
SHALLOW URBAN TUNNELLING THROUGH HETEROGENEOUS 
ROCKMASSES: 

PRACTICAL EXPERIENCE FROM SMALL SCALE TUNNELS IN 
CALGARY, ALBERTA 

AND THE INFLUENCE OF ROCKMASS LAYERING ON 
EXCAVATION STABILITY AND SUPPORT DESIGN 

 

 

by 

 

Anna M. Crockford 

 

 

 

A thesis submitted to the Department of Geological Sciences & Geological Engineering 

In conformity with the requirements for 

the degree of Master of Applied Science 

 

 

 

Queen’s University 

Kingston, Ontario, Canada 

(September, 2012) 

 

Copyright ©Anna M. Crockford, 2012 



ii 

 

Abstract 

Shallow excavations through variable rockmasses in urban centers present significant design 

challenges, whether considering small diameter tunnels for utilities or large span underground 

caverns. In designing shallow excavations in urban environs, it is especially critical to minimize 

the impact of the excavation on surface.  

 In small diameter projects, minimal surface disturbance is often achieved by the 

employment of TBMs as the excavation method. While reducing the risk of surface subsidence 

due to displacements in front of the face, TBM progress is sensitive to variable ground conditions 

and the TBM design must be appropriately matched to the expected geology. Sufficient 

understanding of the geology and development of geological models are critical in the selection 

of an appropriate TBM and cutting tools. In this study, recent projects in Calgary, AB are used to 

highlight the challenges faced with using TBMs through sedimentary rock with distinct, variable 

units. 

 In larger scale projects, long term excavation stability is critical in the reduction of 

surface disturbance.  Due to the low confining stresses, structural failure is often the primary 

failure mode in shallow excavations, especially within fractured, heterogeneous rockmasses. In 

these cases, numerical methods are often used in excavation design. The ability of numerical 

methods to capture the expected failure modes of shallow excavations through layered 

rockmasses is explored, with an emphasis placed on the ability of support elements to reduce 

shear slip for increased stability. Passive bolt models are analysed using both 2D and 3D 

numerical models to adequately capture the behaviour of a passive support system in shear. The 

shortcomings of some current support models are discussed, and modifications are suggested. 
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Chapter 1 

Introduction & Overview 

1.1 Project Motivation 

Pressure in urban settings to adapt to increasing populations exists both on amenities such as 

water and sewage utilities, but also on local and regional transit systems. With encroaching 

structures above ground and limited space for service expansions, many cities are looking to 

develop more infrastructure underground.  

Underground developments allow cities to optimize land use and minimize construction 

related disturbances to traffic, the environment and commercial pursuits. However, this drive to 

develop underground means that there is less ability to select sites based on preferential site 

conditions (geology, site access, etc) and depends significantly on the project objectives and the 

limits of encroaching structures. As a result, developments through challenging geomaterials are 

becoming increasingly common. This thesis focuses on the challenges faced in developing 

shallow tunnels through laminated or layered ground, such as sedimentary rockmasses. 

Urban underground developments are typically designed at shallow depths so as to 

improve accessibility and reduce excess excavation. With shallow excavations, unique challenges 

are presented by the low stress environments which magnify the influence of structure on the 

stability of an excavation. In shallow urban environments, deformation control is paramount. 
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1.2 Project Overview 

This thesis focuses on the implications of layered rockmasses on shallow excavations in urban 

environments. Two scales of excavation are considered within this study: the challenges faced in 

mechanized micro-tunnelling (less than 3 m diameter) and in large scale tunnel and cavern 

design. 

The first purpose of the study was the review of fundamentals in rock engineering and 

mechanized tunnelling within the context of shallow small diameter tunnels through variable 

ground. Several case histories are presented from recent works in the City of Calgary which are 

used to identify common challenges and suggest improvements for future work. 

The second topic of study within this thesis is the impact of layered ground on excavation 

and support design for large span openings with particular focus on numerical methods. Review 

of current numerical methods, excavation mechanics and support systems form the foundation for 

a detailed study of the mechanics of passive support systems for use in shallow excavations. The 

response of passive support systems to shear loading, in particular, was studied, with respect to 

the ability of two-dimensional numerical simulations to capture the complete system response. 

1.3 Thesis Format 

This thesis has been structured in the traditional thesis format, and follows the guidelines 

established by the School of Graduate Studies at Queen’s University, Kingston, Ontario, Canada.  

Chapter Two consists of a literature review of topics pertaining to geomechanical design 

of small scale tunnels through sedimentary rock, Chapter Three presents a literature review of 

full-faced mechanical excavation method with a particular focus on small scale tunnel boring 
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machines for use in sedimentary rock, while Chapter Four presents recent experience of small 

scale tunnelling in Calgary, AB.  

Chapter Five provides a review of literature pertaining to design of large scale tunnels 

and caverns with particular focus on shallow applications through laminated ground. Chapter Six 

presents the author’s analysis of challenges faced when applying current numerical methods and 

features provided within available software. Chapter Seven presents the in depth analysis of the 

response of varying passive bolt models to shear loading.  A discussion of the principal findings 

of this research is presented in Chapter Eight, as well as conclusions and recommendations for 

future work. 

1.4 Summary of Findings 

The major findings of this thesis are summarized in the following sections. 

1.4.1 Examination of Challenges of Micro-tunnelling Through Variable Sedimentary 

Ground 

Recent small diameter tunnelling projects through sedimentary rock in Calgary, Alberta provide 

insight into the expected challenges faced in mechanized tunnel excavations through variable 

ground. The review of the case histories includes detailed reviews of geology of the area, 

expected conditions, project details and construction performance. From the review it was then 

possible to determine whether the appropriate tunnel design and excavation method were 

selected, the primary sources of delays and to make recommendations for future works in the 

region. 
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1.4.2 Investigation of the Use of Numerical Methods for Layered Ground 

For larger scale tunnelling projects, numerical methods are often employed in order to understand 

the material mechanics for a given excavation at early design stages. Typical geomechanics 

programs will employ continuum methods which use several assumptions to replicate the material 

behaviour. An analysis of deformation behaviour was performed in order to gauge the ability of 

the continuum methods to capture the mechanics of heterogeneous materials at shallow depths 

and several method limitations were established. Options for mitigation of numerical method 

limitations were explored. 

1.4.3 Development of a Three-Dimensional Numerical Shear Block Model 

The use of passive support systems in shallow excavation designs was analysed using numerical 

methods with a focus on the system’s capacity to reduce shear displacement along discontinuities. 

A three-dimensional (3D), four material, direct shear block test was modelled using a finite 

difference method code. The 3D model was developed to replicate a steel rod installed through 

two blocks of rock and secured in place by a grout annulus. The response of the support system 

was recorded for the model while subjected to shear loading. Stresses and forces acting on the 

bolt were monitored throughout the analysis and correlated well with the physical results found in 

previous studies. The block model was modified in order to explore the influence of installation 

conditions on the load response of the system. Optimal installation parameters were determined, 

while also exploring numerical limitations. 
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1.4.4 Verification of Current Support Representations in Numerical Software 

The ultimate goal of the shear bolt study was to assess the ability of two-dimensional (2D) bolt 

models to capture the behaviour of passive bolts under shear loading. The bolt models used in 2D 

numerical codes are developed to simulate the interaction of support systems and a rockmass, 

although several numerical simplifications are often required in order to include 3D material in 

the 2D model. Through using the 3D block model, the response of the 2D system was verified 

and shortcomings identified. Suggested modifications to the bolt models were made in order to 

more accurately represent a passive bolt in shear. 
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Chapter 2 

Review: Rock Engineering Characterization for Shallow Excavations 

A unique challenge of geotechnical engineering, geomechanical engineering and engineering 

geology is that the material used for the design of underground space is not selected; it is set as 

soon as the site has been selected. The in-situ rock properties are fixed, however, the stress 

conditions and behaviour of the rockmass may vary substantially with excavation. It is the role of 

the engineer to predict this alteration in in situ conditions and mitigate deformation by skilled 

excavation and support design. An ideal excavation design is one where minimal disturbance is 

made to the surrounding rockmass and as little external material is added to the system; using the 

rock itself as the principal structural medium (Bieniawski, 1984).  

The fixed material challenge is mitigated by developing a better understanding of the 

rockmass. A rockmass consists of all characteristics which define a rock’s behaviour at a given 

scale: the lithology or lithologies (material strength, stiffness, isotropy, etc.), discontinuities 

(frequency, spacing, persistence and condition), alterations (mineral and weathering) and stress 

history to name a few. The influence of scale on the definition of the important rockmass 

characteristics and their effect is depicted in Figure 2-1.  

The influence of each characteristic on the whole system is a complex interaction, and to 

complicate things further, many of the characteristics of a rockmass are difficult to measure or 

assess. Investigations of the subsurface often provide small scale observations, which are a 

spatially incomplete representation of the rockmass conditions. Relative to the project scale, these 

observations are often one-dimensional (boreholes) and do not adequately capture the structure 
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2.1 Rock Engineering Design Tools 

In order to better predict the behaviour of the geomaterials during and post excavation, certain 

design tools have been developed for use in rock engineering. These include the formulation of a 

geological and geotechnical model from site investigation as well as the application of empirical 

classification tools. 

2.1.1 Site Investigation 

A site investigation provides the means through which geological, geomorphological and/or 

geotechnical information is acquired in order to develop a model of the subsurface. A geological 

or geotechnical model provides a multi-dimensional picture of the subsurface conditions for a 

given site. The basis for any tunnel or underground works design hinges on a detailed and 

accurate geological and geotechnical model (Fookes, 1997; Hoek & Palmeiri, 1998; Knill, 2003; 

Baynes, 2010). 

2.1.1.1 Phase I - Preliminary Site Review 

A desk study is performed at the onset of a site investigation, in order to gather information 

pertaining to the expected ground conditions, to identify likely problems the ground conditions 

may pose to the project and to enable the development of a strategic site investigation plan. A 

desk study provides invaluable information pertaining to site conditions, previous experiences 

and land use, at a minimal cost (Hoek & Palmeiri, 1998; Hoek, 1999). A thorough desk study will 

also allow for a more focused field investigation which lowers overall site investigation costs 

(Clayton et al., 1995).  



 

9 

 

A Phase I review should include the review of all published data for the region: 

geological, topographical, hydrogeological and land-use. Review of previous works in the region 

as well as existing laboratory and field testing data provides local insight into the geotechnical 

behaviour of the subsurface. Local experience may also provide insight into the predictability of 

conditions, the ability for subsurface data correlation and the minimum amount of additional 

ground investigation required to develop the complete model (Fookes, 1997). 

The review should identify regional trends and areas of interest/concern for a site. A site 

walk-over is often conducted at the preliminary stages of a site investigation, in order to better 

gauge potential challenges to the field investigation (ex. access) and verify questions developed 

during the desk review (Clayton et al., 1995). 

2.1.1.2 Phase II - Subsurface Investigation 

The Phase II subsurface investigation is used to substantiate the initial ground model developed 

during the desk review. Subsurface investigations involve direct (drilling & test pitting) and/or 

indirect methods (geophysical methods).  

Direct ground investigations in conjunction with field testing and subsequent laboratory 

testing constitute most of the subsurface investigation scheme (Clayton et al.,1995). It has 

previously been suggested that for every metre of tunnel alignment, at least 1.5 m of exploratory 

boring is required for an adequate site investigation (Bieniawski, 1989). Boring methods for 

shallow rock tunnels include augering and sampling of surficial soils for shaft excavation design 

and the coring of bedrock.  

Rock coring provides a one-dimensional profile of the subsurface, which under 

appropriate circumstances may be correlated with additional nearby boreholes in order to develop 
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For shallow urban tunnelling projects, geophysical methods may be used to locate top of 

bedrock, determine bedrock topography, identify potential voids or installations along the 

proposed alignment and identify geological contacts if conditions permit (Clayton et al., 1995). 

Commonly applied geophysical techniques include seismic refraction and ground penetrating 

radar surveys (Hoek, 2007). Geophysical methods are often used together with a drilling scheme, 

in order to allow for more precise interpolation between boreholes (Knill, 2003). 

Laboratory testing schemes vary depending on the lithology and core quality retrieved. 

Common properties examined during a laboratory investigation include: intact compressive 

strength, deformability and degradability. Unconfined compressive strength (UCS) tests and point 

load index tests are regularly used for the determination of intact material strength (σci), while 

abrasivity tests are used to assess the material “hardness” for the determination of appropriate 

mechanical excavation tools. In the case of sedimentary rock units, swelling and slaking tests may 

be performed in order to quantify the behaviour of the rock when exposed to water and/or air.  

2.1.2 Rockmass Classification Systems 

Although site investigation programs provide insights into what rock units are present at a site 

and their corresponding testable properties, the behaviour of the rockmass during excavation is 

not certain and will not be until completion of the project. As a means of lessening the uncertainty 

of the rockmass behaviour, it is common practice in engineering design to use various 

classification systems in order to predict the rockmass behavior. Classification systems are 

empirical correlations between various quantifiable rockmass properties and the observed 

mechanical behavior during excavations. Many classification systems have been developed since 

the mid-twentieth century, with the three most widely used systems being: Rockmass Rating 
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(Bieniawski, 1973); Rock Tunnelling Quality Index (Barton et al., 1974); and Geological 

Strength Index (Hoek et al., 1992).  

When applying empirical systems to a given project, it is imperative that the systems are 

being applied in conditions for which they were developed (Bieniawski, 1989). A classification 

system loses pertinence and reliability when applied in a field for which it is not designed, or 

when it is applied to a site with conditions which were not analysed in the empirical development 

of the system (Hoek, 2007). By reviewing the development and source of the classification 

system’s empirical data, the relevance of a given system can be determined for a given project.  

2.1.2.1 Rock Mass Rating System 

The Rock Mass Rating (RMR) system, otherwise referred to as the Geomechanics Classification 

system, was developed by Bieniawski for tunnelling applications in 1973. Since then, many 

amendments have been made by Bieniawski and other authors in order to apply the RMR system 

in other geomechnical fields such as mining, slopes, and dam foundations. Along with the 

alternative applications, the RMR system benefitted from the inclusion of numerous additional 

case studies which enabled the author to refine the system further, to become the system which is 

commonly applied today.  The system initially used 49 case histories for the formulation of the 

system, adding 62 coal mining cases in 1984, and 78 tunnelling and mining cases in 1987.  By the 

time of the release of the revised RMR in 1989, the system had been applied to 351 cases. A 

distribution of applications, rock types, span ranges, depth ranges and RMR ratings are shown in 

Figure 2-3 (Bieniawski, 1989). 
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The RMR system uses six parameters characterized during the site investigation process 

in order to classify the rockmass. The six parameters are the unconfined compressive strength of 

the rock, RQD, the spacing of discontinuities, the condition of discontinuities, the groundwater 

conditions, and the orientation of discontinuities. The parameters are assigned values using 

Bieniawski’s RMR chart shown in Table 2-1, and appropriate RMR values for each parameter 

(Section A and B of the chart) are selected and summed. The summed value may then be assigned 

a rockmass class (Section C of the chart), which then may be used to determine the average stand-

up time, the cohesion of the rockmass, and the friction angle of the rockmass. From the 

classification of the rockmass, the author provides suggested support options for a 10 m span drill 

and blast tunnel, as shown in Table 2-2. (Bieniawski, 1989) 

2.1.2.2 Rock Tunnelling Quality Index 

The Rock Tunnelling Quality Index, more commonly known as the Q-System, was developed to 

quantitatively classify a rockmass in order to facilitate the design of a tunnel support system. The 

system was developed by Barton, Lien and Lunde while at the Norwegian Geotechnical Institute, 

using approximately 200 case histories (Barton et al, 1974). The case histories are predominantly 

sourced from Scandinavian projects in hard rock conditions with 13 types of igneous rock, 26 

type of metamorphic rock and 11 types of sedimentary rock. Of the 212 cases, 21 of the cases 

were within gneiss, and 48 of the cases were within granite (Barton, 1988). The Q-system has 

since been adapted from a drill and blast tunnelling tool for use in TBM tunnels (Barton & 

Abrahao, 2003). The Q-system has also been used as the basis for several additional classification 

systems, for example the development of an excavatability classification (Kirsten, 1988). 
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Table 2-2: Guidelines for Excavation and Support of Rock Tunnels in Accordance with the 
Rock Mass Rating System* (Bieniawski, 1989) 

Rockmass 
class 

Excavation 
Rock bolts (20 
mm diameter, 
fully grouted) 

Shotcrete Steel sets 

I - Very good 
rock 
RMR: 81-100 

Full face, 3 m advance. Generally no support required except spot bolting. 

II - Good rock 
RMR: 61-80 

Full face, 1-1.5 m advance.  
Complete support 20 m 
from face. 

Locally, bolts in 
crown 3 m long, 
spaced 2.5 m with 
occasional wire 
mesh. 

50 mm in 
crown where 
required. 

None. 

III - Fair rock 
RMR: 41-60 

Top heading and bench, 
1.5-3 m advance in top 
heading.  
Commence support after 
each blast.  
Complete support 10 m 
from face. 

Systematic bolts 4 
m long, spaced 
1.5 - 2 m in crown 
and walls with 
wire mesh in 
crown. 

50-100 mm 
in crown and 
30 mm in 
sides. 

None. 

IV - Poor rock 
RMR: 21-40 

Top heading and bench, 
1.0-1.5 m advance in top 
heading.  
Install support concurrently 
with excavation, 10 m from 
face. 

Systematic bolts 
4-5 m long, 
spaced 1-1.5 m in 
crown and walls 
with wire mesh. 

100-150 mm 
in crown and 
100 mm in 
sides. 

Light to medium 
ribs spaced 1.5 m 
where required. 

V – Very poor 
rock 
RMR: < 20 

Multiple drifts 0.5-1.5 m 
advance in top heading. 
Install support concurrently 
with excavation.  
Shotcrete as soon as 
possible after blasting. 

Systematic bolts 
5-6 m long, 
spaced 1-1.5 m in 
crown and walls 
with wire mesh. 
Bolt invert. 

150-200 mm 
in crown, 
150 mm in 
sides, and 50 
mm on face. 

Medium to heavy 
ribs spaced 
0.75 m with steel 
lagging and 
forepoling if 
required.  
Close invert. 

*Shape: horseshoe; width: 10 m; vertical stress: <25 MPa; construction: drilling and blasting 
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Similar to the RMR system, the Q-System uses six parameters characterized during the 

site investigation process in order to classify the rockmass. The six parameters are the RQD, the 

joint set number, unfavourable joint conditions (roughness and alteration), water inflow and the 

stress condition. The six parameters are assigned numerical values based on field observations, 

whether outcrop or core log, using Table 2-3 shown below (Barton et al., 1974). 

The six parameters are grouped into three quotients, where the product is the Q-Index: 

	     [2-1] 

With the Q-system, a rockmass quality will rate on a logarithmic scale where each order 

of magnitude represents a class of rock quality. With two additional parameters, excavation span 

and type, the rock quality class can provide the suggested support requirements using Figure 2-4. 

Where the excavation type is represented by the excavation support ratio (ESR) as determined by 

Table 2-4 (Hoek, 2007). 
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rockmass properties; to capture the influence of structure within a rockmass on the strength of the 

intact material.  

The index was developed out of a need for a quantifiable characterization of the rockmass 

for use in the Hoek-Brown failure criterion. Initial works attempted the use of existing systems 

such as RMR, but found that the systems were not appropriate for weak rockmasses due to their 

dependence on RQD, where in such rocks RQD approaches zero (Marinos et al., 2005). GSI was 

developed to emphasize rockmass characteristics such as lithology, structure and discontinuity 

surface conditions. It was developed for use in the Hoek-Brown failure criterion for hard rock 

cases in Canada (Hoek et al., 1992); work which was further refined in the late nineties (Hoek, 

1994; Hoek et al., 1995; Hoek & Brown , 1997). It wasn’t until 1998 that the system was 

expanded to apply to weak rockmasses from extensive tunnelling work through challenging 

ground in Greece (Hoek et al., 1998; Marinos & Hoek, 2000; 2001). 

The GSI of a rockmass is determined through the use of one of several GSI charts, with 

the general chart for jointed rocks shown in Figure 2-5. Charts associate the rockmass structure 

and the discontinuity conditions for a rockmass in order to determine the influence of the 

structure on the rockmass by assigning an index value. A high GSI implies that the structure 

degrades the rockmass little from measured intact properties; whereas a small GSI value indicates 

the structure largely influences the rockmass strength and intact values are not representative. It is 

highly recommended by the authors that a range of values be selected to represent a rockmass, 

and not one individual value (Marinos et al., 2005).  
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 As mentioned, GSI was adapted to apply to weaker rockmasses using case histories from 

Greece. The modifications are typified by the development of the flysch and mollasse GSI charts 

(Marinos & Hoek, 2001; Hoek et al, 2005). The flysch chart, Figure 2-6, is designed for weak 

heterogeneous rockmasses which have evidence of tectonic fatigue or shear loading; whereas 

mollasse charts are designed for similarly weak heterogeneous rockmasses with no tectonic 

disturbance. GSI charts for mollasse are subdivided into confined or unconfined applications, 

Figure 2-7and Figure 2-8 respectively. The flysch and mollasse charts were designed with 

specific units and behaviour in mind, and should not be more broadly applied.  

GSI does not directly provide information as to the required support for a given rockmass 

or information pertaining directly to failure modes for an excavation. Instead, it provides 

engineers with a means of quantifying the effect of structure on the competency of a rockmass for 

input into numerical methods (Marinos et al., 2005). 
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the geological conditions to an appropriate scale for the profile spacing. If the geological setting 

is not adequately defined in the data interpretation stage, or borehole correlation is assumed to be 

direct, inaccurate geological sections may result, as shown in Figure 2-9. 

Geotechnical boreholes are required for each tunnel project site, as mentioned previously 

with a suggested 1.5 m of borehole for every metre of tunnel alignment. In cases of 

heterogeneous rockmass, a balance between increased site investigation and increased flexibility 

in the design must be met in order to develop an appropriate geological model. An increased 

borehole density at a site can often reach a threshold, after which the value added by each 

borehole is minimal in comparison with associated costs.  

In cases where a rockmass material is prominently heterogeneous at a small scale, it is 

often not possible to correlate regularly spaced drill core profiles, as depicted in the case in Figure 

2-9. In these cases, the construction of geological sections is not reasonable, however site 

conditions encountered based on other investigations and projects as well as local geological 

trends may be used to develop a rough model for rockmass conditions and the expected 

variability. The expected variability on site should then be considered in the design of the 

excavation and support methods. 
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2.2.2 Laboratory Testing 

Due to the heterogeneity of sedimentary sequences, accurate estimates of rock types and material 

behavior are often difficult to obtain. Due to stratigraphy and lateral facies change, strength and 

behavior of the material can vary significantly as a function of grain size, type and degree of 

cementation and lithification as well as the alteration of the material from weathering processes. 

As a result, rocks classified as the same lithology are not guaranteed to behave similarly, and a 

wide spread in geotechnical properties is common. 

Weak mudrocks present further challenges as geotechnical testing is typically designed 

for competent rock or non-fractured soil units. Fine-grained units, especially those with high clay 

content, are often found to be extremely fractured units in situ, in part due to coring methods 

and/or due to time-dependent behavior of the rock (slaking and/or swelling).  

The unconfined compressive strength test determines the intact rock strength of rock 

units as the level of compressive stress acting on an intact core sample when the material is 

brought to failure (ie. when a fracture(s) is induced through the intact material). Standard testing 

procedure requires a core sample of completely intact rock with a sample length to diameter ratio 

between 2.0:1 and 2.5:1 (ASTM Int’l, 2008). Because of the high fracture density within the fine-

grained units, it is often difficult to find a completely intact piece of core adequate for UCS 

testing. As a result, point load tests are more common for the weaker units, as a smaller sample 

size is required for strength testing. 

Point load index tests (PLT) are a form of indirect tensile strength testing for which a 

concentrated load is applied to the rock sample. The Point Load strength, I, is calculated using 
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Equation 2-1 where P is the load required to fracture the sample and De
2 represents the equivalent 

core area (ISRM, 1985).  

      [2-1] 

Loading of the sample is applied either along the core axis (axial) or perpendicular to the 

core’s axis (diametral), and the equivalent core area is calculated to represent the cross sectional 

area of the plane on which the load acts. For axial tests: 

     [2-2] 

where D is the distance between loading points and W is the width of the sample perpendicular to 

loading. For diametral tests: 

     [2-3] 

The index test method assumes that no displacement occurs at the location loading prior 

to fracture; though while testing weak units it is not uncommon for the load locations to depress 

partially into the unit prior to fracture, invalidating results (Hoek et al., 2005). Unfortunately, 

unfavourable sample behaviour during testing is often not noted, which means that invalid results 

are typically recorded as valid.  

As sample size in point load tests can vary significantly, a size-correction is often applied 

to the measured point load index. The size-correction extrapolates the tested strength (I) of a 

sample to a representative strength index of a sample if the sample height were 50 mm (I50). From 

the size-corrected index values, the results are often assigned an equivalent UCS value using the 

relationship: 

      [2-4] 
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where K is the correlation factor which typically ranges from 20-25, with 24 often quoted as the 

“standard” relationship (ISRM, 1985; Bieniawski, 1975). 

Studies have indicated that a “standard” relationship is not appropriate, as the correlation 

between tensile and compressive strength is dependent on material stiffness and therefore not 

common to all rock types. This standard relationship is especially inappropriate in the case of 

weaker rock units (such as mudstones) where the high correlation factor will result in an 

overestimation of material strength. Correlation factor values ranging from less than 10 to 20 

have been suggested in the case of rocks weaker than 25 MPa (Bowden et al., 1998). The 

uncertainty of the correlation between PLT results and UCS increases the challenge of adequately 

determining appropriate material properties for the weaker fine-grained layers within sedimentary 

sequences. 

2.2.3 Classification Systems 

Although the use of classification systems in tunnel design is common practice, it is crucial to 

review the ground conditions and project details in order to determine the applicability of each 

system to a given site. The most commonly used classification systems were not developed for 

small scale TBM tunnelling through heterogeneous rock, which is the primary application 

considered in Chapter 4 (Bieniawski, 1989; Barton et al., 1974; Hoek, 2007). As previously 

mentioned, the Q-system has been adapted for use in TBM tunnels, however the empirical data 

does not extend to tectonically undisturbed heterogeneous ground (Barton & Abrahao, 2003). 

The major constraint with the application of these tools for predicting TBM performance 

through heterogeneous ground is that an averaging of the rockmass behavior will not capture the 

true behavior of the rock units. It is the extremes of the behavior which will dictate the ability of 
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the TBM to excavate the face, directly affecting the advance rate through the medium. In certain 

rockmass conditions, the bedrock can be varied within the face of the excavation, as well as along 

the length of the tunnel. In the case of highly variable sedimentary units, for instance, the 

expected rockmass properties can range from competent sandstone and siltstone units which can 

be strong enough to cause wear to the main bearing (rotation point for the cutterhead), to weak 

mudstones which can degrade to soil-like behavior which can clog up the cutters themselves. 

Both of these properties may be present in the face with the resulting behavior being different 

than the homogenized behavior predicted by classification systems.  

In the case of GSI, throughout the development of the system, sedimentary sequences 

were often excluded from application due to prevalent controlling structures (Marinos et al., 

2005). However, a further extension of the system for the case of tectonically undisturbed, 

lithologically varied sedimentary rock, molasse, was developed (Hoek et al. 2005). The molasse 

rock type refers to a rock composed of Alp origin sediments which were deposited in a basin 

behind the mountain chain which are undisturbed by the corresponding orogeny. The term is 

common in Alps, and is associated with material that behaves similarly, whether in Switzerland 

or Greece. The challenge becomes the adoption of the system for cases of variable sedimentary 

rocks outside of the two highlighted zones, M1 and M2 in Figure 2-7 for tunnels, yet that appear 

in the M3-M7 descriptions in Figure 2-8 which is not designed for use in tunnels. An approximate 

GSI value may be applied, using the descriptors of structure and surface conditions in Figure 2-7, 

though descriptions may not completely capture the material conditions. As structure is often 

unique for each lithology present in the sequence, an “average” GSI is not recommended, instead 

rock type specific GSI is suggested. 
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Chapter 3 

Review: Full-faced Mechanical Excavation Methods for Tunnelling1 

In urban environments, trenchless development of underground space is favoured for utility 

expansion as well as service upgrades as this approach minimizes the project footprint on surface. 

With a reduced construction footprint, construction related disturbances to traffic, the 

environment and commercial pursuits are minimized. Although trenchless methods are preferred, 

they are not without unique challenges. It is not uncommon in urban settings for tunnelling 

projects to pass near to settlement sensitive structures (sample case shown in Figure 3-1). As a 

result, excavation designs must strive for minimal ground surface displacements.  

Tunnel boring machines (TBMs) are full faced machines which use an arrangement of 

cutters and/or scrapers to break and excavate through rock and soil units. The choice to use TBMs 

during a tunnelling project is often linked to the length of the tunnel drive and the re-usability of 

the TBM upon completion (Barla & Pelizza, 2000). Large diameter projects often require a 

specially designed TBM for the project which typically limits the re-usability of the machine. 

However, for small diameter tunnels, contractors can often use refurbished machines as long as 

the cutterhead is either new or the correct arrangement for the expected materials (Girmscheid & 

Schexnayder, 2003). Small diameter tunnel boring machines are commonly used in urban settings 

as they can reduce the risk of subsidence by allowing less initial deformation in advance of the 

tunnel face.   

 

                                                      

1 Included in part in the conference paper by Crockford, Diederichs & Heinz (2011)  
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The most common rock tunnelling machines are: unshielded (open), single shield, and 

double shield. Unshielded TBMs are used in “stable” ground conditions with primary support 

systems using rock bolts, shotcrete, steel sets, etc. Single shield TBMs are suited to soil or weak 

rock, where support is necessary almost immediately after excavation. Double shield TBMs are 

used in homogeneous ground ranging from poor to very good rock. The double shield can support 

immediately behind the machine similar to the single shield TBM, but also allows for continual 

work cycles without immediate support in good ground conditions (Girmscheid & Schexnayder, 

2003; ITA Working Group 14, 2000). A schematic depicting the applicability of various machine 

types to expected ground conditions is shown in Figure 3-2. 

The most common soft-ground tunnelling machines are earth pressure balance machines 

(EPBM) and slurry shield. Both soft-ground TBMs exert a positive pressure in order to support 

the face. In the case of EPBMs, natural soil and water pressure exerted at the face is 

counterbalanced by an equivalent pressure exerted by the excavated soil (spoil, muck) contained 

in the working chamber immediately behind the cutterhead (Yang, et al., 2009; Anagnostou and 

Kovari, 1996).  Pressure in the excavation chamber is controlled at the face by adjusting the speed 

of the screw conveyor (i.e. rate of spoil removal) and the thrust/advancement of the machine 

(Merritt and Mair, 2006; Yang, et al., 2009).  
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In the case of the slurry shield machines, rather than using excavated material to provide 

pressure, a slurry is pumped into the working chamber to maintain a positive pressure on the face.  

The slurry typically consists of a water and bentonite mixture that penetrates and coats the coarser 

grained material forming an impervious layer, or filter cake, in front of the TBM (Babendererde, 

1991).  The filter cake effectively seals the face, allowing the TBM to maintain the positive 

pressure on the previously permeable material with the liquid slurry (Anagnostou and Kovari, 

1994).  As the TBM progresses, the excavated material mixes with the slurry in the working 

chamber and the muck is removed from the face by a pipe at the bottom of the chamber.   

Maintaining the constant pressure at the face of the slurry TBM involves controlling the 

inflowing slurry pressure and outflowing muck removal (Babendererde, 1991).  

EPBMs are mostly used in clay and silty soil or soft rockmasses and are able to excavate 

in saturated ground. Slurry shield machines, on the other hand, are typically used in sandy and 

gravelly soils or soft rockmasses, often with significant groundwater pressures as the filter cake 

reduces the inflow of the water into the working tunnel (Babendererde et al., 2004). 

3.2 Machine Selection 

Tunnel boring machine selection is based predominantly on the geotechnical behaviour of the 

material through which the tunnel will be driven and the diameter of the tunnel. The lithology, 

strength and quality of the rockmass are large factors in TBM selection, as are the overall ground 

water conditions and in situ stresses along the alignment (Girmscheid & Schexnayder, 2003). 

In homogeneous soils or rock, it is fairly simple to select the appropriate TBM type as 

long as the material properties have been adequately established. When non-uniform rockmasses 
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are within the scope of the project, classification systems are often used to represent the 

heterogeneous material with one representative grouping. 

When the classification method can adequately classify the varying rockmass with a 

narrow range in the quality of the rock, the classification can often be directly used to select the 

appropriate TBM for the geological conditions using straightforward selection charts or tables. 

However, if too much range exists within the rockmass, the resulting wide range in classification 

does not easily translate to a TBM selection. 

Direct correlations between classification systems, TBM selections and TBM 

performance predictions have been attempted, but have not proven universally applicable to date 

(Sapigni et al., 2002; Taheri & Borujeni, 2008).  

3.3 Implications of varying lithologies in sedimentary rock on excavation by TBM 

As previously mentioned TBMs are sensitive to variable geology. This section focuses primarily 

on tectonically undisturbed but lithologically varied sedimentary rocks. Figure 3-3 shows a 

schematic of potential conditions which can be expected within interbedded sedimentary rocks 

including dominantly weak materials (left), dominantly strong materials (centre) and mixed face 

conditions (right).  

3.3.1 Stability 

Horizontally bedded sedimentary rocks in the roof of a tunnel often have structural properties 

similar to horizontal beams; see Section 5.3 for further discussion. When intact, the layers can 

often be competent and structurally sound; however, if the intact layers in the roof are cut by the 

excavation, the layers become significantly more prone to failure. 
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3.3.2 Uneven Face and / or Wall Conditions 

In order to optimize penetration of the tunnel boring machine, an even pressure is ideally applied 

to the face of the tunnel. When the strength of the rock at the face varies significantly, as in the 

right-hand case shown in Figure 3-3, a differential pressure can develop on the cutterhead. This 

differential pressure applies significant wear on the machine and is the main cause of bearing 

failures. Bearing failures cause significant delays to a project, especially in small diameter 

tunnels, where the machine must be completely removed in order to replace the bearing. 

Uneven strength of the walls can cause significant issues with controlling the alignment 

of the tunnel. If one portion of the tunnel wall is weaker than the rest, the TBM will tend to veer 

(sink) towards the weaker unit. Figure 3-3a illustrates differential strength conditions in the tunnel 

walls in the left and central profile, where the TBM would tend to veer towards the weaker 

mudstone layers to the left or downward, respectively. In extreme cases, the entire machine can 

twist within the alignment, causing significant operational delays.  

3.3.3 Cutter & Scraper Maintenance 

Sharp boundaries between the weak units and stronger layers can result in increased cutter wear. 

The weaker layer tends to undercut the stronger layer which creates a step in the face when the 

cutter reaches the more competent rock. The step can cause chipping and intense wear to the 

cutters depending on the strength of the rock units and the material abrasivity. Cutters could be 

dragged across the face if broken and not immediately replaced, causing them to wear down 

significantly. 

Cutterhead arrangements can be modified to accommodate both cutters and scrapers on 

the head to allow for removal of a variety of geomaterials. If a softer unit is encountered, the 
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cutters press into the unit slightly and the partly recessed scrapers are able to excavate the face. 

However, if the material is not efficiently removed from the face, the muck has a large chance of 

sticking to the cutters, thereby reducing the efficiency upon return into the stronger rock. 

3.3.4 Groundwater 

Water significantly affects sedimentary rocks, as they can range from highly porous sandstones to 

swelling claystones. In the case of highly porous sandstones, an open face TBM is not 

recommended if the ground water table will be above the tunnel alignment during the tunnel 

drive. A slurry shield machine would be better suited to the conditions. In cases where water 

inflow is expected to be minimal and can adequately be controlled by using a pump near the face 

to remove excess water from the tunnel, an open face machine may be considered. 

In the case of swelling clays, or claystones susceptible to slaking, it is common for the 

clay rich muck to clump up and stick to the equipment. This process not only limits the amount of 

material able to be removed from the face, delaying the advance, but also causes significant 

maintenance issues throughout the machine, from the cutterhead to conveyor system to waste 

removal. Soil conditioning can improve the conditions at the face, where conditioning agents are 

added to the muck to prevent conglomeration of the clay particles. A disadvantage associated 

with this procedure is that additional infrastructure is required to mix the conditioning agent and 

to dispose of the conditioned muck.  
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Chapter 4 

Micro-tunnelling through laminated ground - A Practical Example2 

The City of Calgary has a history of periods of rapid population expansion, followed by periods 

of ‘catch-up’ for the city`s infrastructure. Currently the city is in the process of upgrading and 

expanding the city`s water and sewer systems to meet the increasing pressures from the growing 

population. As much of the work is below main roadways and watercourses, trenchless 

excavation methods have become a competitive design option for the more common but intrusive 

‘cut and cover’ techniques previously used in the city. 

Due to the small diameter project scales, and project logistics, TBM tunnels have been 

the common design solution for the recent works in the city. However, due to highly variable and 

unique geology, advance rates of the recent works have suffered.  This chapter highlights the 

geological conditions and the resulting challenges faced during the recent tunnel projects. 

4.1 Project Setting 

In order to understand the conditions expected in underground works, a good understanding of 

the geological setting is required for any tunnelling project. A broad overview of geology is 

included within this chapter for the City of Calgary region, and focus is primarily given to the 

near-surface units and recent geological history of the area. 

                                                      

2 Included in part in the conference papers by Crockford, Diederichs & Heinz (2011) and Crockford, Heinz 
& Gorling (2012) 
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The continental subsidence and ensuing orogeny resulted in accretion at the western edge 

of the continent. Epeirogenic subsidence, formation of a broad depression of the continental crust 

to the east of the orogenic belt resulted, where erosional detritus accumulated. The formation of 

the basin is shown within the geological record as the distinct transition from Paleozoic Era 

marine deposits to primarily non-marine from the Mesozoic and Cenozoic Era. The deposit 

source zone also shifted at this period from eastern source sediments to detrital sediments from 

the west (Price, 1994). 

The Cordillera underwent several orogenic events and geomorphological developments 

from the Jurassic through Eocene Periods. This geological activity led to variations of detrital 

depositions within the basin, which are reflected in the geological record (Price, 1994). 

The final phase of the orogeny occurred from the Late Cretaceous to the Eocene (~ 80 

Ma to ~ 45 Ma). The orogeny caused widespread uplift of the Cordillera region, increasing 

erosion of the existing mountain belt (Price, 1994). The increased erosion led to significant 

increases in the detrital sediments transported out of the orogenic belt, eastward for deposition in 

the foreland basin. The foreland basin follows the general Northwest-Southeast trend of the 

mountain belt to the west (Hamilton et al., 1999).  

The Alberta Syncline is the easternmost syncline in the orogenic belt, and marks the limit 

of the Cordilleran deformation zone (Price, 1994; Hamilton et al., 1999).The City of Calgary lies 

just to the east of the deformation zone, indicating that little to no tectonic disturbance has 

occurred within the units below the city, especially as the uppermost units were deposited at the 

tail-end of the orogenic activity. 

By the end of the Cordilleran orogeny, the foreland basin to the east was near capacity. 

From the Eocene to the Miocene, widespread uplift of the region combined with a near-full basin 
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resulted in the removal of up to 3,000 m of the geological record from the top of the basin 

(Dawson et al., 1994). The remaining uppermost units of the basin were scarred by river channels 

extending over the region, which were subsequently buried and preserved by glacial infill. 

4.1.2 Geological Setting  

The primary unit of interest in infrastructure development in Calgary is the uppermost 

sedimentary unit: the Paskapoo Formation. 

In Southwestern Alberta, the Paskapoo and Porcupine Hills Formations represent the 

final units deposited during the Paleogene Period. An unconformity, of approximately 2 Ma, sits 

between the Paleogene formations and the underlying Scollard Formation (Demchuk and Hills, 

1991; Grasby et al., 2008). The distinction between the Paskapoo and Porcupine Hills Formations 

is primarily regional: Calgary sits at the transition zone between the units, with the Paskapoo 

Formation extending north to central Alberta and the Porcupine Hills Formation extending south 

towards the United States (Osborn & Rajewicz, 1998; Osborn, 2006). The boundary between the 

formations is often debated within the geological community, often being tied to a depth or 

surface location. (Osborn& Rajewicz, 1998) The Alberta Geological Society divides the two units 

by the boundary shown in Figure 4-3 (Hamilton et al., 1999). As the units are similar in 

depositional environment and geotechnical properties, for the purpose of this study, all rock units 

within the study area which fall into either formation will be discussed as the Paskapoo 

Formation. 

The Paskapoo Formation is subdivided into three members: the Dalehurst, Lacombe, and 

Haynes. As the Dalehurst Member is limited to the northwestern portion of the basin, the lower 

two members, the Lacombe (Mid to Upper Paleocene) and Haynes (Lower Paleocene), are the 
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siltstone and mudstone units often weather easily and become overgrown with plant-life, 

obstructing their visibility (Osborn & Rajewicz, 1998; Grasby et al., 2008). 

The older Haynes Member is characterized as a multistoried, vertically stacked, medium 

to coarse grained sandstone (70-90%) with secondary units of siltstone, mudstone, shale and coal 

(10-30%). The unit is light grey when freshly exposed and weathers to a yellowy-brown. It is 

predominantly massive, with minor cross-bedding structures and laminations. Sandstone layers 

can form laterally continuous layers up to 150 m thick, however the thick sandstone units do not 

extend as far south as the Calgary region (Demchuk and Hills, 1991; Grasby et al., 2008). 

The younger Lacombe Member is characterized as an interbedded siltstone, mudstone, 

shale and coal with secondary units of sandstone and conglomerates. The primary units are fine 

grained floodplain deposits (50-70%) and are light grey to olive green in colour, and have few 

visible depositional structures. The secondary units (30-50%) consist of some isolated thick 

channel sandstones, with more common sandstone units presenting as thin isolated crevasse-splay 

sandstones. The sandstones are fine to medium grained units with minor conglomerate lenses and 

are light grey when freshly exposed and weather to a yellowish-brown. Planar and wavy bedding 

is common (Demchuk and Hills, 1991; Grasby et al., 2008). 

4.1.2.3 Hydrological Properties 

The Paskapoo Formation is an important aquifer in the western Alberta plains. The sandstone 

channel deposits within the formation are the primary conduit for groundwater flow in the region. 

Degree of diagenesis (alteration of the sediment after deposition) often determines the porosity 

and therefore permeability of a unit. Units are found to range from relatively low cementation 

coarse grained sandstone with open pore networks (units with high flow potential) to calcite 
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4.2 Geotechnical Characteristics 

Regional data from numerous field investigations are used to characterize the rockmass properties 

and expected geomechanical behaviour of the units. Thurber Engineering Ltd, a geotechnical 

engineering consulting firm in Calgary, provided access to project borehole data from projects 

within the City of Calgary. The data consists of geological core logs, as well as the results of 

several geotechnical lab and field testing data presented for individual rock units.  

For the purpose of engineering classification, the Paskapoo formation is divided into 

three geotechnical units based on distinct geotechnical behaviors: sandstone, siltstone and 

mudstone. The units have been identified in borehole logs by field technicians. The units have 

been identified in borehole logs by qualified field technicians. Due to the limitations of field 

inspections, the distinction between the very fine grained sandstone and siltstone is often the 

subject of debate between field technicians, for this study it was assumed that all the recorded 

rock types were allocated appropriately. It is also important to note that due to continuing debate 

in the scientific and engineering community over the proper distinction between claystone, shale, 

mudstone, mudrock and clayshales; the term mudstone has been used in this study to represent all 

of the above units, for consistency. 

A summary of lab and field properties determined for each rock unit which are presented 

in Table 4-1.  
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Table 4-1: Summary of geotechnical properties of Paskapoo Formation by rock type 

Property Sandstone Siltstone Mudstone 

Recorded Unit Abundance 18.4% 33.8% 47.8% 

Common Layer Thickness 
Range (m) 

0.3-0.4 0.2-0.3 0.1-0.2 

Unconfined 
Compressive 

Strength (MPa) 

Median 23.7 22.0 0.99 

Q1/Q3 17.5 / 36.3 11.9 / 30.6 0.38 / 5.6 

Axial Point 
Load Strength, 

I50 (MPa) 

Median 1.08 1.14 0.56 

Q1/Q3 0.67 / 1.58 0.72 / 1.73 0.28 / 0.89 

Diametral Point 
Load Strength, 

I50 (MPa) 

Median 0.91 0.94 0.46 

Q1/Q3 0.71 / 1.33 0.67 / 1.32 0.15 / 0.78 

Abrasivity 
 

Average 2.3 0.97 Too Soft to Test 

St. Dev. 0.2 0.23 - 

Swelling 
(% maximum 

vertical strain, >3 
day period) 

Average - - 18.5 

St. Dev. - - 5.88 

  * 75% of data falls above this value 
** 75% of data falls below this value 

Although the Calgary mudstone unit is understood to degrade significantly with exposure 

to water and air (slake), slake testing is rarely conducted on the mudstone unit and when slake 

testing is conducted, results are presented as observations and a slaking index is not established. 

As a result, slaking properties of the rock are not included in Table 4-1. Use of a slaking index, 

ex. the standard testing method proposed by Franklin & Chandra (1972), would allow for more 

readily compared data and the ability to determine a range of behaviour for the unit. 
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The distribution of intact strength properties of the each material is presented below from 

UCS testing (Figure 4-10) and PLT testing (Figure 4-11). 

 The distributions of the strengths of each unit provide insight into the appropriate 

correlation values (K) between PLT and UCS data specific to the Calgary bedrock. For the 

siltstone and sandstone units, UCS data distributions correlate very closely to a K value of 24. On 

the other hand, the mudstone unit PLT results require a lower K value to correlate to tested UCS 

results, as shown in Figure 4-12. A correlation value less than 10 is suggested. With an 

appropriate correlation value, the pressure to acquire intact samples of adequate size for UCS 

testing is reduced. 

The top surface of the Paskapoo unit is significantly altered due to its prolonged exposure 

to surficial weathering and glacial processes. As a result, generally a one to two metre weathered 

zone is present along much of the top horizon of the bedrock, as shown in Figure 4-13. This 

weathered zone consists of highly degraded rock, which is often reduced to soil-like properties 

when exposed.  

There are buried channels on the surface of the Paskapoo Formation that can cause 

significant design challenges to underground works projects. As previously mentioned, glacial 

infill and recent drainage paths have reduced the ability to predict the location of these buried 

channels, and though topography may give some indication of their presence on a site, it is not 

reliable.  
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As unit layers can often be smaller than 20 cm it is often not possible to constrain rock 

quality designation (RQD) values to a rock type, meaning the rockmass must be assessed as a 

whole. Based on the review of all core logs recorded by Thurber Engineering Ltd. in Calgary, the 

average rockmass RQD is 57%, with 33% of all RQD values falling above 75%. An average sub-

horizontal fracture frequency of 6 fractures/m has been recorded, with no significant records of 

sub-vertical fracture frequency due to sampling bias. Significantly lowered RQD values are often 

recorded in the upper 1-2 m horizon which correlates to the weathered zone. Occasional fractured 

zones have been observed at greater depths, but no trend has been identified with depth or 

location. 

4.2.1 Rockmass Classification 

The RMR classification system and Q-system, as described in Chapter 2, have been previously 

applied to the Paskapoo bedrock for various project sites. Values between 24 and 87 have been 

calculated for RMR, and 0.24 and 60 using the Q-System. Using the RMR system, the Paskapoo 

is rated over four of the five rock classes, between ‘Poor Rock’ and ‘Very Good Rock’. Using the 

Q-System, the rockmass rates over five of the seven rock classes, between ‘Very Poor Rock’ and 

‘Very Good Rock’. The large spread of classification values represents a significant challenge 

when applying the system for support or excavation design, even at preliminary stages of the 

design.  

4.3 Early tunnelling projects in Alberta 

For complete understanding of the long-term behavior of a rockmass, it is important to review 

previous infrastructure developments within the unit. For the majority of projects through 
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bedrock, Calgary has used a cut-and-cover methodology where they excavate from surface, install 

durable structures and then re-cover. However, two early tunnelling works do exist and provide 

insight into the long-term behaviour of the bedrock. 

 Two early tunnels are known to pass below the Bow River, through Paskapoo “shales” 

(City of Calgary, 1990), which were used to provide water and sewage services to the 

communities north of the river in the early 20th century. The two tunnels cross perpendicular to 

the river at 15th Street SE, and at 21st Street W. The 15th Street tunnel had a quasi-rectangular 

cross-section of 4.4 m wide by 2.5 m high, with 5 to 7 m of bedrock cover. The tunnel is 

approximately 300 m long with an intermediate shaft on the east end of St. George’s Island, near 

the present Calgary Zoo. The 21st Street tunnel is a horseshoe tunnel with a width and height of 

about 2.6 m and is an estimated 5m below the top of bedrock. Limited information is available 

with respect to excavation methods for either tunnel. However, due to the dimensions and shape 

of the tunnels along with the support systems used, it can be inferred that the excavation and 

temporary support methods used for the tunnels were similar to the methods used in coal mining, 

which was prominent in the area at the time. The final support used in the 15th Street tunnel was a 

reinforced concrete liner, which was cast in place using timber forms. No further information has 

been located with respect to the 21st Street tunnel. 

 The 15th Street tunnel was inspected in 1940 to determine the condition of the tunnel for 

the installation of a sewer main. The tunnel was found to be flooded and required draining prior 

to inspection, however upon inspection the lining was reported to be in “excellent condition” 

(City of Calgary, 1990). In 2007, the tunnel was once again inspected and found to be in very 

good condition with evidence of only minor infiltration present. The liner was intact and with 

little cracking along the length of the tunnel, indicating that it has not undergone significant 
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deformation. Seepage into the tunnel continues to date, with no discernible point of entry, but 

does not appear to affect the lining stability (Strayer & Kozhushner, 2010).  

 With the two inspections of the century old 15th Street tunnel, it can be inferred that in 

situ stresses and water infiltration are not a long-term stability concern for adequately lined 

tunnels through the Paskapoo bedrock. 

4.4 Recent tunnelling works: Complications and/or delays 

With the expansions and upgrades to the City of Calgary’s Sewage and Waterworks System, 

many tunnelling projects have been undertaken in recent years. Eight TBM excavation tunnel 

segments from six projects are used to evaluate the competence of the excavation method through 

highly variable geotechnical conditions.  

The projects used as case studies are the Glencoe Storm Sewer Upgrade, the 15th Street 

Siphon Upgrade (Upper and Lower Bow River crossings), the Valley Ridge Feedermain (Bow 

River and CP Rail crossings), the Beddington South Sanitary Upgrade (Nose Creek and CP Rail 

crossing), the Confederation Trunk Sewer and the Nose Creek Sanitary Trunk Upgrade (16th 

Avenue crossing). The locations of each site are shown in Figure 4-16.  

The construction details of each project are summarized in Table 4-2 and details are 

presented in the following sections, with emphasis placed on construction performance. Each 

tunnel project encountered unique geological conditions, with varying combinations of the three 

primary geotechnical units. In most cases, “unexpected” geological behavior was blamed for the 

delays encountered; however it may argued that TBM design and operation were a major factor. 
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A slight delay was caused by relatively large volumes of water inflow, estimated at 

21 l/min/m, categorized as “flowing”, encountered within a short (~ 4 m long) section in bedrock. 

The problem was mitigated by means of supplementary pumping efforts, and required post-

construction chemical sealing of the concrete segments in this section. 

4.4.2 15th Street Siphon Tunnels 

The 15th Street Siphon consisted of two stacked tunnels below the Bow River. Both tunnels were 

completed with the same TBM, which used a custom designed cutterhead for the project as 

shown in Figure 4-18.  Both tunnels are entirely in rock, with a minimum rock cover over the 

crown of the upper tunnel in the order of 9 m to 10 m or about four excavated tunnel diameters. 

The upper tunnel was excavated first and then the lower tunnel. The upper tunnel was 

completed on schedule with no significant issues. In the lower tunnel, slower penetration rates 

were reported from the beginning of the drive. The lower rates were initially thought to be linked 

to stronger geological units, however, upon later inspection it was found that the main bearing 

was damaged and the continued advance had caused significant wear to the gears and cutterhead. 

Due to the small diameter, it was necessary to remove the entire machine in order to repair the 

bearing, at which point the tunnel was left unsupported and unlined for over three months. Upon 

reinstalling the TBM, it was noted that minor overbreak had occurred in the crown of the 

unsupported segment.  

A kink in the lower tunnel alignment is thought to be caused by either softer material in 

the walls causing the TBM to veer slightly off alignment, or as a consequence of the removal and 

reinstallation of the TBM for maintenance.  
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Inflows in the lower tunnel were higher in some sections, possibly in the “flowing” category (> 

12 l/min/m); however these did not have a significant impact in the rate of advance.  

4.4.3 Valley Ridge Feedermain – Bow River Tunnel 

The Valley Ridge Feedermain consists of two distinct tunnel segments, one below the Bow River 

and the other passing below Canadian Pacific (CP) Rail lines. The Bow River tunnel was 

predicted to pass through primarily softer units; however the launch shaft excavation showed a 

high concentration of strong units (Finney et al., 2010). It was therefore decided to use a TBM 

with a rock cutterhead with roller cutters and no water jet in the excavation chamber. The tunnel 

encountered primarily soft units which caused major delays. The mudstone slaked readily, and 

the cutters often became clogged due to the sticking clay, requiring constant removal. A foaming 

agent was used to reduce the clogging and was found to be ineffective (Finney et al., 2010).  As 

no water jetting was fitted to the machine, the operator was required to apply water to the face 

through the excavation chamber to mitigate the clogging of the cutters. At 0+75 m, the TBM 

became trapped, and a complete replacement of the cutting tools was required in order to free the 

machine. 

The alignment of the Bow River tunnel veered off course, over 1.2 m, for a portion of the 

alignment which is thought to be partially due to the soft material in one of the walls of the tunnel 

(Figure 4-19).  The deviation from the alignment was so severe that it resulted in the need for 

additional excavation in order to install the final steel pipeline. Overbreak was noted in the crown 

of the tunnel (Figure 4-20) to an extent of up to 20 cm, but was confined to two to three zones, 

and was not prevalent along the full length of the tunnel. 
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Maximum steady-state inflows in the order of 4 l/min/m were estimated prior to 

construction, characterized as “dripping”. No significant groundwater inflow problems were 

reported during construction.  

4.4.4 Valley Ridge Feedermain – CP Rail Tunnel 

A soft ground cutterhead was selected by the contractor for the tunnel excavation, with step shank 

carbide bits installed in an open face rotary wheel cutterhead, as shown in Figure 4-21. Initial 

advance rates ranged from 3 m to 7 m per shift, however progress slowed significantly whilst the 

face was under the CP Rail tracks, to about 0.6 m per shift in what was described as hard 

sandstone. The contractor began more frequently replacing the carbide bits on the cutterhead, and 

a series of machine malfunctions and delays ensued (Finney et al., 2010). Despite the low 

advance rates the contractor chose to continue just until the TBM had cleared the tracks and a 

retrieval shaft could be sunk to assess the condition of the machine, as shown in Figure 4-22. 

Upon accessing the cutterhead from the retrieval shaft, it was revealed that a supporting bar (the 

bull bar) had cracked and lodged behind the back side of the cutterhead, causing substantial wear 

and scoring to the cutterhead (Finney et al., 2010).   
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Though the tunnel was driven in sub-zero temperatures, areas of higher water inflows 

were reported, though nothing was described as more than “wet” (<2.4l/min/m). 

 During the excavation, the tunnel veered off course substantially and the machine was 

required to reverse approximately 10 meters in order to correct the alignment, requiring the 

removal of several segments of support. Upon completion of the project, several cracks were 

reported within the pipe in the area of the original misalignment; these cracks are thought to be a 

result of the kink in the alignment or the reversal process. 

4.4.7 16th Avenue Tunnel 

The 16th Avenue tunnel is part of the Nose Creek sanitary line, which has been installed within 

the Nose Creek floodplain in NE Calgary.  At the 16th Avenue crossing, the west valley wall 

encroaches onto the floodplain, and detouring the alignment was not practical due to the presence 

of railway tracks and the creek itself. The subsurface conditions in this 300 m stretch were 

characterized as predominantly sandstone bedrock with some interbedded siltstone and mudstone, 

with floodplain soils in the portal areas. Because excavations in nearby areas had encountered 

predominantly mudstone, it was anticipated it would also be encountered during tunnel 

construction. 

The TBM cutterhead was equipped with carbide scrapers projected from the face, an 

arrangement previously used to excavate weak rocks in the Edmonton area. Boring of the tunnel 

was relatively straightforward, except for relatively minor delays related to one electrical issue 

with the TBM. Slower advance rates were encountered within an approximately 10 m long 

section at about 80 m from the portal. This was initially ascribed to harder rock; however 

subsequent testing of rock cores extracted from the walls of the tunnel in this area yielded 
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unconfined compressive strengths which were much lower than the 90 MPa recommended in the 

geotechnical report for selection of the cutting tools. 

Overall, average advance rates in excess of 4 m per shift were achieved, and excavation of 

the tunnel was completed within the proposed schedule.  No water inflows were reported. 

4.5 Implications for Future Projects 

The detailed review of the geological settings and review of recent experiences in tunnelling 

within the Calgary region allows for an evaluation of current excavation methods and the 

development of recommendations for future works. No case studies reviewed reported surficial 

subsidence for the length of the projects, indicating that though the projects encountered several 

set-backs, the ultimate goal of stability was met.  

4.5.1 Key Lessons from Recent Projects 

Each site provides key lessons from which future projects may build upon in order to improve 

tunnelling progress and limit project set-backs. 

Glencoe Storm Sewer: 

 When passing through both soil and bedrock, variable tools in the cutterhead, or 

the ability to change tools, would be beneficial so as to not significantly slow 

down the tunnel advance rate. 

 The medium through which a tunnel passes largely controls the water inflows 

and in transitioning from soil to bedrock, water inflows may change drastically. 

Modification to the tunnel water removal system should be anticipated. 
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15th Street Siphon: 

 A cutterhead with combination cutting tools for soft and hard ground worked 

well in the initial tunnel 

 Refurbishment, or preventative maintenance should be performed on TBMs 

between tunnel segments in order to avoid maintenance issues compounding and 

causing more significant machine failure (such as bearing failure). 

Valley Ridge - Bow River Tunnel: 

 Due to the variability of the geology, shaft conditions do not always reflect 

conditions expected along the alignment, and the GBR/GDR data should be the 

primary source of information when selecting the TBM and cutterhead tools. 

 A method to mitigate slaking mudstone units (ie. waterjets or muck conditioning 

agents) should be incorporated into any machine designed or selected for use 

through the Paskapoo, as the mudstone unit is often present in discontinuous 

layers and significantly increases maintenance. 

 Alignments should be continually monitored and corrected as required to lessen 

the chance of large scale tunnel misalignments.  

 Operator experience has a significant impact on advance rates in challenging 

ground, and an experienced operator should at least be available for consultation 

when inexperienced operators are used.  
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Valley Ridge - CP Rail Tunnel: 

 In cases where cutting tools are inappropriate for encountered conditions care 

must be taken to not over exert the machine and cause parts to break or deform. 

Where possible, change in cutting tools is recommended. 

 The competent units of the Paskapoo Formation (sandstone and siltstone) can 

require hard rock cutting tools in order to penetrate the units. Scraper only 

cutterheads are not recommended if there is a chance of encountering competent 

units along the alignment. 

Beddington South Sanitary: 

 Winter conditions, though challenging for workers, were thought to have greatly 

reduced water inflows which was critical for a down gradient tunnel drive. 

 Water jets were not adequate to prevent the sticking of mudstone units to the 

cutterhead. 

Confederation Sanitary: 

 Geotechnical investigations are of paramount importance in the development of a 

tunnel design and boreholes should be drilled to the proposed depth of excavation 

at a minimum. All data retrieved should be incorporated into the design, such as 

the conditions at the end of the boreholes. 

 Use of a disc cutter only cutterhead design presented significant challenges with 

the weak mudstone unit preventing disc rotation and water jetting was not able to 

adequately release the material. 
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 Alignments should be continually monitored and corrected as required to lessen 

the chance of large scale tunnel misalignments.  

16th Avenue: 

 The cutting tools used were potentially not appropriate for all units stated in the 

GBR/GDR, and are considered to be the cause of the portion  of slower advance 

rates along the alignment. 

4.5.2 Recommendations 

 Due to the geological history of the Calgary region, the bedrock in Calgary is highly 

variable in nature, from relatively weak mudstones to competent sandstones. The rock units found 

within the region are significantly interfingered and laterally and vertically discontinuous. For 

each project within the region which passes through bedrock, it is important to complete a 

detailed site investigation, including geotechnical strength testing in order to gauge the degree of 

lithification at the specific site location.  

 For the mudstone units, a lower correlation value of less than 10 for PLT results is 

suggested. Slake testing using a Slake Index test is recommended for samples of the mudstone 

unit encountered in the site investigations. The Index test allows for better quantification of the 

tendency of the unit to degrade with exposure to air or water. 

Due to the discontinuous nature of the bedrock, it is important to always factor in a fair 

amount of variability into the expected conditions during the excavation design process. As well, 

it is important for contractors to incorporate the information provided by the geotechnical reports 

in the selection of the type of TBM and cutting tools. 
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 Challenges at recent tunnelling projects within the city have been strongly linked to 

inappropriate TBM cutterhead selection, unexpected ground conditions and the weak mudstone 

unit. From review of the past experiences, it is highly recommended that combination cutting 

tools are used when tunnelling through the Calgary bedrock, which is a highly heterogeneous yet 

tectonically undisturbed sedimentary rock. The use of combination cutting tools, will enable 

TBM micro-tunnelling through the majority of the Paskapoo units, whether expected or not, 

along a tunnel alignment. 

 Due to the adhesive properties of the mudstone unit during excavation, it is recommended 

that the use of polymers or additives at the excavation face be further investigated, in order to 

reduce adhesion of clay particles. The reduction of adhesion of the mudstone to the equipment 

will improve advance rates by reducing maintenance and operational delays. 

 As several projects were found to deviate from their designed alignment, and in many 

cases required significant realignment, continual alignment monitoring is suggested for use in the 

micro-tunnelling TBMs. Gripper size should also be reviewed, in order to ensure that grippers are 

wider than individual layers expected within the tunnel wall, to avoid grippers pressing into 

discrete weak layers within the wall when advancing. 
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Chapter 5 

Review: Analysis &Design Methods for Shallow Excavations through 

Laminated Ground3 

Laminated or layered rock presents a unique challenge to underground installations due to the 

heterogeneity and anisotropy of the materials. Often in preliminary excavation designs, the 

geological conditions within a heterogeneous rockmass are averaged to obtain an equivalent 

homogeneous material parameter suite in order to determine an appropriate excavation and 

support method. In certain cases, such as competent sedimentary rocks with weak interbedded 

layers, it is found that the weighted averaging cannot capture the mechanics of the conditions 

adequately.  

When designing for excavations through laminated materials, it is therefore important to 

determine the properties which drive the behavior of a rockmass and how they affect the 

excavation. The unique structural behaviors of laminated ground can have significant 

implications on numerical modelling development, stable opening geometry, rockmass behaviors 

and appropriate support methods. This review focuses on the implications of laminated ground on 

shallow excavations (less than 50 m). 

5.1 Numerical Methods as Applied to Geomaterials 

Numerical methods are often applied in the field of geomechanics in order to properly capture the 

rockmass behavior and predict stability concerns. Numerical methods provide a means to 

                                                      

3 Included in part in the conference papers by Crockford & Diederichs (2012a/b) and Crockford, Walton & 
Diederichs (2012) 



 

88 

 

approximate the response of complex materials to disturbances or changes in ground conditions. 

Various numerical tools exist within the field of geomechanics which vary in complexity and 

application. Numerical methods can be primarily divided into continuum and discontinuum 

methods, where this review will focus on continuum methods.  

5.1.1 Continuum Methods 

Continuum methods use continuum mechanics to approximate the behaviour of materials in a 

defined space. Rock units are represented as a continuum, where individual grains are not 

considered. In this case, materials are capable of deforming both elastically and plastically, 

however discrete fractures cannot form through the materials. Depending on the scale of a model 

and nature of the discontinuities in the medium being represented, this simplification of the model 

may or may not adequately capture the features of the rockmass.  

Some continuum methods have evolved to incorporate discrete planes which cross cut the 

material, allowing a plane in the model on which the material may slip or deform. The inclusion 

of these discrete planes is treated differently depending on the particular continuum method 

and/or the computational program.  

Many continuum methods exist, with two primary methods used in geomechanics being: 

Finite Difference Method (FDM) and Finite Element Method (FEM). 

5.1.1.1 Finite Difference Method 

In numerical analysis, the behaviour of a material is governed by differential or partial differential 

equations which represent the field conditions exerted on the defined region and the response of 

the material to the field conditions. FDM is based on the assumption that the governing partial 
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nodes) within the domain for each step (Jing & Hudson, 2002). Disadvantages of FDM analysis 

methods include: excessive calculation times, sensitivity to step size, and the inability to solve for 

infinitely large domains (Jing, 2003; Itasca, 2009). 

5.1.1.2 Finite Element Method 

The Finite Element Method is the most widely used numerical method in science and 

engineering. Similar to FDM, the method uses constitutive models which dictate the stress-strain 

behaviour of the material in order to determine the response of a medium to field stress changes. 

FEM typically solves for the equilibrium of the system without stepping through its evolution. 

This type of solution scheme, referred to as implicit, is described below. 

In FEM, the model domain is discretized into small scale elements which intersect at 

their nodes (Bobet, 2010), as shown in Figure 5-3. The method is based on the assumption that 

displacements at any point within an element can be approximated using interpolation functions 

by the displacements of nodes (Bobet, 2010; Jing, 2003).  A Global Stiffness Matrix is used to 

define material behaviour at each node and interaction of individual nodes on the system and 

neighbouring nodes. By defining boundary conditions the model will attempt to re-equilibrate by 

allowing nodal displacements, the magnitude, direction and dispersion of which are controlled by 

the Global Stiffness Matrix. In the case of inelastic material, this process is iterative (Jing, 2003). 
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5.1.1.3 Simulated Tunnel Advance in Two-Dimensional Continuum Models 

Often in geomechanics, three-dimensional problems will be modelled using two-dimensional 

numerical models, where plane strain conditions are often assumed to exist (i.e. no deformation 

out of plane). In the case of tunnelling, the third dimension is not uniform as it changes 

significantly with the advance of the tunnel. Several methods have been developed over the years 

in order to simulate tunnel advance in two-dimensional models with the two most common being 

the Stress-Vector method and the Core-Softening method. The Stress-Vector method is the focus 

here. 

The deformation process in a rockmass begins approximately two diameters ahead of the 

advancing tunnel face, and in general reaches its maximum displacement approximately two 

meters behind the face, as shown in Figure 5-4. While deformation begins ahead of the advancing 

face, the in situ rockmass exerts an internal support pressure (pi) which controls the amount of 

deformation. As the tunnel advances, pi is reduced, leading to increased equilibrium deformation 

value (u) until a final equilibrium is reached where pi is zero (representing a location of 

approximately two diameters behind the tunnel face) (Hoek, 2007). 
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discontinuity. Relative displacement between corresponding grid points along the discontinuity 

dictate the amount and direction of slip along the plan. (Bobet, 2010). 

 Although these discontinuities simulate a pseudo-discontinuum behaviour, the models are 

still limited to continuum mechanics. As a result, large scale opening or sliding of the 

discontinuities is not permitted, neither is detachment along the fracture. Detachment is instead 

simulated by a softening of the normal stiffness across the structure. As a result, models are still 

not able to properly model block rotations, fracture openings or detachment along the plane (Jing 

& Hudson, 2002). Hybrid models and discontinuum models are required to capture true fractured 

material behaviour. 

5.1.1.5 Support Elements 

As numerical methods are often applied in order to analyse excavation stability, it is a logical 

extension of the design tool that numerical methods be used to evaluate and optimize proposed 

support systems. In numerical modelling it is often not reasonable to install support systems into 

the numerical model as discrete materials, especially in the case of 2D models. As such, structural 

or support elements are often provided by the computational program in order to simulate the 

support system. Support elements are numerical representations of support systems which use 

unique constitutive behaviours and are coupled with the surrounding geomaterials through 

neighbouring nodes/elements.  

In many cases, the constitutive models for the support systems use various simplifications 

in order to allow the practical use of the elements or to avoid numerical issues associated with 

their use. With developments in numerical methods, it is critical to understand how the increasing 

flexibility of the numerical model affects the support elements and their numerical 
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representations. The formulation of bolt elements as a particular case of support element is 

discussed further in Section 5.4.3.  

5.1.2 Challenges in Continuum Analysis of Laminated Ground 

As previously mentioned, numerical analysis is often required in the case of heterogeneous 

ground, as the averaging of material properties does not always capture the mechanics of the 

material within empirical methods. Although numerical methods assist in the analysis of the 

system, laminated or layered ground still presents several additional considerations and 

challenges with respect to accurate numerical representation. 

 Discrete layer representation can often times be computationally demanding and time 

consuming. Within a numerical model, it can be appropriate to represent laminated or 

heterogeneous materials using a weighted average of the material properties when general 

rockmass behaviour is of interest, or if the behaviour of the individual models do not vary greatly. 

When using representative material in a model however, it is important to include the influence of 

discontinuities in the material behaviour. For example, in Phase2 (a 2D FEM program) joint 

networks can be used to capture planes of weakness inherent in the rockmass which may or may 

not correspond to bedding or joint planes. Alternatively, GSI may be used in order to capture 

material strength reduction due to discontinuities as outlined in Section 2.1.2.3. 

In the case of deep excavations, stress anisotropies become increasingly significant and 

must be considered. 

 Near excavations or in areas of interest, it is often necessary to discretely represent 

laminations or layers within the rockmass. Often, this includes the use of discontinuities at the 

boundaries of layers or materials to represent bedding, joints or unconformities.  It is critical for 
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the accurate representation of laminated materials that the expected failure modes of the material 

be determined prior to numerical modelling. As the layers are represented by continuum material, 

the instabilities of small layers due to cross-jointing of the layers will not be captured. In many 

cases this will result in a more stable numerical solution than that actually observed in the field. If 

significant cross-jointing of the layers is expected, either cross-joints should be represented using 

pseudo-discontinuum interfaces or the entire system should apply pure discontinuum methods.  

 In cases where support systems are being analysed using support elements, the influence 

of modelled joint behavior on support systems requires additional consideration. In certain cases, 

the feedback between slip along the discontinuity and a support element’s resistance may not be 

captured. Slip along discontinuities may also cause numerical artifacts within the support method 

which may indicate a failed support system where a support element should not realistically have 

failed.  

5.2 Modified Excavation Geometry 

Underground excavations are often designed with an arched roof which is either a horseshoe or 

near circular profile. These roof shapes provide optimal stress distributions and result in a more 

stable excavation in most cases. Several natural geological conditions exist, however, for which 

an arched roof design is not optimal; this includes laminated sedimentary rock, horizontally 

banded metamorphic rock and horizontally fractured isotropic rocks.   

In laminated ground conditions, an arched roof design can lead to destabilization of roof 

materials which leads to supplementary support requirements to prevent additional roof fall-out. 

In such settings, the structure of the material can be used to improve cavern design and prevent 

the need for excessive support systems. In many cases this involves the design of a wide spanned 
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flat-roofed cavern, where the rockmass behaves as a natural structural beam in the roof of the 

cavern (Diederichs & Kaiser, 1999). 

5.2.1 Benefits of flat-roof cavern design 

Arched roofs are classically used in the design of wide span caverns. In many cases, the arched 

roof optimizes the roof design as it allows for a uniform stress distribution around the excavation. 

In the case of heterogeneous materials, in situ stress distributions can become particularly 

complex as the stresses are not able to transfer uniformly around the excavation, and will often 

concentrate within layers or at discontinuities surrounding the excavation.  

Stress around a curved profile can be channeled by strata and concentrates between the 

excavation and adjacent bedding planes. The arched geometry removes material from the layer 

and reduces the capacity for natural arching. By designing a flat-roofed cavern fewer layers are 

disturbed by the excavation, and the inherent strength of the material can be exploited. 

In addition to reducing excess stress concentrations within the roof of the cavern, a flat-

roofed cavern minimizes the amount to which layers are weakened by the removal of material 

from the centre of the cavern’s crown. By removing the central portion of a layer within the roof 

(the midspan), two cantilever beams form in the sides of the roof which, in a cross-jointed 

rockmass, become unstable and lead to partial roof collapse (Pells, 2002). The impact of the arch 

profile geometry in comparison to the flat-roofed profile within a layered and cross-jointed 

rockmass is shown in Figure 5-6. 

Where a final pressure resistant lining is not required, a combination of rock bolts and 

shotcrete are often sufficient for a large span excavation with a flat roof, which represents a 

significant reduction in support installation and cost requirements (Bertuzzi & Pells, 2002). 
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though the design method has also been applied in several underground transit infrastructure 

projects as well (Pells, 2002). 

Implications of flat-roofed caverns not only extend to profile design, but excavation 

method and sequencing. With adequate support installation, large caverns can be excavated from 

between two small parallel excavations. This method is particularly beneficial in tunnel 

development when caverns are required to intersect two parallel tunnel alignments. 

Though this thesis primarily focuses on civil infrastructure designs, the application of 

flat-roof excavations extend into mining structures, such as stopes in tilted ground and drifts in 

horizontally layered ore bodies (Diederichs & Kaiser, 1999). In the coal  mining sector, flat-

roofed openings are extremely common.  

5.2.3 Limitations of flat-roof cavern design 

When a concrete final liner is required to meet design specifications, an arched roof shape is a 

more advantageous design, even in a heterogeneous rockmass. As the strength of concrete is 

optimized in an arch profile, the initial benefits gained from the flat-roof design are out-weighed 

by the additional stability of the concrete arch. In this case, final support systems for low stress 

(non-squeezing) conditions should be installed within one diameter of the face to ensure that the 

rockmass is adequately supported and to prevent roof collapse. 

5.3 Beam Mechanics as Applied to Geomaterials 

5.3.1 Conventional Beam Mechanics 

Beams are structural members designed to support loads applied perpendicular to their 

longitudinal axis. As a result of this perpendicular loading, a beam’s capacity is dictated by the 
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material’s capacity to withstand the development of internal shear force and bending moments. A 

beam designed to withstand both shear and bending stresses is said to be designed on the basis of 

strength, where the capacity can be calculated, assuming a homogeneous linear-elastic material 

(Hibbeler, 2005). 

Although beam design often focuses on beam capacity, it is critical that the connection of 

the beam is also considered in the design. A beam must be adequately braced within a system, 

otherwise buckling failure or separation may occur (Hutchinson & Diederichs, 1996; Hibbeler, 

2005). 

It was initially noted by Fayol (1885) that when layered systems are undermined, the 

layers will delaminate and the system may be treated as a stack of simply supported beams. The 

gravitational load of the overlying strata is distributed laterally to the abutments through the 

individual beams. This concept is critical in underground developments as it limits the load acting 

at the crown of an excavation to the load acting on individual layers, and not necessarily the 

entire overburden weight.  

Though experience dictates that beam-like structures form in underground openings, 

conventional beam mechanics apply exclusively to homogeneous linear-elastic material, therefore 

the use of a more complex structural model is required to match observed behaviour. 

5.3.2 Voussoir Beam Theory 

In laminated ground, shear slip within layers within the roof of the excavation, especially near 

abutments, may lead to beam deflection, as shown in Figure 5-7.  As rockmass strength is limited 

in tension, midspan cracks in an intact layer or joint separation in a jointed beam will often form 

because of a slight beam deflection; however the beam will not necessarily fail completely. This 
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5.3.3 Implications on Excavation Design 

In many cases natural laminations within the ground are not sufficiently thick to reach 

equilibrium, in which case additional support is required in order to apply voussoir beam 

mechanics. Rock bolt support may be used to minimize slip between layers and therefore reduce 

the resultant detachment of the layers. This enables the multiple layers to act as one large beam of 

sufficient thickness in order to form an adequate compression arch to oppose the moments acting 

on the beam (Figure 5-11). 

The most common rock support methods used in this case are fully grouted rock bolts 

and shotcrete on the excavation face. Rock bolts installed in the midspan of the crown will help to 

join the individual layers of the rockmass by preventing vertical detachment (Figure 5-11a). The 

support capacity of a bolt installed at the midspan depends nearly entirely on the tensile strength 

of the bolt and the bond strength (Li & Stillborg, 1999). However, an alternative method of 

support for the crown is the prevention of initial detachment of the layers by the installation of 

bolts at and near the abutments, where bolts may be used to resist initial shear displacements 

along the discontinuities due to the beam deflection and high horizontal stresses (Figure 5-11b).  

5.4 Passive Support Mechanics 

Rock bolts are some of the most prevalent support systems used in mining and civil applications 

worldwide due to their ease of installation and efficiency in supporting a wide range of openings 

in variable ground conditions (Grasselli, 2005; Jalalifar et al, 2006). Recently, the application of 

rock bolts for ground support have extended from temporary and/or early support systems in mine 

openings and civil projects to the use in final and permanent support systems. They have variable 

applications due to the large number of bolting systems available. Active or passive bolts may be 
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Passive bolts typically consist of a metal rod (solid or hollow) inserted into a borehole 

extending away from the excavation. The bolt can be held in place with the use of resin or grout 

binding agents (as in fully grouted bolt systems), frictional forces (as in the case of Swellex or 

Split-set bolts) and/or using mechanical end-anchors, as shown in Figure 5-12. In certain cases, 

end-anchors may be coupled with grout or resin in order to provide corrosion protection for the 

support system. With the recent rise in the application of passive bolts in permanent support 

schemes, corrosion protection is becoming increasingly critical. As a rule of thumb for permanent 

support applications, if a bolt is expected to experience more than 2.5 cm of shear slip along a 

discontinuity, the bolt is deemed to have compromised corrosion protection and is treated as 

‘failed’ in the design (Parsons Brinkerhoff, personal communication).  

Passive bolts provide reinforcement to a rockmass in several ways as the rockmass 

deforms. Often the deformation of the rockmass will load the bolt axially, either by uniform 

deformation of the rockmass, isolated block pull-out or by the opening of a discontinuity through 

which the bolt passes (Li & Stillborg, 1999). The axial capacity of the bolt and the bond strength 

of the system are critical to the reinforcement of the rockmass in these cases. A large number of 

physical, analytical and numerical studies have been conducted in order to best define the 

mechanics of a passive bolt providing axial reinforcement (Farmer, 1975; Indraratna & Kaiser, 

1990; Benmokrane et al., 1995; Li & Stillborg, 1999; Kilic et al., 2002; Cai et al. 2004; Li, 2007; 

Guan et al., 2007). The mechanics of a passive bolt through axial loading are not discussed in 

further detail as they are not the focus of this study. 

Alternatively, passive bolts can provide shear reinforcement of the rockmass by resisting 

shear displacements of rock joint or discontinuities which intersect the bolt. The development of 
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5.4.1 Theoretical Developments 

It is often thought that the shear capacity of a passive bolt is the primary resistance added to the 

rockmass system in order to resist shear, with the direct shear capacity reaching approximately 

50% of the tensile capacity. However, in most cases the interactions between the bolt and 

surrounding material are much more complex.  

Bjurström (1974) was the first to publish details regarding a systematic study of the 

behaviour of grouted bolts embedded in granite rock blocks and subjected to shear loading. His 

results indicated a stiffening system response to inclination of bolts across the joint plane, as 

opposed to perpendicular to the plane, as well as an increase in shear strength at small 

displacements.  Later studies by Haas (1976; 1981) and Azuar (1977) extended the studies to 

additional rock types and various installation properties which corroborated and expanded the 

initial study results. Azuar reported an ultimate system capacity under shear loading of between 

60-80% of the tensile capacity of the tested steel when bolts were installed perpendicular to the 

shear plane, and approximately 90% for inclined bolts.  

In 1982, Dight conducted a similar physical testing study through which he developed a 

method to determine the maximum shear load resistance of the system as well as the related 

displacement. Dight’s method was the first to identify the influence of both shear and tensile 

stress loading of the bolt. Dight also noted the formation of two plastic hinges on either side of 

the rock joint with minimal shear displacement (less than 1.5 mm), as shown in Figure 5-13.  
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when the grout is weaker than the surrounding rock and crushing occurs in the grout, D = Db. 

When the grout is weaker than the rock and there is no infill in the joint, Equation 5-2 may be 

used to determine the bar response to shearing, the dowel force. 

1.7 1    [5-2] 

Where, 

     [5-3] 

      [5-4] 

 [5-5] 

Where, 

σc = unconfined compressive strength of host rock 

σt = tensile strength of host rock 

ϕ	 	internal angle of friction of host rock 

ν = Poisson’s ratio of host rock  

E = Young’s Modulus of host rock 

P0 = initial stress in the rock 

σy = yield stress of the bolt 

Ty = yield force of the bolt 

Ps= initial pretension stress of the bolt 

T = initial pretension force of the bolt 

D = diameter of the bolt 
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Further laboratory studies reinforced early findings and built upon the understanding of 

the complex interactions of a passive bolt acting in shear (Spang & Egger, 1990; Ferrero, 1995; 

Pellet et al, 1995; McHugh & Signer, 1999; Grasselli, 2005). The laboratory studies explored 

many facets of the problem, with examples of test results shown in Figure 5-14.  Many empirical, 

analytical and numerical approaches were developed in order to determine the ultimate load 

resistance of the system (Lorig, 1985; Spang & Egger, 1990; Holmberg & Stille, 1992; Ferrero, 

1995; Marence & Swoboda, 1995; Pellet & Egger, 1996; Jalalifar et al, 2004; Grasselli, 2005; 

Jalalifar et al., 2006). 

In general the complex mechanics of a bolt undergoing shear displacement can be 

summarized by five main acting components: the dowel force (R1), the pretensioned load on the 

bolt (R2), the axial force developed within the bolt due to joint dilatancy (R3), the axial force 

developed within the bolt due to lateral bolt extension (R4), and the axial force developed within 

the bolt in the direction of the joint (R5) (Pells, 2008). 
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additional resistance can be related to the inherent resistance of the joint to shear as represented 

by the Mohr-Coulomb properties of the discontinuity, as shown in Equation 5-6. 

∆ ∆
	

		 	 	 5‐6 	

 Where the spacing of the bolt is S, and therefore the bolt influences an area of S2, then: 
 

∆       [5-7] 

∆      [5-8] 

If it is assumed that the axial strain in the bolt develops dominantly between the two 

plastic hinges, the remaining four acting components of resistance to shear load can be calculated 

using Equations 5-9 through 5-12 (Pells, 2008). These equations relate the resistance of the bolted 

system to the shear displacement along the joint surface to the bolt-joint geometries and material 

properties in order to determine a magnitude of load resistance. 

sin tan     [5-9] 

sin     [5-10] 

1     [5-11] 

cos tan     [5-12] 

Where i is the dilation angle of the joint and where, 

tan      [5-13] 
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Though the two studies above reach similar capacities, it is of interest to note a potential 

source for the differing loading patterns is the testing procedure. Grasselli (2005) used the double 

bolted direct shear test in order to counteract any moments formed due to loading of the bolted 

system and subsequent bolt deformation. Values were then reduced to reflect the contribution of a 

single bolt. McHugh and Signer (1999), on the other hand, used a one bolt test set-up with one 

block restricted in motion by an adjacent plate. This loading system is thought by the author to 

allow for potential moment development within the system and is also likely the cause of the 

abrupt changes in loading due to stick-slip surface behaviour between the immobilized block and 

the adjacent plate. 

Many of the physical testing studies evaluated the influence of bolt orientation, joint 

condition, rock strength, bolt strength and normal stress acting on the system. The major findings 

of these studies were: 

 Bolt orientation was consistently found to have a large effect on the bolt contribution, 

where inclined bolts were reported to be stiffer. The stiffer bolts mobilized resisting 

forces at smaller initial displacements and reached higher ultimate capacities than those 

installed perpendicular to the joint (Bjurström, 1974, Haas, 1976; Azuar, 1977; Haas, 

1981; Dight, 1982; Egger & Fernandez, 1983; Spang & Egger, 1990; Holmberg & Stille, 

1992). 

 Dilational behaviour of the joint was tested in many studies and found to present a similar 

system response as bolt inclination where rougher  joints which dilate more cause a stiffer 

load response (Haas, 1976; Azuar, 1977; Haas, 1981; Dight, 1982; Spang & Egger, 

1990). 
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 Host rock strengths greatly affect the shear response, where for stronger host rocks the 

system achieves ultimate capacity at smaller displacements than in softer host rocks and 

in softer host rocks the system achieves a higher ultimate capacity (Schubert, 1984; 

Spang & Egger, 1990; Ferrero, 1995). 

 Bolt material stiffness (as a function bolt width and infill type and properties) affects both 

the rate at which the system responds to shear loading and the ultimate capacity is 

attained. A stiffer bolt material responds at smaller displacements, whereas softer 

materials tend to reach higher ultimate capacities, similar to the response of rock strength 

(Schubert, 1984; Spang & Egger, 1990; Ferrero, 1995). 

 Normal stress acting on the system had minimal effects on the influence of the bolt on 

shear resistance of the system (Haas, 1976; Haas, 1981; Dight, 1982; Spang & Egger, 

1990). 

The physical tests indicate a range of material behaviours within the system from elastic 

to strain-hardening to perfectly-plastic to brittle. The shear displacement at which each behaviour 

transitions is highly variable and dependent the many parameters listed above.  

5.4.3 Implications for Excavation Design 

In the past, bolting schemes were often developed from practical experience due to the 

complexity of the system and their sensitivity to installation conditions. However, as numerical 

methods become more and more prevalent in excavation design, the evaluation of support 

schemes becomes more widely expected. As such, it is ever more critical that the behaviour of the 

system be captured in its entirety so as to not underestimate the system capacity. 
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As introduced in Section 5.1.1.5, support elements are often used in numerical modelling 

codes in order to simulate support systems within a numerical model. In order to assess the 

required bolt properties and bolting pattern for an opening, the behaviour of the system must be 

adequately captured by the bolt element model. As the material behaviour of the passive support 

system progresses from elastic to strain-hardening to perfectly-plastic to brittle with shear 

displacement, it can present distinct challenges with respect to capturing all stages of the system 

behaviour. Often numerical models will capture two to three behaviours, but are unable to capture 

all four in a meaningful way.  

In Phase2, FEM software by RocScience, a variety of bolt support element models are 

available. The two which represent passive bolt systems are the fully bonded bolt and the friction 

bolt (“Swellex / Split-Set”) models. These models incorporate the complex nature of passive 

support capacity under shear displacement through a “joint shear” option, which uses a portion of 

Dight’s model (1982) to calculate bolt loads based on joint displacement across the bolt. The 

model is modified slightly for incorporation into Phase2, and makes several assumptions to 

simplify the behaviour of the support system. The length of the plastic hinge zone (L) is assumed 

to be twice the diameter of the bolt, the joint is assumed to have no infill material and the grout 

strength is assumed to be less than or equal to the strength of the rock, meaning that Equation 5-2 

is used and grout is not incorporated into the model. The section of the bolt which passes through 

the joint (2L) is designed to fail if the dowel force acting on the bolt is greater than half of the 

tensile capacity of the bolt (RocScience, 2012).  

Although the model in Phase2 applies Dight’s model in order to account for “dowel 

force”, the remaining four components (R2-R5) are not accounted for in the bolt element models. 
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The two bolt models are designed to calculate the “dowel force” in the same way, 

however, one significant difference between the two models is their treatment of the bolt / 

rockmass interface. The fully bonded bolt model is fully coupled to the FEM mesh, meaning the 

separation of the bolt from the rock or relative motion along the bolt axis are not allowed; this 

corresponds to an assumption that the grout properties do not influence the system behaviour. The 

friction bolt model accounts for the strength of the bolt / rockmass interface through bond 

stiffness and bond strength input parameters.  

The two passive bolt models used in Phase2 provide the user with the ability to verify 

potential support schemes, though the simplifications with respects to the response of bolt leads 

to potential discrepancies to actual support capacity and behaviour.  The simplifications to shear 

loading response, namely the exclusion of infill properties and the additional components of 

bolted system response to shear (R2-R5), indicate that the use of these models to reduce slip along 

planes of weakness may be vastly underestimated in the numerical representation. This 

underestimation of support capacity may lead to over conservative support designs.  
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Chapter 6 

Numerical Analysis of Shallow Excavations through Laminated Ground 

In order to analyse excavation stability and determine appropriate support systems for a given 

excavation, empirical and numerical methods are often used. Common numerical methods 

include two-dimensional (2D) or three-dimensional (3D) Finite Element (FEM) and Finite 

Difference (FDM) methods, as discussed previously in Section 5.1. Powerful computational tools 

provide a way in which complex geomechanical conditions can be numerically assessed for 

potential instabilities. An additional utility available in many software codes is the ability to test 

suggested support system designs for excavations. As these programs develop and become 

increasingly sophisticated, it is important to verify their components and associated assumptions. 

As identified in Section 5.1.2, certain challenges exist when using numerical methods to 

analyse layered rockmasses. In order to investigate the use of continuum methods to represent 

discretely laminated ground, the influence of modelled material, the representation of failure 

modes and the use of a passive bolt model for support, were examined for representative cases. 

 Depending on the expected behaviour of the rockmass, it can be reasonable to represent 

heterogeneity by a weighted representative rockmass. In low stress conditions prevalent in 

shallow excavation design, however, the distinct behaviour of individual rock units can influence 

the system behaviour significantly (Section 6.1). 

At low confining pressures, as experienced in most shallow excavations, excavation 

stability can depend heavily on the structure of the rockmass. In a horizontally layered rockmass, 

a systematic vertical or sub-vertical joint set is often present which renders the system susceptible 

to structural failure.  
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 Intrinsic in the design of the numerical codes, continuum methods are designed to predict 

material failure. When assessing the stability of an excavation design, it important to assess the 

design for both material failure and structural failure. In order to investigate the capacity of a 

continuum model to incorporate structural failure, cross-jointed models were created and 

compared to their corresponding unjointed layered model for a large span opening (see Section 

6.2). 

 In order to minimize support installation, the use of passive bolts at the abutments of 

large span caverns has been suggested previously in order to reduce delamination of layered 

rockmasses. The design of support systems is often done using support models provided within 

numerical programs. The ability of the support models to adequately respond to shear loading is 

explored in Section 6.3. 

 The following numerical investigations were conducted using the 2D FEM software 

Phase2 v. 8.011, by RocScience.  

6.1 Material Representation 

In order to demonstrate the implications of using an averaged representative material between 

major bedding planes in place of a model with discrete individual units, equivalent models were 

produced for comparison. A 5 m wide tunnel excavation at a depth from surface of 20 m was 

used for the analysis, applying the Stress-Vector method to simulate the advancing face. The 

excavation passes through limestone strata with interbedded shale layers of variable thickness. 

Two layer sequences were tested, with the first consisting of 40 cm of limestone material with 10 

cm shale layers, and the second representing even layers with 25 cm of alternating limestone and 

shale materials. The material properties of the units are as shown in Table 6-1.  
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Table 6-1: Rockmass properties of layered limestone and shale units 

Rockmass Properties Limestone Shale 

Unit Weight (MN/m3) 0.0269 0.0211 

Poisson’s Ratio 0.17 0.19 

Intact Young’s Modulus (Ei) (MPa) 27000 8100 

Intact Compressive Strength (MPa) 80 7.16 

Geological Strength Index 
61 (40 cm); 
57 (25 cm); 

44 (10 cm);  
52 (25 cm) 

Intact Rock Constant (mi) 12 4 

 

Bedding planes were included in all models and the Barton-Bandis strength criterion was 

applied, with the properties shown in Table 6-2. Discontinuities were also used in layered models 

at material boundaries.  

Table 6-2: Discontinuity properties 

Joint Properties 
Bedding and Layer 

Boundaries 

Joint wall compressive strength (JCS) (MPa) 5 

Joint roughness coefficient  (JRC) 6 

 Residual friction angle 25° 

 Normal stiffness (MPa/m) 20 000 

 Shear stiffness (MPa/m) 5 000 

 

The representative rockmass used a weighted average of the rockmass properties for the 

limestone and shale units (shown in Table 6-3). 
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Table 6-3: Representative material properties for the two layer sequences  

Rockmass Properties 
40 cm Limestone: 

10 cm Shale 
25 cm Limestone: 

25 cm Shale 

Unit Weight (MN/m3) 0.0257 0.0240 

Poisson’s Ratio 0.18 0.18 

Intact Young’s Modulus (Ei) (MPa) 23220 17550 

Intact Compressive Strength (MPa) 65.4 43.6 

Geological Strength Index 58 55 

Intact Rock Constant (mi) 10.4 8 

 

For the explicitly laminated models, a layered central region was developed with joint 

systems and alternating material properties extending from surface to well below the base of the 

excavation, as shown in Figure 6-1. In the surrounding area of the model, the weighted 

representative material was used to represent the heterogeneous rockmass. The representative 

material was used to avoid adverse boundary effects at the joint – external boundary connections 

and to reduce computational time. 

 For these cases, large scale convergence or failure of the model is not expected, however 

where failure occurs, it would be expected to be concentrated to the weaker units surrounding the 

excavation.  
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The extent of joint failure are comparable for the two methods, with a greater magnitude 

of joint shear (~47%) and normal displacement (~17%) for the explicitly laminated models. 

As expected, in the case of the 1:1 shale to limestone thickness ratio, a greater amount of 

deformation was recorded in both models as there was more weak shale in the system. Similar to 

the 1:4 ratio models, the discrete models experienced larger magnitude and extent of deformation, 

with significantly more yielded material near the excavation surface, as shown in Figure 6-3. 

The extent of joint failure are again comparable for the two methods, though failure 

extends further vertically in the explicitly laminated model. A greater magnitude of joint shear 

(~32%) and normal displacement (~63%) was recorded in the discrete model with respect to the 

representative material model. 

From the model comparison it can be seen that although the two models represent the 

same material on average, the way the heterogeneity of the material was modelled greatly affects 

the resulting failure in the numerical analysis. 

 



 

 

Figure 6-3: 
model (top) 

Total displac
and the corr

cement resul
responding r

joints a

129 

lts of the laye
epresentativ

and elements

ered limeston
ve material m
s displayed.

ne (25 cm) an
model (bottom

 

nd shale (25 
m). With yiel

cm) 
lded 



 

130 

 

6.2 Failure Modes 

In order to demonstrate the ability of continuum methods to capture various failure modes in 

shallow excavations, several in situ conditions were modelled for comparison. A 10 m wide 

excavation at a depth from surface of 20 m was used for the analysis. The excavation passes 

through the same modeled limestone strata used in the material analysis in Section 6.1, but no 

shale interbeds were included in the model. Laminated ground was modelled and compared cross-

bedded conditions for both an arched roof and flat-roofed excavation geometry.  

The cross-joints were modelled with similar properties to those listed in Table 6-2, with 

greater JCS (60  MPa) and residual friction angle (28°) values. The residual strength of the joints 

was set to 0.005 times the initial strength to simulate the loss of complete joint surface contact 

with joint failure. This reduction is critical for the simulation of discontinuum behavior and a 

different multiplier can generate significantly different results. Due to this sensitivity, it is 

important to verify that the multiplier is appropriate for the model. A lower multiplier was tested 

in this case and was found to have little effect, whereas the higher multiplier reduced the capacity 

of the model to demonstrate gravity fall-out of loosened blocks.  

It is expected that in the cross-jointed scenarios, with low confining stress, large span 

excavations would be prone to block fall-out in the roof of the excavation. In the case of the 

unsupported arched roof geometry, fall-out is concentrated on either side of the excavation roof, 

whereas initial fall-out would be expected at the midspan for an unsupported flat-roofed opening. 

 The arched roof models were found to have minimal deformations surrounding the 

excavation for both the laminated model and the cross-jointed model, although cross-joints 
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increased the deformation magnitudes by 1.8 times. Figure 6-4 shows the influence of cross-joints 

on the failure extents, with exaggerated boundary convergence plotted.  

 The progression of joint failure for both arched models is shown in Figure 6-5. Although 

both vertical and horizontal joints surrounding the excavation in the cross-jointed model have 

failed, fall-out is still not completely captured by the numerical analysis. The deformations 

observed are smaller than what was expected in the arched roof excavation in laminated ground. 

This is potentially a result of the FEM representation of the discontinuities not allowing joints to 

separate and the gravity driven instability of individual blocks is not adequately represented. 

Alternatively it could indicate that the small blocks formed do not have sufficient weight to cause 

them to completely break from the rockmass. 

 The flat-roofed models show higher magnitudes and extents of deformation, as shown in 

Figure 6-6. The cross-jointed model deformation doubles the deformations calculated for the 

simple lamination model. Layer detachment is notably more significant in the cross-jointed 

model. 

 The progression of joint failure for both flat-roofed models is shown in Figure 6-7. It is of 

interest to note that within the simple lamination model, plastic yield of the layers at the midspan 

of the excavation is prevalent, indicating that snap-thru of the material would be the expected 

failure mode for the excavation. However, when the model includes cross-joints, very little plastic 

yield occurs within the material and instead the deformation is nearly completely structurally 

controlled. 
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 From the above results, it can be seen that although cross-jointing and laminations 

improve the representation of the in-situ behaviour of the rockmass in continuum models, they do 

not necessarily adequately represent the extent of structural failure within low confinement 

conditions.  

Although the results of the flat-roofed models indicate significantly higher magnitudes 

and extents of deformation than the arched roof, the type of deformation lends itself to various 

reinforcement methods as opposed to pure support methods. As long as the layers of rockmass at 

the crown of the flat-roofed excavation remain intact, when support is added to the system, the 

rockmass and support system act together to  increase confinement of the layers which prevents 

layer detachment and subsequent deformation. However, in the case of the arched roof excavation 

geometry, the layers at the crown of the excavation are isolated on either side of the midspan. 

When support is used in the isolated layers, the support is used to support individual blocks to 

prevent fall-out. As a result, supporting the arched roof geometry can be considerably more 

labour and cost intensive.  

6.3 Support Design 

In order to test the ability of passive support elements to resist shear loading and in turn to 

prevent layer delamination, the cross-jointed flat-roof cavern model from Section 6.2 was used. 

The cavern excavation was staged in order to install support at the abutments prior to excavation 

of the midspan in order to optimize rockmass reinforcement, as shown in Figure 6-8. The material 

at the two abutments was excavated within the initial stages and supported, prior to the 

excavation of the midspan and the bench.  
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reinforces the application of voussoir theory to flat roofed caverns, where if delamination is 

mitigated wide expanses may become more stable and potentially self-supporting. 

Both models improve stability of the cavern, though the discrepancy between the two bolt 

models is significant, the source of which is not clear. In order to further examine the issue, an in 

depth study of the bolt models was completed and is presented in Chapter 7. 
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6.4 Additional Findings 

Several challenges with respects to model development and model results were documented 

during the development of the aforementioned models. Although the challenges were noted when 

using Phase2, similar challenges are likely to exist when using other continuum programs 

designed for rock mechanics applications. 

6.4.1 Mesh Development 

Due to the complex geometry involved with discrete laminations within the model near the 

excavation, appropriate mesh and discretization required special consideration. Individualizing 

the mesh to optimize models required excessive computer memory and processing power, as well 

as significant additional time. In order to reduce computational time and processing requirements, 

a mesh sensitivity test was performed to optimize the results. Several degrees of mesh and 

discretization densities were tested for an initial sample model of the excavation geometry. From 

the models which converged, results were analysed and the models which showed detailed 

deformation for minimal computational time were selected as optimally meshed models. Once the 

optimal mesh density was determined, a consistent meshing procedure was then applied to the 

entire study in hopes of reducing mesh related discrepancies.  

6.4.2 Data Query Methodology when using Joints 

Early result observations revealed a significant discrepancy in the reporting of queried values at 

joint intersections. In the layered rockmass models, slip was expected along joint planes, 

concentrating the displacements at the excavation boundary at or near joint intersections. Initial 

results were analysed by querying the excavation boundary at the vertices, including the joint 
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intersections. Results were found to be fairly inconsistent with expectations and showed no 

obvious correlation between models of similar design.  

 It was found that with intermediary query points between vertices, a more complete 

picture of the system behaviour was captured. From this observation, it can be deduced that in 

Phase2 an issue exists within the query function when joint intersection are present. Joints are 

designed with two corresponding nodes at either side of the joint surface; at a joint - excavation 

boundary, two nodes exist at the one vertex location. The automatic query function appears to 

retrieve and report node data from only one node at each vertex. To further complicate the issue, 

by examining several examples of the problem, it was found that the recorded node value is not 

consistently either the upper or the lower node, which is likely the cause of the lack of correlation 

between models. 

 From these findings, it was found to be critical to evaluate the model with at least 25 

increments queried between vertices as well as at each vertex. 
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Chapter 7 

Analysis of Passive Bolt Response to Shear Loading4 

In numerical modelling, it is often not reasonable to install support systems into the numerical 

model as discrete materials with geometry, especially in the case of 2D models. As such, 

structural or support ‘elements’ are often provided by the computational program in order to 

simulate the support system. As previously mentioned, support elements are numerical 

representations of support systems which use unique constitutive behaviours and are coupled with 

the surrounding geomaterials through neighbouring nodes/elements. In many cases, the 

constitutive models for the support systems use simplifications in order to allow the practical use 

of the elements or to avoid numerical issues associated with their use.  

Numerical modelling programs are often strong at analyzing the effect of a passive bolt in 

tension, but the components of shear resistance are not always captured in their entirety. The 

following study was conducted in order to assess the ability of 2D bolt support elements to 

adequately respond to shear loading. 

7.1 Study Methodology 

With the purpose of verifying the response of support elements in 2D numerical code to shear 

displacement, a baseline model was required for which few numerical assumptions were made. 

The response of the baseline model was then compared to the response of a 2D bolt element in 

similar conditions to assess the support element behaviour. 

                                                      

4 Included in part in the conference papers by Crockford & Diederichs (2012a/b) and Crockford, Walton & 
Diederichs (2012) 
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Prior to the evaluation of the 2D bolt elements, the baseline model was analysed for 

numerical sensitivities and was related to analytical and physical model responses, as shown in 

Section 7.3 and Section 7.4 below. The installation conditions of the baseline model were also 

studied for effect on the system response to shear, which are included in Section 7.5.  

Physical models were considered for the determination of a baseline response for this 

analysis, but it was decided that numerical methods provided adequate results for the purpose of 

this study. The limitations related to physical testing demonstrate some of the primary reasons 

that the numerical method was pursued for this study: 

 Lack of control over material properties and their impact on repeatability 

o ie. flaws or disparities in materials causing singular or atypical results 

 Limitations of system response monitoring. 

o ie. limited to a set number of gauges in the testing apparatus and model, 

limited monitoring locations (not within materials, only at material 

boundaries), and monitoring method precision 

 Introduction of significant potential for human / mechanical error  

o ie. in sample production or testing procedure 

 Potential influence of monitoring methods on physical  behaviour of the model 

o ie. the influence of adhesive for monitoring gauges on material 

interactions 

7.2 Development of the Baseline Direct Shear Test Model 

For this study, the baseline model was developed to represent a direct shear test of rock sample 

with a discontinuity through which a cement grouted stainless steel bolt has been installed 



 

144 

 

through a central borehole. The study examines the response of this three material model to direct 

shear loading along the discontinuity. The response of the baseline model is tested for numerical 

sensitivities and compared to analytical and physical model responses as published in the 

literature (Dight, 1982; Grasselli, 2005; McHugh & Signer, 1999). 

7.2.1 Numerical Model Set-up 

The simulated direct shear test was modelled using a finite difference method (FDM) numerical 

code (FLAC3D by Itasca). In order to simulate the complex bolt-grout-rock interactions 

completely, a 3D FDM model was required. A two-block shear test was created, with the upper 

and lower block separated by a Coulomb-sliding interface.  

An initial model without a bolt was used to calibrate the model results to the expected 

behaviour of a simple sheared joint (Figure 7-1) and enable the isolation of the component of 

shear resistance provided by the bolt. In order to replicate a drilled borehole with a fully grouted 

cylindrical bolt installed, a 24 mm steel rod was placed through the blocks, with a 10 mm grout 

annulus. The bolt and grout cut through the joint interface and remained numerically isolated 

from the sliding joint. Figure 7-2 to Figure 7-5 show various views of the developed multi-

material 3D mesh. 
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A velocity was applied to the free sides of the upper block and resultant shear load and 

displacement were recorded throughout the model. The upper block was larger than the lower 

block in order to ensure the velocity was applied exclusively to the upper block. The expansion of 

the upper block created a small overhang of the upper block over the lower block; in order to 

reduce the effects of this overhang and ensure the velocity was transferred to the interior of the 

block model, the stiffness of the outer region of the block model was increased. The material 

properties of the rockmass, the joint and the support system are shown in Table 7-1, Table 7-2 

and Table 7-3, respectively.  

Table 7-1: Rockmass properties of the baseline model 

 Outer Rock Unit Inner Rock Unit 

Material Sandstone Sandstone 

Model Elastic Perfectly Plastic 

Young's Modulus 10 GPa 8 GPa 

UCS N/A 35 MPa 

 

Table 7-2: Interface properties of the baseline model 

 Rock Joint Rock-Grout Grout-Bolt 

Cohesion 0 MPa 1.0 MPa 2.0 MPa 

Friction Angle 27° 50° 58° 

Dilation Angle 0° 0° 0° 

Normal Stiffness 3 GPa 10 GPa 10 GPa 
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Table 7-3: Support properties of the baseline model 

 Grout Bolt 

Material 
Cement (7 day cure, 
0.7 W:C (Hutchinson 
& Diederichs, 1996)) 

Stainless Steel (316) 

Model Perfectly Plastic Strain-Hardening 

Young's Modulus 4.8 GPa 2.0 GPa 

Strength 22 MPa (UCS) 
205 MPa (yield) 

515* MPa (ultimate) 

Thickness 10 mm (annulus) 24 mm (diameter) 

*see discussion in Section 7.2.2.2 

 

In order to assess the mechanics of each model, the load resistance of the system and bolt 

behaviour were recorded for each displacement of the shear block. The reaction force along the 

planes to which the velocity was applied was summed to determine the total load applied to the 

system in order to induce shear displacement. As a bolt deforms it is expected that stresses within 

the bolt will change from dominantly compressive stress to tensile stress as the bolt begins to 

stretch. In order to monitor the changes in the bolt mechanics with shear displacement / model 

deformation, the stresses at the centroid of the bolt were also recorded. Due to the sign 

convention adopted by Itasca, all presented stresses follow a compression - negative and tension - 

positive sign convention. 

7.2.2 Numerical Artifact Assessment 

To reduce the amount of  numerical artifacts within the baseline model results, the code was 

rigorously tested to provide optimal model behaviour and result precision with minimal noise. 
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Certain numerical artifacts are linked directly to the numerical method, finite difference method, 

and the manner in which the computations are managed within the program. In order to adjust the 

model for optimum performance for the application of a direct shear block test, mechanical 

damping options and the manner in which grid deformation is treated were two primary areas of 

assessment in model formulation.  

7.2.2.1 Mechanical Damping 

FLAC3D is an explicit finite difference program which uses a time-stepping calculation scheme 

and Newton’s dynamic equations of motion in order to numerically represent the behaviour of 

material as it reaches equilibrium or steady plastic flow (Itasca, 2009). As a result of the 

calculation scheme, once a model has been shifted from equilibrium, i.e. a velocity is applied to 

the model, the model will respond with an initial oscillatory behaviour which will attenuate as the 

model returns to equilibrium. In the case of the simulated direct-shear test, the velocities imposed 

on the boundaries of the model introduce unbalanced forces which must propagate through the 

model to achieve uniform motion; as the steady- state of the model is not static, the initial 

oscillatory behaviour of the model attenuates at a slower rate than a static model.  

In order to minimize the oscillation of unbalanced forces within the model, mechanical 

damping was applied to the system. The scale of damping applied to a system is controlled by the 

selection of a damping constant. Figure 7-8 shows the influence of varying the damping constant 

for the baseline model. 

Based on this comparison, a damping constant of 0.5 was selected as optimum, though 

the default 0.8 is also valid. 
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the most appropriate mode for the baseline model; this allows the bolt to bend with shear 

displacement and the impact of the deformation to be monitored.  

Trouble arises, however, in the model where the geometry deformations exceed a built-in 

threshold within the program. In FLAC3D the mesh geometry is limited by a maximum allowable 

aspect ratio which once exceeded will halt the continued stepping of the model.  In the baseline 

model, the zone geometries of various areas within the grout annulus exceed the tolerance of 

mesh deformation after approximately 1 cm of shear displacement. As a result, the model is 

limited to 1 cm of displacement in Large-strain mode. 

This presents significant concerns with respects to the study, most notably the ability of 

the model to demonstrate system response to a bolt for which plastic deformation has occurred 

(i.e. once the bolt extends axially and/or  necking occurs), as well as to meet the objective of the 

exploring bolt behaviour up to 2.5 cm of shear slip. Several mitigation options, concerning bolt 

behaviour were considered and applied at various stages of the study. 

Both strain modes present unique challenges in the development of a representative direct 

shear test for a passive bolt. Large-strain models encounter mesh deformation limitations which 

reduce the extent of shear displacement which can be simulated within the model. Small-strain 

models on the other hand present limitations due to the lack of deformation of the mesh, and as a 

result bending and necking of the bolt is not captured which means that bolt strength and system 

response are not entirely accurately represented.  

To mitigate the limitations inherent in the numerical model, various techniques were used 

within the study in order to optimize the results depending on the focus of the analysis.  
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7.2.2.2.1 Elastic Bolt Method 

In the initial proposed method to mitigate model mode limitations, the baseline model used the 

Large-Strain mode with elastic bolt model. This method allowed the system to behave in a more 

ductile manner, with less risk of mesh geometry issues at small displacements.  

Advantages of this method include: 

 The Large-Strain model could exceed displacements of 2.5 cm 

 The interactions between the bolt, the grout and the rock are clearly captured 

 The influence of a bending bolt on the system capacity is portrayed (even if 

exaggerated) 

The limitations of this method include:  

 Exaggeration of the system capacity due to the infinite load capacity of the bolt 

7.2.2.2.2 Large-Strain Bolt Method 

In order to capture a more accurate system capacity, a secondary method was explored. Using a 

plastic bolt and Large-Strain mode, the block model was re-tested.  

Advantages of this method include: 

 More accurate representation of bolt influence pre-yield 

 Modelled behaviour of the system matches the behaviour reportedly observed in 

physical tests (Grasselli, 2005; McHugh & Signer, 1999) 

The limitations of this method include:  



 

157 

 

 Not clear if post-yield behaviour of steel (50% reduction in area) is represented 

due to small amount of deformation prior to failure 

7.2.2.2.3 Large-Strain Modified Post-Yield Bolt Method 

As the bolt is modeled to simulate a stainless steel (316) bolt, it was thought to be critical that the 

unique behaviour of steel at and post-yield were vital to be adequately captured. As the Large-

Strain mode was limited in the amount of deformation it could induce on the model, it was 

proposed that a reduced post-yield strength of the bolt would offset the lack of modelled 

deformation (necking) of the bolt. The tensile yield strength of the bolt was maintained at 205 

MPa, however the ultimate tensile strength of the bolt was reduced to 250 MPa (approximately ½ 

the true ultimate tensile capacity, 515 MPa) 

Advantages of this method include: 

 More accurate representation of bolt influence pre-yield 

 Modelled behaviour of the system matches the behaviour reportedly observed in 

physical tests (Grasselli, 2005; McHugh & Signer, 1999) 

 Post-yield behaviour of steel (50% reduction in area) represented 

The limitations of this method include:  

 Modification of post-yield behaviour leads to uncertainty of accuracy of post-

yield behaviour of the system 

7.2.2.2.4 Small-Strain Modified Post-Yield Bolt Method 

A fourth method was explored, using similar reasoning as for the Large-Strain Modified Post-

Yield Bolt Method. As Small-Strain mode represents displacements but does not recalculate 
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nodal geometries, and therefore it does not capture the altering geometry of the bolt post-yield. It 

was proposed that a similar reduced post-yield strength of the bolt would offset the lack of 

modelled deformation (necking) of the bolt geometry. Again, the tensile yield strength of the bolt 

was maintained at 205 MPa, and the ultimate tensile strength of the bolt was reduced to 250 MPa. 

Advantages of this method include: 

 Larger calculated shear displacements are achievable without model crash (no 

continuum mesh geometry constraints) 

 Modelled behaviour of the system is similar to the behaviour reportedly observed 

in physical tests (Grasselli, 2005; McHugh & Signer, 1999) 

 Post-yield behaviour of steel (50% reduction in area) represented 

The limitations of this method include:  

 The influence of bending of the bolt is not represented and therefore only “dowel 

action” influence of the bolt on  support system capacity is captured 

7.2.2.2.5 Method Comparison 

By comparing the results of the four methods described, shown in Figure 7-9, several trends may 

be observed. It is clear from the comparison that the Elastic Bolt Method vastly over estimates the 

system capacity, and is not a realistic representation of the system. The remaining three methods 

all present similar results, with capacities within a 50 kN range at approximately 1 cm shear 

displacement. Both Large-Strain methods (Unmodified and Modified) are unable to reach 

displacement past 1 cm, as expected; though it is important to note the Large-Strain Unmodified 

model had not reached its ultimate capacity prior to termination of the model. 
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 Although the Small-Strain method was able accomodate displacements indefinitely, it is 

important to note that the Small-Strain model does not follow the expected change from primarily 

compressive stress at initial displacements to primarily tensile stresses with bolt deformation at 

the higher displacements.  

All methods presented distinct advantages and disadvantages, and therefore, depending 

on the focus of the analyses, different methods were applied. The Elastic Bolt Method was 

applied to the Analytical Model Comparison (Section 7.3). The Large Strain Modified Post-Yield 

Bolt Method was applied to the parametric study of bolt installation conditions (Section 7.5). The 

Small Strain Modified Post-Yield Bolt Method was applied to the 2D Support Element model 

study (Section 7.6). 

7.3 Analytical Model Comparison 

The theoretical response of a fully grouted bolt system in shear is calculated using Dight’s (1982) 

analytical method, discussed in Section 5.4.1.  The predicted resistance of a simple joint model 

and bolted model to shear displacement is shown in Figure 7-10  for a system with 10 kPa and 

1 MPa of confining pressure.  
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confining stresses. Unbolted models were also analysed in order to calibrate the joint response 

within the block model and allow for the isolation of the bolt contribution. 

The results of the unbolted calibration model and bolted baseline model are shown in 

Figure 7-12. The force of the unbolted shear block is shown to attain a near constant value, 

whereas the forces of the bolted shear block model are shown to be increasing with additional 

shear displacement along the joint, as expected. 
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The calibration models with applied normal stresses of 10 kPa and 1000 kPa match the 

theoretical behaviour of the sliding block, with 1.54 kN and 154 kN shear load (respectively) 

required to initiate and maintain displacement along the joint.  

The baseline models with a grouted (elastic) bolt installed were able to resist a higher 

shear load than the analytical models predicted, since the bolt is elastic and therefore can sustain 

infinite stresses. From the load resistance curves however it is apparent that dowel action (R1) and 

axial force developed within the bolt due to lateral bolt extension (R4) are not necessarily the only 

components resisting shear within a bolt system installed at right angles to the plane. The 

behaviour of the elastic bolt models suggests a strain hardening behaviour of the system, which 

indicates that the simplified assumptions based on cylinder expansion theory may not be 

capturing the true load distribution of the bolt-grout-rock interaction. Allowing the bolt to yield in 

tension (fully plastic) will modify this behavior somewhat although this apparent hardening is 

logical given the 3D load transfer between the bolt and the rock. This is not captured in the 

analytical model. 

The principal stresses acting on the bolt at the joint surface are shown in Figure 7-12b. 

Shear bolt mechanics rely on the formation of a hinge within the bolt as the bolt deforms in shear, 

allowing axial forces to develop within the bolt to add to the support capacity of the bolt. With 

initial displacements, the bolt will be placed in compression where the shear block presses against 

the bolt and in tension on the opposite extent of the bolt where the block pulls the bolt. As the 

block displaces and the bolt begins to deform and take on axial load, tensile stress increases 

within the bolt at a greater rate than the compressive stress. As the bolt is elastic, the bolt has an 
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infinite stress capacity, and therefore a plastic bolt would be expected to yield at much lower 

stresses. 

Dight’s analytical model suggests that the hinge zone within the bolt should extend for an 

orthogonal length of 2L across the shear plane, where L is equal to one to two diameters of the 

bolt. As the bolt yields, the bolt orientation is altered, resulting in the angle between the bolt and 

the joint plane (α) reducing with displacement. The theoretical relationship assumes that the bolt 

bends with perfect kink geometry and the angle of the kink is the resulting α.  

Within the baseline elastic bolt model, clear hinges formed as the block sheared and 

reached a peak L of five diameters, with 2 cm of shear displacement at the joint plane, as shown 

in Figure 7-13. The geometry of the bolt is curved in shape, as opposed to kinked, and the angle 

to the secant of the plastic zone (αs) as well as the angle tangent to the bolt at the joint (αt) can be 

determined. Although L in the numerical and analytical models do not correspond, it was found 

that αt from the numerical models corresponds closely to the theoretical values predicted. As a 

result, the assumption that axial strain within the bolt is limited to the hinge zone is accurate, and 

deviation from analytical results is predominantly related to the bolt-grout-rock interaction and 

the elastic properties of the bolt. 

The results also indicate that the simplification of 2L as constant within the analytical 

model has little effect on the derivation of the angle between the bolt and the joint plane for use in 

further calculations. This indicates that though the simplification is inaccurate, it does not result 

in vastly inaccurate system behaviour for the analytical model. 
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7.4 Comparison to Observed Behaviour from Physical Testing 

The response of the baseline model was compared with the observed results from two previous 

laboratory testing studies: Grasselli (2005) and McHugh & Signer (1999).  The comparison 

provided a basis through which the baseline model response could be confirmed to be reasonable 

under the tested range of conditions. The numerical baseline model applied the Small-Strain 

Modified Post-Yield Bolt Method. 

 The reported physical model results were reported as individual bolt contributions to 

shear strength of the system. In order to compare the baseline model to the reported results, the 

joint influence was removed from the model results by subtracting the recorded load resistance of 

the unbolted model at the same confining stress. As seen in Figure 7-14 the loading behaviour of 

the two physical testing studies varies significantly; Grasselli’s bolted system takes on load at 

smaller displacements and maintains a perfect plastic behavior following the strain-hardening of 

the system, whereas the McHugh-Signer results show a more prolonged strain-hardening 

behaviour which is followed by brittle failure. The numerical baseline bolt contribution behaves 

similar to the physical results reported by Grasselli, although they deviate slightly at larger 

displacements during system hardening.   

The peak bolt contribution in both physical test cases show a peak capacity between 85-

90% of the reported tensile capacities of the bolt. The numerical baseline model reaches a peak 

bolt contribution of 209 kN at 2.5 cm of displacement, corresponding to 89.7% of the tensile 

capacity of the bolt. From these results, it can be seen that the baseline model system capacity is 

within the range of tested capacities for similar tested conditions. 
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Borehole size is often dictated by installation requirements, such as the drill 

specifications and the diameter of the tube required to pump grout into the hole around the bolt. 

By varying the diameter of borehole, the size of grout annulus changes, which alters the influence 

of the grout on the system. 

7.5.1 Methodology 

The effects of varying shear bolt conditions were tested by altering the baseline model. 

The study looked to determine the effect of the stress conditions of the system, the dilatancy of 

the joint plane, the angle at which the bolt is installed with respect to the joint plane and the grout 

annulus thickness on the efficiency of a bolt in shear. Certain parameters acted independently 

upon the system, and therefore not all combinations of the varied parameters were modelled 

within the study. The Large-Strain Modified Post-Yield Bolt Method was used for the study, as 

the influence of parameters on system capacity was of interest. 

A “Standard Model” was used throughout the study in order to provide a reference point 

from which to compare the influence of each parameter. The Standard Model corresponds to a 

bolted model with confining pressure of 100 kPa, a joint dilation angle of 0°, a bolt installed at 

90° from the joint plane, and a 44 mm diameter borehole allowing for a 10 mm grout annulus.  

In order to assess the influence of confining pressure on the system response, four 

confining stresses were tested throughout the study. The tested amounts of stress applied to the 

top of the model were: 1 kPa, 10 kPa, 100 kPa and 1,000 kPa.  
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The dilation angle of a surface, ψj, was determined by the relationship of the reported 

joint roughness coefficient (JRC), the joint compressive strength (JCS) and the normal stress 

acting on the system, as shown in Equation 7-1 (Barton & Bandis, 1982). 

log     [7-1] 

As a result, a distinct dilation angle of the joint system is required for each normal stress 

which was tested. In order to test the effect of the amount of joint dilation on the system, four 

relative values of joint dilation were tested for each stress condition: 0 x ψj, 0.5 x ψj, 1.0 x ψj and 

1.5 x ψj.  

The influence on the installed bolt orientation on the support system was modelled by 

varying the model mesh with a bolt installed at 90°, 75°, 60° & 45° from the joint plane, Figure 

7-17. The borehole size remained constant for all angle tests; however, the influence of varying 

normal stresses on the bolt angle contribution was also tested. 

The grout annulus conditions were varied in order to determine the effect of the grout on 

the bolt system. Three standard borehole diameters (44 mm, 52 mm & 56 mm) were modelled 

and tested for a 24 mm diameter bolt at a 90° angle from the joint plane.  
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7.5.2.1 Normal Stress 

From the results of the confining pressure tests shown in Figure 7-18, it is apparent that at low 

confining pressures (1-10 kPa) the bolt response is very similar, with only a small deviation with 

~5 mm of displacement where the 10 kPa model shows a slightly stronger bolt contribution. The 

standard model confining pressure, 100 kPa, shows a slightly slower response rate of the system 

than the lower stress models at initial displacement. The model begins to take on a greater shear 

load resistance with ~2.7 mm of displacement however, and reaches 8 mm prior to mesh failure. 

 The 1 MPa model is shown to have an early peak in resistance. This early peak is a result 

of the bolted model responding earlier than the unbolted joint model at the same pressure. 

Although the peak shown is not representative of load absorbed only by the bolt, it demonstrates 

very clearly the increase in system response rate with the installation of a bolt at higher stresses.   

From the measured stresses at the centroid of the bolt, Figure 7-18 (bottom), it can be 

seen that at lower confining stress, the stresses within the bolt convert from compressive to tensile 

with smaller displacements, but also reach the peak tensile capacity of the bolt at approximately 

3.5 mm of displacement. At the mid-range confining stress of 100 kPa (solid line), the bolt 

system is initially more rigid and the bolt reaches a higher compressive stress before it begins to 

pull significantly. This results in the bolt reaching its tensile capacity at approximately 6.5 mm. 

The model with the highest confining stress follows a similar trend, requiring further 

displacement to deform the bolt. 
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7.5.2.2 Joint Dilation 

The influence of dilation angle on the modelled shear bolt system is not as substantial as initially 

expected from results of previous studies. Shear load resistance of the bolt system is found to be 

slightly larger for the models with the higher dilation angles at initial shear displacements, as 

shown in Figure 7-19. Due to modelling artifacts, however, with larger displacements the models 

with higher dilation angles do not provide clear results.  

At smaller displacements, however, stress results show the effects of dilation on the bolt 

response. With initial displacements, the models with higher dilation angles show a trend toward 

larger tensile stresses building within the bolt. This is expected based on the added vertical 

component of displacement which is associated with non-zero joint dilation angle values. From 

the stress results it could be expected that if the bolt contribution were properly represented, that 

the models with larger dilatancy joints would have a greater capacity. This bolt response is not 

clearly demonstrated, however, in the models developed for this study. 

By comparing to the response of the stresses at the centroid of the model to the bolt 

contribution results, it can be seen that the modelling artifacts are amplified by the subtraction of 

the system response data from the bolt contribution. This is likely due in part to the continuum 

nature of the model, where the joint planes cannot fully open or separate, as well as the lack of 

true confinement of the upper block by physical material which would increase the confining 

pressure on the system. As a consequence, the bolt contribution is calculated using results from 

two models for which numerical artifacts are significant. 
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7.5.2.3 Installed Bolt Angle 

From the varying bolt angle models, it can be seen that an inclined bolt yields greater response to 

shear loading as shown in Figure 7-20. The inclined bolts both respond at smaller displacements 

but also attain higher system load capacities. The 45° bolt resists shear displacement slightly 

before the bolts installed at 60° and 75°, however, the higher angles are found to have a larger 

total load resistance past 5 mm of displacement. 

From the measured stresses at the centroid of the bolt, Figure 7-20 (bottom), it can be 

seen that by inclining the bolt, the bolt reacts more readily in tension at early displacements and 

therefore the axial loading of the bolt occurs with minimal shear displacement.  

In order to optimize the bolt angle, a balance of immediate strength mobilization and 

sustained tensile capacity at higher deformations must be reached. In correlation with the applied 

force results, it is observed that a 60° bolt incurs tensile stress at small displacements and reaches 

its tensile capacity at approximately 4 mm of displacement. In the case of the 90° bolt, the bolt 

takes larger displacements to incur tensile stresses, but does not reach its tensile capacity until 

more than 8 mm of displacement. Therefore the optimal bolt angle would fall between these bolt 

orientations. 
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7.5.2.4 Borehole Diameter 

In the analytical models, the borehole size and grout properties are often neglected as the 

analytical model assumes that the strength of the grout is equal or less than the rockmass, in order 

to simplify grout contributions. In the models in which the size of the grout annulus was the only 

parameter tested, it is shown that the amount of grout surrounding a dowel affects the load 

resistance of the passive bolt, even in the case of a weaker grout. The increase grout annulus has a 

distinctly higher load capacity, as shown in Figure 7-21. 
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7.6 Testing of 2D Support Element Models 

7.6.1 Methodology 

In order to assess the accuracy of 2D support elements in capturing the complex support-rock 

interactions, the 3D baseline numerical model was used to demonstrate the expected mechanics of 

the system. The 2D shear test models were then compared with the 3D results. In addition, 

alternative input parameters for the 2D model were tested in order to determine the sensitivity of 

the support element models. 

The 3D baseline model applied the Small-Strain Modified Post-Yield Bolt Method in 

order to depict the expected support system behaviour up to 2.5 cm of displacement. 

To be able to assess the 2D bolt element response to shear loading, direct shear test 

models were created, using Phase2 v. 8.010, to replicate the conditions tested in the 3D model as 

closely as possible. Initial models indicated that single bolt direct shear test models develop 

significant unbalanced moments which inhibited the testing of ‘direct shear’ conditions. In order 

to mitigate the formation of the unbalanced moment, a double-bolt shear test was modelled, as 

shown in Figure 7-22. The rock and joint properties in the 2D model are the same as listed in 

Table 7-1 & Table 7-2.  
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7.6.2 Study Results & Discussion 

For each model, the force required to move the top block across the bottom block was recorded. 

In the 3D model, the forces were recorded directly from the model, whereas, for the 2D model, 

the forces were calculated. In this case (2D), the forces were calculated by integrating the 

horizontal stresses recorded over the boundaries where displacements were applied. The values 

were then reduced by half to account for the second bolt in the model.   

7.6.2.1 Joint Influence and Bolt Contribution 

The initial results of a 24 mm bolt, with similar properties to the 3D model are shown in Figure 

7-23, with a varying confining stress. It is clear from these results that in the case of the fully 

bonded bolt at this diameter and strength the support system fails almost instantly and does not 

incur any load to resist shear over and above the joint shear resistance.  

This is not the case for the friction bolt element, where the bolt reacts at smaller 

displacements than the no bolt models, and has a higher initial capacity. Although bolt models 

were set-up as perfectly plastic, they behave as elastic-brittle-plastic where the system capacity is 

reduced to the joint surface resistance upon failure. This indicates a limitation in the model at 

replicating the multi-phase strength behaviour seen in the baseline model and physical tests, most 

notably the perfect-plastic behaviour prior to brittle failure.  
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joint surface resistance to shear. It also shows that the confining stress has relatively little 

influence on the bolt contribution to system load capacity, although it does have significant 

influence on the joint behavior and thus the overall system capacity. 

 As in the previous study, in order to compare the bolt models more directly, the bolt 

contribution was ascertained by removing the influence of the joint resistance from the support 

system results. This was done by subtracting the results of the model with no bolt installed, from 

the results of the bolted models. 

7.6.2.1.1 Mesh Density Influence on the Fully Bonded Bolt Model 

As an aside from the overall study, a small scale mesh sensitivity analysis was completed in order 

to assess the influence of mesh density on the ability of the fully bonded model to take on load 

with shear displacements. The fully bonded models tested in the overall study showed that at 

higher strengths of bolt, the model was able to take on load and did not fail immediately. This 

indicated that changing the model parameters may lead to improvements of the 230 kN bolt 

performance. As shown in Figure 7-24, with increasingly fine mesh, the fully bonded bolt is able 

to incur load, as opposed to failing immediately when subjected to shear. It must be noted that 

this mesh dependency appears to be a discrete phenomenon, where below a critical mesh density 

the bolt fails at very small displacements and above the critical mesh density the bolt does not fail 

immediately. Increasing mesh density beyond this threshold had little effect on bolt strength, with 

the ultimate system capacity fluctuating slightly around 350 kN. 
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From the model comparison it can be seen that the models behave similarly at initial 

displacements, but rapidly deviate in bolt response. The 3D three material model shows a strain-

hardening behaviour where the load sustained by the bolt increases rapidly at initial 

displacements, and continues to take on load once the bolt has yielded. In the 2D models, 

however, the model incurs large initial loads similar to the 3D model at initial displacements; 

however, the model slows the rate at which it takes on additional load relative to the 3D model 

near 1 mm of displacement. This may be due to the simplifying assumptions made in the bolt 

model, namely the lack of grout influence on the system. The ultimate capacity of the bolt reaches 

~50% of the tensile capacity of the tensile strength of the friction and fully bonded models.  

The 2D bolt element models moderately underestimate the bolt contribution at initial 

displacements when compared to the 3D model and physical model results in Figure 7-14. Post-

failure of the bolts, however, the bolt models provide no resistance to the shear system (regardless 

of the inputted residual tensile capacity) and therefore largely under-represent the support 

contribution of passive bolts at moderate displacements.  

7.6.2.3 Bolt size and strength influence 

As the grout material is not accounted for in the bolt element models, the size of the bolt was 

varied to reflect the size of the bolt or the borehole in the 3D model, where the strength of the bolt  

was constant, but the area over which it acted varied. The results, Figure 7-26, show a more stiff 

behaviour of 44 mm bolts when compared to the results of the corresponding 24 mm bolts. It is 

important to note that the stiffer bolt responds more rapidly to initial shear loading than the 

equivalent bolt softer bolt. 
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7.6.2.4 Bond Strength Influence 

Many bonds exist within the passive bolt system, and as such, it was important to verify the 

selection of the bond properties. Both properties, the grout material and grout-bolt bond, 

demonstrated similar responses to shear. This suggests that the bond properties have almost no 

influence on the behaviour of the bolt element in shear; these properties instead are likely used in 

calculations involving direct tensile loading. 

7.6.2.5 Bolt Element Model Type Influence 

A comparison between 24 mm bolt models for the friction bolt and fully bonded bolt is shown in 

Figure 7-27. Note that the 230 kN strength bolt represents the extremely fine mesh model (“Fine 

Mesh 2”), whereas all other models were run with the ‘Standard Mesh’ shown in Figure 7-22 & 

Figure 7-24. From the comparison it is possible to see a distinct trend that the fully bonded bolt 

takes on load at a slower rate for all strengths, as well as having a lower failure capacity than the 

friction bolt. This indicates a greater discrepancy from the desired behaviour of the bolt in shear, 

shown by the 3D bolt results, for the fully bonded bolt when compared to friction bolt. 

7.7 Suggested Bolt Model Modifications 

From this study it was found that the shear capacity of the bolt elements reached 50% of the input 

tensile capacity and responded at larger displacements from the baseline model. In order to 

simulate the desired capacity of a passive bolt in shear, two modifications are suggested, one of 

which is for the user and the other for the FEM program code. 
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7.7.2 Numerical Program Modifications 

In order to remedy the discrepancy within the numerical program, it is suggested two 

modifications be made to the Phase2 friction bolt model code in order to better capture the 

response or the support system to shear loading. 

 The first suggested modification to the bolt element model would address the discrepancy 

in loading capacity. It is suggested that an option be provided within the Phase2 code which 

would allow the user to select whether to use a bolt shear capacity equal to 50% of the input 

tensile capacity, or to use a bolt shear capacity equal to 85% of the input tensile capacity.  

The second suggested modification addresses the discrepancy in model stiffness. It is 

suggested that bond material properties (stiffness and thickness of the bond annulus) be included 

as possible input parameters, through a checkbox selection option. In the case of a grouted bolt, 

the two input parameters would allow the determination of a weighted stiffness for application in 

the bolt model in order to get the expected initial response of the system. In the case of pure 

frictional bolts (ie. swellex or split-sets), the checkbox would be left unselected and the model 

would perform using the unweighted value as before. 
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Chapter 8 

Discussion, Conclusions & Future Work 

The impact of geology on the design and construction of underground structures is significant for 

both large scale and small scale excavations. This thesis focused on the impact of heterogeneous 

tectonically undisturbed sedimentary rock on several scales of excavation. A discussion of 

findings is presented within this chapter as well as overarching conclusions from this study and 

recommendations for future work for each topic.  

8.1 Challenges of Micro-tunnelling Through Variable Sedimentary Ground 

A review of all data pertaining to recent small diameter tunnelling projects in the City of Calgary 

provided insight into limitations and concerns faced using mechanical excavation techniques, 

namely TBMs. The review examined the local geological history, the current geological setting 

and the observed geotechnical properties of the units common in the Calgary area. From the 

geological review, the cause and the extent of geotechnical variation of the bedrock was assessed 

and its impact on tunnel excavation explored. Tunnel boring machines are often used in urban 

settings as they can often reduce the risk of subsidence and are logistically appealing when 

machines may be used for several projects and produce good advance rates. However, TBMs are 

often sensitive to variable conditions, such as the bedrock properties found in Calgary. 

 The Calgary area is underlain by primarily interbedded sandstone, siltstone and mudstone 

units. The units are highly variable in both vertical and lateral distribution which causes large 

challenges for the development of an accurate geological model of the subsurface. In addition, the 

degree of lithification of the units is also highly irregular, as the bedrock is an important aquifer 
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for the region which has led to inconsistent material porosity and cementation of the units. 

Geotechnical studies in the past have recorded a large range in strength for each unit within the 

Paskapoo bedrock and a large behaviour difference between the local mudstone unit and the 

siltstone and sandstone units.  

The mudstone unit is a weak unit which is prone to slaking and swelling, depending on 

the clay content. During excavation, the unit was found to be soft and easily penetrated during 

excavation, however, the unit also becomes adhesive and clogs within the excavation chamber 

and causes significant operational delays. In areas where mudstones are unevenly distributed 

along the tunnel alignment, challenges related to TBM alignment are common as the machine 

tends to veer into the softer units. 

The sandstone and siltstone units are competent units which require the use of hard rock 

excavation methods. When both the weak and strong units are present within the face of the 

excavation, differential pressure can develop and cause wear or damage to the main bearing. 

Adequate torque and appropriate cutting tools are required for the excavation of the competent 

units and are important design considerations for the selection of the TBM. 

8.1.1 Conclusions 

From the review of the recent small diameter tunnelling experiences in Calgary, it can be seen 

that the variability of the bedrock plays an important role in the progress of the projects. When 

rock units are non-continuous and unpredictable, they can pose a large risk to project success, 

even for micro-tunnels. Though the geotechnical reports often indicated the high probability of 

heterogeneous conditions, TBMs fitted with cutting tools allowing for little capacity to respond to 

variable conditions were often selected. The use of scraper or cutting disc only cutterheads were 
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responsible for several of the challenges faced in Calgary projects and may be linked to several 

construction delays. Due to the challenges in the development of a representative geological 

model, variability should be expected in excavations through the Paskapoo bedrock, and 

combination cutting tools should be included in the cutterhead design. 

As the properties of the mudstone have caused challenges at many of the project sites, it 

is recommended that the use of an additive be investigated in order to reduce the sticking nature 

of the excavated mudstone and prevent the muck from sticking to the machinery. In the 

meantime, the use of cutterheads equipped with water jetting have proven more effective through 

the mudstone units than those without; it is therefore recommended that water jets be used at the 

excavation face until adequate additives for the units have been determined. 

8.1.2 Recommendations for Future Projects 

Calgary’s continued growth will likely result in many future underground infrastructure projects, 

and it is important for the city to build upon the knowledge and experience gained from previous 

projects in order to improve techniques and project progress.  

 As mentioned many times, the geology of the area is especially challenging due to the 

variability of the distribution of units. In order to better understand the distribution of units and 

their measured properties, a cumulative database of core logs and laboratory test results is 

advised. By the development of a georeferenced city wide database, project engineers would gain 

access to all information pertinent to a specific region of the city. This database is not suggested 

in place of a detailed site investigation (including drilled bore holes and lab testing) but instead to 

build a more complete model for minimal additional cost.  
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 It is also recommended that throughout the duration of a tunnelling project, as well as 

upon completion, the project successes and failures be documented and reviewed by 

representatives from each facet of the project (ie. logistical, construction, technical). By 

reviewing projects as the projects proceed, alterations to the design or to the process may be made 

to improve performance. Upon completion, a review of the project allows for the development of 

larger scale conclusions and suggestions can be made for future projects to ensure that similar 

issues are not encountered (ie. TBM machine selection, or contractor requirements). 

 If challenges persist with TBM selection not matching with the geotechnical properties 

predicted in the geotechnical reports, machine selection by the contractor is recommended to be 

reviewed by the owner, or the owner’s representative, to ensure that the machine complies prior 

to launch of the tunnel. 

8.2 Numerical Modelling of Shallow Excavations through Layered Rock  

Laminated rockmasses present unique challenges to common designs and design methodologies, 

which special considerations in the case of shallow (low stress) excavations. Excavation profiles, 

material mechanics and failure mechanisms all influence the initial stability of an excavation and 

the required support systems to maintain stability. Excavation designs through challenging 

ground are often developed with the use of numerical models to better understand and predict 

expected conditions. 

Two-dimensional continuum methods are often used in geomechanics to model the 

elasto-plastic behavior of rock in response to underground structures. Continuum methods have 

developed to incorporate discrete “pseudo-discontinuum” features to represent discontinuities or 

weakness planes through the rockmass. Various options are available to best represent 
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heterogeneous low stress conditions, whether modelling individual materials and structures or 

representing material by approximations or weighted “representations” of the material properties. 

Each model option presents unique challenges to the development of an adequate numerical 

model, and assumptions are made in each case.  

A comparative study of each modelling option for cases of shallow excavations through 

laminated ground was conducted to assess the alternatives and the potential challenges with each 

case. Material representation was assessed in the case of a 5 m diameter tunnel at 20 m depth, 

with layered variable materials compared to a representative material, both with only primary 

horizontal structure modelled.  

In order to use numerical methods to design excavations, it is critical that the expected 

failure mode be adequately captured by the model. At low confining pressures, structural failure 

is a common failure mode in jointed ground. The ability of continuum methods to capture 

structural failure mechanisms was tested along with the effect of excavation profile geometry for 

a 10 m span cavern excavation. 

To exploit the natural reinforcing capacity of the rockmass structure by minimizing layer 

delamination to promote stable voussoir beam mechanics, rock bolts installed at or near the 

abutments are the proposed support design. In order to ensure the stability of this design, two 

support elements, representative of passive rock bolts, were tested for the least stable, flat-roofed 

cross-jointed model.  

8.2.1 Conclusions 

From the comparative studies it was possible to assess the sensitivity of numerical methods to 

varying modelling methods for the representation of heterogeneous material. From the study of 
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material representation, whether by distinct material properties or by weighted averaging, it was 

found that the extent of joint displacement and locations of material yield were significantly 

affected. When individual units were included in the analysis, shear material yield was localized 

within the weaker rock units which caused tensional yield in the surrounding competent unit. In 

contrast, in the weighted material model, it was found that the averaged material strength lead to 

no yield within the material. Deformation of the rockmass surrounding the excavation was more 

significant in the models with individual units represented; however extents of joint slip were 

similar in both cases. 

From the failure mode analysis, a sensitivity of the modelling program to the input of 

residual joint strength was highlighted, with expected structural failure only occurring in cases 

where the residual strength was set to a sufficiently small value. Once the residual joint strength 

was adequately represented, it was found that the arched geometry profile deformed to a lesser 

extent than the flat-roofed excavation geometry. It was also found that whether cross-joints were 

included in the material or not, significantly changed the extent of deformation above the 

excavation as well as the extent of material yield. In the cross-jointed models, the joint yield 

caused larger material deformation and extent, though yield was primarily restricted to the joints, 

whereas, in the laminated models, significant material yield developed at the abutments and 

midspan to accommodate beam deflections in the roof. 

The supported models showed significant improvement in model stability with bolts 

added near the abutments of the excavation to reduce joint slip and resultant layer delamination. 

An additional finding  of the study, however, was the discrepancy that exists between the results 

of the two bolt element models when compatible properties were used. From this study, the 

importance of verifying the bolt element models used in 2D analysis methods was established. 
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8.2.2 Recommendations for Future Work 

Suggested areas for future research include the extension of these studies to additional rockmass 

material properties, rock types and structural behaviour. Failure modes such as unraveling are 

linked to structural failure within weak rock units at low stress but were not examined in this 

thesis, the degree to which structure must be included in a model to capture these failure modes 

would be an interesting extension of this study. 

 In reference to the additional findings, amendment to the code used to query nodes across 

joints is suggested in order to capture the values of adjacent nodes. 

8.3 Numerical Modelling Passive Bolt Response to Shear Loading 

Support designs for excavations are often developed using numerical methods in combination 

with practical experience. In order to develop a support design using passive bolts intended to 

resist minor shear displacements along existing discontinuities, it is important to determine 

whether the shear capacity of a passive bolt system is adequately captured in current numerical 

models.  Two-dimensional numerical models often include support elements which allow for the 

representation of a three-dimensional support system to be included in the model. The support 

element models often include various numerical simplifications in order to facilitate their 

inclusion into the system.  

A study of the adequacy of the support element models was completed by the comparison 

of a fully modelled, multi-material model to current support element models in a case of direct 

shear. The three-dimensional bolted numerical block model, the baseline model, was created in 

order to simulate a multi-material direct shear test of a bolted block and determine an expected 

baseline response. The block model results were related to both an analytical model and physical 
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testing results and were found to be comparable. The 3D model was also tested for susceptibility 

to response variation due to modified support installation conditions.  

The response of the baseline model was then compared to the response of bolt element 

models provided by the two-dimensional FEM program, Phase2 by Rocscience, when loaded in 

shear; both the frictional bolt model (“Swellex/Split-set” model) and the fully-bonded model were 

used for the study. The two-dimensional models were assessed reproducing the same material 

properties as were used in the three-dimensional model.  

8.3.1 Conclusions 

From the development of the baseline model it was found that the system shear capacity is 80-

95% of the tensile capacity of the bolt. The bolt was found to transition from initial elastic 

behaviour to strain-hardening, followed by perfect plastic behaviour up until 2.5 cm of shear 

displacement. The capacity of the system was found to vary depending on the bolt installation 

conditions, with the most influential installation option being the angle at which the bolt 

intersects the discontinuity; the bolt behaves optimally when installed between 45°-75° from the 

joint surface. It was also noted that the thickness of the surrounding grout annulus increased the 

bolt capacity and early system response, even in the case where the grout was weaker than the 

surrounding rock. This increased capacity is likely due to the increase in material which intersects 

the joint plane as the grout is stronger in shear than the plane itself. 

From the preliminary comparative results it was clear that using a standard mesh, the 

fully-bonded bolt model is unable to capture any shear resistance of the bolt system, as the bolt 

failed within the preliminary stages of the loading. With further investigation, it was found that 

the fully bonded support model contains an underlying mesh sensitivity, where with a 
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significantly finer mesh, the bolt behaved more similarly to the friction bolt model. This mesh 

sensitivity can cause misleading results when using the fully bonded bolt model in an excavation 

support scheme; and as a result it would be the recommendation of the author for the bolt model 

to be avoided in cases where shear loading could be expected to occur. 

In the case of the friction bolt it was found that the model was able to incur shear loads, 

however a distinct discrepancy in behaviour exists between the expected bolt behaviour as shown 

in the 3D model results, and the 2D bolt element model results. Most notably, the ultimate system 

capacity and the post-yield behaviour of the bolt elements under represent the system shear load 

capacity. The friction bolt was found to fail at 50% of the tensile capacity of the bolt, after which 

no resistance was provided by the bolt. The bolt model was also found to respond slower than 

expected to the shear loading. 

By investigating the influence of input parameters, it was found that a stronger and stiffer 

bolt more adequately matched the expected shear loading response of a passive grouted bolt. 

From this two modifications preliminary modifications are suggested for the Phase2 friction bolt 

model, the inclusion of optional: a modified shear capacity and grout properties. By allowing the 

shear capacity of the bolt to reach 85% of the tensile capacity of the bolt, the discrepancy of the 

load capacity and post yield behaviour are lessened as the bolt reaches a reasonable ultimate 

capacity and shear displacement prior to failure. By including grout properties, a weighted 

stiffness may be applied to the system stiffness in order to better capture the faster initial response 

of the system. 
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8.3.2 Recommendations for Future Work 

Suggested areas for further research into the behavior of the 3D model include the 

investigation of the influence of joint dilation on the support capacity of the 3D passive bolt 

model in shear using discontinuum methods. Also, the further investigation of the influence of 

rock and grout strength on the system behavior is recommended, including differential unit 

strength between the two rock block simulating variable layered rock units within the rockmass.  

In order to better understand the ability of the 2D bolt models to capture the complete 

behaviour of a passive bolt in shear, a parametric study of the installation conditions is 

recommended. Most importantly, the influence of bolt angle on system behaviour should be 

explored. Additionally, as this study only verified the use of two available support models within 

Phase2, additional studies evaluating the support models available in alternative numerical 

software, including but not limited to Itasca software (FLAC, FLAC3D, UDEC and 3DEC), are 

highly recommended.  

8.4 Relevance to the larger community 

As urban centers develop and the surficial space becomes occupied by existing infrastructure, the 

need for the development of underground space increases. By reviewing and investigating the 

influences of heterogeneity on shallow excavations, cost effective and safe designs of 

underground developments are explored.  

 The review of the state of practice in micro-tunneling in Calgary, AB, provides insight 

into the areas where designs may be improved for future projects within the city, or in regions of 

similarly variable ground.  
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 The investigation into the numerical representation of shallow large excavations as well 

as the shear loading response of provided support element models demonstrates the shortcomings 

in common modelling methods and provides suggestions as to the method to best mitigate them. 
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Appendix A 

FLAC 3D Shear Bolt Model Code 

 

MASTER.dat 
 

;Master file used to call all components of the model 
 
impgrid "Bolt.flac3d" ;imports Kubrix model 
 
call "rename" ;renames groups to be material 
 
plot zgroup ;plots the model in the Base 
 
set large ;set model to large strain model  
 (recalculates node placements) 
 
set mechanical damp combined 0.5  ;sets damping constant to 0.5 
 
call "prop_rock" ;defines rock material properties 
 
call "prop_grt"  ;defines grout material properties 
 
call "prop_bolt" ;defines bolt material properties 
 
call "prop_int" ;defines interface properties 
 
call "assign_prop" ;assigns material properties to all  
 groups 
 
call "interface" ;assign interfaces: top of the bottom  
 rock block, grout & bolt 
   
call "bound" ;assigns boundary conditions 
 
call "gridpoints"  ;assigns ID names for selected points of  
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 interest 
 
call "history" ;creates history points 
 
call "stress" ;assigns stress conditions 
 
call "results" ;prints recorded histories to a file 
 

 
 

rename.dat 
 
;file used to rename zone groups with descriptive titles 
 

group Bolt range group group4 
group Grout range group group3 
group Rock_bot_in range group group2 
group Rock_top_in range group group6 
group Rock_bot_out range group group1 
group Rock_top_out range group group5 

 

 
 

prop_rock.dat 
 
;file used to set properties of the rock by defining variables in 
a FISH function which is called by the FLAC code at the end of 
the file. 
 
define _rockprop  ;opens a FISH function  
 
;==================================================== 
;Stiff Elastic Outer Rock Properties for Hawksbury Sandstone 
;==================================================== 
;for use in: model mech elastic 
 
  _out_E =  1.0e10 ;Young's Modulus (Pa) 
  _out_p_ratio =  0.20 ;Poisson's Ratio 
  _out_wt  =  2.3e4 ;Unit Weight 
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  _out_dens =  _out_wt/9.81 ;Material density 
 
  _out_K =  _out_E / (3 * (1 - 2 * _out_p_ratio)) ;Bulk Modulus 
  _out_G =  _out_E / (2 * (1 + _out_p_ratio)) ;Shear Modulus 
 
;==================================================== 
;  Plastic Rock Properties for Hawksbury Sandstone 
;==================================================== 
;rockmass inputs from MacQuarie Station (Chan & Stone, 2005)  
;for use in: model mech hoekbrown 
 
  _mat_E =  8e9 ;Young's Modulus 
  _mat_p_ratio  =  _out_p_ratio ;Poisson's Ratio 
  _mat_wt  =  _out_wt ;Unit Weight 
  _mat_sigci  =  3.5e7 ;Reported 30-40 MPa UCS 
 
;additional values required for Hoek Brown 
 
  _mat_dens =  _mat_wt/9.81 ;Material density  
  _mat_a  =  0.5 ;Intact: GSI = 100 
  _mat_s =  1.0 ;Intact: GSI = 100 
  _mat_mb =  17.0 ;Intact: GSI = 100 
  _mat_sig3 =  0.00E+00 ;Non-Associated Flow Rule  
 
  _mat_K =  _mat_E / (3*(1 - 2 * _mat_p_ratio)) ;Bulk Modulus 
  _mat_G =  _mat_E / (2*(1 + _mat_p_ratio)) ;Shear Modulus 
   
end  ;closes the FISH function, returns to standard FLAC 
 
@_rockprop  ;calls the Fish function in FLAC 
 

 
 

prop_grt.dat 
 
;file used to set properties of the grout by defining variables 
in a FISH function which is called by the FLAC code at the end of 
the file. 
 
define _grtprop ;opens a FISH function  
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;==================================================== 
;                  Grout Properties 
;==================================================== 
;for use in: model mech mohr 
;rockmass inputs from (Dight, 1982) - 7 day cure p. 3-20 (Table 
3.3.5) & (Hutchinson & Diederichs, 1996) -  W:C 0.7 
 
  _grt_E =  4.81e9 ;Modulus of Elasticity (Pa) 
  _grt_tens  =  2.92e6 ;Reported 2.92 MPa Tensile Strength 
  _grt_sig1  =  2.153e7 ;Reported 21.53 MPa UCS 
  _grt_dens =  1.54e3 ;Material density  
   (1.54t/m3=1540kg/m3) 
;calculating phi and cohesion 
  _grt_phi =   30.0 ;estimated 
  _grt_coh =  ((1-sin(_grt_phi))*_grt_sig1)/(2*cos(_grt_phi))   
   ;Cohesion (Pa) 
   
;additional values required for Mohr Coulomb 
  _grt_p_ratio =  0.25  ;Poisson's Ratio (estimated) 
  _grt_dil =  0  ;Dilation angle 
 
  _grt_K =  _grt_E / (3*(1 - 2 * _grt_p_ratio))  ;Bulk Modulus 
  _grt_G =  _grt_E / (2*(1 + _grt_p_ratio))  ;Shear Modulus 
 
end   ;closes the FISH function, returns to standard FLAC 
 
@_grtprop   ;calls the Fish function in FLAC 
 

 
 

prop_bolt.dat 
 
;file used to set properties of the grout by defining variables 
in a FISH function which is called by the FLAC code at the end of 
the file. 
 
define _boltprop  ;opens a FISH function  
 
;==================================================== 
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;                 Bolt Properties 
;==================================================== 
;for use in: model mech strainsoftening 
;bolt values for 316 Stainless Steel 
 
  _bolt_dens =  8e3 ;steel density at 25degC (kg/m3) 
  _bolt_E =  2e11 ;Young's Modulus (Pa) 
  _bolt_phi =  0 ;No friction in steel 
  _bolt_p_ratio =  0.28 ;Poisson's Ratio 
  _bolt_dil =  0 ;Material dilation 
 
  _bolt_K =  _bolt_E / (3 * (1 - 2 * _bolt_p_ratio))  
   ;Bulk Modulus 
  _bolt_G =  _bolt_E / (2 * (1 + _bolt_p_ratio))   
    ;Shear Modulus 
 
;---------------------------------------------------------------- 
;Select one of the following: (comment out models not in use) 
 
;1) Elastic Bolt Method 
 
  _bolt_ult =  5.15e8 ;ultimate Tensile strength (Pa) 
 
;2) Large Strain Bolt Method 
 
  _bolt_ult =  5.15e8 ;ultimate Tensile strength (Pa) 
  _bolt_tens =  2.05e8 ;Tensile Yield strength (Pa) 
  _bolt_tens2 =  bolt_tens + 2.05e8 ;for use in strain  
  hardening table 
  _bolt_coh =  _bolt_tens/2 ;cohesion, using Tresca failure  
  envelope 
  _bolt_coh2 =  _bolt_tens2/2 ;cohesion, strain hardening  
  table value 2 
  _bolt_coh3 =  _bolt_ult/2 ;cohesion, strain hardening  
  table value 3 
 
;3) Large Strain Modified Post-Yield Bolt Method 
  _bolt_ult =  2.50e8 ;Mod. Ult. Tensile strength (Pa) 
  _bolt_tens =  2.05e8 ;Tensile Yield strength (Pa) 
  _bolt_tens2 =  bolt_tens + 3e7 ;for use in strain hardening  
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  table 
  _bolt_coh =  _bolt_tens/2 ;Cohesion, using Tresca failure  
  envelope 
  _bolt_coh2 =  _bolt_tens2/2 ;Cohesion, strain hardening  
  table value 2 
  _bolt_coh3 =  _bolt_ult/2 ;Cohesion, strain hardening  
  table value 3 
 
;4) Small Strain Modified Post-Yield Bolt Method 
  _bolt_ult =  2.50e8 ;Mod. Ult. Tensile strength (Pa) 
  _bolt_tens =  2.05e8 ;Tensile Yield strength (Pa) 
  _bolt_tens2 =  bolt_tens + 3e7 ;for use in strain hardening  
  table 
  _bolt_coh =  _bolt_tens/2 ;Cohesion, using Tresca failure  
  envelope 
  _bolt_coh2 =  _bolt_tens2/2 ;Cohesion, strain hardening  
  table value 2 
  _bolt_coh3 =  _bolt_ult/2 ;Cohesion, strain hardening  
  table value 3 
;---------------------------------------------------------------- 
end 
 
@_boltprop 
 
;Defines Strain hardening tables: 
 
;plastic cohesion relationship of steel: 
table 1 0,@_bolt_coh 0.1,@_bolt_coh2 0.2,@_bolt_coh3 
 
;plastic tensile relationship of steel: 
table 2 0,@_bolt_tens 0.1,@_bolt_tens2 0.2,@_bolt_ult   
 

 
 

prop_int.dat 
 
; file used to set properties of the interface 
 
define _intprop  ;opens a FISH function  
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;==================================================== 
;               Rock Bedding Properties 
;==================================================== 
; From (Chan & Stone, 2005) 
  _bed_coh =  0 ;Joint Cohesion (Pa) 
  _bed_dil =  0 ;Joint Dilation (varried for Section 7.5) 
  _bed_phi =  27 ;Joint Friction Angle (Degrees) 
  _bed_Kn  =  3.0e9 ;Joint Normal Stiffness (Pa/m) 
  _bed_Ks =  1.5e9 ;Joint Shear Stiffness (Pa/m)  
  _bed_tens =  0 ;Joint tensile strength (Pa) 
 
  _bed_JRC =  5 ;Joint roughness coefficient 
  _bed_JCS =  4.0 ;Joint Compressive Strength 
 
;==================================================== 
;               Rock-Grout Properties 
;==================================================== 
  _gr_coh =  1e6 ;Bond Cohesion (Pa) 
  _gr_dil =  0 ;Bond Dilation (Pa) 
  _gr_phi =  50 ;Bond Friction Angle (Degrees) 
  _gr_Kn  =  1.0e10 ;Bond Normal Stiffness (Pa/m) 
  _gr_Ks =  2e9 ;Bond Shear Stiffness (Pa/m) 
  _gr_tens =  1e6 ;Bond tensile strength (Pa) 
 
;==================================================== 
;               Grout-Bolt Properties 
;==================================================== 
  _bg_coh =  2e6 ;Bond Cohesion (Pa) 
  _bg_dil =  0 ;Bond Dilation (Pa) 
  _bg_phi =  58 ;Bond Friction Angle (Degrees) 
  _bg_Kn  =  1.0e10 ;Bond Normal Stiffness (Pa/m) 
  _bg_Ks =  3e9 ;Bond Shear Stiffness (Pa/m)  
  _bg_tens =  1e6 ;Bond tensile strength (Pa) 
 
 
end   ;closes the FISH function, returns to standard FLAC 
 
@_intprop ;calls the Fish function in FLAC 
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assign_prop.dat 

 
;file used to assign properties of the rock, grout & bolt using 
variables previously defined 
 
;==================================================== 
;                Assign Rock Properties 
;==================================================== 
;----------------------- 
;To Outer elastic region 
;----------------------- 
model mech elastic range group Rock_bot_out 
 prop shear  = @_out_G range group Rock_bot_out 
 prop bulk  = @_out_K  range group Rock_bot_out 
 prop dens  = @_out_dens range group Rock_bot_out 
 
model mech elastic range group Rock_top_out 
 prop shear  = @_out_G range group Rock_top_out 
 prop bulk  = @_out_K  range group Rock_top_out 
 prop dens  = @_out_dens range group Rock_top_out 
 
;----------------------- 
;To Inner plastic region 
;----------------------- 
model mech hoekbrown range group Rock_bot_in 
  prop shear   = @_mat_G range group Rock_bot_in 
  prop bulk   = @_mat_K  range group Rock_bot_in 
  prop hbsigci = @_mat_sigci  range group Rock_bot_in 
  prop hbmb   = @_mat_mb range group Rock_bot_in 
  prop hbs   = @_mat_s  range group Rock_bot_in 
  prop hba   = @_mat_a range group Rock_bot_in 
  prop dens   = @_mat_dens range group Rock_bot_in 
 
 
model mech hoekbrown range group Rock_top_in 
  prop shear   = @_mat_G range group Rock_top_in 
  prop bulk   = @_mat_K  range group Rock_top_in 
  prop hbsigci = @_mat_sigci  range group Rock_top_in 
  prop hbmb   = @_mat_mb range group Rock_top_in 
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  prop hbs   = @_mat_s  range group Rock_top_in 
  prop hba   = @_mat_a range group Rock_top_in 
  prop dens   = @_mat_dens range group Rock_top_in 
 
;==================================================== 
;              Assign Grout Properties 
;==================================================== 
model mech mohr range group Grout 
  prop bulk = @_grt_K range group Grout 
  prop cohesion = @_grt_coh range group Grout 
  prop density = @_grt_dens range group Grout  
  prop dilation = @_grt_dil range group Grout 
  prop friction = @_grt_phi range group Grout 
  prop shear = @_grt_G range group Grout 
  prop tension = @_grt_tens range group Grout 
 
;==================================================== 
;                Assign Bolt Properties 
;==================================================== 
model mech strainsoftening range group Bolt 
  prop bulk = @_bolt_K range group Bolt 
  prop cohesion = @_bolt_coh range group Bolt 
  prop ctable = 1 range group Bolt 
  prop density = @_bolt_dens range group Bolt 
  prop dilation = @_bolt_dil range group Bolt 
  prop dtable = 0 range group Bolt 
  prop friction = @_bolt_phi range group Bolt 
  prop ftable = 0 range group Bolt 
  prop shear = @_bolt_G range group Bolt 
  prop tension = @_bolt_tens range group Bolt 
  prop ttable = 2 range group Bolt 
 

 
 

interface.dat 
 
;file used to create interfaces and assign the properties using 
variables that have been previously defined 
 
;==================================================== 
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;                Between Rock Blocks 
;==================================================== 
 
;between the outer region blocks 
 gen separate range group Rock_bot_out ;separate shared  
  surfaces by adding nodes 
 interface 1 wrap Rock_bot_out Rock_top_out  ;wraps an interface  
  along the top surface of  
  the bottom block –  
  between the two blocks 

;assigns joint properties to int 1 
 int 1 prop cohesion =  @_bed_coh ;Pa 
   int 1 prop dilation =  @_bed_dil ;degrees 
   int 1 prop friction =  @_bed_phi ;degrees 
   int 1 prop kn =  @_bed_Kn ;Pa/m 
   int 1 prop ks =  @_bed_Ks ;Pa/m 
   int 1 prop tension =  @_bed_tens ;Pa 
 
;between the inner region blocks 
 
 gen separate range group Rock_bot_in ;separate shared  
  surfaces by adding nodes 
 interface 2 wrap Rock_bot_in Rock_top_in ;wraps an interface  
  along the top surface of  
  the bottom block –  
  between the two blocks 
 ;assigns joint properties to int 2 
   int 2 prop cohesion =  @_bed_coh ;Pa 
   int 2 prop dilation =  @_bed_dil ;degrees 
   int 2 prop friction =  @_bed_phi ;degrees 
   int 2 prop kn =  @_bed_Kn ;Pa/m 
   int 2 prop ks =  @_bed_Ks ;Pa/m 
   int 2 prop tension =  @_bed_tens ;Pa 
 
 
;==================================================== 
;                    Grout - Rock 
;==================================================== 
  
 gen separate range group Grout   ;separate shared surfaces by  
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  adding nodes (grout to rock as  
  well as grout to bolt) 
 interface 3 wrap Rock_bot_in Grout  ;wraps an interface around  
  the circumference of the hole  
  in the bottom block - between  
  the block and the grout 
 ;assigns bond properties to int 3 
   int 3 prop cohesion =  @_gr_coh ;Pa 
   int 3 prop dilation =  @_gr_dil ;degrees 
   int 3 prop friction =  @_gr_phi ;degrees 
   int 3 prop kn =  @_gr_Kn ;Pa/m 
   int 3 prop ks =  @_gr_Ks ;Pa/m 
   int 3 prop tension =  @_gr_tens ;Pa 
 
 interface 4 wrap Rock_top_in Grout   ;wraps an interface around  
  the circumference of the hole  
  in the top block - between the  
  block and the grout 

;assigns bond properties to int 4 
   int 4 prop cohesion =  @_gr_coh ;Pa 
   int 4 prop dilation =  @_gr_dil ;degrees 
   int 4 prop friction =  @_gr_phi ;degrees 
   int 4 prop kn =  @_gr_Kn ;Pa/m 
   int 4 prop ks =  @_gr_Ks ;Pa/m 
   int 4 prop tension =  @_gr_tens ;Pa 
 
;==================================================== 
;                   Grout - Bolt 
;==================================================== 
 interface 5 wrap Grout Bolt ;wraps an interface around the  
  circumference of the hole in the  
  top block - between the block and  
  the grout 

;assigns bond properties to int 5 
   int 5 prop cohesion =  @_bg_coh ;Pa 
   int 5 prop dilation =  @_bg_dil ;degrees 
   int 5 prop friction =  @_bg_phi ;degrees 
   int 5 prop kn =  @_bg_Kn ;Pa/m 
   int 5 prop ks =  @_bg_Ks ;Pa/m 
   int 5 prop tension =  @_bg_tens ;Pa 
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;==================================================== 
;                      Rejoin 
;==================================================== 
 
;reattach nodes which are within a specified tolerance, as the 
separate command separates ALL surfaces, including those which do 
not require interfaces 
attach face tolerance 10e-6 range z 0.001 -0.001 not   
 
plot add interface plane onplane  ;plots the interfaces on Base 
 

 
 

bound.dat 
 
;file used to assign boundary conditions to the model 
 
;-------------- 
; Bottom Block 
;-------------- 
;fixes the base of the model in the z direction   
 fix z range z -0.249 -0.251    
 
; X side walls 

;Naming the regions to have boundaries applied 
range name xbneg x -0.249 -0.251 
range name xbneg_Rock_bot nrange xbneg group Rock_bot_out  
range name xbpos x 0.249 0.251 
range name xbpos_Rock_bot nrange xbpos group Rock_bot_out  

 
;fix the x walls of the model in the x direction,  
rolls in y and z 

fix x range xbneg_Rock_bot   
fix x range xbpos_Rock_bot 

 
; Y side walls   

;Naming the regions to have boundaries applied 
range name ybneg y -0.249 -0.251 
range name ybneg_Rock_bot nrange ybneg group Rock_bot_out  
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range name ybpos y 0.249 0.251 
range name ybpos_Rock_bot nrange ybpos group Rock_bot_out  

 
;fixes the y walls of the model in the y direction,  
rolls in x and z 

fix y range ybneg_Rock_bot  
fix y range ybpos_Rock_bot  

 
;---------------- 
; Top Rock Block  
;---------------- 
;No boundaries on the top so as to let us apply a normal force 
 
;No boundaries on the X side walls to allow movement in the x 
direction 
 
; Y side walls  

;Naming the regions to have boundaries applied    
range name ytneg y -0.259 -0.261 
range name ytneg_Rock_top nrange ytneg group Rock_top_out  
range name ytpos y 0.259 0.261 
range name ytpos_Rock_top nrange ytpos group Rock_top_out  

 
;fixes the y walls of the model in the y direction,  
rolls in x and z 

fix y range ytneg_Rock_top  
fix y range ytpos_Rock_top 

 
step 2500 ;lets the model settle 
 
;==================================================== 
;             Initial Model Conditions 
;==================================================== 
 
apply szz -10e5 range z 0.249 0.251 ;applies confining stress 
step 2500 ;lets the model settle 
 

 
 

gridpoints.dat 
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;file used to assign variable names to points of interest  
 
ini xdis=0 ydis=0 zdis=0  ;resets initial locations from  

boundary settling steps 
 
;==================================================== 
;     Defines planes on which to apply velocity 
;==================================================== 
 
define _xvelocity 
 
  _xn =  -0.26 ;negative extent of x 
  _xp =  0.26 ;positive extent of x  
  _zc =  0 ;z at centre of the model 
  _zt =  0.25 ;z at top of the model 
  _yn =  -0.26 ;negative y face  
  _yp =  0.26 ;positive y face  
 
  tol =  0.001 ;capture tolerance 
 
  _x_l =  _xn - tol ;left of _xc 
  _x_r =  _xp + 1 ;right of _xc - more then tol to capture  
    points after block displacement 
 
  _z_b =  _zc - 0.05 ;below of _zc - more then tol to capture  
    points in case block torques with  
    displacement 
  _z_a =  _zt + tol ;above of _zt 
 
  _yn_l =  _yn - tol ;left of _yn 
  _yn_r =  _yn + tol ;right of _yn 
 
  _yp_l =  _yp - tol ;left of _yp 
  _yp_r =  _yp + tol ;right of _yp 
 
end 
 
@_xvelocity 
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;==================================================== 
;          Assigns ID names for Grid Points 
;==================================================== 
 
;Locate and name grid-points of interest 
;FISH code required 
 
define _gp_locate 
 
;Finds Points and assign variable name 
  _bc1 =  gp_id(gp_near(0.002,0.002,0)) ;bolt centre 
  _bc2 =  gp_id(gp_near(0.002,-0.002,0)) ;bolt centre 
  _bc3 =  gp_id(gp_near(-0.002,-0.002,0)) ;bolt centre 
  _bc4 =  gp_id(gp_near(-0.002,0.002,0)) ;bolt centre 
 
  _b11 =  gp_id(gp_near(0.002,0.002,0.1)) ;bolt top 
  _b12 =  gp_id(gp_near(0.002,-0.002,0.1)) ;bolt top 
  _b13 =  gp_id(gp_near(-0.002,-0.002,0.1)) ;bolt top 
  _b14 =  gp_id(gp_near(-0.002,0.002,0.1)) ;bolt top 
 
  _b21 =  gp_id(gp_near(0.002,0.002,-0.1)) ;bolt bot 
  _b22 =  gp_id(gp_near(0.002,-0.002,-0.1)) ;bolt bot 
  _b23 =  gp_id(gp_near(-0.002,-0.002,-0.1)) ;bolt bot 
  _b24 =  gp_id(gp_near(-0.002,0.002,-0.1)) ;bolt bot 
 
  _g1  =  gp_id(gp_near(0.012,0.012,0)) ;grout centre x pos,  
   y pos 
  _g2  =  gp_id(gp_near(0.012,-0.012,0)) ;grout centre x pos,  
   y neg 
  _g3  =  gp_id(gp_near(-0.012,-0.012,0)) ;grout centre x neg,  
   y neg 
  _g4  =  gp_id(gp_near(-0.012,0.012,0)) ;grout centre x neg,  
   y pos 
end 
 
@_gp_locate 
 
;==================================================== 
             Assigns ID names for Zones 
;==================================================== 
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;Locate and name zones of interest 
;FISH code required 
 
define _zone_locate 
 
  _bc00 =  z_id(z_near(0,0,0.003)) ;bolt centre 
 
  _bc01 =  z_id(z_near(0.005,0.005,0.003)) ;bolt centre  
  _bc02 =  z_id(z_near(0.005,-0.005,0.003)) ;bolt centre  
  _bc03 =  z_id(z_near(-0.005,-0.005,0.003)) ;bolt centre  
  _bc04 =  z_id(z_near(-0.005,0.005,0.003)) ;bolt centre 
  _bc05 =  z_id(z_near(0,0.005,0.003)) ;bolt centre  
  _bc06 =  z_id(z_near(0.005,0,0.003)) ;bolt centre  
  _bc07 =  z_id(z_near(0,-0.005,0.003)) ;bolt centre  
  _bc08 =  z_id(z_near(-0.005,0,0.003)) ;bolt centre  
 
  _bc10 =  z_id(z_near(0,0,0.1)) ;bolt top 
  _bc11 =  z_id(z_near(0,0,0.2)) ;bolt top 
  _bc20 =  z_id(z_near(0,0,-0.1)) ;bolt bot 
  _bc22 =  z_id(z_near(0,0,-0.2)) ;bolt bot  
 
end 
 
@_zone_locate 
 

 
 

history.dat 
 
;file used to set data which is required to be recorded thoughout 
the model stepping 
 
;==================================================== 
;Record action force along the plane using FISH code 
;==================================================== 
 
define sum_nunbalforce 
 
 sum_nu = 0.0 
 local nu = gp_head ;sets 'nu' to the id number of the first  
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  gridpoint 
 
  loop while nu # null ;loops through the following sequence  
  as long as 'nu' has a number value 
 
   local ynu = ycomp(gp_pos(nu)) ;extracts the y-component  
       of the 'nu' gridpoint  
       coordinates 
   
   if ynu < _yn_r then ;when 'nu' is located on the neg x  
       wall --> ynu is less than the _yn_r  
    sum_nu = sum_nu + gp_xfunbal(nu) ;adds unbalanced for  
        the gridpoint to the 'negative  
        x wall' unbalanced force sum 
   endif 
   nu = gp_next(nu) ;cycles to the next gridpoint 
 
  end_loop 
  
  sum_nunbalforce = sum_nu  ;brings function out of FISH to  
       FLAC as a value which can be  
       calculated with each step 
 end 
 
@sum_nunbalforce ;runs FISH function 
 
 
define sum_punbalforce 
 
 sum_pu = 0.0 
 local pu = gp_head ;sets 'pu' to the id number of the first  
  gridpoint 
 
  loop while pu # null ;loops through the following sequence  
  as long as 'pu' has a number value 
 
   local ypu = ycomp(gp_pos(pu)) ;extracts the y-component  
       of the 'pu' gridpoint  
       coordinates 
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   if ypu < _yp_r then ;when 'pu' is located on the pos x  
       wall --> ypu is greater than the  
       _yp_r  
    sum_pu = sum_pu + gp_xfunbal(pu) ;adds unbalanced for  
        the gridpoint to the 'positive  
        x wall' unbalanced force sum 
   endif 
   pu = gp_next(pu) ;cycles to the next gridpoint 
 
  end_loop 
  
  sum_punbalforce = sum_pu  ;brings function out of FISH to  
       FLAC as a value which can be  
       calculated with each step 
 end 
 
@sum_punbalforce  ;runs FISH function 
 
;==================================================== 
;              Define History Points 
;==================================================== 
;------------- 
;Action Force 
;------------- 
  hist add fish sum_nunbalforce 
  hist add fish sum_punbalforce 
 
;----------- 
;Bolt Values 
;----------- 
;X Displacements------------------------------ 
  
  hist add gp xdisplacement id @_bc1 
  hist add gp xdisplacement id @_bc2 
  hist add gp xdisplacement id @_bc3 
  hist add gp xdisplacement id @_bc4 
 
  hist add gp xdisplacement id @_b11 
  hist add gp xdisplacement id @_b12 
  hist add gp xdisplacement id @_b13 
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  hist add gp xdisplacement id @_b14 
 
  hist add gp xdisplacement id @_b21 
  hist add gp xdisplacement id @_b22 
  hist add gp xdisplacement id @_b23 
  hist add gp xdisplacement id @_b24 
 
;XX Stress Increment--------------------------- 
  hist add zone sxx id @_bc00 
  hist add zone sxx id @_bc01 
  hist add zone sxx id @_bc02 
  hist add zone sxx id @_bc03 
  hist add zone sxx id @_bc04 
  hist add zone sxx id @_bc05 
  hist add zone sxx id @_bc06 
  hist add zone sxx id @_bc07 
  hist add zone sxx id @_bc08 
   
;ZZ Stress Increment--------------------------- 
  hist add zone szz id @_bc00 
  hist add zone szz id @_bc01 
  hist add zone szz id @_bc02 
  hist add zone szz id @_bc03 
  hist add zone szz id @_bc04 
  hist add zone szz id @_bc05 
  hist add zone szz id @_bc06 
  hist add zone szz id @_bc07 
  hist add zone szz id @_bc08 
 
;ZX Stress Increment--------------------------- 
  hist add zone sxz id @_bc00 
  hist add zone sxz id @_bc01 
  hist add zone sxz id @_bc02 
  hist add zone sxz id @_bc03 
  hist add zone sxz id @_bc04 
  hist add zone sxz id @_bc05 
  hist add zone sxz id @_bc06 
  hist add zone sxz id @_bc07 
  hist add zone sxz id @_bc08 
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;Smin Stress Increment------------------------- 
  hist add zone smin id @_bc00 
  hist add zone smin id @_bc01 
  hist add zone smin id @_bc02 
  hist add zone smin id @_bc03 
  hist add zone smin id @_bc04 
  hist add zone smin id @_bc05 
  hist add zone smin id @_bc06 
  hist add zone smin id @_bc07 
  hist add zone smin id @_bc08 
 
;Smax Stress Increment------------------------- 
  hist add zone smax id @_bc00 
  hist add zone smax id @_bc01 
  hist add zone smax id @_bc02 
  hist add zone smax id @_bc03 
  hist add zone smax id @_bc04 
  hist add zone smax id @_bc05 
  hist add zone smax id @_bc06 
  hist add zone smax id @_bc07 
  hist add zone smax id @_bc08 
 
;General 
  hist add unbalance 
  hist add ratio 

 
 

stress.dat 
 
;file used to apply velocity in the positive x direction to nodes 
along the side walls along the y-plane 
 
;-------------------------------- 
;initial low velocity to reduce noise 
;-------------------------------- 
 
;applies a 10^-7 m/s velocity to the negative y side wall 
apply xvelocity 1e-8 range x  @_x_l  @_x_r & 
     y  @_yn_l  @_yn_r & 
     z  @_z_b  @_z_a     
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;applies a 10^-7 m/s velocity to the positive y side wall  
apply xvelocity 1e-8 range x  @_x_l  @_x_r & 
     y  @_yp_l  @_yp_r & 
     z  @_z_b  @_z_a     
 step 5000 
  save 5.f3sav ;saves model state 
 
;-------------------------------- 
;increases velocity to 50^-7 m/s 
;-------------------------------- 
;applies velocity to the negative y side wall 
apply xvelocity 5e-8 range x  @_x_l  @_x_r & 
     y  @_yn_l  @_yn_r & 
     z  @_z_b  @_z_a  
;applies velocity to the positive y side wall 
apply xvelocity 5e-8 range x  @_x_l  @_x_r & 
     y  @_yp_l  @_yp_r & 
     z  @_z_b  @_z_a  
 step 5000 
  save 10.f3sav ;saves model state 
 
;-------------------------------- 
;increases velocity to 10^-6  m/s 
;-------------------------------- 
;applies velocity to the negative y side wall 
apply xvelocity 1e-7 range x  @_x_l  @_x_r & 
     y  @_yn_l  @_yn_r & 
     z  @_z_b  @_z_a  
;applies velocity to the positive y side wall 
apply xvelocity 1e-7 range x  @_x_l  @_x_r & 
     y  @_yp_l  @_yp_r & 
     z  @_z_b  @_z_a  
 step 5000 
  save 15.f3sav ;saves model state 
 
;------------------------------------------------------ 
;increases velocity to the final velocity of 20^-6 m/s  
;------------------------------------------------------ 
;applies velocity to the negative y side wall 
apply xvelocity 2e-7 range x  @_x_l  @_x_r & 
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     y  @_yn_l  @_yn_r & 
     z  @_z_b  @_z_a  
;applies velocity to the positive y side wall 
apply xvelocity 2e-7 range x  @_x_l  @_x_r & 
     y  @_yp_l  @_yp_r & 
     z  @_z_b  @_z_a  
 
;-------------------------------------------------------------- 
;saves the model state incrementally in case of system or model 
crash, or to be able to recall previous states during the 
analysis of the results 
;-------------------------------------------------------------- 
 step 5000 
  save 20.f3sav 
 
 step 10000 
  save 30.f3sav 
 
 step 10000 
  save 40.f3sav 
 
 step 10000 
  save 50.f3sav 
 
 step 10000 
  save 60.f3sav 
 
 step 20000 
  save 80.f3sav 
 
 step 20000 
  save 100.f3sav 
 
 step 20000 
  save 120.f3sav 
 
 step 20000 
  save 140.f3sav 
 
 step 20000 
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  save 160.f3sav 
 
 step 20000 
  save 180.f3sav 
 
 step 20000 
  save 200.f3sav 
 
 step 20000 
  save 220.f3sav 
 
 step 20000 
  save 240.f3sav 
 

 
 

results.dat 
 
;file used to create and name result files. Creates .his file 
with collected history data added in columns 
 
;Applied Force 
  his write 1 2    file UnbalForce_PL 
 
;Node locations 
  his write 3 4 5 6 & 
  7 8 9 10 & 
  11 12 13 14  file X_Disp_PL 
 
;Horizontal Stress (X direction) 
  his write 15 16 17 18 & 
  19 20 21 22 23 file XX_Stress_PL 
 
;Vertical Stress 
  his write 24 25 26 27 & 
  28 29 30 31 32 file ZZ_Stress_PL 
 
;Shear Stress (xz plane) 
  his write 33 34 35 36 & 
  37 38 39 40 41 file XZ_Stress_PL 
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;Sigma 3 (minimum stress) 
  his write 42 43 44 45 & 
  46 47 48 49 50 file S3_Stress_PL 
 
;Sigma 1 (maximum stress) 
  his write 51 52 53 54 & 
  55 56 57 58 59 file S1_Stress_PL 
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Appendix B 

MatLab Code for Phase2 Bolt Model Force Calculation 

%function used to calculate the force required to displace the 
shear block between the two immobile blocks from the horizontal 
stresses retrieved by querying the model. 
 
function result = forceintegration(fileone,filetwo) 
 

result = zeros(1,101); %Initialize results vector (force  
    by stage) 
data1 = xlsread(fileone); %Read in stress queries from left  
    side of model 
data2 = xlsread(filetwo); %Read in stress queries from right  
    side of model 
base1 = data1(:,9); %Isolate stresses from left of  
    model before bolt installation 
base2 = data2(:,9); %Isolate stresses from right of  
    model before bolt installation 

 
for(i = 1:101) %For each stage 
     
    %For left side of model 
     
    Xdata1 = data1(:,(i)*5+2); %Pull out column with stresses 
    Ydata1 = data1(:,(i)*5+4); %Pull out column with y  
    coordinates 
    Ydata1 = Ydata1 - base1; %Subtract baseline stresses  
    (noise) 
     
    %For right side of model 
     
    Xdata2 = data2(:,(i)*5+2); %Pull out column with stresses 
    Ydata2 = data2(:,(i)*5+4); %Pull out column with y  
    coordinates 
    Ydata2 = Ydata2 - base2; %Subtract baseline stresses  
    (noise) 
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    %Integration 
     
    int1 = (trapz(Xdata1,Ydata1)); %Integrate left side  
    stresses over y coordinates  
    --> force applied to left  
    side 
    int2 = (trapz(Xdata2,-Ydata2)); %Integrate right side  
    stresses over y coordinates  
    --> force applied to right  
    side 
    sum = int1 + int2; %Find total force applied to  
    model 
    boltcont = sum/2; %Divide by 2 to determine the  
    average force absorbed due to  
    one bolt 
    result(i) = boltcont*1000; %Convert force value to kN  
    (from MN) 
     
end 

 
end 
 


