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Abstract 
This thesis provides an assessment of the application of terrestrial LiDAR for rock mass 

characterisation and support design in drill and blast tunnels. The study includes establishing 

an appropriate work-flow for data acquisition in an operational tunnelling environment. This 

is determined through a full-scale pilot study, where the excavation of the Løren tunnel in 

Oslo, Norway, is followed over several months. An efficient work-flow for data processing 

and analysis for tunnel data is also established, using the software PolyWorks. 

An analysis utilising LiDAR for mapping of geological structures and extracting their 

orientations is conducted. Because absolute georeferencing of the LiDAR data has not been 

obtained, this involves a reorientation of the dataset, where the tunnel axis is oriented to true 

north. The result of this analysis is compared to the geological field mapping conducted by 

the engineering geologist on site, and generally show a good agreement. Mapping of large-

scale structural features is shown to be possible from the intensity returns of the LiDAR 

instrument. The discontinuity orientation analysis demonstrates suitability of employing 

LiDAR for extracting a high amount of orientation measurements to assist the engineering 

geologist in evaluating rock mass quality.  

A study using LiDAR data for quantifying the roughness of the rock surface for establishing 

a new and improved method for calculating shotcrete volume is also included in this thesis. 

This study proposes two different parameters for calculating a roughness factor, appropriate 

for representing the true rock surface on which to apply shotcrete. The parameters include 

the mean profile length and the surface area of the blast round, as extracted from LiDAR 

data. The roughness factor calculated from surface area yields systematically higher values 

than the factor determined from profile lengths. A reduction of the area roughness factor is 

therefore proposed, by analysing how much the surface area decreases after a layer of 

shotcrete is applied. From the results presented in this study the chosen parameters appear to 

reflect the surface roughness of a blast round in a way that is useful for determining 

necessary shotcrete volume. However, further studies are necessary to confirm this. 
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1. Introduction 

1.1 Motivation 

Tunnelling demands fast and effective methods for acquiring information on rock mass 

quality during excavation in order to perform a sound evaluation of tunnel stability and 

support requirements. Failures in modern drill and blast tunnels in Norway have called for 

questioning of today’s tunnelling practice, and suggest the need for new and improved 

methods to increase the safety of Norwegian rock tunnels (Skoglund 2006, Bentzrød 2007, 

Strande 2007). The investigation report from the tunnel failure on 26 December 2006 in the 

Hanekleiv tunnel emphasised inadequate characterisation of the rock mass and 

documentation of the geological conditions, leading to an unqualified evaluation of the 

necessary permanent rock support, as the main reason for the failure (Bollingmo et al. 2007). 

Characterisation of discontinuities is of key importance when assessing rock mass quality in 

hard/competent rocks, as the strength and stability of a fractured rock mass will be more 

dependent on the nature of these planar weaknesses than on the properties of intact rock 

(Norrish and Wyllie 1996). Discontinuity planes introduce strong directional weaknesses, 

and thus their orientation is a key attribute (Goodman 1989). The traditional methods for 

acquiring information about rock mass quality and characteristics include manual mapping 

of the excavated rock tunnel and measuring of discontinuity properties (Løset 1997). Manual 

collection of data for later manual data entry is time-consuming and labour intensive, and 

does not utilise existing modern technology (Slob et al. 2005). Short range terrestrial LiDAR 

represents a new automated technology capable of a rapid collection of large amounts of 

data. This data has shown a great potential for performing detailed investigations of the rock 

mass quality in tunnels and for documenting the actually installed support (Fekete et al. 

2008).  
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1.2 Background 

LiDAR stands for Light Detection and Ranging, and is a laser scanning technique that 

accurately maps surfaces in three-dimensions by sending out laser pulses and calculating the 

position of the reflecting object. A laser scanner measures thousands of points per second, 

resulting in a high density point cloud, and thus a detailed representation of the scanned 

scene (Kemeny and Turner 2008). The technology has evolved rapidly and the improved 

scanning speed, resolution and range now make terrestrial LiDAR well suited to geological 

applications.  

Several recent studies have demonstrated the suitability of terrestrial LiDAR for 

characterisation and documentation of rock faces and outcrops. Applications include creating 

digital surface models (Pringle et al. 2004, Slob and Hack 2004, Bellian et al. 2005, Pesci et 

al. 2007, Buckley et al. 2008), monitoring landslide displacements (Teza et al. 2007, Baldo 

et al. 2009, Oppikofer et al. 2009, Prokop and Panholzer 2009), calculation of rock fall 

volumes (Oppikofer et al. 2008, Rabatel et al. 2008), monitoring cliff erosion (Rosser et al. 

2005), discontinuity analyses in rock masses (Feng and Roshoff 2004, Kemeny and 

Donovan 2005, Slob et al. 2005, Turner et al. 2006, Lato et al. 2008), quantification of 

discontinuity surface roughness (Rahman et al. 2006) and block geometry characterisation 

(Kalenchuk et al. 2006).  

LiDAR has also been employed in tunnels for studying tunnel deformation (Lemy et al. 

2006, van Gosliga et al. 2006), and for operational purposes (Decker and Dove 2008, Fekete 

et al. 2008). Fekete et al. (2008) have demonstrated the many potential applications of 

LiDAR in tunnelling. For the engineering geologist, the application of LiDAR will enable 

acquisition of large amounts of data for rock mass characterisation on site. For the 

contractor, high-density 3D models of the as-built tunnel will allow for control of excavation 

profile, shotcrete thickness and bolt spacing.  

However, the use of LiDAR technology in the tunnelling industry is only in the research 

stage, with a few studies conducted revealing its potential. More research is necessary to 

improve and verify the extraction of geotechnical information and support data. Also, the 

present procedures for data collection and processing require further investigation to test 

their suitability and effectiveness for the challenging tunnelling environment. 
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1.3 Purpose and scope of study 

This thesis is connected to a KMB project at the Norwegian Geotechnical Institute (NGI), 

named “Tunnel stability: documentation and verification”. The main objective of the thesis 

is to assess and develop the use of short range terrestrial LiDAR as a tool for evaluation and 

documentation of rock mass quality and support installations in tunnels. This aim will be 

pursued through a full-scale pilot study, where the excavation of the Løren tunnel in Oslo, 

Norway, is followed over a longer time period for collection of LiDAR data, with 

subsequent processing and analysis. This will enable a realistic assessment of the theory and 

method in practice, for demonstrating its benefits and limitations. 

Procedures for collection and treatment of LiDAR data will be tested and developed, with 

emphasis on their suitability and effectiveness in an operational environment. These include 

establishing a functional work-flow for conducting LiDAR surveys in tunnels under 

construction that does not interfere with the contractor’s schedule, and designing efficient 

procedures for appropriate data processing and analysis using the software PolyWorks 

(InnovMetric 2010).  

To assess the suitability of using terrestrial LiDAR for evaluating rock mass quality in 

tunnels, an analysis of its application for geological mapping and extraction of discontinuity 

orientations will be performed, and compared to traditional tunnel mapping conducted by the 

engineering geologist on site.  

The assessment of the operational applications of LiDAR will include a study of utilising 

LiDAR data for establishing a new and improved method for calculating shotcrete volume 

necessary to fulfil the requirements concerning shotcrete thickness. This analysis will 

involve inspection of the high-density 3D models of the excavated rock tunnel, with the 

objective of determining parameters and methods appropriate for quantifying the roughness 

of the rock surface, leading to realistic calculations of shotcrete volume.  

The limitations and errors associated with the performed analyses will be assessed, as this 

have significant implications for their reliability.  
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1.4 Thesis structure 

In order to assess the suitability of utilising terrestrial LiDAR in tunnels under construction, 

knowledge about terrestrial LiDAR and tunnelling is needed. This is addressed in Chapters 2 

and 3, respectively. Chapter 4 includes a description of the Løren tunnel, which is the test 

site for this study. Here, the information relevant for the analyses performed in the thesis is 

given. In Chapter 5 the work-flow for conducting data acquisition and data processing is 

presented. This chapter includes testing of procedures and methods to establish efficient and 

appropriate work-flows. The data analyses conducted in this thesis is presented in Chapter 6, 

comprising analysis of discontinuity orientations and analysis of surface roughness for more 

accurate shotcrete volume calculations. The results from these analyses are provided in 

Chapter 7. A discussion of the presented analyses and results, including their limitations, is 

given in Chapter 8. This chapter also includes an evaluation of the designed work-flow for 

acquisition and treatment of LiDAR data. Finally, the conclusions from this study are 

provided in Chapter 9, together with suggestions for further work. 
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2. Terrestrial LiDAR for geological 

applications 
Since the employment of LiDAR for tunnelling applications is new, few studies exist on this 

topic. The presentation of LiDAR for geological applications provided in this chapter is 

therefore to a large extent related to outcrop surveying and mapping. However, this theory is 

also useful for the application of LiDAR in a tunnelling environment. 

2.1 Instrument characteristics 

Terrestrial laser scanners send out a nanosecond pulse of collimated light, which is moved 

over the surface surveyed by a rotating mirror, allowing it to scan 360° from a single 

location. The laser beam is reflected from the object and the distance to the object is 

accurately determined. Millions of measurements can be made over a site in a few seconds 

or minutes, depending on the type of scanner (Kemeny and Turner 2008). There are two 

types of laser scanners: time-of-flight and phase-shift. The time-of-flight scanners measure 

the time it takes a laser pulse to travel to the object surface and return (t), and then calculate 

the distance (d) to the object by the relation given in equation 1, 

  (1) 

where c is the speed of light. Phase-shift scanners measures the phase-shift (θ) of the 

reflected wave compared to the emitted one, rather than the difference in time. In order to 

determine the phase-shift with great accuracy, the frequency of the laser light is modulated. 

By knowing the phase-shift and the modulation frequency (f) of the wave, the time of flight 

(t) can be calculated by using equation 2, 

 
 (2) 

When the time of flight is known the distance is determined in the same way as for the time-

of-flight scanners (Kemeny and Turner 2008). Time-of-flight scanners have a larger range 

than the phase-shift scanners and can cover distances up to 2 km. The phase-shift scanners 
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have a higher data acquisition rate so the scan time is less, and the position- and distance 

accuracies are also slightly higher (Kemeny and Turner 2008).  

The oscillating and rotating mirrors of the laser scanner deflects the laser beam over a very 

accurate angular grid, and computes the coordinates for each measured point into an internal 

reference frame (Pesci et al. 2007). By calculating the distance (d) to the reflecting object, 

together with the horizontal (ϕ) and vertical (α) angular components of the direction of the 

laser beam, spherical coordinates (d, ϕ, α) are obtained (Figure 2-1). These coordinated are 

converted into the corresponding Cartesian coordinates (x, y, z) defining the position in 3D 

space (Teza et al. 2007). The horizontal angle is given by the rotation angle of the laser 

scanner about its vertical axis, while the vertical angle is defined by the rotation angle of the 

reflecting mirror, and are measured by two separate angle encoders (FARO 2010b). All the 

points are measured relative to the scanner’s position, which is defined as the origin (0, 0, 0). 

In addition to position, the laser scanner also measures the power of the reflected laser 

signal, called the intensity (i). The millions of data points outputted by the laser, each point 

consisting of (x, y, z) coordinates and (i), result in a “point cloud” forming a highly visual 3D 

model (Kemeny and Turner 2008).  

 
Figure 2-1: The illustration shows the principle of how LiDAR instruments determine the position of a 

point in 3D space.  A laser pulse is emitted and the distance (d) to the reflecting object is calculated. This 

distance combined with the horizontal (ϕ) and vertical (α) angles of the laser beam forms the spherical 

coordinates (d, ϕ , α), which can be converted to the corresponding Cartesian coordinates (x, y, z) 

defining the position (Teza et al. 2007). 
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2.1.1 Intensity measurements 

The intensity value is calculated from the energy of the backscattered signal and depends on 

the moisture, colour and roughness of the reflecting material, but also on the distance to the 

object, angle of incidence and laser wavelength. External factors like humidity and wet 

conditions will also affect the intensity measurements (Pesci et al. 2007). The raw intensity 

values are normalised by the software to the range 0 to 255, where the values 0 (black) and 

255 (white) correspond to the minimum and maximum intensities measured in the entire 

point cloud (Pesci and Teza 2008). The result is a point cloud resembling a greyscale image. 

However, since the measured intensity values not only depend upon the colour of the 

material, they are not necessarily suitable for discriminating between different materials. 

Theoretically, intensity measurements will decrease as the angle between the laser pulse and 

the normal to the target surface increases, since a large incidence angle reduces the 

backscattering of the signal. A study conducted by Pesci and Teza (2008) on the effect of 

surface irregularities on intensity data, showed that for a sufficiently irregular surface the 

incidence angle does not affect the measured intensity values. The surface roughness must 

have a characteristic size that that does not exceed the laser footprint diameter, which natural 

surfaces in general do. They could therefore conclude, that for geological surveys, typically 

dealing with natural irregular surfaces, the measured intensity enable recognition of features 

in a point cloud on the basis of the material reflectance.  

2.1.2 Accuracy and resolution 

The accuracy  of the acquired points are primarily determined by the laser footprint, which is 

the small area illuminated by each light pulse on the target surface. This is because the 

spatial coordinates assigned to the reflector is that of the footprint’s centre, but the point that 

produced the reflection can be anywhere within the footprint area. The footprint diameter 

(D) will depend on the properties of the laser beam, and increase almost linearly with the 

distance (d) to the reflecting surface, according to the expression in equation 3, 

  (3) 

where a is the minimum beam diameter at exit and b is the beam divergence measured in 

radians (Teza et al. 2007). This relation is true for surfaces perpendicular to the laser beam 

yielding normal incidence angles, but the footprint diameter will increase as the angle of 

incidence increases. Pesci et al. (2007) show that for incidence angles greater than 60° the 

footprint area increases dramatically with increasing range. Therefore, shorter range and 
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sharp angles of incidence will yield more accurate point measurements, as will also a more 

concentrated light beam.  

Because a laser scanner measures a number of redundant points within the footprint area, the 

accuracy and resolution of the final point cloud will be higher than the one of a single point 

(Pesci and Teza 2008). However, the overlap of footprints do not improve the resolution of 

the final model significantly (Lichti and Jamtsho 2006, Teza et al. 2007). According to 

Lichti and Jamtsho (2006) the angular resolution of terrestrial laser scanners depends 

primarily on angular sampling interval (the smallest angular increment of the beam 

positioning device) and the laser beam width. Many system manufacturers quote the angular 

resolution according to the finest possible sampling interval, which is often much smaller 

than the laser footprint (Lichti and Jamtsho 2006, Buckley et al. 2008). Since the sampling 

interval is not the only factor influencing the resolution, this will lead to an overestimation of 

the system’s performance. If the beam width is significant, a fine angular sampling interval 

will not necessarily produce a high resolution point cloud, but result in the fine details 

becoming blurred (Lichti and Jamtsho 2006).  Lichti and Jamtsho (2006) proposed that the 

resolution of the point cloud should be 86% of the beam diameter at the chosen range.  

The material reflectance will also influence the accuracy and resolution of point 

measurements. Materials of low reflectivity will reduce the number of observed points and 

thus lead to lower accuracies and resolution (Teza et al. 2007). The reflectivity will also 

control the maximum range for which surfaces can be detected, with low reflectance limiting 

the range. Generally, rock surfaces can be scanned at distances of 50 - 75 % of the stated 

maximum range (Kemeny and Donovan 2005). 

2.2 Best practices for conducting geological surveys 

Airborne LiDAR has been used from airplanes and helicopters from the late 1970s to 

develop accurate terrain models (Lillesand et al. 2008). Terrestrial LiDAR has only been 

available for about 15 years (Turner et al. 2006). This ground-based near-range surveying 

from a regular tripod made measurements of vertical rock faces and underground 

excavations possible (Turner et al. 2006). Scanning speed and accuracy have drastically 

improved over the years, with improved timing hardware as well as laser technology. This 

has made the technology applicable for detailed investigations of rock masses, enabling 

automatic and remote surveying from safe distances (Kemeny et al. 2006).  
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Due to the tendency of the laser beam to spread with distance, there is a trade-off between 

range and accuracy when it comes to terrestrial laser scanners. This makes it is important to 

select the type of scanner that suits the purpose of the geological survey. The long-range 

scanners have lower accuracies due to the increased beam width, whilst the shorter range 

instruments use a lower power laser that has limited range, but a very stable and focused 

laser beam. The latter leads to higher point accuracies and higher spatial resolution for the 

short-range scanners, and they are therefore used for very detailed mapping of smaller 

structures that can be assessed at close distances (Buckley et al. 2008). 

When conducting a LiDAR survey there are some important factors that should be 

considered. The scanner can only detect surfaces that are in the scanner’s line of sight, and it 

is therefore advisable to think through the positioning of the scanner allowing maximum 

coverage of the site. In general, anything in the way (e.g. trees, cars, and rock debris) of a 

clear line of sight from the instrument to the outcrop will lead to holes in the data. If the 

study area has a complex morphology with many surfaces of varying orientations, two or 

three scans of the same area from different angles might be necessary to ensure a complete 

data set, as illustrated in Figure 2-2 (Buckley et al. 2008). 

 

Figure 2-2: Scanning of a field site from two different scanner positions to cover surfaces of varying 

orientations. This is important to avoid holes in the data set (Buckley et al. 2008). 

The best data coverage and quality is obtained when the line of sight angle is normal to the 

target surface, as explained in Section 2.1.2. When scanning longer sections, like road cuts, 

it is recommended to only allow a horizontal field of view of 50 degrees or less, to eliminate 

oblique line of sight angles, and to have at least 20% overlap between scans, to assist with 

the merging of point clouds. When scanning tall sections, like rock slopes, the distance from 
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the scanner to the slope should be at least as great as the height of the slope. This is again to 

avoid oblique angles that typically result in shadow zones (Kemeny and Turner 2008). 

Shadow zones are referred to as occlusion, which occur when parts of a rock face cannot be 

sampled because protruding features obscure it, or it has an unfavourable orientation relative 

to the scanner line of sight. The latter is particularly important to take into consideration 

when analysing discontinuity orientations from LiDAR data and is referred to as orientation 

bias (Sturzenegger and Stead 2009). This will be further discussed in Section 2.3.1. 

LiDAR surveying in tunnels under construction have been discussed by Fekete et al. (2008). 

The authors emphasise the need for fast and effective procedures for data acquisition in such 

operational environments, and that the high-speed phase-shift scanners now make this 

possible. The fact that LiDAR instruments do not depend on any external light makes them 

well suited for surveying in dark conditions under ground. The dusty and damp conditions 

were not observed to degrade the scan quality. It was further noted that the mechanical 

scaling had a tendency to obscure geological structures, affecting the ability to detect and 

evaluate the rock mass discontinuities. Occlusion is also an important consideration when 

scanning in tunnels, and it is therefore recommended to conduct more than one scan from 

different positions. The time available for obtaining multiple scans will however be limited 

in an operational tunnel environment.  

2.2.1 Registration of the point cloud 

Since all LiDAR data are in an internal reference frame relative to the position of the 

scanner, it needs to be reoriented with regards to north to become useful for engineering 

geological analysis. If the 3D model obtained from the point cloud is to be compared to 

CAD models or other spatial data in a local or regional coordinate system, the point cloud 

needs to be georeferenced to the same system. This is commonly done by placing three or 

more reference targets in the scan area that have pre-measured coordinates. Absolute 

registration of the targets can be provided by a total station with reference to existing 

benchmarks or by differential GPS (Kemeny and Donovan 2005, Slob et al. 2005, Buckley 

et al. 2008).  

For some applications (such as to measure discontinuity orientations) only a reorientation of 

the data set is necessary. This involves orienting the point cloud relative to the true north and 

levelling it, so that the y-axis represents the true north-south direction, the x-axis represents 
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the true east-west direction and the z-axis the actual elevation. This can be achieved by 

levelling the scanner perfectly horizontal and measuring the bearing of its line of sight, and 

then rotating the point cloud to true north (Slob et al. 2005, Kemeny and Turner 2008). True 

north in a point cloud can also be deduced by knowing the true orientation of at least two 

control surfaces in the rock face that is scanned. By placing two or more flat control boards 

in the scan, and measure their orientation with a compass, the difference between the laser 

scanner’s internal coordinate system and the true orientation is found. The data can then be 

transformed to geographic orientations. The transformation accuracy is comparable to 

traditional geological field surveys (Slob et al. 2005). This operation is more complex, but it 

is useful when a scan has to be made of a steep and high rock face so that the scanner cannot 

be levelled horizontally to capture it (Turner et al. 2006).  

To avoid occlusion in the 3D model it is sometimes necessary to take two or more scans 

from different positions when scanning an outcrop. To be able to merge these scans into one 

single model afterwards three or more common reference targets are placed within the scan 

area, visible from all scanning locations. Automated procedures have been developed for the 

processing software to recognise the targets (often spheres), and adjust the overlapping scans 

using the targets as tie-points to fit them together. This method provides high accuracy 

(Buckley et al. 2008). Another method that is more commonly used is processing software 

with sophisticated shape-fitting algorithms that performs a best fit of the scans by 

minimising the distances between the overlapping point clouds. This method is often 

preferred because it does not require targets to be placed in the field, which is advantageous 

especially when scanning inaccessible outcrops. The larger the overlap between the scans, 

the more accurate is the resulting dataset (Buckley et al. 2008).  

2.3 Extracting discontinuity orientations 

The suitability of using terrestrial laser scanners for characterisation of discontinuities in 

rock outcrops have been investigated by several authors and discussed in several articles 

(Feng and Roshoff 2004, Slob et al. 2005, Kemeny et al. 2006, Turner et al. 2006, Kemeny 

and Turner 2008, Lato et al. 2008, Sturzenegger and Stead 2009, Lato et al. 2010). Using 

LiDAR data for extracting discontinuity orientations has also been tested in tunnels (Fekete 

et al. 2008). The investigations show a good correlation between discontinuity orientations 

extracted from LiDAR data and those measured by traditional field methods, and emphasise 
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the ability of extracting a much larger dataset using LiDAR technology, resulting in a more 

accurate assessment of the structural conditions.   

Methods and algorithms for performing automated discontinuity analysis from LiDAR data 

have also been developed and tested (Kemeny and Donovan 2005, Slob et al. 2005, Kemeny 

et al. 2006). This procedure includes an automatic detection of discontinuity planes by using 

the basic property that they are planar. A discontinuity is calculated on the basis of the 

normal to every surface triangle, and detected when groups of adjacent triangles satisfy the 

defined flatness criterion. The authors emphasise that the automated procedure of evaluating 

rock mass quality will reduce human bias and allow for even more discontinuity data to be 

sampled for statistic analyses. These automated discontinuity analyses have however been 

conducted on rock slopes, and not in a tunnelling environment. A study done by Fekete et al. 

(2008) holds that the automatic procedure is currently not suitable for tunnelling 

applications. This is due to the damaging of the rock surface by blasting and scaling marks, 

which make automatic detection of discontinuities difficult. They therefore conclude that 

manual feature extractions provide the most accurate results.  

The accuracy in the estimation of dip and dip directions from LiDAR data will depend on 

the number of laser points intersecting the discontinuity surface, which will vary with the 

point cloud density, the size of the discontinuity plane, its distance from the scanner and its 

orientation relatively to the scanner line of sight (Kemeny et al. 2006). Kemeny et al. (2006) 

have studied the error in discontinuity orientation measurements when varying the number 

of laser points hitting the discontinuity plane with a Monte-Carlo based computer model. 

The test involved a 1 x 1 m discontinuity plane at a distance of 100 m from the scanner, with 

a scan accuracy of ± 1.5 cm, and a simulation of 91 and 11 laser points intersecting the 

plane. Results showed variations in dip and dip directions measurements of about ± 0.18° 

and 0.1°, respectively, from the actual orientation, for the case where 91 laser points 

intersected the plane; and ± 0.5° and ± 0.35° from the actual for the case of only 11 laser 

points hitting the surface.  Kemeny et al. (2006) thus concluded that the errors in the strike 

and dip when extracting discontinuity orientations from LiDAR data should be less than 0.5° 

for surfaces containing as little as 20 laser intersections, as almost all of today’s scanners are 

capable of scan accuracies less than ± 1.5 cm.  

Sturzenegger and Stead (2009) have evaluated the accuracy of discontinuity orientations 

measured from LiDAR by comparing it with traditional compass measurements. The study 
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was based on a relative registration of the point cloud to the real world coordinate system 

and thus also included the errors associated with this procedure. The results indicated 

maximum residuals of 4° and 8° for dip and dip direction respectively, with higher residuals 

reflecting more wavy or curved discontinuity surfaces. This difference arise from the fact 

that compass measurements only consider a small area of the discontinuity, while the 

measurements from point clouds average a large number of points over the entire 

discontinuity surface. This is an unavoidable difference between compass and point cloud 

measurements, and the authors hold that the measurements from LiDAR data provide a more 

realistic description of the discontinuity orientation. The authors further concluded that all 

the registration approaches tested in the study provide adequate measurements of 

discontinuity dip and dip direction.  

2.3.1 Orientation bias in LiDAR data 

Occlusion of surfaces with unfavourable orientations relative to the scanner line of sight can 

cause under-sampling of discontinuities of certain orientations, which will lead to 

discontinuity orientation bias. Orientation bias will lead to inaccuracy when extracting 

discontinuity orientations from LiDAR data, as discontinuities of particular orientations may 

be under-represented, and in some circumstances an entire discontinuity set may be in the 

shadow zone (full occlusion) (Lato et al. 2010). Discontinuities parallel to the scanner line-

of-sight are especially prone to orientation bias. This is illustrated in Figure 2-3. The figure 

further shows the relation between data density and occlusion. The potential for orientation 

bias will increase as the angle of incidence between the laser beam and the discontinuity 

surface increases, as this will reduce the number of point measurements of the surface (Lato 

et al. 2010). Lato et al. (2010) have presented a method for correcting the line of sight bias 

introduced when scanning from a single scanning location. The suggested corrections 

functions in a way that increases the weighting of under-sampled discontinuities.  

Occlusion does also occur vertically when the scanner’s vertical line of sight is sub-parallel 

to a discontinuity surface, as is illustrated in Figure 2-4. To minimise occlusion and 

orientation bias scans should be taken from different angles, ideally by varying both scanner 

location and elevation, and the resultant data sets merged (Kemeny et al. 2006).  
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Figure 2-3: Illustration showing how the orientation of discontinuity relative to the scanner line of sight 

surfaces will introduce orientation bias. A surface parallel to the scanner line of sight will result in full 

occlusion and it will thus not be sampled (Lato et al. 2010). 

 

Figure 2-4: a) Illustration showing how dipping discontinuities parallel to the vertical line of sight of the 

scanner can result in vertical orientation bias. When the line of sight of the scanner is at a steeper angle 

than the discontinuity, occlusion results in a no data. b) View from the scanner perspective showing the 

rock face with the discontinuity traces (Sturzenegger and Stead 2009). 

Laser scanning in tunnels is somewhat less susceptible to scan bias, because of the advantage 

when scanning three roughly orthogonal surfaces.  This means that a discontinuity plane 

near parallel to the scanner line of sight situated in the tunnel face, can be visible in the walls 

or crown, and vice versa (Fekete et al. 2008). 
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3. Norwegian Method of Tunnelling 
This chapter will provide a description of the Norwegian Method of Tunnelling (NMT), at 

the level of detail considered relevant for this study. Emphasis is put on the engineering 

geological investigations of tunnels required for evaluating rock mass quality, and on rock 

support in tunnels, where especially road tunnels are considered. 

NMT is an excavation method based on conventional drill and blast technique in hard rock. 

The method has been developed in Norway over the last 40 years, as more than 5000 km of 

tunnels and hundred of caverns have been excavated (Norwegian Tunnelling Society 2004). 

The long experience in hard rock tunnelling has made Norway one of the world’s most 

skilled nations in this type of underground construction (Palmström and Naas 1993). A 

continuous development of the method has made NMT a very efficient excavation method, 

providing low costs and rapid advancement in drill and blast tunnels (Barton et al. 1992).  

NMT’s time- and cost-effective nature is partly due to the effective excavation method, but 

is also to a great extent a result of its realistic and effective way of installing rock support for 

underground constructions (Nilsen and Broch 2009). The main principle is that the rock 

support is designed for the actual ground conditions, which requires a continuous assessment 

of the rock mass quality and flexible support methods (Palmström and Naas 1993). Further 

descriptions of the rock mass quality investigation and tunnel support characteristic for NMT 

are provided in Sections 3.1 and 3.2.  

3.1 Geological mapping and classification of the rock mass  

NMT places great emphasis on the geological and geotechnical assessment of the rock mass. 

Continuous evaluation of the rock mass quality during tunnel construction is important, as 

the underground conditions cannot be recognised until they are revealed during excavation. 

The support design is based on the engineering geological mapping, which therefore is of 

key-importance for the stability of tunnels. Geological mapping is therefore conducted as the 

tunnel face progresses, and forms the basis for all decisions concerning appropriate support 

design. By reviewing the rock conditions constantly, the support measures can be quickly 

adjusted to meet the variable quality of the rock masses (Palmström and Naas 1993). 
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In order to obtain a systematic and uniform description of the rock mass, a rock mass 

classification system is commonly used to determine various engineering properties related 

to the rock mass of importance for tunnel stability (Norwegian Tunnelling Society 2004). In 

Norwegian tunnelling the quality of the rock mass is primarily classified according to the Q-

system. This is an empirical system developed by the Norwegian Geotechnical Institute in 

the early 1970’s, and provides a description of the rock mass and support recommendations 

(Barton et al. 1974). There are six rock mass parameters that need to be determined in order 

to calculate a Q-value rating the quality of the rock mass. The Q-value ranges from 0.001 for 

exceptionally poor quality to 1000 for exceptionally good quality rock, and can be estimated 

from geological mapping during excavation (Barton et al. 1992). 

The engineering geologist on site should conduct geological mapping of the rock mass after 

each excavation round: after mechanical- and manual scaling is performed, and before the 

application of shotcrete. The mapping conducted by the engineering geologist is also used 

for documenting the geological conditions and installed rock support. The new guidelines for 

construction of road tunnels issued by the Norwegian Public Roads Administration 

emphasise the importance of providing sufficient time for geological mapping, and 30 

minutes has been reserved especially for this purpose after each excavation round 

(Norwegian Public Roads Administration 2010).  

Based on the geological observations, a map of the tunnel is prepared. For this purpose a 

tunnel logging form is used, where the tunnel is seen from above, with the walls folded out 

and the tunnel roof is in the middle (see Figure 6-4) (Løset 1997).  

3.1.1 Discontinuity orientations and their effect on tunnel stability 

The degree of jointing in a rock mass is of key importance for the rock mass stability. The 

Q-system is not capable of evaluating the stability of single blocks or larger wedges, which 

may be controlled by the geometry of the discontinuities. It is therefore essential to conduct 

general geological mapping, including a description of the different rock types and structures 

present, and registration of the orientation, spacing and infilling of discontinuities. Zones of 

weakness also need to be registered, as well as a description of their orientation (Løset 

1997).  
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To map the orientation of discontinuities the strike and dip, or dip and dip direction, is 

measured with a compass. The dip of a plane refers to its angle of inclination with regards to 

a horizontal plane, while the strike is the azimuth angle measured clockwise from north. The 

strike is often specified according to the right-hand-rule, so that the plane dips to the right 

when facing in the direction of the strike. Dip direction is sometimes preferred over strike to 

avoid ambiguity as to the direction of dip, and is defined as the azimuth at which the dip is 

measures. The dip direction differs from the strike by 90° (Norrish and Wyllie 1996). 

A detailed evaluation of the discontinuity geometry is necessary in order to reveal 

discontinuity sets that may lead to instability and block fall, and for identifying the blocks 

that need support. When the engineering geologists register discontinuity orientation, it is 

unfeasible to map all the discontinuities present in the rock mass due to time constraints. A 

selection of the most crucial discontinuities must therefore be made with regards to the 

tunnel stability. The selection must be representative for the underground conditions, so that 

the relative importance of the mapped discontinuities is correctly presented. Discontinuities 

of particular interest when considering the stability of individual blocks in a tunnel include 

those with approximately the same strike as the tunnel axis, but with variable dip, which can 

cause wedge failure (Figure 3-1a), a combination of sub-horizontal and sub-vertical 

discontinuities; if found just above the tunnel roof, it may cause downfall (Figure 3-1b). 

Discontinuities dipping towards the tunnel may serve as sliding planes for unstable blocks 

(Figure 3-1c). If two discontinuities intersect near the tunnel wall a wedge failure may occur 

(Figure 3-1d) (Løset 1997).  
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 Figure 3-1: Typical stability problems occurring in tunnels due to discontinuities with unfavourable 

orientations (Løset 1997). 

Mapping discontinuities in tunnels is challenging due to poor light conditions, restricted time 

and a potential hazardous environment due to block fall from the unsupported tunnel roof or 

face. In order to access important discontinuities appearing in the roof and higher up in the 

walls to map their orientation, a platform is used. Because the platform is of metal, this will 

affect the compass, which can therefore not be used for measuring the discontinuity plane’s 

orientation in respect to north. The strike of the plane is therefore simply drawn onto the 

tunnel form according to its relative orientation in the tunnel. The dip is given with a symbol 

and its proper value. 

Stereonets are very useful for giving an overview of the discontinuity geometry, because it 

allows for the three-dimensional orientation data to be represented and analysed in two 

dimensions. A stereonet is a stereographic projection, which removes one dimension from 

consideration so that a plane can be represented by a line. This line is called the great circle 
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of the plane, and is drawn where the plane passes through the centre of the reference sphere 

and cuts the lower half of the sphere, producing a unique intersection line. Planes with 

shallow dips will have great circles plotting near the circumference of the net, while steeply 

dipping planes will plot near the centre. Instead of drawing the great circles of all the planes, 

the planes are more clearly represented by using the normal to the plane, which will plot as a 

unique point. This point, which is called the pole to the plane, is useful when dealing with 

large volumes of data to identify clusters. Discontinuity planes of similar orientation will 

have poles plotting as clusters, which will help to determine their mean orientation (Norrish 

and Wyllie 1996). 

3.2 Rock support installation in tunnels 

The support design in Norwegian tunnels is based on the geological investigation and the 

classification of the rock mass quality, as performed for every blast round. The rock support 

is installed at two main stages: temporary rock support and permanent rock support. The 

temporary (initial) rock support is applied at the tunnel face to provide safe working 

conditions during the construction period, and will thus delay the progress of tunnelling. The 

permanent support is installed to meet the requirements on the long-term durability of the 

tunnel. The temporary rock support is the contractor’s responsibility whereas the permanent 

support is the responsibility of the client. However, an important aspect of NMT is that the 

temporary support will later be included as apart of the permanent support. The temporary 

support thus has to meet the quality requirements and standards as set by the client.  

Therefore, the support design at the tunnel face is usually proposed by the contractor and 

decided by the contractor and client in agreement (Kveldsvik and Aas 1998, Norwegian 

Tunnelling Society 2004).  

The most commonly used method includes rock bolts, shotcrete and cast concrete using steel 

shuttering. The length and spacing between rock bolts and the thickness of the shotcrete can 

be assessed according to the Q-system described in Section 3 (Barton et al. 1992).  A revised 

support system based on the Q-system prepared by the owner is commonly used for 

determining the support design for road tunnels in Norway (Norwegian Public Roads 

Administration 2010).  

During excavation work, special care is taken to optimise the tunnel contour in blasted 

tunnels, as this is important with regards to tunnel stability and will minimise the need for 
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rock support. An optimal tunnel contour will be to meet the tunnel design, meaning low 

overbreak and low underbreak. Overbreak is when the blasted profile is larger than the 

designed profile, while underbreak is the opposite. Underbreak has to be removed at a later 

stage, while overbreak will require extra shotcrete (Maerz et al. 1996).  

3.2.1 Shotcrete volume and thickness 

Application of sprayed concrete for rock support was introduced in Norway in the 1960’s, 

but did not gain any widespread popularity until 1980. Today, the shotcrete used in 

Norwegian tunnels is fibre reinforced and performed in accordance with the wet-mix 

method. The new alkali free accelerators offer improvements of the application method, by 

increasing the final strength and allowing for 30 cm of shotcrete thickness to be sprayed in 

one application (Norwegian Tunnelling Society 2004). A project initiated by the Norwegian 

Public Roads Administration found that a governing parameter for the durability of sprayed 

shotcrete seemed to be related to the applied thickness. Therefore a minimum thickness of 

applied shotcrete has since been required in Norwegian road tunnels. At present the 

requirement states that the mean thickness of applied shotcrete should be minimum 8 cm, 

and the measured minimum thickness should be at least 50% of the applied mean thickness 

(Norwegian Public Roads Administration 2007).  

The application of shotcrete has to be performed according to the guidelines as established 

by the Norwegian Concrete Association in Publication No. 7 (2003). The publication states 

that the application of shotcrete must be conducted so that cavities, fractures and joints are 

filled first, before a uniformly distributed covering layer is applied. The owner can specify a 

minimum thickness of shotcrete for the permanent support, which the contractor then has to 

fulfil. This means that the mean thickness of the applied shotcrete has to at least equal the 

specified thickness. The volume needed to fulfil the requirements concerning shotcrete 

thickness is calculated from the theoretical area of the tunnel profile and the specified 

thickness. This volume is multiplied with a rebound factor, due to rebound of the shotcrete 

when hitting the rock surface, and an estimated roughness factor accounting for the 

roughness of the rock surface. The roughness factor needs to take two conditions into 

consideration: the uneven application and distribution of the shotcrete, as hollows and 

cavities are filled first; and the rough nature of the blasted profile leading to the fact that the 

true surface area will be larger than the theoretical area. Today there is no standardised 

method of determining the roughness factor. The Norwegian Concrete Association therefore 



 21 

refers to primarily guessing a factor for controlling the applied shotcrete thickness after 

appliance, and later adjusting the factor according to the results of the control. The 

roughness factor will also need to be adjusted according to varying rock mass conditions, 

and the specified target thickness. A thin layer of shotcrete will require a higher roughness 

factor than a thick layer. 

The applied thickness is one of the most important parameters governing the quality of the 

shotcrete, and inspections are therefore required to control that the actual applied shotcrete is 

in accordance with the ordered thickness. The guidelines issued by the Norwegian Concrete 

Association (2003) state that the thickness control can be performed by drilling holes 

through hardened shotcrete according to a predefined grid, e.g. 2 x 2 m. The holes are then 

drilled 2 m apart in the tunnel profile, at random locations including both underbreak and 

overbreak. At least 10 control points have to be drilled. One can also choose to measure the 

shotcrete thickness in the holes drilled for rock bolts. Control of shotcrete thickness is 

performed for every 250 m3 of excavated rock (Norwegian Public Roads Administration 

2007). 
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4. Test site 
The Løren tunnel located in Oslo, Norway, was chosen as the test site for the collection of 

LiDAR data owing to its proximity and construction schedule. The tunnel construction work 

started in May 2009 and the year of completion has been set to 2013. The Løren tunnel 

consists of two adjacent, parallel tunnels, one for each traffic direction (Figure 4-1). Both 

tunnels are being excavated from only one direction, from SE to NW. The tunnel collaring is 

situated at Økern, and the tunnel will be excavated towards the Sinsen intersection for a total 

of 1200 m, of which approximately 900 m is in bedrock (Norwegian Public Roads 

Administration 2009).  

 

Figure 4-1: Longitudinal profile of the Løren tunnel, going from Økern to Sinsen in Oslo, Norway (Neby 

2009). 

4.1 Excavation progress and support design 

The excavation of the Løren tunnel has progressed with 30 m per week in total for both 

tunnels combined, with the length of each blast rounds normally being 5 – 7 m. The 

geotechnical investigations of the subsurface showed that the tunnel has an average 
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overburden of 10 – 15 m, with 30 m at the most. Between profile nos. 1200 and 1300 the 

tunnel passes underneath a zone of weakness overlain by unconsolidated sediments, 

resulting in a rock overburden of only 7 m (see depth profile in Figure 4-1).  In this section 

the lengths of the blast rounds are reduced to 3 m, and reinforced ribs of sprayed concrete 3 

– 4 m apart are added to the rock support, requiring additional excavation time. Through this 

sequence the excavation rate has therefore been reduced to 15 m per week (Stenerud 2010). 

The rock mass quality is classified according to the Q-system, as described in Section 3.1, 

and has generally been rated as class D and E: poor and very poor quality (Stenerud 2010). 

The owner, the Norwegian Public Roads Administration, uses a revised support system 

based on the Q-system (see Section 3.2). This support system has been specially adjusted to 

meet the conditions and requirements for the Løren tunnel, and it is this system that is used 

for determining the support measures (Stenerud 2010).  The rock mass quality before profile 

no. 1300 has mostly been of class D, corresponding to support class III, requiring a shotcrete 

thicknesses of 10 cm or more, and systematic bolting (1.5 x 1.5 m) of the rock mass 

(Norwegian Public Roads Administration 2010). The shotcrete is applied immediately after 

each blast for rock support during the excavation work. Results from two measurements 

conducted of the shotcrete rebound showed 2.8 % and 3.3 %, respectively (Stenerud 2010).  

The standard profile of the Løren tunnel has a theoretical profile length of 26.0 m (Stenerud 

2010). However, the poorer rock mass quality has frequently resulted in considerable 

overbreak, increasing the actual profile length. There has been several occurrences where the 

excavated tunnel contour having a widened profile of up to 50 cm outside the theoretical 

profile (Stenerud 2010). This will mean a considerable increase in the surface area of the 

excavated tunnel compared to the theoretical surface area used for calculation of the 

shotcrete volume, potentially leading to underestimations of the necessary volume.  

4.2 Geological setting 

The geology in the area is dominated by Ordovician sedimentary rocks, predominately shale, 

calcareous shale and nodular limestone, which are cut by Permian intrusive dikes. The 

sedimentary rocks have been folded during the Caledonian orogeny ca. 400 Ma, with a fold 

axis of NE – SW direction (N40° - 60°E), and the bedding planes are parallel to this 

direction. The tunnel will cut the sedimentary layering with an angle of 60° - 90°. The 



 24 

Caledonian orogeny also led to a low-grade metamorphosis of the sedimentary rocks in the 

area (Iversen and Kveen 2007).  

The intrusive dikes are mainly composed of syenite phorphyry, maenaite, rhomb phorpyry or 

diabase. The syenite dikes can have a thickness of 20 – 30 m and often display a N - S 

orientation and a near vertical dip, cross-cutting the sedimentary strata. The dikes of less 

thickness have a more random orientation, whereas the maenaite dikes tend to follow the 

bedding planes of the sedimentary rocks. The intrusive rocks generally display heavier 

jointing than the sedimentary rocks, with jointing perpendicular to the dike margins. The 

sedimentary rocks typically have three discontinuity sets, although large variations are 

frequently observed in both discontinuity geometry and intensity (Iversen and Kveen 2007). 
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5. Work-flow design 
This chapter presents the work-flow designed for data acquisition and data processing. The 

described work-flow represents a continuation of the work started by NGI, by testing and 

developing the existing procedures and methods to establish efficient and appropriate work-

flows. Georeferencing of the LiDAR data into an absolute coordinate system has not been 

achieved. Therefore work-flows to overcome the challenges associated with having non-

georeferenced models had to be designed. 

5.1 Data acquisition  

Data acquisition took place in June – September 2009 and December 2009 – January 2010 in 

the Løren tunnel in Oslo, Norway (see Section 4 for a description of the Løren tunnel). 

Scanning was conducted according to the excavation schedule, with scanning after each blast 

round. This was necessary in order to obtain data of the bare rock tunnel, as shotcrete was 

applied immediately after each blast. Data collection of the installed rock support in the 

previous blast round is achieved simultaneously, providing documentation of the as-built 

tunnel. Scanning had to be conducted in the 30-minute time slot the engineering geologist 

has provided to evaluate the rock mass quality. It was a challenge to follow the excavation 

schedule, with the contractor’s working hours being from 06.00 AM until 02.00 AM the 

following night. With only a short time window available for scanning it was easy to miss 

scanning slots, resulting in holes in the dataset of the rock tunnel.  

5.1.1 The FARO Photon 120 laser scanner 

In this study a FARO Photon 120 laser scanner was used for data collection. This is a phase-

based scanner with a high data acquisition rate and accuracy (see Table 5-1). The FARO 

Photon 120 can scan up to 976,000 point per second with a distance accuracy of ± 2 mm at 

25 m distance. It has a given maximum range of 120 m, but this must be assumed to 

decrease to over half this distance for rock surfaces (see Section 2.1.2). The scanner has a 

full 360° horizontal field-of-view and a 320° vertical field-of-view, thus capturing 

everything in the scanners line-of-sight except a 40° blind spot underneath the device 

(FARO 2010a). The positional and angular accuracies are not given by the manufacturer, as 
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this depends on several factors and is therefore highly variable (see Section 2.1.2). It does 

however state the angular sampling interval to be 0.16 mrad, but this does not represent the 

angular resolution. An ideal scan resolution can be calculated from 86% of the beam 

diameter, as proposed by Lichti and Jamtsho (2006) and explained in Section 2.1.2. Using 

this approach, the ideal resolution for the FARO Photon 120 can be calculated from equation 

1 in Section 2.1.2, with the beam diameter at exit and the beam divergence given in Table 

5-1. This equals a best resolution of 3.5 and 6.3 mm at 5 and 25 m distance, respectively. 

Scanning with a point density higher than this will thus not serve any purpose, as the 

resolution then will exceed the point accuracy. The recommended best resolution does 

however not take the angle of incidence into account, a parameter that also will affect the 

beam diameter (Lichti and Jamtsho 2006).  

Table 5-1: Technical specifications of the FARO Photon 120 laser scanner (FARO 2010a). 

Parameter FARO Photon 120 

Wavelength 785 nm 

Min. range 0.6 m 

Max. range 120 m at 90 % reflectivity 

Max. data acquisition rate 976,000 points per second 

Beam diameter 3.3 mm at exit 

Beam divergence 0.16 mrad  

Angular sampling interval 0.16 mrad  

Distance accuracy ± 2 mm at 25 m at 90 % reflectivity 

Position accuracy Not specified 

Angular accuracy Not specified 

Scanner weight 14.5 kg 

 

5.1.2 Data acquisition in practice 

The speed and resolution of the FARO Photon 120 make it well suited for scanning in 

tunnels. The full 360° horizontal rotation allow for both the newly excavated rock and the 

installed rock support of the previous blast rounds to be surveyed from a single setup 

position. LiDAR surveying was conducted after blasting, mechanical- and manual scaling. A 

single scan took 1 min 44 sec to obtain when reducing the resolution of the scanner to ¼th of 

its capability. This was regarded as an optimal solution with respect to the time available and 

the resolution required for the area of application.  
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Scanning of the tunnel face, walls and 

crown was accomplished using a stationary 

tripod setup, placed inside the limit of 

supported rock for safe data acquisition 

(Figure 5-1). The distance from the scanner 

to the tunnel face varies from 3 – 7 m, 

depending on the length of the blast round. 

To minimise occlusion, overlapping scans 

from two different positions were acquired 

for each blast round. The tripod was raised 

to its maximum height of ca. 2.3 m above 

the tunnel floor to obtain the sharpest 

possible angles of incidence on the target 

surface and shorter travel-distances when 

scanning. Only a rough levelling of the 

scanner was conducted on-site. Data 

acquisition, with rigging and unrigging of 

equipment and collection of two scans, was 

completed in less than 10 minutes and 

required only one person. Scanning could therefore easily be fitted into the 30-minute time 

slot the tunnel was accessible before shotcrete was applied. 

5.1.3 Scanning with reference targets 

Because the LiDAR data are not georeferenced, the collected scans will have separate 

coordinate systems and thus not align to each other when imported (see Section 2.2.1). The 

FARO manufacturer recommends placing reference targets within the scan area for a quick 

and accurate registration process of multiple scans using the software FARO Scene. The 

targets provided from FARO for this purpose are white spheres with magnetic mounts, 

specially designed to be used as targets for the FARO laser scanner. The purpose of the 

spheres is to be automatically detected in FARO Scene for an automatic alignment of 

multiple scans (FARO 2010a). 

 

Figure 5-1: Scanner setup in tunnel 
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To mount these spheres in the tunnel, 

holes for expansion bolts were drilled 

in the tunnel walls and bolt heads 

were specially made for attaching the 

magnetic spheres to the wall, see 

Figure 5-2. The spheres had to be 

dismounted after each scan, as they 

risked being destroyed by the 

blasting. However, to be useful as 

reference targets for alignment 

purposes, the spheres had to be in the 

exact same position over multiple 

blast rounds. This problem was solved by having the expansion bolts in-place, while the bolt 

heads and spheres were re-mounted for each survey. Three to five spheres were required for 

the alignment process, and these were placed in both tunnel walls at arm’s height. As the 

tunnel face advanced, the spheres consequently moved progressively further away from the 

scanner. With the range of the FARO Photon 120 this was not presumed to be a problem. 

However, when testing the automatic sphere detection in FARO scene, it was found that the 

software had great difficulties recognizing the targets only 10 - 15 m away from the scanner. 

This is shown in Figure 5-3, where a sphere 12 m from the scanner is not recognised, 

whereas two angular rocks at the ground are detected as spheres.  According to the 

manufacturer the software should handle a distance of up to 18 m when scanning with a 

resolution of ¼. Detection was further complicated by the fact that the spheres had a 

tendency to get partly covered behind the rugged tunnel topography. It was thus experienced 

that the automatic detection of spheres did not function in a tunnelling environment, and the 

alignment of multiple scans then had to be solved in its entirety during data processing. This 

will be assessed in Section 5.2.1. 

Figure 5-2: White sphere used as reference target with bolt 

head and expansion bolt used to mount it to the tunnel 

wall. (Notice coin for scale.) 
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Figure 5-3: Automatic detection of reference spheres in FARO Scene. Three spheres were mounted 10 – 

13 m away from the scanner. One sphere is successfully detected, one is partly covered behind the rugged 

tunnel wall, while the third is not detected. Two rocks are on the other hand recognised to be spheres. 

5.2 Data processing 

For data processing and analysis the commercial software PolyWorks Version 11.0.12 has 

been used (InnovMetric 2010). When scanning at a resolution of ¼, one scan results in a 

point cloud of 12.6 million point measurements, producing too large datasets for the 

computer to process efficiently. The raw datasets were therefore imported into PolyWorks 

with a sub-sampling factor of 1:4, reducing the point cloud to 8.2 million points with a mean 

point spacing ranging from 3 - 10 mm for the two closest blast rounds, to 25 - 30 mm at a 

distance of 25 m away. This reduces the computing time considerably, while still providing 

sufficient resolution for the analyses done in this study.  The processing steps taken in order 

to produce datasets suitable for analyses are shown in Figure 5-4. A few detours are 

necessary in order to get around the fact that the scans are not absolute georeferenced. If this 

had been obtained, the data would automatically align into an absolute coordinate system, 

making the alignment of multiple scans (Section 5.2.1) and reorientation of the 3D models 

(Section 5.2.4) unnecessary.  
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Figure 5-4: Processing work-flow of LiDAR data in PolyWorks to produce 3D models of the tunnel 

suitable for subsequent data analysis. Editing the mesh to produce a watertight model is only required  

for some applications, and this step should be skipped if possible. 

5.2.1 Alignment of multiple point clouds 

The first step in the processing work-flow is to combine multiple scans acquired from 

different setup positions and from successive blast rounds to produce a longer and 

continuous model of the tunnel. In this study not more than four blast rounds were 

combined, to keep the data-file size on an acceptable level for efficient data processing. The 

alignment is done using the module IMAlign. First, the two scans obtained from different 

scanning positions within the same blast round are aligned. A manual alignment is 

conducted to obtain an approximate alignment of the two point clouds. This is done by 

identifying and selecting three or more common visible features in the two point clouds, 

such as morphological details in the tunnel face (Figure 5-5). The coordinates of the selected 

points in the second scan is then aligned on the first scan, which is used as a reference (Pesci 

et al. 2007).  
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Figure 5-5: Manual alignment of two scans from within the same blast round, performed by selecting 

common features in the tunnel face.  

After this rough matching the alignment is optimised by an automatic Iterative Closest Point 

(ICP) algorithm that is implemented in PolyWorks. This algorithm, developed by Besl and 

McKay (1992), will progressively minimise the 3D distances between the overlapping points 

in the two scans using a linear least-square technique (Pesci et al. 2007). The operator needs 

to specify a maximum distance, which defines the acceptable distance between the points of 

the overlapping scans to be included in the alignment. A maximum distance of 10 cm was 

used in this study, meaning that if a point in the first scan is farther than 10 cm away from 

the other scan it will be ignored for alignment (InnovMetric 2009a).  

The result of the alignment process is a single point cloud containing the two merged scans 

in a common internal coordinate system. This point cloud will provide a better coverage of 

the scanned scene, but also include a large amount of redundant data points. This data 

overlap can cause problems in the meshing performed in the next processing step and should 

therefore be reduced. PolyWorks can automatically reduce overlap by selecting the unique 

data points and deleting the rest. A thin band of overlapping points is still kept between 

regions of unique points for meshing purposes (InnovMetric 2009a). 

After the scans acquired from within the same blast round have been aligned, scans from 

successive blast rounds are stitched together. The alignment of sequential point clouds is 

done using the same procedures as described above, but is slightly more complex since a 

significant part of the datasets do not overlap. The manual alignment is now best performed 

by selecting rock bolts as tie points, as these are well-defined recognisable features. The 

automatic best-fit alignment of different blast rounds did however prove to be more intricate 
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than first expected. The first developed procedure was discovered to align the scans so that 

parts of the rock tunnel would protrude through the shotcrete. This was first believed to be 

due to zones that had been insufficiently blasted to meet the tunnel profile requirements 

(zones of underbreak), and therefore had been removed by the contractor before the second 

scan. After aligning several blast rounds where the result looked as shown in Figure 5-6a, it 

became clear that this was rather due to an inadequate alignment procedure, where the 

automatic best-fit algorithm aligned the before and after shotcrete scans closer to each other 

than reality. The alignment procedure was then modified so that the automatic algorithm 

would only include the older parts of the tunnel, which were identical in both scans. This 

meant ignoring the two last blast rounds and the tunnel floor. This alignment procedure 

improved the alignment of sequential blast rounds considerably, allowing the rock tunnel to 

be covered by shotcrete (Figure 5-6b).   

  Figure 5-6: Alignment of point clouds from successive blast rounds, where the first point cloud covers the 

rock tunnel and the second point cloud is obtained after shotcrete is applied. a) Result of first alignment 

procedure causing rock to protrude through the shotcrete and b) result of improved alignment 

procedure. 

5.2.2 Meshing the point cloud 

The next step is to create polygonal models of the point clouds. In PolyWorks this is referred 

to as meshing, and done using the module IMMerge. The polygonal model created is a 

triangulated mesh, where three vertices are connected to form non-overlapping triangles 

defining a plane (Figure 5-7) (InnovMetric 2009b). The advantage of the triangulated grid is 

its flexibility to vary the grid size according to the complexity of the surface. This means that 

for flat surfaces the point spacing can be greater, and thus less data need to be stored to 

accurately represent the surface. The meshing of the point clouds into triangulated surface 

models is an effective way to store the huge amounts of data acquired from LiDAR 
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surveying. This will reduce computing time, allowing for a more efficient data analysis. The 

polygonal model also provides a better visual representation of the data (Fekete et al. 2008).  

 
Figure 5-7: Processing steps in PolyWorks: Raw point cloud, triangulated mesh and meshed tunnel 

model (Fekete et al. 2008). 

 

To create a good mesh it is important to reduce the overlap between adjacent scans and to 

only mesh one blast round at the time. The meshing  process aims at meshing all the points 

in the scans into a polygonal model of one single surface, which cannot be self-intersecting. 

Overlapping surfaces in the scans can result in doubled vertices, edges or faces in the 

polygonal model, which will complicate the meshing  process and produce holes in the 

model. A minimum amount of overlap between point clouds is however necessary in order 

to reconstruct a non-redundant surface.  

When creating a mesh in PolyWorks, there are a few important parameters controlling the 

result that the operator can change. These parameters include max distance, surface 
sampling step and standard deviation. Max distance has the same function as the maximum 
distance used in the best-fit alignment procedure in IMAlign. This parameter acts as a 

threshold for the detection of overlapping scans, and for eliminating this overlap by creating 

one new surface situated somewhere between the two scans (Figure 5-8). The max distance 

value must therefore be chosen so that all actual overlaps are detected (InnovMetric 2009b). 

The surface sampling step determines the average value of the interpolation step for each 

point cloud, and thus describes the average triangle size in the mesh. In the mesh first 

generated, the triangle size is nearly constant, as can be seen in Figure 5-8b and Figure 5-9a. 

Then the number of triangles will be reduced in areas with little variation, i.e. flat areas 

(Figure 5-9b). The tolerance of triangle reduction is automatically set as half the value of the 

standard deviation, and this parameter is called reduction tolerance. The standard deviation 

parameter may be defined by the operator, and should equal the standard deviation of the 
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scanner (InnovMetric 2009b). Setting a high reduction tolerance will allow for using a 

smaller surface sampling step without creating a huge dataset, but still obtaining a high-

resolution mesh.  

 

Figure 5-8: a) Two overlapping scans. b) Scans meshed to one single model with nearly constant density 

of the vertices in the mesh (InnovMetric 2009b). 

 

Figure 5-9: a) Dense initial mesh. b) Reduced final mesh. In curved areas all triangles are preserved, 

while in flat areas the number is reduced (InnovMetric 2009b). 

To find the optimal solution with respect to processing time, computer capacity and 

resolution, three different average triangle sizes of the mesh were tested. The surface 
sampling step, representing the resolution of the mesh, should be chosen according to the 

resolution of the point cloud. If a triangle size is larger than the original point spacing is 

chosen, it may result in interpolation of occluded zones (Lato et al. 2010). Since the point 

spacing obtained with a laser scanner will vary, the resolution is not an absolute value, but 

rather a range of values. The point spacing of the tunnel point clouds varies between 3 mm, 

10 mm and 30 mm for the crown immediately above the scanner, the tunnel face and 25 m 

away from the scanner, respectively. Meshing with a surface sampling step of 3 mm, 10 mm 

and 30 mm was therefore tested and compared.  



 35 

Creating a mesh with an average resolution of 3 mm took about an hour with the computer 

that was used in this study (HP EliteBook 8730w). The meshes of 10 and 30 mm resolution 

however, took 13 and 10 minutes respectively, which is a more acceptable expenditure of 

time. The standard deviation parameter, which again controls the reduction tolerance, was 

experienced to also play a significant role for the visual output. A standard deviation of 3 

mm produced a clear result, while using the default setting of 23 mm caused the mesh to 

appear blurry. It was thus important to change this value to 3 mm, which is the standard 

deviation of the FARO Photon 120 laser scanner. A value of 10 cm for the max distance was 

used for the alignment procedure, and this value was kept for the meshing process.  

5.2.3 Editing the mesh 

For some applications, a mesh without any holes, i.e. watertight, is required. These 

applications include calculating volume and cross-sections. A watertight mesh cannot be 

created directly due to holes and imperfections in the point clouds, and thus the filling of 

holes is done after the mesh is generated. Filling holes is a very time consuming process. 

Using a higher interpolation step will ease the filling procedure, as this leads to fewer and 

larger holes. A mesh of suitable resolution for tunnelling applications will in any case 

produce a great number of holes.  

First, an automatic fill holes algorithm is applied. A max distance controlling the maximum 

size of the holes to be filled must be specified, in this study set to be 10 cm. For the mesh of 

30 mm average resolution the automatic filling of holes took under 10 minutes, while it took 

up to one hour for the 3 mm mesh with the computer used in this study. The automatic 

algorithm will not be able to fill all holes in the model. For the 30 mm mesh the automatic 

procedure fills enough holes to manually fill the remaining amount. A click and fill function 

will highlight all holes in the mesh in red and allow the user to click on the holes to 

automatically fill them (Figure 5-10). Occasionally, the hole is a result of intersecting 

triangles and then a simpler hole must first be created by deleting the area around the hole. If  

the tunnel floor also is to be watertight, the filling of holes procedure is radically 

complicated. Muck piles, stones and a poor coverage of the floor in general, doubles or 

triples the time needed for producing a watertight mesh. Additionally, when asking the 

software to interpolate a surface between the large holes in the floor (meters in size), the 

surface produced has a tendency to be curved instead of flat. It does therefore not make an 

accurate representation of the floor and should be avoided. The tunnel floor needs to be kept 
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for orientation purposes (see Section 5.2.4), but for this application it does not need to be 

watertight. 

 
Figure 5-10:  A mesh of 30 mm average resolution before any holes have been filled. The holes in the 

dataset are highlighted in red, illustrating the poor data coverage of the tunnel floor. 

5.2.4 Changing the axial reference system 

It is an advantage to change the internal coordinate system of the 3D tunnel models so that 

the y-axis corresponds with the tunnel axis and the z-axis represents elevation from the 

tunnel floor. This basic coordinate system will help to navigate the tunnel and to perform the 

ensuing analyses. 

In order to set up the new axial reference system three features, including a cylinder, a plane 

and the cylinder’s end points, need to be created to aid the process (Figure 5-11). A cylinder 

is fitted to the tunnel arch so that the y-axis can be aligned to the centre axis of the cylinder, 

representing the tunnel axis. To level the data, a plane is fitted to the floor of the tunnel (this 

is why keeping the tunnel floor is important), and the z-axis is set parallel to the normal 

vector of the plane. Finally, the end point of the cylinder is set as the origin of the coordinate 

system. 
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Figure 5-11: Setting a convenient coordinate system of the tunnel model with the aid of a cylinder, a 

horizontal plane and one cylinder end point in PolyWorks.  

5.2.5 Orienting the tunnel axis to true north 

In order to perform discontinuity orientation analysis from LiDAR data, the polygonal 

models need to be correctly oriented with respect to north. Since georeferenced data have not 

yet been achievable, procedures to get around this problem had to be developed. For the 

extraction of discontinuity orientations only a relative orientation of the model is required, as 

described in Section 2.2.1. First, the reference system is changed as explained in Section 

5.2.4, so that the y-axis  is parallel to the tunnel axis. A macro developed at NGI allows the 

user to type in the true orientation of the tunnel axis with regards to north, the macro then 

rotates the tunnel axis the specified degree with respect to the y-axis, which represents north. 

This will allow for true dip and dip directions to be deduced from the tunnel data. 

5.2.6 Obtaining shotcrete thickness values from LiDAR data 

As scanning is performed before and after the application of shotcrete, a comparison of the 

two resulting 3D models can be conducted in PolyWorks. This will allow for a new and 

much more detailed method for controlling the thickness of the applied shotcrete layer. The 

comparison of the two 3D models is done in the module IMInspect. The 3D model after 

shotcrete application is brought in as the data model, and compared to the 3D model of the 
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corresponding area of bare rock, which is used as a reference. A comparison algorithm will 

then compute the minimum distance between the points in the two models, and display the 

result as an error map.  It will also generate a report of the procedure, which includes the 

mean value of all computed distances and the standard deviation. The operator can 

interactively select the area of interest for obtaining shotcrete thickness values. A maximum 
distance between the two models is required as input, and should be set sufficiently high.  
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6. Data analysis 
The data analyses presented in this chapter address both engineering geological and 

operational applications of LiDAR data. This chapter will include an analysis of using 

LiDAR data for tunnel mapping of structural features and extraction of discontinuity 

orientations. A study utilising LiDAR data for obtaining realistic values of the shotcrete 

volume needed to achieve the target thickness has been conducted, involving quantification 

of the true roughness of the rock surface.  

The analyses were performed on a selection of the data collected. LiDAR data from a total of 

32 blast rounds were obtained, but as mentioned in Section 5.1, it was easy to miss scanning 

slots, and consequently several holes are present in the dataset. Three separate sections of the 

two parallel tunnels where continuous datasets had been obtained, were therefore chosen for 

analysis purposes. The locations of these tunnel sections are marked in Figure 6-1, and a 

description of the datasets is provided in Table 6-1. The east bound tunnel will in the further 

text be referred to as tunnel A, and the west bound tunnel as tunnel B.  

 

Figure 6-1: The Løren tunnel. The locations of the three tunnel sections where LiDAR data included in 

the analyses have been obtained, are marked in the figure. 

Table 6-1: Description of the datasets used in the analyses. The datasets are obtained from three 
different sections of the tunnel. 

Section Tunnel Profile number Tunnel azimuth No. of blast 
rounds 

Total length 
(m) 

# 1 B 1521 - 1488 342° – 340° 7 39 

# 2 A 1477 - 1442 338° – 336° 7 40 

# 3 B 1296 - 1265 312° – 310° 7 31 
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6.1 Discontinuity analysis 

To assess the suitability and accuracy of mapping structural features and extracting 

discontinuity orientations from LiDAR data, a comparison to the mapping conducted by the 

engineering geologist on site has been done. For this purpose the visual representation of the 

rock surface is of key importance, together with accurate orientation measurements. 

Therefore a further study of what data representation that is best suited for discontinuity 

analysis was conducted. 

6.1.1 Choosing the appropriate 3D model for discontinuity analysis 

This study includes evaluating the accuracy of the orientation measurements and the quality 

of the visual representation of the LiDAR data. The accuracy of the orientation 

measurements will depend on the number of points that strike the discontinuity surface, 

which again will depend on several factors as described in Section 2.3. In order to evaluate 

the effect of resolution, discontinuity orientations have been extracted from a point cloud 

and polygonal models of 3, 10 and 30 mm average point spacing. It is clear that the variation 

in resolution greatly affects the number of points that strike the discontinuity surfaces in the 

test models (Figure 6-2). The selected planes are 1.1– 2.1 m long and of varying orientations.  

  

  
Figure 6-2: From upper left to lower right: Point cloud, mesh 3 mm, mesh 10 mm, mesh 30 mm. Red 

points indicate measurement points intersecting the discontinuity surface.  
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The orientation measurements extracted from the four models showed however small 

variations (Table 6-2). The maximum differences of the measurements have a mean value of 

0.4° and  0.9° for the dip and dip direction, respectively.  

Table 6-2: Discontinuity orientation measurements from a point cloud (PC) and polygonal models of 3, 
10 and 30 mm resolution. 

 Dip direction Dip 
Plane PC 3 mm 10 mm 30 mm PC 3 mm 10 mm 30 mm 

1 279.2 279.8 279.9 280.2 82.2 82.7 82.7 82.4 
2 279.5 279.0 279.4 279.8 77.3 77.1 77.1 77.0 
3 67.2 66.9 67.0 67.3 25.3 25.4 25.5 25.4 
4 259.0 260.2 258.8 259.3 68.9 68.4 69.2 69.3 
5 161.1 161.6 161.4 161.8 85.5 86.0 85.8 85.4 
6 301.2 300.3 300.9 300.6 85.3 85.4 85.5 85.5 
7 56.2 55.9 56.5 56.4 37.4 37.5 37.7 37.9 
8 152.2 151.5 152.0 152.0 83.2 83.0 83.0 83.0 
9 304.2 303.7 304.3 304.4 84.3 84.4 84.6 84.4 

10 300.0 299.8 299.4 298.9 80.7 81.1 80.5 80.8 
11 299.2 298.7 298.9 298.2 85.5 85.6 84.8 85.6 
12 296.3 296.2 296.5 296.3 85.0 85.4 85.3 85.3 
13 170.0 169.4 169.9 169.5 72.2 72.3 72.2 72.0 

 

It is evident from comparing the values in Table 6-2 that the four different resolutions tested 

all provide comparable results for the extraction of orientation measurements. The polygonal 

models are however preferable over the point cloud when it comes to the visualisation of 

structural features and discontinuity planes. The fact that the point cloud is not a surface 

model makes the recognition of surfaces difficult, and the point cloud was therefore 

discarded for this application. The finest mesh is much more time-consuming to create, 

without providing any advantage over the other models, and was thus also discarded. 

Comparison of the 10 mm model versus the 30 mm model shows that both resolutions 

provide suitable visual representation of the rock surfaces at the scale relevant for this study 

(Figure 6-5). In the discontinuity analysis performed in this study a mesh of average 

resolution 30 mm was used. 
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Figure 6-3: Visualisation of a 10 mm (left) and a 30 mm (right) average resolution mesh, and the 

detection of discontinuity planes. It is clear that both models provide a good surface description for this 

application. The size of the selected discontinuity planes are from 42 cm across and up. 

6.1.2 Geological mapping conducted by engineering geologist on site 

Traditional tunnel mapping, as conducted by the engineering geologists on site, has been 

used for comparison and evaluation of the structural analyses done using LiDAR data. The 

tunnel logging forms of the mapped geology in the tunnel sections interesting for this 

analysis are shown in Figure 6-4. The three sections where discontinuity analyses have been 

conducted are marked by red lines.  
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Figure 6-4: The geological mapping conducted by the engineering geologists at the Løren tunnel. The 

three sections of the tunnels included in the analyses in this study are marked in red. 

In the tunnel mapping forms in Figure 6-4, the dip of the measured discontinuity planes is 

given, while the strike of the discontinuity planes are only marked on the map according to 

their relative orientation in the tunnel. The strike therefore had to be manually extracted for 

comparison to the LiDAR extracted data. This was done using a compass for measuring the 

orientation of the registered discontinuities relative to north. Since north is not marked on the 
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tunnel mapping forms, the orientation of the tunnel axis with respect to the true north was 

deduced from a technical map of the tunnel design. 

6.1.3 Extraction of orientation measurements from LiDAR data 

The analysis of the LiDAR data was performed in the IMInspect module of PolyWorks. 

Each 3D model of the rock tunnel, corresponding to one blast round, was re-oriented as 

described in Section 5.2.5, according to the orientation of the tunnel axis with respect to true 

north. This orientation was found as explained in Section 6.1.2. Performing the analysis on a 

long section of the tunnel would lead to a wrong alignment with respect to north, considering 

that the tunnel axis curves. The 3D models were therefore analysed separately for the 

extraction of discontinuity orientation measurements (Figure 6-5). For the analysis of larger 

geological structures three to four models were aligned. 

  
Figure 6-5: Identification of discontinuity planes in the IMInspect module in PolyWorks. Each blast 

round is analysed separately for the extraction of discontinuity orientation measurements. 

The extraction of the orientation of the discontinuities from the 3D models was done 

manually by interactively selecting discontinuity planes, whereupon the software would 

best-fit a plane to the selected surface area. The analysis have also included an investigation 

of changes in lithology, dikes and bedding planes in the 3D model, based on the intensity 

returns of the LiDAR instrument. The localisation and mapping of structural features in the 

bare rock models could then be compared to the geological mapping conducted by the 

engineering geologist. 



 45 

6.2 Surface roughness analysis for shotcrete volume 

calculations 

State-of-practice for calculating shotcrete volume is based on theoretical values of the 

designed tunnel multiplied with a roughness factor accounting for the roughness of the rock 

surface. The roughness factor is anticipated based on experience (see Section 3.2.1). An 

analysis using LiDAR data to obtain a more precise calculation of the shotcrete volume 

needed to fulfil the requirements concerning shotcrete thickness has been conducted in this 

thesis. A new calculation method should be based on the true conditions of the rock surface 

of the excavated tunnel. This analysis attempts to find the parameters and procedures that 

can be used to quantify roughness values representative for the considered blast round, and 

which will provide realistic values for shotcrete volume.  

6.2.1 Choosing the appropriate 3D model for extracting surface 

roughness information 

A mesh of the rock tunnel suitable for the analysis of surface roughness had to be chosen. A 

watertight tunnel model will be required for extracting profile lengths, and a lower resolution 

mesh will therefore save time (see Section 5.2.3). Another important parameter to consider 

when choosing the resolution for analysis of surface roughness, is the range error of the laser 

scanner. If the resolution is set in the same order of magnitude as the range error of the 

scanner, the surface reconstructed by the meshing process will be strongly influenced by the 

scatter produced by the range error, since the meshing process will connect adjacent points 

(Figure 6-6) (Rahman et al. 2006). This will introduce a surface “roughness” which is rather 

caused by the point scatter produced by the range error, than reflecting the actual surface 

roughness. As long as the range error is much smaller than the resolution, this will be 

avoided. Considering that the laser scanner used in this study has a range error of ± 2 mm as 

provided by the manufacturer, and the assessment provided in Section 5.1.1 estimates an 

accuracy of the point measurements to 6 mm, a resolution of 30 mm for the surface model is 

considered appropriate to not be influenced by range error. 
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Figure 6-6:  The meshing of a point cloud to produce a surface model will connect adjacent points. If the 

resolution of the mesh is chosen in the same order of magnitude as the range error it will result in a 

surface whose “roughness” reflect the range error rather than the actual surface roughness (Rahman et 

al. 2006). 

Polygonal models with an average resolution of 30 mm were chosen for this analysis, as this 

will save time when it comes to making the model watertight. This means that only 

roughness information of features larger than 30 mm can be obtained from the 3D models, 

and thus roughness features of smaller scale will not be included in the analysis. A 

comparison to a 10 mm resolution mesh was made to evaluate the effect of resolution. The 

difference in area was calculated to 1 m2 per 100 m2. The area for one blast round is typically 

about 100 m2, which would lead to a 0.1 m3 difference in the calculation of shotcrete 

volume. This difference is considered to be negligible. A 30 mm resolution mesh is therefore 

considered suitable for this application. 

6.2.2 Choosing parameters for quantification of surface roughness 

Using a theoretical surface area in the calculation of shotcrete volume will underestimate the 

volume due to the roughness of the rock surface and the unevenness of the blasted profile. 

The roughness of the profile is therefore a key parameter for determining how much the 

theoretical area needs to be increased to count for the fact that the rock surface is not a 

smooth surface. By comparing the high density 3D model of the excavated tunnel to the 

designed tunnel, a description of the roughness can be obtained. In order to investigate the 

difference between the rock surface and the smooth theoretical surface, both 2D profiles and 

3D surface have been analysed. The profile lengths and the surface areas were chosen as the 

parameters to best represent the roughness of the excavated rock tunnel. These parameters 

were chosen because they can be extracted in PolyWorks, and they represent correct values 

for true profile length, or the true area, on which to apply shotcrete. This will facilitate 

quantification of the difference between the two models in a way that describes the surface 

roughness of the blast round. By calculating a factor of difference between the 3D model and 
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the theoretical profile, it will allow for the calculated factor to be used for successive blast 

rounds of various lengths, if the rock conditions appear to be identical, without having to 

perform a new roughness analysis. How representative the chosen parameters are for 

obtaining realistic values for the shotcrete volume is a part of the assessment.  

6.2.3 Extracting true profile lengths of the excavated tunnel 

In order to extract profile lengths from the 3D models of the bare rock tunnel, cross-sections 

were generated in the IMInspect module in PolyWorks. Because these cross-sections need to 

be watertight, all holes in the 3D models have to be filled, as described in Section 5.2.3. The 

tunnel floor is not of interest for this analysis, and was therefore deleted after setting the 

axial reference system (see Section 5.2.4). This is preferable since the floor is not planar, and 

will therefore not represent a constant reference surface for comparison of the various 

profiles of the tunnel. The tunnel model was cut two meters above the floor, not including 

the lower part of the tunnel for the analysis. The contractor is specified to apply shotcrete 

down to 2 meters above the tunnel floor in the Løren tunnel, and the lower sections of the 

walls are therefore not of interest when estimating shotcrete volume for this analysis. 

Removing the two lowest meters of the tunnel is also advantageous for deleting muck piles 

etc. along the tunnel walls, which would obstruct the analysis. 

To obtain cross-sections of the tunnel profile, the cross-sections are specified to be made 

along the y-axis, which now is aligned parallel to the tunnel axis. Multiple profiles are 

achieved by selecting a range and a distance between each cross-section. Cross-sections 

were made for every 30 cm over the rock surface, producing 10-15 cross-sections for each 

blast length (Figure 6-7). Each blast round was analysed separately, since the shotcrete 

volume must be calculated and applied for each blast round. 
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Figure 6-7: 3D model of tunnel seen from the side. 10 – 15 cross-sections of the rock tunnel have been 

generated. This makes it possible to extract the length of each profile. The two lowermost meters of the 

tunnel have been deleted, providing an identical basis for comparison of the cross-sections.  

6.2.4 Extracting true surface area of the excavated tunnel 

The accurate 3D model of the rock tunnel makes it possible to extract the area of the rock 

surface that will be sprayed with shotcrete. A comparison of the extracted area to the 

theoretical surface area has therefore been done to investigate the potential for using this 

relationship to quantify surface roughness for obtaining shotcrete volume estimates.  

The surface area of a 3D model can be extracted in PolyWorks in the IMEdit module. The 

surface of which the area is calculated can be interactively selected, letting the operator to 

specify exactly the region of interest. This allows for extraction of only the area of the rock 

surface on which to apply shotcrete. 

6.2.5 Accounting for reduction in surface area with applied shotcrete 

The extracted parameters are meant to be used for obtaining realistic values of shotcrete 

volume. However, using the surface area directly for calculation of shotcrete volume, would 

overestimate the volume needed. This is because the roughness of the rock surface will be 

smoothed out as shotcrete is applied, and accordingly reduce the surface area. How much the 

area is reduced will depend on the thickness of the applied shotcrete layer, as well as the 

scale and degree of the surface roughness. It is assumed that a high degree of small-scale 
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roughness will decrease the surface area more than if large-scale roughness is dominating. A 

typical layer of shotcrete thickness is 8 – 12 cm, and so the surface area is not expected to 

decrease significantly for roughness on a much larger scale than the thickness of applied 

shotcrete. This means that the area should be reduced according to the degree of small-scale 

roughness of the rock surface, and shotcrete thickness. However, since cavities are filled first 

when shotcrete is applied (see Section 3.2.1), the surface area will be expected to decrease 

more with the first 6 – 7 cm applied. Area reduction is therefore assumed to be more 

dependant on the small-scale surface roughness, than whether a 10 or 12 cm thick layer of 

shotcrete is applied. 

Since it appears important to determine the small-scale roughness in order to reduce the 

surface area to a realistic value, a quantitative analysis of the profile roughness have been 

attempted in PolyWorks. For this analysis smooth profiles of similar shape as the true tunnel 

profiles have been generated in PolyWorks, in order to conduct a comparison between the 

two profiles (Figure 6-8). The comparison profiles are manually created line features, from 

which the length and flat inside area can be extracted. To obtain the area within the profiles, 

a straight line must be created in the base, providing an identical basis for the comparison of 

the profiles. 

 

Figure 6-8: A smooth line feature of the same shape as the true tunnel profile for comparison, in order to 

quantify the profile roughness. A denote the amplitude of the largest roughness features of the blasted 

profile, used in the analysis described in this section. 
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The parameters chosen for analysing the roughness of the blasted profile, include the 

amplitude of the largest roughness features of the blasted profile (A), as measured from the 

created line feature (see Figure 6-8), the difference in length of the rough and smooth 

profiles (Δl), and the difference in area between the two profiles (Δa). A small Δa will mean 

a small difference in shape of the two profiles, i.e. a smooth blasted profile, while a large Δa 

will reflect a rough blasted profile. A will reflect the scale of the largest roughness features, 

but not the degree of small-scale roughness. Δl can be used directly to reflect profile 

roughness (a larger Δl will indicate a rougher profile), but not exclusively to reflect small-

scale roughness as this parameter will also increase with large-scale roughness. Therefore, it 

was found, that the degree of small-scale roughness in a profile can best be described by the 

difference between Δa and Δl. If a small-scale roughness is dominating, Δa will be small 

compared to Δl of the profiles, since small-scale roughness characteristically will lead to a 

large perimeter. From this the parameter D was established, defined by the relation given in 

equation 4. 

 

€ 

D =
Δl
Δa

 (4) 

Equation 4 gives that when D > 1, this would indicate a high degree of small-scale 

roughness. The value of Δa and D should however be evaluated together. While Δa can 

reflect the roughness, the D can reflect the relationship between large-scale roughness and 

small-scale roughness. A large Δa will reflect a large roughness. This combined with a D >> 

1 would mean that Δl is much greater than Δa, reflecting a high degree of small-scale 

roughness. A D < 1 would mean that Δa is greater than Δl, reflecting more dominating large-

scale roughness. Based on these three parameters, a classification of the profile roughness of 

the blasted tunnel was attempted. 

Another method for investigating the surface area decrease as shotcrete is applied, is to 

compare the scanned area of the rock surface to the scanned area after shotcrete has been 

applied. This would give a value for the area decrease after the layer of shotcrete has been 

applied. The thickness of the shotcrete layer is interesting to know, as this is also considered 

to influence the area decrease. Shotcrete thickness can be calculated from LiDAR data as 

described in Section 5.2.6. Additionally, investigating the applied shotcrete thickness is 

useful for this analysis to control if the specified thickness has been achieved. This will 

allow for a comparison to the roughness factor as set by the contractor, to evaluate the 

proposed factors calculated in this analysis. 
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7. Results 
This chapter will present the results from the analyses described in Chapter 6. The results 

from the mapping of geological structures and extraction of discontinuity orientations from 

LiDAR data are given first, in addition to a comparison to the geological field mapping 

conducted by the engineering geologist on site. Secondly, the findings from the study of 

using LiDAR data for shotcrete volume calculation and shotcrete thickness control will be 

given.  

7.1 Rock mass characterisation from LiDAR data compared to 

traditional geological mapping  

Analysis of the 3D models of the rock tunnel generated in PolyWorks from LiDAR data has 

been done to assess the potential of using LiDAR technology for conducting geological 

mapping in tunnels. This included an analysis of the ability to visualise structural features in 

the LiDAR data, and extract orientation measurements.  

7.1.1 Detection and mapping of geological structures  

The LiDAR instrument registers a reflection intensity value (i) for every point measurement, 

which enables us to differentiate between materials of different reflectivities in LiDAR data 

(see Section 2.1.1). To what extent the intensity values allow for identification and mapping 

of the geology in the Løren tunnel is presented in these results. 

Geological structures that have been possible to identify from LiDAR data were compared to 

the mapping conducted by the engineering geologists on site. As can be seen in Figure 7-1 

and Figure 7-2 the intrusive Permian dikes can be detected in the 3D models of the rock 

tunnel. Figure 7-1 displays two syenite porphyry dikes intruding into the calcareous shale in 

tunnel B profile no. 1510, while Figure 7-2 displays a diabase dike cutting through the 

calcareous shale in tunnel A from profile no. 1482 to 1465.  Identification of these dikes in 

the 3D models makes it possible to follow their extent over multiple blast rounds and extract 

their orientation. The stereonet in Figure 7-2 visualises the orientation measurements of the 

diabase dike, as extracted from three aligned 3D models. The orientation measured by the 
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engineering geologists on site is denoted with a cross in the figure for a comparison. Please 

refer to Figure 6-4 for a further comparison to the geological maps produced by traditional 

tunnel mapping. 

 

 Figure 7-1: Cross-cutting dikes of syentite phorphyry in tunnel B profile no. 1510. Photograph taken by 

the engineering geologist on site (above), image from 3D model generated from LiDAR data with 

registered intensity values (below). 
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Figure 7-2: a) The 3D model of tunnel A profile no. 1482 to 1465 seen from above. By aligning three scans 

from successive blast rounds, it is possible to follow the diabase dike over 17 meters and measure its 

orientation. b) Orientation measurements of the dike plotted in a stereonet. The orientation measured in 

field is noted by a cross and marked “Mapped orientation of dike”.  

While the intrusive dikes are easy to identify in the 3D models, other changes in lithology 

could not easily be identified. The intensity returns of the LiDAR instrument used were not 

suitable for distinguishing between the different sedimentary units present. However, the 

bedding planes of the sedimentary sequence are well-defined in the 3D models, as can be 

seen in Figure 7-3 of tunnel A, profile no. 1459 – 1442 (tunnel section #2). The line traces of 

the bedding planes are also visible, allowing for extraction of orientation measurements even 

if the bedding plane is not visible (Figure 7-4). The average dip and dip direction of the 

bedding planes are measured from LiDAR data to be 335/38 in tunnel section #2. Downfall 

of unstable blocks in the tunnel roof in two blast rounds can be seen in Figure 7-4. The 

discussed bedding planes are also registered by the engineering geologist on site, as can be 

seen in the geological maps provided in Figure 6-4.  
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Figure 7-3: Well-defined bedding planes in the 3D model of the excavated tunnel A, seen from the side. 

Four blast round are aligned,  including profile no. 1459, 1452, 1446 and 1442.  

 
Figure 7-4: The line traces of the bedding planes are clearly distinguishable in the 3D model of the 

tunnel. Downfall of unstable blocks from the tunnel roof can be seen in two of the blast rounds, as 

denoted in the figure. The tunnel is seen from the side. 

7.1.2 Discontinuity orientation measurements 

In order to present the results of the discontinuity analysis, the orientation measurements 

were plotted in stereonets using the software DIPS (Rocscience 2010). Visualising the 

results in steronets makes it possible to compare the orientation data extracted from the 3D 

model to the mapping conducted by the engineering geologist. The stereonets presenting the 

discontinuity orientations as measured by the engineering geologist have been extracted 

from the geological maps provided in Figure 6-4 as explained in Section 6.1.2.   

The three tunnel sections where orientation data have been extracted are tunnel B profile no. 

1521 to 1505 (#1), tunnel A profile no. 1477 to 1442 (#2), and tunnel B profile no. 1296 to 

1265 (#3) (see Table 6-1 for a further description of the sections). Tunnel sections #1 and #2 
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are located close to each other, while tunnel section #3 is located approximately 200 m 

further into the B tunnel (see Figure 6-1). The stereonets for each section are presented 

separately in Figure 7-6, Figure 7-5 and Figure 7-7, respectively, and include the orientation 

measurements from both LiDAR data and traditional field mapping. For a comparison of 

average orientations of discontinuity sets, pole clusters have been identified by defining 

selection windows, allowing for an automatic calculation of the mean orientation of each set. 

A description of the classified measurement clusters is provided in Table 7-1. 

 

Engineering geologist on site                             LiDAR data 

  

 
 

 

Figure 7-5: Discontinuity orientations from tunnel section #1. Left: 22 measurements registered by the 

engineering geologists. Right: 132 measurements extracted from LiDAR data. 
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Engineering geologist on site                             LiDAR data 

  

 
 

 

Figure 7-6: Discontinuity orientations from tunnel section #2. Left: 22 measurements registered by the 

engineering geologists. Right: 357 measurements extracted from LiDAR data. 

 

Engineering geologist on site LiDAR data 
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Figure 7-7: Discontinuity orientations from tunnel section #3. Left: 35 measurements registered by the 

engineering geologists. Right: 247 measurements extracted from LiDAR data.  

Table 7-1: Summary of mean orientations of the selected discontinuity sets / clusters for comparing 
discontinuity measurements conducted by the engineering geologist on site to the discontinuity 
measurements extracted from LiDAR data. 

Engineering geologist LiDAR  

Set / Cluster Dip/  
Dip direction (°) Set / Cluster Dip/ 

Dip direction (°) Differences 

Tunnel section #1: B 1521 – 1505  Tunnel azimuth 342° – 340°  

G1 88/076 L1 80/086 8/10 

G2 75/221 L2 73/197 2/24 

G3 27/084 L3 27/095 0/11 

G4 62/051 L4 58/046 4/5 

G5 52/332 L5 39/315 13/17 
Tunnel section #2: A 1477 – 1442 : Tunnel azimuth 338° – 336° 

G1 87/074 L1 86/084 1/10 

G2 78/199 L2 74/202 4/3 

G3 38/339 L3 38/334 0/5 

G4 47/152 L4 36/149 11/3 

G5 40/065 L5 32/069 8/4 
Tunnel section #3: B 1296 – 1265  Tunnel azimuth 312° – 310° 

G1 30/326 L1 24/326 6/0 

G2 89/247 L2 82/242 7/5 

G3 90/162 L3 83/170 7/8 

G4 60/157 L4 51/169 9/12 

G5 50/107 L5 57/115 7/8 

G6 45/230 L6 79/202  
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The stereonet pole plots are useful for visualising the number of discontinuities that have 

been extracted from LiDAR data compared to the traditionally measured planes. They show 

that a much larger number of orientation measurements have been extracted from LiDAR 

data, than mapped by the engineering geologist on site.  

Table 7-1 allows for a comparison of the mean orientations of the selected pole clusters of 

the discontinuity measurements. The bedding planes of the sedimentary sequence discussed 

in Section 7.1.1 have a high concentration of poles in  the stereonets from tunnel sections #2 

and #3, where they are identified as set G3 and L3, and G1 and L1, respectively. In tunnel 

section #1 the bedding planes have a low concentration of poles in the LiDAR data, defined 

as G5 and L5. Here, the calculated mean orientations from the tunnel mapping and the 

LiDAR extracted orientations are of poor agreement, with differences of 13° and 17° for dip 

and dip direction, respectively.  

The discontinuity sets L1 and L2, extracted from LiDAR data, have the highest 

concentration of poles in sections #1 and #2, and show comparable orientations. The set L2 

does not have a high concentration in the measurements conducted by the engineering 

geologist on site, marked as G2 in the same sections. The measurements from tunnel section 

#3 do not show good agreement with the other two sections, except for the bedding planes 

discussed above. 

In general, when comparing LiDAR orientations to the manually mapped orientations, the 

dip direction measurements show greater variations than the dip measurements. Section #1 

display larger deviations for the dip direction extracted from the two different methods, than 

the other two sections. The dip differences have a mean value of 5.7°, while the mean of the 

dip direction differences is 8.3°. The dip measured by traditional tunnel mapping is usually 

of a larger value than the dip extracted from LiDAR data. The discontinuity planes marked 

as cluster G6 measured by the engineering geologist on site in tunnel section #3 cannot be 

found in the LiDAR data. 

7.2 LiDAR data for shotcrete volume calculations 

This section presents the results of the analysis described in Section 6.2 of using LiDAR data 

for quantifying surface roughness to obtain a realistic value for shotcrete volume. A 

roughness factor has been calculated for each of the analysed blast rounds, and compared to 
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the roughness factors estimated by the contractor. A reduction of the calculated roughness 

factor for surface area is also suggested and presented. The results of the analysis of applied 

thickness of shotcrete for the analysed blast rounds, are provided at the end. 

7.2.1 Calculated roughness factors  

The length of the rough tunnel profile has been compared to the theoretical profile length to 

evaluate if this relationship can be used for describing the surface roughness. Similarly, the 

actual surface area has been compared to the theoretical area. Table 7-2 and Table 7-3 below 

show the results of this comparison. The second line in the two tables shows the roughness 

factor estimated by the contractor. The calculated roughness factors as proposed in this 

study, are identified as the profile length roughness factor and the area roughness factor,  and 

represent factors of difference between the designed theoretical tunnel profile and the 3D 

models of the excavated tunnel. The profile length roughness factor is calculated based on 

profile lengths, where the mean profile length of the extracted cross-sections from the blast 

round has been used to best represent the blast length. The area roughness factor represents 

the difference between the theoretical area and the area of the rock surface extracted from 

the 3D model. The areas have been calculated over a distance of 4 m, in order for their 

relationship to be correct, and to reflect the conditions of the entire blast length. 

Table 7-2: Results from the comparison of profile lengths and area, extracted from 3D model and 
theoretical values for four consecutive blast rounds in tunnel A. 

Profile no. of tunnel face A1477 A1465 A1446 A1442 

Estimated roughness factor by contractor 1.2 1.2 1.3 1.4 

Calculated mean length of profiles 27.44 27.03 30.17 30.63 
Theoretical profile length 22.00 22.00 22.00 22.00 

Profile length roughness factor 1.25 1.23 1.37 1.39 

Calculated surface area 120.22 118.36 136.92 140.20 
Theoretical surface area 88.00 88.00 88.00 88.00 

Area roughness factor 1.37 1.35 1.56 1.59 
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Table 7-3: Results from the comparison of profile lengths and area, extracted from 3D model and 
theoretical values for four consecutive blast rounds in tunnel B. 

Profile no. of tunnel face B1521 B1515 B1510 B1505 

Estimated roughness factor by contractor 1.2 1.2 1.2 1.2 

Calculated mean length of profiles 28.15 28.25 29.99 29.29 
Theoretical profile length 22.00 22.00 22.00 22.00 

Profile length roughness factor 1.28 1.28 1.36 1.33 

Calculated surface area 121.90 121.68 133.94 131.28 
Theoretical surface area 88.00 88.00 88.00 88.00 

Area roughness factor 1.39 1.38 1.52 1.49 
 

As can be seen from the results provided in Table 7-2 and Table 7-3 the roughness factor 

calculated from the profile lengths is smaller and more comparable to the traditional 

roughness factor as set by the contractor. The area roughness factor is greater than the profile 

length roughness factor.  

The roughness factors presented in the tables above are calculated in order to see if they can 

provide representative roughness values of the excavated rock tunnel. By visually studying 

the shape and roughness of the 3D models of the excavated tunnel, as shown in Figure 7-8, 

the presented factors appear to correctly reflect the roughness of the rock surface and the 

unevenness of the blasted profile. Blast round A1465 is the smoothest, judging from the 

roughness factors and Figure 7-8, while blast round A1477 is rougher. Blast round A1442 

represents the roughest blast round, which is confirmed by inspecting the 3D model in 

Figure 7-8 and Figure 7-9. This is due to a larger block fall in the tunnel roof/face, leading to 

greater profile lengths and increased area. Blast round A1446 is of the same rough character 

as A1442, except for the block fall. This variation in the roughness of the excavated tunnel is 

also reflected in the roughness factors as determined by the contractor (Table 7-2 and Table 

7-3). Variation in the roughness of the four analysed blast rounds in tunnel B is however not 

registered by the contractor. According to the calculated roughness factors blast round 

B1510 is the roughest, blast round B1505 is of less roughness, and the blast rounds B1521 

and B1515 are of similar smoother conditions. This variation is also suggested by inspecting 

the 3D model of the excavated tunnel in Figure 7-8. 
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Figure 7-8: 3D models of the excavated tunnel seen from above. a) Blast rounds A1477, A1472 and A1465 

from down and up, respectively. b) Blast rounds A1452, A1446 and A1442 from down and up, 

respectively. c) Blast rounds B1521, B1515, B1510 and B1505 from down and up, respectively. 

 

Figure 7-9: 3D model of the excavated tunnel seen from the side. Blast rounds A1452, A1446 and A1442, 

from left to right, respectively.  

7.2.2 Reducing the calculated area roughness factor 

The results presented in Table 7-2 and Table 7-3 indicate that the calculated factors reflect 

the roughness of the excavated rock tunnel. The factor of difference in area is however 

substantially higher than the calculated factor of difference in profile lengths and the 

roughness factors estimated by the contractor. It was anticipated that using the area of the 

rough surface directly would yield too high roughness values, and two methods for reducing 
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the surface area to obtain a more realistic value for shotcrete volume have been suggested in 

Section 6.2.5.  

The analysis of profile roughness for determining the appropriate surface reduction has been 

conducted for each of the blast rounds discussed above. This has included an attempt to 

classify the analysed profiles based on the parameters A, Δa and D described in Section 

6.2.5, focusing on quantifying small-scale and large-scale roughness. The quantification of 

the parameters could not be performed on all profiles for each blast round due to time 

constraints, so the profiles of maximum, minimum and mean length of each blast round were 

chosen to best represent the blast round. The suggested classification of the profile 

roughness includes four classes, based on the analysis of the profiles, where small-scale and 

large-scale roughness is attempted differentiated. The classes defined are: smooth, small-
scale roughness dominating, large-scale roughness dominating and both considerable small- 
and large-scale roughness. Four profiles best exemplifying each of the suggested classes are 

shown in Figure 7-10, Figure 7-11, Figure 7-12 and Figure 7-13. 

 

Figure 7-10: Example of a smooth profile. Small A, a small Δa and a small D are characteristic for this 

class. One square in the grid is 20 cm. The example is from blast round A1465. 
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Figure 7-11: Example of a profile where small-scale roughness is dominating. Small A, a small Δa and a 

large D are characteristic for these profiles. One square in the grid is 20 cm. The example is from blast 

round B1515. 

 

Figure 7-12: Example of profile where large-scale roughness is dominating.  Large A, a large Δa and a 

small D are characteristic for these profiles.  A D < 1 indicates that the degree of small-scale roughness is 

small compared to the degree of large-scale roughness. One square in the grid is 20 cm. The example is 

from A 1442. 
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Figure 7-13: Example of a profile where both large-scale roughness and small-scale roughness are 

present in considerable degrees. Intermediate A, an intermediate Δa and intermediate D are 

characteristic for these profiles. The larger the D, the more dominating is the small-scale roughness 

compared to the large-scale roughness. The example is from blast round B1510. 

A clear distinction between the parameter values for the each of the suggested classes for the 

analysed profiles could not be established from this analysis. The analysis showed that the 

selected profiles within one blast round varies substantially in roughness, which made it 

difficult to establish representative roughness values for the entire blast length. This 

procedure was therefore found unfit to use for reducing the surface area of blast rounds, as 

this requires the conditions of the whole blast round to be considered.  

The results from the comparison of surface area before and after application of shotcrete was 

therefore found more appropriate for reducing the area roughness factor, as this takes the 

whole length of the blast round into consideration. The extracted surface areas for the 

analysed blast rounds before and after application of shotcrete are presented in Table 7-4 and 

Table 7-5. They allow for calculation of how much the area has decreased. The last blast 

rounds in the two analysed tunnel sections (A1442 and B1505) could not be included in the 

calculation of area reduction, as no data were obtained after the application of shotcrete. 

From the tables below we see that the area has decreased from 11 – 15 % for the analysed 

blast rounds.  
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Table 7-4: Table of the analysed blast rounds in tunnel A including the calculated area before and after 
shotcrete, and the area decrease. 

Profile no. of tunnel face A1477 A1465 A1446 A1442 

Specified shotcrete thickness 10 cm 11 cm 12 cm 12 cm 

Estimated roughness factor by contractor 1.20 1.20 1.30 1.40 

Profile length roughness factor 1.25 1.23 1.37 1.39 

Area roughness factor 1.37 1.35 1.56 1.59 

Calculated area of rock surface 127.48 125.90 122.00  
Calculated area after shotcrete application 109.60 107.50 108.30  

Area decrease 14 % 15 % 11%  

 

Table 7-5: Table of the analysed blast rounds in tunnel B including the calculated area before and after 
shotcrete, and the area decrease. 

Profile no. of tunnel face B1521 B1515 B1510 B1505 

Specified shotcrete thickness 10 cm  10 cm  10 cm  10 cm  

Estimated roughness coefficient by contractor 1.20 1.20 1.20 1.20 

Profile length roughness factor 1.28 1.28 1.36 1.33 

Area roughness factor 1.39 1.38 1.52 1.49 

Calculated area of rock surface 125.65 125.28 126.20  
Calculated area after shotcrete application 108.19 109.90 108.67  

Area decrease 14 % 12 % 14 %  
 

7.2.3 Comparison of 3D models to extract shotcrete thickness  

Comparison of 3D models obtained from LiDAR data before and after shotcrete is applied, 

allows for extraction of shotrete thickness (see Section 5.2.6). This is useful for controlling if 

the specified thickness of shotcrete has been applied for the blast rounds included in this 

analysis, to assist in the evaluation of the calculated roughness factors. Also, obtaining a 

mean estimate of the actually applied shotcrete, will allow for a comparison to the calculated 

area reduction for investigating the correlation between these parameters. 

Figure 7-14 shows an error-map displaying applied shotcrete thickness, which is the result of 

the comparison analysis performed in PolyWorks. Figure 7-14 illustrates the applied 

shotcrete thickness for blast round A1465. This analysis shows that the applied mean 

thickness is 11.3 cm, and thus it fulfils the requirement of mean applied shotcrete thickness 
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of 11 cm. However, the results from the analyses conducted show that this is the only blast 

round where the specified shotcrete thickness has been met by the contractor (Table 7-6). 

One example of a blast round where the specified thickness has not been met is given in 

Figure 7-15, showing blast round B1515, which has gained least shotcrete of the analysed 

blast rounds according to these results. The error maps produced for the other blast rounds 

are provided in Appendix I. 

 
 Figure 7-14:  Error-map showing the applied shotcrete thickness for blast round A1465. Scale in meters. 

 

 Figure 7-15: Error-map showing the applied shotcrete thickness for blast round B1515. Scale in meters. 

Table 7-6: Mean applied shotcrete thickness of analysed blast rounds as calculated from LiDAR data 
compared to the specified shotcrete thickness 

Profile no. A1477 A1465  A1446 B1521 B1515 B1510 

Specified thickess 10 cm  11 cm 12 cm 10 cm 10 cm  10 cm  
Applied mean 
thickness 7.4 cm 11.3 cm 7.8 cm 7.2 cm 6.1 cm 7.4 cm 
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8. Discussion 
This chapter will discuss the results presented in Chapter 7, focusing on answering the 

research objectives described in Section 1.3. This will comprise an assessment of the 

suitability of employing terrestrial LiDAR for evaluating rock mass quality, and an 

evaluation of the proposed method for calculating roughness factors to determine shotcrete 

volume based on LiDAR data. In order to do this, the results presented in this thesis will be 

compared to the traditional methods, emphasising both benefits and limitations. The 

reliability of the results will be discussed by assessing the errors associated with them. This 

will be followed by an evaluation of the designed work-flow for collection and processing of 

LiDAR data, as presented in Chapter 5. 

8.1 LiDAR for rock mass characterisation 

From the discontinuity analysis conducted in this thesis, an evaluation of the chosen 

resolution of the 3D model can be performed. The effect of data resolution on orientation 

measurements and visual output was studied in Section 6.1.1. The orientation measurements 

extracted from 3D models of resolutions of 3 mm, 10 mm and 30 mm showed variations 

within 1°. Consequently, the resolution of the coarsest 3D model will provide approximately 

the same result as the finer resolution 3D models for discontinuity analysis. Comparison of 

the visual representation of the 3D models of 10 and 30 mm resolution, showed that both 

resolutions are suitable for mapping and identification of discontinuity planes as conducted 

in this study. Kemeny et al. (2006) present that errors less than 0.5° in dip and dip direction 

measurements can be expected when as little as 20 point measurements strike the 

discontinuity surface (see Section 2.3). This implies that measurements of discontinuity 

planes of sizes down to 12 x 9 cm can be extracted with high accuracy from a model of 30 

mm resolution. This scale is considered appropriate for mapping of discontinuity planes in 

tunnels, and thus a model of 30 mm resolution provides a suitable resolution for this 

application. 
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8.1.1 Geological mapping 

The purpose of this part of the study was to evaluate the quality of the intensity returns of the 

laser scanner for identification of various rock types and structural features in tunnel data. 

The results presented in Section 7.1.1 proved to be well in accordance to the geological 

mapping conducted by the engineering geologist on site. This shows that identification of 

structural features is possible from the intensity returns in LiDAR data. However, it was not 

possible to distinguish the different sedimentary units present. The sedimentary rocks 

include shale and limestone, often interbedded, and all greyish in colour. The material 

reflectance of the sedimentary rocks was therefore presumably too similar to enable 

differentiation based on the intensity values measured by the laser scanner.  

The advantage of using LiDAR data for this purpose is that it allows large-scale features to 

be followed over multiple blast rounds and to extract their orientation. The detailed 3D 

models also allow for deducing dip and dip directions from line traces of planar 

discontinuities, as conducted for the bedding planes in this analysis. Extraction of the 

orientation of large-scale features from LiDAR data enables a more accurate assessment of 

their orientation, than sighting their orientation in the tunnel using a compass. Analysing 

large-scale features over multiple blast rounds is not possible in field, as shotcrete is applied 

after each blast. LiDAR therefore provides an unique possibility for the engineering 

geologist to go back to analyse structural features, and to map them in their full extent. 

8.1.2 Discontinuity orientation measurements 

The extraction of orientation measurements from LiDAR data allows for a much larger 

number of discontinuities to be included in analyses of rock mass stability. The stereonets 

from the discontinuity orientation analysis presented in Section 7.1.2, show that between 6 

and 16 times more orientation measurements have been extracted from LiDAR data, 

compared to manual tunnel mapping. This illustrate the large potential for utilising LiDAR 

to assist in the evaluation of rock mass quality and tunnel stability.  

The stereonets presented in Figure 7-5, Figure 7-6 and Figure 7-7 show varying agreement 

between the LiDAR extracted measurements and the mapping conducted by traditional 

methods on site. The average differences in dip measurements of the defined discontinuity 

sets for the two methods vary between 0° and 13°, with a mean value of 5.7°. This variation 
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is similar for all three tunnel sections. The differences in the dip direction of the sets have a 

mean value of 8.3° and a maximum of 24°, with the highest differences found in tunnel 

section #1. Sturzenegger and Stead (2009) found that differences of approximately 4° and 8° 

for the dip and dip direction, respectively, can be expected when comparing LiDAR 

extracted measurements to manual measurements after relative registration of the LiDAR 

data (see Section 2.3). By comparing these values to the results presented in this thesis, it is 

found that 3/5 of the dip direction differences are within 8°, while 2/5 of the dip differences 

are within the suggested limit of 4°. A discussion of the errors associated with the presented 

orientation measurements from both measurement methods is in order to evaluate the 

reliability of the extracted orientations from LiDAR data. 

 Errors associated with the measurement methods 

The method of registering LiDAR data into geographical orientations will introduce errors to 

the dip and dip direction measurements. An optimal relative registration will depend on an 

accurate reorientation of the dataset with respect to north, and perfect levelling of the 

scanner (see Section 2.2.1). For the registration performed in this study, the tunnel azimuth 

was deduced from a map (see Section 6.1.2). This assumes that the as-built tunnel is similar 

to the theoretical design, which is considered to be a reasonable assumption. This method 

will however introduce errors to the orientation of the dataset with respect to north, due to a 

relatively coarse map of the theoretical tunnel, and because the tunnel has a curvature, its 

azimuth is constantly changing. This makes it difficult to precisely determine the orientation 

for each blast round. However, the measured tunnel orientation has been used for extracting 

orientation measurements from both LiDAR data and the geological maps prepared by the 

engineering geologist on site. The tunnel alignment will therefore represent a relative error, 

and will not be a significant source of error when comparing the measurement methods to 

each other. A poor estimation of the tunnel orientation will however affect the comparison of 

one section of the tunnel to another. The levelling of the scans will also introduce errors to 

the orientation measurements extracted from LiDAR data. The scanner was not levelled 

when the data were acquired. Instead, a procedure was developed for reorienting the axial 

reference system of the 3D model during data processing, where the tunnel floor is used to 

represent a horizontal plane (see Section 5.2.4). This is not a correct assumption, as the floor 

of a tunnel never will be perfectly horizontal. In tunnel sections #1 and #2, the theoretical 

tunnel floor is designed to have a pitch and a roll of approximately 3° and 4°, respectively. 
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The pitch will however change after profile no. 1300 (see Figure 4-1), meaning that the pitch 

will be different for tunnel section #3.  

The discontinuity orientations measured by the engineering geologist on site do not represent 

true orientation values. Thus, the differences in the orientation measurements may also result 

from the errors associated with the manual measurement of discontinuities in a tunnelling 

environment. As explained in Section 3.1.1 the dip direction can usually not be measured 

with a compass, but the orientation of the feature is noted in the tunnel form. This represents 

a large potential error, estimated to be ± 5 – 15°. Additionally the dip directions have been 

manually extracted from the tunnelling maps for plotting in stereonets (see Section 6.1.2). 

This will also represent a source of error in the dip directions measured by the engineering 

geologist. The dip of discontinuity planes can however be measured with an inclinometer on 

site, and will thus represent a more accurate estimate of the true dip. 

As emphasised by Sturzenegger and Stead (2009), wavy or curved discontinuity surfaces 

will cause higher differences when comparing LiDAR- and manual measurements, because 

the measurements extracted  from LiDAR data represent the discontinuity orientation 

averaged over the entire surface area (see Section 2.3). This will however yield more 

accurate and representative measurements of the discontinuity orientations, compared to 

measuring the orientation at one location of the discontinuity.  

Comparison of the measurements between the analysed tunnel sections 

As previously described in Section 7.1, the bedding planes of the sedimentary rocks are 

well-defined in the 3D models of the excavated tunnel, and are also prominent in the 

orientation measurements for the tunnel sections #2 and #3 for both measurement methods 

(see Figure 7-6 and Figure 7-7). The orientation of the bedding planes extracted from 

LiDAR data are in good agreement with the manual measurements (see Table 7-1). 

However, the average orientation of the bedding planes has changed from tunnel section #2 

to tunnel section #3 with 8 - 14°, for both dip and dip direction. This change can be 

explained by the folding of the sedimentary sequence in the area, which in the pre-

investigation report is stated to vary in both dip and dip direction (see Section 4.2) (Iversen 

and Kveen 2007). A low concentration of poles for the bedding planes can be observed in 

tunnel section #1, for both the LiDAR extracted measurements and the manual 

measurements (see Figure 7-5). The LiDAR measurements of the bedding planes in tunnel 
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section #1 and #2 display an average difference of 1° and 19° in dip and dip direction, 

respectively. This indicates erroneous dip direction measurements, considering that these 

tunnel sections are closely located (see Figure 6-1). This could be related to errors in the 

estimation of the tunnel orientation, as explained above. However, this is contradicted by the 

identified sets L1 and L2, which show strong agreement for tunnel sections #1 and #2, with 

average dip directions of ± 2° from each other.  

In tunnel section #3 the identified discontinuity sets do not correspond well to the other 

sections, and the LiDAR extracted measurements exhibit more discontinuities of random 

orientations than in the other sections (see Figure 7-7). This disagreement can be explained 

by section #3’s location, which is 150 - 200 m further away from the other sections within a 

zone of weakness of very little overburden. This zone is associated with a poorer rock mass 

quality (see Figure 6-1 and Section 4.2). 

The large amount of LiDAR extracted orientation measurements yield different 

concentration of the discontinuity clusters, compared to the measurements registered by the 

engineering geologist on site. This will mean that the registered discontinuity sets will obtain 

different relative importance. The set L2 is identified in tunnel sections #1 and #2 as one of 

the two most dominating discontinuity sets (see Figure 7-5 and Figure 7-6). This set has 

however not gained much emphasis in the mapping conducted by the engineering geologist 

on site. The manual measurements presented for each tunnel section, are so few that only 

one measurement will gain significance. This can be seen for the discontinuity sets G4/L4 

and G5/L5 in tunnel section #2. These sets will attain more relevance evaluated from the 

stereonets of the manual measurements, while the sets are very dispersed and have low 

concentrations in the stereonets from LiDAR data. The stereonets from tunnel section #3 

(Figure 7-7) further demonstrate the different impression the two measurement methods give 

of the rock mass. A very fractured rock mass of random orientations is reflected from 

LiDAR measurements. This cannot be read from the stereonet of the manual measurements.  

Occlusion and orientation bias 

Extracting orientation measurements from LiDAR data are associated with bias, as surfaces 

of unfavourable orientations can be occluded in the point cloud resulting in undersampling 

of orientation measurements (see Section 2.3). To minimise occlusion, scanning was 

performed from two different positions (see Section 5.1.2). To assess the influence of 
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occlusion on the LiDAR data collected for this study, the discontinuity orientations 

measured by the engineering geologist on site are compared to the discontinuity 

measurements extracted from LiDAR data. Three discontinuity measurements with mean 

orientation 45/230, have been recorded by the engineering geologist in the stereonets from 

tunnel section #3 in Figure 7-7 (marked as G6 ), but these are not present in the LiDAR data. 

These discontinuities will have an orientation sub parallel to the tunnel axis, and thus also 

sub parallel to the scanner line-of-sight if manifested in the tunnel face and roof. This 

orientation will make the discontinuities prone to occlusion (see Section 2.3.1). Potentially 

biased orientations can also be found in tunnel section #1 in Figure 7-5, where the 

orientations 75/308 and 60/326 have been measured in the field (within the window of the 

set marked G5), with no equivalent measurements in the LiDAR data. These discontinuities 

are oriented sub perpendicular to the tunnel axis, and will be sub parallel to the scanner line-

of-sight in the tunnel walls, potentially leading to occlusion. However, the influence of 

occlusion and undersampling on the orientation measurements extracted from LiDAR data 

cannot be determined from this study, when comparing to so few and potentially incorrect 

measurements.  

The measurements in the LiDAR extracted orientation data generally show to correspond to 

the manually mapped orientations. This suggests that a good coverage of the scanned scene 

has been obtained from the chosen scan setup. As pointed out by Fekete et al. (2008), 

LiDAR surveying in tunnels is somewhat less susceptible to scan bias due to the fact that 

three roughly orthogonal surfaces are available for mapping of discontinuities (see Section 

2.3.1). These results imply the same. The results also suggest that occlusion of 

discontinuities of particularly unfavourable orientations still occur. 

Occlusion and orientation bias are important aspects to be aware of when utilising LiDAR 

for rock mass characterisation. It is therefore essential that the rock mass is evaluated by an 

engineering geologist in field, to register the most important structural features. This will 

further assist the subsequent analysis of LiDAR data, ensuring that the measurements 

extracted from the point cloud reflects the true conditions on site. 

8.2 LiDAR for calculation of shotcrete volume  

It is not possible nor desirable to assess surface roughness of the excavated tunnel on a very 

small scale, as this would be unfeasible with respect to the time required for data analysis, 
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and introduce potential errors to the reconstructed surface (see Section 6.2.1). In the 

roughness analysis performed in this thesis, a polygonal model with an average resolution of 

30 mm was used. Thus, all numbers presented in this analysis for representing profile 

lengths and surface areas will not consider roughness features on a scale smaller than 30 

mm. This will lead to a deviation from the associated true values. How large this deviation is 

will vary from surface to surface and cannot be quantified from this study. However, a 

resolution of 30 mm is considered to provide a sufficient detail of surface roughness for the 

purpose of extracting information for shotcrete volume calculations. The chosen resolution 

also has the advantage of reducing data file size and processing time considerably.  

8.2.1 Roughness analysis for realistic shotcrete volume calculations 

An assessment of the validity of the calculated roughness factors presented in Table 7-2 and 

Table 7-3 is in order to evaluate the proposed approach for calculating shotcrete volume 

based on LiDAR data.  

Comparison of the results to the anticipated roughness variation 

The results of this analysis, presented in Section 7.2, can be compared to the “hypothesis” 

formulated in Section 6.2.5, to investigate their correlation. It was here anticipated that the 

surface area will decrease with shotcrete thickness, but it will decrease most when the first 6 

– 7 cm are applied, as small-scale cavities are filled. It is further expected that the area 

should decrease more for higher degree of roughness, and that the decrease will be 

controlled by the small-scale roughness. A comparison of the calculated area decrease (Table 

7-4 and Table 7-5) to the applied shotcrete thickness (Table 7-6) can be performed in order 

to investigate how the area decreases with applied shotcrete. This will further be compared 

to the calculated roughness factors  (Table 7-2 and Table 7-3), for inspection of how this 

corresponds to the identified roughness of the blast rounds. 

The calculated area decrease show that the surface area of blast round B1515 has decreased 

less than for the blast rounds B1521 and A1477, even though the calculated roughness 

factors indicate similar roughness conditions. The results from the shotcrete thickness 

analysis show that blast round B1515 has obtained approximately 1 cm less shotcrete on 

average over the blast round (Table 7-6). This could explain why the reduction in surface 

area is less for this blast round. The same is shown for blast round A1465, which has 
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obtained the highest value for area decrease, but is also the only blast round where the 

specified shotcrete thickness has been fulfilled. The decrease in area therefore suggest to 

vary according to applied shotcrete thickness.  

Blast round A1446 has a calculated average thickness comparable to the blast rounds A1477, 

B1521 and B1510, while the area decrease is only 11 %. The blast rounds A1446 and A1442 

were identified to be characterised by a larger-scale roughness than the other blast rounds in 

the roughness analysis conducted (See Section 7.2). These blast rounds also obtained the 

highest values for the calculated roughness factors (see Table 7-2 and Table 7-3). This 

suggests that the area of blast round A1446 has decreased less due to a more dominating 

large-scale roughness, supporting the hypothesis. 

Blast round B1510 also obtained high values for the roughness factors calculated in this 

study. The area decrease is however comparable to the blast rounds B1521 and A1477, even 

though these blast rounds have gained smaller values for the roughness factors. The 

roughness classification presented in Section 7.2.2 suggest that the rock mass in blast round 

B1510 has obtained a higher roughness factor due to an uneven blasted profile, but still has a 

considerable degree of small-scale roughness (Figure 7-13). Blast round B1510 could 

therefore further support the hypothesis that the small-scale roughness and not the large-

scale roughness controls shotcrete volume decrease. 

Comparison to the factors estimated by the contractor 

There is not necessarily a correlation between the shotcrete volume calculated by the 

contractor and the applied shotcrete volume for individual blast rounds, as the contractor will 

apply the shotcrete volume where it is considered to be needed (Aarset 2010). A direct 

comparison between the roughness factors estimated by the contractor and the applied 

shotcrete can therefore not be used for evaluating the validity of the calculated roughness 

factors for specific blast rounds. The result from the applied shotcrete thickness analysis 

provided in Section 7.2.3, show that the specified thickness has not been met for the majority 

of the analysed blast rounds. This general result suggest that the roughness factors as 

estimated by the contractor has generally been set too low, and that higher values for the 

roughness would have been more appropriate. This result is supported by the engineering 

geologist at the Løren tunnel (Stenerud 2010). There has been considerable overbreak in the 

blasted profile in the Løren tunnel, which characteristically will lead to underestimations of 
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shotcrete volume (see Section 4.1). This may be the reason why the applied thickness do not 

appear to fulfil the specified thickness in most of the blast rounds analysed. The proposed 

roughness factor will however take overbreak into account. 

Evaluation of the appropriate reduction of the area roughness factor  

The discussion provided above suggest that the calculated roughness factors are good 

indicators of surface roughness. However, the two proposed approaches for quantifying 

surface roughness lead to different values for the analysed blast rounds. The calculated 

roughness factors display the same relative trends, but the area roughness factor yields 

systematically higher values. Reduction of the calculated area roughness factor has therefore 

been considered necessary. Procedures for reducing the surface area to a realistic value for 

calculating shotcrete volume has been analysed (see Section 6.2.5). The result from this 

analysis is presented in Section 7.2.2. Table 7-6 shows that the area decrease after shotcrete 

application varies between 11 and 15 % for the analysed blast round. This variation is 

considered to be small, as results indicate a relatively large variation in the contour of the 

blasted profile, and the calculated mean applied thickness show a variation between 6 and 11 

cm. Small variations for the area decrease, suggest that the small-scale roughness do not 

vary considerably for the analysed blast rounds. As proposed in the beginning of this 

discussion, the area decrease will be greatest for the first 6 - 7 cm of applied shotcrete. This 

trend is reflected in the results of the calculated area decrease in Table 7-6. With a thickness 

of the shotcrete layer increasing from 6 to 7 cm the area has decreased 2 %, while an 

increase from 7 to 11 cm has resulted in an area decrease of 1 %. Using an identical 

reduction factor for all blast rounds to reduce the calculated area roughness factor, is 

therefore considered to be appropriate. Since blast round A1465 is the only blast round with 

a calculated mean thickness above the target thickness of 10 cm, the area decrease of this 

blast round (15 %) can be used to best represent the probable reduction when target 

thickness has been achieved. Reducing the calculated area factors as presented in Table 7-2 

and Table 7-3 with half this value, is considered the best estimate for a reduction factor from 

this study. This best estimate could then be tested over multiple blast rounds and be 

upgraded or downgraded.  

Evaluation of the proposed profile roughness classification 

An approach for analysing small-scale roughness of tunnel profiles has been proposed in 

Section 6.2.5. The analysis was considered relevant to assess the area decrease, as the 
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decrease is expected to depend on small-scale roughness. The proposed analysis was 

however not found suitable for establishing appropriate values for reducing the calculated 

area roughness factors. The roughness of the analysed tunnel profiles were found to vary 

substantially over the blast round, and a representative roughness for the blast length to be 

used for reducing the area could not be determined. This may have been caused by a more 

detailed inspection of the profiles than desirable, classifying some of the analysed profiles 

into different classes, when they more appropriately should have been in the same class. The 

general result suggest similar small-scale roughness conditions for the analysed blast rounds. 

This indicates that the profiles classified as smooth include small-scale roughness that must 

be considered for the purpose of this analysis, and should therefore also be classified as 

small-scale roughness dominating. The classification of the blast rounds A1446 and A1442, 

is however corresponding to the general result, which suggest that this tunnel section is 

characterised by a more dominating large-scale roughness.  

The calculated area decrease is considered more suitable for quantitatively assessing area 

reduction, representative for the entire blast length. This does however not imply that it is no 

longer interesting to analyse the degree of small-scale roughness. This will affect the area 

decrease, as indicated from the results from blast round A1446. An inspection of the degree 

of small-scale roughness present in the excavated rock tunnel can therefore be conducted to 

upgrade or downgrade the area reduction factor. 

Evaluation of the two proposed approaches for analysing surface roughness 

The tunnel profiles provide a roughness factor which indicate to not be in need of a 

reduction factor. These values may therefore be appropriate for being used directly to 

calculate shotcrete volume. 2D profiles do, however, not utilise the full potential of the high 

density 3D data obtained from LiDAR surveying. Using surface area for the calculation of 

roughness factors will require an extra step in the roughness analysis, with also quantifying a 

reduction factor. This combination show potential for providing an accurate method to 

calculate shotcrete volume based on the actual conditions of the entire blast length. 

Additionally, choosing the surface area roughness factor can be preferred as this does not 

require watertight models and thus will be quicker to obtain. However, the most appropriate 

approach can not be established from this study.  
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The calculated values for the roughness factors vary a great deal for the analysed blast 

rounds. This suggest that the (large-scale) roughness also varies a great deal, meaning that 

the procedure of calculating an appropriate roughness factor must be repeated often for 

obtaining correct values for shotcrete volume.  

Limitations of study 

Because the analyses have been performed on a very small dataset, no conclusions can be 

drawn from the results. Utilising LiDAR for obtaining a more appropriate roughness factor 

is however considered to show great potential. A further investigation should therefore be 

conducted to assess the suitability of the methods and procedures proposed in this study, and 

to establish whether the profile length or the area roughness factor obtain the most correct 

value for calculating the shotcrete volume necessary to achieve target thickness. This can be 

accomplished by calculating roughness factors as put forward in this study, and then employ 

LiDAR to assess if the target thickness has been achieved. Obtaining a larger dataset from 

several tunnels excavated in different rock masses would allow for a larger variety of 

roughness conditions to be analysed. This will enable an assessment of the applicability of 

the proposed approach to other rock mass conditions. 

8.2.2 Calculation of applied shotcrete thickness 

High density error maps displaying the applied shotcrete thickness from LiDAR data enable 

detailed control of whether the requirements concerning shotcrete thickness have been 

fulfilled. An accurate method for assessing applied shotcrete thickness is important as this 

represents a governing parameter for the durability of the shotcrete (see Section 3.2.1). 

Using LiDAR data for assessing the applied shotcrete thickness is believed to represent a 

substantial improvement from state-of-practice, which involves only 10 measurements of 

shotcrete thickness (see Section 3.2.1). As shotcrete thickness will vary considerably 

according to where the measurements are taken, 10 measurements cannot be considered 

representative for reflecting this variation. 

The calculation of shotcrete thickness from LiDAR data is based on comparison of two 3D 

models of successive blast rounds, and is dependant on a perfect alignment of the 3D models 

for displaying true values of shotcrete thickness. An evaluation of the alignment of 
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successive blast rounds can therefore be made to assess the accuracy of the presented 

shotcrete thickness values. 

In this study the alignment of LiDAR data for successive blast rounds was only performed 

on the identical sections of the tunnel, by employing a state-of-the-art robust ICP-algorithm 

implemented in the software (see Section 5.2.1). The alignment of the blast rounds before 

and after shotcrete therefore depends on the alignment accuracy obtained for the rest of the 

model. The accuracy of this alignment has been assessed by calculating the differences 

between the aligned models. As the section used for alignment should be identical in both 

models, the ideal result will be zero. The result is provided as an error map in Figure 8-1, 

showing a variation around zero of a few millimetres. The average error of the alignment 

provided by the ICP algorithm is given as 0.00 cm with a standard deviation of 3.4 mm. The 

source of this alignment error is that the laser scanner will not necessarily measure the same 

point twice, due to the measurement error associated with the scanner (see Section 2.1.2) 

(Oppikofer et al. 2009).  

 

Figure 8-1: Comparison of the tunnel section used for aligning the scans obtained before and after 

shotcrete. The error map show a variation around zero of a few millimetres. The scale is given in meters. 
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The extraction of shotcrete thickness values from LiDAR data will thus be associated with 

errors as described above. Additionally, assumed identical part of the tunnel, may not always 

be identical. This can be caused by the contractor occasionally going back to add support, or 

remove underbreak, or be a result of occlusion. This is exemplified in Figure 8-1 by the blue 

spot with a measured difference of approximately 12 cm. Such parts can however be 

excluded from the alignment procedure by setting the maximum distance small enough (see 

Section 5.2.1).  

8.3 Work-flow design for data acquisition and data 

processing 

An assessment of the procedures employed for data acquisition and processing, as described 

in Chapter 5, can be given based on the results and experiences gained from this study.  

The scanner setup has indicated to provide a suitable coverage of the tunnel, minimising 

occlusion and therefore bias associated with orientation measurements of discontinuities. 

Lowering the maximum resolution of the scanner to ¼ has shown to be an advantage, as it 

reduces the time needed for data collection and processing, while still representing a suitable 

resolution for data analysis. Scanning with reference targets for optimising the speed and 

accuracy of the alignment of multiple point clouds, proved to be unsuitable in a tunnelling 

environment. This was due to unsuccessful detection of the reference targets of the provided 

software and the difficulties associated with mounting permanent targets. The designed 

work-flow for data acquisition has proved to be manageable within 10 minutes by one 

person, and can therefore easily fit into the 30 minute time slot provided for rock mass 

classification after each blast round. The procedures for data acquisition presented in Section 

5.1, has been found suitable for tunnelling purposes, suggesting that a functional work-flow 

for data acquisition has been established. The challenge associated with scanning in tunnels 

under construction, which was demonstrated several times during this study, was the short 

time window when scanning of the blasted tunnel could be performed. This frequently 

resulted in long stand-by hours, and occasionally missed blast rounds, which lead to holes in 

the dataset of the excavated tunnel. 

Considering the huge volume of data produced by laser scanning, data processing is found 

much more time-consuming than data acquisition. A resolution of 30 mm is however 
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considered suitable for the data analyses performed in this study, which has reduced data file 

size and processing time considerably. Achieving fully watertight models proves to be very 

tedious, and is considered unsuitable for obtaining an efficient work-flow. A work-flow 

where this is not required was therefore designed. The first alignment procedure was found 

to not perform an optimal alignment of successive blast rounds from this study. The 

designed work-flow presented in this thesis includes an improved alignment procedure of 

successive blast rounds, which demonstrated noticeably better results. A few extra steps are 

needed to get around the problem of non-georeferenced data, including the alignment 

procedure of multiple scans and reorientation of the datasets. Absolute georeferencing would 

therefore presumably reduce the time required for data processing and analysis. 

Additionally, software more specialised for efficiently handling tunnel data, and the 

applications addressed in this study, would reduce processing time. 
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9. Conclusions and recommendations 
This thesis provides an assessment of the application of terrestrial LiDAR for evaluating 

rock mass quality and support design in tunnels under construction. This has included 

establishing a functional work-flow for data acquisition in an operational tunnelling 

environment, and designing an efficient work-flow for data processing and analysis. 

Furthermore, the suitability of utilising LiDAR data for performing discontinuity orientation 

analysis has been assessed by comparing it to the tunnel mapping conducted by the 

engineering geologist on site. A study utilising LiDAR data for establishing a new and 

improved method for calculating shotcrete volume, based on a quantitative analysis of the 

true roughness of a blast round, has also been performed. The limitations and errors 

associated with the results have been assessed to evaluate their reliability. 

9.1 Conclusions 

Short-range terrestrial LiDAR has proved to provide rapid collection of data of sufficient 

accuracy and resolution for the applications assessed in this thesis.   

The geological structural analysis showed that the intensity returns of the LiDAR instrument 

enable identification of structural features present in the tunnel, based on their different 

material reflectance. This is advantageous as it will allow large-scale features to be followed 

over multiple blast rounds and their orientation to be extracted.  

The result of the discontinuity orientation analysis suggest that LiDAR is capable of 

obtaining a high amount of orientation measurements representative of the structural 

conditions of the rock mass. The extracted orientations generally show good correlations to 

the mapping conducted by the engineering geologist on site, considering the errors 

associated with the registration method of the LiDAR data and the traditional field methods. 

The accuracy from LiDAR data is difficult to fully assess from this study, as the comparison 

data are associated with substantial errors. The influence of occlusion and undersampling on 

the presented orientation data cannot be determined from this study, but the results indicate 

that a good coverage of discontinuities of varying orientations has been obtained. 
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LiDAR is believed to represent a highly suitable method for performing additional structural 

analyses off site and after application of shotcrete. This will supplement manual 

measurements by allowing for measuring a much higher number of discontinuities than can 

be obtained by manual field methods. It is further believed to be especially useful in an 

operational tunnelling environment where time is short for assessing the rock mass quality, 

but is still of key importance. 

In the study utilising LiDAR data for obtaining more realistic values for shotcrete volume, 

two parameters are proposed for quantifying the true roughness of the excavated tunnel. 

These parameters will represent correct values for the true profile length and the true area, 

respectively, on which to apply shotcrete. The calculated roughness factors based on these 

parameters will therefore take into account changes in the blasted profile, which will lead to 

more accurate shotcrete volume calculations. The result from the performed analysis 

suggests that the calculated roughness factors are good indicators of surface roughness for a 

blast round. This is proposed from inspections of the 3D models of the excavated tunnel, 

which demonstrate variations in roughness corresponding to the factors calculated, and from 

comparison to the applied shotcrete thickness in the Løren tunnel, which imply that the 

roughness factors estimated by the contractor are too low. As the calculated roughness 

factors have yielded higher values than those estimated by the contractor, this indicates that 

the proposed factors are more appropriate.  

Today there is no standardised method of determining the roughness factor. The approach 

proposed in this study is considered to have great potential for providing representative 

values for the roughness factor, improving the calculation method of shotcrete volume. 

However, the performed analysis is based on a small dataset. Further studies are therefore 

necessary to confirm the validity of the proposed procedures. 

9.2 Further work  

Challenges and limitations have also been revealed during this study, most importantly the 

method of registration. Absolute georeferencing of the acquired data is expected to improve 

the alignment of successive blast rounds, and the accuracy of the discontinuity orientations 

extracted from LiDAR data. This suggests a considerable decrease in time needed for data 

treatment. Another advantage of georeferencing, is that it will allow for a direct comparison 
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of the acquired LiDAR data of the as-built tunnel to the CAD model of the designed tunnel. 

This will enable quality control of the excavated tunnel.  

Data processing is found to be the most time-consuming step in the utilisation of LiDAR for 

tunnelling applications, and is thus considered as the part with highest potential for 

improvement. The time needed for data processing will be shortened with more appropriate 

software specially developed to address the applications for the tunnelling industry. 

Further studies should also be conducted to assess the suitability of the methods and 

procedures proposed in this thesis for calculating the shotcrete volume necessary to achieve 

target thickness. 

Another application of LiDAR data, valuable for the tunnelling industry, is the calculation of 

volume. This has potential for calculating the applied volume of shotcrete, which can 

provide correct values for the shotcrete rebound, if the volume can be determined with a 

sufficient accuracy.  
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Appendix I 
Results from shotcrete thickness analysis of LiDAR data for the analysed blast rounds 

A1477, A1446, B1521 and B1510 are provided in Figure I - 1, Figure I - 2, Figure I - 3, 

Figure I - 4 below, respectively. 

 

 

Figure I - 1: Error-map showing the applied shotcrete thickness for blast round A1477. Mean applied 

thickness is 7.4 cm, suggesting that the target thickness of 10 has not been fulfilled. Scale is in meters. 

 

 

Figure I - 2: Error-map showing the applied shotcrete thickness for blast round A1446. Mean applied 

thickness is 7.8 cm, suggesting that the target thickness of 12 cm has not been fulfilled. Scale is in meters. 
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Figure I - 3: Error-map showing the applied shotcrete thickness for blast round B1521. Mean applied 

thickness is 7.2 cm, suggesting that the target thickness of 10 has not been fulfilled. Scale is in meters. 

 

 
Figure I - 4: Error-map showing the applied shotcrete thickness for blast round B1510. Mean applied 

thickness is 7.4 cm, suggesting that the target thickness of 10 has not been fulfilled. Scale is in meters. 

 

 

 

 

 


