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A proper understanding of the shear behaviour of rock joints and discontinuities is
yet a remaining challenge in the rock engineering research works owing to the
difficulties in quantitatively describing the joint surface roughness both at the field and
the laboratory scales. Several instruments and techniques have been developed over
the years for the surface characterisation of joints at the field- and laboratory-scale
investigations, amongst which the application of the photogrammetry methods has
obtained a growing popularity. This work evaluates the applicability of the
photogrammetry techniques for the characterisation of joint surface topography and
texture at micro-scales, which has been largely understudied in the literature. Three
tensile joint surfaces are digitized using photogrammetry, and the results are compared
with those obtained from laser scans with a high 3D accuracy. A comprehensive
statistical analysis is then undertaken on the digitized point clouds in order to assess
the performance of photogrammetry in surface characterisation. The results of this
work show that the height differences between the resulting point clouds from the two
adopted techniques (photogrammetry and 3D laser scanning) follow the normal
distribution with the mean values close to zero. The statistical analyses illustrate that
the measured joint surfaces using the photogrammetry techniques are in good
agreement with the laser scanning data, confirming that photogrammetry is a capable
method for characterising the joint surface roughness even at micro-scales.
Interestingly, the results obtained further indicate that the accuracy and preciseness of
the photogrammetry techniques are independent from the joint roughness coefficient
but the camera and configuration parameters remarkably control the performance of
the measurement.

1. Introduction

carried out in the last five decades in order to

Rock mass behaviour near underground openings
as well as at shallow depths can be significantly
influenced by the presence of discontinuities. The
mechanical behaviour of discontinuities such as the
shear strength is a paramount factor in the
development of a mine when safety is the main
concern. The joint surface roughness has been
widely known to be one of the main parameters
controlling the hydraulic and shear behaviour of
rock joints. A large number of studies have been
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provide the analytical and empirical models to
predict the shear behaviour of rough rock joints [1-
71]. Despite such successful efforts, quantifying the
contribution of joint surface roughness to the shear
behaviour of rock joints (with accuracy and ease)
yet remains a challenging task in geotechnical
engineering. This limitation is believed to be
predominantly related to the lack of a unique and
widely accepted method for quantitatively
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describing the complex geometry of a joint surface
and unknown contribution of different order
asperities involvement in the shearing process [8-
11]. Numerous empirical, statistical, and fractal
methods have been proposed in the recent years to
present the joint surface roughness using a
quantitative value [4, 12-14]. Amongst many
available techniques, the recent developments in
photogrammetry have provided a fast, simple, and
cost-efficient solution for digitising rock surface
textures. Nevertheless, more research has been
deemed necessary to assess the applicability of the
photogrammetry methods in characterising joint
surface textures at the micro and grain scales; that
this work is aimed to deliver. In this work, first, the
conventional approaches for the characterisation of
joint surfaces are discussed, and laser scanning is
preferred as a benchmark point. The surface
textures of three different tensile joints were then
characterized  using the  photogrammetry
techniques and compared with those resulting from
the benchmark results. A comprehensive statistical
analysis (based on different approaches such as
Bland-Altman analysis and cumulative frequency
of the prediction error) was finally conducted on
the quantified joint surface point clouds obtained
from both the photogrammetry and laser scanning
techniques.

2. Surface characterisation of discontinuities

A precise measurement of joint surface
roughness is a crucial step in the study of shearing
mechanisms and estimation of the shear strength
and dilation behaviour of rock joints. Various
instruments and techniques have been developed
and utilized in order to quantify the rock joint
surface topography in the laboratory or field
conditions. Each method has its advantages and
limitations; hence, seclection of the most
appropriate technique depends on several factors
including size or scale of the study, measurement
speed, precision, repeatability, spatial resolution,
easiness in measurement and data analysis,
applicability to field condition, and cost. These
methods can be divided into two main categories,
namely, contact and non-contact methods
reflecting whether direct contact with the rock joint
surface is required during the measurement
process.

2.1. Contact methods

Contact methods can be sub-categorised into (i)
linear profiling and (ii) local surface orientation
approaches, which are essentially 2D and 3D
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methods in nature, respectively. In the linear
profiling method, the perpendicular distances from
a reference line to the joint surface at regular
distances is measured using a physical
measurement instrument. Profile comb [4], stylus
and roller profilometers [15], straight edges and
rulers [16], and shadow profilometry [17, 18] are
typical instruments used for linear profiling.
Among these instruments, the mechanical or
electrical stylus profilometers provide more precise
digitized profiles [19], while their resolution
depends on the dimension of the stylus (0.5—
2 mm). It is worth noting that if the stylus contact
point is spherical, the curvature of the surveyed
points can be overestimated [20]. The applied load
on the contact area can be another source of error.
In this method, the digitisation of large surfaces is
particularly time-consuming and difficult, making
the method impractical and expensive. The
compass and disc-clinometer [21], as well as the
equilateral tripod and connecting pin sampling
techniques [22], are two examples of the local
surface orientation methods. These methods are
based on the measurement of the local orientation
of discs or the equilateral tripod and connecting pin
devices that are in contact with the discontinuity
surface.

2.2. Non-contact methods

The aforementioned contact methods have
several drawbacks. They require access to the joint
surface, which can be problematic for hazardous or
non-accessible areas. In addition, the measurement
of a large area is time-consuming and prone to
errors due to sampling difficulties, human bias, and
limitation of the instruments [23, 24]. In order to
overcome these limitations, several non-contact
measurement techniques have further been
developed. The non-contact methods that are
conventionally used in rock engineering can be
sub-categorized into two main groups, namely
passive and active triangulation (such as
photogrammetry and structured light techniques)
and direct and indirect measurement of distance
(e.g. laser ranging) [25]. In the recent years,
passive photogrammetry and laser-based distance
measurement techniques are more commonly used
for 3D mapping of rock structures. Over the past
decade, significant developments have occurred in
these two techniques, mainly in data acquisition
and the effective integration of data into a known
spatial reference system. The development of
powerful computational resources has significantly
supported these techniques. It is noted that these
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techniques can be used at both the field and
laboratory scales.

2.2.1. Laser ranging

In this method, the distance is measured directly
based on the speed of light. A pulsed beam of light
is emitted onto the object, and the required return
travel time to the emission source after reflection
from the surface is used for estimation of the
relative distance. The direct acquisition of spatial
data reduces the complexity of 3D surveying. In
addition, the amount of computational analysis that
is required to provide spatial data is also relatively
lower compared to the passive triangulation
methods such as photogrammetry. However, it
requires precise positioning and orientation of the
laser system. Such a technique also requires a
longer set-up time in the field. It is worth
mentioning that one of the important limitations of
this technique is that the dark layers on the rock
surface do not reflect the light, and no data can be
captured using light-laser scanning [26].

2.2.2. Photogrammetry

Photogrammetry is the science of measuring the
3D spatial data from two or more 2D images taken
from the same scene. The principle of such a
technique is illustrated in Figure 1. The light that
hits a given pixel in an image can come from any
point along the ray from the pixel, through the
perspective centre, into the scene (Figure 1a). By
adding another image taken from a different
location and projecting rays into the scene from
each common point in both images through the
perspective centre of the camera, the 3D location
of the point can be determined (Figure 1b).
Therefore, by pairing images of the same surface
taken from different locations, the 3D spatial
coordinates of a rock surface can be characterised
(Figure 1c). The application of photogrammetry
had been limited in the past due to the difficulty of
automating the computational process to extract
the 3D data, required time for computation, and
issues related to film-based cameras. In the recent
years, these limitations have been largely resolved
by the development of digital photography and
high-speed computers [25]. The main advantages
of photogrammetry over the other techniques for
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rock joint surface characterisation are its simplicity
and the fast data generation process. Such an
approach requires only two components including
a digital camera and a computer where both are
readily available at a relatively low cost [27]. The
photogrammetry technique has also been
successfully used in different large-scale mining
and civil related projects including 3D spatial
modelling in open-pit mines [27, 28], rock slope
characterisation [23, 24, 29-31], structural
mapping [24, 32-34], bench face surveying and
designing Dblasting pattern [24], tunnel-face
mapping, and underground structures performance
[24, 35] as well as monitoring the strain rate and
displacement in the geotechnical physical
modelling projects such as retaining wall models
[36-38] and soil slopes [39, 40]. However, the
applicability of this technique for the
characterisation of micro-scale asperities of rock
joints has not yet been investigated in detail, and
require further improvements.

3. Experimental methodology

In this work, three tensile joint surfaces were
prepared from slabbed shape blocks of
Hawkesbury sandstone. Hawkesbury sandstone
dominates the Sydney basin, New South Wales,
Australia-more details regarding the geo-
mechanical properties of Hawkesbury sandstone
can be found in [41-44]. In order to investigate, the
results are not restricted to a specific joint texture;
three joint surfaces having different surface
morphology of slightly rough to very rough were
prepared. The prepared samples are shown in
Figure 2. The dimensions of joint surfaces were
approximately 100 mm X 100 mm. The joint
surfaces were digitized using both close-range
photogrammetry and 3D laser scanner, and the
results obtained were then compared. Using the 3D
laser scanning point clouds and providing 2D
profiles with a sampling interval of 0.5 mm, the
joint roughness coefficient (JRC) of each sample
was calculated using the roughness parameter of Z>
[45, 46]. The results obtained showed that sample
No. 3 had the greatest roughness value with JRC =
17.3, while those of samples No. 1 and No. 2 were
JRCSamplg Nos = 13.2 and JRCSamp[g No.2 = 12.5,
respectively.



Bahaaddini et al.

a)

Focal

Perspective Centre

Image

Sensor ) ’ .
Possible points of origin

b)

Journal of Mining & Environment, Vol. 13, No. 1, 2022

AN

Unique 3D location

Image
Sensor

QUX.Y.Z)

Figure 1. Principle of photogrammetry: (a) Problem of finding a unique 3D location using a single image, (b)
Finding the unique 3D location through intersection of rays projected from two images, and (c) Process of
finding 3D spatial data of rock surface from two 2D images [24, 27].

Figure 2. Three tensile joint surfaces of Hawkesbury sandstone having different joint roughness coefficient (JRC)
values (JRCSampleNo. 1= 13.2, JRCSampleNo. 2= 12.5, and JRCSampleNo. 3= 17.3).

3.1. 3D laser scanning

FARO Laser ScanArm was used to digitize the
joint surfaces based on the laser scanning
technique. A common problem in laser scanning of
rock joint surfaces is the possibility of missing
some surface points due to rapid variations in the
roughness of asperities. The FARO Laser ScanArm
is a 7-axis measurement device with a fully
integrated laser line probe. FARO Laser ScanArm
can overcome the issue associated with the
potential of overlooking some surface points as it
can emit the laser beam in different directions.
Such a device can digitize 19,200 points per second
with a high accuracy (+50 um). The process of
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digitising a joint surface using FARO Laser
ScanArm and the resulting 3D joint surface is
illustrated in Figure 3. A local coordinate system
has been assigned for this equipment, and the laser
source originates from this coordinate system in
parallel to the Z-axis. The FaroArm performs as a
localiser and tracks the position of the laser line
proble coordinate systems in space, and then
transform it into the FaroArm coordinates. The
single point repeatability of the system presents the
ability to record identical results after measuring
the same fixed point in space. Several factors may
affect the accuracy of the ScanArm. Due to the
optical nature of the device, the parameters such as
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closeness to the scan subject, humidity,
temperature, and surface features like, color,
texture, and reflectivity may attribute the scan
performance. A built-in functionality of the
FaroArm reduces the noise of reflective surfaces
and optics and software algorithms minimise the
speckling effects. The laser line probe performance
is expressed based on the entire field of view.
Scanning of far fields improves the scan width

Journal of Mining & Environment, Vol. 13, No. 1, 2022

through fewer laser passes with reduced accuracy,
while scanning of near fields improves the
accuracy with reduced effective scan width.
Therfore, the optimum location should be specified
in the middle field for best performance and scan
coverage. The scanned data from the FARO Laser
ScanArm system was interpreted by the

PolyWorks software to generate the 3D digitized
datasets.

3.2. Digitising surface

photogrammetry

joint using

The step-by-step process of digitising joint
surfaces using the photogrammetry method is
illustrated in Figure 4. The first and essential step
in photogrammetry, which must be undertaken
before taking pictures, is the camera calibration
(interior orientation). By calibrating the camera
and lens, the locations of points in the image can be
determined with the accuracy of up to one-tenth of
a pixel, while distortion of the lens may result in
the apparent locations being shifted internally
dozen of pixels [47]. The calibration parameters
include focal length (C), radial lens distortion (K,
K>, K3, Ky), principal point offset in x and y
directions (X, Y,), decentring distortion (P;, P>),
and scaling factors (B; and B;). A Canon EOS5D
mark II camera was used in this work. The camera
calibration was undertaken using the 3DM
CalibCam software (from ADAM Technology).
The readers are referred to the 3DM Analyst
Manual [47] for detailed information about the
procedure of camera calibration.
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3DM CalibCam Software

3DM CalibCam Software

3DM Analyst Software

Rhinoceros Software

Figure 4. Step-by-step process of digitising joint
surface using photogrammetry.

In the next step, several photos were taken from
the joint surface at different locations. As shown in
Figure 5a, two LED-based lighting systems were
used to provide an even light illumination with
minimal shadowing at the joint surface. In order to
generate the 3D image, the precise location and
orientation of the camera when each image is
captured (the exterior orientation) must be known.
In order to determine the exterior orientation, the
3DM CalibCam software was used, which used the
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least squares bundle block adjustment algorithm
[47]. In order to obtain correctly the scaled results,
a few control points were selected on the joint
surface. By knowing the distances between these
points, the 3DM CalibCam was able to scale the
model correctly. The relative-only points were then
automatically generated by the 3DM CalibCam in
order to establish the relationship between the
camera positions with respect to each other. After

Journal of Mining & Environment, Vol. 13, No. 1, 2022

determination of the camera orientations, common
points for each pair of images were identified to
project rays into the scene leading to the
determination of 3D coordinates of the captured
points. Using the 3DM Analyst, 3D images and
digital terrain models (DTM) were generated
(Figures 5b and 5c¢). DTM of joint surfaces were
saved as DXF files, and imported into the
Rhinoceros software for further analysis.

a) Capturing photos

b) Generated 3D Image

c) Generated Digital Terrain Model

Figure 5. Capturing images and generating 3D data of joint surface of sample No. 3: (a) Taking photos of joint
surface from different standpoints (b) Generated 3D image, and (c) Generated DTM.

4. Results and discussion
4.1. Statistical analysis

The results from both the laser scanning and
photogrammetry techniques were compared to
investigate the capability of photogrammetry in the
characterisation of micro-scale roughness. Both 3D
surfaces were imported into the Rhinoceros solids
modelling software. The generated joint surfaces
from both techniques for sample No. 2 are
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presented in Figure 6. These surfaces were sliced
into profiles, and then these profiles were digitized.
The relative height difference between the
digitized points of locations with the same
coordinates of x and y presents the deviation

between the laser scanning (Ziwer) and
photogrammetry (Zphotwogrammeny). Therefore:
Helght Difference = Zpaser — ZPhotogrammctry (1)
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Figure 6. Comparison between generated joint surfaces for sample No. 2: (a) Photogrammetry (b) Laser
scanning (c¢) Comparison between 3D surfaces, and (d) Digitised point clouds.

In order to statistically evaluate the suitability of mean square error (RMSFE), the variance accounted
photogrammetry for digitising the joint surface for (VAF), and the coefficient of determination
textures, the histograms of height differences for (R?), as summarised below:
three samples were calculated, as shown in Figure
7. For all three samples, the height differences obey RMSE = 1 7 _7 2 )
the normal distribution with the mean value close N Z( taser = Zphotogrammetry)
to zero.

The performance of the photogrammetry in the VAF = (1 _var(Ziaser = Z phomgmmmmy)) % 100 3)
measurement of surface texture was firstly var(Z yaser)

evaluated using the statistical parameters of root

Z(ZPhotogrammetry - ZPhotogrammetry)(ZLaser - ZLaser)

R? =100 x 4)
— 2 —
\/Z (ZPhotogrammetry - ZPhotogrammetry) Z(ZLaser - ZLaser)2

where N is the number of data points and between two methods), and the standard deviation
Z photo grammetry a0d Z | 5o are the mean height of the differences (SD) can be representative of the
of photogrammetry and laser Scanning Values, pI'CCiSiOIl (the random fluctuations around the
respectively. The mean difference can be mean). RMSE indicates both the bias and precision
representative of the bias (the systematic difference and low RMSE indicates high predictive ability.
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VAF and R’ are measures of preciseness and the surface using photogrammetry is in good
one with a value close to 100% denotes high agreement with the laser scanning ones. It is
preciseness performance for a given dataset [48]. noteworthy that based on the statistical parameters
The results of the preliminary statistical analyses of RMSE, VAF and R’ the measurement
are presented in Table 1. These results show that performance in sample No. 2 seems better despite
for all three samples, the measured texture of joint the highest mean height difference.
3000 a) Sample 1 2000 b) Sample 2
§iDev - 0.8 Sbex 20114

2,500

n
=]
8
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2,000+

1,500 1,000

Frequency (number of points)
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Height Difference (mm)

Figure 7. Distribution of height difference of digitized points using laser scanning and photogrammetry methods:

a) Sample No. 1, b) Sample No. 2, and c¢) Sample No. 3.

Table 1. Results of preliminary statistical analyses.

Statistic N Mean (mm) Standard Deviation (mm) RMSE VAF (%) R? (%)
Sample 1 18,813 0.009 0.208 0.208 98.26 98.32
Sample 2 19,144 0.022 0.114 0.116 99.30 99.32
Sample 3 18,237 -0.001 0.139 0.139 99.32 99.32
As both methods of laser scanning and investigated and depicted in Figure 8. The results
photogrammetry have a certain amount of for all three samples show that the datasets are
measurement error, attempts were made to nearly concentrated close to the line of equality. As
investigate ~ whether these methods were the data points tend to be clustered along the line
comparable and whether the measurements results of equality for large datasets in the plot of one
were sufficiently close to each other. To this end, method versus the other method [49], the analysis
the correlation between laser scanning and was followed by the Bland—Altman analysis.

photogrammetry measured texture heights were
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Figure 8. Measured heights using laser scanner versus photogrammetry for: a) Sample No. 1, b) Sample No. 2,
and c) Sample No. 3.

The Bland-Altman analysis evaluates the
agreement between the two techniques, and it can
assess the interchangeability between a specific
measurement technique compared to the reference
one [49-51]. The mean difference between the
measurement technique and the reference
technique is a measure of accuracy (bias). The 95%
limits of agreement (LOA) are used as a measure of
precision, calculated as:

LOA = (Bias) + toqn—1.5D (5)

where ty n-1 1S the f-value corresponding to the
degree of freedom N-/ and significance level «
[52]. The resulting graph of the Bland-Altman
analysis is a scatter plot, where the difference of the
two measurements is plotted versus the mean of the
two measurements, as shown in Figure 9 for 95%

95

limit of agreement. The regression lines of
difference on average values were plotted in order
to evaluate the variability of measurement as the
magnitude of the measurement (asperity height)
increases. The regression lines can also be
representative of a trend in the bias; in other words,
a tendency for the mean difference to increase or
decrease with an increment in the magnitude [50].
In sample No. 1, a slight increase in bias with
increasing the magnitude is observed (positive
slope of the regression line), while this trend cannot
be observed in other samples. Therefore, the results
of the Bland-Altman analysis show that the
measured joint surface textures using the
photogrammetry technique are in good agreement
with the laser scanning results with a high accuracy
and an acceptable range of preciseness.



Bahaaddini et al.

Journal of Mining & Environment, Vol. 13, No. 1, 2022

1A a) Sample 1

=
b

Z1 sser - Zpbotogrammetry (M)
s & &
5 ok koo

|

Fod

o
L

|
i

-3 -2 -1 0 1 2 3 4 H

ZLmer - ZPhotogrammetry (mum)

14 b) Sample 2

T T T T T T T T d
3 -2 -1 o 1 2 3 4 5

Mean (Z1ssers ZPhotogrammetry) (mm)

ZLaser ; ZPhotogrammetry ()

P
&

c) Sample 3

4

T T
-3 2

Mean (Zasers ZPhotogrammetry) (mm)

T T T T T d
0 1 2 3 4 5

Figure 9. Plot of difference between measurement techniques versus mean of two measurement techniques with
95% limit of agreement for: a) Sample No. 1, b) Sample No. 2, and c¢) Sample No. 3.

In order to evaluate the dependency of accuracy
and preciseness on the joint roughness coefficient
(JRC) of joint surfaces, the cumulative frequency
of measurement differences for all three samples
are plotted in Figure 10. The steepness and
closeness of the cumulative frequency curve to the
vertical axis can be a good representative of
prediction precision and accuracy. As noted in
Section 3, the JRC values for samples No. 1 and
No. 2 are similar, while sample No. 3 has the
highest JRC value. The measurement performance
of photogrammetry in sample No. 2 seems better
compared to the others. The performance in the
roughest joint surface (sample No. 3) is also
acceptable and close to that of sample No. 2.
Therefore, no  obvious dependency  of
photogrammetry performance on the joint surface
roughness is observed, and it seems that the
performance is controlled by other parameters.

Several factors control the performance of
photogrammetry in the measurement of joint
surface characterisations. In terms of systematic
errors, they can be sub-divided into the camera and
planning factors. The former factors, which result
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in image-based errors, are lens distortion, principal
distance, and image resolution. The impact of lens
distortion and principal distance can be minimized
in the camera calibration process by adjusting the
relative parameters, as noted in Section 3.2. The
image resolution is controlled by the lens focal
length, the sensor size, and the camera-to-object
distance. The latter factors represent the effect of
camera network geometry including baseline
distance, ambient light, photograph overlap, angle
of incidence, and camera intersection angle [53].
Configuration of the camera and the geometry of
the intersecting rays control the propagation of
image coordinates error to the corresponding 3-D
coordinates [54]. The ambient light can also
significantly  affect the performance of
photogrammetry, where in controlled lighting
conditions, the desired features of joint surface can
be effectively characterised.

The results from this work show that the
photogrammetry method can be a suitable
approach for the characterisation of the
geometrical texture of joint surfaces. The recent
developments in the explicit representation of rock
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joint surfaces can lead to a revolutionary
advancement in understanding the complex
involvement of asperities in the shearing process of
rock  joints [55-59]. The combined
photogrammetry and numerical modelling can
provide a powerful tool to develop a more realistic
joint roughness parameter that includes both the
rock joint geometry and the shearing mechanism.
With more accurate modelling of the rock joints
using 3D analyses, this methodology can provide a
powerful tool for replication of the real geometry
of rock joints to understand the complicated shear
mechanism of rough rock joints and understand the
shear behaviour of large-scale joints, which is
recommended for future studies.

Cumulative Frequency (%)

Vi

100 80 60 40 20 0 20 40 60 80 100
Height Difference (%)

Figure 10. Cumulative frequency of prediction
error of samples.

5. Conclusions

The photogrammetry technique has been
recognized as an easy and cost-efficient one for
creating the geospatial data of large-scale rock
slopes, and has been successfully employed to
create 3D models of rock structures. However, in
terms of the joint roughness investigation, its
ability is questionable due to the effects of various
factors. The uncertainties in one factor may be
associated with the uncertainties in another one.
This work investigated the applicability of
photogrammetry in the measurement of the micro-
scale joint surface texture. In order to study the
applicability of photogrammetry for surface
roughness characterisation, three tensile joint
surfaces were prepared, and the surfaces of these
joints were digitized using photogrammetry and a
laser scanner with high accuracy (50 pm). A
comprehensive statistical analysis was undertaken
to investigate whether photogrammetry could be
employed to measure the micro-scale texture of
rock joints interchangeably with a laser scanner.
The results obtained showed that the height
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difference distribution of digitized points (between
laser scans and photogrammetry) for all three
samples followed a normal distribution with the
mean value close to zero. The statistical analyses
showed that the measured joint surface textures
using the photogrammetry technique were in good
agreement with the laser scanning results with a
good accuracy and an acceptable range of
preciseness. It was also found that the accuracy and
preciseness of the photogrammetry approach were
not dependent on the joint roughness coefficient of
the specimens, and camera and planning factors
may control the measurement performance.
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