that
is usually inaccessible without auxiliary lifting equipment, and which is
therefore usually not covered during compass measurements. This is
particularly relevant because of the upper areas of the face are often
“cleaner”, so that the discontinuity planes that “outcrop” therein—and
that can be easily measured with the proposed approach—usually

provide useful information for rock mass characterization and analysis.
One of the main challenges of the proposed approach is how to

characterize discontinuities sub-parallel to the visual, as illustrated by
the sub-horizontal joint set (F3) that appeared in Tunnels 1 and 2.
However, these difficulties might have been largely increased by the
accumulation of shotcrete on them, as illustrated by the observation
that “errors” in the orientation of F3 in Tunnel 2—where the accumu-
lation of shotcrete at the face was much smaller—are clearly smaller
than in Tunnel 1, and comparable to the “errors” in the orientation of
F1 and F2. One explanation for that is the portability of the camera,
which allows taking several photographs from different locations and
with different angles, hence easing the characterization of such planes.
(Note that, in addition to the smaller costs of the equipment, this might
be another advantage of the SfM technique with respect to remote laser-
type sensors (i.e., LiDAR), as they are usually positioned in a single
location during data acquisition).
This work has also demonstrated that the lighting conditions needed

for a successful application of the SfM technology can be readily ob-
tained with the aid of typical underground construction equipment such
as drilling jumbos. Alternatively, portable continuous lighting can also
be employed with adequate results. These experiences demonstrate that
one typical criticism against this technique for underground
works—i.e., the low luminosity, which would make other methods,
such as LiDAR, preferable in those environments (Tomás et al.,
2016)—probably needs to be revisited.
Finally, our analyses of the minimum number of photographs

needed to obtain an adequate characterization of the tunnel face de-
monstrate that around 15 good quality photographs are sufficient for
tunnel faces with excavated areas about 50m2; and they also illustrate
that the quality of results is directly related to the quality of the initial
photogrammetric model, for which the resolution of images, and their
degree of overlapping, play a crucial role, hence being even more im-
portant than the number of photographs employed. In that sense, we
found that the images employed to construct the model should be taken
using different trajectories (or sequences) of movement for the camera
at the face, while trying to capture the scene from different viewpoints
and with visuals of different directions.
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