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Figure 5.18: Typical overbreak profile for the St. Davids Buried Gorge influence zone,
prior to spile installation. Inset photo shows (data and photo courtesy of Ontario Power

Generation).
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Figure 5.19: Typical overbreak profile for the high horizontal stress field after St. Davids
Buried Gorge. Inset photo showing overbreak up to ~3 m deep (data and photo courtesy of
Ontario Power Generation).
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Figure 5.14 predicts chimney failure, crown beam failure and localized instability for the
Queenston. Based on the observations above, chimney and crown beam failure modes dominate.
The lower end of the predicted mode of failure for the Queenston is based on a low stress
measurement, which comes from near the Whirlpool-Queenston contact. Despite the low stress
levels, gravity driven unraveling is not predicted. If the low stress level is increased to 9 MPa,
from 5.3 MPa, then only chimney and crown beam failure modes are predicted, which agrees
with observed overbreak from the Niagara Tunnel Project, however the depth of plastic yielding
does not agree with the depth of overbreak. Generally speaking, numerical plastic yielding does
not mean rock fall out and overbreak. At low lamination thicknesses, the anisotropic behaviour
suggests that a self stabilizing geometry can be achieved, and it is possible that although
extensively yielded, rock mass hang up could be occurring, or support is installed to minimize the
depth of overbreak at the Niagara Tunnel Project. The influence of rock support has not been
included in this study, and the influence of the excavation method and support installation timing
is a recommended area of future study.

The remaining formations encountered by the Niagara Tunnel fall in the localized haunch
instability region or at the boundary of gravity driven unraveling. This agrees well with the
observations from the tunnel as most of these units were stable and only localized fracture growth
at bedding planes occurred and dilation within the haunch area could be observed. When thick
shale beds closed in the crown, local fall out of the shale due to self-weight occurred. Photos of
the various formations, where localized instability or stable conditions exist, are shown in Figure
5.20 and Figure 5.21.

The new anisotropic plasticity method was used to develop a graph for predicting the

failure modes associated with anisotropic behaviour. Good agreement between observations and
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measurements from the Niagara Tunnel Project and the predicted failure modes in Figure 5.13
has been achieved. With refinement this tool could be used to determine overbreak depths of

unsupported excavations and to determine the required support.

Figure 5.20: Formations from the Niagara Tunnel Project showing localized instability

issues or stable conditions. A — Grimsby shale layers closing in the crown and B — stable

Whirlpool sandstone (photos courtesy of Ontario Power Generation).
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Figure 5.21: Formations from the Niagara Tunnel Project showing localized instability
issues or stable conditions. A — Lockport with shale parting, B — Lockport at portal, C —
Irondequoit, D — Reynales with shale parting closing in crown and E — Thorold with shale
interbed (photos courtesy of Ontario Power Generation).
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Chapter 6: Excavation Design Recommendations

6.1 Excavation Shapes — Hydraulics versus Stability

To determine the appropriate tunnel dimension for a hydropower diversion tunnel the sum of the
construction costs, maintenance cost and head loss cost (i.e. power not produced due to head
losses) must be minimized (Gulliver & Arndt, 1991). Fahlbusch (1988) studied 394 concrete and
steel lined penstocks and found that the economic diameter for concrete lined conduits can be

found using;

D =0.62Q"* (6.1)

with +/- 20 % accuracy. This provides a preliminary starting point for hydro power tunnel
design. This empirical relationship has been plotted in Figure 6.1 and is for circular tunnels. The
equation is not site specific and as such should be used with great caution, as the geological
conditions may not support the optimum financial diameter. Under these situations further
benefits could be realized by choosing a non-circular cross section or two tunnels to give the

equivalent cross sectional area.
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Figure 6.1: Estimating the optimum penstock diameter using Falhbusch’s (1987) equation
for concrete lined tunnels.

Traditional tunnel construction, using drill and blast methods, often opted for horseshoe
shaped tunnels as benefits were realized during construction with a flat invert. With the
increasing use of TBMs. a circular tunnel is more frequently specified. This is the optimal shape
because The excavated cross sectional area is the smallest for a circular shape, for a given

hydraulic radius.
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If the hydraulic radius remains constant, then the frictional head losses due to wall
roughness will also remain constant for various tunnel shapes, as per the frictional coefficient (f)

and the head loss due to friction (Hf) equations (6.2 (Giles, 1962) and (6.3 (Gulliver & Arndt,

1991);
2
1
f= (6.2)
{410g Dh/ e +1.74}
2
Hf = f =2 (63)
Dh 2g
Dh =4 Rh (6.4)

These values are dependent on the hydraulic diameter (Dh) when all other parameters remain
constant for comparison, where € is roughness, L is length of tunnel, V is mean flow velocity and
g is gravitational acceleration. Therefore the tunnel shape is independent of the hydraulic

properties and is a function of the stability of the rock mass.

To determine the most stable tunnel shape in horizontally laminated ground, three
additional, non-circular models were computed and compared to the circular case with lamination
thickness of 280 mm, hydraulic radius of 4 m, at 150 m depth with a Ko = 3. The three
excavation shapes are shown in Figure 6.2 with contours of maximum shear stresses around the

excavation and plastic yield indicators.
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Figure 6.2: Comparison of stability of non-circular shaped excavations with the same
hydraulic radii (Ry,), which is calculated by (A) area / (P) perimeter, as a 16 m diameter
circular excavation. Maximum shear stress contours are shown, and plastic yield limits
were used in conjunction with vertical crown deflection (A) to determine stability.

The model results show that the ellipse is the most stable cross sectional shape having the

lowest vertical crown deflection and the narrowest and shortest plastic yield zone. The ellipse
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could result in more wall instability difficulties than the circular cross section, however, as the
elliptical shape does not shed the high horizontal stresses as effectively. However, experience at
the Niagara Tunnel suggests that in horizontally laminated ground wall, instability is a minor

I1SSue.

The elliptical shape would be the hardest to excavate and would most likely have to be
excavated by top heading and bench due to the extreme height of the excavation (20 m). This
draw-back would out way the benefits achieved by this shape in terms of stability of a tunnel,
however for caverns the elliptical shape may be of some benefit as it minimizes the span of the

excavation, thereby reducing the plastic yield zone.

The horseshoe shape has no advantage over the circular cross section, since the crown
dimensions are the same. There is also increased sidewall yielding due to the flat corners at the
invert which results in a sharp stress concentration. The benefit of the horseshoe shape would be
realized when tunneling with drill and blast, or road header methods, since a flat invert is more
desirable for traffic. However at such large diameters, this benefit becomes less of an issue due

to the relative flat curvature of the tunnel floor.

The square cross section is the least desirable shape as it has the largest plastic yield
zone, both laterally and vertically; however the vertical crown deflections are similar to the
circular and horseshoe cross sections. Pells et al. (2002) suggested that a flat crown is the
optimum shape for horizontally laminated ground at low stress ratios (<2). The square cross
section tested at Ko=3 does not agree with Pells et al. (2002), however the test case is
unsupported. If support were to be simulated, then the plastic yield zone should improve in the

square cross section, as with all cross sections.
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To achieve the various shapes which are non-circular, drill and blast, or road header
excavation methods must be employed. It is possible to modify a TBM such that elliptical cross
sections or dual circular sections are achieved; however as yet there have been few of these
machines put into practice for hard rock tunnels. The excavation method will impact the stability
of the excavation in horizontally laminated ground, and certain benefits can be utilized with each

method.

6.2 Excavation Methods

The excavation method will have an impact on the stability of the underground opening, and
benefits for each method can be realized which will increase the stability and productivity of
tunneling in horizontally laminated ground. All excavation methods used in horizontally
laminated ground should minimize the distance between the face and installation of rock support.
This will reduce the depth of overbreak if chimney style failure is predicted to occur. This failure

mode is a gradual failure process as the stress field re-establishes itself around the excavation.

For drill and blast excavations this distance is controlled by the length of each blast
round. The timing of the installation is critical and efforts should be made to ventilate the face as
quickly as possible so that rock support installation can begin. With TBM excavation, the
distance between the face and support installation is controlled by the cutterhead dimensions. For
horizontally laminated ground, the cutterhead dimensions should be minimized and a stiff roof
shield used to minimize rock movements prior to support installation. Modification of the
traditional TBM cutterhead arrangement may be necessary for large diameter TBMs so the

cutterhead dimensions can be minimized. These modifications could include motor re-
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arrangement, telescopic working platforms, re-routing hydraulic and electrical lines and
inclination of the cutterhead. These modifications could decrease the cutterhead length, increase
the amount of working space at the front of the TBM and prevent critical components from being
damaged by rock fall. By reducing the cutterhead length, rock support can be installed earlier and

this could reduce the volume of overbreak.

Roof support prior to the installation of rock support can be achieved with jacks placed
on the cutterhead of a TBM so as to raise a plate into contact with the rock mass. Many TBMs
utilize sidewall jacks to stabilize the machine during excavation and prevent eccentric rotations.
These jacks also help steer the machine. Jacks at the crown, although sometimes used, may not
be capable of producing enough pressure to stabilize the rock mass or may not have the required
extension if minor overbreak is already occurring. Establishing a pressure on the rock will reduce

the amount of deformation experienced when rock support installation is possible.

When using drill and blast methods, the primary plane of weakness, the horizontal
laminations, can be utilized to establish a pre-split line so that damage to the surrounding rock
mass is reduced. By drilling periphery holes parallel to the laminations, where possible, a well
established and neat pre-split line can be achieved. This is only possible when the laminated
nature of the rock mass is such that it preferentially splits along the laminations. This method

was in fact was used in the 1950’s hydro tunnels at Niagara, as mentioned earlier.

When tunneling in horizontally laminated ground, utilizing the horizontal nature of the
rock mass can improve the excavation rates and reduce cost associated with overbreak.
Modifications to the standard excavation methods may be necessary to optimize the performance

of the excavation method in horizontally laminated ground.
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6.3 Excavation Support in Horizontally Laminated Ground

It has been shown that the plastic yield zone around an excavation when modeled with discrete
anisotropy, differs in size and shape from that modeled using traditional isotropic material
methods. The material softening method (RocScience 2008) was used to simulate 3D tunnel
advance in 2D by progressively reducing the modulus of the material inside the excavation.
Inspecting the model results, Figure 6.3, for the softening method, shows that the height of the

plastic yield zone, with Ko = 3, triples in the last stage of model softening.

As can be seen, in Figure 6.3, the increase in the plastic yield height for the isotropic
material properties has already reached the maximum height at 10 % softening. This difference
in the development of the plastic yield zone as well as the difference in size and shape can be

utilized for rock support installation.

With the early installation of primary rock support, such as bolts, channel and mesh, the
plastic yield may be contained and potentially reduced. From a TBM, the rock bolts could be
angled forward such that they apply a force to the rock mass (tensioned) ahead of the back of the
cutterhead; see Figure 6.4. Including channels and mesh to contain the yielded rock will reduce
the volume of overbreak significantly. For pressure tunnels, rock mass grouting will have to be
conducted as plastic yielding will still develop and create fractures. The confinement from the
rock support should reduce the dilation of the rock mass and thereby reduce the volume of grout

required.
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Figure 6.3: An example of the material softening method used to simulate 3D tunnel
advance in 2D. a) Material inside tunnel at 10 % of original E; value, and b) fully
excavated. Model results are for a 16 m diameter tunnel with lamination thickness of 280
mm or equivalent isotropic properties at 150 m depth with Ko = 3.
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Figure 6.4: Illustration of chimney style failure and rock bolt installation.

Adjusting the length and orientation of the rock bolts could result in increased efficiency
in the support system. Bolts may need to be lengthened closer to the center line of the tunnel, so
as to exceed the plastic yield zone. The orientation of the rock bolts is often governed by the
drills for TBM excavations. Careful consideration should be given to the possible orientation of
rock drills so they are maximized to control the geological conditions. With further modeling of

rock support for horizontally laminated ground, a set of rock support recommendations could be

developed to coincide with the anisotropic failure mode plot.
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Chapter 7: Summary, Future Studies and Conclusions

7.1 Summary of Findings

Tunnelling in horizontally laminated ground presents some unique challenges. One of these
challenges is that the primary structural feature follows a shallow tunnel drive for long distances.
This will increase the probability of structurally induced failures (not dealt within this research).
This research has shown that the inclusion of discrete anisotropy in numerical models modifies
the predicted shape of the plastic yield zone, and increases the crown deflections as compared to
those predicted by traditional isotropic material modelling. The current Niagara Tunnel Project
has provided the backdrop for a larger, more general study of tunneling in horizontally laminated
ground. To fully understand the yielding mechanisms of the Niagara Tunnel and apply them to a
generalized modeling methodology for use with other ground conditions, a detailed understanding
of the geological history of the Niagara Region, particularly the depositional environment, stress
history and glacial impact on the topographic features, was necessary. Applying the geological
history of the Niagara Region and practical observations from the Niagara Tunnel Project to the
study of tunneling in horizontally laminated ground has led to the development of a practical tool
for determining when anisotropic modeling analysis should be conducted and the anticipated
failure mode. Further study is necessary to refine this tool for application over a wide spectrum

of geological parameters and to test its accuracy with further case studies.
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The Niagara Tunnel Project has descended down through the entire stratigraphy of the
Niagara Escarpment, passed under St. Davids Buried Gorge and ascended back into the
formations above the Queenston. The Niagara Tunnel Project has provided a unique opportunity
to study the influence of a large diameter excavation on the behaviour of horizontally laminated
sedimentary rocks of varying lithologies and properties. Overbreak occurred in some of the
formations, most notably the Queenston Formation where depths of up to approximately 4 m
were measured. The large overbreak depths were overcome by using spiling to advance the
tunnel and later modifying the TBM to allow large volumes of rock fall out and increased
mucking capacity at the invert. The Niagara Tunnel Project prompted a larger study into the
response of horizontally laminated ground and the potential failure modes of various laminated

rock masses.

To better understand the behaviour of the formations at Niagara, a detailed understanding
of the geological history was necessary, from the depositional environment to glacial loading and
unloading and neotectonic influences. The sediments have been derived from the Taconic
orogenic belt along the east coast of North America. A large sedimentary basin developed and
the formations around Niagara, although escaping orogenic deformations, acquired locked-in
horizontal stresses. These horizontal stresses were increased due to glacial loading and once the
ice loads were relieved, the horizontal stresses were locked-in causing horizontal to vertical stress
ratios of 2 — 5 or more in Southern Ontario. The glacial impact also has had localized effects on
the rocks of the Niagara Region. The Niagara Escarpment was in existence prior to the last
glacial advance and the impact of the ice on this obstruction would have caused plastic yielding
both at the escarpment edge and farther in land. Evidence exists to suggest that St. Davids Buried

Gorge may have been eroded by high pressure melt water underneath a glacier, in a tunnel valley,
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creating the truncated gorge alignment with an undulating and non-continuously falling thalweg.
The Niagara Gorge may also have been initiated by glacial plucking or tunnel valley processes
and further extended by river erosion. Despite the origin of these topographic features, their
influence on the local stress field and the structural features of the Niagara Region are evident,

and influence the behaviour of the rock mass.

Four behavioural responses and three failure modes due to large diameter excavations in
horizontally laminated ground have been identified. When the lamination thickness is in the
order of the excavation diameter, then the rock mass response is isotropic. The failure of the rock
mass will be localized if it occurs and is focused in the haunch area of a circular excavation. As
the lamination thickness decreases, stress channeling elevates the stresses in the crown beam,
localizing plastic yield and increasing the vertical crown deflections until the stresses are shed to
multiple beams at lower thicknesses. The stress channeling causes crown beam failure to occur
and minimizes the depth of overbreak by concentrating the plastic yielding. Once the stresses
begin to be shed to multiple beams, the vertical crown deflections decrease slightly. This marks
the beginning of chimney style failure, where a steep sided notch develops above the tunnel.
Multi-beam coupling behaviour is similar to the voussoir analogue; however the crown
deflections vary from this analogue due to the circular nature of the excavation and the stresses.
A stage is reached when decreasing the lamination thickness further has minor influence on the
rock mass behaviour and failure mode. The laminations are sufficiently small that the depth and
shape of the plastic yield zone is no longer controlled by the lamination thickness. However the
shape of the plastic yield zone remains a function of the anisotropic nature of the rock mass.

These behavioural responses and failure modes do not develop in the same manner if the rock
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mass is modeled as an equivalent isotropic material. The equivalent isotropic method under

predicts the vertical crown deflections and the depth of plastic yielding.

The work has been summarized in Figure 5.11 which represents a tool for predicting
when anisotropy becomes an important consideration for numerical modeling and the failure
modes expected in horizontally laminated ground for circular tunnels at shallow depth. The
observations from the Niagara Tunnel Project have been applied to this tool and there appears to
be good agreement between the observed failure modes and those predicted. Further refinement
of this tool and the modeling process is necessary to develop a robust design chart for use in

engineering design.

7.2 Recommended Future Studies

This research is a preliminary investigation into the behaviour of large diameter excavations in
horizontally laminated ground. Although much research has been conducted on anisotropic
strength of laboratory samples, the ability to numerically model excavation scale geometry with
thin laminations has only been recently practical due to increasing computational power and
software developments. It is now feasible to model an excavation in horizontally laminated
ground for engineering design purposes using the discrete anisotropic plasticity model presented

here.

Smaller scale models could be employed to both improve efficiencies of computational
time and to model behaviour at lamination thicknesses below 160 mm. A half space or even
quarter space model should be first compared to the full scale model results presented here to

determine proper boundary conditions and ensure that the behaviour and failure mechanisms are
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repeatable using the reduced model space. The reduced model space will decrease the demands
on the numerical calculations and further refinement in the mesh element size should be
conducted so as to reduce the mesh dependent stiffness of the rock beams. The reduced model
space could also be utilized to test lamination thickness below 160 mm to better refine the

mechanistic behaviour at low lamination thicknesses.

A rigorous testing of lamination and joint properties, as well as residual strength and
dilation parameters is necessary to determine the influence on the anisotropic behaviour and
further refine the failure mode limits. Back analysis of case histories will provide the necessary
data, for comparison and prediction, and the use of residual strength and dilation will be

necessary to accurately simulate the overbreak zone from various projects.

A detailed back analysis of the overbreak from the Niagara Tunnel Project was beyond
the scope of this research, however this work is ongoing and will be presented at the upcoming
International Tunnelling Association conference in 2010 (Perras et al., 2010). The back analysis
will include: (i) empirical tools for tunnel damage prediction and conventional rock mass
plasticity analysis, (ii) elastic analysis with progressive removal of damaged material, (iii) elastic-
brittle, strain dependent — cohesion weakening and friction softening, and (iv) and the discretely

anisotropic model which was developed during this research.

Rock support is necessary to maintain stability and safety in underground excavations.
The next step would be to determine rock support requirements for the various failure modes
identified and to determine the influence on the anisotropic behaviour for various tunneling
methods. This work could develop numerically based, and case history proven, design charts for
rock support selection when tunneling in horizontally laminated ground. This information could

prove particularly useful to the nuclear industry as many organizations from around the world are
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researching the storage of spent nuclear fuel in deep geological repositories (DGR) in
sedimentary rocks. As this research is largely based on practical observations from the Niagara
Tunnel Project it is of particular interest for Canadian nuclear repositories, as ongoing

investigations in the northern end of the Appalachian sedimentary basin are being conducted.

7.3 Conclusions

The new discretely anisotropic method developed in this research demonstrates the importance of
incorporating the anisotropic nature of a rock mass in numerical modeling. By utilizing joint
elements to induce the mechanistic behaviour of an anisotropic material, a more realistic yield
zone is established. It was determined that this mechanistic behaviour becomes an important
consideration at a lamination thickness to radius ratio of 0.9. Below this threshold localized
haunch instability, crown beam failure or chimney failure will result when there are nominal
stress levels. Gravity induced unraveling will occur when the stress levels and modulus are low.
The new discretely anisotropic method was used to develop a failure mode plot with contours of
plastic yield depth. The modes of failure and depths of yield are in agreement with observations
from the Niagara Tunnel Project and other case studies. Further case studies and refinements are
necessary to develop this tool into a robust design chart for failure mode prediction and rock

support recommendations.
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A.1 Introduction

When constructing on and in swelling ground, special attention must be paid to the expansive
nature of the surrounding rock mass during the investigation and design phases of the project, as
well as during construction. During site investigation the collected samples must preserved so
that the moisture content of the sample remains similar to that of the in-situ rock mass.
Laboratory testing will better define the swelling process and determine swelling pressure which
could be generated. The design must consider the ways to eliminate or absorb the swelling
pressures generated on the structure and numerical modeling can be conducted to determine the
rock mass and structure interaction behavior. During construction, water management has an
important role in minimizing swell damage, which can lead to increased swelling during the life
of the structure. Throughout the entire project life cycle, proper management of the swelling

material must be conducted in order to minimize the swelling effects.

A.1.1 Projects in Swelling Ground

Many projects have been constructed on and in swelling ground. In Ottawa, Ontario, many
foundations are constructed in black shale of the Billings Formation, which exhibits swelling
behavior, and can lead to foundation cracking and heave if not properly considered in the design
phase (Harper 1979). Tunnels in Europe have been constructed through anhydritic shale rocks,
(Steiner 1993), which can swell when water transforms the anhydrate into gypsum. This swelling
process results in extreme heave and crushing of reinforced invert arches (Steiner 1993).
Research is being conducted into underground cavern storage of nuclear waste in swelling shale
formations, so that the swelling nature can be used to seal fractures generated during construction.

The current Niagara Tunnel Project is being excavated by a 14.4 meter tunnel boring machine
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(TBM) in Niagara Falls, Ontario. This project will pass through the Queenston Formation, which
is a swelling siltstone. These projects have or will be constructed on and in different material

which exhibits varying swelling behavior.

A.1.2 Swelling Behavior

Several swelling mechanisms of rocks, in general, have been reported by researchers and include
hydration of anhydrite, double layer theory, pyrite oxidation and ionic diffusion. The first three
are described briefly below for completeness and the fourth is described in more detail as it

pertains to the Queenston Formation, used here in as an example.

The transformation of anhydrite, by hydration, into gypsum causes a volume increase and
results in swelling of the rock mass. It has been noted that this process can result in a volume

increase as much as 60%.

The swelling behaviour of clay minerals has been described using the double layer
theory. The theory, which Olson and Mesri (1970) agreed accounts well for the swelling
behaviour of clay minerals, implies that clay minerals are represented by two thin plates that are
held together by water molecules. When the plates encounter a source of water, more water

molecules can be absorbed in between the plates, causing expansion.

The black shale of the Billings Formation in and around Ottawa has caused basement
heave in buildings of this region (Harper 1979). The heave results from a series of chemical
reactions in which carbonates react with sulfuric acid formed from oxidation of pyrite, catalyzed
by bacteria. This reaction forms crystals of jarosite (2KFE;(SO4),(OH)s) and gypsum (CaSOy .
2H,0), often in existing fractures and bedding plane partings (Harper 1979).
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Swelling of the shale units in the Niagara region is well documented, and is reported in
terms of ‘swell potential’, or the strain rate per log cycle of time in days. Based on laboratory
measurements of time-dependent deformation by Dr. K.Y. Lo (1989) and others, it is found that
horizontal swelling potential of the Queenston Formation is isotropic and that the vertical
swelling potential is up to 1.6 times the horizontal swelling potential. The swelling deformation
response is stress-dependent, and can be represented by a linear relationship between swelling
potential and applied stress in a semi-log plot and that swelling can be completely suppressed

under 4 to 5 MPa stress (Rigbey 2007).

The swelling process is associated with ionic diffusion of salts from the connate pore
water in the rock, and a corresponding reduction in capillary and surface tension and fresh water
uptake within the pores. Swelling is initiated by the relief of initial stresses to below the swell
suppression pressure, accessibility to fresh water and an outward salt concentration gradient from
the pore fluid of the rock to the ambient fluid (chloride diffusion), (Lo 1989). This process is a
significant consideration for the tunnel design, as tunnel excavation, followed by the introduction

of a significant fresh water source to the Queenston Formation would initiate swelling.

A.1.3 Investigation through to Design

This report is intended to outline some of the special needs of investigation through to design
phases of construction projects on and in swelling rock masses, using the Niagara Tunnel Project
as an example for the swelling process of the Queenston Formation. It is not intended as a
complete guide for investigation through to design of geotechnical projects, although some

aspects not related to swelling are mentioned for clarity.
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A.1.4 Site Investigation

A.1.4.1 Geological Setting

The first phase of any Geotechnical engineering project is the desk top study. At this point it is
necessary to determine the geological setting of the project and to collect already published
information which can be used to plan the phase 2 and 3 investigation programs. This
information often consists of regional geological maps, nearby site specific geological reports,
aerial photography and remote sensing (Goodman 1993). A summary of the above information
should lead to a general understanding of the geological history of the area and the types of rocks
which can be expected on the construction site, their character and general rock mass behavior to
the construction process. One should also be able to determine if there is potentially swelling
rocks based on the geological history. A ground investigation program can be developed to
answer some of the remaining questions which are necessary for the design of the structure and

define more clearly swelling behaviour.

A.1.1.1 Ground Investigation Program

The ground investigation program or phase 2 investigations for a geotechnical engineering project
will include borehole drilling to determine rock mass type, thicknesses, and quality. Down the

hole tests can be conducted to determine permeability and stress field orientations.

The ground investigation program should be flexible enough so that it can be refined
based on the initial findings. Detailed field mapping will identify weak units that weather easily,
which result in talus slopes and are often caused by weak shale layers and high clay content.

According to Einstein (1994b) high clay content indicates potential swelling and slaking
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behavior. The commission on swelling rock (Einstein 1994b) suggests several easy tests which

can be conducted on field samples to help identify clay mineral content.

Smear test: The residue of a wet argillaceous sample will feel soapy when the rubbed
between fingers and sand on soap indicates some quartz or feldspar.

Taste test: The residue of a wet argillaceous sample will feel creamy in the mouth and a
grinding powder feel indicates some quartz or feldspar. A bitter or salty taste suggests evaporite
minerals. Do not taste potentially contaminated samples.

Water reaction test: A dried sample of argillaceous material will begin to deteriorate
within 30 seconds of begin immersed in water. The swelling results in small pieces of the
samples breaking off as swelling cracks propagate through the sample. The sample will
eventually disintegrate completely and the more rapidly complete disintegration occurs, the
greater the swelling and slaking potential.

Anhydrite recognition: Identification of gypsum is just as important as identifying
anhydrite (refer to section 1.2 above). Both minerals can be scratched with a steel blade and
gypsum can be scratched with a fingernail. To distinguish anhydrite from carbonates
hydrochloric acid can be used to determine if effervescence occurs, which indicates carbonaceous
material. It should be noted that in marine deposits a carbonaceous cement often occurs, so a
pure white powder sample should be tested to minimize contamination from the surrounding rock
mass.

If swelling rock is suspected core samples can be placed in a free swell test directly after
being recovered to determine the magnitude of swelling strains. In section 2.4 below the different

swell testing procedures are explained. Further core samples should also be preserved in an air
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tight container or coated in paraffin wax for more detailed laboratory testing, as shales and

mudstones have a tendency to break apart and deteriorate over time (Goodman 1993).

A.1.5 Laboratory Analysis

As part of the ground investigation program, core samples and bulk samples of the rock mass are
collected and brought to the laboratory for further analysis. In the laboratory the mineralogical

make up can be identified and the swelling potential examined in more detail.

In addition to the laboratory analysis outlined in more detail below, other rock mass
properties are determined in the lab, such as unconfined compressive strength (UCS), rock mass
modulus, poisons ratio, to name a few. These tests are not discussed in this report, although some

correlation between mineralogical make up and rock mass strength can be determined.

A.1.5.1 Mineralogical Identification

Mineral identification can be done using several tools. Typically thin section analysis is
conducted to determine sample layering and mineralogical arrangements; although with shale the
fine grained nature makes it difficult to distinguish between grains. In this case, X-ray diffraction
(XRD) and Scanning Electron Microscopy (SEM) can be done to determine mineralogical
assemblages and relationships. XRD is a necessary tool to identify clay minerals present in the
samples, as clay particles often lead to swelling. The type and amount of clay minerals can lead
one to conclude that the swelling is being caused by the clay particles taking up water or if

another swelling mechanism is taking place.
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A.1.5.1.1 X-Ray Diffraction

The method of X-Ray diffraction (XRD) allows the user to determine what minerals are present
in a sample of any grain size. Although coarse grained samples can be readily identified through

other techniques, XRD is typically used on fine grained materials.

X-rays are electromagnetic radiation and are a shorter wave length then light. When the
x-rays are directed at a particular mineral (incident ray), the x-rays are scattered. Most of the
scattered x-rays are eliminated through destructive interference. At certain angles of incidence,
constructive interference occurs for certain minerals and this diffracted pattern is unique for that
particular crystal lattice (USGS 2001). Bragg determined that diffraction is related to the spacing
of the crystal lattice and developed Bragg’s Law (USGS 2001) which states, 2d(sinf) = A,, where
d is the lattice spacing, 0 is the angle of incidence and A is the wave length of the characteristic
wave. Figure A.1 below illustrates the meaning of Bragg’s Law. It is through the use of Bragg’s
Law and the properties of constructive interference that XRD has become a tool for mineralogical

study.

X-RAY DIFFRACTION
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Figure A.1: X-ray diffraction pattern illustrating Bragg’s Law.
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A.1.5.1.1.1 Procedure

1. Sample is crushed to a -2 mm consistence with hammer or equivalent metallic crushing
apparatus.

2. Crushed sample is placed in a micronizing mill with approximately 7 ml of ethyl alcohol.

3. The micronized sample is poured over a glass disk and the ethyl alcohol is allowed to

evaporate off, leaving the powdered sample on the glass.

4. The glass disk is then placed in the XRD instrument and the sample is scanned from 2 to
70 (20) ° to get a whole rock spectrum.

5. The data is then analyzed to determine the appropriate minerals corresponding to the
peak counts obtained by the XRD scan, with the aid of computer software which selects

the most relevant minerals for the scan results.

A.1.5.1.1.2 Quasi-Quantitative Abundance Calculation

With the XRD a quasi-quantitative abundance calculation is possible using the area under the
peaks to represent the relative abundance between the samples. This was done using only the

primary peak, for each mineral in this study. A calculation example is presented in Appendix A.

A.1.5.1.1.3 An Example from the Queenston Formation

The XRD was used to detect whole rock chemistry in order determine the mineralogical make up.
The results are primarily to be used for comparing mineralogy between previous swell tests and

currently underway swell testing, which are the subject of a future report.

A comparison between all six samples tested show variations in minerals present from
sample to sample. Sample S2 is missing the major calcite peak, suggesting that little to no calcite

exists in this sample. Albite occurs in the Seal sample, where the others appear to have a very
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weak peaks, suggesting only a trace amount. Halite only occurs in the fresh and preserved

samples. Comparing abundance of each mineral between samples containing like mineralogy and

considering the error associated with the calculation method (£ 10%) there is only a weak

difference between the percentages. The most notable being Muscovite, see Figure A.2 below.

The ‘other’ mineral in Table A.1 represents an unidentified peak, which occurs in all

samples. The list of suggested minerals given by the computer analysis software was unable to

identify this peak. Where listed as a possible mineral by the computer it has been noted in table
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Figure A.2: Six sample XRD comparison. All samples have a similar mineralogical make
up. All samples contain abundant quartz, clinochlore, and muscovite.
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Table A.1: XRD sample results showing the most abundant minerals, the percentage is
based on the 100% peak for the listed minerals only. Note that montmorillonite and
kaolinite peaks were not defined well and were there for not included in the whole rock
percentages.

Mineral Old Sealed S2 swell S3a fresh S3b fresh S3a

swell
Quartz 32 45 31 35 47 27
Clinochlore 16 13 19 18 15 18
Muscovite 35 37 49 41 28 49
Calcite 5 3 - 1 4 3
Halite 10 - - 3 3 -
Other 2 2 1 2 3 3
Montmorillonite - - Trace - Trace -
Mlite - Trace - - Trace -

Clay minerals are better determined by a closer examination (by narrowing the 20 range
scanned) since they can be miss-identified for other clay minerals. A special treatment of the
sample is necessary, such as glycolation and heat treatment to cause variations in the clay mineral
crystal lattice thicknesses. The treatments have varying affects on different clay minerals and
thus can help in identifying them more precisely. They still remain only a small fraction of the

total mineralogical make up of the Queenston Formation.
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A.1.5.1.1.4 Glycolation and Heat Treatment Procedure

The glycolation and heat treatment procedure causes changes in the clay mineral layer
thicknesses and different clay minerals are affected differently by the process. By applying
ethylene glycol to the sample and re-scanning the specimen a new peak count is obtained. By
comparing the new peak count to the original (untreated) peak count for the same given 20 range
the clay mineral can be identified by changes which occur. The process is further refined by
cycling the specimen through heat treatment at 400 °C and then 550 °C, comparing the peak

counts from each treatment cycle identifies the clay mineral based on its behaviour.

Figure A.3 below compares the different cycles of testing and shows only one peak, 14.5
degree peak, which changes after being heated to 550 °C. All the other peaks remain constant
throughout the testing which indicates that these peaks represent chlorite and illite. The

remaining results for the clay identification are presented in Appendix A.A.
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Figure A.3: Comparing clay identification cycles.

A.1.5.1.2 Scanning Electron Microscope

The scanning electron microscope allows the user to view their specimen at large magnifications.
The instrument causes electrons to be accelerated between a cathode, often a tungsten filament,
and anode plate with a hole in it. Some of the electrons accelerate past the anode plate, through
the hole and on to the sample. The electrons hitting the sample deflect and produce secondary

electrons and back scattered electrons, see Figure A.4.
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“When the electron bearn strikes the sample, both photon and electron signals are
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Figure A.4: Incident beam — sample interaction and the resulting scatter types. Note that
secondary electrons and primary backscattered electrons and x-rays are the typical emitted
signals detected.

The secondary electrons are detected and converted to a voltage. As the machine scans, the
changes in voltage cause a change in the intensity of emitted beam of light which is used to create
an image on the computer screen. As the beam scans the sample, the intensity changes according
to the topography of the sample and an image is produced based on the varying intensities.
Chemistry can be conducted on sample in a similar manner as in XRD by detecting x-rays which

are diffracted through the sample.

The SEM is a useful tool for determining surficial differences between samples, utilizing
the imaging feature. When a particular area of interest is observed, then chemistry can be

conducted to determine the mineralogical characteristics at that location.
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A.1.5.1.2.1 Procedure

1. Core sample is crushed with geological hammer to obtain rock fragments smaller than 10
mm.

2. The rock fragments are affixed to an SEM sample stand with a carbon based glue.

3. The sample is then coated with a conductive coating.

4. Samples are then placed in the SEM and imagining and chemistry can be conducted on

whole fragment or individual grains.

A.1.5.1.2.2 An Example from the Queenston Formation

The primary interest in the SEM results is the imaging differences between different samples
scanned. The images show the structure of the mineralogical arrangement and allowed for a

comparison between fractured surfaces of swollen and non-swollen samples.

The fractured surfaces were created using a geological hammer and it should be noted
that less force was needed to create small rock fragments out of the samples old and S3a swell. A
low magnification comparison between all samples tested is presented in Figure A.5 at the end of
this section. At low magnification the surfaces appear similar, although in Figure A.5B and

Figure A.5C there are more areas of flat, smooth, non-stacked surfaces.

The smooth planer surfaces, shown in Figure A.6, are more common in Sealed and S3a
fresh samples. Localized areas do exist in the Old and S3a swell samples, see Figure A.6. These
surfaces appear to be more competent and allow the formation of a weak striation as seen in
Figure A.6B. There appears to be more straight fracture planes within the fresh and sealed

samples, see Figure A.6C. In samples which have experienced swelling, either from
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submergence or atmospheric moisture, there appears to be sub-angular to sub-rounded corners at

the junction of two fracture surfaces, see Figure A.7C.

In Figure A.6, all samples exhibit a stacked structure. In Figure A.7A and Figure A.7D,
the stacked structure is throughout the whole sample and Figure A.7B and Figure A.7C it is only

locally similar to the other samples.

There are differences between fractured surfaces examined in the SEM. Smooth and planar

surfaces exist in the fresh samples, where as the swollen samples contain more platy surfaces.

000 um & ‘ 1000

Figure A.S: Low magnification surface images. A is sample Old, B is sample Sealed, C is
sample S3a fresh and D is sample S3a swell.
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Figure A.6: Comparing smooth, planer, competent surfaces. A is sample Old, B is sample
Sealed, C is sample S3a fresh and D is sample S3a swell.
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Figure A.7: Showing layered structure in all samples. A is sample Old, B is sample Sealed,
C is sample S3a fresh and D is sample S3a swell. Note the rougher surfaces in B and C.

A.1.5.2 Swell Potential Testing

The swell potential testing should be conducted on preserved core or bulk samples which are
suspected to have high clay content, gypsum-anhydrate or other swelling related minerals based

on field observations and mineralogical studies.

There are many swelling tests which can be conducted. Figure A.8 below shows four such
apparatuses which can be used to conduct swell testing. Traditionally oedometer tests, or

confined test, Figure A.8b and Figure A.8c, have been used to determine the swelling potential
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because the side wall confinement simulates the tunnel invert (Einstein 1996). Free swell testing

apparatuses, (Figure A.8a), are an easy and cost effective way to determine the maximum

swelling strain, (Figure A.9), although the effect of external pressures is not simulated. With

increased confinement the time to reach the same strain is increased and in some instances the

swelling in one principle direction can be reduced by confinement in the orthogonal direction

(Hawlader et al. 2003).

[
Watertight
Membrane

i
%

Platens

=

Applied
@ Load

e’

\

\
Porous
Stones

One Dimensional
Free Swell Testing

C

Confining

e Ring

Confined
J Increasing Load

and Null
Deformation
Testing

Semi-Confined
and Increasing
Load Testing

d

Triaxial Confined
Null Deformation
Testing

not to scale

Figure A.8: Swell testing apparatuses. a. is a free swell test apparatus, b. is a semi-confined
apparatus, c. is confined or oedometer apparatus and d. is a triaxial apparatus.
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Fig. 2a. Swelling stress versus time curve obtained in oedometer type equipment (see Fig. 6a), after
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Fig. 2b. Swelling strain versus time curve obtained in free swell test equipment (see Fig. 6b). after ISRM
1989

Figure A.9: A comparison between oedometer and free swell testing results showing the
strain versus time curves from ISRM 1989, published by Einstein (1996). Note the early
suppression of the swelling strains in the oedometer test.

Triaxial testing has become the researching tool of choice for studying swelling rocks
(Barla 1999) as the stress path through the entire project duration, from its natural state, to

excavation, to support installation and long term behaviour can all be simulated.

The three testing apparatuses, the free swell, the oedometer and the triaxial cell, will be
discussed in more detail below. These three are the most commonly used cells, although several
researchers have refined or modified the standard cells to suit particular situations (Franklin 1984

and Lee & Lo 1989). The international society of rock mechanics suggests that the oedometer
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and the triaxial test be conducted to determine swelling pressures and swelling stress strain

relationships, repectively (Einstein 1994a).

The test durations vary according to the material being tested and the particular swelling
mechanism taking place in the specimen. For calculation of the swelling potential according to
Lee and Lo (1989) however at least 100 days are required, since the swelling potential is the slope
of the curve between 10 and 100 days plotted on a semi-log graph. Each style of test should be
run until the swelling strains or swelling pressures level off and are allowed to stabilize. This can

be considerably different for various materials.

A.1.5.2.1 The free swell cell

The free swell testing apparatus is the simplest and easiest testing apparatus to determine the
maximum swelling potential in the vertical axis. Sample preparation is minimal and testing can

begin right at the drilling site for fast results since the cell is light weight and simple.

The free swell test is traditionally conducted on core samples, although hand samples can
be used as well. The samples should be cut so that two parallel surfaces can be used for
measurement of the axial strain. In the radial direction it is preferable to have a uniform surface
so that there is uniform infiltration of the ambient fluid. The ambient fluid is necessary for the
swelling to occur (Hawlader et al. 2003) and as such a similar fluid to the proposed site should be
used so that more realistic swelling occurs during testing. Once the sample is cut and the test cell
is filled with the appropriate ambient fluid, the sample can be placed in the cell. See figure 10

below for samples tested as part of this report by the author.

The specimen is placed in a container filled with water (the ambient fluid) and both ends

of the sample are in contact with porous stones, which allow the water to be in contact with the
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entire specimen, see figure 8a. The axial swelling strains are measured using a dial gauge, which
is contact with the sample via a plunger. As the sample swells, the plunger is pushed upwards
and the amount of upward movement is measured with the dial gauge. The sample is unconfined
in the radial direction and is allowed to swell in all directions. The swelling strain is measured in
the axial direction, as shown in Figure A.10, over time giving an idea of the reactivity of the

sample.
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Figure A.10: Free swell testing on Queenston Formation core drilled on January 19, 2007.
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The Queenston formation was recently tested using a free swell cell. The results
indicate that rapid expansion occurs within the first three days and following that the rate of
swelling gradually decreases over time. Table A.2 below indicates that the swell potential for the
samples tested ranges from 0.011 to 0.63 % strain / log cycle, although the total strain at the end
of swell testing shows little variation which is to be expected as the samples come from the same
approximate depth and location. The local variation in swell potential between 10 and 100 days
can be explained due to crack propagation which begins around day 10 and reaches its maximum
after 100 days according to Lee and Lo (1989), but is sample dependant which causes variation.

The free swell test results are plotted in Figure A.11 below.

Two of the samples were left in longer and these samples began to show signs of
increased swelling strain rate around 80 days. This is consistent with reports by Hawlader et al.
(2003) who indicated that this is likely to occur due to swelling induced crack propagation
through the samples, which increases the surface area for swelling to occur. Unfortunately the

testing had to be stopped due to laboratory constraints.

Table A.2: Swell potentials for samples tested during January 30 to May 2, 2007.

Sample S1 S2 S3a S3b

Swell Potential 0.022 0.27 0.63 0.011

(% strain / log
cycle)
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Figure A.11: Free swell test results for samples of the Queenston Formation. The samples
were taken from a drill hole directly below the Whirlpool — Queenston disconformity.

A.1.5.2.2 The oedometer cell

The oedometer cell, often used for consolidation testing of soils (Franklin 1984) can be used to
measure the swelling strain in the axial direction while applying a load in the same direction. If
strain gauges are fixed to the confining ring and the confining rings are calibrated for various
pressures, then a relationship between strain or stress on the confining ring and swell pressure can

be determined.

The sample preparation for an oedometer test is more labor intensive as the specimen
must be machined to fit a confining ring. The sample must be placed on a lath and trimmed to the

diameter of the confining ring. The machining of the sample has a threefold purpose, it first
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removes the outer surface of the sample which has already begun to swell due to the drilling fluid
and it also creates a smooth uniform surface which will be in contact with the confining ring. It
also removes any preservation agents which were used to store the samples for a period of time
prior to testing. After the samples are machined to the appropriate diameter, the ring is tacked in
place and the ends are ground smooth and flush with the confining ring. The sample is then ready

to be placed in the oedometer cell for testing.

The oedometer testing apparatus consists of a round cell which the sample sits in on top
of a pore stone, see figure 8c. A second pore stone is place on top of the confining ring and
sample. The porous stone allow water to filtrate through the sample and the confining ring
restricts the infiltration to the axial end of the sample only. A cantilever system is used to load
the sample. The loading of the sample is used to determine the swell potential as a function of
applied stress. A dial gauge reads the axial deformation and strain gauges read changes in the

confining ring, which correspond to pressures from the ring calibration.

The results indicate the amount of swell pressure which will act on linings or foundations
and the stress limit at which point swelling is inhibited. Once the inhibiting stress is determined,
then the corresponding limit of swelling is also known. This limit may change over the course of

time if the swelling continues to damage the rock and extend the plastic zone.

A.1.5.2.3 The triaxial cell

The triaxial cell has been used to simulate three-dimensional loading of the stress path near a
tunnel excavation on core samples to see how this affects swelling. In traditional free swell and
oedometer tests lateral stress effects are neglected. It was only when lateral stresses were

measured in oedometer and triaxial tests that shear failure simultaneously with swelling was
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discovered (Einstein 1996). It is only with advances in data acquisition equipment that the
triaxial cell has gained favour for swell testing, since traditional cells would require the direct
placement of strain gauges on the sample, which is difficult for swelling material (Franklin 1984).
In M. Barla’s Ph.D. thesis (1999) the triaxial cell used in his experiments was equipped with 8

different kinds of measurement tools.

Sample preparation is similar to that of the free swell testing apparatus. The sample must
have two parallel ends, square to the long axis of the specimen and any preservation agent
removed. The sample is then covered with a rubber membrane to protect the sample from the

fluid used in the triaxial cell to load the sample in the radial direction.

Once the sample is prepared it is placed on the base pedestal of the triaxial cell, see
Figure A.12 below, which has a hole in the middle for drainage of the ambient fluid. The top cap
is place on the sample and the membrane is secured to create a seal between the sample and the

end caps.
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Figure A.12: Triaxial cell arrangement after Barla (1999).

A data acquisition system is usually used to collect the data from a triaxial testing
apparatus due to the precision of the results required and the number of items being monitored.
The axial strain, radial strain, cell pressure and pore pressure at both ends of the sample can be
measured using transducers which feed into a data acquisition system. A feedback loop can be
used to monitor and maintain the cell pressure for example, so that the desired confining pressure

is maintained. Such systems are complex and expensive, but yield valuable test results which can
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be used throughout the pre face excavation, excavation, initial support, final lining and long term

design process.

A.1.6 Design and Construction Considerations

The main consideration when designing a structure on or in swelling rock is how will the swelling
behaviour affect the structure and how can the affects be minimized or eliminated. Foundations
and roads can heave or pop-up (Lindner 1976) and tunnel linings can crack due to the swelling
strains and pressures which act on the structure. These failures can cause expensive delays and

can create difficult repair conditions.

Hawlader et el (2003) states that for the Queenston Formation in Southern Ontario to
swell there must be the addition of fresh water and stress relief. These two criteria are common
for most swelling materials (Lindner 1976). As the stress relief will occur whether excavating a
few meters of overburden or excavating a tunnel at depth, the primary focus of the designer

should be the water-rock interaction.

A.1.6.1 Surface Works

For surface works the swelling phenomena can crack foundations and road surfaces and in sever
instances cause heave. Lindner (1976) points out that surface works can cause either an increase
in water content or a decrease in water content near the structure and in either case this

disturbance in equilibrium can cause swelling to occur.
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Figure A.13: Idealized water content profile under a home after construction. Water is
allowed to concentrate under the home because evaporation cannot take place. Take from
Lindner (1976) after Jennings et al. (1958).
The presence of the structure at surface can prevent evaporation of surface water below
the foundations causing an increase in the water content below the structure. In Figure A.13 the

percentage increase in water content is shown by contour lines below the foundation of a

structure.

The season of construction also has an influence on the rock mass for surface works. If

constructing a foundation in a wet season the increased water content will cause swelling and
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conversely creating a surface excavation in a dry season could cause the foundation rock to crack

during drying, which will later increase the surface area for swelling to occur.

A.1.6.2 Water Management at Surface

To minimize swelling behaviour during and after construction the moisture content of the rock
mass should be maintained at closely as possible to that of the in-situ conditions. This will
minimize cracking due to drying and/or swelling during construction, which will also in the long
term reduce the amount of fractures for ground water to move through and cause swelling after

construction.

Adequate pumping facilities and drainage ditches should be used around the site so as to
remove and reduce standing water. The capacity of the drainage system should also consider

large rain events which could be possible throughout the construction phase of the project.

The heavy construction industry typically is designing structures to last 90 — 100 years
and with life spans of this magnitude drawing down and maintaining a lower water table
throughout the life a structure would be costly. Also since the structure is at surface, water
infiltration is inevitable. For these reasons it is more desirable to incorporate void space, which
can absorb the swelling pressures, into the design of the structure. Figure 14 below shows some
methods of absorbing swelling pressure. The walls of the building foundation can be lined with
compressible insulation and the foundation can be constructed with a false bottom so that
swelling can occur into the void space. It has been found that swelling of the Queenston
Formation can be eliminated by applying 4-5 MPa to core samples (Rigbey & Hughes 2007)
during swell testing. In this case foundation piles could be used to concentrate the load of a large

structure in such a manner as to suppress swelling as illustrated in Figure A.14 (Lindner 1976).

282



By eliminating swelling behaviour under the piles and leaving a void under the false foundation,
swelling can occur locally between the piles and not damage the structure. The most cost
effective means of dealing with swelling for surface works is to minimize swelling damage

during construction and to absorb swelling pressures which are induced after the construction.
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Figure A.14: Absorbing swelling pressures in foundation design, after Lindner 1976. The
pile causes the load of the foundation to be concentrated at one location, this causes a stress
build up above the critical swelling pressure, which inhibits swelling. Compressible

material can be used under the foundation and along the side walls to prevent swelling
damage.
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A.1.6.3 Underground

Underground structures are more susceptible to swelling damage if not properly mitigated in the
design process because they are fully enclosed in the swelling material. Steiner (1993) indicates
that the most common damage in tunnels due to swelling is invert heave and crushing of strong
inverts as occurred in the Jura mountain tunnels. In Southern Ontario two tunnels which have
been monitored closely and results reported by Hawlader et al. (2005) indicate that tensile
cracking of the final concrete liner occurred near the spring line. Damage to underground
structures is more difficult to monitor and repair in the long term and it is there for necessary to

eliminate or reduce the swelling impacts on the structure during construction.

During construction of underground works in swelling rock the collection and removal of
water both ground water and production water should be done in a timely manner and so that it

has little time to induce swelling in the freshly exposed rock surface.

The ground water chemistry plays an important role in the swelling mechanism. In
Southern Ontario the ground water tested in the Queenston Formation is connate and
supersaturated in chlorides and sulphates (Rigbey & Hughes 2007). As the Queenston Formation
requires fresh water to swell, the in-situ ground water is at equilibrium with the rock mass, in
terms of swelling. The high chloride and sulphate concentrations can lead to break down of
traditional reinforced pre-cast concrete liners. For the current Niagara Tunnel Project a Flexible
Polyolefine waterproof membrane (Rigbey & Hughes 2007) is to be placed prior to the
final cast in place liner so as to eliminate the connate water interaction with the concrete
and also to eliminate fresh water from leaving the tunnel and causing swelling. At other

site the permeability of the over lying rock formation maybe higher allowing fresh surface water
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to interact with the potentially swelling material. In this case installing a compressible material
behind the final lining, which can absorb the swelling pressures, would be better. In pressure
tunnels however a compressible material may not be appropriate if the pressure is able to crush
the liner as the compressible material shrinks. Where a membrane or a compressible material is

not feasible, a heavily reinforced concrete liner is recommended.

In road and rail tunnels, where the ground water drains towards the excavation, invert
heave is the most likely difficulty. Seepage will be focused along the invert, either between the
tunnel lining and the rock mass or through the damaged zone around the tunnel (Anagnostou
1995). This causes the invert to swell sooner than the rock mass in the walls or crown
(Anagnostou 1995) resulting in invert heave as the primary failure mechanism. Strengthening the
invert slab and giving a slightly curved shape which gives rise to a better stress distribution
around the tunnel (Einstein 1993) helps to reduce the chance of invert heave. Kovari et al. (1988)
show four methods of construction, (Fig 15), which can reduce or eliminate invert heave and the
buildup of swelling pressure on the lining. Two of the support mechanisms are designed to be
strong enough to resist swelling pressures and the other two allow some swelling strain to occur,
which reduces the buildup of swelling pressure. Kovari et al. (1988) conclude that the

implementation of yielding support elements is the most economical solution, see Figure A.15.
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Figure A.15: Design measures used in swelling rock after Kovari (1988), tunnel sections
with and without yielding supports. The invert arch and anchoring systems are designed to
provide enough resistance against the swelling pressure. The open space and yielding
support systems are used to absorb swelling strains.

When constructing underground excavations in swelling rock the ground water chemistry and the
shape of the excavation are important considerations to the design. Specifically in rail tunnels
where alignment constraints are very particular, invert reinforcement to provide adequate counter
pressure to the swelling should be used. In instances of high swell potential where high swelling
pressures can develop the only economic means of construction may be a yielding invert segment

and a compressible liner.

A.1.7 Model Simulation

To gain a better understanding of how the swelling behavior will affect the structure in question
numerical model simulations can be used. Extensive work has been conducted to determine an

appropriate constitutive model for the swelling behaviour of shales from Southern Ontario. The
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process has been summarized by Kramer and Moore (2005) and these authors propose a

formulation of a finite element model, which has been implemented in the program AFENA.

The finite element model suggested by Kramer and Moore (2005) uses a “pseudo load

*l . . . . .
vector”, AE , to calculate inelastic strains for the current time step. Figure A.16 below shows

the approximation of the load vector for both the elastic and inelastic (nonlinear) portions. These
vectors are used to determine the displacements, stress, strains and external load vectors for the
model. The formulation is an approximation and does produce some drift between the
calculated and actual values. This is corrected using an unbalanced force vector in the total load

vector calculation.
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Figure A.16: Direct Incremental Initial Strain Approach and use of a Pseudo-Load Vector
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Figure A.17: Mutli-Kelvin element model used in the formulation of a finite element
swelling model.

The equations used in the formulation presented by Kramer and Moore (2005) are based
on three Kelvin elements links in series as seen in Figure A.17 above. The stress dependency of
the swelling is modeled using a strain rate parameter which decays with time increments or
stepping of the model. A single rate parameter is used to describe the strain decay for all three
Kelvin units, since the rate parameter is neither stress nor direction dependant (Kramer & Moore
2005). The swelling parameters and the incremental stress vectors are rotated to the principle

stress field where so that shear stress is not required in the calculation (Kramer & Moore 2005).

The above mentioned work by Kramer and Moore (2005) could be incorporated into
modeling software such as FLAC, an Itasca program, through the use of FISH. Using FISH a
“pseudo load vector” could be used to induce swelling if appropriate conditions were to occur in

the rock mass at particular zones.

The use of numerical models to simulate swelling behaviour is still at the research level.
Constitutive models suggested by Hefny, Lo, and Huang, (1996), Lo and Yuen (1981) and Lo and

Hefny (1996 ) have been developed and refined to describe the swelling behaviour of the
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Queenston Formation. These constitutive models could be used in design process, although with

due caution to the assumption made by the authors.

A.1.8 Concluding Remarks

Swelling rocks present difficulties throughout the life of a project, right from the early stages of
investigation and laboratory testing through to design and construction. During the investigation
stage core samples must be preserved properly so that more accurate laboratory testing can be
conducted. Prior to conducting strength and deformation laboratory testing, mineralogical
identification should be conducted to determine if in fact swelling minerals are present and how
these may vary across the site. The laboratory testing should include free swell and oedometer
tests to determine the swell potential and the swelling pressures respectively. Also triaxial swell
testing can be conducted so that excavation stress paths can be implemented to determine when
swelling will occur and how destructive it can be. Moving into the design phase consideration for
the ground water chemistry and flow paths can lead to the adoption of design methods which
either eliminate and suppress swelling or absorb swelling pressures. Ground, surface and
production water needs to be manage appropriately so that swelling during construction is
minimized. This is especially important when tunnel linings have been designed to withstand
swelling pressures as ground water will move along the damage zone typically located at the
invert. Ifthe damaged zone is deep, increased swelling pressure may occur and damage the
invert slab. Throughout the life of the project considerations for the swelling mechanisms and
how the swelling will interact with the structure should be considered. With new developments
in numerical modeling, simulation of swelling behaviour will soon be a tool useful in predicting

swelling behaviour during the life of the project. Swelling behaviour can be destructive during
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construction and after many years after construction. There for it is necessary to use all tools

available to gain a better understanding of the material before construction begins.

This report has been generated as a guide to those working on or in swelling rock. It is not a
complete guide to excavation and tunneling, but is meant to help elaborate on the process of

investigation through to design and construction on or in swelling rock.
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Appendix A.A: X-Ray Diffraction Calculations
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A.A.1 X-Ray Diffraction Abundance Sample Calculation

Calculation Steps:

1)

2)
3)

4)
5)
6)
7)

Count

Draw a tangent line along the bottom of the peak profile, without crossing any peaks.
This will be the zero line.

Identify the 100 % peaks that represent the primary minerals.

Draw a triangle, which will represent the area under that peak, for all primary mineral
peaks. The base of the triangle will be along the tangent line, or zero line.

Find the area under each primary peak.

Find the total area represented by the primary peaks by summing all the areas together.
Calculate the quasi-percentage each peak represents.

For muscovite there are two 100 % primary peaks. One of these peaks is part of the
quartz peak. The area of the muscovite peak within the quartz peak must be subtracted in
order to determine the area for quartz.

[{]5]

Yabh = 0.5%14.25%0.4 =2.85
200 -

¥obh = 0.5%4.1*%0.35=0.7175 (M,+2)

Yabh = 0.5%6*0.55 = 1.65

A Vabh = 0.5%4.4%0.5=1.1
1000 — N

(Q+M;) — (My42) = 2.85-0.7175 = 2.1325

Yabh = 0.5%1.2%0.6 = 0.36

; vibh = 0.5%3.2%0.4 = 0.64
A vibh = 0.5%0.7%0.45 = 0.158 (H)

Position (20) (Cobalt (Co))

Figure A.A.1.1: Percent abundance sample calculations, showing the triangular area
method of calculation.
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Table A.A.1.1: Percentages of primary minerals in sample NF44

Mineral A Area  Percentage
Quartz 2.133 31.555
Clinochlore 1.100 16.277
Muscovite 2.368 35.033
Halite 0.640 9.470
Calcite 0.360 5.327
Other 0.158 2.338
Total 6.758 100

A.A.2 Swell Potential Calculation

3.0

Free Swell Testing
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Figure A.A.2.1: Swell potential calculation for samples S3b.
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Engineering geology, glacial preconditioning and rock mass response to
large-scale underground excavations in the Niagara Region

Matthew A. Perras, M.Sc.E. Candidate (Queen’s)
Hatch Energy, Niagara Falls, Ontario, Canada

Dr. Mark S. Diederichs, PhD., PEng.
GeoEngineering Centre at Queen’s — RMC, Kingston, Ontario, Canada

ABSTRACT: A new 10.3-km by 14.44-m diameter TBM-driven tunnel is under construction beneath the
Canadian City of Niagara Falls, Ontario, descending through the entire stratigraphy of the Niagara
Escarpment, including dolomites, limestones, sandstones and shales. The tunnel will run for much of its
length through the Queenston Formation and will encounter mixed face conditions, blocky ground, horizontal
and inclined shear surfaces, and high horizontal stresses, as well as unique challenges, such as swelling,
vertically variable hydrological conditions and topographic effects beneath a buried gorge.

This large project provides the backdrop for a study of large-scale heterogeneity and anisotropy in geology,
material properties and stress conditions, and the impact on excavation performance and rock—support
interaction. An understanding of the digenesis, glacial preconditioning, erosion and structural development of
the existing rock mass will help in reconstructing the complex stress regime, including vertically
discontinuous lateral stresses and macro-structural components, laterally extensive shear lamellae and
inclined shear structures near topographic extremes.

This paper will discuss the geological origins of these features through by numerically modelling past
glaciations and subsequent erosion in highly heterogeneous laminated ground. It is the relationship between
this complex stress history and the general excavation response which is of interest. Stepping through the
geological history of the Niagara Region, from glacial loading in the Pleistocene to post-glacial erosion, using
numerical models will allow for a better understanding of the mechanics involved in fracture formation under
these loading and unloading conditions. The model results indicate that deformations can extend out from the
gorge up to 1000 m in some of the geological formations.

a second power station, Sir Adam Beck 2 (OPG
2006) and two tunnels were constructed. Recent
upgrades at the Sir Adam Beck complex have

1 INTRODUCTION
1.1 Engineering Geology and Forensic Modeling

A simplified version of a complex geological
history, including multi-staged glacial loading and
unloading, glacial and fluvial erosion, and
glaciofluvial backfilling was modeled to determine
how the stress field has developed, what effects the
evolution has had on the sedimentary units, and the
relative origin and lateral extent of the geological
structures, which are found to exist. Understanding
the evolution of stresses and calibrating to sparse
measurements allows interpolation and extrapolation
of pre-excavation stresses and prediction of
distributed macrostructure within the near-gorge
Niagara Region.

1.2 Geotechnical Engineering Projects

The City of Niagara Falls has generated hydropower
for over a century. Power generation, on the
Canadian side of the Niagara River, commenced in
1892 (OPG 2006). In 1925, the largest hydro power
station (of that time), commonly know as the Sir
Adam Beck 1, was brought into service and, in 1954,

increased the efficiency and allowed the new
Niagara Tunnel Project to proceed into the
construction phase (Fig. 1).

Numerous tunnels, for sewer systems and nuclear
reactor cooling, exist in the rocks of the foreland of
the Niagara Escarpment (Hawlader 2005). Future
excavations at greater depths mandate an
understanding of the geological past and stress
development.

1.3 Niagara Tunnel Project

The new tunnel will divert an additional 500 m*/s of
water to the existing Sir Adam Beck generating
facility (OPG 2006). The new tunnel will pass under
the buried St. Davids Gorge, at roughly 150 m below
surface, while previous tunnels had surfaced prior to
this gorge. The tunnel will be constructed
predominantly in the Queenston Formation. The
Niagara Tunnel Project presents a unique
opportunity to observe the Niagara sedimentary
strata and allow for a more detailed understanding of
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Figure 1. Map of the Niagara River Gorge, buried St. Davids
Buried Gorge and the Niagara Escarpment. Model sections are
labelled A to D. Lower map modified from Novakowski and
Lapcevic 1988, and inset from Mazurek, 2004. Upper right
image shows TBM ready for launch.

the geological behaviour and interaction of the
heterogeneous rock units down and into the
Queenston.

2 GEOLOGICAL HISTORY
2.1 Paleogeography and Stratigraphy

The Appalachian Basin and the Algonquin Arch.
influenced the deposition of the Ordovician and
Silurian strata of the Niagara Region. The
Appalachian Orogen provided clastic sediments and
variations in sea levels controlled the depositional
environment (Mazurek 2004); consequently, the
strata in the Niagara Region vary between dolomites,
limestones, sandstones, shales and interbedded zones
of these rock types (Fig. 2).  In the northwest a
Precambrian basement high, the Algonquin Arch,
remained a positive structure throughout Paleozoic
time, which caused the sedimentary beds to on-lap
and overlaps this structure (Currice & Mackasey
1978). In the Niagara Region, the strata gently dips
south at 6 m/km (Yuen 1992).

The Queenston Formation is Late Ordovician in
age and is part of a compound deltaic, shallowing
upward sequence (Stearn et al. 1979). The
Formation is a red argillaceous mudstone with

occasional siltstone interbeds (Rigbey 1992) and,
when exposed to fresh water, has significant
swelling potential (Yuen et al. 1992).

Three Groups, the Cataract, the Clinton and the
Albemarle overlay the Queenston Formation.
Overlying the Clinton Group is the Decew, Lockport
and Guelph Formations (Currice & Mackasey 1978).

The Cataract Group is Lower Silurian in age and
deposited in deltaic and shallow marine
environments (Currice & Mackasey 1978). It
includes the Whirlpool, Power Glen and Grimsby
Formations.  The Whirlpool sandstone, which
unconformably overlies the Queenston (Mazurek
2004), represents a transgressional state of a sea that
washed and rounded quartz sand grains (Stearn
1979). With minor fluctuations in the sea level, the
depositional material alternated between sand, clay
and calcareous shell fragments forming the Power
Glen and Grimsby Formations (Winder & Sanford
1972).

The Clinton Group is Middle Silurian in age and
comprised of the Thorold, Neahga, Reynales,
Irondequoit and Rochester Formations, which were
deposited in a shelf edge environment (Winder &
Sanford 1972). Reworked Grimsby detritus formed
the Thorold Sandstone as sea levels increased. With
continuing sea level changes in an intertidal and
lagoonal environment, the Neahga & Reynales
Formations were deposited (Winder & Sanford
1972). The Irondequoit Formation is a crinoidal
dolostone and the Rochester Formation is a
dolomitic shale (Winder & Sanford 1972).

Patch reefs, forming the lower Lockport Formation
and regional reefs, forming the upper Lockport and
Guelph Formations (Tesmer 1981), completely
surrounded the Michigan Basin and allowed for the
precipitation of evaporates of the Salina Formation
(Sanford 1968).

The numerical modelling presented in this paper
utilized the above formations. Below the Queenston
Formation a conglomerate of rock mass properties
denoted as the Georgian Bay Formation and the
Precambrian were used in the modelling.

2.2 Continental Glaciation and Subsequent Erosion

There were four major continental glacial stages
during the Pleistocene—the Nebraskan, the Kansan,
the Ilinoian and the Wisconsin, listed from oldest to
youngest. The most recognizable stage is the
Wisconsin, as tills from this stage are relatively un-
weathered (Hough 1958).  Estimates of Pre-
Wisconsin ice thicknesses range between 2000 to
3000 m thick near Hudson Bay and during the
Wisconsin Menzies (2001) reported thicknesses of
500 to 1300 m.

Erosional estimates reported by Mazurek (2004)
after Cercone & Pollack (1991), indicate that
multiple unconformities represent <100 m each. It
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was assumed that 300 m of additional sedimentary
rock existed above the current topography. This
material was by the pre-Wisconsin glacial stages.

Spencer’s work from 1907 confirmed observations
by Lyell (1845) that a buried gorge existed between
the current Whirlpool and St. Davids village.
Sediment descriptions by Abidi, et al (1992),
confirm that glacial advances occurred many times
during the filling of the gorge as marked by the
interbedded glacial till. Constraining the erosion of
the St. Davids Gorge is somewhat more difficult.
Karrow & Terasmae (1970) reported that erosion
occurred during the Port Talbot interstidal of the
Barly Wisconsin, or the interglacial Sangamonian
period, prior to the advance of the first Wisconsin
ice.

Erosion by the Niagara River, starting at Lewiston,
formed the Niagara River Gorge after the Wisconsin
ice retreated (Pengelly 1996).

The depositional environment, orogenic tectonic
influences and most notably the glacial erosion and
fluvial erosion have been key factors in shaping the
geological environment of the Niagara Region. The
numerical modelling presented in this paper
considered the influence of these events, in an
attempt to model the stress and structural
development of the Niagara Region.

Approx.
Thickness
(m)

Age Formation Brief Description

Group

Grey crystalline dolomitic

Lockport Limestone

Albemarle

Decew  [Crystalline dolomite &grey mudstong] 2,1 — 4.0

Middle Silurian

Dark grey calcareous shale 17.7

Rochester | 4 1omite interbedded

Clinton

Ih'mldeguoi(lGreym reddish dolomitic limestonef 1.2 - 3.1 |

Reynales [Light grey crystalline dolomite| 3.6

Neahea Green shale 18
Thorold White sand: 24

Green, irregularly bedded

Grimsby sandstone with red shale 16
g interbeds
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©w
| o E——
z | power Grey shale to white 115
= Glen calcareous sandstone -
: Light grey crossbedded 3.6-
Whirlpool sandstone 7.6
Ordov- Red shale and argillaceous é‘é;». 4
ician Queenston 335 P

limestone

Figure 2. Geological stratigraphy, modified after Haimson
1983.

3 ENGINEERING CONSIDERATION
3.1 Rock Mass Properties

During the investigation and planning period for the
Niagara Tunnel Project, much was learned about the
in-situ stress field, swelling properties of the various
units, squeezing ground conditions, rock mass
strength and deformation properties. The unconfined
compressive strength (UCS), the rock mass Young’s
Modulus (Em) and the Hoek—Brown (1998) failure
parameters, mb and s, used in the numerical
modeling have been summarized in Table 1. The
Grimsby and Power Glen Formations are
interbedded sequences.

3.2 High Horizontal Stresses

Throughout Southern Ontario, high in situ horizontal
stresses exist in the sedimentary rocks, locked in due
to tectonic activity during the Appalachian mountain
building, from sedimentary basin effects and from
glacial loading and erosion.

Horizontal to vertical stress ratios (Ko) in the order
of 3 to 5 have been measured in the Niagara Region
for the Queenston Formation, with greater ratios
existing in the formations above (OPG 2005).
There can also be sharp differences in the stress state
from formation to formation due to differences in
elastic properties (Haimson 1983). The principle
stress in the Queenston Formation, trending ENE
near the buried St. Davids Gorge, are in the order of
9 to 23 MPa (Yuen 1992).

Table 1. Rock mass properties used in the numerical models;
the Salina to Precambrian properties were derived as an
aggregate of the particular rock units and based on engineering
judgement. The Guelph properties come from Mazurek (2004)
and the remaining properties are derived from 1989 to 1992
investigations for the Niagara Tunnel Project. GSI (Marinos &
Hoek 2000) is equal to RMR with orientation and water
corrections removed.

Formation RMR/GSI UCS E, my, s
(MPa) (GPa)

Salina n/a 100 38  3.09 0.100
Guelph n/a 120 45 325 0.125
Lockport 70/ 80 151 67 3.68 0.135
Decew 69/79 128 51 331 0.097
Rochester 64/77 42 31 440 0.078
Irondequoit 72/82 106 60 3.68 0.135
Reynales 67/77 95 33 3.08 0.078
Neagha 56/ 66 14 4 297 0.023
Thorold 78 /83 163 53 8.17 0.151
Grimsby 70/75 100 34 410 0.062
Power Glen 63 /68 100 20 3.19 0.029
Whirlpool 85/87 216 82 943 0.236
Queenston 65 40 14 1.86 0.021
Georgian Bay n/a 36 20 1.68 0.012
Precambrian n/a 70 15 2.58 0.021
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3.3 Structural Features

Three major physiographic features, the Niagara
Escarpment, the Niagara River Gorge and the buried
St Davids Gorge, control the structural style within
the immediate vicinity.

Bedding plane fractures are predominant in the
Niagara Region and vertical and horizontal jointing
increases nearing the gorge due to tensile stress
relief (Novakowski and Lapcevic 1988).

In the Queenston Formation, slickensided shears
are a ubiquitous feature (Russell & Harman 1985).
Horizontal shears also exist and are sometimes filled
with silt (Rigbey et al. 1992). The silt-filled

discontinuities are close to the Whirlpool contact
and decrease with depth (Rigbey et al. 1992).

A report by Novakowski & Lapcevic (1988)
suggests another lineament at the base of the
Rochester Formation, as determined by isopac
mapping, and Sanford, et al, (1985) reports a fault
network.

= L ——

Figure 3. (Top) Test adit for the Niagara Tunnel Project
(courtesy OPG) in the Queenston Formation. Note shear
planes two-thirds up the excavation face. (Bottom) The Niagara
TBM in the Decew Formation at the start of construction
(courtesy OPG).

3.4 Excavation in Heterogeneous Sedimentary Strata

The geological setting and structural features of the
Niagara Region pose a challenge for the construction
of underground openings, although early pilot
excavations have been undertaken in support of the
Niagara Tunnel Project (Fig. 3). The stability of the
excavation must be given careful consideration in
both the short and long term.

Short-term  considerations related to the
immediate stability of the rock mass include the
orientation of bedding planes and other
discontinuities, the infilling material and
groundwater. While the more massive formations
pose fewer challenges (Fig. 3, bottom). In the latter
case, vertical or inclined discontinuities intersect
bedding planes to create blocks of intact rock. These
blocks, when exposed in the crown of an
underground excavation, require immediate support
as apparently large elastic deflections in the crown
serve to delaminate and fracture the bedding planes.
With closely spaced bedding planes and vertical
jointing, thin slabs can form in the crown. In high
horizontal stress conditions, the closely spaced
bedding planes create “beams” and, if the bedding is
horizontal to subhorizontal, these beams can buckle
under the stress concentration and self-weight. The
Heart Lake sewer tunnel, near Toronto, Ontario,
encountered excessive overbreak in a highly fissile
rock (Lo 1979). Such overbreak can cause delays in
construction and incur extra costs for the project
when not adequately controlled by ground support.

Long-term or time-dependant considerations
include creep of the rock mass and swelling of
argillaceous rock units (Pan & Dong 1991). Creep
of the rock mass is dependant on its rheological
properties, and the magnitude and orientation of the
stress field. Argillaceous rocks, as well as rocks
containing anhydrite, are susceptible to swelling.
The process is a result of oxidation of pyrite or the
hydration of clay and/or anhydrite particles
(Lieszkowszky et al. 1994) resulting in a volume
increase. Duncan et al. (1968), determined that not
all shales have a high swell potential and those with
a lower swell potential are usually cemented with
calcareous material.

These processes control deformation and affect
the initial and final support, and careful timing of
their installation is required for effective results.

4 NUMERICAL MODELING

In this paper, numerical modelling is used as a tool
to look at how the past has affected the current rock
conditions in the Niagara Region. The stress history
and structural deformation in the Niagara Region
due to tectonic, glacial and erosional events, has
been simulated to determine possible origin and
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lateral extent of structural features, which need
careful consideration in geotechnical design.

4.1 Model Stages and Assumptions

The complex history of the Niagara Region,
including continental glaciations and gorge erosion,
was modelled using 35 stages in the software
package Phase2, a RocScience program. As full
non-linear 3D modelling could not practically
provide the constitutive or geometric detail required
for this study, four different sections have been
modelled, two along the Niagara River Gorge and
two along the buried St. Davids Gorge, to determine
the affect gorge depth has on lateral extent of
deformation.

The modelling starts with Pleistocene glaciatio,
grouping the Nebraskan, the Kansan and the
Illinoian, as one glacial advance and retreat for the
purposes of the modelling, which utilized a
distributed load to simulate the weight of the ice
sheet as it advanced. A slight angle of 5° from
vertical was used to represent the traction of the ice
load on the ground surface as it advanced.

The ice thickness, load distribution, increased in
four equal steps for a maximum ice load of 2000 m
and sequentially advanced across the modelled
section in four stages. At the peak of the ice
thickness, the Salina Formation was excavated and
the load immediately re-established on the surface of
the Guelph Formation and glacial retreat followed.

In the Sangamon interglacial period, the St. Davids
Gorge was eroded in five stages to imitate
progressive river erosion. Sediment infilling was
completed in one stage as the sediment had little
affect on the surround rock mass. In the Niagara
River Gorge sections, the advance of Wisconsin ice
followed the earlier Pleisocene glacial retreat.

The Wisconsin ice sheet, thinner than the earlier
glacial stages, was simulated in the same manner,
with four equal increases in thickness of 250 m and
advancing across the section in four stages. Again,
at the peak of the ice thickness across the model
section, the rock surface was eroded to the present
day topography, including the thickness of
overburden sediments as rock. The overburden was
assumed to be relatively thin in the Niagara Region
and as such have little effect on the model results.
Following the Wisconsin retreat, the Niagara River
Gorge was eroded progressively in five steps to
simulate river erosion.

The present day rock mass properties have been
used in the numerical modelling (Table 1) and, with
the exception of the Neagha Formation, all
formations are stable at the start of modelling. The
Neagha Formation could potentially have been
slightly stronger in the past, but through glacial
loading and unloading, erosion and stress
development, the strength may have been reduced.

The current modelling ignored pore pressure.
Future models should incorporate pore pressure as it
will have an affect on extending the deformation
zones beyond the current dry conditions modelled,
especially during glacial loading. The results of this
model should be viewed as a lower bound for overall
deformations and lateral disturbance extent away
from the gorges. Pore pressures will enhance and
extend the plastic deformations and the interbed
localization of shear illustrated in these scoping
models.

The assumptions in modelling the geological
history of the Niagara Region do have influences on
the model results. Future work should include a
sensitivity analysis on the various inputs, such as
glacial loading increments, pore pressure, lateral
thrust tractions due to advancing ice and erosion
style.

4.2 Model Stress Field and Deformation Results

The stress field was initially set at a maximum Ko
ratio 3.5 perpendicular to the Appalachian front and
2.5 parallel, with locked in stresses of 2 MPa in both
directions. Target model stresses, after erosion, of
17 to 24 MPa were used at elevation 0 (masl) to
determine the above mentioned initial stresses. In
the 2D models, erosion effects of one gorge on the
other gorge have not been represented. Several
combinations of stress ratio and locked stresses are
possible and the model results are correspondingly
non-unique, although they are a best fit at
elevation 0.

4.3 Vertical Stresses

Haimson (1984) reported that the vertical stress
calculated from hydrofracturing was 0.7 MPa greater
than the assumed vertical stress based on the weight
of the overlying rock. The model results show that
there is a zone between 100 and 400 m from the
edge of the gorge in which the vertical stress is
greater than the weight of the rock mass, in the order
of 0.25 to 0.5 MPa (Fig. 4). Beyond 400 m from the
gorge edge, the model vertical stress and unit weight
calculation are similar.

4.4 Horizontal Stresses and Tensile Failure

High horizontal stresses are a characteristic of the
Niagara Region. This stress field locally adjusts to
topographic features, such as the Niagara River
Gorge, causing stress concentrations at the base and
relaxation on the sides. The model results indicate
that the horizontal stress field begins to adjust on
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Figure 4. Comparison of model results (points) and rock mass
weight calculations (line). The models results have been taken
65 m below surface in the Grimsby Formation. Inset showing
anomalous deviatoric stress around the gorge illustrating that
plastic settling increases vertical stress.

average 350 m (at surface) from the edge of the
gorge.

As expected, a relaxed (tensile yield in the model)
zone around the gorges resulted during the erosion
of the gorge, as indicated in the model results in
Figure 5. In this zone, shear failure has also
occurred.

The relaxed/tensile zone around the gorges is most
laterally extensive in the Neagha Formation,
extending out from the gorge face 350 m (Fig. 5).
Excluding the Neagha Formation, the tensile zone is
more extensive in the formations directly above a
shale layer, which can be expected based on the
contrasting rock mass stiffness. Modelled tensile
failure in the Queenston is isolated to within 50 m of
the gorge face, for all sections except the deep
section at St. Davids Gorge where the tensile zone
extends 100 m away, suggesting that there is a
relationship between the depth of gorge erosion and
the lateral extent of tensile failure structures.
However, the elements, which failed in tension, do
not extend far vertically below the gorge bottom.
Further investigation of the effect of glacial pore
pressures and lateral glacial thrusting, which could
affect the depth of damage, should be considered.
The tensile zone is somewhat related to the geometry
of the gorge itself. When the gorge base exists in a
more competent rock formation, the tensile failure
zones is less laterally extensive then when the flat is
located in a less competent rock formation, as seen
when comparing Sections B and C (Fig. 5). The
tensile zone around the edge of the gorge creates
loose material and block movement above the
affected zones, which contributes to erosion and can
be difficult when constructing near the edge of the

gorge.

900 950 1000 1050 1100 1150 1200 1250
Horizontal scale (m)

850 900 950 1000 1050 1100 1150 1200
Horizontal scale (m)

700 750 800 850 900 950 1000 1050 1100 1150 1200 1250
Horizontal scale (m)

800 850 900 950 1000 1050 1100 1150 1200
Horizontal scale (m)

Figure 5. Model Sections A to D showing shear strain
contours; A, Niagara Glen; B, St. Davids Shallow; C, St.
Davids Deep; D, Upper Niagara. All model external
boundaries are 4 km wide and 1 km deep; close ups are shown.

4.5 Maximum Shear Strain

The maximum shear strain contours in Figure 5
indicate that there is more lateral movement below
the gorges, than vertical movement. There is some
variation in the contour pattern between the model
sections, which is most likely controlled by the
geometry and depth of gorge erosion.

Cross Section A (Fig. 5), representing a narrow
gorge, shows a very small zone of shear strain,
suggesting that the width of gorge erosion controls
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the lateral extent of deformation . In Sections B, C
and D (Fig. 5), the zone of shear strain is much
different. Section B (Fig. 5), the zone of shear strain
suggests that existing shear planes would be flat
lying and slightly inclined close to the ground
surface. In Figure 5, Sections C and D, the shallow
and wide gorges form a zone of subhorizontal
bulbous shear strain, which is inclined toward the
gorge. This suggests that any shear planes that exist
are inclined at a subhorizontal angle up toward the
gorge. The lateral extent of the zone in all model
sections (except Section B), is contained within the
width of the gorge at surface.

In Section B (Fig. 5), the zone of shear strain is
wider than the gorge, suggesting that, with increased
depth of erosion, the zone of shear strain is larger.
Also, considering the other sections, the zone of
shear strain becomes less inclined with increased
erosion into the Queenston.

Development of shear planes relieves the shear
strain. In the exploratory drilling and excavation for
the Niagara Tunnel Project, horizontal shear planes
existed in the Queenston away from the gorge
(Fig. 3) and inclined shear planes existed underneath
the buried St. Davids Gorge. The model results
suggest the lateral extent and the inclination of shear
planes in the Niagara Region are closely related to
the depth and width of gorge erosion into the
Queenston Formation.

5 DISCUSSION

5.1 Practicalities of Model Results

The tensile failure zone and the shear strain zone are
typical features associated with gorge erosion in high
horizontally stressed environments. The tensile
failure of the more competent rock mass units
directly above the shale units is a common
occurrence and results due to the stiffness contrast.
If the two units are cemented together, the stiffer
unit will not be able to deform to the same extent as
the softer unit without failing. Essentially, the softer
unit rips the stiff unit apart, causing tensile failure.

The deeper the erosion into the Queenston
Formation, the more laterally extensive the tensile
failure zone is in the Whirlpool Formation. The St.
Davids deep section, 100 m of Queenston eroded,
indicates that the tensile zone extends up to 1000 m
from the gorge face, whereas in the shallower
section, the distance is 150 to 200 m. This is a
substantial variation suggesting a relationship
between the deep and shallow sections in terms of
the lateral extent parallel to the gorge.

Novakowski & Lapevic (1988) indicate a weather-
fractured network on the bedrock surface in the
Niagara Region. There is only limited surface
tensile or shear failure in the model results at the

surface due to the smooth nature of the topography
used in the model. This is assumed to have little
effect on the deeper failure mechanisms in the
Queenston Formation. If a undulating rock surface
was modelled, increased surface deformation would
develop.

Russell & Harman (1985) indicate that, within the
Queenston Formation, curved microfractures and
slickensided curved shears exist as a ubiquitous
feature. The model results indicate that extensive
shear failure has occurred in the Queenston
Formation following glacial unloading. Another
observation made in a test adit for the new Niagara
Tunnel Project was laterally extensive shear planes.
The shear strain indicates that sub horizontal-to-
horizontal shear planes may develop during gorge
erosion.

Modelling of the swelling phenomenon has not
been included in this paper. Within the Queenston
Formation with the addition of fresh water, the
swelling can adversely affect engineering projects.
The swelling zone would be controlled by the
amount of fracturing due to excavation and the joint
spacing.

The current decoupled models indicate that there
is relationship between depth of erosion and the
lateral and vertical extent of deformation. Future
work with 3D modelling would result in a better
understanding of the lateral extent parallel to the
gorges of such features as the depth of gorge erosion
changes.

5.2 Implications for Underground Excavations

The model results indicate that extensive failure near
the Niagara River Gorge and the buried St. Davids
Gorge exists. During the construction of large-scale
excavations near these topographic features, blocky
ground must be considered, as indicated by the
tensile zone, even in the most competent units like
the Whirlpool sandstone. The tensile failure
indicated in the model would most likely result in
vertical jointing in nature. These vertical joints
could develop wedges in the crown of large-scale
excavations.

A relationship exists between the lateral extent of
the tensile zone and the depth of gorge erosion. The
deeper gorge sections have a more laterally
extensive tensile zone. When determining the
location of a large-scale excavation, the depth of
gorge erosion in the immediate vicinity deserves
careful consideration.

The limestone and sandstone formations of the
Niagara Region are the most competent units for
excavation. The failure zone around the gorges is
limited to less then 1000 m in all formations and on
average is 350 m. Such formations would make
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excellent material to have in the roof of an
underground excavation.

The main concern is the placement and orientation
of an underground structure in relation to the gorges
of the Niagara Region. Careful consideration should
be taken with respect to the failure zone around the
gorge and adequate measures applied to support the
rock mass for long-term stability in a high
horizontally stressed environment.

6 CONCLUDING REMARKS

By modelling the complex geological history of the
Niagara Region, the possibility of laterally extensive
failure zones related to gorge erosion has been
determined. Considering the high horizontal
stresses, the geological heterogeneity and the
contrasting rock mass properties, glacial loading and
unloading, and erosion by glacial and fluvial action,
the model demonstrates that the failure zone is on
average 350 m from the gorge face and can be up to
1000 m. A relationship between the depth of gorge
erosion and the lateral extent of the failure zone was
evident. Future work should be conducted to
construct a 3D geological model of the Niagara
River Gorge, particularly the block bounded by the
Niagara River Gorge, the buried St. Davids Gorge
and the Niagara Escarpment, and to incorporate
glacial pore pressures and lateral glacial thrusting.
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Regional Geological Setting

The Niagara Tunnel Project

The Niagara Tunnel Project is a 14.44m diameter
water diversion tunnel being excavated by a Tunnel
Boring Machine (TBM) under Niagara Falls, Ontario
(left). The rocks of the Niagara Region are part of
the Appalachian Sedimentary Basin and divided into
four groups, predominately made up of limestones,
dolomites, sandstones and shales, with unconfined
strengths (UCS) from 14 to 214MPa. The depth of
the tunnel, 140m, is governed by St. David’s Buried
Gorge, which was in-filled during the last glacial
period (Perras & Diederichs, 2007). When
completed the tunnel will pass 500m3/s of water to
the exist Sir Adam Beck Generating Station.

Courtesy of Ontario Power Generation (OPG) Courtesy of Ontario Power Generation (OPG)

(B) Multi-beam Coupling Niagara Tunnel Over Break (C) Stress Channeling

‘Courtesy of Ontario Power Generation (OPG)

The crown deflections deviate from the isotropic
behaviour because the stresses flowing around the
excavation are channeled through the first beam above
the excavation. This increases the amount of plastic
yielding within the first beam which reaches a
maximum along the line between areas (C) and (B)
(center). The drop in crown deflections at this transition
is a result of partial plastic yielding of the second beam
above the excavation. The deflections do not resume
increasing until full multiple beam yielding occurs.

* - Plastic yield

Overbreak Notch in Queenston Queenston contained
Haunch within the
first beam
above the
excavation

In this zone multiple beams interact together to create a

i i beam. flow through the
composite beam and plasti elding is not limited by
P g As the A .

decreases in this zone, the degree of tensile yielding in * L S Rochester
the haunch area increases and the height of shear
yielding increases above the crown.

560mm Laminations 1200mm Laminations J§ Max Shear Strain

3600mm Laminations Max Shear Strain
00

Shear
o Tonsion

Tension

(D) Isotropic

A laminated rock mass has strength properties which
are directionally dependent and this is termed an
anisotropic rock mass. As the lamination thickness
il the ani: pic i less. In
this region the anisotropic crown deflections are
similar to the i i ic (no inati

crown deflections (lower). To compare models the
isotropic rock modulus is reduced using 1/E;;;= 1/Eepm,
+ 1/TK,, where T is lamination thickness and Kn is
lamination normal stiffness (Brady & Brown, 2006).

Plastic Yield

Yield Stab

At intact modulii less then 8GPa and lamination
thicknesses less then 300mm, rock mass plastic
yielding above the tunnel excavation reaches a
maximum extent. The plastic yielding self stabilizes,
however, if scaling in an underground excavation
removes a large portion of the yielded material, further
propagation of the yield zone is possible.

160mm Laminations (£ 280mm Laminations { Max Shear Suain
o000

Vertical Crown Deflection (mm)

Shear

Tonsion

7 10
Thickness (Thousands mm)

Summary of Findings

« Four zone of crown deflection behaviour exist
A. Plastic Yield Stabilization
B. Multi-beam coupling
C. Stress Channeling
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Tunnelling in horizontally laminated ground

Matthew A. Perras, M.Sc.Eng. Candidate
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Dr. Mark S. Diederichs, PhD., PEng.
Queen’s University, Kingston,ON., Canada

ABSTRACT: With growing populations, infrastructure projects are utilizing underground space
to expand transportation networks, water supply and sewer disposal systems and hydropower
facilities. These new projects require large diameter tunnels to meet the growing demands. As
the tunnel diameter increases, not all rock mass properties are scalable and precedent experience
becomes less reliable. One such non-scaleable property is lamination thickness. Numerical
modelling was conducted to determine the influence of lamination thicknesses on a 16 m diame-
ter tunnel. Five different areas of excavation response were found to exist for laminations rang-
ing between 0.16 to 16 metres in thickness. For this tunnel diameter, critical lamination thick-
nesses of 6 metre and 1 metre were found to exist. Above 6 metres the excavation response was
similar to isotropic models. Below 6 metres the stresses and yield are channeled by the lamina-
tion boundaries, increasing plastic deformation. Below 1m multiple lamination units become
unstable and the displacements increase significantly and the shape and extent of the yield zone
size changes dramatically. The yield zone is controlled by bed deflections and bed parallel
shear. As the lamination thickness decreases tensile failure first begins in the haunch area and
progressively extends above the crown until a self-limiting plastic yield zone shape is reach at
lamination thicknesses below 0.4 metres. Conclusions drawn from observations at the Niagara
Tunnel Project are those of the authors.

1 INTRODUCTION

Parallel laminations within a rock mass create anisotropic ground conditions, whether the lami-
nations are caused by sedimentary bedding, joints or a tectonic fabric. Anisotropy is both mod-
ulus and stress dependent (Chappell 1990) and therefore not all rock masses with parallel struc-
ture or fabric will exhibit the same degree of anisotropic behaviour. Laminations can occur in all
rock types and although most often thought of as a sedimentary feature, analogous flow beha-
viour can occur in igneous and metamorphic rocks. This flow behaviour can create parallel fa-
brics. Parallel jointing, caused by cooling in igneous and metamorphic rock or tectonic forces,
can create anisotropy in a rock mass as well.

There are many methods available to the engineer for excavation and support design. The rock
mass is classified, commonly by Q, RMR, or GSI (Barton 1974, Beiniakski 1974 or Hoek &
Brown 1997, respectively) and intact rock properties are determined by laboratory testing. Us-
ing empirical relationships the intact rock properties are related to rock mass properties account-
ing for discontinuities and weaknesses in the rock mass via the classification scheme. One such
relationship for modulus is presented by Hoek and Diederichs (2006) to determine a deforma-
tion modulus, E,,, for the rock mass using GSI, USC, E; and m;. This method has limitation
when applied to anisotropic conditions.

Marinos and Hoek (2001) modified the GSI chart for flysch type rock masses, which essen-
tially reduces the GSI value of the laminated anisotropic rock mass, from its GSI value on the
original chart. This accounts for the reduced rock mass strength due to the laminated nature of
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the rock mass, but does not account for excavation behaviour directly related to lamination pa-
rallel displacements and deflections.

Anisotropy is stress dependent (Chappell 1990) and as the stress in the rock mass increases
the voids along laminations close, making the rock mass behaviour more isotropic by increasing
the resistance to slip. Anisotropic behaviour is also affected by the intact rock modulus for the
rock between the laminations. The laminations absorb much of the strain energy during excava-
tion and intact rock bridges control the resistance to slip along the lamination. If the rock
bridges are soft, more strain can occur than if the rock bridges are stiff. The rock mass property
limits for anisotropic behaviour are not well defined in the literature and this paper presents
steps to defining practical limitations for excavation design purposes.

2 LARGE SCALE UNDERGROUND EXCAVATIONS

Sedimentary rocks make up a large portion of the near surface formations around the world and
typically these rocks exhibit a laminated structure as either bedding features or bedding parallel
jointing. When the structure lies near horizontal the optimum excavation crown shape is flat and
this is easily achieved with drill and blast methods. However, with the length and size of exca-
vations being proposed and constructed today, TBM excavation is the preferred method. One
such large scale project in horizontally laminated ground is the current Niagara Tunnel Project
in Niagara Falls, Ontario, Canada.

2.1 The Niagara Tunnel Project

In the Canadian city of Niagara Falls, power generation commenced in 1892 (OPG 2006). In
1922, the largest hydro power station of that time, commonly know as the Sir Adam Beck 1,
was brought into service and, in 1954, a second power station, Sir Adam Beck 2 (OPG 2006),
including its two large water supply tunnels was placed in service. Recent upgrades at the Sir
Adam Beck complex have increased the efficiency and discharge capacity, and allowed the new
Niagara Tunnel Project to proceed into the construction phase, which when completed will di-
vert an additional 500 m’/s of water to the existing Sir Adam Beck generating facility (OPG
2006).

The new tunnel has passed under the St. David's Buried Gorge, at roughly 140 m below
ground surface, crossing down through the Lockport to Whirlpool Formations and into the up-
per 60m of the Queenston Formation and is now making its ascent back toward the surface (Fig.
1). The Niagara Tunnel Project presents a unique opportunity to observe the Niagara sedimenta-
ry strata and allow for a more detailed understanding of the geological behaviour and interaction
of the heterogeneous rock units above and into the Queenston Formation.

2.1.1 Geology Overview

The Appalachian Basin and Arch influenced the deposition of the Ordovician and Silurian strata
of the Niagara Region. The Appalachian Orogen provided clastic sediments and variations in
sea levels controlled the depositional environment (Mazurek 2004); consequently, the strata in
the Niagara Region vary between dolomites, limestones, sandstones, shales and interbedded
zones of these rock types. The sedimentary beds dip gently south at 6 m/km (Yuen et al 1992).

The Queenston Formation is Late Ordovician in age and is part of a compound deltaic, shal-
lowing upward sequence (Stearn et al. 1979). The Formation is a red argillaceous mudstone
with occasional siltstone interbeds (Rigbey et al 1992) and, when exposed to fresh water, has
significant swelling potential (Yuen et al. 1992 & Rigbey & Hughes 2007). Three Groups, the
Cataract, the Clinton and the Albemarle overlay the Queenston Formation.

The Cataract Group is Lower Silurian in age and deposited in deltaic and shallow marine envi-
ronments (Currice & Mackasey 1978). It includes the Whirlpool, Power Glen and Grimsby
Formations. The Whirlpool sandstone, which unconformably overlies the Queenston (Mazurek
2004), represents a transgressional state of a sea that washed and rounded quartz sand grains.
With minor fluctuations in the sea level, the depositional material alternated between sand, clay
and calcareous shell fragments forming the Power Glen and Grimsby Formations (Winder &
Sanford 1972).
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The Middle Silurian Clinton Group is comprised of the Thorold, Neahga, Reynales, Ironde-
quoit and Rochester Formations, deposited in a shelf edge environment (Winder & Sanford
1972). Reworked Grimsby detritus formed the Thorold Sandstone. With continuing sea level
changes in an intertidal and lagoonal environment, the Neahga & Reynales Formations were de-
posited (Winder & Sanford 1972). The Irondequoit Formation is a crinoidal dolostone and the
Rochester Formation is a dolomitic shale (Winder & Sanford 1972).

Patch reefs, forming the lower Lockport Formation and regional reefs, forming the upper
Lockport and Guelph Formations, completely surrounded the Michigan Basin and allowed for
the precipitation of evaporates of the Salina Formation (Sanford 1968).
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Figure 1: Physiographic features of the Niagara Region (modified from Novakowski and Lapcevic
1988), with inset map showing regional setting (Mazurek, 2004), and photo of TBM ready for launch
(courtesy of OPG). Geological stratigraphy on right colour coded to match Niagara Tunnel Cross Sec-
tion below.
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2.1.2  Excavation Stability

Currently the Niagara Tunnel Project is making its ascent back into the Silurian strata after pass-
ing under St. David’s Buried Gorge in fall 2008. Overbreak was encountered in the Rochester,
Neagha, Grimsby, Power Glen and Queenston Formations. The various rock mass properties
were presented by Perras and Diederichs (2007) and Rigbey and Hughes (2007) and the reader
is referred to these papers for further descriptions of the geology of the Niagara Region. As
well, Mazurek (2004) gives a good overview of the rocks of Southern Ontario in a report for
nuclear waste storage. Typical overbreak profiles to date are shown in Figure 2.

The stress ratio, Ko, in the Queenston ranges from 3 to 6, with the principle stress ranging
from 9 to 23 MPa (Yuen 1992). Major physiographic features in the area, such as the Niagara
Gorge, St. David’s Buried Gorge and the Niagara Escarpment, locally influence the stress field.
The portal to the Niagara Tunnel is located within a block of rock bounded by the physiographic
features mentioned above, which has reduced the stress from the regional levels. Most of the
jointing in the project area is also associated with the physiographic features, such as observed
vertical jointing and shear features under St. David’s Buried Gorge. With the high horizontal
stresses the instability is focused in the crown, haunch and invert. Sidewall overbreak was li-
mited in the upper units above the Queenston Formation and associated with random vertical
jointing. Overbreak in the Queenston Formation can be broken down into 4 zones, as outlined in
the tunnel longitudinal section of Figure 1.

The Rochester Formation is a dark grey calcareous shale — dolomite interbed, which is rough-
ly 19 m thick at the project site. Bedding is difficult to observe in hand sample, with the excep-
tion of occasional slight colour changes. The formation is a stiff, yet lower strength rock mass,
which has very few joints. Gypsum nodules are present in the rock mass and can act as nuclei
for induced fracture growth.

The overbreak in the Rochester Formation was limited to the crown and invert, with no side-
wall damage observed. In the haunch area, high angle induced fractures were observed to cut
across the bedding creating slabs of rock and a stepped edge to the over break profile as shown
in Figure 2a. A flat back was created by horizontal tensile fracture growth parallel to the bed-
ding. The competent Lockport and Irondequoit limestones above and below the Rochester, re-
spectively, and the low ground cover minimized the extent of the overbreak in this unit.

The Neagha is a fissile green shale, roughly 1.8 m in thickness and is the weakest unit crossed
by the tunnel. The bedding thickness is less than 1mm and the fissility leads to almost zero ten-
sile strength. The Neagha over broke, back to the overlying Reynales limestone, when exposed
at the back of the roof shield of the TBM (Fig. 2b). The unit is extremely weak prior to excava-
tion and the observed overbreak was related to flexural bending and gravity fall out. The com-
petent units above and below the Neagha controlled the depth and width of the overbreak area.

The Grimsby Formation is irregularly bedded sandstone with dark red shale interbeds (Haim-
son 1983). Cross bedding is a common feature with in the Grimsby and being predominately
competent sandstone, the overbreak was minimal. Minor loosening and bedding parallel frac-
tures were observed to open 1-2 mm in the haunch area and fall out only occurred along thick
shale layers (0.1 to 0.2 m) as they approached the tunnel crown, as seen in Figure 2¢ below. The
weak shale layer promoted bed parallel fractures to develop, but the competent sandstone layers
minimized the depth of overbreak.

The Power Glen Formation can be divided into two units. The upper unit is a light grey sand-
stone with grey interbeds of shale and the lower unit is predominately grey shale with interbeds
of light grey sandstone. The upper unit had minor instability and dilation of beds in the crown,
with minor overbreak along shale beds occurring, similar to the Grimsby Formation. The lower
unit had significant overbreak in the haunch area, but was of limited height vertically above the
crown due to the more competent upper unit. The width of the overbreak was also controlled by
the stiff Whirlpool sandstone below, which reduced flexural bending of the beds in the lower
Power Glen unit and minimized the tensile failure and overall overbreak dimensions.

The overbreak in the units above the Queenston Formation, (zone 1, Fig. 1) were influenced
by the interbedded nature and the units above and below. Aside from added influences as men-
tioned above, the overbreak in zone 1 (Fig. 1) was controlled by the high horizontal in-situ
stresses and the anisotropic nature of the rock mass. The overbreak in the Queenston Formation
was influenced by the physiographic features, namely St. David’s Buried gorge (zone 3, Fig. 1)
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and only locally controlled by other formations at the Whirlpool — Queenston contact (zone 2,
Fig. 1).

The contact between the Whirlpool and Queenston Formations is a disconformity, an ero-
sional surface parallel to the formation bedding, marking the transition from Ordovician
(Queenston) to Silurian (Whirlpool) time. The erosional surface represents a gap in deposition
when weathering, uplift and other degradation processes were occurring. The stiffness contrast
between the Whirlpool and the Queenston creates a local stress shadow below the contact reduc-
ing the stress levels slightly. The stress in combination with local jointing and the presence of
the strong Whirlpool above influenced the overbreak size and shape in zone 2 (Fig. 1). The
overbreak was observed to break back to the overlying Whirlpool Formation to a maximum
depth of 1.4 m at which time forward spiling was used to control overbreak and advance the
tunnel. Overbreak approaching St. David’s Buried Gorge was limited due to the modified stress
field, from the physiographic features, and once reaching the structural influence zone of St.
David’s Buried Gorge overbreak reached depths in the order of three metres.

As the tunnel advanced away from the influence of St. David’s Buried Gorge the regional
high horizontal stresses were encountered and overbreak continued to be greater than two me-
tres in depth at the crown. The overbreak zone was characterized with steep sides where induced
tensile fracturing was observed in the upper haunch area, with horizontal induced fracturing
above the crown elevation, creating a plane dipping towards the face, likely due to stress rota-
tion near the excavation face. A consistent notch shape (Fig. 2d), skewed to the left was ob-
served likely indicating a high stress ratio with the major principle stress orientation slightly in-
clined from horizontal

Sidewall tensile fracturing also occurred and was observed only on the left hand side wall
likely indicating that the horizontal intermediate principle stress, c,, was sub-parallel to the
tunneling direction. The localization of the tensile fractures to the left hand side only is likely
the result of a low confinement zone on the left hand side as the intermediate stress flows
around the excavation. It is likely that low confinement promotes tensile fracturing parallel to
the minor principle stress, c;.

The variable ground conditions at the Niagara Tunnel Project raise the question, when do la-
minations within the rock mass become an important consideration for design purposes? How
does the variation in lamination thickness affect the stability of the excavation? The units above
the Queenston Formation range in thickness from 2 to 20 m and the stability of the excavation
appears to be related to not only the units at the excavation face, but also to those above and be-
low the tunnel. The Queenston Formation is believed to be over 300 m thick and the Niagara
Tunnel is excavated into roughly the top 60 m. This provides an opportunity to study an aniso-
tropic rock mass outside the influence of other formations. The numerical modeling presented in
the following section will address these questions for a single intact rock type, which represents
a clay shale.

3 MODELLING ANISOTROPIC GROUND CONDITIONS

Numerically there are several failure criteria in use for joints, for example Barton-Bandis, and
Mohr-Coulomb models are used in Phase2, by Rocscience (2008). The most commonly used
model is Mohr-Coulomb, which relates to the strength of a particular orientated plane to shear
and normal stress limits. Much work has been conducted to determine the strength of a sample
when a load is applied at a certain angle to the fabric of the rock. This was first proposed by
Jaeger in 1960 and has since been updated (Jaegar et al 2007).

Friction and cohesion are important parameters to describe the failure along a plane of weak-
ness. A lamination which is essentially an intact fabric will have values of friction and cohesion
which are close to that of the intact rock, where as a continuous open joint (no rock bridges) will
have considerably less strength. A true joint lies somewhere in between and will have portions
of intact rock connecting the blocks and portions of open fracture. The resistance to slip is a
function of both the rock and joint strength parameters (Chen et al 2007).
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Elevation

Figure 2: Photos courtesy of Ontario Power Generation Inc showing overbreak in the Niagara Tunnel
Project a) Narrow width in the Rochester Formation b) Haunch only in Power Glen Formation lower unit
¢) Shallow along 0.2m thick shale beds, dilation d) Stress induced notch e) Left haunch showing vertical
tensile fracturing (bottom) rotating to horizontal above the crown elevation.

3.1 Model Setup

By modelling horizontal laminations with joint elements the rock mass behaviour is now con-
trolled by both the intact rock properties between the joints and the joint properties themselves.
The joint elements reduce the rock mass modulus in the vertical direction and allow for greater
joint parallel displacements and for beam deflections, similar to that of a laminated voussoir
beam

For the purposes of this paper the intact rock properties, the geometry of the excavation and
the joint properties have been fixed, so that a clear understanding of the influence of increasing
lamination thickness on the excavation behavior can be determined. The model parameters used
are listed in Table 1a below for reference and the various model types used are in Table 1b.

Dilation has not been included in the modeling and all materials are perfectly plastic. The ma-
terial between the joints was assumed to have a GSI = 70, representing a material with some de-
fects. Equation 1 below was used to relate the non-jointed models to the jointed models.
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Table 1: a) Range of variables for numerical modeling b) Model types

Property Values Units Model Types
Diameter 16 m 1. Elastic with no joints
Thickness 0.16 to 8.0 m 2. Plastic with no joints
ucs 40 MPa 3. Rock elastic and joints elastic
Young’s Modulus, Ei 4 GPa 4. Rock plastic and joints elastic
Depth 150 m 5. Rock plastic and joints plastic
Ko 3 - 6. Transversely isotropic elastic
Ky 25000 MPa/m
Ks 2500 MPa/m
Joint Tension 0.3 MPa
Joint Cohesion 0.14 MPa
Joint Friction 25 Deg
| 1 |
i )
Erm Ei K,T

Equation 1: Rock mass modulus, E,,, as a function of intact modulus, E;, and joint spacing, T. Relation-
ship for a trasversely isotropic material (Brady & Brown 2006).

Using Equation 1 the rock mass modulus was determined accounting for the decreased stiff-
ness due to the presence of the joints. Using the intact properties the GSI value was adjusted in
RocLab, by Rocscience, until the deformation modulus from RocLab was equal to E,, from
Equation 1. The rock mass strength parameters had to be scaled also to reflect the intact material
properties. This was done using harmonic averaging, similar to that for defining the hydraulic
radius of an excavation. This ensured that the stiffness and strength parameters were reduced
such that the non-jointed models reflected the equivalent jointed models.

3.2 Model Validation

Phase2 is a finite-element continuum code with integrated Goodman (Goodman et al. 1968)
joint elements. Discontinuum modeling software UDEC can also be used to represent jointed
rock masses. The discontinuum models allow for large strains, block rotation, detachment, and
new contact formation. UDEC uses a time stepping mechanism to solve for equations of motion
(Itasca 2000), which allows for greater displacements then the continuum models of Phase2,
which do not allow movement after detachment and prohibits new contact formation.

To validate the model behaviour the non-jointed and jointed models were computed with
both UDEC and Phase2. The jointed model results for both UDEC and Phase2, for various la-
mination thicknesses, give similar yield zones around the excavations, as compared in Figure 3
below. For comparison the jointed models in Figure 3 are also compared to the non-jointed
models. There is a substantial difference in the yield zone size and shape between the non-
jointed and jointed models. This illustrates the importance of anisotropic behaviour which has
been induced by the joint elements in the models.

UDEC also offers a ubiquitous joint model, which allows for failure on oriented weak planes
as well as in the rock, but does not model an explicit location of the weak planes (Itasca 2000).
By allowing failure on a weakness plane to be checked within every zone of the model, the rock
mass strength is essentially reduced to the weak plane criteria when the stresses are orientated
correctly. The ubiquitous joint model will overestimate the plastic yield zone when the lamina-
tion thickness is a measurable quantity because the material in between the laminations is much
stronger then the laminations themselves.
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Figure 3: Yield zones for various lamination thicknesses, comparing non-jointed and jointed models from
Phase2 and jointed models from UDEC.

Phase2 does offer a post-analysis ubiquitous joint strength factor calculation. This does not
allow for progressive deformation on an orientated weak plane during computation and is there
for not compared to the UDEC Ubiquitous joint model which does allow progressive deforma-
tion after slip (but not in an oriented manner). The ubiquitous joint feature in Phase2 allows for
plotting of strength factor contours accounting for an orientated ubiquitous weak plane (Rocs-
cience 2008).

Since the plastic yield zone for both the UDEC and Phase2 models are similar the remaining
discussion on crown deflections and the excavation behaviour styles with decreasing lamination
thickness will be based on Phase?2 results only.

3.3 Influence of lamination thickness on excavation behaviour

Rock mass displacements are an import factor to consider when designing rock support systems.
For horizontally laminated rock masses, these displacements in the tunnel crown are best de-
scribed as bed deflections. The classic voussoir analysis for a laminated elastic beam, presented
by Diederichs and Kaiser (1999), is a method for calculating mid beam deflections and stresses
for a rectangular excavation. Other analytical solutions exist for elastic isotropic displacements
around circular openings and can be found in most rock mechanics text books, for example in
Brady & Brown (2006). Anisotropic elastic solutions also exist for simplified cases such as a
transversely isotropic or an orthotropic material. These simplifications reduce the required elas-
tic constants of the stress - strain tensors and make a closed form solution possible. However, in
practice it is difficult to determine all the elastic constants for an engineering project and these
solutions are rarely used for design purposes (Brady & Brown 2006). These methods have been
found to under estimate the crown deflections as presented in Figure 4 below.
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Figure 4: Crown displacements with respect to lamination thickness for Phase2 models and Voussoir mid
span deflection results based on Diederichs and Kaiser (1999). Note the five different excavation beha-
viours with increasing lamination thickness.

Six different model types were used to determine the influence of laminations on the rock
mass response. The isotropic elastic model with no joints represents the base case. Elastic mod-
els are used to determine the maximum stress concentrations around the excavation. Since the
material can not yield plastically the displacements are not realistic. By including the lamina-
tions in the elastic model (rock and joints elastic) the change in rock mass stiffness due to the
joint stiffness contribution increases the deflections from those found in the isotropic elastic
case, but these deflections remain low since the material can not yield (Fig. 4). The transversely
isotropic model results are the same as the rock and joint elastic model indicating the accuracy
of the transversely isotropic model. Treating the rock mass as an equivalent isotropic material
and reducing the intact properties to account for jointing and other heterogeneities is standard
engineering practice. This allows for yielding in the rock mass and increases the displacements
over the elastic models, however the crown deflections still remain lower then the rock and joint
plastic model. It is interesting to see (Fig. 4) that by including the laminations, but not allowing
slip (joints are elastic) that the crown deflections are similar to the equivalent isotropic plastic
model results. This indicates the importance of joint slip on the excavation behaviour. By allow-
ing slip (joints plastic) the excavation response to decreasing lamination thickness can be bro-
ken down into 5 sections as indicated in Figure 4.

When the lamination thickness is on the order of the excavation radius, then an equivalent
isotropic rock mass is found to satisfactorily represent the laminated rock mass. In section 1 of
Figure 4 the non-jointed model crown deflections are similar to those of the jointed model. Also
the plastic yield zone (Fig. 3) is similar between the two model types. It is characterized as a
dome shape of roughly 2.5 metres high. There is some truncation of the yield zone in the jointed
model in the haunch area. The specific location of the lamination with respect to the tunnel will
control the extent of plastic yield and rock support should target the specific laminations.
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As the lamination thickness decreases the stresses begin to channel between the crown and
the first lamination, which begins to occur at a thickness of 6 meter in Figure 4. The stress
channeling increases the stress through the first beam above the crown causing increased deflec-
tions, as seen in section 2 of Figure 4. Again the plastic yield zone shape is controlled by the
specific location of the lamination. Note the shear failure underneath the lamination cutting
through the haunch area in Figure 3, section 4 indicating that lamination slip is beginning to
play an important role in the excavation stability. In the modelling presented here the distance
up from the crown to the first lamination has been set to half the lamination thickness, there for
laminations with in 3 - 4 metres above the crown of the excavation can begin channel the
stresses and increase the crown deflections. Rock support should continue to target specific la-
minations to minimize slip so that the stress can be re-distributed into the rock mass.

At a lamination thickness of 2.4 metres a second lamination unit becomes involved. Below
Im, the stresses are distributed over multiple laminations and the crown deflections follow a
similar trend as the voussoir model predicts (Diederichs & Kaiser 1999). The deviation from the
classic voussoir, which is plotted in Figure 4 as the dashed line, is due to the high stresses and
the circular excavation. Section 3 of Figure 4 also marks the start of tensile failure in the haunch
area around the excavation. Plastic yielding and lamination slip now extends several metres
above the excavation and is not truncated by the presence of the laminations. The shape of the
yield zone has near vertical sides above the crown and joint slip extends well beyond the exca-
vation (Fig. 3). Rock support should now focus on tying the laminations together to create a
composite beam as suggested by Lang et al (1979).

In section 4 of Figure 5 the degree of tensile failure has increased and extended into the lami-
nations above the crown. This is indicative of crown beam failure and the voussoir predicts snap
through of the laminated beam at 0.9 metres. However the circular excavation geometry pro-
vides additional support that is not accounted for by the voussoir model and the crown deflec-
tions do not increase as rapidly as the voussoir predicts. The geometry of the plastic yield zone
in section 4 is characterized with sub vertical sides and 'wings' extend out from the haunch area.
A high stress confinement area between the crown yield area and the haunch yield area, as indi-
cated in Figure 3, exists. This high confinement area is sensitive to stress changes induced by
rock fall or near by excavation advance which will redistribute the stress field and may result in
more plastic yielding.

At 0.4 metres, in Figure 5, the extent of plastic yield has stabilized and reducing the lamina-
tion thickness only has an elastic affect on the rock mass. Note the slope of the plastic jointed
model in section 5 of Figure 5 and the slope of the rock elastic, joints elastic model. The degree
of plastic yielding has damaged the rock mass in the yield zone to a point which has created a
new elastic material.

3.4 Anisotropic Rock Mass Behaviour

The deformation response of a large scale circular excavation in anisotropic ground conditions
is substantially different then that of an equivalent isotropic rock mass. The state of practice in
engineering design is to treat the rock mass as an isotropic medium, reducing the intact modulus
to a deformation modulus through various techniques to compensate for structure, microscopic
defects and other material heterogeneity. Generally this works well in most cases where the
geometry of the structure creates an interlocking block assemblage. Testing by McLamore and
Gray (1967) presented by Hoek and Brown (1982) show that as the number of joint sets in-
crease, the rock mass behaves more and more isotropically. If the discontinuity spacing is on
the order of the excavation diameter, then the engineer must deal with these discontinuities spe-
cifically, either numerically or analytically, as in wedge analsysis. When the structure or lamina-
tions within the rock mass are parallel with few interconnections, the spacing is small and the
intact modulus is low, then the rock mass behaviour will be distinctly different then the isotrop-
ic model predictions. The failure mechanism is controlled by lamination parallel displacements
and lamination deflections. These two motions are not accounted for by equivalent isotropic
models, where the displacements are radial and no laminations exist to deflect.
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The high lateral displacements and bending of the beds in the haunch area promotes tensile
failure of the rock mass. As the lamination thickness decreases more tensile failure occurs in the
haunch area which promotes greater deflections of the beds above the crown. As the lamination
thickness decreases further, the tensile failure extends above the crown, until a stabilized plastic
yield zone is achieved at low lamination thicknesses.

4 CONCLUSIONS AND IMPLICATIONS

Anisotropic rock mass behaviour is controlled by weakness planes within the rock mass, which
can be joints, bedding, cleavage or other parallel features which give rise to the preferential
plane of weakness. The strength of the weakness plane and the intact rock determine if the rock
mass will behave anisotropically and limitations of these properties in the literature are not pre-
sented for excavation design. The state of practice in excavation support design is to treat the
rock mass as an equivalent isotropic material, reducing the intact strength properties to account
for heterogeneity. By including the laminations in the numerical modeling presented, the aniso-
tropic behaviour has been studied and significant differences have been found to exist from the
equivalent isotropic model.

Five different excavation behavioral areas have been found to exist as the lamination thick-
ness is decreased. For the 16m tunnel investigated, where spacing is greater then 6 metres, the
isotropic model and the anisotropic model give the same crown deflections and the yield zone is
similar. Between 2.4 and 6 meter thicknesses, stress channelling between the crown and the first
lamination above the crown causes higher stress concentrations and increased deflections. Be-
low 2.4 metres, a second lamination becomes involved and the behavior resembles classic vous-
soir instability. A thicknesses below Im (for a 16m excavation), the stresses flow through mul-
tiple beams and the behaviour is analogous to a laminated voussoir beam with variations
accounting for the circular geometry. This behaviour continues past the point at which the vous-
soir model predicts snap through failure at 0.9 metres. The haunch rock mass provides addition-
al support, which prevents rapid deterioration of stability. At 0.4 metres the plastic yielding
reaches a self limiting state.

By including the laminations in the numerical modelling substantial differences in the plastic
yield zone size and shape and the magnitude of the crown deflections are found to exist. Al-
though a detailed parametric study has not been conducted, the results do indicate that even at
large lamination spacings the variation from the equivalent isotropic model results can be signif-
icant. Some suggested considerations for rock support design based on the findings of this study
follow.

The size and shape of the yield zone above the tunnel crown provides a location of unda-
maged rock 1 — 2 metres back from the haunch area and is a zone of high confinement which
prevents fracture growth. The orientation of rock bolts should utilize this undamaged area. The
high angled sides of the yield zone do not provide a stable abutment geometry if the haunch
rock mass, which provides support for the beds above the crown, fall out during advance. By us-
ing C-channels or other strapping, the rock bolts and rock mass are knit together forming an
arch for support. Installation as close to the tunnel face as possible should be utilized for all rock
support, which will prevent slip on the weakness planes.

The lateral displacements below the crown elevation are important to the failure mechanism
and by installing rock support to reduce the amount of lateral slip the yield will also be reduced,
both in the haunch area and above the crown.

The high confinement zone mentioned above could lead to further collapse if disturbed dur-
ing scaling or if the stress field is modified by a nearby excavation. The high confinement zone
minimizes the fracture growth in this area and if the stresses around the excavation are modified
allowing fracturing to develop the effective span could be increased. By increasing the effective
span the width of the yield zone above the crown will also increase, thereby increasing loads on
existing rock support and potentially allowing more overbreak to collapse into the tunnel. These
key factors should be considered when designing support and implementing installation to mi-
nimize and prevent further overbreak.
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