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Abstract:  
This paper presents a procedure on how photogrammetry by simple means can be used 
to create a joint surface profile using standard off-the-shelf equipment. The results are 
presented as a step by step instruction ranging from imaging of a rock sample to 
validation of the acquired data to preparation of a numerical model. Imaging is 
performed using a camera with a fixed lens in combination with the photogrammetry 
software 3DM CalibCam and 3DM Analyst. Surface data validation is carried out by 
means of laser scan in order to create a reference surface for local coordinate 
comparison to the photogrammetry data terrain model (DTM). The photogrammetry 
data is proven to be accurate on a scale smaller than one millimetre and a numerical 
shear-box model is prepared using the profiles as input. Surface evaluation show no 
clear indication that any part of the surface would be less accurately imaged due to 
directional bias as the areas of deviation are evenly spread across the sample. Profiles 
derived from photogrammetry are related to JRC. Calibration of the shear-box model 
is on-going; no numerical results are included in this paper.      
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1 INTRODUCTION 

An indisputable fact in rock mechanics is that there is a major influence from joint 
roughness on the shear strength of unfilled joints; a more debated subject is how to 
evaluate the roughness and relate it to the magnitude of the shear strength. The most 
common way to incorporate the joint roughness is to use the Joint Roughness 
Coefficient (JRC) published by N. Barton in 1973 (Tatone & Grasseli, 2010), 
(Asadollahi & Tonon, 2010) which is a given a value between 0 and 20 depending on 
the resemblance to one of the Barton standard profiles, either by visual estimation or 
the use of a comb profilometer (Barton & Choubey, 1977). The methods described by 
Barton & Choubey work well for estimating the initial shear strength but have 
limitations regarding post-peak shear strength and dilatation behaviour as described by 
(Asadollahi & Tonon, 2010). The comparison between the actual surface and Barton 
profiles is often performed visually and has a certain level of subjectivity and bias 
originating from the surveyor. To ensure a more objective interpretation several 
researchers e.g. (Bondakdar & Martazi, 2009), (Karami & Stead, 2008), (Park & 
Song, 2009) and (Indraratna & Haque, 2000) have attempted to evaluate JRC profiles 
using computer software. Other researchers have attempted to directly estimate the 
roughness using software without estimating JRC e.g. (Lin et al., 2010) and (Jiang et 
al., 2006).   

Data acquisition from large scale objects for surface evaluation not utilizing JRC 
has successfully been performed using photogrammetry by among others 
(Sturzenegger & Stead,  2009), (Kolecka, 2011), (Mohd et al. 2002), and (Unala et al., 
2004). Photogrammetry has also been used for discontinuity mapping by e.g. 
(Sturzenegger et al., 2011), (Gigli & Casagli, 2011) and (Svensk Kärnbränslehantering 
AB, 2011). There are several commercially available software packages supporting 
photogrammetric data such as 3DM Analyst Mine Mapping suite utilized by (Birch, 
2006) and (Sturzenegger & Stead, 2009), SiroVision SiroJoint used by (William & 
Haneberg, 2011) and Photomodeler Scanner used by (Kolecka, 2011).  

The objective of this paper is to demonstrate a new procedure for evaluating the 
joint roughness for a less biased JRC estimation. This procedure will complement the 
more subjective manual JRC approach performed in the field with photogrammetry 
and software based evaluation of the surface. By moving from manual to automatic 
raw-data interpretation more consistent roughness values can be produced regardless 
of collection locality. A digital model will also make it possible to shear one single 
surface sample repeatedly under increasing normal stress; this option is not available 
for physical lab-tests on actual rock samples as shearing will irretrievably alter the 
characteristics of the sample, the model on the other hand can easily be reset to its 
original state.  

The work presented is primarily envisioned to serve as a background/foundation 
to future research within the field of unfilled joint surface roughness.     

1.1 Scope  

As shown by Barton; joint surface roughness is a major factor of influence for unfilled 
joints (Barton & Choubey, 1977). For this reason this paper will concentrate on 
unfilled joints only. 

As a proof of concept the photogrammetric evaluation will be performed on a lab-
sized sample only (Hawkesbury sand-stone), large/field scale imaging (as performed 
in i.e. the Äspö laboratory, (Svensk Kärnbränslehantering AB, 2011)) is outside the 
scope of this paper. 
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The presented work emphasises the surface evaluation procedure, calibration of 
the numerical model is on-going.  

2 METHODOLOGY 

2.1 Equipment  

The software package 3DM Analyst is used to create an initial DTM from digital 
photos. 3DM Analyst is a product of Adam Technology, Perth, Western Australia.  
The objective of the software is to create a 3D model from two or more digital 2D 
images. This is done by finding the same points on each image and projecting rays 
into the scene through the perspective centre and finding the location where the rays 
intersect. To navigate the model a relative coordinate system is used ("relative" only 
implies that the relative distance between the points is known, not the placement of the 
points in the real world or a global coordinate system). With eight known points, and 
thus the distance between them, 3DM Analyst can generate a 3D model with very high 
accuracy (Somervuori & Lamberg, 2010). 

For the purpose of data collection, a Canon EOS 5D mark II digital camera with 
remote release and tripod is used. The captured images are digitalized in CalibCam 
2.1. Rhinoceros 4.0 is used to slice the model into linear sections (coordinate-lines). 
To determine the accuracy of the model the surface is also scanned using Faro 
Platinum laser scanning equipment. The scanning device used has an accuracy of up to 
16 microns (FARO, 2012) according to the manufacturer.  

The sample is a 195*145 millimetres block of sandstone exhibiting a natural joint 
surface. To simplify the creation of the relative-only coordinate system pins are glued 
on the examined surface for easy determination of natural points, the 2D distance 
(denoted here as X and Y) between the pin “tips” is recorded.  

2.2 Photogrammetry 

The sample shown in Figure 1 is imaged from two slightly different directions; the 
capture distance is 0.5 m from the sample with approximately 0.3 m between the two 
camera locations.  

 

 
Figure 1.Sand stone sample 

To achieve the correct scale in the digitized image both natural points and relative-
only points are used. Relative-only points are automatically generated between a pair 
of images, Figure 2. Natural points (manually placed on pin locations) are used to 
confirm the scale of the model using the scale bar tool, natural points can be placed at 
any easily recognisable object.  
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Figure 2.Automatic relative-only point generation 

The most basic way to create a DTM is by relative-only orientation. The DTM is 
created in an arbitrary coordinate system where the internal distances between points 
are determined by the input images. The location of the surface in 3D space is 
however allocated by the software package and additional information must later be 
added if the DTM, Figure 3 (left), is to be incorporated into an existing model.  

 

  
Figure 3.Left – fully rendered DTM                       Right – on-going laser scan 

To determine the accuracy of the model a laser scan of the photographed surface is 
carried out; in order to simplify the comparison with photogrammetry data the pins are 
allowed to remain on the surface even after the creation of the photogrammetry DTM 
see in Figure 3 (right). The laser scanned surface is exported from the Faro system as a 
mesh with triangular faces. 

2.3 Surface data validation 

The photogrammetry DTM is exported from 3D Analyst into the CAD program 
Rhinoceros 4.0 together with the laser scan data of the same surface. Using the pin-
locations as reference points the two surfaces are rotated into the same position in 3D-
space see Figure 4.  
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Figure 4.Blue – Photogrammetry DTM   Green – Laser scan DTM 

In order to simplify the data evaluation the two surfaces are cropped to include only 
areas found in both data sets. Problems during the laser scan resulted in data-loss 
corresponding to a small square in the mid-section of the surface, the relative size of 
the affected area led to the conclusion that cropping of this area in both data sets 
should not compromise the validity of the evaluation; the data sets after cropping is 
shown in Figure 5, the total number of points in each set is 14,400.    

 
Figure 5.DTMs after cropping of non-overlapping data 

Both surfaces are sliced into line segments and overlapping data is compared by 
exporting point coordinates to an excel spread-sheet. Creating line segments with 
fixed initial coordinates means that the lines will exactly follow one coordinate axis 
which in turn can be used for line or row identification. Due to the arbitrary rotation of 
the surfaces in the global Rhinoceros coordinate system the line segments in this 
example are created along the z-axis resulting in a number of two dimensional line 
segments with two corresponding row numbers (one for the laser scan and one for the 
photographed surface) for each section.  

For two lines with the same row number a point has been generated on each line at 
coordinate x, the location on the line, and coordinate y, indicating the relative height 
of the asperity. Comparing the relative height of points with the same x location of 
two corresponding lines gives the deviation between the data from the laser scan and 
the data from photogrammetry. All photogrammetry data is exported as ASCII text 
files and imported into Microsoft Office Excel 2007.    
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2.4 Model preparation  

The numerical model is in this example written as an Itasca UDEC data text file using 
Microsoft Excel to auto-generate input-lines in response to imported coordinates. The 
Excel workbook consist in this case of three work sheets; input, code generation and 
output. “Output” is after completion of code generation copied to a text file. The 
textfile is then called by UDEC. The Input tab contains raw coordinates imported from 
text file, import options are chosen so that x, y and z coordinates are stored in separate 
columns. The Code generation tab creates the model; model scale is in meters, a 
maximum of three decimals are used. Rounding of the model is set one order of 
magnitude smaller than the rounding of the joint data (i.e., if joint data is rounded to 
the closest millimetre the model rounding is 1/10 millimetre). The block (model 
outline) is a rectangle whose dimensions are determined by the joint data as seen in 
table 1. 

Table 1. Block generation tablet  

Block X1 Y1 X2 Y2 X3 Y3 X4 Y4 
From 
joint 
sample 

xmin Ymin-
0.3m 

xmin Ymax+0.3m xmax Ymax+0.3m xmax Ymin-
0.3m 

 
The rough joint is modelled by reading the coordinates from the input sheet in a 
repeating pattern following the CRACK command, see Table 2. 

Table 2. Principle of CRACK command generation 

Command Coordinate Coordinate Coordinate Coordinate 
CRACK Xn Yn Xn+1 Yn+1 
CRACK Xn+1 Yn+1 Xn+2 Yn+2 
CRACK Xn+2 Yn+2 Xn+3 Xn+3 

 
Apart from the modelled joint two secondary rough joints are generated two 
millimetres above and below the original joint in order to enable discretization of 
different mesh density in different parts of the model (zoning is denser close to the 
modelled joint).  For the secondary joints the same basic data as for the modelled 
joint, displaced ±2 millimetres, is used but subjected to a higher degree of rounding (2 
to 1), this produces joints of roughly the same appearance but with significantly fewer 
data-points.  

In order to be able to zone the model a vertical joint must also be generated 
through the model, the joint is in this case modelled through origin, the reason for this 
is the internal memory allocation subroutine inherent to the code. Figure 6 shows the 
zoned model after discretization, the window has been zoomed to show only the mid-
section of the model. 

 
Figure 6.Principle of model discretization 
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Rock properties are assigned using a general PROPERTY MAT command. Two sets 
of joint properties are assigned, one for the modelled joint and one for the secondary 
and vertical joints. The properties of the secondary and vertical joints should be 
chosen so that the behaviour mimics the intact rock; the properties of the modelled 
joint are true joint properties.  

The joint properties are assigned using the JOINT MODEL AREA command in 
combination with a RANGE based on the same syntax as displayed in Table 2.   

The model is discretized and histories are placed where needed for any specific 
run; the model is solved to an equilibrium state and new boundary conditions are 
given to initiate shearing of the joint. 

3 RESULTS 

3.1 Photogrammetry 

Image pairs are used to generate a DTM of the sample surface; the colour information 
for each coordinate is maintained and can be displayed on the draped model as shown 
in Figure 7.  

 
Figure 7.Draped photogrammetry surface 

The DTM is exported as a triangular surface rather than a point cloud to simplify 
sectioning in later steps. The averaging error due to the triangular surface 
approximation has not been investigated in this study. The final DTM is sectioned for 
evaluation and modelling purposes.  

 

3.1.1 Evaluation 
Evaluation of the photogrammetry data can be performed both analytically and 
through numerical modelling; only the analytical part is presented here, numerical 
modelling is discussed in some detail in the discussion part. 

The DTM sections are individually compared to Barton’s standard profiles to 
derive a JRC value which in turn is input in Barton’s shear strength equation, equation 
I.   

[ ]rφσστ += )(JCS/log JRCtan n10n   (I) 

Where “joint compressive strength” (JCS) is the compressive strength of the joint wall 
(in this example assumed to equal to UCS –unweathered), φr the residual friction 
angle (derived using the basic friction angle and Schmidt rebound on both dry 
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unweathered sawn surfaces as on wet joint surfaces) and σn the normal stress acting on 
the joint interface (Barton & Choubey, 1977).  

Sorting the sections into three categories depending on the roughness allows the 
selection of representative profiles indicating a combined JRC value between 4 and 10 
for the surface, see Figure 8.  

Figure 8.Barton’s standard profiles (black) and profiles from photogrammetry DTM (red) 

The input values used for this example are: 

JCS = 30.7 MPA - Bondi sample (Pells, 2004) 

φr = 37 (Pells, 2004) 

σn = 0.054 MPa (2m slab) 

JRC = 4 – 10 

Combined with equation I, a shear strength of 0.06-0.11 MPa is estimated. 

3.1.2 Photogrammetric data validation  
Before the data acquired from photogrammetry is used for model generation the 
accuracy of the imaging is evaluated. Mean and median of the deviation are calculated 
for absolute values of deviation since for the intended application the relative 
deviation is important as opposed to the true mean where deviations of opposite signs 
cancel each other out. Mean deviation for this set up was 0.285 mm with a standard 
deviation of 0.282, median 0.199 mm and the single largest deviation recorded was 
3.35 mm. True deviation is presented in Figure 9.  
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Figure 9.Histogram presenting the true deviation between laser scan and photogrammetry 

data, rounding is 0.1 mm 

Re-plotting the true deviation between the surfaces together with a perfectly flat 
reference surface indicates in which part of the model the photogrammetric method 
overestimates (green) and underestimates (blue) the asperity height, see Figure 10. 
The deviation is in a noteworthy number of points larger than 0.5mm indicating this to 
be the maximal trustworthy resolution for this set-up. 
 

 
Figure 10.Blue – Photogrammetry data underestimates the asperity height   Green – 

Photogrammetry data overestimates the asperity height  

4 ANALYSIS 

The ratio of points deviating more than 0.5 mm in either direction is considered so 
small that the data set obtained from photogrammetry is considered accurate enough to 
be used as input data into a numerical model with an accuracy of 1 mm. The deviation 
plot shows no part of the sample is subject of any specific form of sampling bias. The 
indicated tendency for overestimation of the asperity height on the right side of the 
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model in combination with a tendency for underestimation of the left part may 
indicate an error in the 3D co-rotation of the individual surfaces. A similar evaluation 
of localization of deviation was performed by Amin et al. in 2002 where the biggest 
errors were found on profiles close to the model boundary (Mohd et al., 2002); this 
tendency cannot be confirmed by the data presented in this paper. There are a few 
stray high deviation points, >2mm, – these are singular points and are most likely 
linked to the glued on pin tops. 

Using the surface profiles for JRC estimation produce a range of JRC values 
depending on the sampling location, this uncertainty is inherent when analysing 3D 
objects like true surfaces using a 2D approach. A mean JRC can be estimated from the 
combination of all the surfaces but this would present a weighting problem, a range is 
therefore preferred. The standard JRC profiles are 10cm, assuming an accuracy of the 
photogrammetry of at least 1mm still introduces a possible error, especially so for the 
smoother profiles where the asperity height is small relative to the length of the 
section. This error should be considered in relation to the more conventional JRC 
estimates using combs and printed profiles.    

5 DISCUSSION  

5.1 Photogrammetry 

During this work over 200 images and 30 DTMs were created. The images were 
captured in both laboratory and outdoor lighting conditions. The best images were 
captured in the laboratory with a natural background and a distance between the target 
and the camera around 0.5 m with 0.3 m between the camera locations. The camera 
was mounted on a tripod and the distances were measured using measuring tape, a 
more precise determination of camera-stations may improve the accuracy of the 
results. 

A common problem encountered during the laboratory test was loss of 
computational time due to the modelling of bi-areas (background) evident on the 
captured image but of no interest in regard to the surface evaluation.  For underground 
imaging lighting is of great importance as it was observed that shadows on the images 
will dramatically reduce the accuracy of the DTM. In good lighting conditions off-the-
shelf equipment will produce acceptable results with an accuracy of 0.5-1.0 mm.  

The advantages of photogrammetry over laser scanning are mainly economical. 
Even though the analysis of photogrammetry data may sometimes be more labour 
intensive the bulk of the work hours will be put in at the office rather than on site. 
Laser scanning equipment and set-up will in many cases generate longer disturbances 
at the production site than what is required for simply capturing an image pair 
(underground construction excluded). In addition photogrammetry will produce more 
bi-data such as colour of the rock mass which in turn can later be used for 
determination of rock type and indicate streaks of intrusive rock.    

5.2 Numerical modelling 

The data from the photogrammetry imaging is used for model generation according to 
the methodology outlined in section 2.4. The final model emulates a push-pull test 
where the upper block is forced to move across the surface of the lower block while 
subjected to a constant normal load. Failure is modelled by separation of the blocks in 
combination with plastic failure of the asperities. The computational time required for 
this analysis is sometimes quite extensive depending primarily on the level of 
discretisation, one should however note that no manual input is required between the 
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model generation and interpretation which would indicate that the computation time is 
in most cases of limited importance.   

The exemplified code, UDEC, is a distinct element program used for 
discontinuum analysis; the program enables the influence of joints and contacts to be 
incorporated into the calculations related to the homogeneous rock mass. This means 
that two types of mechanical behaviour must be accounted for: the behaviour of the 
discontinuities and of the solid material. The behaviour of the discontinuities are 
modelled as changing boundary conditions, the behaviour of the entire model is 
determined by a time step algorithm. The time step algorithm creates a dynamic 
environment where forces and displacements are calculated for each time step 
depending on the movement of the blocks (each modelled block is divided into an 
assembly of discrete blocks by discretization), the time step is sufficiently small so 
that the disturbances caused by the movement cannot propagate between two blocks 
during the time step itself. Thus with each new time step new contact forces between 
neighbouring blocks are generated and new movement is initialized. This continues 
until the resultant forces approach zero and no more movement is initialized and thus 
the model approaches equilibrium, the time step will also cease if continuous failure 
occurs. As previously stated discontinuities in the rock mass are considered as 
boundary conditions or as contact surfaces, data elements are created at all grid-points 
along the boundary (for deformable blocks) to represent point contacts, calculations 
are not carried out for the entire length of the discontinuity but only at the specified 
point contacts  (Itasca Consulting Group Inc, 2006). 

The choice of UDEC has advantages and limitations. Initially the continuum 
modelling code FLAC (Fast Lagrangian Analysis of Continua) was considered as an 
alternative to the discontinuity code UDEC. The choice whether to model a rough 
joint as a continuum or discontinuum is not as straight forward as it might seem at first 
glance. UDEC was never developed to model rough joints per say, only to imitate 
them using joint shear stiffness and predetermined dilatant behaviour. Modelling of 
the shear behaviour in FLAC is achieved by allowing plastic failure around a zone 
defined by the rough joint which is a well-defined function within the code. The 
determining factor in the choice of code was the aspect of modelling shear failure by 
separation of blocks combined with elastic/plastic deformation of asperities, block 
separation is well defined in the UDEC environment and the inherent problem of 
modelling rough joints was overcome by substituting the rough joint by a large 
number of interconnecting smooth joints.  

Modelling of rough joints in UDEC has been successfully performed by 
Bondakdar et al. where digitized versions of Bartons´s standard profiles were sampled 
at a scale of one centimeter and the resulting profiles were subsequently sheared 
(Bondakdar & Martazi, 2009). Indraratna et al. (2000 ) sucessfully sheared saw-tooth 
joint profiels using UDEC showing good correspondence to both emprical soulutions 
as well as to actual shear tests (Indraratna & Haque, 2000).   

6 CONCLUSIONS 

• The final quality of a photogrammetry DTM is highly dependent on the lighting 
conditions. 

• On the examined laboratory scale the digitalisation error is evenly distributed over 
the entire sampled surface. 

• The presented procedure shows how photogrammetry can be used to generate 
surface profiles with an accuracy of less than one millimetre using standard off-
the-shelf equipment and how to import these profiles to a numerical software like 
UDEC. Experience from other researches documented in the literature shows that 
similar digitalised profiles can be numerically sheared. 
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• Further development and validation of the procedure is required before reliable 
shear strength estimations can be performed. 

This work forms a basis for future research in the subject by presenting a general 
procedure as well as highlighting and discussing some of the possibilities and 
problems related to the topic. 

6.1 Future research 

To continue this work the numerical shear-box model should be calibrated in relation 
to JRC estimations on the photographed rock sample or equivalent data to produce 
plausible shear strength values.  

Once the model has been calibrated for plastic failure Voronoi-tessellation should 
be utilized to study the failure-behaviour on the asperity scale. Additionally field tests 
of large scale discontinuities should be attempted for shear strength estimation of 
natural failure surfaces.  
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