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Abstract 

Far-field stresses are those present in a volume of rock prior to excavations being created. 

Estimates of the orientation and magnitude of far-field stresses, often used in mine design, are 

generally obtained by single-point measurements of stress, or large-scale, regional trends. Point 

measurements can be a poor representation of far-field stresses as a result of excavation-induced 

stresses and geological structures. For these reasons, far-field stress estimates can be associated 

with high levels of uncertainty. 

The purpose of this thesis is to investigate the practical feasibility, applications, and 

limitations of calibrating far-field stress estimates through tunnel deformation measurements 

captured using LiDAR imaging. A method that estimates the orientation and magnitude of 

excavation-induced principal stress changes through back-analysis of deformation measurements 

from LiDAR imaged tunnels was developed and tested using synthetic data. If excavation-induced 

stress change orientations and magnitudes can be accurately estimated, they can be used in the 

calibration of far-field stress input to numerical models. LiDAR point clouds have been proven to 

have a number of underground applications, thus it is desired to explore their use in numerical 

model calibration. 

The back-analysis method is founded on the superposition of stresses and requires a two-

dimensional numerical model of the deforming tunnel. Principal stress changes of known 

orientation and magnitude are applied to the model to create calibration curves. Estimation can 

then be performed by minimizing squared differences between the measured tunnel and sets of 

calibration curve deformations. In addition to the back-analysis estimation method, a procedure 

consisting of previously existing techniques to measure tunnel deformation using LiDAR imaging 

was documented. 
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Under ideal conditions, the back-analysis method estimated principal stress change 

orientations within ±5° and magnitudes within ±2 MPa. Results were comparable for four different 

tunnel profile shapes. Preliminary testing using plastic deformation, a rough tunnel profile, and 

profile occlusions suggests that the method can work under more realistic conditions. The results 

from this thesis set the groundwork for the continued development of a new, inexpensive, and 

efficient far-field stress estimate calibration method. 
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Chapter 1 

Introduction 

Far-field stresses are those present in a volume of rock prior to excavations being created, 

and are in place as a result of regional tectonic forces and gravity. Estimates of the orientation and 

magnitude of far-field stresses are used when planning underground excavations, such as when 

using numerical modelling to simulate mine design. In addition to far-field stresses, local 

excavation-induced stresses will also be present in a volume of rock that contains a mine. Far-field 

stresses are generally reported in the form of principal stresses, which are defined as the stresses 

acting normal to three perpendicular planes that are not subject to shear stresses. A 3D principal 

stress tensor will have a maximum, intermediate, and minimum principal stress. 

Traditional methods of far-field stress estimation such as overcoring and hydraulic 

fracturing methods are single-point measurements of stress. Stress measurements resulting from 

these methods can be a poor representation of the true far-field stresses as point measurements can 

be influenced by nearby excavations and geological structures such as dykes or faults. Data 

collected during an extensive point measurement program can exhibit a large amount of scatter. 

Additionally, these methods are expensive and time consuming, which reduces incentive to 

perform supplementary tests. Aside from point measurements, some mines may consider regional, 

large-scale trends when estimating far-field stresses. For all these reasons, far-field stress estimates 

are generally associated with a high degree of uncertainty. It is desired to reduce stress estimate 

uncertainty to improve mine design through a better understanding of the stress field within the 

mine. One method of reducing uncertainty is through calibration of numerical models by matching 

model output to field observations. Far-field stress estimates can be calibrated by minimizing 
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differences between excavation-induced stress changes output by a numerical model and those 

deduced from experimental data by tuning the far-field stress magnitude and orientation input to 

the model. 

1.1 Purpose and objectives  

The purpose of this thesis is to investigate the practical feasibility, applications, and 

limitations of calibrating far-field stresses through tunnel deformation measurements captured 

with LiDAR imaging. The deformation measurements are produced to be used to estimate 

orientations and magnitudes of the excavation-induced stress changes causing the deformation. 

The estimated stress changes could then be used in combination with 3D numerical modelling to 

calibrate far-field stress estimates. The objectives of this thesis are to: 

 document a procedure for accurately measuring excavation-induced drill and blast 

tunnel deformation from point clouds of deformation measurements acquired using 

LiDAR imaging; and, 

 develop a back-analysis method to estimate the orientation and magnitude of 

excavation-induced stress changes by means of the deformation measurements for 

use in far-field stress calibration. 

1.2 Thesis organization  

The thesis is organized as follows: Chapter Two presents a literature review on tunnel 

deformation measurement using LiDAR imaging, analysis of tunnel profile deformation, and far-

field stress calibration. Chapter Three documents a procedure for measuring tunnel deformation 

using LiDAR imaging. Chapter Four presents a new method of estimating the orientations and 

magnitudes of excavation-induced principal stress changes, as well as numerical testing of the 
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method. Chapter Five includes general discussion, a thesis summary, conclusions and 

recommendations for future research.  
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Chapter 2 

Literature Review 

2.1 Introduction 

Pertinent literature has been reviewed to identify gaps in knowledge for each of the 

proposed far-field stress calibration method components and to further clarify the motivation for 

this thesis. This review shows that, to develop the proposed far-field stress calibration method, 

there is a need to investigate the following specific gaps in knowledge: 

 measuring complete profile deformation of drill and blast tunnels using a cloud to 

cloud measurement method; 

 estimating the orientation and magnitude of excavation-induced stress changes to a 

high degree of confidence for a variety of tunnel profile shapes and rock mass 

conditions; and, 

 assessing the effectiveness of using estimated stress change orientations and 

magnitudes as opposed to direct measurements when calibrating far-field stresses 

in numerical models. 

2.2 LiDAR point clouds and tunnel deformation measurement 

2.2.1 LiDAR imaging as an underground data collection tool 

The first component of the proposed far-field stress calibration method is the measurement 

of deformation of drill and blast tunnels using point cloud coordinate values acquired with LiDAR 

imaging. On the most basic level, LiDAR scanners rely on the time of flight or the phase shift of 

reflected laser light to measure distance, and output a 3D point cloud of the environment that has 
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been scanned. The accuracy and resolution of the output differ between scanners, scanning 

practices, and environmental factors. 

LiDAR point clouds can be collected from an airborne or terrestrial vehicle, or from a 

stationary position, generally mounted on a tripod. This thesis examines the use of stationary, 

tripod-mounted LiDAR scanners for the acquisition of point cloud data. Stationary scanners can 

have sub-centimeter single measurement accuracies. For example, the Leica Scan Station P40 has 

a single measurement 3D positional accuracy of 3 mm at 50 m. It can collect up to 1,000,000 points 

per second, and has a maximum range of 270 m (Leica Geosystems, 2016). 

LiDAR has been shown to have many underground mining applications, including but not 

limited to calculation of shotcrete thickness (Lato & Diederichs, 2014), identifying regions of 

potential leakage (Lichti & Harvey, 2002), determination of large-scale surface roughness (Mah 

et al., 2013), detecting geological features, and measurement of as-built bolt spacing (Fekete et al., 

2010). LiDAR is an effective underground data collection tool due to its ability to collect large 

amounts of data quickly and accurately, without requiring contact with the surface that is being 

imaged. LiDAR has advantages over photogrammetry and total station measurements in its ability 

to work in dim light conditions, scan inaccessible or dangerous surfaces from a distance, and 

collect many more data points in a very short period of time (Wang et al., 2014). With LiDAR 

point clouds already being collected for a number of purposes in an underground mine 

environment, it is desired to design a far-field stress calibration method that utilizes such data. 

A challenge of LiDAR scanning is occlusion. This challenge is exacerbated in underground 

environments due to limited space. Scan results are sensitive to the location of the scanner, and are 

susceptible to “shadowing”, which causes surfaces that the laser cannot illuminate to be absent 

from the point cloud output. While scanner location and number of scans can be selected carefully, 
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it may be the case that only one scan view is available due to environmental or scheduling factors 

(Fekete et al., 2010; Wang et al., 2014). 

LiDAR as a tool for measuring tunnel deformation has been investigated using different 

methodologies for various applications, many of which will be discussed in detail in subsequent 

sections. Using LiDAR instead of traditional methods of tunnel deformation measurement carries 

the advantage of having many more data points forming a complete tunnel profile, as opposed to 

just a small number of data points spread out around the profile. 

When measuring tunnel deformation, comparisons can be made between a LiDAR point 

cloud and a designed model, or between two LiDAR point clouds of the same tunnel taken at two 

separate times. Comparison with a designed model is partially the purpose of studies by Nuttens 

et al. (2012) and Han et al. (2013), and the main purpose of a study by Seo et al. (2008). The 

proposed far-field stress calibration method requires that excavation-induced deformation is 

measured, and therefore comparison to an idealized model is not relevant. Nevertheless, the 

deformation measurement and point cloud processing methodologies of these studies are still 

worth noting and will be discussed when pertinent. 

2.2.2 Deformation measurement of concrete tunnels using LiDAR point clouds 

Deformation detection between points in time on circular, concrete tunnels has been 

performed by Van Gosliga et al. (2006), Nuttens et al. (2012), and Han et al. (2013). All three 

experiments monitored the complete tunnel profile. In the cases of Van Gosliga et al. (2006) and 

Han et al. (2013), two scans were completed one after the other with small artificial deformations 

introduced between scans. Nuttens et al. (2012) aimed to detect deformation over time of a newly 

constructed tunnel. The method of detecting the deformation varies between each of these studies. 

Van Gosliga et al. (2006) interpolated both initial and final point clouds into a regular grid, then 
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measured the differences in a single range coordinate, directly towards the center axis of a cylinder 

approximating the overall shape of the tunnel. Nuttens et al. (2012) converted initial and final point 

clouds into Triangulated Irregular Networks (TINs), also known as ‘meshes’, then took cross-

sections of the meshes to create polylines. The radius of each polyline measured at intervals of 0.1 

grad (4000 measurements around the profile) was determined using a 51 point average of 

surrounding points. The difference in radius between different points in time was then determined 

for each measurement. Han et al. (2013) used what is called Minimum Distance Projection (MDP). 

For each point on the final point cloud, a plane is formed between the three closest points on the 

initial point cloud, and the distance is measured from the final point to the closest point on the 

newly formed plane. All three studies used a 95 % confidence interval to determine which 

deformation measurements were statistically significant. Van Gosliga et al. (2006) detected some 

of the artificial deformations on the order of a few centimeters, however only partially detected 

others due to a sparse grid. There were also several false deformations detected, caused by 

registration error. Han et al. (2013) were able to detect and measure the artificial deformations to 

a high degree of accuracy, estimating the width of a 6 mm wide wooden stick at 5.902 ± 0.735 

mm. 

The deformation measurement method by Han et al. (2013) can be contrasted with the 

methods of Van Gosliga et al. (2006) and Nuttens et al. (2012) as it is a direct cloud to cloud 

comparison, meaning that there is no interpolation within point clouds. Interpolating introduces 

the potential for additional error. While each of the methods discussed was reported to be accurate 

and effective in detecting deformation, they were used on mainly circular, concrete tunnels, which 

have a much smoother, more well-defined profile than drill and blast tunnels. 
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2.2.3 Deformation measurement of bare and shotcrete tunnels using LiDAR point clouds 

Deformation detection using LiDAR point clouds has also been done in bare rock tunnels 

as well as in tunnels lined with shotcrete and with mesh installed. Lemy et al. (2006) monitored 

the bare face of an experimental tunnel to detect the formation of excavation-induced fractures. 

Seo et al. (2008) performed scans of over 1 km of a shotcrete lined tunnel to extract cross-sections 

and compare them to the theoretical tunnel design to calculate over break and under break. 

Espinosa & Landeros (2014) monitored deformation of excavations in a panel caving mine using 

multiple methods with the purpose of evaluating performance of mine design. The purpose of each 

of these studies differs greatly, so it is not unexpected that the deformation measurement methods 

do as well. Lemy et al. (2006) scanned the face in between each excavation step, and for each point 

cloud created Digital Elevation Maps (DEMs) by fitting a plane to the cloud, then converting the 

cloud to a grid with a higher resolution than the original cloud. Distance between grids was then 

assessed. DEMs are not applicable when measuring complete tunnel profile deformation as 

distance is only measured along one axis. Seo et al. (2008) created a program that automatically 

extracts cross-sections of points along the tunnel at regular intervals, and converts them to DXF 

format, essentially creating a 2D mesh from a thin slice of tunnel. This method converts points to 

a line, introducing potential errors, especially where significant surface roughness or occlusions 

are present. Espinosa & Landeros (2014) measured deformation of large sections of undercut and 

production levels with four different methods: DEMs, closest point technique, cloud to mesh 

distance, and multiscale model to model cloud comparison (M3C2). The deformation 

measurement data presented was for flat surfaces. Analysis on assumed deformation-free areas 

showed that the M3C2 method gave drastically less false-positive measurements than other 

methods, suggesting it is an effective method for measuring deformation of rough surfaces. 
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The M3C2 method was introduced by Lague et al. (2013) as a direct comparison of point 

clouds in 3D space when homologous parts cannot be defined between them. The method involves 

calculations of surface normals on one scale, then measurement of mean surface change on a 

second scale, along the normal direction. Each scale can be selected based on surface roughness 

and point density. There is an explicit calculation of the local confidence interval. Lague et al. 

(2013) determined that the method is more accurate and has an easier workflow than existing 

deformation measurement methods such as DEMs, closest point technique, and cloud to mesh 

distance. 

An approach differing from the methods discussed previously has been taken by Walton et 

al. (2014) for the development of an algorithm to detect change in circular tunnels and shafts. The 

method uses LiDAR to image the tunnel profile, and elliptical fitting to analyze change between 

points in time. The method assumes an initially circular section that deforms gradually over time, 

and consequently cannot be applied to irregularly shaped tunnel profiles. Deformation ellipses are 

fit to the deformed point clouds, with the long and short axes corresponding to the principal 

deformation directions. A change in the orientation of the deformation ellipse would suggest a 

change in the stress field. The method was tested on a tower with a variable diameter, and was 

found to be accurate to within a few millimeters when measuring 58 mm diametric displacement 

on an initial 18.3 m diameter circular profile. It was found that up to 40% of the profile could be 

occluded before a significant decline in accuracy was observed. The concept of a deformation 

ellipse was first introduced by Terzaghi (1942) as a method of understanding and visualizing 

tunnel deformation after excavation. A generalized, analytical approach of the method was applied 

in two case studies by Stiros & Kontogianni (2009). The deformation ellipse method requires that 
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uniform, plane strain conditions are assumed, and the initial profile must be assumed to be a perfect 

circle.  

2.2.4 Methods of point cloud alignment between points in time 

A critical aspect of measuring tunnel deformation using LiDAR point clouds is the 

alignment of point clouds between points in time (i.e., the alignment of point clouds taken before 

and after deformation occurs). In the previously discussed publications that measure deformation 

between points in time, multiple strategies are used. Lemy et al. (2006) and Nuttens et al. (2012) 

used common reference targets to align point clouds. Lemy et al. (2006) used four control points 

strategically placed away from the excavation to minimize the risk of movement over time. 

Additionally, the control points were installed in opposing directions, further reducing the risk of 

a poor alignment. Nuttens et al. (2012) did not provide details. Van Gosliga et al. (2006) aligned 

each point cloud to a common XYZ coordinate system using Cyclone software. Han et al. (2013) 

used a non-traditional, more complicated method of alignment. The point clouds were aligned by 

matching directional vectors of lines, normal vectors of planes, and eigenvectors of covariance 

matrices derived from groups of points. This method has the advantage of not having to install and 

monitor control points over a long period of time. Walton et al. (2014) used the Iterative Closest 

Point (ICP) algorithm with a progressively decreasing window size, until the window size matched 

the estimated level of noise in the point cloud, to ensure that only non-deformed areas were being 

used by the end of the alignment. Espinosa & Landeros (2014) did not state their method of 

alignment between points in time. 

It is difficult to assess and compare the accuracy of each method of alignment as this issue 

is not thoroughly discussed in the literature. Methods of alignment between points in time can be 

classified into methods that require the installation and monitoring of control points, and methods 
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that do not. Methods that require control points should be effective if the likelihood of the control 

points moving is very low. The further that the control points are placed from an active excavation, 

the less likely they are to move. There is a risk of damage to the control points from mobile 

equipment in a mine. For methods that do not require control points, there are time and cost savings 

in not having to install and monitor control points in an underground environment. However, these 

methods could be sensitive to error when large deformations are present, especially if deformed 

sections are used in the alignment. 

2.3 Estimation of excavation-induced stress change orientation and magnitude 

While a number of studies have investigated measuring tunnel deformation with LiDAR 

point clouds, the purpose of many of the studies is to search the profile for anomalous 

deformations. There has not yet been research done on deformation measurement of a drill and 

blast tunnel to identify a change in shape of the complete tunnel profile. A direct cloud to cloud 

comparison would be necessary, as meshing of rough surfaces is likely to introduce significant 

errors. It would follow that accurately determining the change in shape of the tunnel profile could 

be used to estimate the orientation and magnitude of the stress change that caused the deformation. 

To estimate the orientation and magnitude of stress changes causing deformation of mining 

tunnels, a method must be proven theoretically prior to being applied to field data. One means of 

analyzing the effects of stress changes on tunnel profiles is through numerical modelling. Huang 

et al. (2010) applied stress changes of varying orientations and magnitudes to 2D numerical models 

with many different tunnel profile geometries to define deformation patterns that correspond to 

various loading conditions. The results were to be applied to the profile-image method of tunnel 

profile monitoring introduced by Wang et al. (2009) that uses a laser-lit profile and photography 

in parallel. Profile points were recorded before and after adding a stress change of known 
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orientation and magnitude. Using direct point to point correspondence, the normalized deformation 

of each point was measured only in the direction of the center of the excavation after removing the 

net translational and rotational vectors. Using direct point to point correspondence is not feasible 

when working with LiDAR point clouds. Profile changes were then analyzed by plotting the 

normalized deformation against the angle around the tunnel profile. The study sought to identify 

the type of stress change, for example, uniaxial, biaxial, inclined, point source, and varying 

combinations of each, by analyzing the deformation pattern. The location and relative magnitude 

of the maximum and minimum deformation, as well as the general shape of the curves were used 

to characterize each type of loading.  

The study had a number of key discussion points and conclusions:  

 multiple loading types, when simple enough, could sometimes be identified;  

 for non-circular profiles the deformation patterns that corresponded to different 

stress changes should be individually investigated, as a pattern from one profile 

geometry could not be directly applied to that of another profile geometry;  

 when using an elasto-perfectly-plastic model, the patterns of deformation correlated 

well with those of the elastic model; and, 

 knowledge of initial conditions resulted in a more accurate deformation curve, 

however, if initial conditions were not known, the curve did not necessarily deviate 

greatly. 

The work of Wang et al. (2009) was furthered by Chui et al. (2013) in which specific 

deformation patterns called characteristic modes were defined and demonstrated to be 

independent. Through superposition of displacements, common profile deformations of a circular 

tunnel were decomposed into a combination of characteristic modes, each with a corresponding 
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characteristic influence parameter that represents the magnitude of the mode. The characteristic 

modes included translation, rotation, uniform expansion, two-way compression-tension, and 

triangular and square shapes. The method was developed to explain the deformation mechanisms 

of built tunnels. It was concluded that for cases with simple stress changes the method can provide 

a reliable estimate, but for more complicated displacements, estimates could not be made. While 

stress change modes have been estimated, there is currently no literature on the estimation of the 

magnitude of stress changes by measuring tunnel deformation. 

2.4 Calibrating far-field stress estimates using numerical modelling 

Calibration is a critical aspect of numerical modelling. It has been documented that 

calibration through back-analysis of field observations can greatly reduce uncertainty in the 

predictive capability of numerical models (Wiles, 2006).  

Methods of far-field stress calibration have been presented by Kaiser & Zou (1990), Kaiser 

& Wiles (1994), McKinnon (2001), and Lucier et al. (2009). Kaiser & Zou (1990) proposed 

estimating the state of in situ stress in a plane perpendicular to the tunnel axis by comparing 

excavation-induced stress change measurements to theoretical, physical, or numerical model stress 

change predictions. Kaiser & Wiles (1994) developed the under-excavation technique wherein the 

stress state on a rock mass scale is estimated through the minimization of the sum of squared 

differences between measured and predicted strain and displacement changes. The stress changes 

in these methods are induced by an advancing circular tunnel. McKinnon (2001) developed a 

method that enables boundary conditions of numerical models to be calibrated to individual or 

groups of stress measurements. The method was specifically designed to interpret stress 

measurements that are likely to be affected by excavation-induced stresses or surface topography. 

Perman et al. (2016) applied the methodology of McKinnon (2001) to a case study in which far-
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field stresses input to a detailed 3D numerical model were calibrated by minimizing sum squared 

differences between measured stresses (from overcoring and hydraulic fracturing) and calculated 

unit stress tensors output from the model. The specific overcoring method used was the LVDT-

cell method that calculates the in situ state of stress using a best fit solution between measured and 

simulated convergences. The method requires 3D numerical simulations of tunnel geometry and 

assumes a linear elastic isotropy (Hakala, et al., 2012). Lucier et al. (2009) presented a technique 

in which the far-field stress state was constrained using a combination of observations of drilling-

induced borehole failures and numerical modelling. At least one borehole had to be drilled outside 

of the excavation-induced stress field zone and logged with a borehole camera, although analysis 

of boreholes in the near-field was also required. For each of these methods, an initial estimate of 

the far-field stress conditions is required. These methods are therefore for calibration of far-field 

stress estimates, not for calculation. 

A significant difference between the methods of calibration discussed above and the far-

field stress calibration method proposed in this thesis is that, in each of the discussed methods, a 

direct measurement is required, whether it be stress, strain, or borehole failure location. In the 

proposed method, stress changes are to be estimated, not directly measured. The proposed far-field 

stress calibration method involves minimizing differences between sets of numerical model stress 

changes and stress changes estimated through analysis of tunnel deformation measurements by 

tuning far-field stress estimates input into the numerical model. The stress changes to be estimated 

are caused by the excavation of a stope in the mine, and induce deformation of non-circular tunnels, 

as opposed to stress changes due to an advancing circular tunnel analyzed by Kaiser & Zou (1990) 

and Kaiser & Wiles (1994). The implications of these differences on the effectiveness of far-field 

stress calibration are currently unknown. 
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2.5 Summary 

The discussed literature shows that LiDAR imaging can be used to effectively measure 

deformation in an underground environment. Tunnel deformation measurement to assess the 

change in shape of an entire tunnel profile, however, has not been done using a cloud to cloud 

method. 

Deformation measurement has not been performed on tunnels for the purpose of estimating 

the excavation-induced stress changes causing the deformation. Analysis of the effects of stress 

changes on tunnel profiles has been done, but only to assess the type of loading. Estimation of the 

magnitude of stress changes has not been investigated. 

Lastly, calibration of far-field stresses using stress measurements is well established. The 

effectiveness of using estimated stress orientations and magnitudes for numerical modelling 

calibration is not known. To establish a methodology by which far-field stress estimates are 

calibrated using LiDAR point clouds to measure tunnel deformation, the discussed literature gaps 

must be investigated. 
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Chapter 3 

Drill and Blast Tunnel Deformation Measurement Through LiDAR Imaging 

3.1 Process overview 

It is proposed that LiDAR imaging be used to measure drill and blast tunnel profile 

deformation for use in the estimation of excavation-induced stress change orientation and 

magnitude. If successive LiDAR point clouds of the same tunnel are acquired with mining forming 

a nearby excavation in between scans, differences between the point clouds can be used to quantify 

the excavation-induced deformation of the tunnel profile. 

A number of procedures for collecting and processing point cloud data for deformation 

measurement in an underground environment have been demonstrated for various applications as 

discussed in the literature review. A procedure designed specifically for measuring complete 

profile deformation of drill and blast tunnels as a result of excavation-induced stress changes is 

proposed in this study, but has not yet been tested (Figure 3-1). 

The proposed process can be divided into three main components that are typical of change 

detection processes using LiDAR imaging: point cloud acquisition, point cloud processing, and 

deformation measurement. New techniques have not been developed for these tasks. The proposed 

procedure is an assembly of existing techniques selected on the basis of effectiveness for complete 

drill and blast tunnel profile deformation measurement. In this chapter, the selected techniques are 

identified and described. Justification as to why each technique is recommended is also provided. 
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Figure 3-1: Overview of proposed procedure for data acquisition, data processing, and measuring 

deformation of tunnels using LiDAR imaging 

3.2 Point cloud acquisition 

3.2.1 Scanner selection 

A large selection of LiDAR scanners are available, ranging greatly in performance and 

intended application. As stated in Chapter 2, the use of stationary, tripod-mounted scanners is 

examined in this thesis. Considerations for selecting a LiDAR scanner for tunnel deformation 

measurement are as follows: 

 Scanner capability 

o Measurement accuracy 

o Speed of data acquisition 

o Measurement range 

o Hardware durability 

Scanner selection Scanner placement 

Registration 
Alignment between 

points in time 

Subsampling and 

editing 

Selecting profile 

sections 

Multiscale model to 

model cloud comparison 

Uncertainty 

quantification 

Point Cloud Acquisition  

Point Cloud Processing 

Deformation Measurement 
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 Environmental restrictions 

o Accessibility 

o Surface reflectivity 

The magnitude of tunnel profile deformation as a result of excavation-induced stress 

changes is expected to be on the order of millimeters to centimeters according to numerical model 

simulations of varying stress change magnitudes in relatively soft rock (Chapter 4). Ideally, 

LiDAR scanners selected for deformation measurements would be able to measure to one order of 

magnitude better than the smallest deformation (i.e. 0.1 mm), however a majority of stationary 

scanners have a measurement accuracy on the order of a few millimeters. Scanner noise and 

accuracy are discussed in Section 3.4.4.1. In addition to being accurate, scanners must also be 

efficient at acquiring data to minimize disruption of mining operations. Depending on 

experimental setup, a scanner’s maximum range may be an important consideration, for example 

if registration or alignment targets must be placed far from the section of the tunnel undergoing 

deformation.  

Regarding environmental restrictions, it must be considered how well the tunnel can be 

accessed, and how close to the deforming area of interest it can be safely occupied. This restriction 

will vary depending on the type of mining operation. 

3.2.2 Scanner placement 

Tunnels selected for point cloud acquisition must be connected to mining stopes. The 

magnitude of stress changes inducing deformation of the tunnel will quickly decrease with distance 

from the stope. To demonstrate this effect, the analytical solution of stress distribution around a 

spherical cavity in a hydrostatic stress field can be examined. Excavation-induced circumferential 

stress decays according to the plot shown in Figure 3-2 (Brady, 2006). 
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Figure 3-2: Decay of the ratio of excavation-induced circumferential stress to hydrostatic stress 

with ratio of distance from a spherical excavation to excavation radius 

Excavation-induced stress magnitude is dependent on the hydrostatic stress magnitude and 

the excavation radius. Induced stress decays at the rate of one over distance from the excavation 

center cubed. At the excavation boundary (r/R = 1), induced circumferential stress is half the 

hydrostatic stress. At a distance of half the excavation radius from the boundary (r/R = 1.5), 

induced stress is 15 % of the hydrostatic stress, and at a full excavation radius from the boundary 

(r/R = 2) induced stress is only 6 % of the hydrostatic stress. While mining stopes are not spherical 

excavations subjected to hydrostatic stress fields, it is shown that excavation-induced stresses 

decay at a very fast rate (i.e. approximately at the same rate as the example shown in Figure 3-2), 

and therefore tunnel deformation should be measured as close as possible to the stope.  
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A second important consideration for scanner placement is minimizing occlusions. Parts 

of the tunnel surface not in direct view of the LiDAR scanner will not be imaged. A LiDAR point 

cloud with a large occlusion is shown in Figure 3-3. 

 

Figure 3-3: LiDAR point cloud with a large occlusion caused by the presence of a ventilation tube in 

the line of sight of the LiDAR scanner 

The scanner, placed in the center of the tunnel, imaged the ventilation tube rather than the 

tunnel surface. As a result, there is no data in the upper-left corner of the tunnel profile. This 

undesirable effect can be minimized by having a number of scan locations in the area of interest 

and registering several individual images to form a single point cloud with few occlusions. When 

practical, obstructions should be removed from the tunnel surface prior to scanning. 

Ventilation tube 

Omitted data 

LiDAR 

scanner 

location 
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3.3 Point cloud processing 

3.3.1 Registration 

In the context of this thesis, point cloud registration refers to combining multiple point 

clouds taken in the same environment at the same time, but from different positions, to form a 

single, complete point cloud of the environment. Point cloud alignment, discussed in the 

subsequent section, refers to matching two point clouds taken in the same environment, but at 

different times, with the purpose of measuring differences between the two point clouds. 

Point cloud registration can be done using target-based, surface matching, or hybrid 

methods. The most common of these methods is target-based registration, generally implemented 

using software provided by the scanner manufacturer. Paper or aluminum targets (Figure 3-4) are 

placed in the scene and imaged by multiple scans. At greater distances, reflective targets are often 

used. If feasible, targets should be installed to fill the entire volume of the scene to reduce 

registration error. For registration, a set of targets from one point cloud must be rotated and 

transformed to best match the same targets in another point cloud. Two matched targets create a 

target constraint. The rotation matrix and translation vector are determined using a least-squares 

approach according to Eq. (1) (Fan et al., 2015):  

 
휀2 = ∑‖𝐴𝑗 − (𝑹𝐵𝑗 + 𝑇)‖

2
𝑛

𝑗=1

 (1) 

where Aj and Bj are the same set of targets in Space A and Space B respectively; n is the number 

of target constraints; ε2 is the squared differences to be minimized; R is the rotation matrix to be 

estimated; T is the translation vector to be estimated. 

Any number of point clouds can be registered to form a single cloud as long as target 

constraints can be created. Registration uncertainty is discussed in Section 3.4.4.2. 
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Figure 3-4: Example scanner target (15 cm diameter) for registration (Leica Geosystems, 2016) 

3.3.2 Alignment between scans of different points in time 

Accurate alignment between scans taken at different points in time is crucial for accurately 

detecting deformation of tunnel profiles. As discussed in Chapter 2, there are multiple approaches 

available. It is recommended that the well-established common reference point method be used for 

point cloud alignment between points in time as documented by Nuttens et al. (2010) and Lemy et 

al. (2006). The common reference point method is recommended because the accuracy increases 

with the number of reference points, and if reference points are placed strategically, deformation 

should not affect the alignment. Point cloud alignment by common reference point is done in the 

same manner as point cloud registration, however alignment between points in time is more 

difficult than registration because the environment can change significantly between scans. 

Common alignment reference points must be placed in areas that are unlikely to undergo 
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deformation or be damaged by mining operations. An effective reference point setup will differ 

greatly between scan environments. 

In the simplest situation, registration reference points would be used as alignment reference 

points as well. The registration reference points would have to be able to be imaged at all scan 

locations, as well as be positioned so they will not move as a result of deformation or mining 

operations. In cases where this simple setup is not possible, secondary scan locations can be used. 

The use of a secondary scan location can be explained using the sample setup shown in 

Figure 3-5. Scan locations are shown as red circles, reference points as black circles, and key areas 

being scanned from each location are emphasized by dotted lines. The alignment reference points 

are placed far from the primary scan location where deformation is expected. 

 

Figure 3-5: Plan view of a sample reference point setup in which a secondary scan location is 

required 

In this example, the LiDAR scanner is imaging the tunnel from the primary scan location 

to minimize occlusions. For each scan from the primary scan location, the registration reference 
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points must be imaged. For demonstration purposes, the reference points have been placed side-

by-side, however having reference points spread randomly in the environment would be a more 

effective setup. A complete point cloud of the section of the tunnel expected to deform, including 

the registration reference points, can be created from the registration of each of the scans from 

different positions in the primary location. Next, a secondary scan would be performed that images 

both the registration reference points and alignment reference points. 

The point cloud from the secondary scan location can then be registered with the primary 

scan location point cloud using the registration reference points. This combination creates a single 

point cloud that includes the tunnel profile expected to undergo deformation and two sets of 

alignment reference points located away from where deformation is expected. If this process is 

performed again after nearby mining has occurred to form a final point cloud, the two clouds can 

be aligned for deformation measurement using the common alignment reference points. The actual 

alignment itself can be performed using the same method as registration. 

It is a possibility that instead of a tunnel profile simply deforming inwards or outwards, it 

is translated or rotated. For example, if a tunnel were to be translated 5 cm or rotated 1°, the 

resulting aligned point clouds would appear as shown in Figure 3-6 and Figure 3-7, respectively. 

Tunnel translation or rotation would result in false deformations being detected at every point on 

the tunnel profile. One solution to this issue could be to align the profiles using a method that does 

not require reference points, such as the Iterative Closest Point (ICP) method (Besl & McKay, 

1992), where the final point cloud is iteratively rotated and translated to minimize the total distance 

between sets of closest points. Tests should be conducted to determine if deformations can be 

accurately quantified when using ICP alignment to account for tunnel profile translation or 

rotation. 
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Figure 3-6: Initial (blue) and translated final (red) point clouds 

 

Figure 3-7: Initial (blue) and rotated final (red) point clouds 
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3.3.3 Subsampling and editing 

Raw point clouds can have a very high point density (e.g. greater than 10 points/cm2). 

Denser point clouds require higher performance computing hardware due to the increased 

processing power needed to view and manipulate the data. Point density can be reduced by 

subsampling. Subsampling should be done by selecting a minimum required distance between 

points, resulting in an evenly distributed point density in which the less dense areas did not lose 

resolution. This method can be contrasted with keeping every nth point, which could possibly 

remove points from areas with an already low point density. 

Prior to deformation measurement, undesirable points must be removed. Point clouds can 

be edited manually. Figure 3-8a shows a raw point cloud with a ventilation tube and other mine 

services attached to the tunnel surface. Points not belonging to the tunnel surface are easily 

removed manually using CloudCompare, an open source point cloud processing application 

(CloudCompare, 2016), as shown by the resulting edited profile in Figure 3-8b. Points are simply 

manually selected for removal by outlining a volume. The only points remaining are those of the 

tunnel surface. The floor of the tunnel has also been removed, as it will change over time from 

everyday mining operations and therefore should not be used in deformation analysis or in 

correction for a translated or rotated profile. 
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Figure 3-8: (a) Raw point cloud tunnel profile (b) Edited point cloud tunnel profile 

3.4 Deformation measurement 

3.4.1 Multiscale model to model cloud comparison methodology  

Lague et al. (2013) developed a multiscale model to model cloud comparison (M3C2) as a 

change detection method for accurate distance calculation between two point clouds when 

homologous parts cannot be defined. The M3C2 method can be implemented using 

CloudCompare. The methodology is summarized as follows (Figure 3-9): 

 A set of “core” points are selected as a subsample of the initial point cloud for which 

a measurement will be made. Subsampling is optional and done only to decrease 

calculation time. 

 For each core point, i, a surface normal vector is defined by fitting a plane to the 

set of points, NNi, that are within a spherical radius D/2 of i. D is defined as the 

normal scale. Each normal vector is oriented positively towards a user-defined 

orientation point. 

(a) (b) 
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 Cloud roughness at scale D in the vicinity of i is calculated as the standard deviation 

of the distance of points NNi from the best-fit plane.  

 A cylinder of radius d/2 (d is defined as the projection scale) whose axis passes 

through i and is oriented along the normal vector is defined. The maximum cylinder 

length extends in both directions and is set manually. The intercept of each cloud 

and the cylinder defines two subsets of points of size n1 and n2. 

 The average position of each point cloud along the surface normal is calculated 

using n1 and n2, and is defined as i1 and i2. The M3C2 distance between the point 

clouds, LM3C2(i), is calculated as the distance between i1 and i2.  

 

Figure 3-9: Two main steps of the M3C2 change detection method (Lague et al. (2013)) 

The M3C2 method can be modified for a specific application. The normal and projection 

scales should be selected on the basis of surface roughness and point density. Larger radii will 

result in more smoothing, with surface roughness having less of an influence on distance 

calculations. 

Initial point cloud 
Final point cloud 
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An example of how the selection of scale can affect normal definition and therefore 

distance calculations is shown in Figure 3-10, a theoretical situation in which the distance between 

two point clouds is being calculated for the gold point i at two different normal scales. At scale D1, 

the definition of the normal N1 is affected by roughness and would result in an overestimation of 

distance. At scale D2, the normal N2 is oriented correctly as the scale is large enough to smooth 

out the effect of local surface roughness. 

 

Figure 3-10: Demonstration of normal scale selection affecting normal orientation 

An important attribute of the M3C2 method is that, if the cylinder aligned along the surface 

normal does not intersect any points on the final point cloud, a distance measurement is not made 

for that core point. This attribute is an advantage over methods such as the closest point technique 

in which a measurement is forced for each point on the initial point cloud. 

A final key attribute of the M3C2 method is that it calculates uncertainty. For each M3C2 

distance calculation, a spatially variable confidence interval is calculated according to Eq. (2): 

 

𝐿𝑂𝐷95 %(𝑑) = ±1.96 ∗ [√
𝜎1(𝑑)2

𝑛1
+

𝜎2(𝑑)2

𝑛2
+ 𝑟𝑒𝑔] (2) 

Initial point cloud 

Final point cloud 
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where 𝐿𝑂𝐷95 %(𝑑) is the level of detection at 95 % confidence level at projection scale d; 

𝜎1(𝑑), 𝜎2(𝑑) are local point cloud roughness at projection scale d (Figure 3-9); 𝑛1, 𝑛2 are the 

number of points intersecting the cylinder for each cloud (Figure 3-9); and 𝑟𝑒𝑔 is the point cloud 

registration uncertainty. 

If the level of detection is calculated to be greater than the measured distance, the change 

is labelled ‘non-significant’ and conversely if the level of detection is less than the measured 

distance, the change is determined to be significant at a 95 % confidence level. The equation can 

be modified to apply higher or lower levels of confidence. Lague et al. (2013) determined that 

for a reliable confidence interval to be defined, 𝑛1 and 𝑛2 must be greater than 4.  

In summary, the M3C2 method should be an effective method of measuring complete 

profile drill and blast tunnel deformation as it: 

 does not require meshing or gridding that would result in loss of detail and 

additional uncertainty; 

 is designed to account for surface roughness; 

 does not force a measurement if there are omissions from the point cloud; and, 

 locally estimates measurement uncertainty. 

3.4.2 Selecting tunnel profile sections 

When selecting a section of aligned point clouds for deformation measurement there are 

three major concerns: distance to the excavated stope, profile completeness, and axial section 

length. With increased distance from the excavation, a smaller stress change, and therefore less 

profile deformation, is expected, as explained in Section 3.2.2. A profile with many occlusions 

will result in a less complete set of deformation measurements from M3C2 analysis which could 

in turn lead to less accurate estimation of stress change orientation and magnitude. The length of 
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the section along the axis of the tunnel can drastically affect surface normal orientation and 

subsequently change detection results. 

Consider the synthetic data example shown in Figure 3-11, in which the vertical section of 

a wall is imaged by points (blue) with surface normals (black) defined by the M3C2 algorithm. 

Figure 3-11a has an axial section length (along the y-axis) of 1 cm, whereas Figure 3-11b has a 

section length of 4 cm.  

  

Figure 3-11: (a) 1 cm section length, normals oriented incorrectly (b) 4 cm section length, normals 

oriented correctly 

(a) (b) 
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In this example, if the tunnel runs along the length of the y-axis, the surface normals should 

theoretically be oriented perpendicular to the y-axis. The M3C2 algorithm has incorrectly oriented 

the normals in Figure 3-11a. The section length is too short for the surface to be properly detected. 

Instead of orienting the best fit plane in the y-axis, it has been oriented in the x-axis, thus the 

normals are oriented perpendicular to the plane along the y-axis. Figure 3-11b, with four times the 

section length, has properly oriented normals. That is not to say that a 4 cm section length will be 

sufficient for every data set. Surface normal orientation is sensitive to point cloud density, point 

cloud roughness, and normal scale selection. Section length selection should be confirmed by 

plotting surface normals to ensure proper orientation. 

Improper surface normal orientation as a result of insufficient section length can also be 

demonstrated using real LiDAR data. Figure 3-12a shows a section of a LiDAR point cloud with 

an axial length of 4 cm. Normals were defined at a scale of 10 cm. While some variation in surface 

normal orientation is expected, the normals should generally be oriented towards the center of the 

tunnel if inward or outward deformation is to be detected. 
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Figure 3-12: (a) 4 cm section length of a LiDAR point cloud with surface normals (b) 8 cm section 

length of a LiDAR point cloud with surface normals (areas corresponding to close-up views in later 

figures highlighted) 

It is clear that many of the surface normals are incorrectly oriented in Figure 3-12a. There 

are two types of incorrect normal orientation shown in this case: normals that are oriented along 

the profile outline (Figure 3-13a), and normals that are oriented parallel to the tunnel axis (Figure 

3-13b). 

(a) (b) 
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Figure 3-13: Surface normals improperly oriented: (a) along the tunnel profile outline; (b) parallel 

to the tunnel axis (close-ups from Figure 3-12a) 

Figure 3-12b shows a LiDAR point cloud section in which an additional 4 cm has been 

added to the point cloud in Figure 3-12a, resulting in a total section length of 8 cm, with normals 

again being defined at a scale of 10 cm. Surface normal orientation is much more consistent than 

that of Figure 3-12a. Only 33 of 1266 (2.6 %) normals are incorrectly oriented. Detailed visual 

inspection should allow for identification of incorrectly oriented normals for removal from M3C2 

distance calculations. 

It is important that surface normals are accurately oriented everywhere along tunnel 

profiles. While relatively flat surfaces result in simple normal orientations, it is expected that sharp 

corners may cause erroneous orientation. Normal orientation should be closely inspected in parts 

of profiles with more complicated geometry. If increasing section length does not improve normal 

orientation, scale should be adjusted. If the geometry of a profile is such that correct normal 

orientation cannot be accomplished in certain portions, the removal of those portions from 

deformation analysis should be considered. The number of deformation measurements required 

for back-analysis is discussed in Section 4.2.3. Examining a close-up of the bottom right corner of 

Figure 3-12b, the normals appear to be oriented in such a way that one would be able to detect 

movement at the corner (Figure 3-14). 

(a) (b) 
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Figure 3-14: Close-up of correctly oriented surface normals (from Figure 3-12b) in the corner of the 

8 cm section length LiDAR point cloud 

The final step in normal orientation is constraining normals to a 2D plane. The back-

analysis method requires the assumption of plane strain (i.e. assumed to be a 2D problem). 

Components of normals in the axis perpendicular to the 2D plane should be manually set to 0. 

3.4.3 Demonstration of M3C2 method on LiDAR profiles 

A LiDAR point cloud tunnel profile has been manipulated to create artificially deformed 

profiles with known levels of deformation to demonstrate the M3C2 method’s proficiency in 

accurately measuring complete profile deformation of drill and blast tunnels. As illustrated in 

Figure 3-15, the roof of the tunnel has been deformed outward, the sidewalls inward, and a small 

diagonal portion on the right has been left unchanged. The profile has an axial section length of 15 

cm. Both normal and projection scales were 10 cm for all measurements. 
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Figure 3-15: Illustration of the artificially deformed LiDAR profile 

Artificial deformations ranging from 0.25 to 3 cm have been simulated by manually 

translating all profile points the same distance. Sidewall points were translated purely horizontally, 

while roof points were translated purely vertically. M3C2 distance measurements identified as 

having significant change were averaged for each section. The differences between the imposed 

“true” changes and the averages of the estimated changes are reported as “error” (expressed as an 

absolute value and percentage) in Table 3-1. 
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Table 3-1: M3C2 distance estimation error for an artificially deformed LiDAR profile 

Left Sidewall 

True change 

inwards (cm) 

M3C2 distance 

error (cm) 

M3C2 distance error 

(abs. %) 

0.25 0.11 |
0.11

0.25
∗ 100 %| = 43.4 

0.5 0.08 15.1 

1 0.01 1.1 

1.5 -0.02 1.5 

2 -0.04 2.2 

2.5 -0.06 2.5 

3 -0.08 2.7 

Roof 

True change 

inwards (cm) 

M3C2 distance 

error (cm) 

M3C2 distance error 

(abs. %) 

-0.25 -0.08 31.1 

-0.5 -0.06 11.5 

-1 0.02 1.9 

-1.5 0.07 4.9 

-2 0.11 5.7 

-2.5 0.15 6.0 

-3 0.19 6.3 

Right sidewall 

True change 

inwards (cm) 

M3C2 distance 

error (cm) 

M3C2 distance error 

(abs. %) 

0.25 0.06 25.6 

0.5 0.05 10.0 

1 0.00 0.5 

1.5 -0.04 2.4 

2 -0.07 3.6 

2.5 -0.10 4.1 

3 -0.13 4.5 

For all parts of the profile, absolute percent error is at a maximum for the smallest change 

magnitude of 0.25 cm, reaches a minimum for changes of 1 cm, and then slightly increases 

monotonically up to the maximum deformation change value tested of 3 cm. For very small 

changes, the distance is consistently overestimated, while for larger changes, the distance is 
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underestimated. The reason for this consistent trend is likely related to normal and projection scale 

selection, as demonstrated in Figure 3-10. There are no errors greater than 0.2 cm for any applied 

change. This numerical experiment demonstrates that the M3C2 algorithm can successfully detect 

change to a high degree of accuracy for drill and blast tunnels. 

3.4.4 Confidence interval development 

The development of confidence intervals for deformation measurement using the M3C2 

method requires identifying and analyzing sources of uncertainty in each step of the process, these 

being: 

 LiDAR scanner uncertainty; 

 point cloud registration uncertainty; 

 point cloud alignment uncertainty; and, 

 M3C2 distance measurement uncertainty. 

3.4.4.1 LiDAR scanner uncertainty 

Accuracy specifications of laser scanners given in manufacturers’ data sheets are not 

comparable between makes and models as there are no standards as to how accuracy should be 

estimated (Walsh, 2015). 

The uncertainty of the location of a single point in an image is a function of angular and 

range uncertainty of the LiDAR scanner. Angular uncertainty is mainly comprised of systematic 

errors related to hardware design and thus its effects cannot be removed by averaging. Range 

uncertainty includes range noise as well as systematic error. Range noise is a measure of the 

precision of a scanner, that is, of the repeatability of measurements. Range noise is also a function 

of environmental conditions (Walsh, 2015). 
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3.4.4.2 Point cloud registration uncertainty 

Target-based registration uncertainty can generally be quantified using software provided 

by scanner manufacturers. To understand how registration error is calculated, it is important to 

define the terms target measurement error (TME), post-registration target difference (PTD), and 

target registration error (TRE) (Fan et al., 2015). 

TME is the difference between measured and true coordinates of a target. It is also called 

the target acquisition accuracy/error. TME is mainly caused by instrument errors, environmental 

impacts, surface characteristics, and scan geometry. PTD is the difference in coordinates between 

two of the same targets making up a target constraint, after the rotation and translation has been 

applied. As a result of TME, registered targets cannot be matched perfectly, the PTD being the 

residual error for each set of targets making up a target constraint. TRE is the registration error 

commonly used to quantify point cloud registration uncertainty. The two most common 

calculations for TRE are defined in Eqs. (3) and (4) (Fan et al., 2015):  

 
𝑇𝑅𝐸 − 𝑀𝐴 =

1

𝑛
∑|𝑃𝑇𝐷𝑖|

𝑛

𝑖 =1

 (3) 

 

𝑇𝑅𝐸 − 𝑅𝑀𝑆 = √
1

𝑛
∑(𝑃𝑇𝐷𝑖)2

𝑛

𝑖 =1

 (4) 

where n is the number of target constraints. 

Eq. (3) defines mean absolute target registration error, an average of the absolute PTDs, 

while Eq. (4) defines the root mean square target registration error. Both definitions of registration 

error are commonly output by scanner producer software and are used in uncertainty analysis for 

point cloud manipulation (Fan et al., 2015). 
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While TRE-MA and TRE-RMS are widely used, it has been proposed by Fan et al. (2015) 

that they are incompetent measures of registration error and should no longer be used in practice. 

Simulations comparing known values of object registration error, the difference between a scan 

point after registration and its true coordinates, and TRE-MA/TRE-RMS showed no correlation. 

Fan et al. (2015) propose formulas for the expected and upper limit of positional error for any 

given data point. The formulas are a function of target acquisition accuracy, number of target 

constraints, and normalized distance to the center of mass of the target constraints. It is 

recommended that this option be explored when quantifying registration uncertainty. 

3.4.4.3 Point cloud alignment uncertainty 

Since it is proposed that point clouds be aligned using the same method as registration, the 

uncertainty can be quantified in the same manner. 

3.4.4.4 M3C2 distance measurement uncertainty 

Quantifying uncertainty from M3C2 distance measurement is simple as it is calculated by 

the M3C2 algorithm. Distance uncertainty is calculated according to Eq. (2) in Section 3.4.1. 

M3C2 distance uncertainty is a function of local cloud roughness at the selected projection scale, 

point density, and point cloud registration uncertainty, which, if accounted for elsewhere, can be 

ignored. If a confidence level other than 95 % is desired, 1.96 in Eq. (2) can be replaced by the 

two-tailed z-statistics at the given percentage (Lague et al., 2013). 
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Chapter 4 

Back-analysis of Tunnel Deformation Measurements for Estimating 

Orientation and Magnitude of Excavation-induced Stress Changes 

4.1 Method definition 

4.1.1 Method overview 

It is proposed that excavation-induced stress change orientation and magnitude are 

estimated using back-analysis of tunnel deformation measurements. A method has been developed 

that uses deformation measurements produced through multiscale model to model cloud 

comparison (M3C2) (Nuttens et al., 2010) in combination with sets of calibration curves developed 

with 2D numerical models to quantify the orientation and magnitude of in-plane principal stress 

changes for use in the calibration of far-field stress estimates. 

When a stope is mined, an excavation is formed. The excavation causes a change of the 

stress field in the surrounding volume as stresses must flow around open excavations. In a 2D 

plane oriented perpendicular to a tunnel axis nearby the excavation, there will be a change in 

principal stresses that will induce deformation of the tunnel profile. The method is designed to 

estimate the orientation and magnitude of these principal stress changes in 2D planes nearby 

mining excavations. 

A 2D numerical model of the deforming tunnel is required for back-analysis. The model is 

used to define calibration curves by applying stress changes at known orientations and magnitudes 

to the model and measuring the resulting deformation using the M3C2 method. Deformation 

measurements of the real tunnel profile are then compared with the numerical model calibration 

curves to estimate the orientation and magnitude of the principal stress change causing tunnel 

profile deformation. 
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This chapter defines the back-analysis method, as well as uses synthetic data to show 

numerically the method’s effectiveness. The method has been tested on four different tunnel 

profile shapes. Various scenarios have also been tested. The method has not yet been tested on a 

real mining tunnel. 

4.1.2 Excavation-induced stress changes 

Prior to a specific stope being mined, the access tunnel, which is subject to an initial stress 

field, must be imaged using LiDAR (Figure 4-1a). Next, mining must occur, creating or expanding 

an excavation. The stresses in the surrounding area will adjust to flow around the newly formed 

excavation, modifying the stress field. In any 2D slice perpendicular to the tunnel axis and within 

the range of the modified stress field, there will be a change of the secondary, in-plane principal 

stresses at some orientation and magnitude. These stresses are acting only in the 2D plane, thus 

plane strain must be assumed (Figure 4-1b). The in-plane secondary principal stress change will 

induce deformation of the tunnel profile. The tunnel must again be imaged using LiDAR to capture 

the induced deformations (Figure 4-1c). The orientation and magnitude of these stress changes are 

a function of the initial far-field stresses (currently unknown) and also the excavation geometry 

change (known from numerical modelling). The procedure being developed can therefore be used 

to calibrate initial far-field stress estimates, although, as will be described, the stress changes in 

multiple oriented tunnels are needed to recover the full stress tensor. 
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Figure 4-1: (a) Tunnel in an initial stress field (black crosses) with 2D profile shown (b) Mining 

occurs in a nearby area indicated by dotted lines, creating an excavation that modifies the stress 

field (c) Tunnel deforms due to secondary principal stress changes 

4.1.3 Numerical models 

Numerical models have been built to estimate the back-analysis method’s effectiveness at 

estimating the orientation and magnitude of stress changes. For testing, stress changes of known 

orientation and magnitude are applied to the models and the estimated values resulting from back-

analysis are compared with the known applied values. The models are also required to develop the 

calibration curves. The stress change back-analysis method has been tested on the following four 

profile shapes to show that it is not dependent on a certain shape (Figure 4-2): 

 Circular 

 Arched roof and floor with flat sidewalls 

 Square 

 Rectangular 

(a) (b) 

(c) 
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Figure 4-2: Numerical model shapes and dimensions: (a) circular, (b) arched, (c) square, (d) 

rectangular  

The 2D models were built using FLAC, a finite difference based continuum modelling 

code (Itasca Consulting Group Inc., 2016). For initial analysis, all models use a linearly elastic 

constitutive model with a Young’s Modulus of 7.3 GPa, Poisson’s ratio of 0.25, and density of 

3200 kg/m3, simulating a relatively soft rock. A low Young’s Modulus was selected to produce 

(a) (b) 

(c) 

(d) 

4 m 

8 m 

4 m 

4 m 

5.8 m 

5 m 
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deformation magnitudes that could be detected by LiDAR imaging. The model boundaries are 

located approximately 10 times the radii away from the excavations measured from the center of 

the excavation. At the model boundary, all grid points are constrained in the X and Y axes. Zone 

size steadily increases from the excavation to the model boundary. Excavation profiles are smooth 

and symmetrical for initial analysis, unlike real excavations that have many irregularities. No far-

field stresses are initialized as the goal is strictly to analyze local stress changes. 

4.1.4 Calibration curve development 

Calibration curves are developed using a 2D numerical model of the section of the tunnel 

that has undergone deformation. To create a set of calibration curves, uniaxial principal stress 

changes with a magnitude of 10 MPa were applied to the model boundary at orientations ranging 

from 0° to 175° (degrees counterclockwise from the positive x-axis), at increments of 5°, resulting 

in a total of 36 calibration curves for each model. The locations of all grid points on the tunnel 

profile were recorded before and after each applied stress change to essentially form low density 

initial and final point clouds. The deformation of each point was then measured using the M3C2 

method. 

First, the initial points must be used to define surface normals. As mentioned in Chapter 3, 

reliable normal definition requires a certain axial section length depending on point cloud 

roughness, density, and profile geometry. As a result of this requirement, initial point clouds must 

be extended along the length of the tunnel to create short 3D sections. For this synthetic data set, 

clones of the tunnel profiles were created at a spacing of 0.5 cm to a distance of 20 cm (the axial 

section length). Surface normals were then defined using Cloudcompare. The M3C2 method 

orients surface normals using a planar model, however Cloudcompare can define normals using a 

local model of a best-fit-plane, 2D triangulation, or a height function (quadric). The best-fit plane 
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model is most effective for flat surfaces while the quadric model is best for curved surfaces. 

Varying local models and normal definition scales were tested to develop a set of surface normals 

that are properly oriented towards the center of the excavation for each model. The resulting initial 

clouds with properly oriented normals were then trimmed to the original 2D space. Normals 

defined for each of the models presented in Figure 4-2 are shown in Figure 4-3. 

  

 

 

Figure 4-3: Surface normals defined for: (a) circular model (quadric, 30 cm scale), (b) arched 

model (quadric, 30 cm scale), (c) square model (plane, 20 cm scale), (d) rectangular model (plane, 

20 cm scale) 

(a) (b) 

(c) (d) 
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Properly oriented normals are directed towards the center of the excavation, including in 

90° corners as shown in Figure 4-4. As a result of being defined in 3D space, normals often had a 

very small component in the axial direction that was manually set to 0. 

 

Figure 4-4: Close-up of properly oriented normals at a 90° corner 

After normal definition, M3C2 distance is measured for each initial grid point between the 

single initial and 36 final clouds. Positive and negative M3C2 distance measurements indicate 

inward and outward deformation, respectively. A 10 MPa stress change applied at an orientation 

of 0° to the circular model will result in the calibration curve shown in Figure 4-5. The curve 

consists of 160 M3C2 distance measurements, equal to the number of points with oriented normals 

in the initial cloud. The calibration curve, while symmetrical, does exhibit some abnormalities 

such as at 0°, 90°, 180°, and 270° where there are M3C2 distance measurements just above or 

below the local maximum or minimum. The apparent errors are most prevalent at, and 90° from, 

the orientation of the maximum principal stress change. It is possible the abnormalities can be 

attributed to rounding error, as FLAC outputs just 3 decimal places for grid point coordinates. A 

30 MPa stress change produces a much smoother curve, however the errors are still present (Figure 

4-6). 
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Figure 4-5: 0° calibration curve for circular model for 10 MPa stress change 

 

Figure 4-6: Deformation resulting from a 30 MPa stress change applied at 0° to the circular model 
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 The shape of the 0° circular model calibration curve can be contrasted with those of the 

arched (Figure 4-7), square (Figure 4-8), and rectangular (Figure 4-9) models. The arched model 

calibration curve is not symmetrical because the ceiling and floor are different shapes. The 

maximum and minimum deformations are, as expected, at the orientation of the maximum 

principal stress change (0°, 180°), and the minimum principal stress change (90°, 270°), 

respectively. The possible rounding error is seen at 90° for the arched calibration curve. The square 

and rectangular curves are very similar in shape, though the rectangular curve has a higher 

maximum deformation magnitude, as well as fewer points deforming at the maximum magnitude. 

The square and rectangular models produce calibration curves with many consecutive 

measurements of the same magnitude (e.g. between 45 and 135° in Figure 4-8), strengthening the 

theory that rounding error is causing the abnormalities. The variation in shape between curves 

demonstrates the need to develop calibration curves for each profile geometry. 

 

Figure 4-7: 0° calibration curve for arched model (136 measurements) 
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Figure 4-8: 0° calibration curve for square model (160 measurements) 

 

Figure 4-9: 0° calibration curve for rectangular model (160 measurements) 
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4.1.5 Estimation of stress change orientation and magnitude  

Estimation of stress change orientation and magnitude is founded on the superposition of 

stresses in a linearly elastic medium and performed by minimizing squared differences between 

measured tunnel and sets of calibration curve deformation. 

Superposition of stresses applies if the stresses and strains are a linear function of applied 

loads (Popov, 1968). For any point on a tunnel profile in a linearly elastic medium, the overall 

stress change and therefore displacement is a function of the in-plane maximum (Δσ1) and 

minimum (Δσ2) principal stress changes. By definition, maximum and minimum principal stresses 

are 90° apart, thus when estimating the maximum principal stress change orientation, the minimum 

principal stress change orientation is also estimated. It would follow that calibration curves are 

used in sets where the displacement of a point on the tunnel profile is the result of the maximum 

principal stress change at orientation i and the minimum principal stress change at orientation i + 

90°. 

First, each M3C2 distance measurement is matched by angle around the profile with the 

closest measurement on each of the 36 calibration curves. A series of squared difference 

minimizations is then performed for each orientation (0° – 175°) according to Eq. (5): 

 
𝐸𝑟𝑟𝑜𝑟𝑖 = ∑[𝛿𝐿𝑖𝐷𝐴𝑅(𝑗) − (𝐴𝑖 ∗ 𝛿𝐶1(𝑗) + 𝐵𝑖 ∗ 𝛿𝐶2(𝑗))]

2
𝑛

𝑗=1

 (5) 

where 𝐸𝑟𝑟𝑜𝑟𝑖 is the minimized squared error for calibration curve set C1 (orientation i) and C2 

(orientation i + 90°); 𝛿𝐿𝑖𝐷𝐴𝑅(𝑗) is the measured LiDAR profile deformation for measurement j; 

𝐴𝑖 , 𝐵𝑖 are decision variable multipliers for calibration curve set C1 and C2, respectively; 

𝛿𝐶1(𝑗), 𝛿𝐶2(𝑗) are the deformation of calibration curves C1 and C2, respectively, matched by closest 

angle with the LiDAR deformation measurement j. 
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The sum of the squared errors is minimized by varying multipliers 𝐴𝑖 and 𝐵𝑖 for each 

calibration curve set (i.e., 36 sum squared minimizations are performed, resulting in 36 𝐸𝑟𝑟𝑜𝑟𝑖, 𝐴𝑖, 

and 𝐵𝑖 values). The set of calibration curves that results in the smallest 𝐸𝑟𝑟𝑜𝑟𝑖 is used to estimate 

the orientation and magnitude of the stress change. The orientation of the maximum principal stress 

change is estimated to be orientation i, and accordingly the orientation of the minimum principal 

stress change is i + 90°. The magnitude of the stress change is estimated as follows: 

 Δσ1 𝑚𝑎𝑔𝑛𝑖𝑡𝑢𝑑𝑒 = 𝑀𝑐 ∗ 𝐴𝑖 (6) 

 Δσ2 𝑚𝑎𝑔𝑛𝑖𝑡𝑢𝑑𝑒 = 𝑀𝑐 ∗ 𝐵𝑖 (7) 

where 𝑀𝑐 is the magnitude of the applied uniaxial stress change used to form the calibration curves. 

4.2 Method testing 

4.2.1 Base level  

A total of 84 back-analysis tests using numerical models were performed to assess the 

method’s proficiency in estimating stress change orientation and magnitude for a linearly elastic 

medium. It is acknowledged that in deep mines there will be some degree of fracturing and plastic 

deformation around tunnel profiles, though initial tests have been performed on a linearly elastic 

medium to isolate and analyze the effects of various scenarios, including plastic deformation. For 

each model, uniaxial (Δσ1 ≠ 0, Δσ2 = 0), biaxial (Δσ1, Δσ2 ≠ 0), and hydrostatic (Δσ1 = Δσ2 ≠ 0) 

stress changes 2.5 to 30 MPa in magnitude were applied for testing (Table 4-1). Each of these 

stress changes was applied at an orientation of 0° for the circular model, 0° and 135° for the arched 

and square models, and 0°, 90°, and 135° for the rectangular model. Hydrostatic stress changes 

were not repeated at different orientations, resulting in 12 circular tests, 21 arched tests, 21 square 

tests, and 30 rectangular tests. For base level tests, perfect knowledge of the rock mass properties 
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has been assumed (i.e. elastic properties input to testing models were equal to calibration curve 

model properties). Back-analysis method sample data is located in Appendix A. 

Table 4-1: Stress change magnitudes applied to experimental testing models  

Test 

Δσ1 

magnitude 

(MPa) 

Δσ2 

magnitude 

(MPa) 

Type 

1 2.5 0 

Uniaxial 

2 5 0 

3 10 0 

4 20 0 

5 30 0 

6 5 2.5 

Biaxial 
7 10 5 

8 20 10 

9 30 15 

10 5 5 

Hydrostatic 11 15 15 

12 30 30 

Back-analysis estimate deviations from applied stress change orientation and magnitude 

are shown in Table 4-2Error! Not a valid bookmark self-reference.. Complete base level test 

results are located in Appendix A. 

Table 4-2: Back-analysis estimate deviation from applied stress changes for each model 

Model Type 
% of tests with Δσ1 

orientation estimate 

deviated 

Average absolute 

Δσ1 magnitude 

estimate deviation 

(MPa) 

Average absolute 

Δσ2 magnitude 

estimate deviation 

(MPa) 

Circle 0 % 0.26 0.27 

Arched 6 % 0.22 0.22 

Square 33 % 0.22 0.36 

Rectangle 4 % 0.23 0.44 

Average 16 % 0.23 0.34 

The only orientation estimate deviation for all tests was 5°, which is the increment at which 

calibration curves were calculated. There were no deviations greater than 5°. Note also that a 5° 
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deviation is only 2.7 % of the orientation range (180°). The square model has a much greater 

percentage of deviated orientation estimates. This discrepancy is attributed to the stress changes 

being applied at 135°, which corresponds to a corner of the tunnel profile, possibly due to 

numerical errors related to the difficulty in representing corners realistically using normals. 

Orientation estimates deviated by 5° for all biaxial stress changes applied at the corner. Additional 

tests with the same biaxial stress change magnitudes applied at 125° also resulted in estimate 

deviations of 5°, suggesting that stress changes oriented near sharp corners generally result in a 

higher rate of orientation estimate deviations. The Δσ1 and Δσ2 average absolute magnitude 

deviation averages are comparable for each model, with all values being below 0.5 MPa. These 

results demonstrate that the back-analysis method is able to accurately estimate the orientation and 

magnitude of uniaxial, biaxial, and hydrostatic stress changes under the ideal conditions of a 

complete tunnel profile deforming in a linearly elastic medium when rock mass properties are 

known. 

The distributions of stress change magnitude deviations are shown in Figure 4-10 for all 

models. Both maximum and minimum principal stress change magnitude deviations have an 

approximately normal distribution with a mean close to 0. When stress change magnitude 

deviation distributions are viewed by model type (Figure 4-11 and Figure 4-12), it becomes evident 

that there is a positive bias for the rectangular model deviations. Most of the positive deviations 

are the result of stress changes applied at 90°. It is possible that an increased number of tests would 

result in a more normal distribution. While there may be slight differences in performance between 

models it is important to note that all deviations are under 2 MPa and overall the method is accurate 

when operating in these ideal conditions. For testing of various scenarios, estimates will be 

considered accurate if deviations are still under 2 MPa. 
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Figure 4-10: Frequency of magnitude estimate deviation from applied stress change for all models 

 

Figure 4-11: Frequency of magnitude estimate deviation from applied maximum principal stress 

change for all models 
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Figure 4-12: Frequency of magnitude estimate deviation from applied minimum principal stress 

change for all models 

Average absolute magnitude deviations are compared by stress change type in Table 4-3. 

Uniaxial stress changes have the smallest average absolute magnitude deviation, while hydrostatic 

stress changes have the greatest. Hydrostatic stress changes have the greatest maximum deviation 

by a large margin. It is likely that hydrostatic stress changes are the most error prone as a result of 

the calibration curves being created through uniaxial stress changes. The use of hydrostatic stress 

change calibration curves should be explored. 
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Table 4-3: Average absolute magnitude deviation by stress change type 

Stress 

change type 

Average absolute Δσ1 

magnitude estimate 

deviation (MPa) 

Average absolute Δσ2 

magnitude estimate 

deviation (MPa) 

Maximum absolute Δσ 

magnitude estimate 

deviation (MPa) 

 Uniaxial 0.1 0.3 0.5 

 Biaxial 0.2 0.4 0.7 

 Hydrostatic 0.6 0.5 1.8 

Average absolute stress change magnitude estimate deviation as a function of applied 

uniaxial magnitude is shown in Figure 4-13. Deviation is at a minimum at 10 MPa. This result is 

expected as the calibration curves were created through uniaxial stress changes of 10 MPa, so 

when back-calculating a uniaxial stress change of 10 MPa the measured profile deformation is the 

exact same as one of the calibration curves. 

 

Figure 4-13: Average back-analysis estimate deviation from uniaxial stress change magnitude 
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The maximum deformation magnitude measured for each test provides insight into the 

magnitude of deformation expected in field data. For the 84 base level tests, the maximum 

measured deformation ranged from 0.1 to 3.4 cm. These deformations, simulated in soft rock, are 

on the order of deformations that can be detected by LiDAR imaging. 

4.2.2 Distorted tunnel profile 

When modelling a tunnel for calibration curve development, it is not realistic or desirable 

to have to precisely replicate every point on the tunnel profile. Instead, it is preferable to 

approximate the shape of the profile. To this effect, the arched model grid has been manipulated 

to form tunnel profiles with distortions of 5 cm and 15 cm to simulate uneven shotcrete surfaces 

(Figure 4-14). 

  

Figure 4-14: Arched models with (a) 5 cm distortions (b) 15 cm distortions 

Back-analysis was performed using undistorted calibration curves, representing a situation 

in which deformation of a rough profile is measured, but analyzed using a smooth profile geometry 

as an approximation of the rough profile. The results, along with corresponding undistorted base 

level test results, are shown in Table 4-4. 5 cm distorted tunnel profile deviation values are very 

(a) (b) 
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similar to those of undistorted tunnel profiles when estimating uniaxial, biaxial, and hydrostatic 

stress changes. 15 cm distorted profile estimate deviations are greater than the undistorted and 5 

cm distorted deviations, but do not rise above base level values until the 30 MPa hydrostatic stress 

change. The model for which 15 cm distortions were created had to be modified from the base 

level model to accommodate the large distortions, which could have had an effect on back-analysis 

results. There is a lower profile point density and zone size has increased greatly. These results 

suggest that small distortions can be ignored when creating models for calibration curve 

development, however it will likely be beneficial to model the largest distortions to improve stress 

change orientation and magnitudes estimates. 

Table 4-4: Arched profile shape with/without distorted grid back-analysis results 

Approximate 

profile 

distortion 

magnitude 

(cm) 

Applied stress change Back-analysis estimate deviation  

Δσ1 

orientation 

(°) 

Δσ1 

magnitude 

(MPa) 

Δσ2 

magnitude 

(MPa) 

Δσ1 

orientation 

(°) 

Δσ1 

magnitude 

(MPa) 

Δσ2 

magnitude 

(MPa) 

0 0.0 5.0 0.0 0.0 0.1 0.0 

5 0.0 5.0 0.0 0.0 0.0 0.1 

15 0.0 5.0 0.0 0.0 -0.6 0.07 

0 0.0 20.0 10.0 0.0 0.0 -0.3 

5 0.0 20.0 10.0 0.0 -0.1 -0.4 

15 0.0 20.0 10.0 5.0 -1.62 -0.09 

0 0.0 30.0 30.0 Not applicable -0.8 -1.1 

5 0.0 30.0 30.0 Not applicable -1.1 -1.3 

15 0.0 30.0 30.0 Not applicable -2.25 -3.56 

4.2.3 Profile occlusions  

It may be the case that a combination of scan environment geometry and mine service 

equipment attached to the walls and ceilings result in incomplete images of tunnel profiles. 
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Incomplete tunnel profiles would result in fewer M3C2 distance measurements for back-analysis. 

Results of back-analysis to estimate the orientation and magnitude of a 5 MPa uniaxial stress 

change acting at 0° on the arched model using a decreasing number of distance measurements are 

shown in Table 4-5. 

Table 4-5: Back-analysis deviation results for a 5 MPa uniaxial stress change using a decreasing 

number of distance measurements (* = measurements made close together) 

  Back-analysis estimate deviation  

Number of 

measurements 

Δσ1 

orientation 

(°) 

Δσ1 

magnitude 

(MPa) 

Δσ2 

magnitude 

(MPa) 

136 0.0 0.1 0.0 

119 0.0 0.1 0.1 

59 0.0 0.1 0.2 

31 0.0 -0.1 0.0 

14 0.0 -0.3 0.1 

6 5.0 -0.1 0.3 

4 5.0 0.2 0.1 

4 0.0 -0.3 0.0 

4* 10.0 0.2 0.6 

4* 0.0 1.1 0.2 

First, all measurements from the floor of the model (225°-315°) were removed (119 

measurements remaining). In all back-analysis, the floor of the tunnel profile should not be used 

as it will change as a result of mining operations (movement of equipment and compaction of any 

loose material, for example), in addition to any stress-induced deformations. Next, the number of 

measurements was approximately halved until just four measurements were used in back-analysis. 

For greater than six measurements there is little change in orientation and magnitude deviation. At 

six and four measurements, results are still comparable to base level results. When four 



61 

 

measurements close together were used (within a 20° range), larger increases in deviations were 

observed. These results suggest that back-analysis can still be successful even when a small 

number of measurements are used. When using fewer than four measurements, estimates varied 

greatly depending on the measurement locations used in back-analysis. 

4.2.4 Impact of rock mass property values 

For base level tests, Young’s Modulus (E) and Poisson’s ratio (ν) were equal for the testing 

and calibration curve development models (i.e. perfect knowledge of rock mass properties was 

assumed). To investigate the impact of using inaccurate elastic rock mass properties when 

developing calibration curves, tests have been run using models with increased E and ν values 

while back-analysis was done with base level calibration curves. Uniaxial (Δσ1 = 5 MPa), biaxial 

(Δσ1 = 20 MPa, Δσ2 = 10 MPa), and hydrostatic (Δσ1 = 30 MPa, Δσ2 = 30 MPa) stress tests were 

completed. Estimation deviations from applied stress change magnitudes are shown for maximum 

and minimum principal stress changes in Figure 4-15 and Figure 4-16, respectively.  

With a 10 % deviation in E and ν, the maximum principal stress change magnitude 

estimation deviation is under 2 MPa for the uniaxial and biaxial stress changes, but over 3 MPa 

for the hydrostatic stress change. When E and ν are deviated 25 %, the uniaxial deviation is still 

below 1 MPa, but the biaxial and hydrostatic deviations are much greater. For the minimum 

principal stress back-analysis estimates, the uniaxial and biaxial stress change deviations are well 

below 2 MPa for all E and ν deviations. The hydrostatic stress change deviations follow the same 

trend as the maximum principal stress changes deviations. For rock mass property deviations of 

10 % or less, back-analysis estimates are still comparable to base level results, with the exception 

of hydrostatic stress change magnitudes. The stress change orientation was correctly estimated for 

all tests.  
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Figure 4-15: Back-analysis estimate deviation from maximum principal stress change as a function 

of deviation from true E and v 

 

Figure 4-16: Back-analysis estimate deviation from minimum principal stress change as a function 

of deviation from true E and v 

The closed-form solution for deformation of a circular excavation in a linearly elastic 

medium can also be used to analyze the effects of inaccurate rock modulus values (Figure 4-17). 

The deformation of a point on a circular profile is most sensitive to changes in the rock moduli 
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when subject to a uniaxial stress change, and least sensitive when subject to a hydrostatic stress 

change, though the difference is minor. 

 

Figure 4-17: Absolute % change in deformation for a point on a circular model (closed-form 

solution) 

4.2.5 Plastic deformation 

Deep, hard rock mines generally have fracturing around excavations. The fractured rock 

can deform more than intact rock, potentially leading to errors in stress change estimation, since 

the models are based on elastic deformations only. The arched model has been modified to include 

a 1 m thick fracture zone around the tunnel profile that can fail and deform according to the Mohr-

Coulomb criterion. In practice, the extent of a fracture zone can be estimated with a borehole 

camera (multiple holes around the tunnel may be required since in a biaxial stress field the fracture 

zone will not be of uniform depth). Within the fracture zone, Young’s Modulus and Poisson’s ratio 

were lowered 20 % from base level values, and cohesion and friction angle were set to 4.3 MPa 

and 55°, respectively. Rock modulus values were selected based on blast damage factor D selection 

0.0%

5.0%

10.0%

15.0%

20.0%

25.0%

30.0%

0% 5% 10% 15% 20% 25%

A
b

so
lu

te
 %

 c
h

an
ge

 in
 p

o
in

t 
d

ef
o

rm
at

io
n

Absolute % increase in E and ν

Uniaxial Biaxial Hydrostatic



64 

 

criteria (Hoek, 2012). Geological strength index and blast damage factor were assumed to be 80 

and 0.2, respectively, corresponding to blocky rock with good surface conditions and competent 

blasting. A tunnel liner (representing shotcrete) was also modelled with a thickness of 15 cm, 

density of 2100 kg/m3, and Young’s Modulus of 20 GPa. Back-analysis was then performed using 

both the elastic calibration curves and a new set of plastic calibration curves developed using the 

modified arched model (i.e. a situation in which the plastic rock mass and tunnel liner were 

modelled perfectly for calibration curve development). 

Back-analysis deviations from applied maximum principal stress change magnitudes are 

shown for uniaxial, biaxial, and hydrostatic stress changes in Figure 4-18, Figure 4-19, and Figure 

4-20, respectively. For uniaxial stress changes, back-analysis using elastic base level calibration 

curves consistently results in deviations between 40 and 50 %. Using plastic deformation curves, 

deviations are comparable to base level results. Back-analysis of biaxial stress changes using 

elastic calibration curves was accurate for maximum principal stress change magnitudes of 5 and 

10 MPa. Deviations, however, greatly increased for 20 and 30 MPa. Deviations were comparable 

between elastic and plastic calibration curves for hydrostatic stress changes of 5 and 15 MPa. At 

30 MPa, however, the elastic calibration curves resulted in a much higher deviation. 



65 

 

 

Figure 4-18: Back-analysis estimate deviation from maximum principal stress change by magnitude 

(uniaxial stress changes) 

 

Figure 4-19: Back-analysis estimate deviation from maximum principal stress change by magnitude 

(biaxial stress changes) 
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Figure 4-20: Back-analysis estimate deviation from maximum principal stress change by magnitude 

(hydrostatic stress changes) 

Back-analysis deviations from applied minimum principal stress change magnitudes are 
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Figure 4-21: Back-analysis estimate deviation from minimum principal stress change by magnitude 

(uniaxial stress changes) 

 

Figure 4-22: Back-analysis estimate deviation from minimum principal stress change by magnitude 

(biaxial stress changes) 
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Figure 4-23: Back-analysis estimate deviation from minimum principal stress change by magnitude 

(hydrostatic stress changes) 
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show that accurate back-analysis in plastic rock masses is possible if the appropriate site 

characterization data is available and used in the calibration models. 

4.2.6 Calibration curve magnitude 

To further explore sensitivity to the stress change magnitude used to compute calibration 

curves, back-analysis using calibration curves developed with 5 and 15 MPa (rather than 10 MPa) 

uniaxial stress changes has been done to estimate orientations and magnitudes of uniaxial, biaxial, 

and hydrostatic stress changes. 

Figure 4-24 shows maximum principal stress change magnitude back-analysis deviation 

by calibration curve magnitude for uniaxial stress changes. The 5 MPa calibration curves resulted 

in the most accurate estimates for 2.5 and 5 MPa stress changes, however quickly become the least 

accurate for larger stress changes. The 10 and 15 MPa calibration curves resulted in low, fairly 

comparable deviations for all uniaxial stress changes. Overall, all deviations were less than 1 MPa. 

Figure 4-25 shows maximum principal stress change back-analysis deviation by calibration curve 

magnitude for biaxial stress changes. At all stress change magnitudes the 10 MPa calibration 

curves resulted in the smallest deviations, however all deviations are again small. Figure 4-26 

shows maximum principal stress change back-analysis deviation by calibration curve magnitude 

for hydrostatic stress changes. The 5 MPa calibration curves have the smallest deviations at 5 MPa 

and the greatest for larger stress changes, as with uniaxial stress changes. 
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Figure 4-24: Back-analysis estimate deviation from applied Δσ1 for uniaxial stress changes at 

varying calibration curve magnitudes 

 

Figure 4-25: Back-analysis estimate deviation from applied Δσ1 for biaxial stress changes at varying 

calibration curve magnitudes 
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Figure 4-26: Back-analysis estimate deviation from applied Δσ1 for hydrostatic stress changes at 

varying calibration curve magnitudes 
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Chapter 5 

Discussion, Summary, and Conclusions 

5.1 Discussion 

5.1.1 Stress change orientation and magnitude estimation in a linearly elastic medium 

The most crucial requirement for the proposed method of far-field stress calibration is the 

ability to accurately estimate excavation-induced stress change orientation and magnitude. The 

method was tested under ideal conditions and showed promising results. Maximum orientation 

estimate deviation was 5°, while magnitude estimate deviations averaged less than 0.5 MPa, with 

a maximum deviation of less than 2 MPa. Hydrostatic stress changes had the highest average and 

maximum deviations. It is likely that the method is less accurate for hydrostatic stress changes 

because the calibration curves are created using uniaxial stress changes; hydrostatic stress changes 

produce deformation patterns that are dissimilar to uniaxial stress changes. It appears that it is 

more difficult to represent hydrostatic stress deformations with a linear combination of two 

uniaxial stress changes than it is to represent a uniaxial or biaxial stress change. 

The method works consistently on tunnel profiles of different shapes. Four distinct profile 

shapes were used in base level tests. The method not being dependent on profile shape is important 

because far-field stress calibration will require the method to be robust enough to be used at 

multiple locations in a mine and for tunnels that may include irregular profiles. 

The conditions under which the base level tests were conducted are not a realistic 

simulation of mining tunnels in practice. Mining tunnels do not have a perfectly symmetrical 

shape, and generally their surfaces are covered in shotcrete and wire mesh, in addition to having 

other ground support such as rock bolts. Tunnel floors cannot be used for back-analysis because it 

will change between LiDAR scans as a result of mining operations. Excavations in deep mines are 
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generally surrounded by a zone of fractured rock that can deform plastically. Base level tests were 

conducted in a linearly elastic rock mass, with the complete tunnel profile deformation being 

measured. It was necessary to start with perfect conditions and eventually progress to more realistic 

conditions to demonstrate the robustness of the method. 

Base level tests were conducted with a low Young’s Modulus representing fairly soft rock, 

and resulted in deformations on the scale of millimeters and centimeters. Currently, LiDAR 

scanners are accurate on the scale of millimeters. A much stiffer rock mass may not result in 

deformations great enough to be accurately detected by LiDAR imaging. 

A variety of more realistic scenarios have been subject to preliminary investigation using 

the arched model. It was assumed that, since base level results were fairly comparable between 

profile shapes, scenarios would affect each profile shape in a similar manner. The arched model 

includes elements of the circular (arched roof and floor) and square/rectangular (flat sidewalls) 

models. It is acknowledged that only a small number of scenarios were explored. Results, however, 

allow for an initial assessment of which parameters could cause difficulties when testing the 

method on real tunnels. 

5.1.2 Distorted tunnel profile 

Tests using a slightly distorted tunnel profile did not have higher deviations than equivalent 

tests with an undistorted profile. Much larger distortions did result in increased estimate deviations, 

though the model had to be modified which may have contributed to the higher deviations. These 

results suggest that when building a model for calibration curve formation, every point on a tunnel 

profile will not have to be modelled precisely, rather a close approximation of the tunnel geometry 

can be used. Modelling the largest distortions will likely improve results. Approximating the tunnel 
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geometry would allow for similar tunnel profiles to use the same calibration curves, as opposed to 

modelling many tunnels to a precise shape which would be very time consuming. 

5.1.3 Number of deformation measurements required  

When testing how the number of M3C2 distance measurements used in back-analysis 

would affect orientation and magnitude estimates, it was observed that estimate deviations did not 

increase until only six measurements were used (originally 136 measurements used). This test was 

done only for a 5 MPa uniaxial stress change. Deformation measurements should be relatively 

evenly distributed around the tunnel profile as it requires fewer measurements to be used. 

Additional tests should be performed to investigate whether a very small number of measurements 

can consistently estimate orientations and magnitudes of uniaxial, biaxial, and hydrostatic stress 

changes of varying magnitudes. If that is the case, it would have implications on point cloud 

acquisition requirements. Fewer measurements would lower the number of scanning positions 

required as it would not be necessary to image the entire profile (i.e. some amount of occlusions 

could be tolerated). 

As a result of the high density of LiDAR point clouds, deformation analysis could result in 

hundreds or thousands of M3C2 distance measurements for a single profile. If fewer measurements 

were required for back-analysis, the large amount of data could be used in a number of ways. For 

example, only M3C2 distance measurements with the lowest uncertainty, or averages of adjacent 

measurements, could be used in back-analysis. 

5.1.4 Rock modulus accuracy  

Results from testing with inaccurate rock modulus values suggest the need to know the 

rock mass properties to within 10 % accuracy to get back-analysis results comparable to base level. 

Rock strength testing is generally carried out to some degree in mining operations. Ideally, if a 
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rock mass is known to be highly heterogeneous, properties should be determined in the specific 

area that is under study, instead of using a mine-wide estimate. 

5.1.5 Plastic deformation 

Even when the superposition of stresses no longer applies, for example in the case of a 

plastic rock mass, it is still possible to obtain accurate stress change magnitude estimates. The most 

accurate estimates using plastic calibration curves were for small magnitudes, and mostly for the 

maximum principal stress change magnitude as opposed to the minimum. It is unclear whether 

these trends will apply to all plastic rock mass modelling and back-analysis. It would be very useful 

to gain a better understanding of the degree of accuracy to which plastic deformation should be 

modelled to accurately estimate stress change magnitudes. 

5.1.6 Far-field stress estimate calibration  

Back-analysis estimates of the orientation and magnitude of excavation-induced stress 

changes should be used for calibrating far-field stresses input to numerical models as discussed in 

the literature review. Calibration would be done by minimizing differences between sets of 

orientations/magnitudes estimated through back-analysis and orientations/magnitudes output by a 

3D numerical model of the mine, by changing the far-field stress magnitude and orientation input 

to the model. If successful, the method would be a new, efficient and inexpensive means of 

calibrating far-field stresses. LiDAR point clouds have a number of applications in an underground 

mine, so it is a logical step to test their use in numerical model calibration.  
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5.2 Thesis summary 

Estimates of the orientation and magnitude of far-field stresses, those present in a volume 

of rock prior to excavations being created, are often associated with a high degree of uncertainty. 

Traditional methods of far-field stress estimation for a mine include single-point measurements of 

stress such as overcoring methods, or using larger-scale, regional trends. Rock mass stresses near 

mines are often heterogeneous as mines are generally located in geologically complicated settings 

and have many excavations, so using relatively few single-point measurements of stress is unlikely 

to accurately represent the far-field stresses. Point measurements are also expensive and time 

consuming. Far-field stress estimates can be calibrated by comparing field observations to 

numerical model output. It is proposed that tunnel deformation measurements, captured using 

LiDAR imaging, are back-analyzed to estimate excavation-induced stress change orientation and 

magnitude and in turn calibrate far-field stress estimates. 

An investigation into the practical feasibility, applications, and limitations of a new method 

to calibrate far-field stress estimates through tunnel deformation measurement captured with 

LiDAR imaging has been performed. The developed method uses distance measurements from 

multiscale model to model cloud comparison (M3C2) in combination with deformation 

measurements of tunnel profiles using a numerical model simulating the tunnel under study, called 

calibration curves, to estimate the orientation and magnitude of excavation-induced stress changes 

causing deformation of the tunnel profile. A procedure for accurately measuring complete tunnel 

deformation using LiDAR imaging has also been documented. 

Estimation of the orientation and magnitude of excavation-induced principal stress changes 

is based on superposition of in-plane maximum and minimum principal stress changes and 

operates by minimizing error between M3C2 tunnel deformation measurements and sets of 

calibration curve deformations. Tests performed under the ideal conditions of a linearly elastic 
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medium show the method being able to consistently and accurately estimate the orientation and 

magnitude of uniaxial, biaxial, and hydrostatic stress changes. The maximum orientation 

estimation error was 5°. The magnitude errors averaged less than 0.5 MPa with a maximum error 

below 2 MPa. Hydrostatic stress changes had the greatest errors. Sensitivities tested include a 

distorted tunnel profile, profile occlusions, rock mass property accuracy, plastic deformation, and 

calibration curve formation magnitude. Sensitivity analysis suggested that a distorted tunnel 

profile and profile occlusions have little effect on estimates, unless very severe. It was determined 

that rock mass properties must be well known for accurate estimations. Plastic deformation had 

varying effects on stress change magnitude estimates. Some magnitude estimates were more 

accurate when using calibration curves formed with an elastic rock mass, while most were more 

accurate when using a new set of calibration curves formed with the plastic deformation model. 

Overall, plastic deformation magnitude estimates were more accurate at lower magnitudes. 

Orientation estimates using a plastic rock mass were accurate using both the elastic and plastic 

calibration curves. 

The results from this thesis set the groundwork for the continued development of a far-field 

stress estimate calibration method using tunnel deformation measurements. The next step would 

be to test the method on a real tunnel, measuring deformation using the proposed procedure. 

Further numerical testing would be beneficial for method refinement. 

5.3 Thesis contributions 

The original contributions of this thesis are: 

 a method to estimate the orientation and magnitude of excavation-induced stress 

changes through back-analysis of tunnel deformation measurements; 
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 numerical testing of the developed back-analysis method to assess the  effectiveness 

under ideal conditions and in more realistic scenarios; and, 

 practical recommendations for quantifying deformation of drill and blast tunnels 

through LiDAR point clouds, determined through a comprehensive review of the 

literature. 

5.4 Recommendations for future research 

5.4.1 Use of magnitude and orientation estimates in far-field stress estimate calibration  

To calibrate a full 3D principal stress tensor, deformation measurements from three tunnels 

oriented perpendicular to each other would be required because it is secondary, in-plane principal 

stress changes being estimated through-back-analysis, so each plane corresponds to calibration 

along axis. Ideally, many back-analysis estimates from locations around the mine would be used 

for calibration to stabilize results. 

5.4.2 Recommendations for numerical testing 

 Investigate the use of calibration curves made from hydrostatic stress changes to 

improve the accuracy of hydrostatic stress change magnitude estimates. 

 Run additional back-analysis tests using models with profile occlusions to 

determine a minimum number of measurements that can consistently be used to 

estimate orientation and magnitude of uniaxial, biaxial, and hydrostatic stress 

changes. 

 Run additional back-analysis tests using models with plastic deformation including 

different plastic zone sizes, rock strength properties, and tunnel liner properties to 

determine the most accurate method of taking into account plastic deformation and 

also to establish limitations of the method when rock fracturing is present. 
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 Run back-analysis tests using models with structures representing various types of 

rock bolts and cable bolts. 

 Run back-analysis tests with combined sensitivities, for example a distorted tunnel 

profile with a fracture zone, tunnel liner, and many occlusions. 

5.4.3 Recommendations for practical application of back-analysis method 

 One set of LiDAR deformation measurements should be confirmed using a second 

method of deformation measurement, for example tape extensometers. 

 Use a borehole camera to determine the extent of the fracture zone around a tunnel 

profile. 

 Determine local rock mass properties to a high degree of confidence.  
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Appendix A 

Back-analysis sample data: 

Table A-1: Test and calibration curve model parameters 

Parameter Value 

Profile shape Circular 

Young’s Modulus 7.3 GPa 

Poisson’s ratio 0.25 

Density 3200 kg/m3 

Maximum principal stress 

change orientation 
0° 

Maximum principal stress 

change magnitude 
20 MPa 

Minimum principal stress 

change magnitude 
10 MPa 

Table A-2: Initial profile point coordinates output from FLAC (two columns)

Point X (m) Y (m) Z (m) 

1 2 0 0 

2 1.998 -0.079 0 

3 1.994 -0.157 0 

4 1.986 -0.235 0 

5 1.975 -0.313 0 

6 1.962 -0.39 0 

7 1.945 -0.467 0 

8 1.925 -0.543 0 

9 1.902 -0.618 0 

10 1.876 -0.692 0 

11 1.848 -0.765 0 

12 1.816 -0.837 0 

13 1.782 -0.908 0 

14 1.745 -0.977 0 

15 1.705 -1.045 0 

16 1.663 -1.111 0 

17 1.618 -1.176 0 

18 1.571 -1.238 0 

19 1.521 -1.299 0 

20 1.469 -1.358 0 

21 1.414 -1.414 0 

22 1.358 -1.469 0 

23 1.299 -1.521 0 

24 1.238 -1.571 0 

25 1.176 -1.618 0 

26 1.111 -1.663 0 

27 1.045 -1.705 0 

28 0.977 -1.745 0 

29 0.908 -1.782 0 

30 0.837 -1.816 0 

31 0.765 -1.848 0 

32 0.692 -1.876 0 

33 0.618 -1.902 0 

34 0.543 -1.925 0 

35 0.467 -1.945 0 

36 0.39 -1.962 0 

37 0.313 -1.975 0 

38 0.235 -1.986 0 

39 0.157 -1.994 0 

40 0.079 -1.998 0 

41 0 -2 0 

42 -0.079 -1.998 0 

43 -0.157 -1.994 0 

44 -0.235 -1.986 0 

45 -0.313 -1.975 0 
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46 -0.39 -1.962 0 

47 -0.467 -1.945 0 

48 -0.543 -1.925 0 

49 -0.618 -1.902 0 

50 -0.692 -1.876 0 

51 -0.765 -1.848 0 

52 -0.837 -1.816 0 

53 -0.908 -1.782 0 

54 -0.977 -1.745 0 

55 -1.045 -1.705 0 

56 -1.111 -1.663 0 

57 -1.176 -1.618 0 

58 -1.238 -1.571 0 

59 -1.299 -1.521 0 

60 -1.358 -1.469 0 

61 -1.414 -1.414 0 

62 -1.469 -1.358 0 

63 -1.521 -1.299 0 

64 -1.571 -1.238 0 

65 -1.618 -1.176 0 

66 -1.663 -1.111 0 

67 -1.705 -1.045 0 

68 -1.745 -0.977 0 

69 -1.782 -0.908 0 

70 -1.816 -0.837 0 

71 -1.848 -0.765 0 

72 -1.876 -0.692 0 

73 -1.902 -0.618 0 

74 -1.925 -0.543 0 

75 -1.945 -0.467 0 

76 -1.962 -0.39 0 

77 -1.975 -0.313 0 

78 -1.986 -0.235 0 

79 -1.994 -0.157 0 

80 -1.998 -0.079 0 

81 -2 0 0 

82 -1.998 0.079 0 

83 -1.994 0.157 0 

84 -1.986 0.235 0 

85 -1.975 0.313 0 

86 -1.962 0.39 0 

87 -1.945 0.467 0 

88 -1.925 0.543 0 

89 -1.902 0.618 0 

90 -1.876 0.692 0 

91 -1.848 0.765 0 

92 -1.816 0.837 0 

93 -1.782 0.908 0 

94 -1.745 0.977 0 

95 -1.705 1.045 0 

96 -1.663 1.111 0 

97 -1.618 1.176 0 

98 -1.571 1.238 0 

99 -1.521 1.299 0 

100 -1.469 1.358 0 

101 -1.414 1.414 0 

102 -1.358 1.469 0 

103 -1.299 1.521 0 

104 -1.238 1.571 0 

105 -1.176 1.618 0 

106 -1.111 1.663 0 

107 -1.045 1.705 0 

108 -0.977 1.745 0 

109 -0.908 1.782 0 

110 -0.837 1.816 0 

111 -0.765 1.848 0 

112 -0.692 1.876 0 

113 -0.618 1.902 0 

114 -0.543 1.925 0 

115 -0.467 1.945 0 

116 -0.39 1.962 0 

117 -0.313 1.975 0 

118 -0.235 1.986 0 

119 -0.157 1.994 0 

120 -0.079 1.998 0 

121 0 2 0 

122 0.079 1.998 0 

123 0.157 1.994 0 

124 0.235 1.986 0 

125 0.313 1.975 0 

126 0.39 1.962 0 

127 0.467 1.945 0 

128 0.543 1.925 0 

129 0.618 1.902 0 

130 0.692 1.876 0 

131 0.765 1.848 0 

132 0.837 1.816 0 

133 0.908 1.782 0 
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134 0.977 1.745 0 

135 1.045 1.705 0 

136 1.111 1.663 0 

137 1.176 1.618 0 

138 1.238 1.571 0 

139 1.299 1.521 0 

140 1.358 1.469 0 

141 1.414 1.414 0 

142 1.469 1.358 0 

143 1.521 1.299 0 

144 1.571 1.238 0 

145 1.618 1.176 0 

146 1.663 1.111 0 

147 1.705 1.045 0 

148 1.745 0.977 0 

149 1.782 0.908 0 

150 1.816 0.837 0 

151 1.848 0.765 0 

152 1.876 0.692 0 

153 1.902 0.618 0 

154 1.925 0.543 0 

155 1.945 0.467 0 

156 1.962 0.39 0 

157 1.975 0.313 0 

158 1.986 0.235 0 

159 1.994 0.157 0 

160 1.998 0.079 0 

Table A-3: Final profile point coordinates output from FLAC (two columns) 

Point X (m) Y (m) Z (m) 

1 1.992 0 0 

2 1.99 -0.078 0 

3 1.986 -0.157 0 

4 1.978 -0.235 0 

5 1.967 -0.313 0 

6 1.953 -0.39 0 

7 1.937 -0.466 0 

8 1.917 -0.542 0 

9 1.894 -0.617 0 

10 1.869 -0.692 0 

11 1.84 -0.765 0 

12 1.809 -0.837 0 

13 1.775 -0.907 0 

14 1.738 -0.976 0 

15 1.698 -1.044 0 

16 1.656 -1.11 0 

17 1.611 -1.175 0 

18 1.564 -1.237 0 

19 1.515 -1.298 0 

20 1.463 -1.356 0 

21 1.408 -1.413 0 

22 1.352 -1.467 0 

23 1.294 -1.519 0 

24 1.233 -1.569 0 

25 1.171 -1.617 0 

26 1.107 -1.662 0 

27 1.041 -1.704 0 

28 0.973 -1.743 0 

29 0.904 -1.78 0 

30 0.834 -1.815 0 

31 0.762 -1.846 0 

32 0.689 -1.875 0 

33 0.615 -1.9 0 

34 0.541 -1.923 0 

35 0.465 -1.943 0 

36 0.389 -1.96 0 

37 0.312 -1.974 0 

38 0.234 -1.984 0 

39 0.156 -1.992 0 

40 0.078 -1.997 0 

41 0 -1.998 0 

42 -0.078 -1.997 0 

43 -0.156 -1.992 0 

44 -0.234 -1.984 0 

45 -0.312 -1.974 0 

46 -0.389 -1.96 0 

47 -0.465 -1.943 0 

48 -0.541 -1.923 0 

49 -0.615 -1.9 0 

50 -0.689 -1.875 0 

51 -0.762 -1.846 0 

52 -0.834 -1.815 0 

53 -0.904 -1.78 0 
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54 -0.973 -1.743 0 

55 -1.041 -1.704 0 

56 -1.107 -1.662 0 

57 -1.171 -1.617 0 

58 -1.233 -1.569 0 

59 -1.294 -1.519 0 

60 -1.352 -1.467 0 

61 -1.408 -1.413 0 

62 -1.463 -1.356 0 

63 -1.515 -1.298 0 

64 -1.564 -1.237 0 

65 -1.611 -1.175 0 

66 -1.656 -1.11 0 

67 -1.698 -1.044 0 

68 -1.738 -0.976 0 

69 -1.775 -0.907 0 

70 -1.809 -0.837 0 

71 -1.84 -0.765 0 

72 -1.869 -0.692 0 

73 -1.894 -0.617 0 

74 -1.917 -0.542 0 

75 -1.937 -0.466 0 

76 -1.953 -0.39 0 

77 -1.967 -0.313 0 

78 -1.978 -0.235 0 

79 -1.986 -0.157 0 

80 -1.99 -0.078 0 

81 -1.992 0 0 

82 -1.99 0.078 0 

83 -1.986 0.157 0 

84 -1.978 0.235 0 

85 -1.967 0.313 0 

86 -1.953 0.39 0 

87 -1.937 0.466 0 

88 -1.917 0.542 0 

89 -1.894 0.617 0 

90 -1.869 0.692 0 

91 -1.84 0.765 0 

92 -1.809 0.837 0 

93 -1.775 0.907 0 

94 -1.738 0.976 0 

95 -1.698 1.044 0 

96 -1.656 1.11 0 

97 -1.611 1.175 0 

98 -1.564 1.237 0 

99 -1.515 1.298 0 

100 -1.463 1.356 0 

101 -1.408 1.413 0 

102 -1.352 1.467 0 

103 -1.294 1.519 0 

104 -1.233 1.569 0 

105 -1.171 1.617 0 

106 -1.107 1.662 0 

107 -1.041 1.704 0 

108 -0.973 1.743 0 

109 -0.904 1.78 0 

110 -0.834 1.815 0 

111 -0.762 1.846 0 

112 -0.689 1.875 0 

113 -0.615 1.9 0 

114 -0.541 1.923 0 

115 -0.465 1.943 0 

116 -0.389 1.96 0 

117 -0.312 1.974 0 

118 -0.234 1.984 0 

119 -0.156 1.992 0 

120 -0.078 1.997 0 

121 0 1.998 0 

122 0.078 1.997 0 

123 0.156 1.992 0 

124 0.234 1.984 0 

125 0.312 1.974 0 

126 0.389 1.96 0 

127 0.465 1.943 0 

128 0.541 1.923 0 

129 0.615 1.9 0 

130 0.689 1.875 0 

131 0.762 1.846 0 

132 0.834 1.815 0 

133 0.904 1.78 0 

134 0.973 1.743 0 

135 1.041 1.704 0 

136 1.107 1.662 0 

137 1.171 1.617 0 

138 1.233 1.569 0 

139 1.294 1.52 0 

140 1.352 1.467 0 

141 1.408 1.413 0 
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142 1.463 1.356 0 

143 1.515 1.298 0 

144 1.564 1.237 0 

145 1.611 1.175 0 

146 1.656 1.11 0 

147 1.698 1.044 0 

148 1.738 0.976 0 

149 1.775 0.907 0 

150 1.809 0.837 0 

151 1.84 0.765 0 

152 1.869 0.692 0 

153 1.894 0.618 0 

154 1.917 0.542 0 

155 1.937 0.466 0 

156 1.953 0.39 0 

157 1.967 0.313 0 

158 1.978 0.235 0 

159 1.986 0.157 0 

160 1.99 0.078 0 

Table A-4: M3C2 distance measured in Cloudcompare with corresponding angle around profile 

(two columns)

Angle around profile (°) M3C2 Distance (m) 

0.0 0.0080 

357.7 0.0080 

355.5 0.0080 

353.3 0.0079 

351.0 0.0079 

348.8 0.0088 

346.5 0.0080 

344.2 0.0080 

342.0 0.0079 

339.8 0.0066 

337.5 0.0074 

335.3 0.0063 

333.0 0.0067 

330.8 0.0066 

328.5 0.0065 

326.3 0.0064 

324.0 0.0062 

321.8 0.0061 

319.5 0.0052 

317.2 0.0057 

315.0 0.0050 

312.8 0.0056 

310.5 0.0048 

308.2 0.0047 

306.0 0.0038 

303.7 0.0031 

301.5 0.0030 

299.2 0.0037 

297.0 0.0036 

294.7 0.0022 

292.5 0.0030 

290.2 0.0020 

288.0 0.0028 

285.8 0.0025 

283.5 0.0024 

281.2 0.0022 

279.0 0.0011 

276.7 0.0021 

274.5 0.0021 

272.3 0.0010 

270.0 0.0020 

267.7 0.0010 

265.5 0.0021 

263.3 0.0021 

261.0 0.0011 

258.8 0.0022 

256.5 0.0024 

254.2 0.0025 

252.0 0.0028 

249.8 0.0020 

247.5 0.0030 

245.3 0.0022 

243.0 0.0036 

240.8 0.0037 

238.5 0.0030 

236.3 0.0031 

234.0 0.0038 
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231.8 0.0047 

229.5 0.0048 

227.2 0.0056 

225.0 0.0050 

222.8 0.0057 

220.5 0.0052 

218.2 0.0061 

216.0 0.0062 

213.7 0.0064 

211.5 0.0065 

209.2 0.0066 

207.0 0.0067 

204.7 0.0063 

202.5 0.0074 

200.2 0.0066 

198.0 0.0079 

195.8 0.0080 

193.5 0.0080 

191.2 0.0088 

189.0 0.0079 

186.7 0.0079 

184.5 0.0080 

182.3 0.0080 

180.0 0.0080 

177.7 0.0080 

175.5 0.0080 

173.3 0.0079 

171.0 0.0079 

168.8 0.0088 

166.5 0.0080 

164.2 0.0080 

162.0 0.0079 

159.8 0.0066 

157.5 0.0074 

155.3 0.0063 

153.0 0.0067 

150.8 0.0066 

148.5 0.0065 

146.3 0.0064 

144.0 0.0062 

141.8 0.0061 

139.5 0.0052 

137.2 0.0057 

135.0 0.0050 

132.8 0.0056 

130.5 0.0048 

128.2 0.0047 

126.0 0.0038 

123.7 0.0031 

121.5 0.0030 

119.2 0.0037 

117.0 0.0036 

114.7 0.0022 

112.5 0.0030 

110.2 0.0020 

108.0 0.0028 

105.8 0.0025 

103.5 0.0024 

101.2 0.0022 

99.0 0.0011 

96.7 0.0021 

94.5 0.0021 

92.3 0.0010 

90.0 0.0020 

87.7 0.0010 

85.5 0.0021 

83.3 0.0021 

81.0 0.0011 

78.8 0.0022 

76.5 0.0024 

74.2 0.0025 

72.0 0.0028 

69.8 0.0020 

67.5 0.0030 

65.3 0.0022 

63.0 0.0036 

60.8 0.0037 

58.5 0.0030 

56.3 0.0031 

54.0 0.0038 

51.8 0.0047 

49.5 0.0040 

47.2 0.0056 

45.0 0.0050 

42.8 0.0057 

40.5 0.0052 

38.2 0.0061 

36.0 0.0062 
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33.7 0.0064 

31.5 0.0065 

29.2 0.0066 

27.0 0.0067 

24.7 0.0063 

22.5 0.0074 

20.2 0.0066 

18.0 0.0076 

15.8 0.0080 

13.5 0.0080 

11.2 0.0088 

9.0 0.0079 

6.7 0.0079 

4.5 0.0080 

2.3 0.0080 
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Each LiDAR deformation measurement is compared with the closest (by angle) calibration 

curve measurement. For each orientation i, squared errors between LiDAR and calibration curve 

deformation are minimized by the Solver plug-in in Excel. Solver is programmed to set 𝐸𝑟𝑟𝑜𝑟𝑖 to 

a minimum by changing multipliers 𝐴𝑖 and 𝐵𝑖 (Eq. (5)). Solver engine is set as ‘GRG Nonlinear’. 

Table A-5: Error minimization results 

i Errori Ai Bi 

0 0.000135 1.98 0.97 

5 0.000157 1.90 0.94 

10 0.000237 1.94 1.02 

15 0.000345 1.83 0.99 

20 0.000457 1.83 1.11 

25 0.000628 1.74 1.13 

30 0.000761 1.72 1.24 

35 0.000863 1.56 1.23 

40 0.00092 1.55 1.40 

45 0.000965 1.44 1.44 

50 0.000919 1.40 1.56 

55 0.000861 1.23 1.56 

60 0.000755 1.24 1.72 

65 0.000624 1.13 1.74 

70 0.000451 1.10 1.83 

75 0.000341 0.98 1.83 

80 0.000232 1.02 1.94 

85 0.000155 0.94 1.90 

90 0.000135 0.97 1.98 

95 0.000157 0.94 1.90 

100 0.000237 1.02 1.94 

105 0.004361 1.02 0.59 

110 0.000457 1.11 1.83 

115 0.000628 1.13 1.74 

120 0.000761 1.24 1.72 

125 0.000863 1.23 1.56 

130 0.00092 1.40 1.55 

135 0.000965 1.44 1.44 

140 0.000919 1.56 1.40 

145 0.000861 1.56 1.23 
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150 0.000755 1.72 1.24 

155 0.000624 1.74 1.13 

160 0.000451 1.83 1.10 

165 0.000341 1.83 0.98 

170 0.000232 1.94 1.02 

175 0.000155 1.90 0.94 

The orientation i at which 𝐸𝑟𝑟𝑜𝑟𝑖 is at a minimum is used as the estimate for the maximum 

principal stress change orientation. In this case, orientations 0° and 90° are both at a minimum and 

are equivalent as the 𝐴𝑖 and 𝐵𝑖 values are switched, therefore: 

Δσ1 𝑜𝑟𝑖𝑒𝑛𝑡𝑎𝑡𝑖𝑜𝑛 = 𝑖 𝑎𝑡 𝑚𝑖𝑛𝑖𝑚𝑢𝑚 𝐸𝑟𝑟𝑜𝑟𝑖 

Δσ1 𝑜𝑟𝑖𝑒𝑛𝑡𝑎𝑡𝑖𝑜𝑛 = 0° 

Δσ2 𝑜𝑟𝑖𝑒𝑛𝑡𝑎𝑡𝑖𝑜𝑛 = 90° 

Values of 𝐴𝑖 and 𝐵𝑖 are used in the estimation of maximum and minimum principal stress 

change magnitudes: 

Δσ1 𝑚𝑎𝑔𝑛𝑖𝑡𝑢𝑑𝑒 = 𝑀𝑐 ∗ 𝐴𝑖 

Δσ1 𝑚𝑎𝑔𝑛𝑖𝑡𝑢𝑑𝑒 = 10 ∗ 1.98 

Δσ1 𝑚𝑎𝑔𝑛𝑖𝑡𝑢𝑑𝑒 = 19.8 𝑀𝑃𝑎 

Δσ2 𝑚𝑎𝑔𝑛𝑖𝑡𝑢𝑑𝑒 = 𝑀𝑐 ∗ 𝐵𝑖 

Δσ2 𝑚𝑎𝑔𝑛𝑖𝑡𝑢𝑑𝑒 = 10 ∗ 0.97 

Δσ2 𝑚𝑎𝑔𝑛𝑖𝑡𝑢𝑑𝑒 = 9.7 𝑀𝑃𝑎 
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Full base level back-analysis results: 

Table A-6: Circle profile shape back-analysis results 

True stress change Back-analysis deviation  

Δσ1 

orientation 

(⁰) 

Δσ1 

magnitude 

(MPa) 

Δσ2 

magnitude 

(MPa) 

Δσ1 

orientation 

(⁰) 

Δσ1 

magnitude 

(MPa) 

Δσ2 

magnitude 

(MPa) 

0 2.5 0 0.00 0.2 0.2 

0 5 0 0.00 0.1 0.0 

0 10 0 0.00 0.0 0.0 

0 20 0 0.00 0.2 0.0 

0 30 0 0.00 0.1 0.0 

0 5 2.5 0.00 0.2 0.1 

0 10 5 0.00 -0.3 -0.4 

0 20 10 0.00 -0.2 -0.3 

0 30 15 0.00 -0.3 -0.8 

0 5 5 N/A -0.1 -0.1 

0 15 15 N/A -0.4 -0.4 

0 30 30 N/A -1.0 -1.0 
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Table A-7: Arched profile shape back-analysis results 

True stress change Back-analysis deviation  

Δσ1 

orientation 

(⁰) 

Δσ1 

magnitude 

(MPa) 

Δσ2 

magnitude 

(MPa) 

Δσ1 

orientation 

(⁰) 

Δσ1 

magnitude 

(MPa) 

Δσ2 

magnitude 

(MPa) 

0 2.5 0 0.0 0.3 0.1 

0 5 0 0.0 0.1 0.0 

0 10 0 0.0 0.0 0.0 

0 20 0 0.0 0.0 0.0 

0 30 0 0.0 0.0 0.0 

0 5 2.5 0.0 0.0 0.0 

0 10 5 0.0 -0.1 -0.2 

0 20 10 0.0 0.0 -0.3 

0 30 15 0.0 -0.2 -0.7 

0 5 5 N/A 0.3 -0.1 

0 15 15 N/A -0.5 -0.8 

0 30 30 N/A -0.8 -1.1 

135 2.5 0 -5.0 0.2 0.2 

135 5 0 0.0 0.0 0.1 

135 10 0 0.0 0.0 0.0 

135 20 0 0.0 -0.2 0.0 

135 30 0 0.0 -0.5 0.0 

135 5 2.5 0.0 -0.1 -0.1 

135 10 5 0.0 -0.3 -0.1 

135 20 10 0.0 -0.3 -0.4 

135 30 15 0.0 -0.7 -0.6 
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Table A-8: Square profile shape back-analysis results 

True stress change Back-analysis deviation  

Δσ1 

orientation 

(⁰) 

Δσ1 

magnitude 

(MPa) 

Δσ2 

magnitude 

(MPa) 

Δσ1 

orientation 

(⁰) 

Δσ1 

magnitude 

(MPa) 

Δσ2 

magnitude 

(MPa) 

0.0 2.5 0.0 5.0 -0.5 0.4 

0.0 5.0 0.0 0.0 0.3 1.0 

0.0 10.0 0.0 0.0 0.0 0.0 

0.0 20.0 0.0 0.0 -0.2 0.0 

0.0 30.0 0.0 0.0 0.0 1.9 

0.0 5.0 2.5 0.0 0.3 0.3 

0.0 10.0 5.0 0.0 -0.1 0.3 

0.0 20.0 10.0 0.0 0.4 0.6 

0.0 30.0 15.0 0.0 0.3 1.1 

0.0 5.0 5.0 N/A 0.0 0.0 

0.0 15.0 15.0 N/A 0.6 0.6 

0.0 30.0 30.0 N/A -0.7 -0.7 

135.0 2.5 0.0 5.0 0.2 0.3 

135.0 5.0 0.0 0.0 0.1 0.0 

135.0 10.0 0.0 0.0 0.0 0.0 

135.0 20.0 0.0 0.0 -0.2 0.0 

135.0 30.0 0.0 0.0 -0.2 0.0 

135.0 5.0 2.5 5.0 0.1 0.1 

135.0 10.0 5.0 5.0 0.0 0.0 

135.0 20.0 10.0 5.0 0.0 -0.3 

135.0 30.0 15.0 5.0 -0.3 -0.2 
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Table A-9: Rectangle profile shape back-analysis results 

True stress change Back-analysis deviation  

Δσ1 

orientation 

(⁰) 

Δσ1 

magnitude 

(MPa) 

Δσ2 

magnitude 

(MPa) 

Δσ1 

orientation 

(⁰) 

Δσ1 

magnitude 

(MPa) 

Δσ2 

magnitude 

(MPa) 

0.0 2.5 0.0 0.0 0.2 0.3 

0.0 5.0 0.0 0.0 0.0 0.5 

0.0 10.0 0.0 0.0 0.0 0.0 

0.0 20.0 0.0 0.0 -0.2 0.0 

0.0 30.0 0.0 0.0 0.0 0.4 

0.0 5.0 2.5 -5.0 0.1 -0.1 

0.0 10.0 5.0 0.0 0.4 0.3 

0.0 20.0 10.0 0.0 0.5 0.4 

0.0 30.0 15.0 0.0 0.7 0.6 

0.0 5.0 5.0 N/A -0.1 -0.4 

0.0 15.0 15.0 N/A 0.7 0.3 

0.0 30.0 30.0 N/A 1.8 0.8 

90.0 2.5 0.0 0.0 0.2 0.9 

90.0 5.0 0.0 0.0 0.1 0.0 

90.0 10.0 0.0 0.0 0.0 0.0 

90.0 20.0 0.0 0.0 0.1 1.6 

90.0 30.0 0.0 0.0 0.2 1.8 

90.0 5.0 2.5 0.0 0.0 0.5 

90.0 10.0 5.0 0.0 0.3 0.8 

90.0 20.0 10.0 0.0 0.3 1.0 

90.0 30.0 15.0 0.0 0.5 1.9 

135.0 2.5 0.0 0.0 0.1 0.0 

135.0 5.0 0.0 0.0 -0.1 0.0 

135.0 10.0 0.0 0.0 0.0 0.0 

135.0 20.0 0.0 0.0 -0.1 0.1 

135.0 30.0 0.0 0.0 0.0 0.0 

135.0 5.0 2.5 0.0 0.0 0.0 

135.0 10.0 5.0 0.0 0.0 0.1 

135.0 20.0 10.0 0.0 0.0 0.0 

135.0 30.0 15.0 0.0 0.1 0.0 

 

 


