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Abstract

The Kemano hydroelectric facility was constructed in the 1950s to supply power to the
aluminum smelter in Kitimat, on the west coast of British Columbia. The Kemano project
includes a 16 km long water conveyance tunnel that set world record advance rates in the

1950s, and 8 km of a partially completed tunnel.

A risk management strategy was developed in the late 1980s in case of collapse of the first
water conveyance tunnel, and by 1990 the excavation of a second tunnel parallel to the first
had begun. Work halted in 1991 due to environmental litigation and change in political
climate. In 2011 the owner of the Kitimat smelter and the Kemano hydroelectric facility

announced plans to continue work on the tunnel that was left unfinished.

This thesis is a collaboration with Hatch Ltd., a consultant to the owner, to determine the
ground conditions and support requirements that should be anticipated in completing the
backup tunnel. Three dimensional finite element elastic stress modelling was completed in
order to determine the in-situ stress conditions as well as the boundary stresses around the
tunnel. The modelling results were used to estimate where stress-induced problem areas

should be expected, for example at chainages 10+700 to 12+700 in the backup tunnel.

The results of the stress modelling were incorporated into a Bayesian Belief Network that
was developed for the Kemano tunnels. It was built using widely accepted empirical
relationships in rock mechanics, expert judgement and conditional relationships between
inputs. This network predicts the ground class at a user-defined chainage, based on a
database that was developed from project literature. The user is also able to input new data
as it becomes available, for example during the tunnel advance. The predictions from the
network align with what can be seen in the excavated portion of the backup tunnel, for
example accurately predicting the need for steel sets at chainage 8+510. The predicted
ground class was plotted as a function of chainage, and may be used as a comparison to the

support requirements that have been determined thus far.
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Preface

Chapters 3 and 4 are based on work conducted in UBCO’s Rock Mechanics Lab by Dr. Dwayne
Tannant and myself, Josephine Morgenroth. | was responsible for synthesizing data collected
from the industry sponsor about the Kemano hydroelectric facility into a usable digital form,
building and running the finite element models, and building the Bayesian Belief Network to

predict ground class at the Kemano tunnels.

A version of the first half of Chapter 3 was presented at the 2015 Tunnelling Association of
Canada workshop in Kingston, Ontario entitled Challenges and Innovations in Tunnelling,
and has been published. Morgenroth, ., Tannant, D. D., & Kellaway, M. (February 2016).
Submitted as Tunnel stress modelling and rock support for two hydroelectric tunnels in British

Columbia, published as Fine tuning. Tunnels and Tunnelling North America, pp. 34-39.

Ethics approval from the UBC Research Ethics Board was not required for this research.
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Chapter 1. Introduction
1.1 Problem Description

Hatch Ltd. the industry sponsor on this thesis, is in the prefeasibility stage of the
construction of a 16 km water conveyance tunnel, which was partially completed in the early
1990s. This is the second tunnel to be constructed at the Kemano hydroelectric facility which
is located near Kitimat in western British Columbia, and is referred to as the T2 tunnel. The
complicated logistics associated with the scale of the project and its remote location
necessitate accurate material and quantity estimates for excavation of upstream portion of
the T2 tunnel. Fortunately, the first Kemano tunnel (T1) is only 300 m north of T2 and runs
approximately parallel to it, providing insight into the ground conditions. Construction
records from T1 show that the main challenge with tunnelling through the rock in this area
is not the rock mass strength, but rather the pervasive fault-related structure and associated
infilling throughout the area. Several minor and one major collapse have occurred in T1 since
it was built in the early 1950s, so T2 will serve as a risk mitigation strategy as well as

providing extra power generation capacity.

Characterizing the rock mass that will be excavated is a challenge in all tunnelling projects,
as there are many inherent geotechnical uncertainties, for example groundwater, stress
concentrations, and discontinuity characteristics. There is a wealth of data for the Kemano
project area resulting from the T1 excavation records and the T2 downstream drive records,
so the challenge becomes applying the data in a meaningful way to predict the rock mass

conditions that will be encountered during the T2 upstream drive.

1.2 Research Objectives

The main objective of this research was to determine the ground conditions and associated
required rock support along the unexcavated portion of the Kemano T2 tunnel, as well as
evaluate the dominant failure mechanisms. The secondary objectives were two-fold: to
develop and use a probabilistic tool called a Bayesian Belief Network to handle inherent
geotechnical uncertainties and predict the ground class at a given chainage, and to build a
3D stress model of the Kemano area to determine in-situ and tunnel boundary stresses along

the tunnel alignments.



This thesis provides a point of comparison for the ground class predictions and support
design completed to date, as well as providing a 3D stress model that may be used in future

works.

1.3 Research Methodology

The main scope of this project is to evaluate the geotechnical attributes that contribute to
the overall stability and ground support design in the Kemano tunnel. This was done using a
probabilistic modelling tool called a Bayesian Belief Network, which handles the inherent
uncertainty of tunnelling projects by applying conditional dependencies and expert
judgement to input parameters. The scope of this thesis was focused on geotechnical,
topographical and geometrical aspects of the tunnel, which were captured by widely
accepted empirical relationships in rock mechanics. The network does not include
operational or logistical considerations such as the costing of materials and quantities, site
mobilization and demobilization, contract types (ex. design-build, fixed price, turnkey),

excavation advance methods and associated rates, or human factors.

Part of the scope of this thesis was to evaluate the in-situ stresses along the Kemano tunnel
alignments using 2D and 3D elastic stress models, for use as inputs into the Bayesian Belief
Network. The models were chosen to be elastic and not plastic because of the associated
computational cost for such a large model, and also because the elastic stresses were
sufficient for their intended use in the Bayesian Belief Network. Locked in tectonic stresses
were not considered in the models, and average rock mass material properties were applied
as they are essentially uniform in the immediate project area, as all the rock types are

crystalline and most are intrusive.

1.4 Project Setting

The Kemano project is a unique part of Canadian history, as it was the largest privately
funded construction project in Canada at its time of construction. A detailed account of its
political and construction history as well as a more detailed geological summary can be

found in Appendix A: Context of the Kemano Project.



1.4.1 Physiography and Climate

The Kemano hydroelectric power generating facility is located approximately 70 km
southeast of Kitimat, British Columbia in the Coast Mountains. The site is extremely remote,

requiring access by water taxi or helicopter.

The Coast Mountains are characterized by narrow ranges that trend north and northwest
which are transected by deep northeast trending valleys. The flooding of these valleys by the
Pacific Ocean creates the elongated pattern of fiords on the west coast of British Columbia.
The Kemano area is located in the range that marks the eastern edge of the Coast Mountains
(Stuart, 1960). The Kemano area does not have the coastal protection afforded by
mountainous islands from wet westerly winds, as is the case for much of coastal British
Columbia (Stuart, 1960). This results in a high annual precipitation of nearly 4 m, 10% of

which falls as snow (Environment Canada, 2015).

1.4.2 Kemano Site

Kemano town is situated at the junction of the Kemano River and Horetzky Creek in Kemano
Valley, approximately 60 m above sea level. During the 1950s construction, when the bulk of
the infrastructure was completed, the camp housed 6,000 workers and their families
(Kendrick, 2012). It included a school, a bank, a small shop, a post office, a golf course and a
church (KMA, 2010). When the powerhouse was automated and the community was shut
down in 2000, the residents moved out and the buildings were burned down as a training
exercise for fire departments from all over B.C. (NRC Canada, 2003). Today, there are
contractor and permanent residences, an office building, a recreation centre and a

mechanic’s shop.

The Kemano powerhouse is located 427 m inside Mount DuBose and houses eight vertical
axis generators. Each generator has a capacity of 112 MW, for a total of 896 MW. On-site

operators work in weekly shifts consisting of twelve crew members.

The 16 km long, 8 m diameter T1 water conveyance tunnel was constructed in the 1950s
using drill and blast technology. It trends approximately northeast-southwest, with the

intake at the east end at Tahtsa Lake, and the west end terminating at the penstock tie-in at



what is called 2600’ Level. The 2600’ Level is the main access portal to the tunnel, penstocks
and guard valve chamber, and is aptly named as itis 2600’ (790 m) above sea level. Horetzky
adit, approximately at the halfway point, offers another access point to the tunnels. T2 is
similar in orientation to T1, however the excavated downstream end of the T2 tunnel (7+881
to 16+158) was constructed in the 1990’s using a 5.73 m diameter tunnel boring machine
(TBM) starting from the Horetzky adit and excavating toward 2600’ Level. It remains

uncompleted.

1.5 Regional Geology

The Kemano area is at the eastern border of the Coast intrusions, which are composite
batholiths underlying the Coast Mountains. The general geological sequence of the area is as

follows (Stuart, 1960):

e pre-Middle Jurassic igneous rocks (the Tahtsa Complex)

e Middle and Lower Jurassic volcanic and sedimentary rocks, some metamorphosed
(the Gamsby Group)

e Cretaceous sandstones and shales

e post-Middle Jurassic granitic gneisses and massive igneous rocks (the Coast

Intrusions)

A detailed account of the regional formations can be found in Appendix A: Context of the

Kemano Project.

1.6 Tunnel Geology

As T1and T2 are approximately 300 m apart, the tunnels pass through similar geologic units.
However, the structural geology varies from tunnel to tunnel. The geologic units as well as
the abundance of tectonic structure in the area pose different challenges to the design,

construction, and support of each tunnel.

The generalized geology along the T1 tunnel alignment can be seen in Figure 1. The Horetzky
Complex was encountered at approximately the midpoint of the T1 tunnel, and was
described as more closely jointed, sheared and fractured than the Horetzky Dyke (Hatch Ltd.,

August 2015). Two major shears were encountered during tunnel construction, one dipping
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northeast and the other northwest. The Horetzky Dyke, now recorded as the Mortella Pluton,
was intersected by the central part of T1. It was found to be in contact with the Gamsby
Group, Horetzky Complex, Tahtsa Complex and Dubose Stock (Mortella Pluton), due to its
steeply dipping attitude. During T1 construction, more intense fracturing was noted near the
contact with the Gamsby Group. Contact with the Tahtsa Complex was considered to be
distinct and sharp, while contact with the Horetzky Complex is sheared and weathered over
approximately 1 m (Hatch Ltd., August 2015). Observations of the Tahtsa Complex during T1
excavation indicate that many of the fractures and shears are annealed, resulting in a
relatively consistent, competent rock mass. Foliation was not noted to be well developed,
however highly fractured and sheared areas exhibited numerous calcite veins (Hatch Ltd.,

August 2015).

Seven major faults were identified along the T1 alignment, six trending approximately north-
south and the seventh trending approximately east-west. In addition, shear seams are
prevalent along the tunnel alignment, particularly in the Tahtsa Complex. The thickness of
these can vary from tens of millimetres to tens of metres, and are typically healed with

secondary mineralization (Hatch Ltd., August 2015).

Table 1 shows the breakdown of T1 by lithology, following a report entitled The Geology of
the Kemano-Tahtsa Area (Stuart, 1960).

Table 1: Lithology along the T1 tunnel alignment.

Tahtsa Complex Gamsby Horetzky Mortella
Group Dyke/Complex Pluton
Chainage 0+000 to 5+000, 7+723to 5+000 to 6+282, 13+427 to
6+282 to 7+723 9+725 9+725 to 13+427 16+185
Total length 6440 m 2000 m 4980 m 2760 m
of unit
Percent of 40% 12% 31% 17%
tunnel

A longitudinal sections along T2 can be seen in Figure 2 and Figure 3. T2 is partially
excavated to date. The downstream half of the tunnel was excavated in the 1990s by TBM,

from a heading at the Horetzky adit, which is approximately the halfway point.



The majority of the structural discontinuities encountered during the T2 downstream drive
resulted from cooling and shrinkage of fractures associated with the intrusive bodies,
contact metamorphism between the Horetzky Dyke and Horetzky Complex, and rebound
effects from glacial recession. In general, the rock mass quality along the downstream drive
is good to excellent, being overall strong and competent except where localized shears and

faults occur (Bechtel Canada, Inc., 1991).

Excavation conditions were very favourable and no major delays or problems were
encountered due to rock failures. The areas of lowest rock mass quality can be attributed to
stress relief zones (particularly from 11+669 to 12+500) and fault zones (the most
significant encountered at 8+500). Significant water seepage was noted only in two
locations, coinciding with fault zones (chainages 8+500 and 15+060) (Bechtel Canada, Inc.,

1991).

Table 2 shows the breakdown of T2 by lithology, following Volume IV of the Suspension
Report produced in 1991 (Bechtel Canada, Inc., 1991).
Table 2: Lithology along the T2 tunnel alignment.

Tahtsa Horetzky Dyke Horetzky Mortella Pluton
Complex Complex
0+000 to 2+950 to 6+830, 9+145 to 6+830 to 9+145 12+945 to
2+950 12+945 16+185
2950 m 7680 m 2315m 3240 m
18% 47% 14% 20%
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Chapter 2. Review of Literature
2.1 Risk Assessment Methods

Risk is the probability of an event occurring combined with the severity of the consequence
of its occurrence. In general, a risk assessment consists of establishing the context of the risk,
identifying and analyzing the risks, prioritizing the risks and finally manage the risks. There
are many approaches to do this. Including both qualitative and quantitative knowledge is
important in order to get an accurate representation of the whole system. Fault Tree
Analysis, Event Tree Analysis, and Failure Mode and Effects Analysis are approaches to
identifying failure modes and their effects on a system. However, these methods can only
analyze one failure mode at a time, and not an entire interdependent system where some
events may depend on the state of other events. This is where the advantage of using a
Bayesian Network becomes apparent. Bayesian Networks are able to evaluate the
conditional probabilities between multiple events, or nodes, giving rise to much larger and

more complex risk models.

2.1.1 Fault Tree Analysis

Fault tree analysis is a top down, deductive form of risk modelling, meaning that it starts at
the event of interest and looks backward to assess the cause of an undesired state of a
system. This is an interesting solution for obtaining a complete risk, reliability or
maintenance analysis, as it allows consideration of dependencies between events as well as
the incorporation of various types of knowledge (technical, organizational, decisional,
human). However, Fault Tree Analysis struggles to handle multiple failures that affect
components of the system, which lead to numerous consequences on the system (Weber et
al., 2012). Fault Tree models are also limited in that they are only able to assess one top level
event at a time. Several authors (Castillo et al., 1997; Portinale & Bobbio, 1999; Bobbio et al,,
2001, 2003; Mohadevan et al.,, 2001) have shown that a Fault Tree model can be translated

into a Bayesian Network, however the reciprocal is not true.

2.1.2 Event Tree Analysis

Event Tree Analysis takes the form of a bowtie diagram, showing whether or not an event

has occurred, and whether or not the system has failed. This analysis identifies and



quantifies possible outcomes of an initiating event. This makes Event Tree Analysis a
valuable qualitative as well as quantitative risk assessment tool, as it graphically represents
the possible scenarios resulting from an event, as well as providing a probability of
occurrence for an event and its consequences (Aven, 2008). Like Fault Tree Analysis, Event
Tree Analysis can only handle one top level event at a time, meaning that multiple models

are required to assess the consequences of multiple events.

2.1.3 Failure Mode and Effect Analysis

Failure Mode and Effect Analysis (FMEA) is a systematic way of assessing how a system
might fail. This allows the user to assess the relative impacts of different failure mechanisms
and identify parts of the system that need maintenance or need to be replaced. The FMEA
approach allows the user to identify potential failure mechanisms, assess the associated
risks, and prioritize which problems to address first (Lee, 2001). As with the previous risk
assessment tools discussed, the FMEA method is designed to investigate one failure mode at

a time, and does not take into account conditional probabilities between these mechanisms.

2.1.4 Bayesian Belief Networks

Bayesian statistics and subjective expected utility (a combination of a personal utility
function and a personal probability distribution) first emerged in the 1960s, having origins
in probability theory, decision theory and problems in Artificial Intelligence (Sousa &
Einstein, 2012). As applied to tunnelling projects, the majority of risk analysis systems,
including Bayesian Networks, deal only with “random” (common) geological and
construction uncertainties. Additional risks due to specific geotechnical uncertainties are not

included (Sousa & Einstein, 2012).

Bayesian Belief Networks can be applied at any stage of risk analysis to replace fault and
event trees, as they are designed to model general dependency phenomena (Sousa &
Einstein, 2012). These networks are compact, graphical representation of a joint distribution
based on simplifying assumptions where some variables are conditionally independent of
others (Sousa & Einstein, 2012). The variables together with the directed links form a
directed acyclic graph (DAG).
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Bayesian Belief Networks consist of several essential components:
e asetofrandom variables that make up the nodes of the network,
e asetof directed links between nodes that reflect cause-effect relationships,
¢ finite, mutually exclusive states for each variable, and
e each random variable is connected to a conditional probability table, except for

variables on the root nodes which have prior probabilities.

Inference is required to compute answers to queries made to the Bayesian Network and
obtain results. There are two main classes of inference: a priori and posterior (Sousa &
Einstein, 2012). A priori inferences deduce the probability distribution of a given variable.
This type of query is used during the design phase of a tunnel to assess the probability of
failure under design conditions, for example geology or hydrology. Posterior inferences
deduce the distribution of variables given observational evidence, for example updating the
probability of tunnel failure as data become available. This type of query is used to update

the knowledge of the state of the variable when other variables are observed.

More so than most other areas of civil engineering, tunnelling is characterized by high
degrees of uncertainty. These uncertainties stem from the unpredictability of geological
conditions, and the subjective construction processes and methodologies chosen by project
engineers. There are also several interdependent variables that affect the cost and schedule
of tunnelling projects, many of which are difficult to quantify. Factors such as reliability of
equipment, skill and morale of workers, excavation sequence and support requirements are
challenging to measure and simultaneously have the potential to significantly impact major
decisions. For example, the realization of the project, the alignment and configuration of the
tunnel, support requirements, excavation methodology and sequence, and the necessity of
additional geotechnical exploration work. For this reason, it is important to formalize the
uncertainties associated with these variables, and to define them probabilistically to
determine the overall uncertainty of the project. One of many methods that can be applied

to achieve this is a Bayesian Belief Network.

11



2.2 Why use Bayesian statistics in geotechnical engineering?

Geotechnical engineers of all education and experience levels are familiar with the
uncertainty that is encountered very early on in the design process, which is an essential part
of the iterative site investigation and rock mass characterization processes. Many different
data types are encountered within this discipline, each with their own degree of certainty
and limitations on what further information can be extracted (Figure 4). There is typically
improved certainty when moving from prefeasibility and feasibility stages of design where
only minimal data are collected, to subsequent engineering design and construction stages
when more data are collected and added to the design and decision making process. Even
quantities that can be measured with accuracy, for example unconfined compressive test,
have an inherent spatial variability that result in not being able to pin down a single,
deterministic value. On the other end of the scale, geotechnical engineers often deal with
qualitative values that contain a great deal of subjectivity, such as degree of weathering in
the RMR system. [t is important to keep in mind that while many of the standard geotechnical
software suites can handle input parameters with great precision, it is almost never the case

that they are known with this degree of certainty.
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Figure 4: Scales of measurement and the data that are possible to extract at different levels of
certainty, adapted from Stevens (1946) and Harrison (2016).

Of particular sensitivity is the junction between qualitative and quantitative data types,
where there is an overlap of aleatory variability (natural random variation) and epistemic
uncertainty (inability to measure a phenomenon) (Figure 5). This is precisely where
Bayesian statistics fits in, due to its ability to combine qualitative information, such as expert
judgement, and quantitative data, such as project specific data obtained from site
investigations. Bayesian statistical methods should be useful for tunnel design precisely due
to this ability to handle an assortment of data: quantitative and deterministic, as well as
qualitative and vague. This methodology is also well suited to manage gaps and unknowns
in datasets. Bayesian Belief Networks are an appropriate choice for the Kemano case study,
because despite its richness in data as far as tunnelling projects go it still involves a myriad

of data types and data qualities.
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Figure 5: Spectrum of analytical techniques, adapted from Harrison (2016).
2.3 Bayesian Networks for Tunnelling
2.3.1 Decision Aids for Tunnelling (DAT)

The Decision Aids for Tunnelling (Einstein et al., 1992) was developed with the primary goal
of simulating the actual construction of a tunnel or network of tunnels. There are two main

components of the DAT: a geology module and a construction module.

The geology module creates probabilistic geologic/geotechnical profiles indicating the
probability of encountering particular conditions at a particular location along the tunnel
axis. This module requires objective geological data as well as subjective estimates from
experts as inputs. The user must subdivide the tunnel into geologic zones/units and
represent uncertainty in lengths of zones, as well as their transition probabilities. The
profiles for all parameters are combined into ground class profiles, where each possible

combination of parameters is a ground class.

The construction module simulates the construction process through each ground class. This
defines initial and permanent support, as well as the best suited excavation method.
Construction is simulated by advancing round by round through one of the geologic profiles,

where each round is associated with a particular construction time and cost corresponding
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to a particular ground class. This cost and time data is taken from a triangular distribution.
This is repeated for the entire set of profiles, generating a set of cost-time pairs which can be
plotted to produce a cost-time scattergram representing simulated cost-time pairs for

building the tunnel.

The DAT was revised in 2002 (Haas & Einstein, 2002) to include an updating component. As
actual progress data becomes available more accurate predictions can be made, either by
replacing predictions with actual progress or by refining previously made predictions. Of
course, uncertainty about the excavated part of the tunnel is significantly reduced. The main
source of uncertainty is the unexcavated upstream part of the tunnel, and therefore as the
tunnel advances the overall project uncertainty decreases. It is important to note that
significant updating effort lies in data collection during construction. As much of the required
data is collected as part of the construction process, it is essential to minimize the additional
efforts required for data acquisition. In general terms, the updating process is completed
using Equation 1 (Haas & Einstein, 2002).
P"=f(P; I Equation 1

P" is the posterior prediction, P’ is the prior prediction, and I is the new information. A
Markov process is used to describe the uncertainties in the geologic/geotechnical
parameters, because it can generate parameter state sequences that reflect both the user’s
knowledge and uncertainties. A more detailed discussion of the mathematical model can be

found in Haas & Einstein (2002).

The Decision Aids for Tunnelling (Einstein et al., 1992) encompass binary technical data as
well as user interpretations and insight, making them unique as far as Bayesian Networks
that have been developed for tunnelling applications. The main obstacle to applying the DAT
to active projects is that it does not take into account extraordinary failure events, which can

have severe consequences but a low probability of occurring.

2.3.2 Risk analysis during tunnel construction using Bayesian Networks: Porto
Metro case study

A methodology was developed to systematically assess and manage risks associated with

tunnel construction and applied to Porto Metro in Portugal (Sousa & Einstein, 2012). The
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methodology combines two models based on Bayesian Networks, a geological prediction
model as well as a construction strategy decision model, including an updating component.
The authors’ purpose was to address specific geotechnical risk by: a) developing
methodology for identifying risk (even low probability), and b) performing a quantitative

risk analysis to identify minimum risk construction strategies.

The emphasis of the Decision Support System is on the construction phase where the
geological prediction model predicts conditions ahead of the tunnel face, then making it
possible to decide on the optimal construction strategy for the updated geologies. This
decision is based on maximized utility and minimized risk. The geology prediction model
predicts the characteristics of a particular ground class at a particular slice of the tunnel
using construction variables, and then uses these data to predict the conditions at the next

slice of the tunnel.

The basic structure of construction strategy decision model ( Figure 6) consists of the
following components.
e Chance nodes: 1) geological condition - possible ground conditions at the face of the
tunnel, and 2) failure mode - probability of different failure modes.
e Decision node: construction strategy - determined by the user.
e Utility node: total cost - sum of costs associated with construction strategies and the

utilities associated with failure.

The authors of this paper augmented the construction strategy decision model to include
more parameters to better suit their Porto Metro case study, including parameters such as

piezometric level, ground condition at face, and level of damage resulting from failure.
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Figure 6: Basic structure of construction strategy decision model (Sousa & Einstein, 2012).

The augmented model was successfully applied to a case study, where tunnel boring machine
(TBM) performance data were used to predict geology, which was then in turn used to help
decide the lowest risk construction methodology. Through application to the Porto Metro
tunnel, where several collapses occurred, it was shown that the model can predict changes
in geology and adjust the recommended construction strategy accordingly. An important
feature of the model developed by Sousa & Einstein (2012) is that there was an abundance
of previous data from the Porto Metro project to calibrate the geological predictions. In other

tunnelling projects, this wealth of information may not be available.

2.3.3 Dynamic Bayesian Network for Probabilistic Modelling of Tunnel Excavation
Processes

A dynamic Bayesian Network (Spackova & Straub, 2013) was developed for probabilistic
assessment of tunnel construction performance, as the authors believed that no previous
models fulfilled all the requirements deemed important for realistic estimation of time and
construction. Spa¢kova and Straub state that a tunnel construction model should provide the

following.

1. Correct modelling of common factors that systematically influence the construction
process, which the authors believe lead to stochastic (random) dependence among
random variables at different phases of excavation and may pose significant influence on

construction time. Examples of this include human and organizational factors.
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2. Consideration of the risks associated with extraordinary events. Despite the small
probabilities associated with these events, for example collapse or flooding, their
consequences have catastrophic delays on schedule and heavy implications on cost.

3. Incorporation of data available from previous projects in similar conditions, so that
knowledge is systematically managed.

4. Facilitation of easy updating of predictions with new information as it becomes available.

5. Proper understanding and description of model assumptions and simplifications,

especially because probabilistic modelling cannot be tested with experimentation.

The authors point out that many of these requirements could be satisfied with Monte Carlo
Simulation, however they propose that a Dynamic Bayesian Network (DBN) is more efficient
at updating predictions based on additional observations. The DBN presented by Spac¢kova

& Straub (2013) includes extraordinary events as well as human and organizational factors.

This DBN for modelling uncertainties associated with tunnelling is well defined in terms of
the input variables, which fall into four categories: 1) geotechnical conditions,
2) construction process, 3) extraordinary events, and 4) overall excavation time. The DBN is

shown in Figure 7, and the variables are described in Table 3.
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Figure 7: Dynamic Bayesian Network for tunnel excavation (Spa¢kova & Straub, 2013).

Table 3: Input variables for Dynamic Bayesian Network for tunnel excavation (Spa¢kova & Straub,

2013).

ld. Variable Type States of the variable

Z Zone Random/discrete 1.2 e 8

R Rock class Random/discrete LILIILIV,V

(@] Overburden Determ./discrete Low. medium, high

G Ground class Random/discrete L-I, L-I1, L-II1. L-1V, L-V. M-I, M-11. M-111. M-IV, M-V, H-I1.
H-II, H-ITI, H-IV, H-V

H Human factor Random/discrete Favorable, neutral, unfavorable

E Geometry Determ./discrete 1 (begin/end). 2 (typical), 4 (chemical plant). 5 (Emergency
Parking Places [EPP])

M Construction method Random/discrete P1,P2.P3 P4 .P5.P6,P2:-1.P2 2, P23 PEPP

T Unit time Random/discretized 0, fes 2baes o0 15 (days)*

F Failure mode Random/discrete Failure. no failure

Ngp Number of failures Random/discrete 0::1,2,3,4,>5

T e Cumulative time Random/discretized 0, fint, 2tint, - - -, 1,830 (days)**

Tesiva Delays caused by failures Random/discretized 15, tint, 2Mints - - - » lextra,99.9 (days)***

Tt Total time Random/discretized 0, tings 2tings - - - 5 (1,830 + toxra00.0) (days)

*tint 1s the discretization interval of time variables. In the application example it is tj,; = 0.5 days.
**Upper bound of cumulative time = 122 x 15 = (number of segments) x (upper bound of unit time).
X foxtra,00.9 IS the 99.9 percentiles of Texira-

This DBN is evaluated in three steps.

1. All continuous variables are discretized. For example, any variables describing unit

time are converted into random variables in a discrete space.
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2. Some nodes are eliminated generically from all slices to simplify the computations.
The effects of the removed variables are implicit in the reduced DBN model.

3. The modified Frontier algorithm is applied to evaluate the DBN, as described in detail
in Spackova & Straub (2013).

The tunnel cost and schedule predictions can be updated at a particular point using the data
from other slices. In particular, the probability distribution of a variable in slice i is updated
using evidence from all the slices preceding it. Again, the Frontier algorithm is required to
accomplish this. The cumulative time of the tunnel excavation can be computed by summing

the cumulative times at each slice, as well as any delays caused by extraordinary events.

The DBN developed by Spackova & Straub (2013) is unique in that a random variable
“human factor” is included to represent the correlation between performance at different
stages of construction and the overall quality of the planning and execution, which influence
the entire project. In addition, most existing models do not allow for the occurance of

extraordinary failure events.

This model is based on the DAT (discussed previously), with modification to how the
intrinsic uncertainties in the construction process are represented. The authors state that an
area for future improvement is the construction method (M) variable, which should be
revised to more realistically reflect the changes of construction technology as the excavation
progresses. The current model assumes full flexibility in transitioning between technologies,
when in reality there are significant time delays and cost associated with these

modifications.

The application of the Frontier algorithm in the DBN developed by Spa¢kova & Straub (2013)
allows the user to deal with large quantities of disrete random variables that result from the
discretization of continuous random variables. This results in a more efficient evaluation of

the DBN.
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2.4 Topography-Induced Stress and Failure Mechanisms
2.4.1 Topography and Stress

In general, the simplifying assumption that principal stresses are horizontal and vertical can
be made that when the ground surface is horizontal. This is no longer the case when varying
topography is introduced. Principal stresses are parallel and perpendicular to overlying
topography close to ground surface in the absence of surface loads. With increasing depth,
principal stresses approach the same orientations as when the ground surface is horizontal.
Tectonic stresses are generated by the movement of crustal material, and are of particular
interest in mountain ranges as they behave differently than they would in non-mountainous

regions.

Research conducted by Tan et al. (2004) introduced the idea of a “tectonic stress plane”
(TSP), a plane near the earth’s surface that delineates the depth at which the effect of
topography on stress disappears. Above the TSP both tectonic and non-tectonic effects on
stress can be expected, and below the TSP only undisturbed tectonic stress exists, aside from
the influence of faults and folds (Tan et al., 2004). This research found that valley width
affects stress concentration values, but not the TSP depth. At the relatively shallow depth of
500 m, the Kemano tunnels are assumed to be above the local TSP, and topography is

expected to affect the tangential boundary stresses.

Studies of gravitational stresses in long symmetric ridges and valleys, of which the Coast
Mountains are a good example, have been conducted in order to delineate the nature of
topography’s impact of stresses (Pan, Amadei, & Savage, 1994). The large variation in
geometry and associated deep-cut valleys cause the horizontal tectonic stresses on the sides
of mountains to disappear (Zhang et al., 2012). These deep-cut valleys create a free surface
relative to the mountain. When the slope is greater than 45° the gravitational stress can

cause stress concentrations at the valley bottom (Tan et al., 2004).

2.4.2 Overstressing in Hard Rock Tunnelling

Overstressing, or failure resulting from the stresses induced by a tunnel excavation, can
result in spalling and slabbing. Deep hard rock tunnels in steep mountainous terrain may be

subject to this brittle failure mechanism just behind the advancing tunnel face during TBM
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excavation (Brox, 2012). This is applicable to the Kemano case study, as the T1 and T2

tunnels are located in the Coast Mountains proximal to a valley wall.

Work has been done by Brox (2012) to classify overstressing severity using a ratio of the
maximum tangential wall stresses around a tunnel and the rock mass’ uniaxial compressive
strength, as well as delineating the required support for each class (Table 4). This work was
based on previous work done to predict depth of spalling in underground excavations
(Martin et al., 2001; Martin & Christiansson, 2009; Diederichs et al., 2010).

Table 4: Overstress classification (Brox, 2012).

Overstressing omax/0c Description Relative Support
Class Overstress
Depth, r/a
1 0.45 Minor ~1.0 Spot bolts
2 0.60 Moderate 1.25 Pattern bolts/mesh
3 0.90 Severe 1.60 Pattern bolts/channels
4 1.20 Extreme 1.95 Steel ribs/mesh
5 1.60 Possible 2.40 Continuous full profile system
rockbursts

It should be noted that the installation of support for spalling failure is extremely time
sensitive, as the longer the ground is left unsupported and unconfined the more space the
rock mass has to deform into. Steel ribs are recommended for Brox’s overstressing Class 4,
which take a long time to install relative to shotcrete, rock bolts and mesh, allowing the rock
mass to deform more than is desirable. Steel ribs are also generally installed with room to
allow the rock mass to deform and settle into a stable equilibrium, which makes them more

applicable to raveling rockmass failure than to spalling.

Brox applied his classification scheme to several tunnels around the world, including the
Kemano T2 tunnel (Table 5). The classifications correspond to direct observations and
anecdotal information (Brox, 2013).

Table 5: Examples of overstress classification around the world (Brox, 2013).

Project Year Excavation Length Size Overburden Actual
Method (km) (m) (m) Overstress
Alfalfal 1990 Drill & Blast 4.5 5 1150 Rockburst
Lesotho 1990 TBM 45 5 1300 Severe
Transfer
Rio Blanco 1990 TBM 11 6.5 1200 Severe
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Kemano T2 1991 TBM 8 6 650 Minor

Vereina 1996 TBM 21 6.5 1500 Extreme
Manapouri 2002 TBM 10 10 1200 Minor

Casecnan 2002 TBM 21 6.5 1400 Moderate
Loetschberg 2005 D&B/TBM 34 8 2000 Rockbursts
El Platanal 2008 Drill & Blast 12 6 1800 Rockbursts

Ashlu 2009 TBM 4 4.1 600 Moderate
Olmos 2010 TBM 14 5 2000 Rockbursts
Jinping 2011 TBM 16 12 2500 Rockbursts

2.4.3 Predicting Depth of Spalling

It is generally accepted that when the stresses on a tunnel boundary reach the rock mass
strength, failure occurs. In good quality rock this failure typically takes the form of spalling,
which involves extensional, stress-induced splitting, which forms slabs in the direction of the
maximum tangential stress on the tunnel boundary. These slabs may vary from a few
millimetres to several centimetres in thickness for circular underground openings ranging
from 1 to 5 m in diameter. Progressive spalling can result in V-shaped notches that form
diametrically opposite each other, and are sometimes mistaken for wedges (Martin &
Christiansson, 2009). Estimating depth of spalling can be crucial to the design of tunnel

support elements.

[tis unlikely that the orientation and magnitudes of the principal stresses are known at early
stages of design, so a relatively simple way of estimating brittle failure was developed by
Martin et al. (2009). Martin based his work on two extensive in situ experiments which were
carried out to investigate brittle failure: AECL’s (Atomic Energy of Canada Ltd.) Mine-by
Experiment (Martin et al., 2001) and SKB’s (Svensk Karnbrinslehantering AB) Aspé Pillar
Stability Experiment (Andersson, 2005). Both experiments aimed to further constrain the
stress magnitude required to initiate brittle failure. The grain size of the rock has a significant

effect on the stress magnitude required to initiate failure (Martin et al., 2001).

For both experiments, lab tests were carried out to determine the onset of dilation (or crack
initiation) and the unconfined compressive strength (UCS) of the intact rock. According to
Martin et al. (2009), the mean uniaxial compressive strength, rather than the full range, was
found to provide better correlation to field observations. Comparing the crack initiation and

UCS values to the stress at which spalling was initiated (rock mass spalling strength, osm), it
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was determined that the crack initiation value provides a lower bound for rock mass spalling
strength, occurring at 0.4 to 0.6 of the mean uniaxial compressive strength for crystalline
rock (Martin & Christiansson, 2009). The relationship used to establish the depth of spalling

is shown in Figure 8.
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Figure 8: Empirical relationship used to establish the severity of the hazard, i.e., the depth of
spalling (adapted from Martin & Christiansson, 2009).

The tunnel specific depth of spalling can be estimated from the empirical correlations
described by Martin et al. (2001) and given by Equation 2.

Ogeg

Sq=a (0.5 - 0.52) Equation 2

Osm
The depth of spalling measured from the tunnel boundary is s4, a is the radius of the tunnel,
0op is the magnitude of the maximum tangential stresses on the boundary of an underground
opening (typically found based on an elastic stress solution,; e.g., Kirsch (1898) equations, or
using simple boundary element or finite element numerical modelling), and osm is the rock
mass spalling strength as described above. The SKB experiment found that the existence of

fractures did not significantly affect the average depth of spalling calculated by this equation.

This work was extended by Diederichs, Carter, & Martin (2010) to delineate the severity of

the spalling behaviour if it does occur, through the addition of several more case histories.
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2.4.4 Rock Mass Ravelling Failure

Ravelling is a gravity controlled failure mechanism, which results from low shear strength
and interlocking structure in the rock mass, as well as low tangential stress around the
excavation. Important parameters controlling this behaviour are: orientation and degree of
fracturing, roughness, aperture and infill of discontinuities, strength of the rock mass, water
pressure, stress conditions, and excavation geometry (Goricki, 2013). Thapa, et al. (2009)
states that ravelling can manifest as a successive failure mechanism, where small blocks fall

out and can progress to result in significant failure in the crown.

Kinematic and mechanical models are typically used to analyze the potential for ravelling to
occur. The behaviour of this gravity-induced failure is particularly sensitive to the
discontinuity properties and stress conditions, which are rarely known with certainty
(Goricki, 2013). It is common to randomly predict these parameters for deep tunnels, and to
update the support decision as the excavation advances. The exact prediction of the limit
equilibrium of a ravelling rock mass is difficult, but a recognizable pattern can be developed

from analytical models and site observations.

The boundary between gravity-induced ravelling and discontinuity-controlled fallouts is
also difficult to define, although practically speaking does not have a significant impact on
support design. This concept is confirmed in a publication concerning the Caldecott 4t Bore,
located in Oakland, California, where support selection was based on ground behaviour and
condition, with allowance for adjustments to support design due to variations in ground

behaviour (Thapa, et al., 2009).

Beyond describing the symptoms of this phenomenon (ie. progressive failure), very little
work has been published to delineate exactly how contributing factors must coalesce to
result in ravelling, as has been done for spalling. Most authors can agree that rock mass
conditions, structure and groundwater are the most important driving factors, and that
boundary stress conditions are secondary (Goricki, 2013; Thapa, et al., 2009; Csuhanics &

Debreczeni, 2012).

Work done for empirical design of crown pillars in the mining sector by Carter et al., (2008)

is the closest analogy for characterizing progressive gravity driven failure in rock
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excavations. Carter developed an expression that captured an intuitive scaling principle: as
the size of the undergrond excavation increases, so does the degree of risk for failure of a

structure’s roof or “crown pillar” (Equation 3).

To,0
Crown Stability = f (SL;l/u ,Q) Equation 3

Where T is the crown pillar thickness, on is the horizontal in situ stress, and 6 is the dip of
the foliation or of the underlying opening. An increase in any of these increases the stability
for given rock mass. The crown span is S, L is the overall strike length of the opening, y is the
specific gravity of the rock in the crown, u is the groundwater pressure, and Q is the tunnel
quality index (Grimstad & Barton, 1993). An increase in any of these decreases the stability

of a crown pillar.

Equation 3 can be split into the rock mass characteristics (denomenator) and the
underground opening geometry (numerator). This led to development of the basic
deterministic approch of comparing the critical rock mass competence where failure might
be expected, to the dimensions of the exacation geometry, where the Scaled Span is

determined by Equation 4.

y
C.=S$ 05 -
s (T(l F S (1= 0.46059)) Equation 4

Where S is the crown pillar span (m) and Sr is the span ratio (S/L, crown pillar span/crown

pillar strike length).

However, Martin’s work was developed for steeply dipping openings (represented by 6), and
was found to break down on shallow dip openings, such as a tunnel (Carter et al.,, 2008). The
methodology was revised to address shallow dip openings, however it was determined that
failure in shallowly dipping stopes was initiated predominantly by hangingwall
delamination and/or voussoir arch buckling, which are not generally applicable to long,
narrow openings like tunnels. This is where this metholodogy deviates from applicability to
this research, and was therefore not used directly for further work contained in this thesis.
However, the concept of using two main groupings of factors (rock mass characteristics and
underground opening geometry) to assess the potential for ravelling failure was explored

further and eventually used to develop a ravelling failure expression (see Section 4.2.3.10).
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The principles of Terzaghi’s work on estimating rock load is relevant to the discussion of
progressive gravity-induced failure, as he spent a lot of time characterizing how tunnels
through different rock masses support the load above them by redistributing stresses
around the opening (Proctor, Terzaghi, & White, 1946). Rock load is defined as the height of
the mass of rock which tends to drop out of the roof, or the loads to which the tunnel liner
may be subject. If no support is installed, the unsupported mass of rock drops into the tunnel
incrementally and results in an irregular chimney-like structure above the tunnel until the

tunnel is completely filled in.

Terzaghi discussed how several types of rock masses carry the rock load above a given
tunnel geometry, but here the discussion will be focused on the three that are relevant to
Kemano: (1) massive, moderately jointed rock, (2) moderately blocky rock, and (3) very

blocky, shattered rock.

Tunnels through moderately jointed, massive rocks commonly have blocks formed by
intersecting joints that are so closely interlocked that they have little freedom of movement.
Over time stress relaxation may allow these blocks to fall out if left unsupported, however
with support installed the risk of this type of failure is much less. Depending on the
orientation and spacing of joints, the load on the crown may be estimated from the weight of

rock defined by a thickness of 0-0.25 times the tunnel span (Figure 9).
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Figure 9: Overbreak experienced by a tunnel in a massive, moderately jointed rock mass if left
unsupported (Proctor, Terzaghi, & White, 1946).

Tunnels in blocky and seamy rock have weakness due to the fact that the blocks between
joints are not interconnected or interlocked. Such rock has little to no cohesion, and the load
on the roof is analogous to arching experienced by sand. Therefore, the load on the roof if
the tunnel is at considerable depth is independent of depth, and instead depends on the
width and the height of the tunnel. The loads on the roof of a tunnel in blocky and seamy rock
will increase with time and distance from the tunnel advance (Proctor, Terzaghi, & White,

1946).

Terzaghi was the first to pioneer a rational basis for rock loads, however as time progressed
and this methodology was being applied in practice, it became apparent that the loads
Terzaghi set forth were ultraconservative. This is because they failed to capture the intrinsic
capacity of the rock, which in some cases has a higher uniaxial compressive strength than
the concrete meant to support it (King, 1996). Deere et al. (1967) proposed modified rock
load values, building on a relationship between Deere’s Rock Quality Designation and the
support required for tunnels in rock. The new values are about 20% below Terzaghi’s
method for drill and blast tunnels, and the values for machine-bored tunnels are a further
25% below the drill and blast values. Deere’s adjustments to Terzaghi’s rock loads are meant
for tunnels 20 to 40 ft (6.1 to 12.2 m) in diameter, and since the tunnel diameter at Kemano

is 5.73 m, the original values were used.
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The rock loads from Terzaghi’s work that are relevant to the rockmass conditions at Kemano
are summarized in Table 6.
Table 6: Rock Loads, where B is span width and H is span height (Proctor, Terzaghi, & White, 1946).

Rock mass Rock Load

Massive, moderately jointed 0to 0.25 (B)
Moderately blocky rock 0.25 to 0.35 (B+H)
Very blocky, shattered rock 0.35 to 1.10 (B+H)

These rock loads can be used as a proxy for the extent of ravelling a particular rock mass will

undergo, given the tunnel’s geometry and the rock mass conditions at that location.
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Chapter 3. Modelling the Effects of Topography on Tunnel Stress

Overlying topography causes stress magnitudes and orientations to vary along a tunnel
alignment (Amadei et al., 1995; Amadei & Stephansson, 1997), and may become crucial
factors for tunnel design if they influence the tunnel performance and support requirements.
Regions of relatively high or low stress concentrations occur at the excavation boundary,
implicating the design of rockbolt pattern and spacing, shotcrete thickness, mesh installation
and even the cross-sectional geometry chosen for the excavation. This is important when
studying the Kemano tunnels because T1 and T2 exist in slightly different stress regimes
despite being only 300 m apart, which can be attributed to the proximity of the Horetzky
Creek Valley to the south.

2D and 3D finite element models were constructed to determine the tangential and in situ
stress magnitudes and orientation around the tunnels. The 2D models consist of cross
sections taken at various topographically representative chainages along the tunnel
alignment, while the 3D model was built using a contour map of the surrounding mountains
encompassing a 10 x 20 km area. The results of these models were compared to determine
if 3D finite element modelling, which is more time consuming and computationally

expensive, is required, or if 2D modelling suffices.

3.1 2D Finite Element Modelling using RS2

2D numerical modelling of the tunnels and surrounding area was completed for five cross
sections to estimate the in situ stresses at the tunnel axis prior to the tunnel excavation, as

well as the tangential wall stresses post excavation.

3.1.1 2D Model Set Up

RS2 9 Modeller (RocScience Inc., 2015) was used to create five 2D finite element models of
the tunnel cross-section and the surrounding mountains, Mount DuBose and East Jaw, as
well as the topographic low represented by Horetzky Creek. The models have an exterior
boundary extending laterally to include the Horetzky Creek Valley, down to sea level and up
to 3 km above sea level. The lower corners of the exterior boundary of the model were
pinned, the lower edge allowed lateral deformations only, and the vertical edges allowed

only vertical deformations. In the models, a gravity field stress was applied, with a unit
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weight of 27 kN/m?3 for all rock masses. The models were run elastically. The initial stress
ratio was set to 1 since no detail on the stress regime is known. This was considered to be
reasonable as the Kemano project is in the prefeasibility stage of design, and because the
main goal was to model the in situ state of stress caused by topography without the tectonic
stress influences. Rock mass parameters applied to the model represent the average
properties for the formations present, which are primarily granodiorite. The values were
based on work completed by Klohn Leonoff Consulting Engineers (1991) and Stuart (1960),
and are summarized in Table 7. The Hoek-Brown strength paramaters were not used to
allow yielding to occur in the model, but if the model was run plastically regions of over
stressing could be used to assessed.

Table 7: Material properties used in 2D stress modelling of T1 and T2.

ucs mp s a Young’s Modulus Poisson’s Ratio
(MPa) (GPa)
150 6.94988 0.0117 0.5028 45 0.3

Figure 10 shows a plan view of where the representative tunnel cross sections were taken,

while Figure 11 through Figure 15 show the cross sections that were modelled.

Siffleur

15000E

Tahtsa Lake

~ 15000N

Figure 10: Locations of representative sections, overlain on 100 m contour map of the tunnel
alignments.
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Figure 11: Model at chainage 3+400 (tunnels not to scale), showing extent of external boundary.
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Figure 12: Model at chainage 5+800 (tunnels not to scale).
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Figure 13: Model at chainage 7+000 (tunnels not to scale).
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Figure 14: Model at chainage 9+500 (tunnels not to scale).
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Figure 15: Model at chainage 12+500 (tunnels not to scale).
3.1.2 2D In situ Stress Results

The major and minor principal stress magnitudes at the tunnel locations prior to tunnel
excavation were queried and extracted from the 2D finite element models. The stress
magnitudes were queried at the centre of each tunnel and were analyzed using a subset of
Kirsch’s equations (Equation 5) to obtain the maximum and minimum tangential wall
stresses (Kirsch, 1898).

Omax = 301 — 03

Equation 5
Omin = 303 — 01

For profiles taken across the Horetzky Creek valley, in both T1 and T2, the higher

compressive stress concentrates in the top right quadrant and bottom left quadrant of the
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tunnel profile, while the tensile stress concentrates in the top left quadrant and the bottom
right quadrant looking upstream (eastward). This was most extreme where the Horetzky
Creek Valley wall was closer to T2, as shown in Figure 16. This change in stress

concentrations can be attributed to the change in proximity of the Horetzky Creek valley.

Figure 16: Major principal stress contours around T2 at a) 3+400, b) 9+500 and c) 12+500.

Model results are shown in Table 8. At sections 9+500 and 12+500, the ratios of major to
minor principal stress (k) in T2 are approximately double those in T1 because T2 is much
closer to the Horetzky Creek valley. The depth of cover at T2 for both these sections is less
than the depth of cover at T1. At each of the other sections, the k ratios at T1 and T2 are

similar as both tunnels have similar depths of cover and lateral confinement.
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Table 8: Principal stresses from RS2 9 Modeller and resulting tangential stress and k ratio.

Cross-section Principal Stress k Angle of Tangential Stress
Chainage o1 03 or Omax Omin
(MPa) (MPa) (MPa) (MPa)
3+400 T1 42.0 14.6 2.9 -3.1° 111.3 1.9
T2 40.3 12.6 3.2 0.1° 108.4 -2.6
5+300 T1 41.4 11.1 3.7 -4.5° 113.0 -8.0
T2 42.2 10.2 4.1 -3.2° 116.5 -11.6
7+000 T1 46.8 6.4 7.3t -10.1° 134.1 -27.6
T2 52.8 6.1 8.61 -5.4° 152.2 -34.4
9+500 T1 39.8 8.8 4.5 -24.2° 110.5 -13.3
T2 45.7 4.8 9.5t% -28.1° 132.2 -31.2
12+500 T1 31.8 14.8 2.1 -28.7° 80.5 12.7
12 33.6 10.3 3.3 -29.0° 90.5 -2.8

* Negative value denotes counter clockwise rotation from the crown when looking down the tunnel axis from
west to east.

1 Multiple intrusive bodies as well as the low depth of cover at 7+000, combined with the elastic material
properties, result in extremely high k values and tensile stress in the rock mass. Due to the elastic rebound
resulting from the valley’s erosion, the minor principal stress near the tunnels is low, and subsequently the k
values are high.

11 The proximity of the Horetzky Creek Valley to T2 at chainage 9+500 results in high principal stresses, and
therefore an extremely high k ratio.

The results of the 2D finite element modelling emphasized the effect of the Horetzky Creek
valley on the ratio between the principal stress magnitudes in T1 and T2. Where the tunnel
is located close to the valley wall, the stress concentrations indicate that the rock mass is

susceptible to spalling and/or ravelling.

3.2 3D Finite Element Modelling using Abaqus

The 2D elastic stress modelling of the T1 and T2 tunnels give a snapshot of the distribution
of stresses along the tunnel alignments, however because the eventual aim is to use stress
data as an input to a Bayesian Belief Network, a more continuous dataset is preferable. A 3D
topographical stress model was developed to allow for extraction of major and minor stress

orientations and magnitudes at any “slice” along the tunnel alignment.

3.2.1 3D Model Set Up

A 3D solid of the terrain surrounding T1 and T2 was generated from the 20 m interval
contour map of the Kemano area (Autodesk, Inc., 2014), provided by Hatch Ltd. To create the

solid, the contours were exploded into polyline segments and a surface was draped to form
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a 3D Triangular Irregular Network (TIN). The surface representing the topography was then
extruded to form a 3D solid of the mountains in the Kemano area. Once it was verified that
the solid existed in the appropriate coordinate system (i.e. UTM coordinates), it was
exported to an ACIS file that could be imported into the 3D finite element software

Abaqus/CAE (DSSC, 2013).

The 3D solid was treated as a continuous, homogeneous, isotropic, linear-elastic (CHILE)
material (Hudson & Harrison, 2000) with a density of 2700 kg/m3, Poisson’s ratio of 0.3, and
Young’s Modulus of 45 GPa, which represents the average for the rock types known to be
present at Kemano (Figure 17). The presence of faults and dykes in the rock mass, which are
known to affect the stress field, are not accounted for in the stress model but are accounted
for more specifically in the Bayesian Belief Network developed as part of this thesis by the
rock mass characterization nodes (e.g. Structure, Joint Infilling, Joint Weathering). The edges
of the model were seeded, and then the solid was meshed with over 10,000 tetrahedral
elements (Figure 18). A gravity load of 9.81 m/s downward was applied to all the elements.
Boundary conditions were applied to the sides and bottom of the 3D solid to prevent
movement of nodes out of plane, and all the edges were pinned to restrict node movement.

The 3D topographical model was run elastically.

The 3D stress tensors along the T1 and T2 tunnel alignments were extracted by inputting
the 3D coordinates of T1 and T2 as “paths” into the model (Figure 18). A path is a series of
user defined points in Abaqus, along which data can be extracted (DSSC, n.d.). The 3D stress

tensor was extracted at 50 m intervals along the T1 and T2 paths.
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(a) e (b)

Figure 17: 3D elastic stress model development in Abaqus: (a) 3D solid with material properties assigned, (b) meshing of solid (DSSC,
2013).

Figure 18: The 3D topographical model in Abaqus, showing the T1 “path” along which stress tensors were extracted (DSSC, 2013).
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3.2.2 Transformation of 3D Stress Tensor

The 3D stress tensors obtained at 50 m intervals along T1 and T2 from Abaqus were
transformed to determine the magnitude and orientation of the maximum and minimum
principal stresses in the plane perpendicular to the tunnel (o1, o2 and 8). This was done by
transforming the stress tensor about the z-axis, so that the x-axis became parallel to the
tunnel axis. Equation 6 can be applied to perform this transformation (Housner & Vreeland,
1965).
o' =R(a) *o * R(a)T Equation 6

Where R(a) is the rotation matrix for rotation about the z-axis by angle «, o is the 3D tensor
representing the state of stress at a given point, and R(a)T is the transpose of the rotation

matrix. Equation 7 shows this transformation equation in matrix form (Housner & Vreeland,

1965).

cos(a) —=sin(a) 0 Tyx  Tzx cos(a) sin(a) O

o' = |sin(a) cos (a) ] * [Txy Oy sz] * [—Sln(a) cos(a) 0 Equation 7
0 0 0 1

Because the tunnels have doglegs and are not strictly linear, the rotation angle (o) changes

slightly for various segments along T1 and T2. These varying rotation angles are summarized

in Table 9, and were obtained from an AutoCAD drawing of the tunnels provided by Hatch

Ltd.

Table 9: Rotation about the z-axis required for x-axis to be parallel to tunnel axis, where a positive
value denotes a CCW rotation.

Tunnel From Chainage (m) To Chainage (m) Angle of Rotation («)

T1 0+000 0+270 -15°
0+270 0+570 -2°
0+570 7+880 7°
7+880 7+890 16°
7+890 8+960 26°
8+960 16+765 30°

T2 0+000 7+610 6°
7+610 7+640 10°
7+640 7+665 8°
7+665 7+695 15°
74695 16+200 30°

Once the rotation is performed, the following stress tensor is obtained (Equation 8).
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o =1 0 14 Equation 8
! ! !
Tz Ty; Oy

The tensor in the y-z plane now represents the state of stress in the plane perpendicular to

the tunnel (Equation 9).

! !

! I

o, T .

o = l Y Zyl Equation 9
Tyz Oy

Then basic 2D stress transformation equations (Brady & Brown, 1985) can be used to
determine the major principal stress (01), minor principal stress (02) and the orientation of

o1 (0) (Equation 10).

2
oy + 0, N \/(Gy +0,)" + 413,
2 5 2 Equation 10
T
tan(20) = 2

oy — 0,

013 =

The stress rotation and transformation for all the tensors extracted along T1 and T2 were
completed using MATLAB (MathWorks®©, 2014), the code written for this can be found in
Appendix B: MATLAB Code.

3.2.3 3D In situ Stress Results

The principal stress ratios for T1 and T2 are shown in Figure 19 plotted against the ground
surface. The stress regime is close to hydrostatic where the depth of cover is low, and higher
horizontal stress is encountered toward the middle of the tunnel where there is higher
lateral confinement. The differences between the stresses are more extreme in the T2 tunnel

due to its closer proximity to the Horetzky Creek Valley.

Similar to work done previously with the 2D models, the maximum and minimum tangential
stresses were calculated using Kirsch equations along each tunnel at 50 m intervals. These
are shown in Figure 20 and Figure 21 as a function of tunnel chainage. The ground surface is
also plotted here for visualization purposes. The magnitudes of the tangential stresses are

similar in T1 and T2, as expected. The fluctuations in the tangential stresses reflect the
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change in the overlying topography, in particular reaching a local low where the depth of
cover results in smaller in situ stresses near the Horetzky Adit. The maximum tangential
stress is not high relative to the rock strength. This is because the tunnel is at a shallow depth
relative to some mine tunnels, and therefore stress-induced spalling is expected to be
minimal and not catastrophic. However, the minimum tangential stress between
approximately 6+000 and 8+000 is tensile, which when combined with the pervasive
structure and soft joint infill in the rock mass may result in gravity-induced failures. Since
this failure is controlled by structure, the low and tensile tangential stress may cause

progressive ravelling failure at these locations.

The orientation of the maximum principal stress is heavily affected by the proximity of the
Horetzky Creek Valley wall. The principal stress orientations for T1 and T2 are shown in
Figure 24 and Figure 25. The colours of the points indicate the relative magnitudes of the
relevant tangential stress, and give an indication of how likely the failure mechanism
(spalling or ravelling) is to occur. For the most sections of the tunnel there is medium or low
potential for those failure mechanisms to occur, however there are localized areas of high

failure potential.
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K Ratio

Tunnel Chainage (m)

Figure 19: Principal Stress Ratios (k values) for T1 and T2 plotted with ground topography.
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Figure 22: Orientation of the 01 and 03 vectors vs. T1 chainage, colour coded to show likelihood of failure mechanism.
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Figure 23: Orientation of the 01 and 03 vectors vs. T2 chainage, colour coded to show likelihood of failure mechanism.
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3.3 Comparison of 2D and 3D Modelling

The orientations and overall trend of the stresses obtained by the 2D and 3D modelling are
comparable (Figure 24 and Figure 25), however the stress magnitudes obtained differ
significantly. This can be attributed to the lack of influence of the changing topography in the
third dimension for the 2D models. As the models were run under plane strain assumptions,
with an out-of-plane stress ratio of 1 (the simplest assumption), the 2D models are not able
to capture the change in the depth of cover along the tunnel axis. 2D stress models require
stress increases to only occur within the 2D plane, resulting in higher values than in a 3D
model where stresses have an extra dimension to be redistributed into. The 2D models also
don’t include the change in proximity to the Horetzky Creek Valley, which is believed to have

a significant influence on the stresses.

For this reason, it has been concluded that 3D stress modelling is essential in cases such as
Kemano, where the tunnels are not deep enough to escape the influence of varying

topography.
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Figure 25: Comparison of tangential stress results from 2D and 3D modelling of T2.
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3.4 Implications of Stress on Tunnel Performance and Ground Support

The results of the 2D models indicate that the upstream half of T2 may be more challenging
to excavate than the downstream completed half. The predicted tangential stresses vary
widely around the tunnel, which may result in the need for more rock support. Geological
reports regarding the tunnel alignment indicate that the geology throughout the upstream
T2 tunnel is more complicated than the downstream portion, as there are multiple shear
zones, faults and intersecting veining (Stuart 1960, Bechtel Canada, Inc. 1991). Ravelling of
the rock mass can therefore be expected where there are low tangential stresses and a high
concentration of discontinuities. Spalling can be expected where there are localized highs in

tangential stress

The 3D modelling results indicate that the next phase of tunnel excavation, between stations
8+000 and 4+000 may prove to be the most challenging of the entire project. This can be
inferred by the high principal stress ratios resulting from high lateral confinement, which
will result in high tangential wall stresses and possible spalling. Overall, as the tunnel
excavation approaches Tahtsa Lake (lower chainages) the Horetzky Creek valley disappears,

resulting in a lower k value and therefore less critical tangential stresses.

The results from the 3D modelling allow the tunnel alignments to be broken into three
distinct zones based on similar k ratios (Figure 19), tangential stresses (Figure 20 and Figure
21), and stress concentrations (Figure 22 and Figure 23). This is summarized in Table 10,

with Figure 26 for reference.
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Table 10: Summary of 2D and 3D model results for three distinct geotechnical zones.

Chainage  Model Result
k ratio
0+000 to
5+000 Tangential
stresses and
stress
concentrations
k ratio
5+000 to
10+000
Tangential
stresses and
stress
concentrations
10+000 to .
~16+000 k ratio

T1
In situ stress is close to
hydrostatic, as the depth of
cover and confinement are

T2
In situ stress is close to

hydrostatic, as the depth
of cover and confinement

similar. are similar.
High tensile stress in the High tensile stress in the
right shoulder (approx. right shoulder (approx.
2+200 to 4+000) may result 2+500 to 3+900) may

in ravelling.
Medium compressive stress
along the left shoulder may
result in spalling/crushing.

result in ravelling.
Medium compressive
stress along the left
shoulder may result in of

spalling/crushing.
The in situ stress ratio peaks The in situ stress ratio
at 7+260 with a value of 5.5, peaks at 6+990 with a

where the tunnel is close to

surface and the effect of the
Horetzky Creek Valley has
become much shallower,

value of 4.2, which is
lower than the T2 ratio at
the same location because
there is a larger depth of

resulting in high cover at T1.
confinement.
Medium to high tensile Medium tensile stress in

stress along the left
springline (approx. 5+000 to
8+500) may result in
ravelling.

the left shoulder (approx.
5+300 to 7+600) may
result in ravelling.
Medium compressive
stress between the left
and right shoulders
(approx. 8+000 to
10+000) may result in
spalling/crushing.

In situ stress is close to
hydrostatic, as the depth
of cover and confinement

are similar.

In situ stress is close to
hydrostatic, as the depth of
cover and confinement are

similar.
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Chainage  Model Result T1 T2

Medium tensile stress Medium tensile stress
between the left and right = between the left and right
shoulders (approx. 9+900 to shoulders (approx.
15+000) may result in 10+000 to 15+800) may
Tangential ravelling. result in ravelling.
stresses and High compressive stress in High compressive stress
stress the right springline (approx. in both springlines
concentrations = 12+700 to 13+600) and left (approx. 10+700 to

springline (approx. 10+800 12+700) and in the left
to 12+700) may resultin  shoulder at the portal may
spalling/crushing. result in
spalling/crushing.

Crown

Left shoulder Right shoulder

750 \ 7=

Left springline

Right springline
-90° q

90

Looking upstream
Figure 26: Definition of major principal stress orientations.
3.4.1 Verification of Model Results with Site Observations

Site observations of rock mass failures and fallen ground during the 2015 site inspection
program confirm the predicted chainages where relatively high or low tangential stresses
will occur around the tunnel. Site investigations of the excavated half of T2 (7+500 to
16+158) found rock mass failure in the form of spalling on the top right (looking eastward)
and ravelling on the top left (looking eastward) of the tunnel profile. During the site
investigations, the spalling and/or ravelling were primarily observed between chainages
8+500 and 12+500. The spalling mechanism is attributed to high stress tangent to the tunnel
wall and crown, while the ravelling is associated with the low and sometimes tensile stresses
and pre-existing geological structures. The locations of these failure mechanisms are
consistent with the orientation of the major and minor principal stresses determined by the
finite element models. A photo of an area where ravelling occurred is shown in Figure 27

while Figure 28 shows an area with spalling.

49



Looking west, at crown

ey _ RN

Looking west, at invert

-
|

.
-~

o

Figure 28: Spalling of rock mass at a chainage of approximately 11+730.
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Chapter 4. Bayesian Belief Network
4.1 Netica
4.1.1 Building the Network

It is important that the user map out the proposed network and linkages before beginning to
construct the network in Netica, a Bayesian Belief Network software (Norsys Software Corp.,
2014). This will allow the creator to have a concept of types of nodes and the functional
relationships they may want to apply. Once this is complete, the network can be created in

Netica. There are three types of nodes that can be used:

1. Nature node - A variable of interest that cannot be directly controlled by the user. If
the node has a functional relationship with its parents, it is a deterministic node,
whereas if the node is probabilistic it is called a chance node.

2. Utility node - Also known as a value node, this is a node whose expected value is to be
maximized while the network searches for the best decision rule for the decision
node.

3. Decision node - A variable that represents a choice under the control of the user. The

net solves for the best decision rule while optimizing the expected utility.

Each node is classified as either discrete or continuous. A discrete node has a well-defined
set of possible values, corresponding to a digital quantity. Discrete variables have states
assigned, which may be an integer or real number. They may also be qualitative, for example
“male, female” or “true, false.” Continuous variables may take on any value between two
other values, and corresponds to an analog quantity. Continuous nodes do not have state
values, but when they are discretized they have state levels or thresholds instead. These are

used to partition the range of the variable into intervals.

A conditional probability table (CPT) is stored within each node, and contains the
probabilities of that node given all possible combinations of parent node values. The CPT
dictates that nodes relation to all its parent nodes, and subsequently affects the CPTs of its
children. These conditional probabilities are entered as percentages, and are user defined.
The addition of new information, or findings, may be entered into the network to update the

CPTs (this is discussed in detail below).
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Once the network is built and the CPT tables are completed, the network must be compiled.
By selecting Network = Compile, Netica will compile and update the network. There is an
option of a quick compile, which auto-compiles any file that is set to auto-update, or an
optimized compile, which works out an efficient structure for the internal junction tree used
for belief updating. The quick compile function does a minimum-weight search for a good
elimination order, and the optimized compile searches for the best elimination order using
a specialized algorithm which is a combination of minimum-weight search and stochastic

search (for a detailed explanation of these algorithms see Neumann & Witt, 1998).

4.1.2 Entering New Findings and Updating the Network

Belief updating, or probabilistic inference, can be applied to a network when new information
(beliefs or posterior probabilities) becomes available. Introducing the new data into the
network results in Netica filtering the information through the network to determine new
probabilities for the states of all subsequent nodes. Netica has the capability to update
automatically after a new finding is entered, and the network has been compiled. The user
may choose to turn off this automatic updating if several findings are entered at once, as

recompiling between entries may be time consuming.

Findings (or evidence) are entered into the network by right-clicking on the node that is to
be updated. There are several methods of updating the node, depending on the nature of the

new information:

1. Ifthe information received is conclusive that a node resides within a certain state, a
100% probability of that state occurring can be assigned. This is done by right-
clicking on the node and selecting the appropriate state. For a continuous node, if the
exact numeric value of the state is known it can be entered by right-clicking and
entering the known value.

2. Acalibration can be made if the new data changes the probability of each of the states
occurring based on all observations made.

P(Node = state|All Observations)
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3. A likelihood finding can be used to update a discrete node if the new information is
uncertain. The user can assign one probability for each state of the node, which is the
probability that the actual observation would be made if the node were in that state.

P(All Observations|Node = state)

4. A negative finding can be assigned to a particular state if it is certain that the node

does not fall in this state. This is done by entering a likelihood of zero for the state. It

is possible to have more than one negative finding for a given node.

In the event that the user enters a finding that is inconsistent, Netica will report them. This
is done through a consistency check of the findings during belief updating. There are three

types of inconsistencies:

1. Several findings for different nodes can be inconsistent with each other.
2. Several findings for the same node can be inconsistent with each other.

3. Asingle finding can be inconsistent with the net itself.

[f the user wished to remove, or retract, a finding from the network, this can be done by right-
clicking on the node and choosing “unknown”. This is equivalent to never having entered the
finding. Whenever a positive finding (knowledge that some variable definitely has a
particular value) is entered, all the previous findings for that node are automatically
retracted first. However, if more than one likelihood finding is entered for a node, Netica will
query if the previous finding(s) are to be removed, or if they should accumulate.
Accumulating the findings allows the user to enter several independent pieces of evidence

for the same node.

Netica has the ability to save all the positive findings of a network to a case. This contains the
set of all findings entered into the nodes of a network, which can later be re-entered into the
network. A case can be created by selecting Cases > Save Case As, prompting Netica to
extract all the current findings in the net. The case can be read back into a network and be
modified by selecting Cases = Get Case. Case files may consist of a database of cases, which
can be randomly generated and may be called a simulation or sampling. Conversely, Netica

can take a case file to learn the CPTs of a particular network. This is done by creating the
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nodes and linkages, and then adding the case file in order for the network to learn the

conditional probabilities (Cases > Learn = Incorp Case File).

4.2 Bayesian Network for Kemano
4.2.1 Network Setup

The Bayesian Belief Network for Kemano is made up of empirically established relationships
in rock mechanics as well as expert judgement specific to this project. Input data were mined
from historic tunnel excavation records and geological baseline reports to populate some of
the nodes. The vagueness that is inherent with many geotechnical parameters gave rise to
the need for a certain amount of judgement to be built into the network. The overall network
design can be seen in Figure 29, with colour coded nodes to indicate the source of the data
used to determine their states. Many of the nodes are shown as belief bars, which display the
likelihood of that node falling into any of its states. If the node is continuous, Netica displays
its average value given the current states of its parents. Nodes calculated deterministically

based on their parents are displayed as labeled boxes.

Two main failure mechanisms were evaluated in order to predict the ground class at a given
chainage: spalling and ravelling. The network was targeted at these two failure mechanisms
in particular as these were the main failure types observed during site investigations in July

of 2015 (see Section 3.4.1).

Spalling is a stress-induced failure mechanism, and as such it was important to get an
approximation of the stress magnitudes and orientations along the tunnel alignments. This
came from the 3D stress modelling (see Section 3.2). The other important inputs are the

tunnel geometry, and the unconfined compressive strength of the rock.

Ravelling has not been as rigorously defined with empirical relationships as spalling (see
Section 2.4.4). The discussion of important driving factors (i.e., rock mass blockiness or
fracture frequency, tunnel span, groundwater, boundary stresses) that appears repeatedly
in published literature was used to derive a relationship that may be used to determine
whether or not ravelling occurs at a given chainage. This relationship was derived with

Kemano in mind, but may also be applicable to other tunnelling projects.
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Separate from the main network is a miniature network that utilizes the orientation of the

major principal stress to tell the user where around a tunnel the failures would occur.
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Figure 29: Bayesian Belief Network for the Kemano case study, showing nodes, conditional relationship and probability distributions.



A wealth of data are available for the Kemano project, largely due to the long history of the
project starting in the late 1940s. The challenge with streamlining the data for use in the
Bayesian Network was to convert the data into a meaningful digital form, as most records
exist only in analog form. A Kemano-specific database was developed and populated with
known information mined from reports, drive records, mapping sheets, and photographs
(see Appendix D: Kemano Specific Database). This database contains data from chainages
0+000 to 16+186 in 25 m increments, with the following row headers: Rock type, maximum
principal stress (01), minimum principal stress (03), stress orientation (8), Structure, Joint
Roughness, Joint Infilling, Joint Weathering, Groundwater, and Joint Orientation. In some
cases for the upstream T2 tunnel, which is not excavated yet, data for the RMR parameters
are not populated. In these cases, a distribution is applied that represents the most likely

condition of the rock mass at the tunnel alignment.

When new information becomes available as the tunnel advances, the user should update
the database with the new inputs and re-run the network to obtain the new ground class

predictions.

4.2.2 Parent Nodes

The nodes in this section contain data that may be used as a direct input. These reflect data
that are independent of other nodes, in other words do not have conditional dependencies

associated with them.

4.2.2.1 Rock Type

A geological report entitled The Geology of the Kemano Tahtsa Area prepared by Stuart
(1960) details the geology in the Kemano region, as well as the geology immediately along
the T1 tunnel alignment. This combined with the Geotechnical Baseline Report produced by
Hatch Ltd. (2012), which gave details on the geology along the T2 tunnel, allowed a direct

link to be made between tunnel chainage and Rock Type.

The Rock Type node depends on the user’s input (chainage of interest), and is a discrete and

deterministic node. The possible states are shown in Table 11.
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Table 11: States of Rock Type Node.

States
DuBose Stock
Gamsby Group
Horetzky Dyke and Complex
Tahtsa Complex

4.2.2.2 Tunnel Radius

This node is used to calculate the depth of spalling at a given chainage. For tunnel boring
machine (TBM) excavations it is a fixed “finding” in the Bayesian Belief Network, and in the
case of Kemano the TBM excavation has a diameter of 2.865 m (Klohn Leonoff Consulting
Engineers, 1991). In order to be generally applicable to various tunnelling projects, the node
is a continuous nature node, however it is treated as a deterministic node for Kemano as the
tunnel geometry is known with certainty. The possible states are shown in Table 12.

Table 12: States of Tunnel Radius Node.

States Range
Small 0-3m
Medium 3-6m
Large 6-9m

4.2.2.3 Joint Orientation

The Joint Orientation node takes into account the orientation of discontinuities relative to
the tunnel axis, in accordance with Bieniawski’'s RMR system (Bieniawski, 1989). It is a
discrete nature node. The user of the network is able to select the state of this node if the
favourability of the joint orientation is known, based on the RMR system (Table 13).

Table 13: Guidelines for determining effect of discontinuity orientations in tunnelling (Bieniawski,

1989).
Strike of Discontinuity Dip of Discontinuity State
Strike perpendicular to tunnel axis 20° to 45° Favourable
(Drive with dip) 45° to 90° Very Favourable
Strike Perpendicular to tunnel axis 20° to 45° Unfavourable
(Drive against dip) 45° to 90° Fair
Strike parallel to tunnel axis 20° to 45° Fair
45°to 90° Very unfavourable
Irrespective of strike 0°to 20° Fair
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The user is expected to make a decision using their expert judgement and the information
available to them, or if nothing is known, these data will be populated from the Excel
database. The original RMR ratings had to be scaled up and reversed for use in the ravelling
depth equation, as described in Section 4.2.3.10. The possible states are shown in Table 14.

Table 14: States of the Joint Orientation node, based on the RMR system (Bieniawski, 1989).

States RMR Rating Rating used to
calculate Ravelling
Very favourable 0 21
Favourable -2 18
Fair -5 9
Unfavourable -10 4
Very Unfavourable -12 0

For the Kemano study area, the structural data available had to be refined in order to be
streamlined into the Joint Orientation node. The tunnel mapping completed as part of the T2
downstream drive included discontinuity mapping (shears, joints, fault zones), description
of lithology and structural features, drawings of installed rock support and drain holes, as
well as information on tunnel advance rates and penetration rate (ASCL, 1990). An example
of this is shown in Figure 30. The dip and dip direction of the discontinuities along the tunnel
were recovered by digitizing three points along the trace of the discontinuities in plan view,
specifically the points where the feature crosses both springlines and where it crosses the
crown. The orientation of a plane can be calculated from these three points, and therefore
the trend and plunge of the pole to the feature can be recovered once these data were
digitized from the drawings (assuming that the discontinuities are planar features). The
points on the plane were digitized as shown in Figure 31 and tabulated as shown in Table

15.
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Figure 30: Example of a T2 mapping sheet adapted for use in the Joint Orientation node (ASCL, 1990).
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Figure 31: Convention for digitizing structural features from T2 geological mapping.

Table 15: Convention for tabulating structural features from T2 geological mapping.

Data Point Label X Y Z
A xa=ChainageatA ya=-R za=R
B xg = ChainageatB yp=0 2zp=2R
C xc = ChainageatC yc=R 2zc=R

Once the discontinuities were digitized in this format, it was possible to perform the vector
math required to calculate the trend and plunge of the pole to the discontinuity. This was
completed following the methodology set out by Groshong in his textbook, 3-D Structural
Geology (1999). Treating point A as the origin, the vectors AB and AC can be found using a
Dot Product (Equation 11 and Equation 12).
AB = [(xg — x4), s — ¥a), (25 — 24)]
AB = [xz5, 45, 73]

E = [(x¢ — x4), e — Ya), (z¢c — z4)]
AC = x5, Ve 746

Equation 11
Equation 12

The cross product of these two vectors, which by definition lie in the plane of the

discontinuity, is the vector normal to the feature (Equation 13, illustrated in Figure 32).
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N = 4B x AC
N = [(vasZac — vac?as) (¥ap%ac — *ac?as) (¥asYac — %acvas)]  Equation13
N = [xg, 5 25]

AB

A AC
I—A -
y N

X

Figure 32: Cross product of vectors AB and AC result in a vector, N, which is the pole to the
discontinuity.

[t is important that the z component of N be positive in order for the vector to be “pointing”
in the correct direction, so a formula is programmed into the spreadsheet to perform this

check, and switch the signs of all the components if necessary.

Since the vector normal to the plane is known, the direction cosines can be calculated and
used to obtain its trend and plunge. The cosine of the angle between N and the x-axis (@), y-

axis (), and z-axis (y) are calculated by dividing the appropriate component of N by its total
length (Equation 14).

XN
cosa =
Vxg® + yg® + 25
Y
cosf = Equation 14
\/xﬁz +§/§2+Zﬁ2 quati
cosy = N

Vgt Yy + 25’
The plunge (6) of the pole to the feature can now be calculated using Equation 15 (Groshong,
1999).

8 =90° —cos™*(y) Equation 15
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The trend or azimuth (6) of the pole is slightly more complicated, as it is dependent on which
quadrant of the compass rose it falls into (Groshong, 1999). First 6’ is calculated using

Equation 16. The resulting value is then corrected based on Table 16.

Equation 16

L _,(Cosa
0’ = tan

cos f

Table 16: Corrections applied to calculated azimuth values (Groshong, 1999).
Azimuth  cos(a) cos(p) (7]
+

000° to 090° + o'

090° to 180° + - 180°+ 6’
180° to 270° - - 180°+ 6’
270° to 360° - + 360°+ 6’

Once this methodology was applied to all the discontinuities digitized from the mapping, it
was possible to plot the poles on a stereonet (Figure 34). It should be noted that there is an
inherent bias in tunnel mapping in which discontinuities that are perpendicular to the tunnel
axis are observed and mapped preferentially. Three major joint sets are apparent from the
stereonet (plunge = trend): Set 1, 12° - 238°, Set 4, 48° = 056°, and Set 5, 20° = 064°.
Three minor sets were also noted: Set 2, 49° & 242°, Set 3, 13° = 280°, and Set 6, 13° >
022°.

The discontinuities are largely perpendicular to the tunnel alignment and steeply dipping,
although there is quite a bit of scatter in the data. The possible impact of the discontinuities
on the tunnel stability using Table 13 were determined by tunnel chainage and used to
populate the Excel input database for the downstream T2 (Figure 33). The same distribution
of orientations was used to estimate the impact of discontinuity orientations for the
upstream half of T2 where mapping is not available. The mapping of T1 and of downstream
T2, as well as the available geologic reports, support that the orientations of the

discontinuities are consistent in the vicinity of the Kemano tunnels.
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Figure 33: Distribution of discontinuity orientations along the T2 tunnel alignment.
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Color Density Concentrations
000 - 0.70
070 - 1.40
140 - 210
210 - 2.80
280 - 3.50
350 - 4.20
420 - 4.90
490 - 560
560 - 6.30

| 830 - 700

Maximum Density | 6.44%

Contour Data | Pole Vectors

Contour Distribution | Fisher

Counting Circle Size | 1.0%

Plot Mode | Pole Vectors

Vector Count | 1074 (1074 Entries)

Hemisphere | Lower

Projection | Equal Angle

DIPS 6.016

Project
Discontinuity mapping of T2 downstream

|Author Company

J.Morgenroth School of Engineering, UBCO

Notes
1. Calculations completed on geological tunnel mapping assumes that the features are planar in order for the vector calculus used to hold true.

2. Due to mapping bias, the majority of discontinuities are perpendicular to the tunnel axis, as discontinuities that are subparallel are more difficult to capture.

Figure 34: Discontinuity mapping of T2 downstream, showing major sets and tunnel alignment.
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4.2.2.4 Structure

The Structure node follows the rankings given by the rock mass classification scheme
developed by Hoek & Marinos (2000) called the Geological Strength Index, or GSI. It is a
continuous nature node, and is user defined. The states are shown in Table 17.

Table 17: States of the Structure node.

States Range
Intact or Massive >30 m
Blocky 15-30m
Very Blocky 1-15m
Disturbed n/a for Kemano
Disintegrated n/a for Kemano

Laminated or Sheared n/a for Kemano

Discontinuity intensity, or the volumetric count of discontinuities, is useful for determining
structure of a rock mass but was not available in the dataset provided for Kemano. The
digitized dataset of discontinuities was adapted to assess the Structure node. First the 1D
fracture frequency was obtained in the form of number of discontinuities per metre of
tunnel, and then this was converted into three dimensional fracture intensity following the

work of Dershowitz & Herda (1992).

To do this, the number of fractures per length of tunnel (P11) was converted into fracture

spacing (Sf), which is just its inverse (Equation 17) (Dershowitz & Herda, 1992).
1

Sp=—
I Py

Equation 17

Dershowitz & Herda note that while P1: and Srare dependent upon the orientation of the
fractures, they are not dependent on their size. As a result, they are scale independent and
do not depend on the region in which they are defined. The dependence these variables have
on orientation can be nullified by performing a correction factor for the relative orientation
of the scanline, represented by the tunnel in this case. The angle between the scanline and
the mean pole of the fractures can be determined and used to convert the fracture spacing

into the number of fractures in a volume, P32 (Equation 18) (Dershowitz & Herda, 1992).
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CPS

3y = —/— Equation 18
Sy

In the case of the discontinuities at Kemano, the mean orientation of the discontinuities is
approximately perpendicular to the tunnel alignment, and therefore no correction factor is
required to calculate the 3D fracture intensity - it is the same as the 1D fracture intensity.
This volumetric fracture intensity can now be treated as a proxy for blockiness. Figure 35
shows the calculated 3D fracture intensity plotted as a function of tunnel chainage, which

was used for the downstream/excavated portion of T2.

The upstream dataset proved to be more difficult to obtain, as the tunnel has not yet been
excavated. Since the T1 and T2 tunnels are only 300 m apart, an assumption was made that
the discontinuity intensity could be mapped linearly from T1 to T2 (this was checked against
the downstream data and proved to be appropriate). A plot of the shears and faults in the T1
tunnel exists (HMM, 2010), and a similar method as was described above was used to
approximate the fracture frequency. However, this resulted in a coarser dataset, because
digitizing was done in 500 m increments. Due to the coarseness of the dataset, fracture
spacing was not used as a direct input, but rather the spacing values were binned using
relative magnitudes to arrive at “Massive/Intact”, “Blocky” and “Very Blocky” designations

for each 500 m section (see Appendix D: Kemano Specific Database).
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Figure 35: 3D fracture spacing as a function of tunnel chainage for the downstream (excavated)
portion of T2.

4.2.2.5 Joint Infilling

The Joint Infilling node accounts for the infilling or gouge of discontinuities in the rock mass,
according to the Bieniawski (1989) RMR ratings. It is a discrete nature node. As discussed in
in Section 4.2.3.1, the rating was scaled up to account for the fact that discontinuity
persistence and aperture were not included in estimating joint shear strength. The unusual
values for the states were used to preserve the original proportionality of the parameters

and their possible states from the RMR system. The possible states are shown in Table 18.
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Table 18: States of the Joint Infilling node, based on the RMR ratings (Bieniawski, 1989).
States Original RMR Rating Rating used to calculate

Joint Shear Strength
None 6 17.54
Hard <5mm 4 11.69
Hard >5mm 2 5.85
Soft <5mm 2 5.85
Soft >5mm 0 0

At Kemano, samples of joint and shear infill were taken during 2015 site investigations
(Hatch Ltd., October 2015). Data for infill are only available for the excavated portion of T2.
Where data existed they were used to populate the Excel database at the appropriate
chainage. Since there are no data available for the upstream half of T2, a distribution based

on the data from the downstream drive was applied (Figure 36).
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Figure 36: Distribution of discontinuity infilling along the T2 tunnel alignment.

4.2.2.6 Joint Weathering

The Joint Weathering node takes into account the degree of weathering of discontinuities in
the rock mass, in accordance with Bieniawski’s RMR ratings (Bieniawski, 1989). It is a
discrete nature node. As discussed in Section 4.2.3.1, the rating have been scaled up to
account for the fact that discontinuity persistence and aperture were not included in
estimating joint shear strength. The unusual values for the states were used to preserve the

original proportionality of the parameters and their possible states from the RMR system.
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Similar to the Joint Infilling node, the user can make an expert judgement on the likely states
of this node, or choose to use the built in distribution based on the downstream drive. The
states are shown in Table 19.

Table 19: States of the Joint Weathering node, based on the RMR ratings (Bieniawski, 1989).

States Original RMR Rating Rating used to calculate
Joint Shear Strength
Unweathered 6 17.54
Slightly weathered 5 14.62
Moderately weathered 3 8.77
Highly weathered 1 2.92
Decomposed 0 0

The distribution of weathering along the downstream portion of T2 was determined using
the field mapping done during the 2015 site investigations (Hatch Ltd., 2015). This
distribution is applied to the unexcavated portion of T2, in the absence of user supplied data

(Figure 37).
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Figure 37: Distribution of discontinuity weathering along the T2 tunnel alignment.

4.2.2.7 Joint Roughness

The Joint Roughness node takes into account the irregularities on the surfaces of
discontinuities in the rock mass, in accordance with the Bieniawski (1989) RMR ratings. It is

a discrete nature node.

As discussed in Section 4.2.3.1, the rating have been scaled up to account for the fact that

discontinuity persistence and aperture were not included in estimating joint shear strength.
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The unusual values for the states were used to preserve the original proportionality of the
parameters and their possible states from the RMR system. This node is also user defined,
and if nothing is known about the discontinuity roughness the data are taken from a
predetermined distribution. The states are shown in Table 20.

Table 20: States of the Joint Roughness node, based on the RMR ratings (Bieniawski, 1989).

States Original RMR Rating Rating used to calculate
Joint Shear Strength
Very Rough 6 17.54
Rough 5 14.62
Slightly Rough 3 8.77
Smooth 1 2.92
Slickensided 0 0

The discontinuity roughness distribution was obtained from observations and mapping
done during the 2015 site investigations (Hatch Ltd., 2015). This distribution can be seen in

Figure 38.
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Figure 38: Distribution of discontinuity roughness along the T2 tunnel alignment.

4.2.2.8 Groundwater

The Groundwater node takes into account the groundwater inflow along discontinuities in
the rock mass, in accordance with the Bieniawski (1989) RMR ratings. It is a continuous

nature node.

Groundwater inflow is difficult to quantify prior to excavation, and therefore an option has

been given that it can be input by the user to update the network as the tunnel advances. If
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nothing is known, a distribution correlating to the rock type and the measured groundwater

inflow from the downstream T2 drive is assigned (Figure 39).
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Figure 39: Histograms showing distribution of groundwater inflow for each rock type (ASCL, 1990).

The original RMR ratings needed to be scaled up for used in the depth of ravelling calculation,

as described in Section 4.2.3.10. The states of the groundwater node are shown in Table 21.

Table 21: States of the Groundwater node, based on the RMR ratings (Bieniawski, 1989).

Flowing

States Range
Dry 0 L/min
Damp <10 L/min

Wet 10 - 25 L/min
Dripping 25 - 125 L/min
>125 L/min

RMR Rating

15
10

4.2.2.9 Unconfined Compressive Strength (UCS)

7
4
0

Rating used to

calculate Ravelling

26
17.33
12.13

6.93
0

The unconfined compressive strength of the rock is an important parameter used to calculate

rock mass strength, and in the case of this network is also used to estimate the tensile

strength of the rock. For Kemano, the UCS values were obtained from lab testing conducted
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prior to the downstream T2 drive (KLCE, 1991; Bechtel Canada, Inc., 1991). This is a
continuous nature node, and the states are shown in Table 22.
Table 22: States of the UCS node.

States Range
Low 20 - 140 MPa

Medium 140 - 160 MPa
High 160 - 250 MPa

4.2.2.10 Magnitude of Major and Minor Principal Stresses (o1 and 03)

The magnitudes of the major and minor principal stresses along the tunnel alignment were
obtained from 3D stress modelling completed in Abaqus, as described in Chapter 3. These
nodes are continuous nature nodes. The states are shown in Table 23 and Table 24.

Table 23: States of the Major Principal Stress node.

States Range
Low <7 MPa
Medium 7 - 15 MPa
High > 15 MPa

Table 24: States of the Minor Principal Stress node.

States Range
Low < 2 MPa
Medium 2 -5 MPa
High >5 MPa

4.2.2.11 Orientation of Major and Minor Principal Stresses (8)

The orientation of the major and minor principal stresses along the tunnel alignment were
obtained from 3D stress modelling completed in Abaqus, as described in Chapter 3. This

node is a continuous nature node, and the states are shown in Table 25.
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Table 25: States of the Stress Orientation node.

States* Range
Right springline -90° to -75°
Right shoulder -75° to -25°
Crown -25° to +25°
Left shoulder +25°to +75°
Left springline +75° to +90°

* Definition of failure locations:

Crown

Left shoulder Right shoulder

750 \ 75
Left springline -

Right springline
-90° -

90

Looking upstream

4.2.3 Child Nodes

The states of the nodes described in this section rely on conditional dependencies with their
parent nodes. In some cases empirical relationships that are widely accepted in rock
mechanics were used to build the links, and in other cases Conditional Probability Tables

(CPTs) were built using expert judgement and the support of published literature.

4.2.3.1 Joint Shear Strength

Joint shear strength has been quantified following the Rock Mass Rating (RMR) System
(Hudson & Harrison, 2000). The joint shear strength, or “condition of discontinuities”,
depends on discontinuity persistence, aperture, roughness, infilling and weathering. For the
purposes of the Kemano Bayesian Network, only the latter three factors were included due
to limited information to delineate persistence and aperture. As a result, the remaining three
contributing factors were scaled to comprise the entirety of the Joint Shear Strength
parameter in the RMR system (Table 26). This was then further scaled up to 31% of the
factors contributing to ravelling, as described in Section 4.2.3.11. This unusual value was
used to preserve the original proportionality of the parameters and their possible states

from the RMR system, and to simplify the Ravelling expression.
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Table 26: Values used to calculate Joint Shear Strength, based on RMR system (Bieniawski, 1989).

Parameter Weight States Original RMR  Value used in Joint
(/53) weighting Shear Strength
calculation
None 6 17.54
Hard <5mm 4 11.69
Joint Infilling  17.54 Hard >5mm 2 5.85
Soft <S5mm 2 5.85
Soft >5mm 0 0
Unweathered 6 17.54
Joint Slightly weathered 5 14.62
Weathering 17.54  Moderately weathered 3 8.77
Highly weathered 1 2.92
Decomposed 0 0
Very Rough 6 17.54
Joint Rough 5 14.62
Roughness 17.54 Slightly Rough 3 8.77
Smooth 1 2.92
Slickensided 0 0

The states of the Joint Shear Strength Node are shown in Table 27.
Table 27: States of the Joint Shear Strength node.

States Range
Low 0-17.54
Medium 17.54 -35.08
High 35.08 -53

The Conditional Probability Table for this node can be found in Appendix C: Conditional

Probability Tables. This table was populated using a point estimation method.

4.2.3.2 Geological Strength Index (GSI)

This node follows the rock mass classification scheme developed by Hoek and Marinos called
the Geological Strength Index, or GSI (Marinos et al., 2005). This classification scheme relies
on only two input parameters: blockiness (which translates roughly to the number of
discontinuity sets, their spacing and their orientation relative to each other) and joint shear

strength (Figure 40). The states of this node are shown in Table 28.
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Table 28: States of the GSI node (Marinos et al., 2005).

States Range
Very Poor Rock  0-20
Poor Rock 20-40
Fair Rock 40 - 60
Good Rock 60 -80
Very Good Rock 80 -100

The Conditional Probability Table for this node can be found in Appendix C: Conditional
Probability Tables. This table was created by digitizing the work of Hoek & Marinos (2000).
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GECLOGICAL STRENGTH INDEX

Estimate the average value of the Geological
Strength Index {GSI) from the contours.

Do not attempt to be too precise. Quotinga
range of GSI from 36 to 42 is more realistic
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Figure 40: Estimates of Geological Strength Index GSI based on geological descriptions (Marinos &
Hoek, 2000).
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4.2.3.3 Hoek-Brown Parameters (D, s, a, mj, mp)

The rock mass strength parameters were determined using the Hoek-Brown failure criterion
(Hoek, 2002). The Disturbance Factor (D) accounts for the amount of damage caused to the
rock by the excavation method. It is a discrete nature node, and is determined by the method
of excavation (Table 29).

Table 29: Guidelines for estimating Disturbance Factor, D (Hoek, 2002).

Description of rock mass D
Excellent quality controlled blasting or excavation by tunnel boring machine causes 0
minimal disturbance to the confined rock mass surrounding a tunnel.
Mechanical or hand excavation of tunnels in poor quality rock masses (no blasting) 0
causes minimal disturbance to the surrounding rock mass.

Where squeezing problems in a tunnel causes significant floor heave, disturbance 0.5
can be severe unless a temporary invert is placed.
Small scale, good blasting in civil engineering slopes causes modest rock mass 0.7

damage, particularly if controlled blasting is used. However, stress relief results in
disturbance.

In some softer rocks, excavation can be carried out by ripping and dozing and the 0.7
degree of slope disturbance is less.
Very poor quality blasting in a hard rock tunnel causes severe local damage, 0.8

extending 2 to 3m, in the surrounding rock mass.
Small scale, poor blasting in civil engineering slopes causes rock mass damage, and 1
stress relief results in disturbance.
Very large open pit mine slopes suffer significant disturbance due to heavy 1
production blasting and also stress relief from overburden removal.
For the Kemano T1 tunnel, a D = 0.8 is selected due to the drill and blast excavation method
used. For the T2 tunnel, D = 0 is selected because the tunnel is excavated by TBM. The states
are shown in Table 30.

Table 30: States of Disturbance Factor node (Hoek, 2002).

States Value
Excellent 0
Minimal 0.5

Severe damage 0.8

The Hoek-Brown parameters m; (i for intact) and ms (b for broken) are analagous to friction.

m is calculated based on mi and GSI (Equation 19).
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GSI — 100
—) Equation 19

mp, = m; * exp ( 58
These nodes are both continuous nature nodes. The possible states for the mi node was kept
generally applicable to all possible rock types (Table 31), and ms is calculated based on the
state of mi.

Table 31: States of m; node (Hoek, 2002).

States Value

Low 0-15
Common 15-25
High 25-35

The rock mass in the Kemano is part of an intrusive complex, and granites have an m; value
ranging from 20-35. An average value of 27.5 was applied and treated as a deterministic

input in this case.

The Hoek-Brown parameter s and a are continuous nature nodes. These are calculated based
on the GSI predicted by the Bayesian Network, and s also depends on the Disturbance Factor.

The parameter s is calculated using Equation 20, and the parameter a is calculated using

Equation 21.
(GSI - 100) Equation 20
= S —— uation
ST P\ 79 _3p 1
GSI 20
e 15 —e 3
a=05+ — e Equation 21

The states of these nodes are shown in Table 32 and Table 33.
Table 32: States of s (Hoek, 2002).

States Range
s low <2e-4
snormal 2e-4to 0.006
s high 0.006to 1
Table 33: States of a (Hoek, 2002).

States Range
alow 0-0.5
acommon 0.5-0.51
a high 0.51-1
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The disturbance factor is deterministic and therefore does not have a CPT. CPTs for the s and
a nodes can be found in Appendix C: Conditional Probability Tables. These tables were

populated using a point estimation method.

4.2.3.4 Rock Mass Strength

The Hoek-Brown rock mass strength is calculated using Equation 22 (Hoek, 2002). This
parameter is not used further in the network, however it can be useful to geotechnical

engineers for design purposes, and was therefore included as a secondary output.

, a
o
oy =03+ UCS * <mbU—C3,’S + s) Equation 22

This is a continuous nature node, and the states are shown in Table 34.
Table 34: States of the Rock Mass Strength node (Hoek, 2002).

States Range
Low < 60 MPa
Medium 60 - 120 MPa
High > 120 MPa

The Conditional Probability Table for this node can be found in Appendix C: Conditional
Probability Tables. This table was populated using a Monte Carlo Simulation, conducted with

the Excel add-in Crystal Ball (Oracle, 2014).

4.2.3.5 Tangential Stresses (Gmax, Omin)

The tangential stresses around the tunnels are calculated using Kirsch equations (Equation

5). This is done in Netica using the in situ stresses that resulted from the 3D modelling. These

nodes are continuous nature nodes, and the states are shown in Table 35 and Table 36.
Table 35: States of the o,max Node.

States Range
High > 60 MPa
Medium 30 - 60 MPa
Low <30 MPa
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Table 36: States of the omin Node.

States Range
High > 20 MPa
Medium 10-20 MPa

Low 0-10 MPa
In tension < 0 MPa

The Conditional Probability Tables for these nodes can be found in Appendix C: Conditional
Probability Tables. These tables were populated using a Monte Carlo Simulation, conducted

with the Excel add-in Crystal Ball (Oracle, 2014).

4.2.3.6 Depth of Spalling

As outlined in Section 2.4.3, the probable depth of spalling was calculated in Netica following
the work by Martin, Christiansson, & S6derhall (2001). Relative to other tunnel projects
around the world, the depth of spalling observed in T1 and in the excavated portion of T2 at
Kemano is relatively low, with a maximum depth of about 0.5 m observed in the excvated
portion of T2. The ranges for this node were adusted according to this maximum value for

Kemano (Figure 41).
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Figure 41: Maximum depth of spalling observed in the field (adapted from Martin & Christiansson,
2009).

The Depth of Spalling node is a continuous nature node, and the states are shown in Table

37.
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Table 37: States of Depth of Spalling Node.

States Range
None 0m
Low 0-0.2m

Medium 0.2-0.5m
Deep >0.5m

The Conditional Probability Table for this node can be found in Appendix C: Conditional
Probability Tables. This table was populated using a Monte Carlo Simulation, conducted with

the Excel add-in Crystal Ball (Oracle, 2014).

4.2.3.7 Location of Spalling

The location of spalling is determined by the orientation of the major principal stress at a
given tunnel chainage. The location orthogonal to this orientation corresponds to where
spalling may occur. This is a continuous nature node, and the states are shown in Table 38.

Table 38: States of Location of Spalling Node.

States* Range
Right springline -90° to -75°
Right shoulder -75° to -25°
Crown -25°to +25°
Left shoulder +25°to +75°
Left shoulder +75° to +90°

* Definition of failure locations:

Crown

Left shoulder Right shoulder

s \ s

Left springline Right springline

-90°

90

Looking upstream

The Conditional Probability Table for this node can be found in Appendix C: Conditional
Probability Tables.

4.2.3.8 Ravelling Potential

The Ravelling Potential node represents whether or not the stress conditions tangent to the

tunnel opening are conducive for ravelling. Low stress conditions are known to contribute
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to ravelling failure, namely when the tangential stress is tensile or in low compression. In the
case of tensile tangential stress, there is no compressive arch and the blocks or wedges are
free to slide out of the tunnel crown or shoulder. Low compressive tangential stress may
allow ravelling to occur if the weight of a block is able to overcome the shear resistance
provided by the joints defining the block boundaries, which in turn depends on the normal
stress acting on the joints. If the tangential stress is high enough it will clamp the blocks and
therefore ravelling failure is not possible. If the tangential stress is compressive and higher

than UCS, crushing or spalling may initiate.

An order of magnitude of the value of the tangential stress that begins to allow for block
ravelling in the roof of a tunnel can be approximated using a simple clamped block model

(Figure 42).

—

— — —
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// \\
Figure 42: Low compressive tangential stress may allow blocks to ravel due to lack of clamping to
keep the blocks in place.

This model consists of a cubic metre block held in place by vertical joints on two sides. The
shear strength of the joints on each side are assumed to be governed by the Mohr-Coulomb
shear strength criterion with no cohesion (to account for the clay infill and low shear
strength seen locally at Kemano). The stress acting on the block is its self-weight. For vertical
force equilibrium, a tangential compressive stress of less than 1 MPa is required to just keep
the block in place. The minimum tangential stress is more important than the maximum

tangential stress for this evaluation, because the minimum tangential stress is always lower
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and therefore the ravelling failure will always initiate here, and then perhaps propagate to

the location of maximum tangential stress if it is also in low compression.

It can be shown through this simple analytical model that low stress can allow a block to fall

out of the crown of a tunnel and result in ravelling failure. Since it is not easy to determine

the exact stress that results in sufficient clamping to keep the block in place, a percentage of

Terzaghi’s Rock Load (Section 4.2.3.9) is used in the Ravelling expression (Section 4.2.3.10)

depending on whether the minimum tangential stress is High, Medium, Low or In Tension.

Ravelling Potential is a deterministic nature node, and the states are shown in Table 39.
Table 39: States of the Ravelling Potential Node.

States Value - Percentage of Rock Load

High 5%
Medium 10%
Low 90%

In tension 100%

4.2.3.9 Rock Load

This node is based on Terzaghi’s work on determining the height of the mass of rock which
will tend to drop out of the roof of a tunnel, discussed in Section 2.4.4. Terzaghi’s original
work is based solely on how blocky and seamy a rock mass is, and the ranges for the rock
loads given are based on his expert judgement. The high value in each of the ranges
corresponds to wet or saturated rock mass conditions, but since groundwater is accounted
for later in the Ravelling expression (Section 4.2.3.10, Equation 23) the low (dry) value is
used for the purposes of this node. The span width and span height are both the diameter of
the tunnel, which is 5.73 m in the case of Kemano. This is a discrete nature node, and the
states are shown in Table 40. The states are based on the methodology described in Section
2.4.4.
Table 40: States of Rock Load node.

States Value

Massive to moderately jointed 0*5.73=0m
Moderately blocky rock 0.25*(5.73+45.73) =29 m
Very blocky to shattered rock 0.35* (5.73 +5.73) =4.0 m

The Rock Load is deterministic and therefore does not have a CPT.
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4.2.3.10 Depth of Ravelling

As discussed in Section 2.4.4, there has been little work done to delineate the precise
circumstances that result in ravelling, a gravity-driven failure mechanism. It is known that
important factors are: the tunnel span, degree of fracturing, joint infill and cohesion,
discontinuity shear strength, groundwater, imposed stress conditions, and strength of the
rock (Thapa, et al,, 2009; Goricki, 2013). These factors coalesce in a variety of ways to result
in ravelling, but much of this information is difficult to obtain prior to a tunnel’s excavation.
For the purposes of this thesis, and for input into the Kemano Bayesian Network, a
proportional approach was used to determine whether ravelling occurs, analogous to a
factor of safety calculation. Equation 23 was developed to define the depth of ravelling, Rp,

resulting from the coalescing of these factors.

Rock mass characteristics

1 .
Rp = Ravelling Potential * —_— * Rock Load Equation 23

Uo +Js +Jw)
Where the Ravelling Potential term represents whether the tangential stresses around the
tunnel are conducive to ravelling, /o is Joint Orientation, Js is Joint Shear Strength, and Jw is
Groundwater. Table 41 shows the breakdown of the rock mass characteristic parameters

used in the rock mass characteristics portion of this calculation.
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Table 41: Summary of rock mass characteristics used to calculate Ravelling, their states and values
used in the calculation.

Parameter

Joint
Orientation

o)

Joint Shear
Strength*
Js)
Groundwater

(Jw)

Weight

(/100)
12 Very favourable

States

Favourable
Fair
Unfavourable
Very
unfavourable
53 Low
Medium
High
26 Dry - 0 L/min
Damp - <10
L/min
Wet - 10 - 25
L/min
Dripping - 25 -
125 L/min
Flowing - >125
L/min

Original RMR
weighting

0

-2

-5
-10
-12

15
10

4

0

Scaled value used in
Ravelling calculation
21
18
9
4
0

0-17.54
17.54 - 35.08
35.08 - 53
26
17.33

12.13
6.93

0

* The value of Joint Shear Strength used in Ravelling calculation depends on values of Joint Infilling, Joint
Weathering and Joint Roughness, as described in Section 4.2.3.1.

The Rock Load term gives the resulting value of the ravelling expression a dimension in

metres, which reflects the depth of ravelling that can occur as a result of the stresses, rock

mass conditions, and geometry of the tunnel. The states of the Ravelling node are shown in

Table 42.

Table 42: States of the Ravelling Node.

States
None
Low

Range

0

0-0.5m

Medium 0.5-1m

High

>1m

The Conditional Probability Table for this node can be found in Appendix C: Conditional

Probability Tables. This table was populated using a point estimation method.
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4.2.3.11 Location of Ravelling

The location of ravelling is determined by the orientation of the major principal stress at a
given tunnel chainage. This orientation corresponds to where ravelling may occur. This is a
continuous nature node, and the states are shown in Table 43.

Table 43: States of Location of Ravelling Node.

States* Range
Right springline -90° to -75°
Right shoulder -75° to -25°
Crown -25°to +25°
Left shoulder +25°to +75°
Left shoulder +75° to +90°

* Definition of failure locations:

Crown
-25° 25°

Left shoulder Right shoulder

757 \ 7

Left springline Right springline
90° .

90

Looking upstream

The Conditional Probability Table for this node can be found in Appendix C: Conditional
Probability Tables.

4.2.3.12 Ground Class

The Ground Class prediction for a given tunnel chainage depends on the predicted depth of
spalling and ravelling. The possible consequences of the different combinations of these two
rock mass failure modes were based on site observations of the downstream portion the T2
tunnel. The severity of the failure and therefore the corresponding levels of ground support
are based on expert judgement and the final support design produced by Hatch for the
excavated half of the T2 tunnel (Hatch Ltd., May 2015). The possible states of the Ground

Class are summarized in Table 44.
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Table 44: States of Ground Class node.

States Ground Behaviour
Class I No failure
Class Ila Low to medium depth of spalling
Class IIb Low to medium depth of ravelling
Class Il Medium to high depth of spalling and/or ravelling
Class IV High depth of spalling and/or ravelling

This node is not driven by an empirical relationship nor populated from the Excel database
(see Section 4.2.1), but rather it relies completely on the Conditional Probability Table (CPT)
that was designed using expert judgement and previous work on the Kemano project (Table
45).
Table 45: Conditional Probability Table for the Ground class node.
Depth of Ravelling Depth of Spalling 1 Ila IIb II IV

None None 100 0 O O O
None Low 50 50 0 O O
None Medium 20 60 0 20 O
None Deep 0 20 0 40 40
Low None 50 0 50 0 O
Low Low 60 20 20 0 O
Low Medium 0 50 20 30 O
Low Deep 0 10 0 30 60
Medium None 20 0 50 30 O
Medium Low 0 20 40 40 O
Medium Medium 0 20 20 60 O
Medium Deep 0 10 10 30 50
Deep None 0 0 40 40 20
Deep Low 0 10 20 30 40
Deep Medium 0 0 0 40 60
Deep Deep 0 0 0 20 80

In general, the rock mass quality observed in the downstream T2 tunnel was good to very
good, with only localized areas of failure (Hatch Ltd., October 2015). For this reason is was

anticipated that approximately 50% of the tunnel would be unlined.
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4.3 Sensitivity Analysis

Netica has the ability to run a sensitivity of any node to the findings of any other node in the
network. This allows the user to determine which nodes are completely independent of each

other, and how much a finding at one node will likely change the beliefs at another.

Netica calculates three sensitivity measures.

e Mutual information is the expected reduction of entropy at the node of interest due to
a finding entered at another node (or itself). The value is 0 if the nodes are
independent of each other.

e Percent compares the reduction of entropy from the finding at a given node versus a
finding entered directly at the node of interest. The value is O if the nodes are
independent of each other.

e Variance of beliefs, the expected change squared of the beliefs at the node of interest
over all its states, due to a finding at another node. The value is 0 if the nodes are

independent of each other.

The sensitivity measures calculated pertaining to the Ground Class node are presented in
Table 46.

Table 46: Sensitivity analysis results for the Ground Class node.

Rank Node Mutual Information Percent Variance of Beliefs
1 o1 0.09945 4.92 0.0057116
2 03 0.06308 3.12 0.0057966
3 Joint Shear Strength 0.0409 2.02 0.0036961
4 Joint Infilling 0.01764 0.873 0.0016709
5 GSI 0.01076 0.532 0.0011286
6 Joint Weathering 0.00514 0.255 0.0005506
7 Joint Roughness 0.00325 0.161 0.0003536
8 UCS 0.00299 0.148 0.000254
9 Joint orientation 0.0013 0.0642 0.0000855
10 Rock type 0.00108 0.0532 0.0000765
11 Groundwater 0.00077 0.0379 0.0000508
12 Structure 0.00075 0.0372 0.000086

Aside from the immediate parents to Ground Class (omitted from this analysis), the major
principal stresses are the most sensitive parameters as they contribute to determining the

severity of the failure mechanisms. The minimum tangential stress (omin), which is calculated
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from Kirsch equations using the principal stresses, is important for the ground class
prediction because it is a highly sensitive parameter to the depth of ravelling. This is because
the value of omin determines the modification factor, Ravelling Potential, which is applied in

the Ravelling expression.

The other parameters significant to the ground class prediction can be divided into three

main categories: joint shear strength, rock strength, and structure.

The Joint Shear Strength, as well as Joint Infilling and GSI are the next most sensitive
parameters after the in situ stresses. These parameters are all associated with the condition
of the rock mass and how broken up it is. Their relatively high rank in sensitivity reaffirms
the notion that careful rock mass characterization is vital to the design of underground rock
support (Hoek & Brown, 1997). Joint Infilling, Weathering and Roughness are combined to
form Joint Shear Strength, which in turn is a major contributing factor in the Ravelling
expression. For this reason, the site investigations at Kemano for the detailed design phase
should focus on geological mapping of the conditions of the discontinuities. The high
sensitivity of the Joint Shear Strength to the Ground Class prediction indicates the
importance of delineating these parameters with a higher degree of confidence, resulting in

a more constrained prediction.

The Unconfined Compressive Strength (UCS) appears in the middle of the rankings in terms
of sensitivity. The UCS is an important input into the spall depth prediction. Although spalling
is not prevalent at Kemano, in terms of the BBN and a generic tunnel it is important to have
some valid UCS measurements along the tunnel alignment in order to constrain the spall

depth predictions.

Of the ultimate parent nodes, Structure is the least sensitive parameter. However, Structure
and Joint Shear Strength make up GSI, which is of high sensitivity to the ground class

predictions.
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Chapter 5. Scenario Analysis

For validation purposes, select locations along the T2 tunnel alighment were assessed using
the Bayesian Belief Network. Three locations along the excavated portion were chosen
where failure has occurred and been documented because photographs exist to verify the
network’s output. One location that has not been excavated was chosen as an exercise in

comparison to a similar chainage in the T1 tunnel.

5.1 Scenario 1 - Chainage 15+900

The first scenario is located at chainage 15+900, about 300 m from the 2600’ level portal,
next to the penstocks inside Mount DuBose. At this location, the rock is heavily veined and
the discontinuity surfaces are stained with oxidation. Initial support consisted only of spot
bolting. A small fall of ground occurred 10 years after construction, so during site
investigations in the summer of 2015 an A-frame was set up in order to allow the tunnel
inspection crew safe passage. Steel sets were installed after the fall of ground to add
additional support, however the timber lagging is now falling out which allowed more
material to displace. If the unstable nature of the rock mass had been identified at the time
of construction, and appropriate primary support was installed, it is possible that the rock
mass would not have raveled further to the state it is in now. Photographs of the tunnel at

this chainage are shown in Figure 43.
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Figure 43: Rock mass at chainage 15+900, showing the A-frame and condition of discontinuities
(Hatch, 2015).

Based on the photographs taken on site, as well as the results of the stress modelling and
data extracted from the project reports, appropriate input parameters were selected for use
in the BBN (Table 47).

Table 47: Inputs into BBN for Scenario 1.

Rock O1 o3 0 Structure Jinfill Jweather Jw Jorient
type (MPa) (MPa) (°)
Mortella 7 4 37 Very Soft, Moderately ry Unfav-
Pluton blocky >5mm  weathered ourable

When this data is input into the BBN, the Ground Class prediction is as shown in Table 48.
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Table 48: Ground Class prediction for Scenario 1.

Ground Class Probability

Class I 16%
Class Ila 1%
Class IIb 45%
Class 111 32%
Class IV 6%

The result from the network reflects the need for spot treatment at this location, but the
likelihood for needing shotcrete from 10 o’clock to 2 o’clock is a close second. The network
also predicts the location of ravelling failure correctly, in the right shoulder looking
upstream. If the support specifications for Class IIb (Section 6.2) had been installed initially,

the progressive failure might have been prevented.

5.2 Scenario 2 - Chainage 13+665

Scenario 2 is located at chainage 13+665, approximately 2.5 km from the 2600’ level portal.
The rock quality here is so good it was been described as being as smooth as the inside of the
barrel of a shotgun by the inspection crew. There are almost no visible discontinuities, and
the few that are visible are tightly healed with no infilling. No ground support has been
installed, with the exception of the occasional spot bolt. It is believed that these spot bolts
were installed as a precautionary measure, and upon closer inspection it becomes clear that
they were not necessary. The rock quality is so high here that there are visible grooves from

the cutter heads and marks from the TBM gripper pads on the walls (Figure 44).

Grooves from cutter head

\

Marks from gripper pads ——>

]
Looking west Left springline

Figure 44: Rock mass at chainage 13+665, showing the grooves and marks left by the TBM.
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As with Scenario 1, the input parameters for the BBN were obtained from the Excel database
populated from reports, the stress modelling, as well as photographs. These inputs are
shown in Table 49.

Table 49: Inputs into BBN for Scenario 2.

Rock O1 O3 0 Structure Jinfill Jweather Jw  Jorient
type (MPa) (MPa) (°)
Mortella 14 6 16 Intact. °" ' None Unweathered Dry Fair
Pluton Massive

When this data is input into the BBN, the Ground Class prediction is as shown in Table 50.
Table 50: Ground Class prediction for Scenario 2.

Ground Class Probability

Class 1 98.5%
Class Ila 0%
Class IIb 0.5%
Class 111 0.5%
Class 1V 0.5%

As was expected, the BBN is predicting that the tunnel can remain unlined at this chainage,
as no failure of any type is expected. The photographs taken during the site investigations in
2015 show that even though the tunnel has been dewatered since its construction 25 years

ago, it is in excellent condition.

5.3 Scenario 3 - Chainage 8+510

Scenario 3 is located at chainage 8+510 just before the junction with the Horetzky adit,
almost at the end of the completed downstream bore. A large fall of ground occurred here
during construction of the tunnel due to a combination of veining with weak infill and high
groundwater inflow, resulting in the installation of approximately 20 steel ribs. The rock
mass here is poor to very poor, and there is caving occurring in some locations behind the
ribs (Figure 45). A large volume of failed material has been failing progressively behind the
ribs, pushing out the timber lagging and resulting in increasingly larger caving. The high
groundwater inflow has washed out the failed material, as evidenced by the debris found in

the invert of the tunnel as much as 50 m away from the end of the ribs.
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Figure 45: Rock mass at chainage 8+510, showing caving behind the steel sets and the failed debris
in the invert.

The inputs for the BBN at this chainage are shown in Table 51.
Table 51: Inputs into BBN for Scenario 3.

Rock O1 O3 0  Structure Jinfi Jweather Jw Jorient
type  (MPa) (MPa) (°)
Gamsby Very Soft, . .
Group 6 2 58 blocky  >5mm Decomposed Flowing Fair

When this data is input into the BBN, the Ground Class prediction is as shown in Table 52.
Table 52: Ground Class prediction for Scenario 3.

Ground Class Probability

Class I 22%
Class Ila 1%
Class IIb 46%
Class 111 27%
Class IV 4%
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The network predicts the need for spot treatment for ravelling failure, and also has the ability
to show that a large depth of ravelling is the issue at this chainage (0.7 m) as opposed to
spalling (93% in the None state). The second highest ground class calls for springline to
springline shotcrete and mesh, which indicates that the potential failure is on the more
critical side and perhaps extra ground support is necessary. The slightly under conservative
prediction at this chainage indicates and opportunity to further fine-tune the network as part
of future work. Field observations confirm that progressive failure has resulted in ravelling
material from springline to springline over time. The network also shows that ravelling will

occur at the right shoulder, which is confirmed by the photos.

5.4 Scenario 4 - Chainage 4+700

The final scenario is located in the unexcavated portion of the T2 tunnel at 4+700, which is
approximately the same chainage as a known collapse in the T1 tunnel (Figure 46). This
collapse was cause by a large fault zone, and the cavern resulting from this failure is
approximately 10-20 ft (3-6 m) long, 40-50 ft (12-15 m) high, and 70-75 ft (21-23 m) wide
(Figure 47, Figure 48). The debris from the failed volume traveled as far as 100 m along the
tunnel before coming to rest. This section of tunnel is located in the Horetzky Dyke, and
where the rock mass has been described as being highly sheared and slightly altered in some
locations. The 3D stress modelling completed (see Section 3.2) indicates that the stress
regime at the onset of the upstream T2 bore will be the most challenging of the entire

excavation.
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Figure 46: Location of known collapse in T1 at chainage 150+00 ft, which is approximately 4+700 m in T2 (HMM, 2010).
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Figure 47: Failure located near chainage 4+700 in the T1 tunnel caused by unstable fault material
(HMM, 2010).
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Figure 48: Cross section of caving at location of T1 tunnel failure (HMM, 2010).
The inputs for the BBN at this chainage are shown in Table 53.
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Table 53: Inputs into BBN for Scenario 4.

Rock o1 g3 0 Structure Jinfill Jweather Jw Jorient
type  (MPa) (MPa) (°)

Horetzky 12 4 -78 Very Soft, Slightly  Dry Unknown
Dyke blocky >5mm weathered

When this data is input into the BBN, the Ground Class prediction is as shown in Table 54.

Table 54: Ground Class prediction for Scenario 4.

Ground Class Probability

Class 1 1%
Class Ila 1%
Class IIb 13%
Class 111 28%
Class IV 57%

The network predicts the need for full perimeter support with the possibility of installing

steel sets, resulting from both a deep depth of spalling (> 0.5 m) in the crown as well as a

deep depth of ravelling (5 m). This prediction coincides with the results of the 3D stress

modelling, as well as with a major collapse at a similar chainage in the parallel T1 tunnel. In

particular, the extreme depth of ravelling coincides with what has been called an “ice cream

cone failure” at a similar chainage in T1, which is known to be progressively caving (ITASCA,

2015).
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Chapter 6. Results
6.1 Ground Class

The ground class predictions along the T2 tunnel were made in 25 m increments using the
Bayesian Belief Network described in Section 4.2.1 and using the Kemano specific database,
included in Appendix D: Kemano Specific Database. Topography has a notable effect of the
boundary stresses along the T2 alignment (see Section 2.4). This was verified by the 3D
models, and has implications for the ground class and required support along the tunnel. In
addition to the imposed state of stress, rock mass quality was an important factor that made
the difference between stable or unstable rock mass. The poor rock mass quality in some
areas can be attributed to weak discontinuity infilling, as well as fault zones and associated

shears.

The results of the ground class prediction were plotted on a composite of drawings originally
created by Hatch (Figure 49). This drawing includes an abundance of additional data that
may be used to validate the predictions made. The original drawing for the downstream T2
(Hatch Ltd., 2015) includes information on the lithology, the shear and fault locations, the
water inflow intensity, the areas of historic overstress and collapses, the original temporary
support installed, as well as the recommendations made as a result of the 2015 site
investigations of the excavated half of the tunnel. There is no similar drawing of the upstream
part of T2, as it has not been excavated yet, but there is a full profile drawing of the full T1
tunnel profile (HMM, 2010). It includes locations of faults and shears on a larger scale, the
original installed support and the repairs that were made in 1961 after some major collapses.
As the T1 and T2 tunnels are only 300 m apart, the assumption was made that the locations

of significant geological features could be laterally extrapolated from one tunnel to the other.

All of this data was plotted with the most probable and second most probable ground classes
predicted by the Kemano BBN. The second most probable ground class was only plotted if it
was within 20% of the most probable prediction, to illustrate how close the difference
between the predictions was. An example of this can be seen at chainage 15+600, where the
most pr