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Review of Photogrammetry-Based Techniques for Characterization
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Abstract: Photogrammetry-based techniques offer a fast and inexpensive way to obtain data needed for
geotechnical characterization and hazard assessment of steep rock faces. These techniques also mitigate
fieldwork risks associated with conventional structural mapping methods. A camera can function as an
accurate survey tool, in most cases as accurate as conventional laser-based survey equipment. Millions
of 3D coordinates can be determined from only a few photographs. Mounting a camera on an Unmanned
Aerial Vehicle (UAV) solves many of the challenges associated with measuring and mapping steep rock
faces. Small low-cost UAVs offer operational flexibility and high quality images. With good
photographs taken from appropriate locations, photogrammetry or structure from motion software can
generate accurate point clouds, digital surface or terrain models, and orthophotos. With further analysis
and interpretation, these can yield the geotechnical data needed to create realistic models in discrete
element or finite element software to perform stability assessment.
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1 Introduction examples are (i) safe access often does not exist
to the rock faces to carry out geological mapping,
(i1) it is difficult to measure the orientation and
geometry of large geological structures such as
faults by simply measuring an orientation where a
scanline crosses the fault, and (ii1)) mapping with
a compass at the base of a steep slope exposes
people to harm from rockfalls.

The solution is to measure and map features
of interest from a safe distance. Three techniques
that can be used are photogrammetry using
stereo-pairs of photographs, ‘Structure from
Motion’ using many overlapping photographs
acquired from different camera positions, and
lidar (laser scanning). Given the low cost for
digital cameras compared to laser scanners and
their ease of use in the field, the techniques using
photogrammetric image  processing  are

The geological hazards associated with steep rock
faces typically include rockfalls and structurally
controlled  instabilities such as  wedge,
translational, and toppling failures (Wyllie and
Mah 2004). The analysis of the stability of a rock
slope and the design of rock stabilization
measures for steep rock slopes rely on knowledge
of the rock face geometry and the rock mass
conditions and orientations of joint sets as well as
specific geological features such as faults.
Traditionally, field measurements to obtain joint
orientation data are obtained from scan-line
mapping using a geological compass. However,
mapping with a geological compass near steep
rock slopes, such as bench faces found in open pit
mines, presents numerous problems. Some
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particularly useful for geotechnical
characterization of rock slopes (Birch 2006,
Haneberg 2008, Tannant et al 2008, Sturzenegger
and Stead 2009, Bahrani and Tannant 2011, Kim
et al 2013, Vasuki et al 2014). This paper reviews
the use of photographs as a powerful measuring
and mapping tool for steep rock slopes. It also
discusses the use of small Unmanned Aerial
Vehicles (UAV) as a platform to take
photographs from optimal positions above the
ground. The paper outlines best practices for
obtaining photographs for photogrammetry
purposes and limitations in an open pit mining
environment.

2 Photogrammetry, Structure from Motion,
and Multi-View Stereo

Photogrammetry has been widely used for more
than a century for mapping purposes (Wolf et al
2014). Photogrammetry is a measurement
technique that uses light rays captured by a
camera. The technique fundamentally requires
two photographs of the same object taken from
different locations. Modern digital
photogrammetry and image processing can be
accomplished with commercial software that has
been designed for geotechnical mapping purposes
(e.g. 3DM Analyst and Sirovision). Generally, the
software uses a stereopair of photos and
automatically identifies and uses multiple
corresponding points in each photograph to
determine the camera location and orientation,
and the 3D coordinates of common points in the

photos by a complex bundle adjustment algorithm.

Structure from Motion or SfM is an image
processing technique that was originally
developed for computer vision applications
(Civera et al 2012). Some fundamental
mathematics used in SfM techniques, including
camera pose estimation, camera calibration,
triangulation, and bundle adjustment (block
adjustment), were adapted from photogrammetry.
Using multiple overlapping images, the SfM
algorithms can estimate the camera pose
parameters and generate sparse point-clouds.
Further image processing using Multiple View
Stereo (MVS) can generate a dense point cloud
once the correspondence among multiple camera
locations has been established.
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StM-MVS using many photos (10s to 100s)
will typically produce denser point clouds (more
3D coordinates) than photogrammetry processing
of a stereo-image pair. Recent software
developments have improved the processing
speed, increased the density of the resulting point
clouds, and improved the accuracy of the
generated 3D data, while better eliminating
outliers. Image processing using SfM and MVS
has been implemented in commercial software
(e.g., Inpho, Pix4D, PhotoModeler, and
Photoscan), web-based services (e.g., Arc3D,
Autodesk 123D, and Photosynth) and in open-
source software (Pierrot-Deseilligny and Clery
2011, Remondino et al 2012, Rothemel et al 2012,
Bartos et al 2014, Remondino et al 2014).

Many  early  publications  concerning
photogrammetry applications in geotechnical
engineering were concerned with its accuracy
compared to traditional methods such as the use
of a geological compass for measuring the
orientation of joints or the use of a total station
for measuring profiles of rock faces (Martin et al
2007, Sturzenegger and Stead 2009, Kiing et al
2011, Harwin and Lucieer 2012, Fonstad et al
2013). Through these comparisons, the
photogrammetry techniques have now been
proven effective and accurate, and thus recent
publications simply present photogrammetry-
based rock characterization as an accepted site
investigation tool. The accuracy of the resulting
3D coordinates of features on the ground is
controlled by the choice of the camera/lens,
object distance, and the spacing between camera
locations. Coordinate accuracy in the order of a
few centimetres is possible with typical
workflows for investigation of geohazards
originating from cliff faces. It is important to note
that the accuracy is not a function of the
photogrammetry software; the software can easily
yield sub-millimetre accuracy using close range
photos of small objects. The accuracy needed for
the site investigation and the size of the rock face
is used to select an appropriate combination of
lens focal length, objective distance, and camera
spacing. From a practical perspective, it is often
helpful to avoid collection of too many photos
resulting from use of long focal lengths or short
object distances because the resulting data set and
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models can quickly become very large and
difficult to process and store.

3 Measurement and Mapping

Recent advances in photogrammetric image
processing software now allow for surveying and
mapping of steep rock slopes in a much faster and
safer manner compared to traditional geotechnical
mapping practices. Hundreds of thousands to
millions of coordinates can be measured from
only a few photographs. A good camera can
function as an accurate survey tool, with accuracy
comparable to laser-based survey equipment
(Martin et al 2007, Kiing et al 2011, Harwin and
Lucieer 2012, Fonstad et al 2013).

The output from digital photogrammetry or
SfIM/MVS image processing is a point cloud
consisting of a large number of 3D coordinates,
each with its own color attribute. These
coordinates can be used to generate a triangular
irregular network over which the textural
information from the images is draped to create
Digital Surface Model (DSM) or Digital Terrain
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Model (DTM). These models can provide a basis
for subsequent interpretation, measurement, and
mapping.

To illustrate how little field information and
effort are needed to generate a useful model with
abundant geometric information, two photos were
taken of a small rock cut along a road that had
experienced a wedge failure. The camera used
was a Canon 5D Mark II with a 24 mm fixed
focal length lens. The fieldwork required for this
example was only to take the photos (less than a
few minutes of work). No tripod or ground
control points were used and no additional
surveying was conducted other than to note the
presence of a vertical fence post and the size of
some rockbolt plates captured in the photos. 3DM
Analyst software (version 2.5.0, Adam
Technology 2013) was used to create a 3D model
with more than 600,000 coordinates and to
perform the joint mapping. Figure 1 shows the
model.

The fence post was used to ensure that the

Figure 1. Point cloud with 607,487 points from a small section of a rock slope used to create a TIN with 1,214,945 triangles

covering 524 m?
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model was oriented correctly in the vertical
direction and the rockbolt plates were used to
provide scale to the model (albeit with some error
given the small size of the plates relative to the
overall model dimensions). A more accurate
scaling of the model could have been obtained by
measuring the distance between two rockbolts,
for example.

When processing the photos in the
photogrammetry software, the camera locations
relative to the rock cut are obtained. The distance
between the two camera locations was
determined to be 5.35 m and the distance from
the cameras to the middle of the wedge area was
approximately 15 to 25 m. Using these
dimensions and the camera/lens characteristics,
the theoretical coordinate accuracy in the model
was approximately 20 mm. This is more than
adequate to characterize many geometric features
of relevance to the wedge failure, which had a
height and width of roughly 15 m. The model
with contour lines added is shown in Figure 2 and
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further mapping and analysis results are presented
in Figure 3 and Figure 4 to give some indication
of how a typical model can be used.

Often it is useful to have the resulting point
cloud data or DSM/DTM created in a known
coordinate system. This can be accomplished by
direct and indirect geo-referencing. Direct geo-
referencing can take advantage of a GPS receiver
associated the camera. The camera location when
an image is taken can be recorded in the image
Exif data as geographical coordinates in the
WGS84 format. Some processing software (e.g.,
Pix4D) can directly access and use the camera
coordinates to geo-reference the generated point
cloud or digital model.

Indirect geo-referencing is done using ground
control targets that are captured in the images.
Typically, targets (ground control points) are
placed on or near a rock face to geo-reference and
scale the resulting 3D model. These ground
control points are independently surveyed using,
for example, a differential GPS or total station.

Figure 2. Oblique view of a digital terrain model of a small section of a rock slope excavated in a blocky rock mass with 1 m

contour lines shown in yellow
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Figure 4. Rock surface profile taken perpendicular to the line of intersection of the yellow and red joints mapped in Figure 3
showing the true wedge angle and rock that remains between the bounding joints
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The ground control coordinates are used during
image processing in the software to geo-reference
the generated point cloud or digital model.

For rock faces, the 3D digital terrain or digital
surface models generated from the photographs
can be wused for wvarious geotechnical
measurement and mapping purposes (Tannant et
al 2006). For example, Figure 3 shows some
joints mapped in a digital terrain model and
Figure 4 shows a wedge cross-section profile
obtained from the digital terrain model. Other
examples can be found in Birch (2006), Tannant
and Anonby (2007), Haneberg (2008), Tannant et
al (2008), Sturzenegger and Stead (2009),
Tannant (2010), Bahrani and Tannant (2011),
Kim et al (2013), Ruzi¢ et al (2014) and Vasuki et
al (2014), and these include the following
measurement and mapping purposes:

o map faults and other structures and trace them
between benches with high location and
orientation accuracy,

e determine the coordinates and dip and dip
direction of joints,

e record structural/geotechnical parameters
such as waviness, spacing, trace length, etc.,

e measure as-built wall angles and bench
widths, length of pre-split half barrels, etc.,

e create contour maps and cross-sections,

e measure burden on bench faces for optimizing
blast designs and minimizing flyrock,

e calculate volumes, and

e detect changes caused by erosion or slope
movement using photos acquired at different
times.

Photogrammetric image processing has also
been used in other geoscience applications such
as geomorphic studies (Stefanik et al 2011,
Westoby et al 2012, Hugenholtz et al 2013,
Whitehead et al 2014), hazard assessments (Lin et
al 2010, Yang et al 2012), landslides (Lucieer et
al 2014, Marek et al 2015, Stumpf et al 2015,
Torrero et al 2015), and rockfalls (Di Crescenzo
and Santo 2007, Salvini et al 2013, Giordan et al
2015a).

4 Advantages

Photogrammetry and structure from motion
techniques have many advantages compared to
conventional mapping with geological compasses
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or surveying with lidar instruments. The
fieldwork is quick and cost effective leaving more
time for interpretation and digital mapping.
Hazardous slope locations can be measured and
mapped from a safe location. The fieldwork
usually has minimal impact on mining activities
compared to manual methods. The photographs
provide a permanent archival record of the rock
face condition and excavation stages. The digital
models generated from the photographs can be
very detailed and precise and they can be
analyzed to map and measure structural
orientation data. The models provide a realistic
representation of discontinuity orientations and
lengths. Often it is possible to detect geological
and structural trends that are not obvious when
close to the face. Orthorectified photomosaics can
be created from the acquired images.

A camera is less expensive, easier, and faster
to use than a lidar instrument. Any camera can be
used to acquire the images although the detail and
accuracy of the resulting data depend on the
quality of the camera and lenses used.

The geometry and geological structures
identified in the DSM/DTM can be used as input
to discrete fracture network, discrete element, and
finite element models for further stability
analyses (Firpo et al 2011, Shamekhi and Tannant
2011, Booth and Meyer 2013, Ortega et al 2013,
Francioni et al 2014, Bonilla-Sierra et al 2015,
Kim et al 2015, Lai et al 2015).

5 Limitations

As with any measuring technique, there are
limitations that should be considered when
planning the fieldwork and the subsequent image
processing. Photogrammetry and structure from
motion techniques work best when there is a
certain separation or base distance between each
camera location that is proportional to the
distance between the camera and the rock face.
This restricts the locations on the ground best
suited for taking the photographs. When taking
photos of rock faces from ground locations, it is
often difficult to find suitable camera locations
that have an appropriate base distance and that
are oriented along a line that is parallel to the
rock face.
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The presence of vegetation can obscure part
of the rock face. Vegetation can present a
problem where (1) it restricts visibility of a rock
face near the camera locations and (2) where
vegetation exists on the rock slope itself. A lidar
survey only requires a single instrument location
while a photogrammetry survey needs at least two
locations. Therefore, when working where
vegetation is present, there is ‘twice’ as much
opportunity for vegetation to be in the way when
taking photos. Lidar has an advantage on
vegetated slopes because it can record multiple
reflections and a bare-earth model can be
obtained by  filtering out  coordinates
corresponding to the vegetation. The Structure
from Motion technique can almost replicate the
data acquired by lidar because when many
different camera locations are used, STM/MVS
image processing increases the possibility to ‘see’
through the vegetation and measure coordinates
on the rock surface.

The image matching algorithms may not work
well if the images are taken at significantly
different times/dates resulting in a different
appearance for the same features on the rock face.
For example, lighting conditions and shadows on
a rock face will change over time. If the rock
surface is partially covered with snow or is wet,
its appearance can change over time during
melting and drying. While typically not an issue,
if the rock face has a uniform texture with little
colour contrast, the image matching algorithms in
the software may not work well.

Typically, the most time consuming and
difficult aspect of the fieldwork is establishing
and surveying ground control points that are used
to scale, orient, and georeference the resulting
models. Ideally, these points are installed on the
rock face itself, which can expose people to
rockfall risks. This limitation can be minimized
for ground-based photographs by accurately
measuring the camera location for each
photograph.

If portions of the rock face cannot be seen
from multiple camera locations, they cannot be
measured — only what can be seen can be
measured. For example, when taking photos of a
rock face from the ground, the available camera
locations are usually at or below the elevation of
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the base of the rock face. This means that all the
photos are taken with the camera pointed upward.
Thus, the camera orientation is typically oblique
to the rock face rather than in a more ideal
orientation, which is perpendicular to the rock
face. In addition, if the rock face has near
horizontal steps or benches, the tops of these
structures may be occluded and cannot be seen in
the photographs.

Construction of 3D digital models for
subsequent geotechnical analysis is typically
limited to photographs taken from distances
closer than roughly 2 km from the rock slope. For
more detailed discontinuity evaluation, the
distance should probably not exceed 500 to 1000
m. For smaller scale rock cuts (e.g. bench height
in an open pit), a typical object distance is in the
range of 10 to 100 m, which typically yields very
good quality models.

Using photographs to build models of rock
slopes has limited ability to evaluate discontinuity
properties such as infilling, shape, small-scale
roughness, joint wall strength, etc. These
discontinuity properties are best evaluated by
direct observation in the field. However,
fundamentally many of these parameters can be
assessed if very close range photogrammetry is
used.

Many of the limitations discussed here are
associated with constraints imposed on the
location of the camera when taking photos from
the ground. A solution is to take the photos from
locations above the ground and with the recent
developments in UAV technologies, these
limitations disappear (see Section 7).

6 Best Practices in the Field

The main factors controlling the accuracy of the

data include:

o focal length of the camera lens,

e distance of the camera from the rock face, and

e separation or base distance between camera
locations relative to the object distance.

The user can choose the lens and ratio to fit
the accuracy requirements of the job.

The focal length and distance from the rock
face determine the size of the area covered by
each pixel in the image. Small base distances lead
to poor numerical solutions for the camera
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location and orientation parameters, whereas
large baselines introduce problems in feature
matching.

Accuracy of the surveyed ground control
points can also influence the georeferencing,
scale, and orientation of the resulting DSM/DTM.

There are fieldwork and photography
techniques that can increase the success of using
photographs to construct accurate DSM/DTMs. It
is best to use a fixed focal length lens to ensure
the best possible camera calibration. Better
quality cameras and lens yield better photographs.
If a camera with a zoom lens is used, do not
change the zoom setting while taking the
photographs. Ideally, photos taken from the
ground should be shot using a tripod.

In terms of camera settings, shoot the under
aperture priority with the aperture set to
approximately f8.0 when using DSLR cameras
shot from the ground. If shooting the photos from
a UAV, open the aperture to permit faster shutter
speeds. Images should be recorded in the
camera’s native raw format if available.

In terms of camera position and orientation,
take photographs from camera locations that are
roughly parallel to the rock face and take
photographs with the lens oriented approximately
perpendicular to the rock face.

Consider the orientation of the rock face when
determining the best time of the day to take
photographs to avoid dark shadows. If dealing
with vegetation, photos taken in the early spring
can minimize the presence of leaves. Take photos
in quick succession to avoid changes in shadows
and drying of rock.

7 Unmanned Aerial Vehicles

The use of UAVs or drones as a data acquisition
platform is quickly becoming a very useful tool
for many surveying and mapping applications in
mining and other geoscience areas (Stefanik et al
2011, Nex and Remondino 2013, Lucieer et al
2014, Shahbazi al 2014, Vasuki et al 2014,
Whitehead and Hugenholtz 2014, Giordan et al
2015a,b, Marek et al 2015, Torrero et al 2015).
The enabling technologies include highly
accurate Global Positioning Systems, cost-
efficient and light gyroscopes and inertial motion
units to measure alignment and orientation, and
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robust micro-processors and software to allow for
flight control and autonomous navigation.

Many of the limitations when using a camera
to take images from ground locations can be
eliminated by mounting a camera to a UAV. A
UAV can fly close to the rock face to capture
detailed images. Many competing companies in
this sector are driving down the costs and
increasing the functionality of the UAV systems
(e.g., 3D Robotics, DJI, SenseFly, and Trimble).

UAVs used in mining applications are
evolving towards smaller and less expensive
platforms that can be deployed rapidly in the field.
They fall into two categories: (i) multi-rotor
vertical takeoff and landing UAVs and (ii) fixed
wing UAVs. The small UAVs used for the
mining industry typically run on rechargeable
lithium-ion polymer batteries. Depending on the
size of the drone, they can last from 20 minutes
(multi-rotor) to an hour or more (fixed wing) in
the air.

Because of their longer flight times and
inability to hold a fixed position, fixed wing
UAVs tend to be used where a larger area of
coverage is desired. Fixed wing UAVs are often
best used in situations where a vertical downward
orientation (nadir imaging) of the camera is
desired. When taking images of very steep rock
faces, the appropriate camera orientation is often
nearly horizontal and this configuration works
well for multi-rotor UAVs. The flexibility of a
multi-rotor UAV can allow up-and-down or back-
and-forth  flight paths. Thus for taking
photographs of steep to near vertical rock faces, a
multi-rotor UAYV is usually the best choice.

The current small UAVs have navigational
functions like position hold (multi-rotor only),
return-to-home, and flight planning defined by
pre-programmed waypoints. The flight path is
typically defined using GPS waypoints that are
stored in a digital file and submitted wirelessly to
the UAV from a ground control station, a mobile
computer, or smartphone.

A UAV may be launched manually or
automatically into air and it will typically fly the
selected flight path autonomously. While flying,
an operator will monitor the UAV from the
ground. The operator can override the
autonomous flight control and take over manual

83



IJGE 2015 1(2): 76-87

control if needed. For safety and security reasons,
UAYV use is typically restricted to flights within
line-of-sight of an operator (Rango and Laliberte
2010).

The use of a UAV is usually more convenient
in areas with frequent cloud cover that
complicates the planning of manned aerial
photography missions. A UAV can be deployed
quickly when a break in the clouds occurs
whereas a manned aircraft takes much longer to
organize.

While a typical UAV is equipped with a
simple digital camera, multispectral sensors and
light-weight lidar sensors can also be used, thus
expanding the range of data that can be acquired
with a UAV.

The potential for UAV technology in
surveying, mapping, and geohazard evaluation is
enormous. Their use will become common
because they provide a huge advantage of having
cost-effective ‘eyes in the sky’.

8 Conclusions

A camera combined with photogrammetry
software can function as an accurate survey tool,
in most cases as accurate as conventional laser-
based survey equipment. Using photographs as
the prime measurement tool offers safety, speed,
and rich archival-quality data sets for
geotechnical investigations.

Millions of coordinates can be measured from
only a few photographs. By mounting a camera
on a UAV, many of the challenges associated
with measuring and mapping steep rock faces can
be easily solved. The current generation of small
low cost UAVs offers operational flexibility and
high quality images.

The use of photogrammetry or Structure from
Motion techniques can be an effective surveying
and mapping tool in open pit mines and steep
rock slopes. These techniques also mitigate risks
associated with conventional structural mapping
for geotechnical purposes.
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