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PREFACE

The 4™ Asian Rock Mechanics Symposium (ARMS) received overwhelming response for its call
for papers in early 2006 with about 450 abstracts received by the Organising Committee. After a
rigorous selection process, just over 300 papers were finally accepted for the proceeding, a record
for ARMS. This is also the first time that the ARMS proceedings volume consists of printed
copies of full papers of keynote lectures and extended abstracts of all the technical papers while
the full technical papers are provided in a CD-ROM. This has enabled the Organising Committee
to accept as many high quality technical papers as possible.

The theme of the Symposium is “Rock Mechanics in Underground Construction”. Fittingly
all the seven keynote lectures from Asia, Australia, Europe and North America deal with
underground rock engineering topics. In fact, about half of the technical papers concern with
underground construction such as tunnelling, rock caverns and underground mining. In addition, a
large number of the remaining technical papers are directly or indirectly involved with rock
mechanics in underground construction. Although the majority of the technical papers are
contributed by rock engineers and researchers from Asia, the editors are glad to note that there are
considerable number of contributions of high quality technical papers from many countries outside
Asia.

The contributions of the technical paper reviewers and the ARMS 2006 award selection
committee members are gratefully acknowledged. They play important roles to ensure that the
papers in this proceedings volume are of high standard. The editors would like thank the able
compilation and thorough checking of the scripts by Ms Chelsea Chin and her colleagues from
World Scientific Publishing Company, and the diligent assistance of the staff from the symposium
Secretariat, Meeting Matters International. With the efforts of all the above persons, the editors
hope that this proceedings volume will serve as a useful reference for the engineers and
researchers in rock mechanics and rock engineering.

C.F. Leung
Y. X. Zhou
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FORENSIC ENGINEERING FOR UNDERGROUND CONSTRUCTION

E. T. BROWN

Golder Associates Pty. Ltd., Brisbane, Australia
(tbrown @ golder.com.au)

In the context of underground construction, forensic engineering is taken to be the application of engineering
principles and methodologies to determine the cause of a performance deficiency, often a collapse, in an
excavation, and the reporting of the findings, usually in the form of an expert opinion within the legal system.
The procedures that may be used in forensic geotechnical investigations and the interface of the engineer with
the legal system are discussed. The application of the principles and methodologies outlined are illustrated
through a brief account of the investigation of the collapse of a small part of an excavation in the Lane Cove
Tunnel Project, Sydney, Australia, on 2 November, 2005.

Keywords: Accident investigation; failure; forensic engineering; mining; risk; tunnelling; underground
construction.

1. Introduction

In common with other areas of geotechnical engineering practice, underground construction
involves a number of uncertainties and risks, many of them associated with the inherent variability
and unknown properties of the geological materials involved. These and other factors may lead to
deficiencies in excavation performance, to the collapse of an excavation and, on occasion, to the
loss of life.

It is inevitable that, when an underground failure or collapse has occurred, either in civil
engineering construction or in mining, an investigation will be carried out into the causes of the
failure. Depending on the nature and severity of the failure, this investigation will be carried out, at
least in part, by suitably experienced specialist engineers. In many cases, some form of legal
proceedings will follow, either to determine the causes of damage, loss of income or, in some
cases, the loss of life, and/or to resolve contractual and responsibility issues and allocate costs.
This process will also involve specialist engineers, usually as expert witnesses. The professional
engineering work carried out in these cases has come to be described as forensic engineering.

This paper discusses the general nature of forensic engineering and the special issues and
difficulties confronting forensic geotechnical engineers, particularly in the investigation of failures
or collapses in underground construction and underground mining. The investigation methods used
are outlined and the important interface with legal systems is discussed. In the author’s experience
of forensic investigations in underground civil construction and mining, this legal aspect of the
forensic enginee}’s role is becoming increasingly important and demanding, given the increasing
proclivity of some authorities to prosecute engineers and their employers in the courts. Finally, a
brief account is given of the author’s investigation of the collapse of a small section of an
excavation in the Lane Cove Tunnel Project in Sydney, New South Wales, Australia, on 2
November 2005.

2. The General Nature of Forensic Engineering

Technological innovation and advances in engineering have always been attended by failure of
one type or another, including the quite spectacular collapse of structures such as bridges and
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dams (e.g. Lewis, 2004; Petroski, 1985, 1994). More recently, as financial losses and the loss of
reputation have increased, personal injury and the loss of life have come to be regraded more
seriously than they sometimes were in the past, and society has become generally more litigious, an
area of engineering practice known as forensic engineering has developed. Forensic engineering
now has its own specialist societies, consulting firms, conferences, literature and university
courses, and has attracted popular attention through television programs and books (e.g. Lewis,
2004; Wearne, 1999).

A number of definitions of forensic engineering are available in the literature. For example,
Specter (1987) defines forensic engineering as ‘“the art and science of professional practice of
those qualified to serve as engineering experts in matters before courts of law or in arbitration
proceedings”. Similarly, Noon (2001) defines forensic engineering as “the application of
engineering principles, knowledge, skills, and methodologies to answer questions of fact that may
have legal ramifications”. Carper (2000) says that “the forensic engineer is a professional
engineer who deals with the engineering aspects of legal problems. Activities associated with
forensic engineering include determination of the physical or technical causes of accidents or
failures, preparation of reports, and presentation of testimony or advisory opinions that assist in
resolution of related disputes. The forensic engineer may also be asked to render an opinion
regarding responsibility for the accident or failure”.

Following Lewis (2003) and Noon (2001), in the context of underground construction,
forensic engineering will be taken here to be the application of engineering principles and
methodologies to determine the cause of a performance deficiency, usually a collapse, in an
excavation, and the reporting of the findings, usually in the form of an expert opinion within the
legal system. Some uses of the term forensic engineering do not reflect this involvement with the
legal system. However, this legal element is central to the definition, recognition and practice of
forensic engineering in some countries (e.g. Australia, USA), and will form an essential part of the
discussion presented here.

Forensic engineering as defined above is concerned typically with investigations of failures of
constructed facilities; rock falls, excavation collapses and other accidents in mines; fires and
explosions; air and rail crashes; aspects of traffic accidents; and failures of consumer products.
The more serious events of these types can lead to significant injury and to fatalities as well as to
financial loss.

Forensic engineering investigations involve a number of steps. In general, the forensic
engineer collects evidence of several types and then carries out analyses, again of various types, to
determine the “who, what, where, when, why and how” of the deficient performance or failure of
engineered facilities, systems and products, including accidents. A range of formal and less formal
procedures may be used to guide the investigations (e.g. Greenspan et al., 1989; Lewis, 2003;
Noon, 2001). Figure 1 shows the steps typically used in forensic engineering investigations within
a civil engineering context. The legal terminology used is that applying in the USA.

Communicating the results is a vitally important stage of the investigation. This
communication may be required, not only to facility owners, contractors and other professional
engineers, but also in reports to lawyers and statutory bodies, in expert witness statements in legal
proceedings, and in statements to the press and the public. In many cases, the expert’s report may
be confidential or protected by legal professional privilege. It is probable that only a low
percentage of cases for which forensic engineering investigations are undertaken and expert
witness reports are prepared, actually reach the courts (e.g. Brookes, 2006). However, the
information contained in the reports may be protected by legal privilege and remain confidential so
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contain never reach the engineering profession.
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Fig. 1. Flow chart of a typical forensic engineering investigation (after Greenspan et al., 1989).

The important question of what qualifies an engineer to be recognised as an “expert” is
discussed in some detail by a number of authorities including Carper (2001), Greenspan et al.
(1989) and Lewis (2003) who concludes that the key attributes of an expert engineer are
“education, training, experience, skill and knowledge” and that the engineer must be able to
“perform his or her work accurately, objectively and in a professional manner”. Forensic
engineers or engineers serving as expert witnesses have to be especially aware of the ethical
practice issues to be discussed in Section 5 below.
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3. Forensic Geotechnical Engineering

3.1. Failures in Geotechnical Engineering

Engineering in the natural materials found on and under the surface of the Earth has long been
fraught with difficulty. Perhaps even more so than in other areas of engineering, there have always
been performance deficiencies and failures of geotechnical engineering projects. The most extreme
cases, generally arising from dam failures or major landslides, can cause significant damage to
property and infrastructure, and the loss of life (e.g. Wearne, 1999). Particular difficulties arise
from the inherent spatial variability of soil deposits and rock masses. Errors or omissions having
significant engineering consequences can be made in geological interpretations, there can be
variations in geotechnical properties over a project site, and apparently minor geological features
can have major influences on the performance of engineered structures (e.g. Terzaghi, 1929).
Attempts have been made over the last two or three decades to account for some of these factors
through probability-based reliability and risk analyses which have now become part of the corpus
of geotechnical engineering (e.g. Bea 2006; Christian, 2004; Einstein, 1996; Eskesen et al., 2004).
The concept of reliability as “the likelihood that a system will perform in an acceptable manner”
(Bea, 2006) is important in forensic geotechnical engineering.

It is not surprising, therefore, that studies and analyses of the failures of foundations, slopes,
dams and tunnels, for example, have been important in the development of geotechnical
engineering research, knowledge and practice. Following Leonards (1982), failure will be taken
here to be an “‘unacceptable difference between expected and observed performance”. Many
failures involve sometimes catastrophic instability which arises when some form of sudden rupture
develops. The geotechnical engineering literature is replete with detailed examples and broader
studies of the causes of geotechnical failures (e.g. Bea, 2006; Day, 1998; Leonards, 1982; Londe,
1987; Miiller, 1968; Osterberg, 1989; Sowers, 1993). Several of these studies include
considerations of the influence of human factors on geotechnical engineering failures. For
example, Sowers’ (1993) study of more than 500 well-documented foundation failures showed that
the majority of the failures were due to “human shortcomings”. Only 12% of the failures studied
were attributed to the absence of relevant technical knowledge or solutions.

Generally, forensic geotechnical investigations follow the broad pattern illustrated by Figure 1
(Day, 1998). In many cases, careful and detailed re-investigation of the site is required with
detailed geological mapping, drilling, sampling and testing (e.g. Alonso and Gens, 2006a;
Skempton and Vaughan, 1993). In order to resolve some cases, similarly careful and detailed
analyses of the data, and back-analyses of the problem, are required (e.g. Alonso and Gens, 2006b;
Gens and Alonso, 2006; Potts et al., 1990). Although not always falling within the purview of
forensic engineering as defined here, similar forensic investigations may also be associated with
the repair and/or restitution of historic structures (as in the famous case of the Leaning Tower of
Pisa), with geoenvironmental problems, or in the aftermath of natural disasters such as
earthquakes. If the results of such investigations can be brought to the attention of the profession
through conference presentations or publication, they can make significant contributions to the
advancement of geotechnical engineering knowledge (e.g. Londe, 1987).

3.2. Underground Construction

Underground construction in soils and rocks can suffer from the same types of errors and
uncertainties as those outlined for geotechnical engineering more generally. Although fatalities can
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occur and severe financial losses may result, the failures or collapses occurring in underground
construction do not often have the spectacular or disastrous effects of the major dam failures or
landslides referred to above. Tunnelling or the excavation of caverns may be slowed or halted by
frequent small or large falls of ground (e.g. Feld and Carper, 1997), squeezing ground conditions
(e.g. Hoek, 2001), groundwater problems (Hoek, 2001) including inundation, the sudden
development of very large settlements or sinkholes above tunnels or other underground
excavations (Shirlaw and Boone, 2005), or the unanticipated and continuing development of
excavation deformations (e.g. Stabel and Samani, 2003). Occurrences of the penultimate type have
occurred in a large number of projects, including railway tunnels in Singapore (Shirlaw et al.,
2003). Such occurrences can have damaging effects on buildings and on surface and near-surface
infrastructure, as in the case to be discussed in Section 6 below.

Underground mining in hard or soft rock can suffer from similar problems to those outlined
for underground construction. Although the purposes of many of the excavations made and of the
operations carried out in underground mining, specifically those associated with the stopes from
which the ore is extracted, differ from those in underground construction, modern large-scale
underground mining does have associated with it, large numbers of underground infrastructure and
transportation excavations which have elements in common with civil engineering excavations.
Unfortunately, fatalities arising from broadly geotechnical causes have been all too common in the
international mining industry, bringing with them legal proceedings of one type or another and the
need for forensic engineering investigations of the general type being discussed here. Rock
bursting, which is not unknown in civil construction, has been a particular cause of damage and
fatalities in deep, hard rock mining, most notably in the deep level gold mines of South Africa. In
addition to collapses underground, underground mining can cause subsidence and disruption to the
surface, damaging buildings and infrastructure. As in underground construction, throughout mining
history, there have been several major cases of the inundation of mine workings by water or
tailings leading to loss of life and of production.

The forensic investigations carried out in these various cases use the general principles and
methods discussed elsewhere in this paper. They also require knowledge of the principles of rock
mechanics and of the engineering behaviour of rocks and rock masses. De Ambrosis and Kotze
(2004) provide an excellent example of the detailed investigation of two large stress-induced roof
collapses that occurred in the roof strata of an underground LPG storage facility in Sydney, New
South Wales, Australia. The author has had experience of investigations of several of the types of
failure identified in this sub-section.

4. Formal Analysis Tools and Investigation Methods
4.1, Overview

A wide range of formal investigation methods and analysis tools and approaches are available for
use in forensic engineering investigations. Many of them have their basis in hazard identification,
risk assessment and risk management or control. Indeed, it can be argued that in underground
construction and rock engineering more generally, it is now possible to identify all of the
geotechnical hazards likely to have an impact on a project. The forensic engineering task then
becomes one of determining which of those hazards contributed to the incident being investigated
(Hudson, 2006).



The analytical tools available include a range of specific techniques such as causal analysis,
energy/barrier analysis, event trees, fault trees, human error analysis, Petri nets and sequentially
timed events plotting (STEP) (e.g. Hadipriono, 2002; Joy, 2004; Kontogiannis et al., 2000). These
specific techniques may be incorporated into more integrated analysis methods such as the Incident
Cause Analysis Method (ICAM) (Gibb e al., 2004) and overall investigation methods such as the
System Safety Accident Investigation (SSAI) approach (Joy, 2004).

These tools and approaches have been developed and applied to accidents and failures of a
range of types in a number of industries, including the construction and mining industries. The
extent to which they are applied in a given case will depend on the severity or consequences of the
incident concerned. Quite often, these tools and approaches may form the basis of the in-house
policies and protocols of companies or organizations. In other cases, particularly when major
catastrophic events occur, they may be used in accident investigations carried out by external
parties. The following outlines of ICAM and SSAI are presented in generic terms rather than in
terms that are specific to underground construction.

4.2. The Incident Cause Analysis Method (ICAM)

The Incident Cause Analysis Method (ICAM) is an analysis tool that sorts the findings of an

investigation into a structured framework. Its fundamental concept is the acceptance of the

inevitability of human error. It is based on a conceptual and theoretical approach to the safety of

large, complex, socio-technical systems developed by Reason (1997, 2000). This brief account of

ICAM is taken directly from that of Gibb et al. (2004). The specific objectives of investigations

carried out using ICAM are to:

® establish all the relevant and material facts surrounding the event,

e ensure that the investigation is not restricted to the errors and violations of operating
personnel,

¢ identify the underlying or latent causes of the event,

* review the adequacy of existing controls and procedures,

¢ recommend corrective actions to reduce risk, prevent recurrence and improve operational
efficiency,

¢  detect developing trends that can be analysed to identify specific or recurring problems,

® ensure that it is not the purpose of the investigation to apportion blame or liability, and

* meet relevant statutory requirements for incident investigation and reporting.

Reason (1997) defines organisational accidents as those in which latent conditions (arising
mainly from management decisions, practices or cultural influences) combine adversely with local
triggering conditions and with active failures (errors and/or procedural violations) committed by
individuals or teams to produce an accident. The Reason Model and ICAM focus on those matters
over which management could reasonably have been expected to exercise some control.

The ICAM Model organises incident causal factors into four elements as illustrated in Figure
2. Organisational factors are the underlying factors which promote the task/environmental
conditions that affect performance in the workplace, or allow those conditions to remain
unaddressed. They may lie dormant or undetected for some time, and their repercussions may
become apparent only when they combine with local conditions and errors to breach the system’s
defences. Task/environmental conditions are the task, situational or environmental conditions in
existence immediately before, or at the time of, the incident. They are the circumstances under
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which the errors or violations took place. They can be embedded in the demands of the task, the
work environment, individual capabilities and/or human factors. Individual or team actions are
errors or violations of a standard or procedure committed in the presence of a potential hazard that
is not properly controlled. They are the actions or omissions that led directly to the incident or
accident. Absent or failed defences fail to provide the required protection to the system against
technical or human failures. Both proactive and reactive defences are required to prevent incidents
or accidents and to minimise adverse effects if they do occur (Gibb et al., 2004).

Safe and

successtul task
compietion

Organisational 1_'ask / Individual / Absent / failed
environment team defences
factors - N
conditions actions
Interlocks
Staff selection Working Isolation
Training conditions Guards Accident
Procedures Time pressures Errors Barriers Incident
Equipment selection Resources and Safe operating procedures Near miss
Equipment design Tool availability violations Job safety analyses
Operations vs safety Q Job access & Awareness
goals Task complexity Supervision
Contractor management Fitness for work Emergency response
Management of change Workload Personal protective
Task planning equipment

Fig. 2. The ICAM model of accident causation (Gibb et al., 2004).

4.3. System Safety Accident Investigation (SSAI)

The System Safety Accident Investigation (SSAI) approach was developed in the 1970s for use in
the US nuclear power industry. The techniques have since been modified for use in many high risk
industries where fatalities or other catastrophes can occur. This brief account of SSAI is drawn
from that given by Joy (2004) who has developed the approach particularly for application to the
mining industry.

SSAI provides a systematic and logical process for fact finding in accident investigations and
the drawing of conclusions. It imposes an overall discipline on the investigation process, providing
a systematic method of identifying what happened and why it happened. SSAI uses several
analytical techniques which are usually applied in a specific order:

o event and condition charting for displaying graphically the events in the accident sequence
and the preconditions that affected those events,

o fault tree analysis for depicting the possible scenarios leading to an event in the accident
sequence (where there were no witnesses),
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e energy/barrier analysis to illustrate the unwanted energy flows and barrier inadequacies that
contributed to the accident,

® human error analysis for the systematic examination of any deviations from expected human
performance, and

® gap analysis to provide some insight into why the accident occurred by comparing accident-
free conditions with the accident conditions.

Not all of these techniques are necessarily applied in any given accident investigation. They
are tools to be used by an accident investigation facilitator. Typically, accidents resulting in or
having the potential for loss of life, massive equipment damage, or prolonged system failure,
receive a full and extensive investigation. The author has been part of such SSAI investigations in
two cases involving fatalities in the Australian mining industry.

5. The Legal Interface

It is axiomatic to the concept and definition of forensic engineering being used here, that the
forensic engineer’s investigations have a relation to the legal system of the state or country in
which the incident took place. The forensic engineer may be required to act as an expert witness in
coronial enquiries, in civil or criminal court proceedings, in mediated or arbitrated disputes, or in
tribunals. Even in legal cases that may be settled out of court, the forensic engineer will usually be
required to prepare an expert witness statement in a prescribed format.

Most court systems issue guidelines for the preparation of expert witness statements,
emphasising the need for the expert witness to be objective and impartial in giving opinion
evidence (e.g. Department of Constitutional Affairs, UK, 2006; Federal Court of Australia, 2004).
In the adversarial court systems in which the author has appeared as an expert witness, cross-
examination by barristers can be a challenging, and sometimes harrowing, experience. The Federal
Court of Australia’s guidelines make provision for the Court to direct the experts retained by the
parties to meet in an attempt to reach agreement about matters of expert opinion. Interestingly, the
Civil Procedure Rules of the UK now give the Court the power to direct that evidence on a given
issue be given by a single joint expert (Department of Constitutional Affairs, UK, 2006).

Professional engineering practice is governed by Codes of Ethics to which engineers subscribe
on becoming members of professional engineering organisations. Ethical conduct is especially
important in forensic engineering where the stakes can be high and there can be pressure on the
forensic engineer to orient his/her investigation, findings and/or expert statement in the interests of
one party or another. The Guidelines for Forensic Engineering Practice of the American Society
of Civil Engineers (Lewis, 2003) define ethical forensic engineering practice as “the conduct of
forensic investigations and providing expert testimony based on sound, comprehensive, and
unbiased investigation, and demonstrating exemplary professional conduct and honesty in serving
the trier of fact, the public, and clients, as a qualified expert”.

A particular area of litigation often arising in underground construction concerns the
consequences of what may be described variously as unforeseen, changed, differing or latent
ground conditions. These are ground conditions encountered during construction that it is argued
could not reasonably have been foreseen at the time of tendering. Modern risk management
techniques and contractual practices (e.g. Eskesen ef al., 2004) seek to avoid or minimise litigation
arising from this cause. However, the area remains one in which forensic geotechnical engineers
often become seriously involved. Gould (1995) notes that, in the USA, progress in dispute
resolution has brought with it the increasing involvement of geotechnical engineers in changed-
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condition claims. Gould (1995) further notes that “in the present highly competitive heavy-
construction market, bidders commonly accept hazards without contingency in their proposal,
expecting that “claimsmanship” will turn a marginal job into a profitable one”.

In some jurisdictions, proceedings in underground construction and mining cases may be
taken by government agencies under occupational or work place health and safety legislation. In
some states of Australia there appears to be an increasing trend to institute such proceedings
against individual professional engineers and against operating companies, contractors and
suppliers, for exposing employees to risk in the work place, both in the civil construction and
mining industries. Despite the significant advances that have been made in the last decade or more
in reducing geotechnically-related lost time injury and fatality rates in Australia’s underground
mines, Galvin (2005, 2006) has found that seemingly automatic prosecution policies (and some
court decisions) are now impacting negatively on the objective of reaching the goal of zero harm
because:

e “Lessons from serious incidents are not being disseminated until some years after because of
privilege and other considerations associated with pending charges.

e Some organizations and employers are reluctant to encourage near-miss reporting because
of concerns that it could be used against them in prosecutions.

e [t is a major disincentive for young people to seek a management career in the minerals
industry.”

6. The Lane Cove Tunnel Project

6.1. Background

The Lane Cove Tunnel Project (LCTP) in Sydney, New South Wales, Australia, involves the
construction of twin, 3.6 km long, two- and three-lane tunnels together with 3.5 km of bridge and
road upgrades to link the M2 motorway at North Ryde with the Gore Hill Freeway, as well as a
number of other elements. The twin east-bound and west-bound tunnels run beneath and slightly to
the north of Epping Road. Figure 3 shows a schematic diagram of the tunnels in the project.
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Fig. 3. Tunnel schematic, Lane Cove Tunnel Project (Rozek, 2005).
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The New South Wales Roads and Traffic Authority (RTA) engaged the Lane Cove Tunnel
Company (LCTC) to design, construct, maintain and operate the tunnel for a period of 33 years.
LCTC, in turn, appointed the Thiess John Holland Joint Venture (TJH) to design and construct the
project. TTH’s contract commenced in December 2003 and tunnel construction in July 2004. The
tunnel works are divided into three parts — a western or Mowbray Park section, a central section,
and an eastern or Marden Street section. The contract completion date is May 2007.

The majority of the LCTP tunnelling is in the Hawkesbury Sandstone whose properties and
engineering behaviour have been the subject of detailed study. Those sections of the tunnelling to
be discussed here are excavated in the overlying and generally horizontally-bedded Ashfield Shale,
described by Badelow et al. (2005) as a sequence of “mudrocks including siltstone, mudstone or
laminate and lesser shale and claystone”. In the process of the investigation, design and
construction of a range of excavations and foundations in the Triassic rocks of the Sydney region,
local classifications of the sandstones and shales have been developed and applied (e.g. Bertuzzi
and Pells, 2002b; Pells et al., 1998). Specific design methods for the excavations in the Sydney
rocks and for their support and reinforcement have also been developed and applied with notable
success (e.g. Bertuzzi, 2005; Bertuzzi and Pells, 2002a; Pells, 2002; Pells et al., 1991). Advantage
was taken of these methods and this experience in the design of the LCTP tunnels (Badelow et al.,
2005; Maconochie et al., 2005; Rosek, 2005).

In the early hours of Wednesday, 2 November 2005, subsidence developed above the Pacific
Highway Exit Ramp tunnel on design control line MCAA at its junction with the Marden Street
ventilation tunnel on design control line MCSB. The road-header and loader working at the
location were buried by collapsed material. The subsidence propagated to surface near 11-13
Longueville Road, Lane Cove, and an exit ramp from Longueville Road at the point marked in
Figure 3. The subsidence under-mined the front of a building (producing a spectacular effect) and
a bored pile retaining wall on the north side of Longueville Road shown in Figure 4. Within a few
hours of the collapse, it was decided to fill the cavity with concrete as illustrated in Figure 4 in
order to arrest the under-mining and underpin the retaining wall. The incident attracted
considerable media attention in Sydney and more widely in Australia.

6.2, The Invyestigation

Two days after the incident, the author was engaged, through Golder Associates Pty Ltd, as an

independent expert to investigate and report on the cause(s) of the subsidence. The author visited

Sydney in the period 7-11 November 2006 when he carried out the following main activities:

* discussions and interviews with representatives of the contractor, the designer, the geotechnical
consultant, and the crew and supervisors working at the collapse site at the time of the incident,

¢ asurface site visit,

* an underground visit to the site of the collapse and to inspect other tunnels in the Marden Street
section of the project,

¢ study of a wide range of design documents, drawings, construction reports and other
documents, and

* giving preliminary consideration to the possible causes of the incident and the preparation of
an outline of the report.
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Fig. 4. Vertical section through the Lane Cove Tunnel incident site following the concrete pours.

Following this preliminary analysis of the available information, the following possible
contributory factors to the collapse were identified:
water,
the weak shale in which the intersection was excavated,

a low strength, steeply-dipping dolerite dyke crossing the intersection,

jointing associated with the dyke,

faulting present at the site,

the large effective span of the intersection excavation,

the low depth and nature of the cover,

the levels of support provided, and

¢ the proximity of the Longueville Road retaining wall and ground anchors to the roof of the

intersection excavation (see Figure 2).

The author then returned to Brisbane to continue his analysis of the information collected
during the initial site visit and to prepare his report. During this period, several further documents
and items of information were requested and supplied by the contractor and the geotechnical
consultant. In the analysis of the incident, formal investigation techniques of the types outlined in
Section 4 above were not utilised. However, the issues considered in the SSAI approach were
addressed in the investigation, although not in a formal manner. A sequence of events was
compiled in tabular rather than diagrammatic format.

The final report (Golder Associates, 2005) was released to the public and attracted some
attention in the Sydney media. Other reports of the incident, generally based on the author’s report,
appeared in the technical press (e.g. Kitching, 2006). A few months later, the WorkCover
Authority of New South Wales made public an initial report of its own investigation of the incident
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carried out pursuant to Section 88 of the NSW Occupational Health and Safety Act 2000
(WorkCover NSW, 2006).

6.3. Conclusions Drawn

The report into the causes of the subsidence (Golder Associates, 2005) drew the following
conclusions:

()

(i)

@iii)
(iv)
)

(vi)

(vii)

Tunnelling and underground construction are always attended by a number of risks and
uncertainties, mainly associated with the inherent variability of the geological structure and
mechanical properties of the rock masses in which construction takes place.

During the excavation of the Marden Street ventilation tunnel, a near-vertical dolerite dyke
(or pair of dykes), was intersected at a number of locations. Although dykes are known to
exist in the sedimentary rocks of the Sydney region, this particular dyke had not been
identified in the pre-construction geotechnical investigation. However, the dyke had been
intersected previously during construction in ventilation tunnel MC5A and the main lane
tunnels MC1A and MC2A.

Because of the presence of two sets of orthogonal joints associated with the dyke and other
jointing and faulting, the shale rock mass at and near the junction of the MC5B ventilation
tunnel and the MCAA exit ramp was of poorer quality than had been anticipated in the
design stage.

The collapse started near the north-west corner of the newly extended down drive of the
MCAA exit ramp at about 1:38 am on the morning of 2 November 2005, and rapidly
extended across the exit ramp face to the dyke in the crown. The fall propagated across the
crown of the junction of the MCAA exit ramp and the MC5B ventilation tunnel to the east or
south-east and included the dyke. The collapse propagated to surface in Longueville Road in
10-20 minutes.

The collapse initiated with the fall of rock blocks in the north-west corner of the excavation
as a result of unravelling under a lack of lateral and normal restraint.

The ultimate failure mechanism was progressive, probably consisting of several stages (listed
in the report).

The processes and methodology used in the design of the LCTP tunnels was in accord with
best practice in Sydney and elsewhere, and the resulting designs were generally suitable for
their purposes.

(viil) In the design stage, no special analysis of the MC5B/MCAA junction was carried out.

(ix)

(x)

However, because of the inevitable local variations in the geological and geotechnical
conditions, it was recognised that it would be necessary to modify or adapt the initial design,
particularly the support provisions, to the conditions actually encountered during
construction.

TJH has in place a series of appropriate and best practice processes for the safe and
productive execution of the underground construction works on the LCTP. Some of the
documents setting out these processes are models of their kind.

Up to the time of the incident of 2 November 2005, the designs and processes in place had
been executed in a highly professional and productive manner by a knowledgeable and
dedicated workforce and their supervisors.
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(xi) The collapse arose from a combination of factors that were not present together at any other
location in the underground works on the project.

(xii) The factors causing the collapse were probably:

o the presence of the dyke providing a persistent, relatively low strength, near vertical
discontinuity transecting the roof of the excavation in a strike direction that was closely
parallel to the maximum effective span of the junction,

¢ the presence of orthogonal, closely-spaced jointing associated with the dyke, reducing
the already poor mechanical quality of the weathered Ashfield Shale rock mass,

e the presence of faults with orientations such that, in conjunction with the dyke, the joints
and the excavations boundaries, they could isolate blocks that were free to fall or slide
from the excavation boundaries if not adequately supported,

*  alarge effective span with relatively low cover to rock head, and

o the level of support existing in the western side of the excavation at the time being
inadequate to ensure the excavation’s stability given the large effective span, the low
rock cover, the presence of persistent vertical discontinuity (the dyke) transecting the
excavation, and the poor mechanical properties of the overlying rock mass.

(xii1) Water was not a cause of the collapse.

(xiv) The proximity of the Longueville Road retaining wall and its ground anchors to the crown of
the MCSB/MCAA junction excavation may have contributed to the collapse by influencing
the loads applied to the rock immediately above the excavation, or by weakening that rock
mass, or both.

(xv) The preparation of the best possible longitudinal geological sections and/or progressive
geological plans may have been of assistance in projecting conditions ahead of the face as
excavation progressed.

7. Concluding Remarks

Forensic investigations of underground construction and mining failures and the associated
interactions with the legal system, now represent an important part of the work of many
experienced geotechnical engineers. The conduct of these investigations, the drawing of
conclusions and the communication of the results impose significant demands on the knowledge
and skills of the forensic geotechnical engineer and require the exercise of the highest professional
and ethical standards. Forensic geotechnical engineers can play a significant role by explaining
publicly and within the legal system, the not widely understood difficulties and risks involved in
engineering in the variable natural materials found on and in the crust of the Earth.
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THERMO-MECHANICAL BEHAVIOR OF ROCK MASSES AROUND
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Thermo-mechanical behaviors of rock masses around underground LNG storage cavern are evaluated by
analyzing in-situ rock mass responses measured at the Daejeon pilot cavern and a 2-dimensional numerical
model of a lined LNG rock pilot cavern with UDEC and PFC2D, with aims to estimate the temperature profile
in the containment system including the surrounding rock mass and to study the mechanical response of the rock
mass under a thermal loading. The in-situ measured rock mass responses from the operation of the LNG pilot
cavern are found in good agreement with the results of the numerical analyses. Overall monitored results from
the pilot experiences confirm that construction and operation of underground LNG storage in lined rock caverns
are technically feasible from rock mechanical point of view. The Daejeon LNG storage pilot cavern represents a
further important step in the validation of technology of lined LNG underground storage. Even though the
cavern was small, this project will permit to draw the potential and critical parameters for construction, start up
and operation of the new technology in a real scale.

Keywords: Thermo-mechanical behavior; numerical modeling; LNG storage cavern; in-situ rock mass response.

1. Introductions

Some attempts were made in the past to store LNG (Boiling Temperature: -162°C) underground
in unlined containments, but were not successful. One of the important problems related to
underground LNG storage is the leakage of liquid and gas from the containment system to the
rock mass causing tensile stresses due to shrinkage of the rock mass around the caverns (Inada,
1993, Monsen & Barton, 2001). If the storage is unlined and frozen down to -162°C, the rock is
cooled and the rock joints start to reopen, a part of the gas flows into the joints and continues
cooling inside the rock wall. This opens the joints successively and heavily increases the cooled
area and the extent of the cooling front.

To provide a safe and cost-effective solution, a new idea of storing LNG in a lined hard rock
cavern has been developed and tested for several years (Amantini & Chanfreau, 2004). This
concept consists of protecting the host rock against the cryogenic temperature by using a
containment system with a gas tight steel liner and insulation panels.

The pilot project of the lined cavern LNG storage has been carried out in an existing research
cavern within KIGAM (Korea Institute of Geoscience and Mineral Resources), Daejeon, Korea.
The objectives of this project are to demonstrate the feasibility of the lined rock cavern concept, to
examine the overall performance of the storage and to have efficient returns of experience to
improve construction and design of industrial scale projects. For safety and practical reasons,
liquid nitrogen (LN2, T=-196°C) is used instead of LNG.

In this paper, thermo-mechanical behaviors of rock masses around underground LNG storage
cavern are evaluated by analyzing in-situ rock mass responses measured at the Daejeon pilot
cavern and a 2-dimensional numerical model of a lined LNG rock pilot cavern is constructed and
analyzed in UDEC, which aims to estimate the temperature profile in the containment system
including the rock mass, and to study the mechanical response of the rock mass under thermal
loading.
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2. Geotechnical Monitoring

The roof of the pilot cavern lies at a depth of about 20m below the ground. The inner section of
the containment system has a dimension of 3.5 x 3.5m, and a length of 10m. Thickness of the PU
insulation panel is 10cm and that of the reinforced concrete lining is 20cm, installed between the
rock wall and the containment system. A comprehensive monitoring system was installed to
measure temperature, thermo-mechanical responses of the rock and concrete during the
implementation of the LNG storage (Lee et al., 2005).

2.1. Geotechnical monitoring system

The pilot cavern and its surrounding rock mass are equipped with a comprehensive set of
geotechnical instruments to monitor temperature profiles and temperature-induced displacements
in the rock around the cavern, reopening of rock joints on cavern surface, load on rock bolts
installed, settlement of the ground surface, pore pressure distribution in the rock mass and the
variation of the ground water level. All the instruments are equipped with thermal sensors to
measure the temperature at the depth they were installed.

Variation of the temperature and displacement were monitored from 6 borehole
extensometers with 6 points each. After several commissioning tests, operation started from
January 10, 2004 with 2.6m head of LN2 and the drainage system was stopped gradually from
June 10, 2004 to July 8, 2004. The filling pipeline was closed on July 10th, and the storage has
been fully emptied since August 12, 2004.

Table 1 shows all the geotechnical instruments installed for the pilot cavern, and Figure 1
represents the general arrangement of the instruments in a cross section and a plan view.
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Fig. 1. General arrangement of geotechnical instrument in Daejeon LNG Pilot.
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Table 1. The list of geotechnical instruments installed for the pilot.

Item Instrument Model Quantity Description

C . L 2holes x 6points Vert.(15m)
A Rock displacement Multipoint Borehole Extensometer DISTOFOR Zholes x 6points Horiz.(15m)
v Joint behavior Vibrating Wire Jointmeter IM-S SEA Joint
E | Rock bolt axial force Instrumented Rock Bolt IRB-750 4EA x 2.5m Roof
R
N Concrete siress Embedded Strain Gage EM-5 6EA Con'c
S Rock displacement  Multipoint Borehole Extensometer DISTOFOR  1holes x 6points Vc?g(;’;i &
R Rof: k horizonial Digitilt Inclinometer Probe - 2holes (40mvhole)  Manual reading
F displacement
A casi

Temperature Resistance Temperature Detector  8§S-5039GK 2holes x 7points On casing of
C Inclinometers
E Pore pressure Vibrating Wire Piezometer PWS 4holes vertical

2.2. Monitoring of thermo-mechanical behavior of rock masses
2.2.1. Temperature

Figure 2 shows temperature profiles around the cavern with all the monitored data at several
stages of operation. The stored LN2 level increased very quickly at the initial stage and then
maintained at 2.6 m until filling is stopped. Temperature inside the portion of the storage
submerged with LN2 was kept constant at -196°C, and temperature on the upper part of the
storage tank, filled with the boiled off gas, was about -100 ~ -120°C.

Temperature (30 January 04) Temperature (10 April 04)

2

(a) After 20 days of cooling

H

(b) After 3 months of cooling

Temperature (10 July 04) Temperature (10 August 04)

E}

(c) After 6 months of cooling (d) After 1 month of thawing

Fig. 2. Temperature profiles around the cavern. Dotted line indicates 0° isotherm.
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It can be clearly seen that the cold front propagates through the rock mass. Cooling rate of the
rock above the roof of the cavern was slower than that of the sides due to the gaseous space from
the boiled off gas. After 6 months of cooling (before LN2 stoppage), the 6°C isotherm propagated
up to 4.4m from the cavern floor, 4.0 m from the sidewall and 3.2 m from the roof (Fig. 2¢). The
0°C isotherm maintained a similar profile, even after one month of thawing, except above the
cavern roof (Fig. 2d). It can be postulated that an ice ring was formed around the cavern wali,
which blocked the groundwater movement during this period.

Figure 3 shows the temperature evolution on the rock surface from jointmeters. The initial
quick decline of the temperature is stabilized in an asymptotic manner as the time elapsed, and the
heat transfer reached steady state. The peak lowest temperature of the cooled rock surface was
about -27~-35°C. Compared to the cooling stage, the temperature rose quickly in a linear manner
during the thawing stage.

20
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Fig. 3. Temperature history on the rock surface.

2.2.2. Displacements

Typical displacements of the rock mass at various points of the extensometers, on the sidewall and
the floor, are shown in Figure 4. Positive sign indicates displacement occurring towards the inner
rock mass. All displacements occur towards rock mass (positive) due to contraction near the
cavern walls, but no significant changes occurred at 4.5 m from the cavern wall. Since all the
excavation-induced deformations occur toward the cavern, such thermo-induced deformation will
play a positive role in cavern stability. Displacements decreased in a linear manner according to

3
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the depth of rock from the storage wall. From all monitored results, the maximum displacement at
the cavern wall was 4~5mm (0.2% of the cavern radius). During the thawing process, the rock
displacements do not respond as quickly as compared to the temperature changes.

2.2.3. Joint separation

Figure 5 shows a typical joint deformation during cooling and thawing stages. Joint apertures
were opened in a linear manner by cooling, though their magnitudes are small; and they were
closed as temperature was raised. It is interesting to see that a clear nonlinear mismatch from the
overall deformation path is shown near 0°C for both cooling and thawing stages. A reason can be
postulated that residual water inside the joints results in locally uneven deformations due to ice
formation near 0°C, inducing a temporal unusual behavior.
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Fig. 5. Hysteresis of joint separation with temperature on the excavation surface during cooling and thawing stages.

2.2.4. Rock bolt load

A history of the rockbolt load is shown in Figure 6. Tensile force gradually increases as rock mass
is cooled down, but the load disappears quickly during the thawing stage. Tensile force was
induced when the cavern wall expanded toward the rock mass as shown in Figure 4. The
magnitude of the axial tensile force reached up to 1.3 ton during the cooling stage, which is about
one tenth of the pullout load. The rockbolis mainiained enough support capability though the
temperature on the rock surface was fallen down to -30°C.

Axial Load Kg)

- {RB2
N - IR83
Stop LN2 . IRB4
Filling

-1200

-1400

-1600
10-Jan-04 29-Feb-04 18-Apr-0d G-Jun-04 28-Jub-04 16-Sep-04 B-Nov-04
Date

Fig. 6. Change of rockbolt loads during the operation.
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2.2.5. Pore pressure

The detailed drainage procedure and the resulting hydro-geological phenomena are presented in
Lee ef al. (2003b). In this paper, only the pore pressure changes pear the cavern walls are
discussed. Typical pore pressure evolutions are shown in Figure 7 by converting pressure to head.
Heads of all measured points were kept at 0 m or slightly negative values until drainage stopped.
This means that the rock mass near cavern area remained dry during this stage, and drainage
efficiency could be confirmed by measuring the pore pressure around the cavern.

After the drainage system stopped on June 10, 2004, water level rose quickly up to 6 m from
the cavern roof due to infiltration from surface by rainfall. The pore pressure decreased for one
and half months after drainage restarted. During this period, the ice ring could be formed around
the cavern wall. Consequently, no artificial water injection was required to resaturate the rock
mass for the ice-ring formation because of the natural recharge from rainfall.
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Fig. 7. Pore pressure evolution of rock around the pilot cavern

3. Thermo-Mechanical Modeling

3.1. Laboratory tests

Rock type around the cavern is biotite granite. Thermal and mechanical properties of rock,
concrete and PU foam are given in table 1. Thermal expansion coefficient of rock is measured at
zero degrees Celsius for a core specimen, while the thermal conductivity and the specific heat are
obtained by laboratory tests for a thin section. Strength parameters such as friction angie and
cohesion are determined by the empirical estimation from Bieniawski’s RMR in accordance with
the procedure proposed by Serafim and Pereira (1983). Properties of concrete are taken from the
standard data for typical un-reinforced concrete in Korea.

Table 1. Thermal and mechanical properties of rock around the pilot cavern,

Thermal Mechanical

Thermal | Thermal Specific | Density |Elastic |Poisson |Cohesion |Friction|Tensile |Dilatancy
Materials | expansion |Conductivity | Heat modulus | ratio angle |strength

coefficient

(10%C)y [(Wmw'C) (J/Kg/C) | (kg/m®) |(GPa) {MPa) |(deg.) |(MPa) |(deg)

Rock 6.64 2.63 710 2660 20.3 0.28 031 26 8.0 26

Concrete 6.64 2.63 710 2550 23.0 0.25 8.0 30 24 30
PU foam - 0.02 1674 65 0.023 0.20 100060 70 10000 0
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3.2. Concept of analysis

Combined thermo-mechanical numerical models are adapted and used for investigating relevant
mechanisms such as propagation of the cold front, migration of water and ice formation in the
host rock mass, and the induced thermo-mechanical stress. Thermal and thermo-mechanical
analyses are performed with the aim to estimate temperature profile in the containment structure
including the rock mass, and to study the mechanical response of the rock mass under thermal
loading as well as the behavior of a rock joint crossing the storage cavity.

The temperature of the cavern wall is decreased in several steps. After the final step, the
cooling is stopped, which means that the heat flux through the cavern wall is zero from that time.
All the mathematical formulations have been implemented in a computer program.

For the thermal analysis, LN2 temperature to be stored at atmospheric pressure (T=-196TC) is
set instantaneously to the intrados of the insulation layer. For the thermo-mechanical analysis,
numerical model runs were performed after stress initialization and cavern excavation stages to
reach the mechanical equilibrium under the uniform and constant temperature. LN2 temperature is
set instantaneously to the intrados of the PU foam.

3.3. Thermal analysis results

Figure 8 shows the 0°C isothermal profiles around the cavern after 24 weeks of cooling. Same
thermal properties are used in each model. As shown in the figure, there is no conspicuous
difference with the presence of joints. Cooling rate of the rock below the floor was slower than
that of the sides and the roof due to the intervening gaseous space.

From all modeled results of UDEC analyses, the 0°C isotherm propagated up to 2.0~2.9m
from the cavern roof, 2.84~3.64m from the sidewall and 3.34~4.3m from the floor. It can be seen
that the extent of 0°C isotherm is increased with decreasing thermal properties.

The maximum temperature at rock concrete contact is equal to —27C for all the cases. It is
likely that the results in all analyses show the same tendency. It should be noted that the maximum
temperature at PU foam-concrete contact has been dramatically lowered to about —59C after 24
weeks of cooling in the front face of the containment of which concrete is also in outer surface
exposed to room air. This part seems to be very sensitive to thermal loading and the mechanical
behavior of the concrete. To protect any possible cracking due to too low temperature, it is
necessary to utilize a ventilation system for providing room with climate air.
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3.4. Thermo-mechanical analysis results

3.4.1. UDEC modeling

Figure 9 shows the results of thermo-mechanical analysis after 24 weeks of cooling. Temperature
and displacement of the rock mass at various points on the floor are shown in the figure. Initial
rapid decline of the temperature has been stabilized in an asymptotic manner as time elapsed
(Figure 9(a)). The lowest temperature of rock mass was about -32°C at 0.3m from the cavern floor.
It can be inferred that thermal responses of the rock mass around the cryogenic storage cavern
could be well predicted by numerical models. Positive sign in Figure 9 (b) indicates displacements
occurring toward the storage cavern.

Also Figure 10 shows that while the direction of displacements toward the rock mass
(positive) due to contraction near the cavern wall, no significant change occurred at a location
over 4.5m from the cavern wall. Since excavation-induced deformation occur toward the cavern,
such deformation aspect will play a positive role in cavern stability. Displacements decreased as
the depth of rock increased from the cavern wall.
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Fig. 9. Temperature and displacement changes at various locations from cavern floor.
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3.4.2. PFC 2D modeling

It has been known that when rock is cooled slowly, thermal cracks due to difference of thermal
expansion between components of rock are generated although a temperature gradient is not
steep(Lee, 1993). From the results of AE experiments on granite by Shell Inc., generation of
micro crack was started at about -50°C (Dahlstrém, 1992). Therefore a micro crack could be
generated when a thermal stress exceeds tensile strength of a rock.

However because of an effect of compensating tensile stresses with thermal stresses when
initial stresses (compression) are present, crack generations due to thermal shock would be
suppressed. The criterion of LNG storage suggested by Goodall et al (1989) is given as in Eq. (1).

In-situ stress + tensile strength > thermal stress ¢

Thermo-mechanical analyses are performed by a fracture mechanical approach with a greatly
simplified model using PFC 2D. Figure 11 shows the PFC2D model to figure out the fracture
mechanism of crack expansion. As shown in Figure 11, fractures are formed and expanded at a
lower temperature as a pre-crack exists in a model or its length gets longer. It would be thought
that as mechanical properties of cracks is much smaller than those of the surrounding rock, a pre-
crack becomes wider easily due to displacements occurred by cooling-down of rock mass, an
induced stress is concentrated at the tip of a pre-crack and it causes the crack to expand gradually.

craatiepianor: 10,

(a) No pre-crack (-800J) (b) crack length: 0.5m (-60L}) ‘ (é) crack length: 1.0m (-50C)

Fig. 11. Fracture patterns according to a pre-crack length (K=0.5, vertical stress=1.3MPa).

Based on the design concept of underground LNG storage, the minimum temperature of the
surrounding rock mass is not to drop below -50°C after 30 years of LNG storage operation.
According to this criterion, if a maximum temperature drop is assumed to be -70C (initial
temperature of rock mass: 20C), thermal stress in the model is calculated as a tensile stress
equivalent to 6.4MPa with 2.62x10°%/C of the thermal expansion coefficient, 13.3MPa with
5.78x10%/C of the thermal expansion coefficient. As the temperature drop increases, induced
thermal stresses also become larger before fractures are generated. But when the magnitude of
induced stresses is decreased steeply below -707C, fracture initiates and the fractures are
distributed throughout the model.

4. Conclusions

In this paper, thermo-mechanical analyses have been performed in two different ways, by the
analysis of in-situ rock mass responses measured at the Dagjeon pilot cavern and by 2-
dimensional numerical modeling to a lined LNG rock pilot cavern with UDEC and PFC 2D. From
the results of these analyses, the following conclusions are obtained.
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(i) Thermal responses of the rock mass under a very low temperature of about -30°C around
the LNG storing lined rock cavern could be well predicted by numerical models due to
the absence of water.

(ii) Thermal stress-induced displacements occurred toward the rock masses, which are
favorable to the stability aspect of a cavern. Joint separation was small compared to rock
displacements, and a linear increase in deformation was observed except near 0°C.

(iii) In-situ thermal expansion of rock was formed 5-11 times larger as compared to the
laboratory obtained data, and showed typical nonlinear hysteresis during cooling and
thawing stages.

(iv) There was no thermal shock by abrupt cooling near the cavern wall due to insulation
barriers.

Cracks could be generated when the thermal stress exceeds the tensile strength of a rock. So the
minimum temperature of the surrounding rock mass is not to drop below -50C after 30 years of
LNG storage operation based on the design concept of the underground LNG storage cavern.

(v) Overall monitored results from the pilot experiences confirm that construction and
operation of the underground LNG storage in lined rock caverns are technically feasible
from the rock mechanical point of view.

The Daejeon LNG storage pilot cavern represents a further important step in the validation of
the technology of lined LNG underground storage. Even though the cavern was small, this project
will permit to address the potential and critical points for construction, start up and operation of
such a new technology. Besides, the study of different parameters, those were recorded during the
operation of the pilot cavern has increased the knowledge of the partners in the behavior of the
containment system and its surrounding rock in order to tackle an industrial project in the near
future.
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ROCK MECHANICS AND HAZARD CONTROL IN DEEP MINING
ENGINEERING IN CHINA
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Recent advances in test and design and computational frameworks of the rock mechanics in mining engineering
at great depth are reviewed. It is shown that the main differences for the characteristics of rock mass for deep
mining compared with shallow mining are as follows: (1) mining environments, High ground stress, High earth
temperature, High karst water pressure, and mining Disturbance (HHHD), (2) five transform features of
mechanical characters, (3) four changes of coal mine types and, (4) six typical engineering hazards. With the
detailed researches on the nonlinear mechanical characteristics of rock mass in deep mining engineering under
complicated geological and mechanical environments, it is shown that the mechanical system is nonlinear for
rock mass at depth, but is linear for that at shallow. The classical theory, methods and technology may be partly
or most entirely invalid. Accordingly, it is very important to study the basic theory of rock mechanics in deep
mining engineering.

Keywords: Deep mining; rock mechanics; HHHD; hazard control.

1. Introduction

The major concern in deep mining engineering is that rock mechanics problems are associated
with laneway deformation or stresses of mining structure caused by excavation at great deep. The
increased resource consumption and large-scale coal mining at shallow depth makes shallow
energy sources be inevitably less and less. Thus the mines are being excavated at greater depth. A
challenging issue that is often met in deep mining engineering and design is how to avoid or
prevent the occurrence of catastrophic events such as blast-pressure from geological structure field,
gas blast, suddenly amplified ground stress, large deformation, rock rheological phenomenon and
high underground temperature. Consequently, a comprehensive investigation of deep mining
mechanics are of interest on in-situ monitoring, mechanical performance and deformation
characteristics, strength, and post-failure and failure mechanism for rock mass which is embedded
at deep level. (Kidybinski, 1990; Sellers and Klerck, 2000; and Qian, 2004)

2. Present State of Deep Mining Engineering

From the incomplete statistics, there are more than 80 ore mines at the depth of over 1000m below
ground outside China, among which mostly locate golden mines excavated into over 1000m in
South Africa, e.g., Anglogold company’s western golden mine at the depth of 3700m. Another
example is West Driefovten golden mine where plenty of golden ores extend over between 600
and 6000m below ground. In India, there are 3 golden mines with the mining depth of over 2400m,
and a total number of 112 stages were excavated from ground surface to 3260m under ground at
Championliff. In Russia, there have been 8 iron ore mines with the normat digging depth of 910m
and exploiting at the depth of 1570m and even extending to the depth of 2000-2500m in the future
at Griverog. Moreover, there are some of nonferrous metal mines also mined at depth of over
1000m in Canada, the United States, and Australia. Most of the countries mined coal started to
mine into deep well since the 1960s, e.g., average digging depth had been to 650m before 1960,
nearly to 900m in 1987, in Western Germany. Half of coal products in the 80s of last century were
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produced 600m below ground in the USSR. A summary is shown in Fig. 1 for the trend in the
world for the mining depth from 1980 to 2020.

On the other hand, the average speed of incremental mining depth for the major coal mines in
China is about 8-12m every year. In east China, the incremental speed of coal well depth has been
to 250m every 10-year (He, 2004; Yan, 1996; and Paterson, 1958). Some mines in China is being
excavated under deep mining, e.g., for the coal mining, the mining depths have been to 1197m,
1159m, 1100m, 1059m, 1055m, 1008m, and 1000m, at Caitun in Shenyang, Zhaogezhuang at
Kailuan, Zhangxiaolou in Xuzhou, Guanshan at Beipiao, Sun village at Xinwen, Mentougou and
Changguang in Beijing, respectively; for the metal mining, the mining depth is being between 900
and 1000m at Hongtaoshan copper mine, and 2 vertical wells with the depth of over 1000m have
been built at Tongguashan copper mine, and an iron ore mine horizontally extended to 750m and
vertically digged into the depth of 1000m was designed at Gongchangling, the golden ores
distributed from the pit mouth to the depth of 1050m at Jiapigou, and 38 stages were excavated
from the vertical depth of over 850m. Furthermore, there will be more mines such as
Shouwangfen copper mine, Fankou pludbum mine, Jinshan nickle mine, and Rushan golden mine
{0 be excavated soon. At the same time, metal and nonferrous mines in China will be excavated
from the depth of 1000 to 2000m below ground level. To compare with the deep mining
engineering of other countries, a statistical figure of development trend for average mining depth
of major coal mines in China is presented in Fig. 2.

Thme: year

19680 1965 2000 2010 2020

Depthim

Fig. 1. Present situation of deep mining engineering Fig. 2. Developing trends of average mining depth of major coal
in the world. mines in China.

3. The State-of-the-Art of Researches on Deep Mining

In the early 80-year of last century, some experts proposed to investigate the deep mines where
their deformation and stress are of rather complicated and significanily different from the shallow
ones. In 1983, one scholar from the USSR suggested that coal mine depth over 1600m, in
particular, should be specifically studied. At that time, a huge test-bed that was built in Western
Germany was especially utilized to simulate three-dimensional mine-pressure in mine well at great
depth. In 1989, a special conference on ‘Rock Mechanics in Deep Mines’ sponsored by
International Society of Rock Mechanics was held in France and its corresponding papers
compiled together were also published. In the recent two decades, comprehensive investigations
have been conducted, including rock burst forecast, large deformation mechanisms for soft rock,
water gust in tunnel and rock burst prevention and cure such as innovating mechanical properties
of rocks around tunnel, stress relaxing, anchoring in time, and reasonable construction technique,
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as well as weak rock prevention and cure like stabilized palm surface, strengthening toe and
preventing surface crushing, preventing cracked anchor and lining and shoring, and separately
excavated section. Industrial corporations and research institutes cooperate with the government
together so as to focus on the study of fundamental mining theory and technical problems in deep
mining engineering, in the countries such as the United States, Canada, Australia, and South Africa,
where there are some mines with deep mining engineering. A research plan on ‘deep mine’ that
costs 138 million US dollars, by the government together with the universities and the
corporations, has been conducted since July 1998, to study safety and economics issue in deep
golden mine in South Africa. In Canada, a comprehensive investigation similar to the
aforementioned plan of South Africa, which lasted for 10 years and dealt with deep wells, was also
performed, including statistical forecast to rock burst and support system of latent softening zone,
by the federal and the province and the mining corporations. Furthermore, a similar investigation
concermned with deep mine was completed by two universities and one research institute in the
USA, and the latter extended to including the identification and difference of earthquake
information induced by rock burst from natural earthquake or chemical and nuclear explosion
signal sponsored by the Department of Defense. A significant advance on deep mine was also
achieved by the University of West Australia.

With the development of national economy, and science and technology in China, the
construction requirements of railway and road tunnel under the condition of complex geological
environment and the prevention and cure of disaster events due to deep mining motivate to
development and improvement of theoretical models and technical methods which have been used
to a lot of geotechnical and mine engineering. A number of investigations and practices that
involve with design of soft rock support, rock burst prevention, exploration and forecast beyond
construction, and construction process using information system, have been conducted by the
universities and the research institute in China, e.g., China University of Mining and Technology
(CUMT), Central South Uiversity, Northeast University, Chongging University, Tongji University,
and WJTU. For example, predict, forecast, prevention and cure in deep coal mining engineering
by CUMT, tunnel optimization and its stability by WHGM, rock burst mechanism in deep mine
well over 1000m below ground and its control technique by MSU, and earthquake induced by
mining at Lachutai mine in Fushun, all together have merit in the design of mining engineering
against hazard control. In this paper, the main issues of rock mechanics and design in deep mining
engineering that are the major concerns of researchers and mine engineers will be discussed.

3.1. Deformation mechanism of rock mass at deep depth

(1) Brittle-ductile transition of rock mass mechanism in deep strata:
Performances of post-peak strength are varied under different confining pressures of rock
mass. A salient characteristics of rock mass is that its performance strongly relies on the
variation of confining pressure, i.e., brittle cracking and ductile failure corresponding to lower
and higher confining pressure, respectively. Since the pioneering work on experimental tests
of granite under the different confining pressures by von Karman (1911), a number of
experimental studies on rock mechanics have contributed to the understanding of the effect
confining pressure on the mechanical behavior of rock samples. It is also demonstrated using
marble tests under the condition of room temperature by Paterson (1958) that one of the
fundamental characteristics for marble is also consistent of the brittle-ductile (BD) transition
with the increase of confining pressure. The similar phenomenon as the aforementioned was
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(i)

also observed through the series tests by Mogi (1965; 1966) who pointed out the transferable
property of rock being in general dependent on the rock strength. However, such conclusion
of BD transition associated with rock strength was also obtained by Paterson, but both marble
and granite still behave their brittle characteristics even under the confining pressure of 1000
MPa or more (Paterson, 1978), whereas some in-situ observations show that such great hard
granitic diorite under the action of geological stress field is capable of enduring large
deformation like ductile material.

Different strain values correspond with the rock failure phases under the actions of
different confining pressure. However, it is commonly without or with small permanent (or
plastic) deformation accompanied with the brittle failure of rock, whereas larger permanent
deformation often accompanied with the ductile failure of rock. Therefore, both Heard and
Singh referred the strain value of rock at failure as a threshold between brittle and ductile
(Heard, 1960; Singh et al., 1989).

After analyzing of the experimental test data that consists of 101 groups of sandstone
from Asia, Europe, America, and Africa, Kwasniewski in details studied the rule of BD
transition and consequently presented a threshold criterion of BD transition for rock, as well
as systematically observed transitional behavior of the sandstone during the BD transition
(Kwasniewski, 1989). Chen and Huang also pointed out from the viewpoint of rock physics
(Chen and Huang, 2001) that the rock from the transitional state of BD usually behaves like
inevitable twofold, i.e., brittle and ductile.

A lot of viewpoints that are from the lithosphere dynamics about the threshold criterion
of BD ftransition of rock have been widely accepted. It is believed that BD transition can
occur with the increase of depth while the values of confining pressure and temperature of
rock are at certain levels. However, transferable depth associated with rock properties
certainly exists. Meissner and Ranalli believed that rock deformation should be at the ductile
state if friction strength is equal to creep strength of rock (Meissner and Kusznir, 1987;
Ranalli and Murphy, 1987). Shimada presented various predictive curves from fracture
strength of rocks among the lithosphere zone to determine the strength of rock in strata
(Shimada, 1993). Sibson ever found that high stress level at the range of threshold depth in
the upper crust can be relaxed a lot in the process of BD transition (Sibson, 1977; Sibson,
1980).

In a word, brittle-ductile transition is a special characteristic of rock deformation under
high temperature and high confining pressure. If the failure occurs with little or no permanent
deformation for shallow rock mass that is under low pressure, the failure in deep rock mass
frequently accompanies large plastic deformation at high confining pressure. Current issues
of BD transition for rock are mostly focused on judge rule of BD transition. Less work has
dealt with the physical mechanism of BD transition, so that there is no acceptable theory or
model which can be applied to explain that mechanism of BD transition associated with
intrinsical properties of rock.

Rheological characteristics of rock in deep strata

Time effect that evidently behaves like rheology or creep is significant to rock mass at high
confining pressure in deep strata. Stability and creep effect of confined rock mass
surrounding to nuclear waste repository were analyzed during the investigation of nuclear
waste disposal (Blacic, 1981; Pusch, 1993). It is generally believed that larger creep is not
possible to intact hard rock. However, it was shown in the South Africa that time-dependent
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behavior of deep level tabular excavations in hard rock is also strong (Malan, 1999; Malan,
2002). A very simple factor of bearing that is a ratio of rock mass strength with respect to
field stress was proposed by Muirwood, which was used to embody the rheological
characteristics of wall rock in tunnel (Muirwood, 1972). Then, such applicable range of the
factor was discussed by Barla (Barla, 1995). After investigating a considerable quantity of
tunnels in soft rock in Japan (Aydan et al, 1996), it was found that the values of bearing
factors of the wall rock in tunnels where rock creep was evident are all smaller than 2, which
was derived from the typical weak rocks such as marlite, tuff, shale, and pink gritstone, in the
depth range of being not more than 400m underground. It is still not known whether this
conclusion is available to hard rock in deep mining.

It is found that time-dependent behavior of wall rock at high confining pressure is
considerable evident through a lot of observations in ultra-deep golden mining engineering
where the biggest shrinking ratio between two walls even approached to 500mm/month, in
South Africa (Malan, 1999; 2002; Malan and Basson, 1998; Malan and Spottiswoode, 1997).
Thus it is extremely difficult to anchor and line in the process of ultra-deep excavations.

If rock is acted on at high confining pressure together with other disadvantage effect, its
creep effect will be more prominent. Such creep effect is ubiquitous in nuclear waste disposal.
For example, strength of hard granite can be terribly reduced by the micro-cracking effect and
the underground water induced stress corrosion (Kwon et al, 2000). Accordingly, the strength
reduction of the rock mass will threaten the stability of near field surrounding to the nuclear
waste repository. Additionally, creep phenomenon in rock is also associated with
micro-cracking induced rock denudation. In Sweden, the depth of rock denudation will
approach to be 3m, according to the observation recordings of candidate sites at Forsmark for
nuclear waste repository and the estimation from long-term creep criterion (Pusch, 1993).

(1ii) Bulk expansion at deep rock

Phenomenon of bulk expansion at uniaxial compression test was first observed by Bridgman
(Bridgman, 1949), which appears before failure of rock sample. Similar phenomenon was
also found under the condition of confining pressure by Matsushima (Matsushima, 1960), but
then other finding was given that expanding value of rock bulk decreases with the increase of
confining pressure. Further the experimental tests by Kwasniewski (Kwasniewski, 1989)
showed that, at low confining pressure, rock bulk expanded under the peak strength due to the
internal micro-crack opened, at high confining pressure, on the other hand, phenomenon of
rock bulk expanded is not obvious or disappearing.

3.2. Strength and failure of rock at depth

It is shown that in general rock strength is stronger with the increase of depth (Zhou, 1990; Li,
1996). For example, the proportion of rock with strength being 21-40MPa is reduced to 24% from
30% with the mine depth increased from 600m to 800-1000m. In contrary, the proportion of rock
with strength being 81-100MPa is then increased to 24.5% from 5.5% and the rock within this
range of strength is more brittle and easier to burst.

A nonlinear strength criterion of rock mass that was derived from the extremely high lateral
stress (700 MPa) was proposed by Singh (Singh et al, 1989), based on a mass of experimental data.
From the observation of experiments, granite strength is low under the condition of different
confining pressure and temperature 200-280°C. Therefore, a model of Christmas tree that has been
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used to reasonably explain the seismogenic zones in the crust for strength of crust structure was
presented by Shimada and Liu (Shimada and Liu, 1999).

With the increase of mining depth, mechanism of rock failure is supposed to be varied, i.e.,
brittle failure in shallow rock controlled by its fracture toughness transitting to crack growth
failure in deep mining controlled by its lateral stress. In other words, failure mechanism of rock in
deep mining indeed should be quasi-static instead of dynamic in shallow mining, as well as latent
mechanical response of ductibility in deep mining instead of brittle response in shallow (Cleary,
1989). On the contrary, some people believed that most rock failure in deep mining exhibits
dynamical feature, i.e., so-called rock burst or mining seismology (Gibowicz and Kijko, 1994).

In deep mining, it is not only rock burst occurrence clearly related to, but rock burst strength
and mining seismology also dependent on velocity of strata motion (Ortlepp, 1993). Accordingly,
displacement and motion velocity of terrane now are widely referred to as two important
parameters so as to be utilized for predicting rock burst. One of the reasons of rock burst, in
addition, may be of deep mining and falling, as well as weak strata activation of geological
structure. Even the stress redistribution near to geological structure probably leads to foreshocks in
the field of mining. Thus rock burst is much more complicatedly distributed in either space or time,
in deep mining. It is noted that the time series constituted by rock burst event do not obey
Gaussian distribution (Marcak, 1997).

3.3. Fragmentation of rock at depth

It is easy to excavate and explode in deep hard rock in deep mining, which indeed means that high
stress in the field of underground engineering plays a key role in rock failure. Accordingly, how to
effectively prevent and control disaster event induced by high stress and at the same time how to
take full advantage of fragmentation for rock under high stress, stress wave and stress field, is an
inevitable challenging issue in deep mining nowadays.

In the recent decades, a series of investigations that include the behavior of rock at high stress
and the dynamical response and characteristics of rock induced by dynamical loads respectively
have been conducted. For example, most of the experimental tests by triaxial instrument have been
performed, involving the physical characteristics and the failure of rock at high stress. On one
hand, theoretical modeling and numerical simulation for rock constitutive and fracture failure
mechanism based on meso-mechanics and fracture damage theory were utilized to explain the
essential phenomenon of impact pressure and rockburst (Tang et al, 2000; Feng and Wang, 1998;
Xie, 1990). On the other hand, Hopkinson bar and light gas gun were taken as impact apparatus to
study dynamic response and dynamic parameters at high strain rate for rocks. From the viewpoint
of stress wave theory, a series of dynamic failure laws for rocks were obtained considering
modeling and numerical simulation for dynamic constitutive, propagation of stress wave in rock,
energy dissipation, and interface effect for rock (Kirzhner and Rosenhouse, 2000; Chen et al, 2000;
Li and Gu, 1994; L1 et al, 2000 ; Zhang et al, 2000). To my best knowledge, dynamic behavior and
fragmentation mechanism for rocks at high stress are even not seriously considered (Gu, 2001; Li
and Gu, 2002). Only was little theoretical analysis placed on the stress fluctuations in brittle
fracture composed with high stress (Dyskin, 1999), for brittle material.
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4. Geological Mechanics for Rock Mass in Deep Mining Engineering

Deep rock mass is one type of complex material with characteristic of modern geological
environment, which implies to the characteristics of long-term geological evolution and full trail
of formulation and reformulation and can be shown in Fig. 3.

Geological Modem geological Mechanical behavior
mechanics history mechanics features in the future
Regional [ |Componentsl Microstructure | Macrostructure I _| Strength mechanical
constructure ‘ I behavior
. . ‘ .
Engineering Rock mass at depth . Deff)rmatlon _
constructure y mechanical behavior
Rock mass | | | Underground Infiltration Temperature L Stablility
structure stress flow field state

Fig. 3. Characteristics of geological mechanics of rock mass at depth.

The nonlinear phenomena such as impacting pressure, rock burst, sudden gas leakage, creep,
and water-emitted, attributes to the especial environment of physical geography and the
complicated stress field, for rock mass at great depth. As a result, the significant thing is not the
linear elastic theory which can generally be used to simulate the physical process for shallow rock
mass, but the nonlinear mechanics of stability and stable control which are difficult to be treated
by the classical continbum mechanics. Table 1 presents the typical comparison of physical
features between deep mines and shallow mines.

5. Mechanical Characteristics of Rock Mass in Deep Mining

5.1. Mining environment (HHHD)

As the mentioned earlier, the main features of mining environment at great depth is high ground
stress, high earth temperature, high water pressure and mining disturbance (HHHD). They are
determined by the especial geological environment of rock mass at great depth and will be further
discussed in details.

(1) High underground stress: Only is the vertical stress ordinarily produced by the gravity field of
geological media more than the compressive strength (>20 MPa) of engineering rock mass.
Needless to say, concentration stress induced by engineering excavation is much more than
that of the compressive strength (>40 MPa). Simultaneously, it is also shown in the stress data
of observation in strata that rock mass is formed in the process of long-term geology
evolution and is with leaving behind the trace of constitution motion of remote antiquity,
among which two stress fields involving constitution and residual exist, and the superposition
of two fields cumulates to be in the state of high stress which is a singular field of stress for
the rock masses at great depth. According to the measurement in South Africa, underground
stress is about 95-135 MPa for the rock masses at the range of 3500-5000m. It is
inconceivable to be excavated at so high underground stress.
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(ii) High underground temperature: From the thermometer measurement, the further from ground
the rock mass is, the higher the underground temperature is. Gradient of underground
temperature is commonly about 30-50 “C/km, and is conventionally equal to 30 ‘C/km, but it
sometimes approaches to 200 ‘C/km near to fault or local abnormal zome with good
conductivity. Meanwhile, the mechanical and deformable behaviors of rock mass at the
condition of super-conventional temperature are considerably different from at the
conventional condition. Variation of underground temperature makes rock mass broken into
pieces. For example, temperature altered with 1 ‘C within rock mass is corresponding to the
change of underground stress, 0.4-0.5 MP. Accordingly, the underground stress varied with
the underground temperature rising significantly influences the mechanical behavior of
engineering rock mass.

(iii) High dissolution hydraulic pressure: With the rising of underground stress and temperature,
dissolution hydraulic pressure also becomes bigger. For example, the dissolution hydraulic
pressure nearly equals to 7 MPa or so, while the mining depth is more than 1000m.
Consequently, it makes mine be even easier occurring to flood.

Mining disturbance here is mainly produced by intensive excavation and tunneling at depth.
While mining at great depth, most of the tunnels are acted not only by high underground stress,
but also by strong supporting pressure distributed within large zone of cyclic excavation.
Accordingly, the pressure surrounding to tunnel that is influenced by mining is as many or decade
times as the original pressure of rock mass not being disturbed. One of the concrete examples is
that ordinary hard rock mass at shallow mine may exclusively behave as the aforementioned
characteristics such as large deformation, high underground pressure, and hard to support if the
same rock mass situated at great depth. Moreover, it is noted that rock mass at shallow mine is
usual at the state of elasticity whereas rock mass at great depth may be at the state of plasticity. In
other words, compressive and shear stress induced by the original stress field at inequiaxial
pressure might try to be beyond rock mass strength, although it indeed is impossible.

5.2. Mechanical transitional characteristics of rock mass in deep mining

Since the synthetized influence of HHHD action is very strong in deep mining, geological

mechanical environment around the wall rock mass of mine engineering is evidently varied in

deep mine comparing with those of shallow one. As a result, the wall rock mass exhibits especial

mechanical features (He, 2004), presented in the following.

(1) Complex stress field around the wall rock mass
Surrounding wall rock mass of tunnel can often be divided to three parts involving with
relaxation, plastic, and elastic zone, respectively, in which their constitutive relationship can
be derived from the elasto-plastic theory of continuum mechanics (Fu, 1995). However, it is
shown that expanded zone and compressed zone or so-called broken zone and unbroken zone
can be alternatively appeared in the surrounding wall rock mass of tunnel at great depth, and
their zone increment is geometric proportional to their width, which is also regarded as the
phenomenon of zone broken by Shemyakin. Some in-situ measurements also presented a
composite character of tension-compression in the deformable zone around the wall rock
mass at great depth (Fang, 1996). Thus we say that a more complex stress field exists at great
depth.
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(11) Large deformation and strong rheological characteristics of wall rock

As the discussed earlier, there are two complete different kinds of rock deformation in deep
strata. One is the behavior of persistent strong rheology of rock masses, which is not only the
larger deformation, but also obvious ‘time-dependent’ (Jiang et al, 2004; Zhai and Li, 1995),
just as there are some of laneways where the bulging has approached to several decameters
for 20 years. It is found that the rheology phenomena of wall rock is much more evident in
the deep golden mines in South Africa, through systematic studies, in which the maximum
speed of motion surrounding rock is near to 500 mm per month (Malan, 1999; 2002; Malan
and Spottiswoode, 1997). The other is that rock masses do not have any evident deformation
at all, but these rock masses are considerably cracked. According to the classical concept of
rock mass failure, this kind of rock mass does not have any ability of bearing at all. It is
interested, however, that indeed these rock masses are still able to work and restabilize (Zhai
and Li, 1995; Jing, 2001). Some laneways are disposed within the creaking rocks (or coal) by
considering this feature of rock cracked, e.g., mined-out tunneling.

Table 1. Mechanical characteristics of rock mass in deep mines compared with those of shallow mines.

Energy Loading Superposition Design method in

Material Forces Theory
field process principle engineering
Brick Weight Linear Conservation Independent  Available
Rock mass in Weight & . . . Parameter design
. Linear Conservation Independent  Available
shallow mine low stress
Rock mass in deep  Weight & . L . Design based on
. ) Nonlincar Dissipation Dependent Unavailable .
mine high stress nonlinear mechanics

(iii) Catastrophic effect of dynamical response
The failure process of shallow rock mass is progressive, and it has a clear signal of failure
(e.g., large deformation). But in the deep strata, the process of dynamical response is almost
always abrupt, and is without any signal. This dynamical response is also associated with the
characteristics of strong impacting devastation which phenomenologically behaves as sudden
destabilization induced collapse in large-scale on the roof of the laneway or the surrounding
wall rock mass.

(iv) Brittle-ductile transition of rock mass at depth
As the test researches show (Paterson 1958; 1978; Singh et al, 1989; Kwasniewski, 1989), the
rock masses are with various post-peak behaviors under different confining pressure, so that
the final strain at rock mass failure is not a constant. For example, the failure of rock mass in
the shallow mining mainly behaves as a type of brittle formulation, with little or without any
permanent (plastic) deformation. In the deep mining, however, the rock mass under the action
of HHHD is indeed with the character of post-peak strength that may transit from brittle to
ductile under the high confining pressure. Usually the permanent deformation is large when
the rock mass failures. Because of these, as the depth increases, the ductile mechanism of the
rock mass in the deep strata has been activated instead of the brittle response in the upper
strata (Cleary, 1989).
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5.3. Six features of mine hazard

Since the significant thing is the evident difference of mechanical performances of rock mass
between at shallow mine and at deep one and further the storage environment for the rock mass at
depth is complex, hazard event that happens to occur in deep mining, such as rock burst, water
gusting, large-scale compression suddenly acted on the roof, and the disability of mined-out area,
is more severe in damage scope, more frequent in frequency, and more complex in hazard
mechanism, compared with the hazard in shallow mining. The main features are in details
presented as follows.

®

(i)

The frequency and the strength of rock burst are all obviously stronger

From the statistic data, rock burst usually happens in the hard terrane (or coal) where it is
stronger and thicker. The main factor of rock burst consists of the condition of roof and floor
for the coal layer, the in-situ stress of rock mass, the depth of embedment, the
physical-mechanical performance of the coal layer, the thickness, the rake angle, and so on. It
is shown by the statistical data that, though the records of rock burst ever occurred in the hard
coal bed which was at very shallow, e.g., the depth being less than 100m and even being
taken from 30-50m, generally speaking, rock burst is closely associated with digging depth,
i.e., with the increase of mining depth, the number, the strength, and the scale of rock burst
will increase too.

The amplified confined stress in the quarry

As the depth is increasing, compressive stress by the self weight of overlying rock mass is
enhanced and tectonic stress is also strengthened. It is accordingly induced that the violent
deformation of surrounding wall rock mass is yielded and further the tunnel and the quarry
lose their stability as well as the hazard shock bump is readily occurred, with lots of trouble in
the roof plate management.

(iii) More serious water gusting

Since the catastrophic water gusting event induced by the collapse of karst mass at
Fangezhuang mine at Kailuan on 2nd June 1984, there are a series of large-scale water
gusting of Ordovician limestone karst one after another occurred to various places, including
Yangzhuang in Huaibei, Xin’an in Yima, Wutong at Fengfeng, Renlou in the north of Anhui
Province, Zhangji in Xuzhou, in China. From the preliminary estimation, the economic losses
for these hazard events were over 2.7 billion RMB and at the same time some negative effects
were generated to geological environment.

(iv) Large deformation of surrounding wall rock mass and regional failure

The purpose of deep support system is to make an effort keeping the integrity of wall rock
mass and preventing from the movement of broken rock mass, as such doing in shallow
mining. During deep mining, the confined stress by self weight of overlay rock mass is
progressively enhanced, at the same time, for the rock tectonics at depth is fully developed
and the tectonic stress is much more remarkable, the pressure of laneway wall rock mass is
large and the cost of the support system is naturally risen. From the statistics of the mining
industry in China, the cost of the support system in mining engineering now is 2.4 times as
much as 10 years ago, and further the rebuilt laneways take up 40 percent of the total drivage
amount.

In addition, the phenomenon of generally accelerating deformation can be observed when the
surrounding wall rock mass in the shallow mine approaches to failure, from which engineer
can give a forecast of rock mass failure appeared to be in the local field. Contrarily, before
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failure, the wall rock mass at great depth seems to be nearly stable, and also the failure
precursor is extra-ordinarily obscure, these make it hardly predict the failure of wall rock
mass. Thus, the failure of wall rock mass in deep mining often appears intensively and is
with the characteristics of regionality, e.g., the large-scale collapse of roof.

(v) High underground temperature and bad working environment
In the condition of deep mining, high underground temperature is in the order of several
decade in temperature, e.g., the average temperature of 30-40 °C at the depth of 1000m in
Russia being, even specific temperature of 52 °C. At the depth of 3000 meter in South Africa,
the underground temperature is about 70 °C. As a result, it is impossible for the miners to
efficiently work with the perilous environment and even not to normally operate.

(vi) Large amount of gas surging
Another significant thing is the content of gas rapidly accumulated with the increase of
mining depth, where gas hazard is frequently occurred. In the recent years, there are 70
percent of the coal accidents caused by gas surge and blast that resulted in over 10 casualties
taken place in the exploiting depth of over 600m in China. On the other hand, coal layer at
depth is usually accompanied by the higher temperature field, which can readily self-ignite
and further activize fire and gas blast in the mine.

5.4. Ten theoretical problems

Compared with the shallow mining, we can summarize that 10 theoretical issues in deep mining
closely associated with the complex geological-mechanical environment should be noted,
including the following aspects: (1) Mechanical performance of deep engineering rock mass, (2)
Continuity of deep engineering rock mass, (3) Constitutive relationship and parameter
determination of deep engineering rock mass, (4) Strength determination of deep engineering rock
mass, (5) Failure criterion of deep engineering rock mass, (6) Structure uniqueness of deep rock
mass, (7) Large deformation of deep engineering rock mass, (8) Design method based on
nonlinear mechanics for deep engineering rock mass, (9) Load calculation of the deep tunnel rock
mass, and (10) Stability control and technique of deep engineering rock mass.

6. Major Research of Deep Mining Engineering in the Future

Although a lot of research work has been done, only part of knowledge concerned with deep
mining engineering can be realized nowadays. In the other word, the past researches that
emphasized particularly on technology and specific project are not enough to describe the
nonlinear mechanism of rock mass system coupled with HHHD from the fundamental viewpoint
of physical mechanics. The reason for this is that the special geological-mechanical environment
induced by HHHD strongly influences the nonlinear mechanical behavior of deep engineering
rock mass where traditional theory and technique such as theory of elasticity are partial or
completely not available. Accordingly, it urgently calls for the basic research on the deep mining
(at the depth of 1000-1500m) for the energy strategy in China.

6.1. Rock mechanics in the deep mining engineering

We here again emphasize that the complex geological-mechanical environment induced by HHHD
leads to the evident differences of the mechanical behavior and the hazard character between at
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shallow and at deep mining. Naturally, the traditional theories based on shallow mining with three

disadvantages are not available to investigate the problems we will face in deep mining.

(i) Strength criterion determined
In shallow mining, for lower underground stress, engineering rock mass strength can
generally be derived by the test of rock block, which is determined by a rock sample loaded
until its failure. On the other hand, for higher underground stress, the characteristics of
strength variation due to the change of stress state at some direction after excavating in deep
mining, is a complex type of stress composed by tension and compression instead of a single
tension or compression. In other words, both unloading and loading are simultaneously
produced at the radial and the tangential directions. Therefore, it is not possible to simply
derive from the test strength of rock mass for the engineering rock mass, but a composite
strength criterion of tension-compression should be proposed, so as to accommodate the basic
features of deep mining.

(ii) Stability control model
In shallow mining, for lower underground stress, the surrounding wall rock mass usually
cannot be broken after excavating. Thus primary support is enough to maintain the safety
stability of tunnel. On the other hand, the surrounding wall rock mass in deep mining after
excavating will be destroyed under the action of high confined pressure over the strength of
engineering rock mass. At the time, simple support cannot meet the requirement of the safety
stability of deep mining. However, its safety stability needs to be maintained through at least
two secondary or more support. It is also noted that the stability control model based on
shallow mining is not valid at depth whereas an alternative stability control model should be
proposed to simulate the secondary or multi- support in deep mining engineering.

(ii1) Design theory
The traditional linear design can work in the stability control in shallow mining for the simple
mechanical environment. However, in deep mining, single linear design cannot be also
applied to maintain the stability of deep mine rock mass. Corresponding to the nonlinear
stability control mentioned-above, we should consider an advanced method such as secondary
or multi-times of stability control design closely associated with the nonlinear large
deformation theory.

6.2. Major research requirements in the future

Against the rock mechanics problems in deep mining engineering, the focus of the future research
should be concentrated on the basic characteristics of deep rock mechanics, the stability control of
deep mining engineering, the damage control of ground environment, and the basic theory of
synthesized mining in the deep thick coal layer.

6.2.1. Concept of depth mining and its classification system

In spite of paying much more attention to the rock mechanical problems rooted in deep mining,
the definitions of ‘depth’ and ‘deep mining engineering’ are disagreed in the literatures and their
concepts and classification standard have not been accepted commonly. The indefinite concept or
criterion negatively affects further development and communication of theory and technology in
this scientific field. The urgent affairs, accordingly, are how to scientifically define these concepts
such as depth, classification system, and appraisal index, according to the special
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geological-mechanical environment of HHHR, so as to motivate the basic research on the
mechanics of rock mass in deep mining engineering.

6.2.2. One-Disturbance Research on the fundamental properties of deep rock mass

The complex geological-mechanical environment induced by HHHD not only leads to thorough
changing of the microstructure and the behavior of rock mass and the response of engineering rock
mass, but also often suddenly causes unpredicted catastrophic events in deep mining. Therefore,
under the long-term action of HHH, how to describe and explain the special mechanical behavior
of deep rock mass by excavation and disturbance is the key scientific issue what we face in deep
resource exploiting. In particular, we should pay much more attention on the cause of the
evolution mechanism of high underground stress field, the mechanical stress field coupling with
multi-physical processes, the method how to determine the tension-compression compound
strength under the situation of complex stress, and the mechanism of catastrophic evolution.

6.2.3. Stability research of deep mining engineering

Different from general ground engineering that does not allow entering the state of plastic failure,
the stability of deep mining engineering deals with a complex mechanical mechanism that mainly
focus on the interaction between the surrounding cracked wall rock mass and the support system,
including the interaction mechanism between the local roof structure and the support after the roof
failure by excavating disturbance, the mechanisms of secondary stability interaction between the
surrounding wall rock mass with plastic large deformation and the support system. At the same
time, because of the nestification and coupling between mining stress field and tunneling stress
field, complex three-dimensional stress field is yielded, in which the distribution of mining stress,
the multi-dimensional and dynamic space-time rule of mining space, and the scope and stress peak
of the bearing part all are considerably varied. Based on the advanced analysis of the space-time
distribution of deep quarry and mining stress in deep mining field and wall rock mass, together
with the investigation of nonlinear mechanical feature in deep rock mass, a nonlinear mechanical
control strategy that can take into account the integrated effects between mining field and tunnel
should be presented.

6.2.4. Hazard mechanism research in deep mining engineering and its strategy

It 1s also important for us to understand stable and unstable deformation characteristics of deep
rock mass under the action of multi-physical processes such as high underground stress,
underground water, gas, and temperature. Then the failure state and conversion mechanism and
condition and law for rock mass at depth, also need to be further studied. The character of
frequency and the strength of hazard under the action of coupling multi-physical processes needs
to be known, so as to explain the hazard process and the hazard induced mechanism and present a
feasible strategy for dealing with rock burst, water gusting, coal and gas blast, large-scale pressure
acted on the roof, and unstable mined-out zone.

6.2.5. Basic research on the thick seam and full-mechanized caving at great depth

Thick seam and full-mechanized top-coal caving is an international leading technique in mining
engineering. It is a key issue to determine caving possibility of deep thick coal seam while using
the full-mechanized caving, based on the investigation of basic mechanical characteristic of
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engineering rock mass combined with considering the complicated geological-mechanical
environment of HHHD. Meanwhile, how to efficiently model thick seam and full-mechanized
caving and how to determine optimized engineering parameters are the foundation of
full-mechanized caving technique applied to mine deep resource, taking account of the change of
tunnel stress distribution in time-space and the mechanism of thick seam and full-mechanized
caving under the condition of complex stress field.

7. Conclusions

The coal resource at great depth is still the main part of energy resource storage in the 21st century
at least in China, and corresponding to this situation it is necessary to do the fundamental work of
rock mechanics in deep mining engineering. In the complex geological-mechanical environment
of HHHD, the challenging issue is how to treat geological hazards such as rock burst, water gust,
and gas blast in deep mining engineering, from two aspects of hazard mechanism and hazard
control technique. Different from the ground engineering where its plastic failure is not allowed,
the rock mass engineering at great depth is indeed commonly failed due to excavation, but these
broken rock masses could again be at the state of stability by interaction with supporting system.
Therefore, a comprehensive investigation of the rock mechanics in deep mining engineering are
not only to develop the reliable theoretical model to simulate and explain the complex mechanism
of multi-field coupling, but also to guarantee the sustainable development of the national
economics and implement the security strategy from the viewpoint of energy resource.
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ROCK MECHANICS CONSIDERATIONS FOR
CONSTRUCTION OF DEEP TUNNELS IN BRITTLE ROCK
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Tunnelling in brittle rock at depth poses unique problems as stress-driven failure processes often dominate the
tunnel behaviour. Such failure processes can lead to gradual ravelling or to violent, strainbursting modes of in-
stability that cause difficult conditions for tunnel construction, whether advanced by TBM or by blasting.

The author’s experience with brittle failing rock in deep mining and Alpine tunnelling was previously pre-
sented in keynote lectures at GeoEng 2000 (Kaiser et al. 2000), summarizing a decade of collaborative research
work on brittle rock failure, at the Rockburst and Seismicity in Mines Symposium (Kaiser 2005), introducing
new means of complex data interpretation in seismically active mines, and at GEAT 06 (Kaiser 2006), focusing
on recent experiences from deep Alpine tunnelling. This article briefly summarizes findings from previous
studies, presents recent developments and highlights implications that are of practical importance with respect
to constructability. Guidelines for support selection in brittle failing ground are given, and brittle failure proc-
esses at the tunnel face are briefly analyzed.

Keywords: Brittle failure, constructability, tunnelling, ground control, rock support, rock bursting.

1. Introduction

The theme of this conference is “rock mechanics in underground construction” which presumably
involves rock mass characterization incl. in-situ stresses, design and construction; each component
posing its own challenges. Contrary to other fields of science, in rock engineering when dealing
with a natural material, it is difficult to obtain representative parameters for design, in part because
of scale effects or because of the heterogeneous, discontinuous nature of rock. The issue of obtain-
ing design parameters for design of structures in or on rock was eloquently discussed by Hoek
(1999) in his lecture on “putting numbers to geology”.

Difficulties in designing underground excavations are also often experienced because constitu-
tive laws in numerical models do not necessarily reflect the actual behaviour of rock. This is par-
ticularly true when dealing with brittle failure where the fundamental paradigm of the Mobhr-
Coulomb vyield criteria T=c + o, tan @, relating the shear strength 7to a cohesion ¢ and a simulta-
neously acting frictional resistance o, tan ¢ is not valid (Martin 1997, Martin et al. 1999, Kaiser
et al. 2000). As intact rock is strained, cohesive bonds fail and the frictional resistance develops at
different rates and as brittle rock “disintegrates” (Fig. 1.a). Furthermore, damage initiation and
propagation occurs at different stress thresholds (Diederichs 2003) and the propagation of tensile
fractures depends on the level of confinement (as established by Hoek 1968 and used to explain
brittle failure by his collaborators (Kaiser er al. 2000)). A bilinear failure criterion (Fig. 1.b) cap-
tures this dependence on confinement for materials that are prone to spalling. Brittle failure by
tensile spalling occurs if the stress path moves above the damage threshold and to the left of the
spalling limit.

Beyond these thresholds, the volumetric deformation characteristic of brittle failing rock
changes drastically as geometric incompatibilities between fractured rock fragments lead to
high dilation (Fig. 2 (photo insert)). Most interestingly, while the depth of failure is essentially
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independent of the support pressure, the dilation of the broken rock is very sensitive to confine-
ment and thus to the rock support characteristic or support pressure (Fig. 2).
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Fig. 1. (a) Cohesion and frictional strength development as a function of plastic strain or damage (Martin 1997); (b)
bilinear failure criteria (Kaiser ef al. 2000) showing damage initiation threshold and spalling limit.

The development of dilation during the spalling of a triaxially loaded sample confined by
1MPa is shown in Fig. 2.a (Numerical simulation using ELFEN code). After peak, the dilation
steadily increases to 4.5% at a total strain of roughly 3-times the elastic strain at peak. This dila-
tion is however highly dependent on the confinement as illustrated by Fig. 2.b. For typical support
pressures of <1MPa, the predicted dilation increases rapidly to values in the range of 7 to 10% at
<0.1MPa. This is consistent with bulking factors BF derived from field measurements (Kaiser et
al. 1996) showing >30% for unconfined floors and 1 to 10% depending on support type (Fig. 2.b).

120 - ey 45
3
14
13
100 i2
k 3 + 11
% 80 10 oy -
g R
£ g
2 8y e
£ 604 = : 7 7
g / M e 50
P T4 4
o 3 B 34 o ELFENmods
o P2 g, B lghtsupnorn
o 1 0~ Viekding suport §
,,,,,,,,,, 1 e Strong stppon I
o Lo o ", i
v 0.01 ot 1 16
i 18 2 Canfinemert {MPa]

Vertical displacement (mm)
@) (b)
Fig, 2. Photo insert shows rock fractured by dynamic loading (rockburst) with tensile fracturing and related volume in-
crease (bulking); (a) simulated stress-strain and dilation of brittle failing rock using ELFEN (Cai 2006; unpublished
report); (b) dilation as a function of confinement (dashed line: ELFEN model; dotted line: data from Kaiser ef al. (1996).

As a consequence, serious deficiencies in predicted rock mass behaviour and resulting support
designs must be expected when numerical models with constitutive models developed to simulate
soil behaviour are applied to predict the behaviour of brittle rock. Even if underground excava-
tions are designed based on continuum or with more sophisticated discontinuum models (UDEC,
3DEC, PFC, ete.), difficulties are encountered because of serious limitations in modelling the
transition from continuum to discontinuum behaviour. While advanced fracture mechanics codes
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(such as ELFEN) may eventually help to overcome these limitations, at present, more often then
not, excavations and ground control measures are designed based on models with these serious
limitations. More importantly, the practical implications of the transition from continuum to dis-
continuum behaviour are often not considered when selecting ground control methods (TBM
shields, rock support, etc.). As a result, construction difficulties, such as drilling and grouting bolts
in fractured rock, stabilizing ravelling rock behind a vibrating open TBM, setting ribs on irregular
surfaces due to overbreak, slow the construction progress and lead to equipment abuse.

For good constructability, understanding the “post-peak” behaviour of a rock mass is often of
critical importance. If rock tends to unravel, it matters what the block size of the fractured rock
mass are, what the available time to install support is, and whether the rock fails in a gradual or
violent manner. By observing failure processes, it is possible to make predictions about the antici-
pated behaviour of tunnels and to anticipate situations that may lead to construction difficulties.
Unfortunately, costly mistakes are often made because of a lack of understanding the actual rock
mass behaviour under stress, over reliance on analyses or experiences in low stress environments.

in the author’s opinion, the behaviour of highly stressed, brittle failing rock is often not antici-
pated and thus not fully integrated into the design. Many lessons have been learned in recent years
with respect to the behaviour of deep tunnels in brittle ground and it is the goal of this keynote to
provide an improved framework for future tunnelling in hard rock at depth.

1.1. Robust engineering

No matter how good the site investigation program and the engineering design analyses are, when
tunnelling at depth in complex geological settings, it will not likely be possible to predict the exact
response of the rock: it will depend on the location, extent and depth of spalling, the impact of
support on rock mass dilation, etc. In such situations, it is necessary to adopt a robust engineering
approach that focuses on the construction process and ensures that all construction tools work well
(Kaiser 2005). The need for robust tunnelling designs is not widely recognized and practiced as
Teuscher (2005) reminded the engineers of the AlpTransit project “... geology comprises all as-
pects of describing the roc mass, including its geomechanical behaviour” ... (stress, strength, etc.)
... “these parameters are the factors which determine the contractor’s performance ...”. This
comment reflects recent experiences showing that a good design is a robust design that can actually
be implemented by the contractor without duress, in a timely and
cost-effective manner.

Alternatively, the challenge of tunnelling within a framework
of uncertainty could be managed by adopting an observational
design/build approach (Peck 1969). Unfortunately, contractual
arrangements are seldom conducive to adapt techniques in a truly
responsive manner and, more often than not, lead to undesired
delays and cost overruns. A qualitative, observational approach
is particularly justified for deep tunnels in brittle rock. As Peck
indicated, a measurement-based, quantitative approach though is
often not applicable when brittle failure processes predominate.

Fig. 3. Shallow stress-induced over-
break in tunnel excavated by TBM
in moderately jointed rock.
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Robust engineering in brittle rock means to design for rock mass degradation processes that
negatively affect constructability.

In brittle failing rock where stress-driven failure leads to a zone of fractured rock near an ex-
cavation (e.g., Fig. 3), engineering for constructability basically involves three aspects: (1) reten-
tion of broken rock near an excavation; (2) control of deformations due to the bulking of fractured
rock, and (3) dissipation of energy if failure occurs in a violent manner.

These three aspects of broken rock management are reviewed here and the reader is referred to
Kaiser er al. (1996, 2000, 2005) and Kaiser (2005) for details on related subjects.

2. Anticipating Rock Degradation
2.1. Rock mass degradation and stress-driven rock ‘fragmentation”

Rock mass behaviour and failure modes near underground excavations can be grouped according
to stress level SL and degree of natural jointing (Hoek et al. 1995). In strong hard rock, structur-
ally controlled failure processes dominate at shallow to intermediate stress, while stress-driven
behaviour dominates if the stress level is sufficient to fail intact rock. If the rock mass surrounding
the tunnel is heavily fractured, it tends to increase in volume and cause large wall deformations.
Thus, deformation-control measures are required to manage the ground.

At intermediate stress, typically when @, > ~0.8 UCS * or SL > 0.8, intact rock fracturing
starts to overlap with structurally-controlled processes. From a constructability perspective, how-
ever, while stress-driven fracturing may not add much load to the support system, it may increase
overbreak and thus the development of “loose ground”. In addition, strain-bursting in massive to
moderately jointed ground may lead to elevated risk levels (worker safety concerns).

At high stress, typically at SL > ~1.15 in strong hard rock, deep-seated stress-driven failure
dominates. The rock mass surrounding the tunnel is heavily fractured, tends to increase in volume,
and deformation control measures such as rock reinforcements are required.

This keynote relates to conditions encountered at intermediate to high stress, in massive to
moderately jointed ground (ground starting with GSI > 65; Fig. 4.a).

Stress-driven rock “fragmentation” is a tensile fracturing process (Kaiser et al. 2000, Died-
erichs 2003) in low confinement zones that creates broken rock of varying fragment size and
shape. For example, as illustrated by Fig. 4.b, a massive granitic rock spalled to platy shapes with
typical aspect ratios of 2:100:100mm to as high as 50:1000:1000, and to similar block sizes and
shapes with aspect ratios as high as 300:1500:>2000 at the Bedretto tunnel (not shown) after long-
term wall degradation. When rockbursts are involved, the block sizes typically vary from dm’ to
<m’ size with aspect ratios from cubic to platy. This degradation is plotted on the GSI chart (Cai
et al. 2006; Fig. 4.a), showing that degradation transforms a rock mass of GSI >65 to damaged,
fractured ground with 35< GSI <55. Most importantly, a continuum or tight discontinuum, often
with non-persistent joints, is transformed to a “loose” discontinuum with often continuous and
open fractures as illustrated by the photos in Fig. 4.b to e.

# Omar = 307 — 03 is the maximum tangential stress at the wall of a circular opening in elastic ground, and UCS = ¢ is the
laboratory uniaxial compressive strength of the intact rock. The stress level SL is defined as Grnax /UCS.
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Fig. 4. (a) GSk-chart showing degradation paths for ultimate block sizes of 1.5, 10 and 70cm edge lengths; (b) spalling in
back of Piora tunnel, Switzerland (image ~Zm wide); (¢) Lotschberg tunnel wall (slab ~ 30cm thick); (d) Spalling in notch
at URL, AECL, Canada (image ~1m wide); (¢) fragmented fall of ground due to rockburst (image ~2.5m wide).

2.2. Ravelling of stress-fractured rock

When rock is excavated, the stress path, though in a contorted manner (Diederichs er al. 2004),
eventually ends in a nearly unconfined state (in the spalling zone of Fig. 1.b for brittle rocks).
According to Bieniawski’s stand-up time chart (Fig. 5), for a 5 to 10m wide unsupported tunnel,
nearly permanent stability with stand-up times of several months t0 a year can be achieved when
RMR = 6525 or GS/ = 60£5 and acceptable short-term stand-up times for constructability of say 6-
24 hours can be achieved when RMR = 4045 or GSI = 35+5. Thus, rock mass degradation and
stress-driven fracturing can bring a stable, sclf-supporting rock mass to the brink of ravelling
(compare Fig. 4.a and Fig. 5.b).

According to Fig. 5.b, reasonable stand-up times and thus sufficient time to install support
should be achievable if the joint spacing is >3cm with fair to good and >50cm for poor to fair joint
condition”. Any process that degrades the rock mass to a worse state tends to lead to constructabil-
ity problems as the fractured rock near the excavation will not be self-stabilizing (e.g., Fig. 3). The
spacing limits given in Fig. 5.b, are actually somewhat optimistic, as a 10m wide excavation in
jointed rock with a joint spacing of 3 to 10cm would tend to ravel immediately after blasting or
when emerging from the shield of an open TBM. Nevertheless, these charts indicate how much

rock mass degradation, due to stress, can be tolerated before serious construction problems must
be anticipated.

® RMR joint spacing rating classes tend to be higher than indicated in quantified GS7 chart: ratings for jointing facior are
20, 15, 10, 8, 5 for spacing of »200 to 60 to 20 to 6 to <6cm, respectively,
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Fig. 5. (a) Stand-up time graph after Bieniawski (1989; from Hutchinson and Diederichs 1996) showing short- and long-
term stability ranges for 5 to 10m wide excavations; (b) GSI chart with corresponding characteristics for 6-24 hours and
3-9 months unsupported stand-up time.

Other factors often dominate instability in the zone between short- and long-term stability
(35<GSI<65). Of particular importance is the degree of stress relaxation (Diederichs and Kaiser
1999)) and the level of post-peak straining (Martin (1997) and Cai et al. (2006).

2.3. Depth of failure

One unique, from a constructability perspective very important, observation is that while stresses
induce instability of the excavation wall and related ravelling of the fractured rock, this process is
mostly self-stabilizing (Fig. 3). Even if the excavation is unsupported, this process does not
propagate beyond a finite depth of failure dy unless the damage-causing stress changes (e.g., due to
mining-induced stress changes). For this reason, it is possible to determine the depth of spalling,
normalized to the tunnel radius a, by the now well established semi-empirical relationship:

d
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Fig. 6. Anticipated peak particle velocities for 50% confidence (average scaling law parameters: a* = 0.5 and C* =
0.1m¥s; Kaiser et al. 1996); (b) C; for dynamic depth of failure determination, and mean stress level SLy for dy =0.
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Based on an extensive database of tunnels in varying geological settings, Martin et al. (1999)
established the two constants as C; = 1.25 and C, = 0.51£0.1. Kaiser et al. (1996) showed that the
constant C; depends on the level of dynamic stress increment due to a remote seismic event and
found, supported by numerical modeling, that C; can be related to the induced ground motion
(peak particle velocity ppv). Values for C; are listed in Fig. 6.b for C, = 0.57. Other factors such
as the frequency content of the seismic wave must be taken into account (for details refer to Kaiser
et al. 1996). The anticipated ground motion depends on the event magnitude M, the distance R
from the event and other parameters (see caption) as illustrated by Fig. 6.a. For example, for a
stress level of SL = 0.65, the dy/a under static conditions of about 0.32 would increase to about d/a
= 0.50 when affected by a seismic event causing a ppv of 0.5m/s.

2.3.1. Variability of depth of failure

When examining brittle failures underground, it is evident that spalling is often localized and that
the lateral extent and depth of failure varies greatly as illustrated by Fig. 7.a. This is not surpris-
ing. Even if the two constants C; and C; were truly constant, i.e., independent of the rock’s prone-
ness to spalling (Diederichs 2004), the UCS and in-situ stress, and thus 6,,,,, are variable.
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Fig. 7. (a) Normalized depth of failure records from Piora tunnel, Switzerland, assuming constant UCS, Ky and overburden
stress; (b) same assuming constant UCS, Kp-profile of shown in (c) and overburden stress; constant C> back-calculated
assuming C; = 1.25 for measured dylocations; (d) corresponding cumulative distribution curve with coefficients of varia-
tion = 17,15, 10% for C;, UCS, and stress, respectively, compared with data from Piora tunnel (squares) and from
Lotschberg tunnel (circles).
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After processing the data by assuming a variable stress field (K,-profile of Fig. 7.c is based on
assumption of a linearly decreasing horizontal stress from 22MPa at the portal to 32MPa at chain-
age 2900 (interface between Leventina and Lucomagno Gneiss), much of the clustering is removed
(Fig. 7.b) but dya is still highly variable. Unfortunately, no reliable measurements are available to
confirm the assumed stress profile. However, when back-calculating C, (assuming C; = 1.25), a
consistent pattern emerges (Fig. 7.c). The mean value of C; is more or less constant over the full
length of the tunnel at 0.52 (CoV = 17%). ’

The UCS typically shows coefficients of variation CoV of about 25%. The in-situ stress may
be highly variable in heterogeneous rock formations (e.g., near dykes) or relatively uniform in
massive homogeneous rock. The anticipated effect on d/a of a CoV of 15% for UCS, 10% for
stress, and 17% for C, is shown in Fig. 7.d (Rosenbleuth 1981). Even though the mean d¢a is
close to zero for the assumed parameters, a maximum of 0.45 may be reached, and, most impor-
tantly from a constructability perspective, it follows from the cumulative probability curve, that
about 40% of the tunnel should be expected to show stress-driven instabilities. When compared
with the data of the Lotschberg tunnel (Fig. 7.d), it can be seen that the observed distributions in
both tunnels are almost identical and agree well with the predicted base on Piora data. Both tun-
nels were excavated with an open TBM and in comparable rock formations.

Equation (1) predicts the mean depth of failure reasonably well if the relevant input parame-
ters are well defined. When combined with standard statistical means and estimates of the CoVs,
the anticipated frequency of occurrence as well as the range of depth of failure can be obtained to
guide excavation method and support selection.

2.4. Anticipated demands on support due to brittle rock failure
For support selection to control static stress-driven failure, three aspects can now be evaluated:

» the depth of potential unravelling can be constrained (e.g., d/a = 0 to 0.45 over 40% of the
tunnel) and means to manage this ravelling potential can be chosen.

¢ the anticipated load demand can be estimated (e.g., at d¢ * ¥ = 0 to 0.03MPa for the Piora tun-
nel) and the static factor of FS; = load capacity/demand can be established.

e the anticipated deformation demand can be estimated (e.g., at d; * BF (see above; BF = 1 to
10% with CoV of ~25% depending on support type). For the Piora tunnel wall displacements of
11+6 mm, if well reinforced, to 110£60mm, if allowed to loosen with very light support, would
be anticipated. Since the bulking is very sensitive to the applied support pressure, the antici-
pated deformations can be easily managed with a tight retaining system, e.g., early shotcrete.

The required bolt length is equal to the maximum d; plus a safe anchor length. For split set bolts,

the pick-up length (dy) must be deducted from the bolt length to assess the holding capacity of the

remaining anchor length. Other failure modes such as structurally controlled failures, must be
assessed separately.

For support selection to control stress-driven failure under dynamic loading, dynamic deepen-
ing of the failure zone as well as the shakedown and energy release potential must be considered.

¢ The dynamic deepening and thus the resulting potential depth of ravelling can be estimated for a
design event magnitude as a function of the distance R to a potential event (e.g., Fig. 6.a for the
assumed scaling law; log(R ppv) = ML + (1.540.15)+2 logC* with M, = local Richter magni-
tude and constant C* depending on static stress drop and confidence level (Kaiser ef al. 1996)).
For the example presented above with a ppv of 0.5m/s, the mean static d/a = 0.32 would be
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expected to deepen to a mean dynamic d/a = ~0.5, with a maximum around 1.2 (Fig. 8.a).
Thus, dynamic fracturing could locally deepen to as much as 3m with a corresponding static
load increase to 0.08MPa and a wall deformation of between 30 and 300mm due to bulking de-
pending on the effectiveness of the support. As shown by Fig. 8.a, the potential for no failure at
that location would be near zero.
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Fig. 8. (a) Dynamic depth of failure distribution for ppv = 0.5m/s and conditions of Fig. 7; (b) ultimate support displace-
ment capacity requirements as a function of static factor of safety FS, (before shaking).

¢ In addition to the dynamic deepening of dj, the ground motion can lead to a shakedown failure
of the broken rock. According to Kaiser et al. (1996), the survival limit of a support system de-
pends on its static factor of safety FS, (before shaking), the ground motion ppv and the ultimate
displacement capacity d,,, of the support:

2 2
FS, =087 ("”V ]+1 or g4 =—FPPY )
2gdull “ FS
28 —~—1
0.87

The static factor of safety is the FS after dynamic deepening of the depth of failure zone. For
ppv = 0.5m/s, standard grouted bolts (rebar) would survive if this factor of safety was higher
than 1.25 (Fig. 8.b) or yielding bolts with a displacement capacity of d,;, >80mm would be re-
quired to (just) survive the event.

® The deepening process of the failure zone may occur incrementally by spalling of thin slabs
(Fig. 4.c) or in a violent manner due to the sudden release of energy stored in larger slabs.
When energy is released the spalling process is called strainbursting. As Salamon (1984)
showed, the energy release is largest when rock is “excavated” in a single step and zero when
excavated in infinitesimally small steps. Thus, the worst case exists when the entire depth of
failure zone is created in a single event. However, the energy released and therefore the load on
the rock support depends on the amount of energy dissipated by friction in the fragmented rock.
It is difficult if not impossible to undertake accurate energy release calculations. Aglawe (1999)
found that for a 4m wide circular tunnel in 2060MPa rock, the maximum releasable energy was
0.05MJ/m* at d/a =0.5. Considering that burst-resistant supports can at best dissipate
0.05MJ/m?, it follows that violent failure of slabs exceeding dy= 1m would destroy the best pos-
sible burst-resistant support system. Furthermore, since the energy dissipation capacity of stan-
dard, non-yielding supports is <0.01MJ/m’?, it follows that the support limit of a previously
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unloaded support (FS;=00} is reached when a strainburst involves a normalized depth of failure
in the range: <0.25 < d;<<1.25mfora= 2.5m. In other words, when strainbursting is antici-
pated or encountered, constructive means should be used to induce incremental spalling.

3. Face Stability

The stress fracturing and bulking process illustrated above (Fig. 4) is visible only because the rock
near the damage location collapsed and provided insight into the disintegrated rock mass. At the
tunnel face, broken rock is either excavated during a blast or hidden ahead of a TBM.

Because of the constrained convergence pattern near the face, causing stress concentrations at
the edge of the face and thus face parallel loading, the same processes as observed in the tunnel
wall can happen at the tunnel face. The anticipated rock mass behaviour of a highly strained tun-
nel face was interpreted by Kaiser (2006). As illustrated by Fig. 9, two processes lead to face
instability: (i) surface parallel spalling (black zones in Fig. 9.b), and (ii) structurally controlled
instability mechanisms (gray zones in Fig. 9.b) in response to the opening of joints by the inward
bulging of the face. These processes differentially strain the rock in the face and lead to a degrada-
tion that produces “blocky ground”. Due to this stress-induced fracturing, the block size is gener-
ally of predominantly platy shape (Fig. 9.d).
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Fig. 9. (a) Photo and (b) sketch of spalling zones of tunnel face in massive to moderately jointed rock (Weh and Bertholet
2005); (¢) “blocky rock” rather than typical chips on conveyer; (d) observed, predominantly platy block shapes (shaded
zones contain 65 and 99% of data).
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There is now ample field evidence in support of the face disintegration process described
above and this can be numerically modeled using the brittle failure criterion introduced earlier
(Kaiser 2006). Stress-driven spalling processes with or without inherent weaknesses can lead to
unstable “blocky” tunnel faces. While pre-existing joint sets may enhance the process of face
degradation, the creation of a fracture set that is sub-parallel to the face is the primary cause for the
widely observed face instability problems evident in large tunnels at depth. Kaiser (2006) also
showed that the observed depth of face failure dy increases rapidly once an initiation threshold at
overburden depth zZUCS ~ 4 is exceeded (z in m; UCS in MPa). At a stress level of z/UCS =5 to
7, dg/a typically reaches 0.1 to 0.2. Most importantly, Kaiser (2006) showed that face instability
may occur at lower stress levels than when wall instability is first encountered.

From a constructability perspective, this finding is of great practical importance. It clearly
demonstrates that the tunnel face can be more prone to stress-induced failure than the tunnel wall.
Thus TBMs will have to act as rock breakers rather than disc cutters, leading to additional wear of
disks and cutter head as well as additional forces on the TBM, and may cause unexpected material
handling problems.

This finding is also not in accord with some of the implicit principles behind current tunnel-
ling standards or contractual arrangements (support and excavation classes). Contrary to the com-
monly encountered situation where wall instabilities slows the tunnelling progress, in this situation,
face instability may slow progress even though the walls are stable and may need little structural
support.

4. Conclusion

Constructability of tunnels at depth is often hampered by ravelling of stress-fractured rock near the
excavation walls, backs and at the tunnel face. These ground control problems are seldom antici-
pated or only recognized too late when it is not possible to adjust construction techniques easily
without causing delays and extra costs. With semi-empirical means or by modeling with appropri-
ate brittle failure criteria, it is now possible to anticipate the lateral and longitudinal extent of in-
stabilities, the depth of failure as well as the associated loads and deformations. Hence, excavation
techniques and support systems can be tailored to manage brittle failing ground in a cost- and time-
effective manner. Highly stressed tunnel faces should be shaped in a convex shape to remove
potentially unstable rock before it can cause a serious safety hazard to workers near the tunnel
face.
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DDA (Discontinuous Deformation Analysis) originally developed by G.H. Shi is an extension of FEM in
dynamic analysis. The DDA simulations have been used in some practical problems; especially for
discontinuous rock masses and demands are extended to more complex simulations in rock engineering fields.
However this method is not widely accepted because of insufficient information and some unknown parameters
in the method. Several modifications and improvements are necessary to use the original DDA in practical
application. In this paper we discussed the structure of DDA, what the key point of DDA for easy
understanding is, how many parameters are used in DDA and how they are determined. Damping effects
(physical damping, algorithmic damping, quasi-static and dynamic damping in DDA, time increment) are the
most important parameters should be discussed in detail. Some examples of DDA application will be shown.
Tunnel excavation in discontinuous rock masses, rock slope stability in earthquake conditions and 3
dimensional rock fall problems etc. are examined. These examples will clearly demonstrate the potential
applicability of DDA to rock engineering problems.

Keywords: Discontinuous Deformation Analysis; discontinuous rock masses; simulation,

1. Introduction

Japan is susceptible to numerous types of natural disasters, such as rock falls and landslides
induced by earthquakes and intensive rains, resulting in roads, railways and public houses on
slopes being damaged and closed. Now about 25000 slopes are identified to be potentially
unstable. Ministry of construction and transport announced that these unstable slopes should be
taken care as soon as possible to establish the safe and comfortable country. In order to protect
against unstable slopes, it is very important to take prior countermeasures. Some government
agencies intended to change their conventional safety codes for rock slope and rock fall and to
include modern numerical methods. DDA is one of the candidate tools to analyze rock slope
stability problems and to use for designing such countermeasure structures (Ishikawa et al., 2004,
Hamasaki et al., 2004, Osada et al., 2004, Wu et al., 2003 and Wu et al., 2004). However, in DDA
analyses, how we can determine necessary parameters is not clear yet and engineers are still
skeptical to use DDA in design works.

Figure 1 shows an example of DDA analyses (Monma et al., 2004). This rock slope failed in
March, 1999 and its falling process was recorded by a video camera. DDA analysis was done
to estimate the failure mechanism, but we encountered the difficulties of determining many
parameters involved in the DDA calculation. Some parameters are obtained by various tests, but
some are determined by try and error process. Final results of calculation gave us a lot of hints how
the combination of blocks interactively moved (Wu et al., 2005).
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Fig. Ha). Rock slope
before failure,

Fig. 1{b). Sketch of
jointed rock mass.

FoofSaepn 300 Thmer 2By

Parameters used in DDA are rock mass densities,
elastic moduli of rock blocks, the penalty coefficients,
viscosity (damping) of blocks, joint friction coefficient,
velocity energy ratio, time increment, allowable
displacement in a time increment and so on. Who can
determine these parameters with confidence?

Here, we will discuss the feature of DDA in
relation to the basic eguations with respect to rock-fall
phenomenon and some new parameters to be considered in
an earthquake dynamic problem. In this discussion, we
simply focused on the relationship between numerical
stability, calculation precision and the parameter
characteristics in DDA calculations. Although we pick up
a rock-fall phenomenon as an example, the discussion can
be extended to general DDA analysis (Wu et al., 2003).

f2) Sopria6n Time: 7 82s

Fig. 1(c}). DDA model at 3.28 sec from the Fig. 1(d). DDA model: Slope failed at 7.82s¢c.

beginning.

2. DDA Parameters

In order to get an accurate solution for a complex rock condition in DDA analyses, we should
know how the equation behaves and how the DDA parameters interact in the problems.

Here we discussed the parameters for DDA analysis as follows,
(1) Damping effects and viscosity
{2) Energy loss before and after contact or collision
{3) Concerning the balance of numerical stability in the kinematic equation
{(4) Viscous damping boundary for dynamic earthquake analysis

2.1. Kinematic equations of motion (Basic Equation)

DDA (Shi, 1984) is formulated from Eq. (1) using the kinematic equations based on Hamilton’s
principle and minimized potential energy expressed by:

Mii+Cu+ Ku=F (1)
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where, M: mass matrix, C: viscosity matrix, K: stiffness matrix, F: external force vector,
ii : acceleration, U : velocity, and u: displacement of the center of a block.

Although the original DDA do not include viscosity term, the viscosity matrix of a body C in
Eq. (1) can be rewritten as follows in terms of viscosity 7, and mass matrix M:

C=nM (2)

The physical meaning of viscosity 7, is the damping of the rock and rock mass itself and also is
extended to other viscous effects.

The kinematic equation of motion Eq. (1) is solved by Newmark’s £ and ymethod by using
parameters § = 0.5 and ¥= 1.0, and the algebraic equation for the increase in displacement is
solved for each time increment by the following three equations (Hatzor et al., 2004):

K -Au=F 3)
. 5 2 2n
with K=—M+—M +—(Ke+ K, 4
. 2 .
F=a(xM -u)+(AF—ZI0'dv)—M0{(t) (5)

where, Au: incremental displacement, K,: stiffness matrix of linear term, Kj: initial stress matrix
caused by rigid rotation, and o(r): time history of earthquake acceleration, p° is mass density
before deformation and p° is mass density after deformation. Usually &0 =1 in small deformation
of rock blocks and K; is neglected. p

2.2. Discussion on damping effects
2.2.1. Parameters for quasi static and dynamic problems

Here, our discussions focused on Eq. (4) and Eq. (5). The original DDA uses the parameter “a
(k01 in other literatures)” in Eq. (5) and it is defined as “a=0" for quasi-static problems and as
“a=1.0” for dynamic problems. In the case of earthquake or rock fall dynamic analyses, we
empirically have known that the parameter “a” could be set in the range from 0.90 to 0.99 to
achieve a stable solution (Tsesarsky, 1994).

As an example, here we assume a=0.95, then,

2 0.05% 2
{A—tzM — M +K A+ K]} Au= 095(—M i)+ (AF — Zjadv) Ma() (6)

During discussions among us and Prof. Hatzor, he pointed out that the result of Eq. (6) is
equivalent to introducing a 5% viscous damping defined as 7, in Eq. (2). To check this idea, let’s
make calculation.
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0.05x2

A

M} Au —005{——M} Au= OOS(—M -——-u) 0.05(M)-u @)
As aresuit, this equation is equivalent to defining 77, = 0.05 in Eq. (2).

However, the above definition can only be used on a homogeneous model. In inhomogeneous
or more complex models, our choice is to use Eq. (4) with 7, = 0.05.

2.2.2. Viscous damping

Eq. (1) include viscous matrix C to represent various damping effects such as damping of the rock
and rock mass itself and also air resistance around the rock surface when it flies. Chen er al
(Ohnishi et al., 1996) and Shinji et al. (Shinji ef al., 1997) proposed to use viscous damping to
consider energy losses during rock fall. Energy loss may be caused by rock crushing, rock plastic
deformation, drug force of grass and woods on the ground, etc. However, there is no general
criterion to determine the viscous coefficient. The selection of the coefficient can be done by trial
and error procedure or back-analysis of experiments.

2.2.3. Newmarkalgorithmic damping

According to the previous studies (Wang et al., 1996), the time integration method in DDA is one
of the Newmark-type approaches, and Newmark-type equations can be expressed as follows:

let A= and V = u

(At ”’)

At = VWA 2 (1-28) AT + (Ar™)? fATD (82)

Ve =y 4 (1- ) AP + Ar P yATD (8b)

where “A(n + 1)” is the acceleration vector at time step n + 1, the parameters “” and “y” define
the variation of acceleration over the time step and determine the stability and accuracy
characteristics of the method. With the Newmark-type approach, the requirement for unconditional
stability is satisfied when 28> y> 0.5.

The time integration scheme in DDA introduces 8= 0.5 and y= 1.0; this is equivalent to take
the acceleration at the end of the time step to be constant over the time step. This approach
confirms that DDA approach is implicit and unconditionally stable.

Supposed that one rigid particle with mass “M” and weight “w” is located at the height of “h”
above the ground level, and the spring with stiffness “k” always connects the particle to the ground
shown in Figure 2. The initial velocity of the problem is 0. No damper is concerned in the system,
and the time integration method to calculate the particle behavior is the same as DDA. With the
gravity load, the particle should do SHM (simple harmonic motion) from its equilibrium position
without any energy losses. If —x0 is the equilibrium extension at which the force of spring and
gravity balance, then

w:—Mg:kxo ¢))



For any extension x, the net force on the falling particle is

F=-Mg—kx=—~k(x—xp)=—kx'
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(10)

where, x’=x-X, is the displacement from the equilibrium position.

Particle A

_T_

!

Fig. 2. Simple Particle-Spring Connecting System.

According to Newton’s second law (F=MA) applied to
the particle, which means

A=——k—x'

M an

Since the acceleration A=d*x’/dt?, equation (11) can be

rewritten as

Equation (12) is the same form as the simple harmonic motion with an angular frequency

Hence, the displacement from equilibrium can be given as

x(t) = (Amp)sin(@x + @) = (h + xo) sin(@r + @)

k

(0=M

2.4
%+Mk—x'=0 (12)
(13)
(14)

where “Amp” is the amplitude of the oscillation, and “¢” is the phase constant.

Height (m)

E=N

=)
|
——

Simulation Results
Analytical Solution

J

!
———_

Fig. 3. Simulation Results with Time Delta Equals to 0.0001 sec.

0.1

By introducing the numerical
method analyzing the same problem
with weight (w) equals to 26.0 kN,
the height (h) is 4 m, the spring
stiffness (k) is 3000 MN/m, and
the time interval equals to 0.0001
sec, the simulation result in
Figure 3 shows the particle
track with “damping”, and the
total potential energy (including,
potential energy, kinetic energy
and the spring energy) decreases.
In addition, the total energy
decreases exponentially with time,
and the relation between total
energy and the time can be
expressed as follow:
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TotalEnergy = E, e (15)

where, “Ey” is the initial total energy, “t” is the time, and “A” is the coefficient of damping .

As shown in Fig. 4, it is clear that the “coefficient of damping” is related to not only the
spring stiffness but also the time interval (Wu, 2003). These results indicate the existence of
algorithmic damping in the numerical analysis when the system is “particle-spring connected”,
which was pointed out by many researchers (Ishikawa et al., 2003). In addition, the coefficient of
damping increases with the time increment and spring stiffness in the computations.
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Fig. 4. Relationship between Coefficient of Damping and Time Increment Contact Spring Stiffness.

2.3. Characteristics of the numerical stability of kinematic equation matrices
(Effect of time increment)

We discuss the characteristics of the numerical stability of the global matrix as Eq. (4).

K= iM+277M+p S[Ke+ K] (16)
At At p

The characteristics of matrix K are expressed as an Eigen problem:

2 20,, P
[(Zt—zMJf AIM+p 5K+ KD — A1{¢) = A{¢) an

where, A : Eigen value of the matrix [A], { @ }: Eigen vectors.
The solution condition for the calculation except zero solution is defined by:

detl(~2 M += ’7M+——[1< +K D= AI=0 (18)
At At

The inverse matrix of K is expressed by Eigen values and Eigen vectors.
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2n _
[——M M +——[1< + K1 Z(—’)M (19)

i=1

The cancellation of significant digits depends on the spectral radius as the condition number of
matrix [A] defined in Eq. (20).

Amax
lmin

Cond[A] = (20)

where, 4., : the maximum Eigen value of the matrix [A], Ay, : the minimum Eigen value of the
matrix [A].

In the case of a condition number under 1,000, the numerical solution is stable in experience.
Poor conditions of the matrix K depend on the time increment.

2 2
[=5M +51M +2 K+ K 1=IA] @1)
At p

The existence condition of a solution to matrix [A] is positive definite and the condition is defined
by Eq. (22).

det[A]#0 (22)

One factor inducing instability in matrix [A] is selecting a very small time increment At for
instance. As a result, the first term on the left hand side of Eq. (21) becomes disproportionately
large while the third term on the right hand side of Eq. (21) becomes relatively small, and the
determinant of the matrix [A] is close to zero. Thereupon, the numerical condition of matrix [A]
becomes unstable as shown in Eq. (23).

c

—[K +K]<—2—M+—ﬂ (23)
For simplicity, we assume the stiffness matrix as follows:
pC
=10, [K.+K,]=[K] (24)
P
Eq. (23) is given by:
2
(K]ls—M (25)
At

As the conditions of matrix [A] become close to Eq. (25), the potential for numerical instability
increases. For simplicity, if Eq. (25) is shown one dimensionally as Eq. (26), the time increment of
the lower limit can be estimated.
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Ar < J=— (26)

Coordinate of Block Centroid in Y (m)

Fig. 5. Block drop and bouncing analysis.

If we use a smaller time increment than Eq. (26), the characteristics of the stiffness matrix [K] are
loosened and the solutions become unstable. For example, if we assume the rocks elastic modulus
1s 1 GPa (1,000,000 kN/mz), the area of the block is 1 m?, the unit mass is 25 kN/m3, then the time

increment is calculated by Eq. (27).
2x25
< f—= 27
Ar< ‘fl,OO0,000 0.007 (27)

The result of Eq. (27) shows that the chosen time increment might affect the optimal value. Hence,
the value of the chosen time increment should not be extremely small.

In the discussion with Dr. Wu (Wu, 2003), he pointed out that the algorithmic damping in
DDA diminishes as shown in Figure 5 if he takes a very small amount of time increment. However,
as indicated in the Egs. (26) and (27), too small time increment will cancel the existence of M in
Eq. (21) and consequently the algorithmic damping effect disappear. As a conclusion, we can only
choose a time increment in a certain range and can not avoid the algorithmic damping if we use
Newmark method with §=0.5 and y= 1.0.

2.4. Parameters for block contact (selection of the optimal penalty value)

The potential energy of the contact between discontinuous planes, and is evaluated by the least
squares method by using a penalty as follows:

R | ) ) 1 . .
n',si=5kN[(uJ—u'>-n]2—5kr[u+—u'r]2 (28)
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where, ky: penalty coefficient in the normal direction, kz: penalty coefficient in the shear direction,
a (i’ — ') - n :mount of penetration in the normal direction, u;: amount of slip in the shear

direction, and n: direction cosine of the contact plane. The global stiffness matrix with Penalty is
expressed by:

)
K e . . . Kin uJ i
(Kii+KN+KT) " (Kij—~KN=-KT) 5 <ui>>_<fi+(ui—uj)(KN+KT)>
Kji-KN-KT) = (Kj+KN+KD ¢ ||u, i+ Gu—udxn+kr)
Lknt o e a Kmdlun)) fa )

29)

In the case of dynamic analysis, especially for rock fall problems, the reaction forces of contact
blocks are defined on the right hand side of Eq. (29). If we choose a large value for the penalty
coefficient, the reaction force becomes very large, and then the rebound motion of the block is also
very large. Accordingly, the penalty coefficient might be chosen as the same value as the elastic
modulus of the penetrated block side, which would result in a very large value as defined in
Eq. (30).

(Elastic modulus) x (block area) / (penalty coefficient) 30)

In the event that the value of Eq. (30) is less than 1/1000, this condition is equivalent to a
small block or a small elastic modulus of the materials. In this state, the cancellation of significant
digits results on the left hand side of Eq. (29) between the block stiffness and penalty, hence, the
characteristics of the block stiffness are dispersed and the solution diverges. Therefore, we should
also select the optimal penalty value.

2.5. Restitution coefficient (bouncing phenomenon)

It is important to have the best possible knowledge of rock-fall trajectories and energies in order to
determine accurate risk zoning and construct adequate defense structures near the threatened area
(Fukawa et al., 2005 and Yang er al., 2004). The ground’s restitution coefficient is evaluated
according to the ration between the total energy of the falling block before and after its impact on
the ground.

Motion of a rock at bouncing is mainly observed to analyze restitution (repulsive) coefficients
and velocity energy ratio. In DDA rock-fall simulation, mass density, elastic modulus and
Poisson’s ratio are used as input parameters. In addition, viscous damping coefficient and velocity
energy ratio to control the bouncing motion and rolling of rock-fall are required in DDA. Energies
are assessed by measuring both rotational and translational block velocities, slope inclination and
sizes of the block at impact.

When a block drops on a ground, it bounces and settles with energy loss. This energy loss
phenomenon can be modeled by Restitution coefficient (Rn: normal direction, Rt: tangential) and
velocity energy ratio ( ) as shown in Figure 6 that are defined on the basis of the repulsion



68

between falling rock and slopes. Since the velocity is a vector, it is direction dependent. As
discussed above (Section 2.2.), this energy loss may be modeled by viscous effects.
Many experiments of rock-fall in-

Vo mi2 V2 situ  have been reported and their
}/ =2 ol = 3 s

Uy mp2 vz parameters have changed on each site

- (Ohnishi ef al., 1994). The magnitudes of

change for this parameter have yet been

Rn = Vgos 4 unknown. We still are under investigation

Vywvelocity of incidence V1008 o with recorded data for falling rocks in
Fy:velocity of reflection field experiments (Hagiwara er al., 2004,
a:angle of incidence V.sin £ Ma et al., 2004, Sasaki et al., 2002,
#:angle of reflection Rt = "I;];"“m" Sasaki et al., 2004, Shimauchi et al.,

2004 and Wu et al., 2005).

Fig. 6. Definitions for velocity energy ratio.

2.6. (Additional discussion) viscous damping at block contact

It is an important issue to discuss whether DDA can simulate earthquake response of (rock)
structures like as FEM. In FEM analysis it is conventional to prevent the reflection of seismic
waves from the boundary to the soil mass in the analysis area by using dash-pot damping elements
as shown in Figure 7. We therefore introduce Voigt-type viscous damping elements between
blocks as shown in Figure 8.

DDA was formulated by defining penalty parameters for the normal direction X, and the shear
direction K. we also introduced parameters for the normal damping 77, and the shear damping
1, based on the original DDA theory. In the case of Voigt-type damping, the penetration d and
the velocity strain d/At are expressed by:

; d
f,=f,,+f,,=pd+77p-d=pd+77pE 3D

The total reaction force of the penetration f; is expressed as the summation of the force by
penalty f, and the force by dash pot f; as follows:

n n
ﬁ=f,,+fn=pd+fjd=(p+fﬁ)d (32)

The potential energy of the penetration between blocks considering contact viscous damping
is expressed by:

1
Hp,,=ﬁd=5(p+Z—‘t’)d2 (33)

As a result, the penalty value is expressed by the function of the penalty, the viscose
dumping coefficient, the penetration displacement and time increment as shown in Eq. (33). This
formula automatically introduces the influence of the velocity of penetration, and this scheme can
save the surplus penetration.
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Fig. 7. Boundary conditions for earthquake response analysis. Fig. 8. Voigt-type viscous damping of friction.

3. Conclusion

The Japanese research group has been working on studies of the DDA and Manifold method in
terms of its application to actual problems since 1991. Some of the discussion results in our group
were shown in this paper. Many problems are still left unsolved when we try to use DDA in
practical application.

Here, we introduced a discussion of the parameters for calculation with a focus on damping
effects, selection of the eptimal penalty value, range of time increment, understanding of bouncing
or collision energy loss, and viscous boundary. Many practical problems are examined by Japanese
research groups in view of these parameters. Yet we can not find the best estimate of DDA
parameters to be used in calculation. We should be careful that DDA must be used to keep in mind
the characteristic behavior of DDA.
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THE ROLE OF ON-SITE ENGINEERING IN UNDERGROUND PROJECTS
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In the planning and design phases of underground structures, the information on geological setup, the rock mass
structure and characteristics necessarily is incomplete and inaccurate. To allow for a safe and economical
construction, a continuous updating of the ground model and an adjustment of the construction methods to the
actual site conditions is required. For a smooth construction process, the conditions ahead of the face have to be
predicted, and the ground surrounding the tunnel characterized. Based on this updated model the ground
behaviour can be assessed, and the final layout of the construction determined. The expected interaction
between ground and support (system behaviour) forms the basis for the monitoring program and the safety
management plan, which includes warning and alarm criteria.

As all decisions on site have to be made quickly, data acquisition, processing and analysis have to be well
organized. Highly qualified and experienced geotechnical personnel, as well as appropriate site organization and
contractual conditions are required to allow for a short reaction time to changing conditions.

A number of tools and methods have been developed, which contribute to a more reliable assessment of
rock mass structure and behaviour, which again enables a more precise determination of excavation and support
methods. Digital stereo photos allow a precise evaluation of the rock mass structure, while advanced software
for the evaluation of displacement monitoring data and prediction of displacements assists in predicting and
controlling the performance of the underground structure. Up to date methods of monitoring data evaluation and
interpretation will be demonstrated with the help of case histories.

A key issue is the accurate prediction of the displacements in their development and final magnitude.
Appropriate software can support engineers in assessing displacements and stresses of tunnel supports.

The experience of on-site personnel in general is limited, and may not cover specific problems encountered
on site. In the past experts had to be brought to the site and briefed on the conditions to solve such problems.
This is slow and inefficient, as the level of information might be not sufficient or time consuming to upgrade.
With the Internet nowadays an exchange of information is easy, allowing experts to give a profound advice,
even if they are not on site.

Keywords: Tunnel design, monitoring, face mapping, on-site-engineering.

1. Introduction

Even with a good geological and geotechnical investigation and an up to date design, the
adjustment of excavation and support to the local conditions has to be done on site in order to
achieve an economical and safe tunnel construction. The uncertainties in the ground model
increase with increased overburden and the complexity of the geological conditions. Considerable
effort and expertise is required to continuously update the ground model, predict ground
conditions ahead of the face, identify possible failure modes, determine appropriate excavation
and support methods, and predict and verify the system behavior. The increased information
gathered during construction allows a more precise ground characterization, and thus an optimal
adjustment of the construction method to the ground behavior and required system behavior.

Many serious problems during tunneling arise from so called unexpected geological
conditions. This may involve the late detection of faults and fault zones, but also the inflow of
ground water. To minimize damages and losses due to such conditions, efficient and continuous
site engineering is required.

To allow successful implementation of an observational approach, several technical and
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organizational conditions have to be fulfilled. First of all consistent procedures for the
investigation, ground characterization, and design have to be devised (OeGG, 2001). Then the
range of possible ground behaviors have to be assessed and the limits of acceptable system
behaviors defined. On site the implementation of a monitoring program targeted to the expected
behavior must be implemented in an appropriate density. Processing, evaluation and interpretation
of monitoring results has to be done sufficiently rapidly to allow mitigation measures to be
implemented in time. Last, but not least, the site organization shall allow an efficient decision
making process and a rapid implementation of required measures.

2. The Role of On-Site Engineering

Although the general nature of the ground may be known prior to construction, an accurate
prediction of the internal structure is impossible. Thus the ground model has to be continuously
improved during construction. Monitoring and data collection have to focus on the specific
problems associated with project. An important part of the on site activities of geologists and
geotechnical engineers is the prediction of the ground conditions in a representative volume ahead
of the tunnel face and around the tunnel. Only if a relatively accurate model exists, can
appropriate excavation and support methods be selected, and the expected system behavior
predicted. A second very important task is the monitoring of the system behavior after excavation,
and the assessment of its compliance with the prediction.

2.1. Geological tasks

On many sites the site geologist is used only to document the actual geological conditions. This
usually is done in the form of face maps, with a later compilation into longitudinal sections and
plan views. This may help in defending or supporting claims, but is not sufficient to allow for a
reasonable adaptation of the construction to the actual conditions. To fulfill the requirements of an
observational approach, the geologist has to continuously update the geological model,
incorporating the observations on site. As many of the decisions during construction have to be
made prior to the excavation, like round length, overexcavation, lining thickness, etc. the
geologist also has to predict the ground conditions ahead of the face and in a representative
volume around the tunnel. To enhance the accuracy of the prediction, a continuous observation of
trends of certain parameters is required. For efficient data management and evaluation data base
systems with advanced statistical and probabilistic features can be used (Liu et al. 1999).

2.2. Geotechnical tasks

The information gathered by the site geologist is further processed by the geotechnical engineer,
forming the basis for decisions on construction method, monitoring layout and reading frequency,
to name a few tasks only. To allow decisions to be taken in time, all data recording and evaluation
has to be done quasi in real time, and the relevant data have to be always available to all parties
involved in the construction. Internet based information platforms can be used for that purpose,
allowing also off-site experts to keep track with the information flow. Based on the geological
model, the geotechnical engineer has to update the ground model by assigning properties to the
geological features. Then the ground behavior (ground reaction on excavation without support)
for the section ahead is evaluated, possible failure modes identified, and excavation and support
methods assigned. To support the geotechnical modeling, the monitoring results of the previously
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excavaled sections can be used. In a next step, the system behavior (combined behavior from
ground and construction measures) is predicted and compared to the requirements, like
serviceability, compliance with limitations (subsidence, vibrations, etc). Based on the
recommendation of the geotechnical engineer the Engineer under consideration of contractual
aspects fixes the construction measures. In case those deviate from those recommended by the
geotechnical engineer, the expected system bebavior has to be re-cvaluated.

The geotechnical engineer also has to determine the monitoring layout and program, which
should be targeted to capture the expected behavior. Once the expected system behavior is
determined and the monitoring conducted, the observed behavior is compared to the predicted
one. Deviations from the normal or predicted behavior have to be assessed, and in case of
unacceptable developments mitigation measures proposed. Waming and alarm criteria and
respective mitigation measures are laid down in a geotechnical safety management plan, jointly
developed by the designer and geotechnical engineer on site.

3, Tools to Assist in Data Collection and Evaluation

3.1, Prediction of ground conditions

Predicting the ground conditions can be separated into two parts, the geological modeling and the
geotechnical prediction, which is mainly based on evaluating and interpreting displacement
monitoring data. A close co-operation between the disciplines is required to be able to produce a
reliable prediction of the ground conditions ahead.

Basis for the geological modeling ahead of the face in general is the observation of trends of
structures, recorded in the excavated section. Traditional manual face mapping increasingly is
supported by up to date 3D image systems (Gaich et al. 2004, 2005). Figure 1 shows an example
of a 3D model of a tunnel face with measurements of discontinuify orientations taken from the
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Fig. 1. 3D image of a tunmel face with measurements of discontinuity positions and orientations, and statistical evaluation
of discontinuity data with JointMetrix3D Analyst.
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image. In this way an unbiased evaluation of the geological situation is possible. In contrast to
hand sketches, and discontinuity orientation measurements with the compass, with the images the
information is complete and accurate, as the images are calibrated and metric. Orientations of
joints can be measured from joint planes or joint traces. The evaluation software also offers
options to measure bedding thicknesses, joint bridges, areas and distances.

A series of evaluated images of successive excavation faces allows predicting the rock mass
structure and quality of a representative volume ahead of the face and around the tunnel by
extrapolation. This, combined with the structural geological evaluation can lead to a pretty reliable
geological model, forming the basis for predicting ground behavior, which again is the basis for
the determination of required construction measures.

3.2. Advanced analysis of displacement monitoring data

The geological modeling preferably is supplemented by an analysis of the monitored
displacements. It has been shown, that the trend of the spatial orientation of the monitored
displacement vector can be used to identify changes in the rock mass quality ahead of the tunnel
face (Schubert et al. 1995, Steindorfer 1998, Grossauer et al. 2003). Figure 2 shows the results of
a series of numerical simulations, where the development of the stresses, displacements, and
displacement vector orientations for a tunnel crossing a weak zone are shown.

Figure 3 shows an example of an Alpine tunnel, where the displacement vector orientation
trend (L/S) significantly changes already when the face is several tens of meters ahead of a fault
zone. At this project, the normal displacement vector orientation in quasi homogeneous ground
was in the range of 4° to 9° against the direction of the advance. From about station 1100m a
deviation of the vector orientation from the normal range can be observed. The peak of the
deviation is reached right at the transition between sound rock and fault zone. With further
progress of the excavation through the fault zone, the trend of the displacement vector orientation
first tends to the normal range again. When the heading is within the fault zone, the trend of the
displacement vector orientation deviates to the opposite side of the normal range, indicating the
stiffer rock mass behind the fault zone. For extended fault zones, the displacement vector
orientation generally returns to the “normal” range again, until the influence of the boundary to
the more competent rock mass is indicated by another deviation. This information can be used to
estimate fault zone extensions.

As a general rule it can be stated, that the higher the stiffness contrast between faulted rock
and neighboring rock mass, and the longer the fault zone is, the larger is the deviation of the
displacement vector orientation from the normal range. It has been shown by Grossauer (2001),
that this is valid up to a certain critical length of a fault zone. As for fault zones with an extent of
less than about three to five tunnel diameters, a certain arching between the more competent rock
masses can be observed, also the displacement magnitude within the fault zone is smaller than in a
fault zone with a large extension.

Displaying the spatial displacement vector orientation in stereographic projection, the
orientation of faults outside the tunnel profile can be determined with some accuracy. Naturally
also the virgin stress field and anisotropy of the rock mass influence the displacement vector
orientation. Thus for each project the range of “normal” displacement vector orientation will be
somewhat different.
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Fig. 2. Distribution of stresses along the sidewall of a tunnel when the tunnel penetrates a weak zone (upper). Development
of displacements, when the tunnel penetrates a weak zone (center). Trend of displacement vector orientation (lower) shows
a clear deviation from its normal when the heading approaches a zone of different stiffness already a few tunnel diameters
ahead of the transition. The different lines show the influence of different stiffness contrasts between soft and stiff rock
(Grossauer, 2001).
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Fig. 3. Deviation of the displacement vector orientation from the “normal” several diameters ahead of a fault zone. When the
excavation passcs the fault zone the deviation in the opposite direction indicates stiff rock mass ahead again.

3.3. Prediction of displacements

Once the geological-geotechnical model for the region ahead of the face has been established, the
support and excavation measures can be determined, and the expected displacement development
predicted. Sellner (2000), based on research conducted by Sulem et al. (1987) developed software
(GeoFit®) allowing the prediction of displacements considering varying excavation sequences,
advance rates and different supports. With this tool it is not only possible to predict the
development of the displacements and the final displacement magnitude, but also the effect of
different supports. Figure 4 shows such a prediction of the displacement development for a
shallow tunnel in a tectonic mélange. The excavation was done in a top heading-bench-invert
sequence. The shotcrete-rock bolt support is supplemented by a temporary shotcrete invert in the
top heading. Based on an assumed construction progress, the development of the displacements
for the top heading without temporary invert is predicted (dashed line). Then the temporary invert
is added, showing in a decrease of displacements. In a third step the additional displacement
caused by the bench and invert excavation are predicted. This approach allows an assessment of
the effectiveness of various support types and the influence of the construction sequence on the
development of displacements in a very early stage. With some experience, the displacement
development can be predicted already a couple of hours after excavation, if readings are taken in a
sufficiently short interval. If it for example shows, that displacements would be in an unacceptable
range, support can be increased, and the efficiency immediately simulated.
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Fig. 5. Comparison of the measured displacements (circles) to the predicted ones (full lines)
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During excavation, the measured displacements can be compared to the predicted ones
(Figure 5). The big advantage of such a tool compared to traditional plots of the displacement
history only is the fact that also for unsteady advance a clear assessment of the normality of the
system behavior is possible.

It has been shown in many applications that the empirical formulations used in GeoFit® for
the prediction of displacements very well reflect the ground reaction. Deviations from the
predicted displacement development thus can be attributed to unusual behavior or failure in the
ground — lining-system. A reasonable application of the software however needs quite some
experience.

The previous example shows an excavation with a very steady advance rate. In such cases the
interpretation of displacement history diagrams is pretty simple, as the displacement rate should
continuously decrease with increasing distance between face and measuring section. More
challenging is the assessment of the normality of the system behavior in case of an unsteady
advance. Figure 6 shows an example, where a weak zone in the ground to the left of the tunnel led
to overstressing, showing in a pronounced deviation from the predicted displacement
development. If the comparison between predicted and measured displacements is done routinely,
such deviations can be easily detected, and mitigation measures implemented in time.

i Genfit - Prediction of Displscements - Yarsion: (. 05-08-2003)

Top Heading  lnvert 1LH,  Bench  inved

Fig. 6. Deviation from the predicted “normal” behavior, indicating destabilization of the tunnel.

In addition the prediction is used to determine the required overexcavation to allow for the
expected displacement without impairing the clearance after stabilization of the tunnel. This in
particular is of importance when tunneling in fault zones, as the final displacement magnitude may
vary in a wide range, depending on the rock mass structure and quality, and it is well known, that
reshaping is extremely expensive.
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3.4. Check of lining stresses

For shallow tunnels in urban areas usually a pretty stiff lining is used to minimize ground
deformations. As such linings tend to fail in a brittle mode at low levels of deformation the
evaluation of the displacements only does not provide a reliable indication of the state of stress.
The results of 3D optical monitoring can be used to evaluate the strain development. With an
appropriate material model, considering time dependent hardening and strength development, as
well as the effects of shrink, iemperature and creep, the actual siress level in the lining can be
evaluated (Schubert, P. 1988, Aldrian 1999, Rokabr ef al. 2002, Hellmich ef al. 1999, Macht
2002, Tunnel:Monitor, 2006).

Fig. 7. Evaluated stress level in shotcrete lining with the software Tunnel:Monitor

The evaluation of stresses in the lining not only can be done after monitoring results are
available (Figure 7), but can be predicted on the basis of the predicted development of the
displacements.

In tunnels with high overburden and weak ground, the deformability of the lining in many
cases is not sufficient to cope with the displacements without failure. Checking the expected
lining stresses on the basis of the expected development of the displacements can help in making
the right decisions for excavation and support. While in some cases, where the expected stresses
in the lining only slightly exceed the strength, a reduction in progress rate might give the shotcrete
enough time to develop strength, in other cases ductile linings could be required (Moritz, 1999,
Button et al. 2003).

Figure 8§ shows an example of the evaluation of a shotcrete lining utilization for an expected
development of displacements. Due to the low strength of the shotcrete at an early age, the
stresses would exceed the strength after one day (upper diagram). Thus either a reduction in
excavation rate, or a change to a ductile lining are required. As a reduction in excavation rate will
be acceptable only in cases of short sections of weaker ground, the change to ductile supports will
be the reasonable measure for longer sections. With the incorporation of ductile support elements
into the lining, the stress intensity is re-evaluated. The lower diagram in figure 8 shows the
development of the utilization for the ductile lining. The maximum utilization rate is only 50% of
the lining capacity.

The combination of comparing predicted to the measured displacements, and the check of the
lining utilization considerably contributes to a reduction of “surprises” during tunneling.
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Fig. 8. Development of lining utilization factor for a stiff lining, using predicted displacement development (upper
diagram), and lining utilization for a ductile lining (lower diagram)

4. The Role of Off-Site Experts

In most cases it is impossible to maintain appropriately experienced staff on site to cope with all
expected and unexpected scenarios. For an optimal construction the involvement of experts is
required. This involvement may be necessary only for short periods or over the whole
construction time, depending on the complexity of the ground conditions, and the expertise
available on site. The traditional way of acquiring external expertise is to call in an expert to the
site, brief him on the situation, and expect a sound advice within hours. This procedure is not only
time consuming and expensive, but also inefficient, as even nowadays nobody carries all the
supporting hard- and software around the world. In addition the appropriate expert might be
unable to allocate the time to go to a site being far away from his office.

The solution to this problem is to allocate appropriate experts for the problems expected
which support the on-site staff from their offices in case needed. Data exchange and information
is done via Internet.
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4.1. Requirements

It is recommendable that already in the pre-construction phase the respective expert(s) are
contacted and made familiar with the project. This will generate some costs, but is a good
investment, as a familiarization during the construction inevitably leads to delays and/or lower
quality advice.

Depending on the problems expected during construction, the type of data, their quality and
quantity need to be determined. In general this will be geological data from face mapping and on-
site modeling, data on excavation and support, and in particular displacement monitoring results.
Photos can supplement the information. As the experts working off site cannot acquire a personal
impression and thus lack a bit a “feeling” for the ground conditions, the data collected and
transmitted must be objective, complete, and of high quality.

The format of the data has to be agreed upon to allow a processing in the office of the
expert(s). Preferably the data are uploaded to a server, to which the expert(s) have access at any
time.

4.2. Co-ordination with site staff

For a successful co-operation between the expert(s) and the on-site geological - geotechnical staff
a start up meeting is very useful. In this meeting the site conditions should be discussed, as well as
other boundary conditions clarified, like site organization, reporting scheme, etc. As in many
cases the external expert(s) will not be involved on a daily basis, but more intensive in times of
more critical geotechnical conditions, rules have to be established for the alert of the expert(s).
This may be done by fixing warning and alarm criteria as appropriate.

5. Conclusions

The uncertainties associated with underground construction call for continuing design during
construction. A continuous adjustment of the excavation and support methods to the actual rock
mass conditions contributes to safe and economical tunneling.

A prerequisite for successful application of such an observational approach is an appropriate
basic design, which should incorporate means and tools to cope with difficult conditions. Another
must is the implementation of an adequate monitoring system, allowing the acquisition of accurate
data in due time. The huge amount of data obtained during excavation needs to be processed,
evaluated and interpreted. For an efficient decision process the results have to be available
practically in “real time”, which requires equipping the site with advanced software for data
management and evaluation. Quite some progress was made in this respect over the last decade.

Interpretation of geological, geotechnical, and monitoring data due to the complexity of the
ground and the interaction between ground and construction still relies a lot on education and
experience. Responsible owners account for this by hiring qualified geotechnical personnel for the
site assistance. Not only can qualified staff contribute to reduce accidents and damages, but can
also identify opportunities to make the construction smooth and economical by optimally
adjusting construction methods to the encountered ground. Hard- and software for the collection,
processing and evaluation of monitoring data have enormously improved over the last decade.
Last but not least, the contractual setup has to allow the continuous optimization of the
construction.

Internet has made it possible to involve also off-site experts at comparatively low cost in real
time. All data can be made available on a server, allowing to follow up the construction from any
part of the world.
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Rapid development of tunnel boring machine (TBM) technology accelerates the extensive application of TBM
in rocks and various geological conditions. TBM rock tunnelling is becoming a competitive approach, to the
conventional drill and blast method. Over the years, many researches have been conducted to understand the
rock fragmentation mechanism by TBM cutters, and to improve and predict the TBM performance in various
rock masses. However, due to the complexity of natural grounds, TBM tunnelling still faces many challenges.
This keynote paper examines rock fragmentation process, influence of joints and mixed face conditions on
fragmentation and cutter force differentiation. Some of the studies show a prospect for improving TBM cutter
and cutterhead design. The encountered problems in complex ground during TBM tunnelling are highlighted,
and elaborated with examples. Finally, the needs for future research and development are proposed.

Keywords: Tunnel boring machine; Rock mass; Excavation; Fragmentation mechanism.

1. Introduction

The use of tunnel boring machine (TBM) can date back to 19th century. In 1851, American
engineer Charles Wilson invented a tunnelling machine, which is generally considered as the first
successful continuous borer for rock (Askilsrud, 1998). However, successful TBM tunnelling in
hard rock ground only started in early 1950’s when James S. Robbins redesigned and
manufactured a TBM of 7.8 m diameter and 149 kW. Since then, the development of TBM has
made a great progress. Rapid development in technology greatly improves the capacities of thrust
and torque of TBM. The application of large diameter cutters with constant profile also permits
TBM to overcome hard abrasive rocks. Table 1 shows the improvement of cutter technology
including cutter diameter, cutter load, gauge cutter velocity and RPM. At present, the cutter size
can be up to 500 mm and the thrust per cutter up to 320 kN. Different TBM types, such as gripper,
open face, earth pressure balance (EPB), slurry, single and double shield, mixed shield and
convertible shield are designed to suit for the different ground conditions. TBMs have technically
reached a stage of development where a tunnel can be bored in any rock and ground. The
reliability of rock TBMs is increasingly improved and its performance including penetration rate,
advance rate and cutter wear has increased.

Nowadays, TBM is extensively utilized in rock tunnel excavation. For example, the
Lotschberg base tunnel in Switzerland with an overburden depth of up to 2000 m (Vuilleumier and
Seingre, 2005), was partially excavated by a gripper rock TBM with a diameter of 9.4 m. It had
achieved 40.5 m advancement in 20 hours in hard rock of 160-280 MPa. Tunnelling requiring
TBMs with larger diameter than ever before challenges TBM technology constantly. A TBM with
diameter of 11.74 m was used for the Pinglin tunnel in Taiwan (Tseng et al., 1998) and a TBM
with diameter of 12.84 m for the Hida tunnel in Japan (Miura et al., 2001). At the Kuala Lumpur
SMART tunnel in Malaysia, the TBM has a diameter of 13.20 m. The largest rock TBM at
moment is 14.4 m in diameter to be used for the excavation of the Niagara tunnel in Canada in
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limestone, sandstone and shale with strength up to 180 MPa. Tunnelling also encounters more and
more challenging grounds, due to increasing underground development and environmental
constraints. For examples, TBM are used for tunnelling in mixed-face and other complex grounds
in both mountain and urban areas. Tunnels of the Deep Tunnel Sewerage System in Singapore had
to frequently pass through rock-soil interface (Zhao et al., 2006). The Oporto Metro in Portugal
also encountered the mixed-face ground (Centis and Giacomin, 2004). Specially designed TBMs
are also been sought as a possible solution for complex geology after other methods had failed. It
was reported that the Hallandsas tunnel in Sweden, started in 1992 and stopped in 1997, will be
restarted with a mix-shield TBM of diameter 10.5 m to overcome poor gneiss rock mass with
extensive fissures and clay bands and a groundwater pressure of 13 bars.

Table 1. Cutting technology development.

Year Cutter diameters Avergge cutter Applicable cutter Design gauge cutter Design cutterhead
{mm) spacing (mm) force (kN/cutter) velocity, m/s RPM, rev/min
1956 280 55 - -
1970s 305 Generally from 60 100 - -
356 mm to 90 mm, 160 1.7 32/Dtsm
19805 394 ir_\creasing with the 190 2.0 38/Drem
432 increase of cutter 250 23 44/D1eMm
483 diameter 280 2.6 50/Drem
1990s 500 320 - -

Variation of ground at tunnel sites leads to different problems, in terms of boreability and tool
wear, support and instability, groundwater pressure and inflow, and overburden pressure and in
situ rock stress. Those problems remain challenges to TBM tunnelling. Generally, rock TBM
excavation encounters two major problems that concern rock mechanics. One is the rock mass
fragmentation by TBM cutters. It is relevant to the rock material and rock mass properties, rock
mass composites at tunnel face, and interaction between rock and machine (TBM cutter spacing,
cutterhead structure, thrust, torque and revolution velocity). The other is the tunnel stability and
support that is the same as the drill and blast method. Due to the inflexibility and mobility of TBM,
the rock pressure or squeezing ground may leads TBM stuck. This problem should be specially
considered in TBM tunnel excavation.

This paper discusses the issues related to rock fragmentation process induced by TBM cutters,
the influence of joint properties on fragmentation excavation, the challenges of complex ground
conditions to TBM, and finally the needs of research and development on TBM technology.

2. Rock Material Fragmentation by TBM Cutters

The rock breakage process under TBM rolling cutters may be divided into two continuous stages.
The first is indentation, that the rolling cutters are pressed into rock surface and then crack the rock
immediately beneath the cutter. The second is chipping, that cracks between two adjacent cutters
propagate across and join to form chips that can be removed.

The process of indentation on brittle rocks is well understood that when brittle materials are
loaded by an indenter, three different zones can be distinguished as shown in Figure 1 (Kou et al.,
1998; Chiaia, 2001). Immediately below the indenter, a hydrostatic core develops, due to the high
triaxial compressive stress induced beneath the indenter. Thus, this zone remains relatively intact.
It may collapse only by crushing. Outside this zone, a surrounding zone of large strains develops
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due to the push action of the core. In this zone, the micro-cracks are pervasive. Tensile cracks may
be initiated from pre-existing flaws in the material. There are basically three types of cracks,
namely median cracks, radial cracks and side cracks. Outside the crack zone, the material behaves
elastically. The loaded process of rock indentation test was divided into four stages including
building up of a stress field, formation of a crushed zone, formation of subsurface and surface
chipping and formation of crater (Cook et al., 1984).

%
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k22 -»|

Hydrostatic core

Elastic material Large strain zone
Figure 1. Indentation of brittle materials: formation of the hydrostatic core and of the large-strain zone (after Chiaia, 2001).

Gong et al. (2006) simulated the indentation process by single TBM cuiter in granite using a
discrete element modelling code. When the cutter firstly loads to the rock, a fan-shaped rock
failure zone is formed as shown in Figure 2a. The frontier of the failure zone is governed by tensile
failure. Immediately under the two corners of the cutter, the lateral cracks are initiated as shown in
Figures 2a and 2Zb. As can be seen, the zone immediately beneath the cutter remains relatively
intact. It is due to the high confining pressure, which leads to the phenomenon of hydrostatic
compression state. As the penetration increases, the crushed zone that is directly located under the
cutter is formed, as shown in Figure 2b. This zone is mainly compoesed of compressive failure
elements including numerous micro-cracks. With the increase of penetration, the minor cracks
zone is formed beneath the crushed zone, as shown in Figure 2¢. The minor cracks including
median and radial cracks mainly initiate from the tensile failure zone and propagate along the
tensile failure elements. The crushed zone is symmetric, as shown in Figures 2b and 2c¢. As the
penetration continuously increases, the crushed zone and minor cracks zone keep the same as
shown in Figures 2d, 2Z¢ and 2f. The main cracks extend along certain directions, for example the
median direction and lateral direction. The crack propagation is induced by the element tensile
failure at the tip of the crack. Based on the indention process, the crack initiation and propagation
process can be divided into three stages, namely the formation of a crushed zone, formation of
minor crack zone and major cracks propagation.

For tunnel excavation, when TBM cutters roll across a tunnel face, they continuously expand
the crushed zone beneath themselves, and cracks are initiated and propagated. One or more cracks
under the action of the rolling cutter may reach the free surface or propagate to meet the cracks of
the neighboring cuts. In these two cases, chipping occurs. The first case is similar io the chip
formation of a single indentation process. The latter is the interaction between two adjacent cuts. It
is directly relevant to the design of TBM cutterhead and the efficiency of TBM excavation,

The interaction process between neighbouring cutters is affected by the factors such as the
acting loads, line spacing of cutters and rock material properties. When the cutter spacing is too
large, cracks develop toward cutting face, reach free surface and then form small triangular chips.
The material between two cutters is left intact. When the spacing is too small or the load is too
high, longer but ineffective cracks can develop inward and meet in a steep angle. A trough
between the two cutiers is formed. For an optimum spacing, cracks are ideally propagated towards
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the neighboring cuts through a relative straight line which would be the shortest distance for crack
propagation and is approximately equal to half the cutter spacing (Rostami and Ozdemir, 1993).
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Figure 2. Indentation process by single TBM cutter (circle denotes tensile failure, cross denotes compressive failure).

The rock chipping process in granite by two TBM cutters was also simulated by Gong et al.
(2006). Figure 3 shows the crack initiation and propagation process in the rock with cutter spacing
of 70 mm. At the beginning, each cutter acts on the rock independently. The stress field built up by
each cutter is also independent. Two fan-shaped failure zones are formed beneath each cutter,
similar to that for a single cutter, as shown in Figure 3a. With the increase of the penetration, the
crushed zones are formed immediately beneath the two cutters as shown in Figure 3b. As the
penetration increases continuously, the minor cracks including median and radial cracks
continuously propagate. After that, the interaction between two cutters is observed. The side cracks
between two cutters change their extension direction and propagate toward each other. The chip is
not formed until the two cracks coalesce in the middle of the two cutters, as shown in Figure 3c. As
the penetration increases, the minor cracks zone remains the same. The main cracks including
median and side cracks develop continuously downwards and sideward due to the element tensile
failure, as shown in Figures 3d and 3e. With the built-up of the stress field, the development of
crack pattern is shown in Figures 3f, 3g and 3h.

Chip formation is greatly dependent on cutter spacing, critical cutter load and rock properties.
The critical cutter load required for chipping increases with increasing cutter spacing. As long as
the critical cutter load can be reached, the penetration rate will achieve the maximum value in that
granite at about cutter spacing of 100 mm based on the simulation results. This penetration rate is
more than twice of that for the cutter spacing of 60 mm.
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Figure 3. Two cutters interaction process (circle denotes tensile failure, cross denotes compressive failure).

3. TBM Cutting in Fractured Rock Mass

The previous section only shows the fragmentation process in brittle rock materials by TBM
cutters. In practice, the rock mass under excavation contains discontinuities. It has been well
recognized that existing joints and fractures in a rock mass facilitate the breakage, as they speed up
the formation of rock chips or rock blocks during cutting. Figure 4 illustrates the possible influence
of joint spacing and orientation on rock breakage process. There are two angles that may affect the
rock breakage process, the acute angle & between tunnel axis and joint plane, and the attack angle
J between cutter rolling direction and joint outcrop in the tunnel face, as shown in Figure 4.
However, when TBM advances, and cutter rotates in concentric circles, the angle § constantly
changes from 0 to 360 degrees. The effect of S therefore is evened out. As a result, only the effect
of the angle aris important and needs to be considered.
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Figure 4. Influence of joint spacing and orientation on rock fragmentation process.
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Figure 5. Effect of the joint spacing on the TBM penetration rate (St denotes fissures and Sp denotes joints).

Bruland (1998) divided discontinuities into three types, namely, fissure, joint and single
marked joint. Fissures and joints were then classified into five classes. Based on a large number of
case histories, a fracturing factor was obtained according to the type and class of discontinuities.
With the decrease of the joint spacing, the TBM penetration increases distinctly. This phenomenon
was observed at many TBM tunnelling sites.

Gong et al. (2006) simulated the influence of joint spacing on rock fragmentation process,
and then the penetration rate by TBM cutters using discrete element modelling. Due to the
existence of the joint plane beneath the cutter, the principal stress field is affected. It leads to the
variation of the rock chipping angle and chipping pattern. The growth of cracks terminates at the
joint interface which intersects the crack propagation. The simulation results of the effect of joint
spacing on TBM excavation are shown in Figure S. In this figure, P; denotes the penetration rate at
joint spacing S, and P, denotes the penetration rate without joints. With the increase of the joint
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spacing, penetration rate decreases. The results are compared with the field measurements by
Bruland (1998) also shown in Figure 5. The curve shape of the simulated results shows good
agreement with that of the field measurements.

In situ measurements in a homogeneous zone of schistose phyllite by Aeberli and Wanner
(1978) and in phyllite and phyllite-carbonate-schist inter-stratification by Thuro and Plinninger
(2003) showed that the advance rate of TBM increases with the increase of the angle between
TBM axis and the planes of schistosity. Bruland (1998) concluded that when the angle is equal to
60 degrees, the penetration rate reaches the largest value and with the increase of joint spacing, the
effect of joint orientation on TBM penetration decreases.

The effect of joint orientation on rock breakage process with joint spacing set at 200 mm was
simulated by Gong et al. (2005). The effect of joint orientation on TBM excavation mainly
concentrates on the changes of the rock chipping pattern in different angles. The simulation results
are shown in Figure 6. In the figure, Pa denotes the penetration rate at an angle between tunnel axis
and joint plane is equal to o, and Py denotes the penetration rate at o =0°. As the angle « increases,
the penetration increases until a reaches 60°, then the penetration rate decreases with increasing a.
The results are in good agreement with the in situ observations by Bruland (1998).
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Figure 6. Effect of joint orientation on the TBM penetration rate.

4. TBM Cutting in Complex Geology and Mixed Ground

When tunnelling in grounds with mixed geomaterials (mixed-face), the most paramount effect on
cutting process is the dynamic impacts on the cutters and cutterhead, which lead to tool damages
and cutterhead vibrations. Cutter wear, cutter bearing failure and abnormal cutter ring wear such
as pitted, chipped, flatted, multi-flatted wear or damage are usually high in such ground conditions.
Face instability, large groundwater ingress and ground settlement frequently took place in mixed-
face ground. In some cases, difficulties in cutterhead steering occur. These phenomena were
observed and reported by a number of researchers (Wallis 2000, Della Valle 2001, Blindheim
et al., 2002, Steingrimsson et al., 2002, and Zhao et al., 2006). In order to minimize cutterhead
vibration and dynamic impacts on cutters, it is of top priority to optimize TBM operation thrust
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and rotational speed. In practice, there is no definite approach to guide the TBM operation in the
grounds with mixed geomaterials.

The cutter force differentiation in the mixed face conditions using a finite element numerical
model was analyzed by Dong et al. (2006). Two cutters are applied with velocity loadings on the
tunnel face of two rock materials with different strengths. The force differentiation on two cutters
increases with increasing strength difference between the two materials. Based on the simulated
results, the correlation between a cutter force differentiation ratio and the rock strength ratio can be
obtained, as an example shown in Figure 7. With known area ratio of the hard to the soft portions
in the mixed face, the total thrust that the cutters can bear may be calculated. In order to prevent
large differential deformation of the cutterhead in the mixed face, cutter force differentiation can
be estimated for cutterhead stiffness design.
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Figure 7. Correlation between cutter force differentiation and the rock strength ratio.

5. Challenges in TBM Excavation

TBM performance relies on the machine design, geological conditions, and tunnellers experiences.
Site geological conditions are the fundamental factors. Machine optimal design and project
planning are essentially based on site geological conditions. Thus, every successful tunnel project
requires high level site investigation. Due to the natural variation of geological conditions along
tunnel alignment, it is often difficult to predict exact rock mass conditions along the tunnel on the
basis of site investigation. With varying geological conditions, TBM design is difficult to deal with
all the possible scenarios in an optimum mode, and it has to compromise to suit the dominating
geological conditions to strive an overall performance.

Barla and Pelizza (2000) defined limiting geological conditions for TBM’s application as “the
geological conditions are such that the TBM cannot work in the execution mode in which it was
designed and manufactured. Thus the advance of the TBM is significantly slowed down or even
obstructed”. Over the years different types of TBMs have been developed to adapt different
geological conditions. Especially mix-shield and EPB-slurry convertible machines are developed
to cope with some complex geological conditions encountered in one TBM drive. It reduces the
risks induced by varying geological conditions on TBM tunnelling. However, exceptionally
difficult geological conditions, in spite of expected or not expected, do exist and are challenges to
TBM tunneling. Such difficult conditions have influences on TBM performance, and affect the
overall advance of the project and the cost.

Some typical difficult geological conditions include very high strength hard rock with high
abrasivity, sticky soft rock, squeezing rock mass, rock spalling and bursting, fault zones, mixed
face and rock-soil interface, excessive inflow and high groundwater table. These conditions may
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cause problems as follows:
(i) Ineffective rock cutting and excavation;
(ii) Instability of excavation zone;
(iii) TBM stuck;
(iv) High cutter wear; and;
(v) Need of ground treatment.

Case A: Hard Rock with High Abrasivity

Qinling railway tunnel lies in the middle of the northern Qinling Mountains, west China. It is
composed of two parallel single-track tunnels with a separation of 30 m. One tunnel is 18,452 m
long, excavated by two gripper TBMs. The other tunnel is 18,456 m long, excavated by
conventional drill-and-blast method. The maximum overburden depth of the tunnels is about
1,600 m (Liu and Liang, 2000). The geological conditions along the tunnel alignment are mainly
hard granite and gneiss formations (Figure 8) with uniaxial compressive strength averaging
between 150 and 250 MPa and the maximum value of 325 MPa. The two gripper TBMs were
8.8 m in diameter. The designed thrust was 21,000 kN, torque 5,800 kNm, and rotation speed 2.7
rpm for the soft rock and 5.4 rpm for hard rock. The designed penetration rate was about 3.5 m/h
for the rock with uniaxial compressive strength from 100 to 180 MPa, and more than 1 m/h for the
rock with uniaxial compressive strength up to 325 MPa.

Elevation
2500

Elevation
2500

2000- . 2000

1500 1500

1000 4 A | 1000

Chainage (km)  DK80 DK75
*. " (Chioritic granite [ ] granite
| F|[fault

Figure 8. Geological profile of Qinling Tunnel,

The first TBM started excavation in December 1997 in the north drive. The encountered rock
masses were massive granitic gneiss with high uniaxial compressive strength (average strength
about 120 MPa). Based on statistical analysis of the first six months (Li and Yan, 1999), the
advance rate was 236 m per month. The average penetration rate is less than 1 m/h, and the lowest
penetration rate was 0.36 m/h. The cutter wear was very high, with average cutter life of 37.3
m’/disc, which was far less than desired 100 m*/disc. The cutter replacement led to long downtime.
The utilization was less than 20%. TBM performance index was less than that predicted. These
resulted in the delay and high cost of tunnelling.

Gehring (1994) reported the same problem which took place in the Clermont tunnel short after
commencing operation in South African. The rock masses are composed of massive red sandstone
with an unaxial compressive strength of 50 to 230 MPa and high quartz content of 55% to 70%.
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During the excavation of the starting 493 m, the average cutter life was down to around 30 m’/dics.
Sometime, the cutter life located at gauge area was lower than 10 m’/disc.

In these two cases, massive rock masses with high abrasivity were not fragmented cffectively
by TBM cutters, which also led to high cutter wear. Apart from rock properties, machine factors
influencing rock fragmentation process should be considered in relation to rock-cutter interaction,
including cutter spacing, cutter width and the exerted critical cutter thrust.

Case B: Rock Spalling and Bursting

Long tunnels at great depth are being constructed in many locations worldwide. With great
overburden, stress induced problems can be anticipated. Application of TBM in those tunnels
needs to handie the siress induced problems. In the Lotschberg Base Tunnel, the depth of the Aar
massif granite and granodiorite rock cover along the route reached up to 2000 m. The rock spalling
and bursting was encountered (Vuilleumier and Seingre, 2005). During the excavation, the
following phenomena occurred (Figure 9):

(a)Rock blocks were formed in front of the TBM head. The blocks had no particular shape.
They damaged mucking buckets and band conveyors, and caused disc cutter damage and high
cutterhead wear. The blocks reduced the TBM uatilization time and penetration rate.

(b)Due to the block formation, the tunnel face was blocky (Figure 9a). The blocky tunnel face
caused cutterhead vibration and high impact load on cutters, and aggravated abnormal cutter wear.

(¢)Behind the tunne! face, scales of low thickness peel off the walls in the excavation. Under
high overburden, deep notches up to about 1| m appeared, typically in a symmetrical pattern
(Figure 9b). The installation of rock support greatly slowed down the tunnelling progress.

(d)In some cases, the notches developed to such an extent that the griper pads cannot be
seated on the side wall (Figure 9¢), which led to more downtime.

=

Figure 9. Spalling and blocky rock masses at the Litschberg Base Tunnel,

The rock stress problems were also encountered in other TBM excavated tunnels {(e.g.,
Myrvang er al., 1998). However, favourable in situ stress increases TBM penetration rate in some
tunnelling projects (e.g., Myrvang ef al. 1998; Boniface, 2000). Only when the in situ stress is oo
high and rock is overstressed, rock mass slabbing and spalling, ravelling, face overbreaking and
ground squeezing may occur. The present assumptions of TBM cutting are on rock fragmentation
of a flat front surface. The effects of spalled blocky surface on fragmentation mechanism are not
well examined. In addition, fragmentation mechanism and requirements for cutters (e.g., spacing
and load) may be different under high in situ stress.
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Case C: Mixed Face Ground

Zhao et al. (2006) analyzed the problems incurred by a typical rock-soil interface in a
sewerage tunnel in Singapore. The tunnel passed through granite with different weathering grades
from fresh rock to residual soil. The ground at tunnel level frequently changed from fresh granite
to residual soil or vice versa. TBMs encountered rock-soil interface frequently.

The rock-seil interface often consisted of a thin layer of completely weathered granite between
massive rock and residual soil. This thin layer was generally silty fine to coarse sand with gravels,
and highly perroeable. The high groundwater table resulted in unstable face conditions and the
creation of an excessively wet, non-plastic, almost fluid soil in the cutterhead chamber. Excavation
by TBM created a loss of groundwater head at the face. Water flew through the interface layers
inio the chamber leading to ground erosion and annular gap, as seen in Figure 10. With high
permeability of the completely weathered material, water flow in this material consequently led to
material erosion and loss of shear strength. The region affected by water flow and erosion
extended, resulting in further increase of the water inflow. This process may induce large surface
settlements and eventually collapse of the ground, as shown in Figure 11. High groundwater inflow
also led to erosion of the grout in the annular gap.

Figure 10. Water inflow from the tunnel face,

Figure 11. Tunnel face instability and ground collapse.

Due to unstable ground conditions and water inflow, the shield had to work in the closed or
transition mode. The rock chips fragmented by disc cutters were difficult to be collected by
buckets to be transferred into the cutterhead chamber. The spoil trapped between the rock and the
cutterhead increased the rate of abrasive wear of face plate, bucket lips and drag bits and mounts,
as an example shown in Figure 12. The cutter life-time was much lower than 100 m’/cutter.



Due to rapid variation of hard rock portion (size and position} in the mixed face, control of
admissible axial cutter forces becomes extremely difficult in the closed mode. The transversal
shock load also varies greatly during the cutters run from hard rock portion to soft scil portion.
Hence, the control of overloads on the disc cutters is very difficult. These axial overloads are
resulted from the soil-rock interface and blocky ground in the tunnel face. The cutter overload
contributes automatically to an unusual increase of the tool wear.

High groundwater pressure associated with high permeability of the ground has also resulted
in the need to use relatively high compressed air pressures during maintenance interveations. In
some cases, the loss of compressed air through fissures leads to local ground coliapse and water
ingress which has made conditions extremely difficult and dangerous.

Figure 12. Cutter flat wear and abnormal cutterhead wear.

6. Needs of R&D in TBM Rock Tunnelling

TBM rock tunaelling process is a combination of excavation, face and excavated zone stability,
system availability and construction management. In term of excavation, understanding of rock
fragmentation mechanism through the interaction process between cutter and rock mass facilitates
optimization of TBM cutter and cutterhead design, and of TBM components configuration, to
achieve best penetration rate. However, due to the complexity of geological conditions, penetiation
or advancing process during TBM tunnelling faces many challenges. Technological solutions are
needed to improve TBM performance, in, but not limited to the areas below.

(a) Understanding rock fragmentation mechanism by TBM cutters, specifically, (i)
Fragmentation mechanism of low strength and non brittle rocks; (i) Fragmentation mechanism of
ultra hard crystalline rocks; (iii) Influence of cutter rolling speed on rock chipping process, i.e.,
loading rate effect; (iv) Influence of time gap between cutters on rock chipping process; (v)
Relaticn between cutter spacing and rock material and rock mass properties; (vi) Interaction of
existing fractures and new cracks during cutting process; (vii) Influence of in situ stress on rock
cracking and chipping mechanism; (viii) Influence of uneven surface on rock cracking and
chipping process; and (ix) Impact and impact induced damage of cutting tools in mixed ground.

(b) Improvement of cutter and optimization design of TBM cutterhead, including, (i) New
material, cutter size and tip width to improve cutter hardness and toughness, and cutter lifetime;
(ii) TBM cutterhead design considering cutter spacing, thrust and rock properties; (iil) Size and
location of opening for EPB cutterhead design by addressing material movement; and (iv)
Cutterhead stiffness for TBM in blocky and mixed face ground.

(¢) Development of & rock mass classification to guide TBM selection and operation, for
examples, (i) A rock mass classification scheme, incorporating appropriate rock mass properties
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for TBM excavation; (ii) An improved TBM performance prediction model for difficult rock
masses and complex geological conditions; and (iii) A criterion or a guide for TBM operation in
complex geological conditions.

Tunnelling, both conventional and mechanised, is an engineering process. It is and always
should be a process of applying scientific principles to the planning, design and construction. It is
foreseen that rock TBMs will be increasingly used for long tunnels. The challenges to TBM in
rock tunnelling have to be met by technology innovations through research and development.
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STRATEGY FOR IN-SITU ROCK STRESS MEASUREMENTS
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In this paper, we propose a protocol for evaluating the complete stress field and its variation with depth using an
integrated stress determination approach. Although the strategy is based on sampling the stress field with
hydraulic methods, it may be applied to most stress measuring techniques and integrated studies. It is shown that
the procedure will not be hampered by difficulties reported with the individual stress measuring techniques. Our
strategy is based on the directions of the ISRM suggested methods for rock stress estimation by hydraulic
fracturing and hydraulic tests on pre-existing fractures (Haimson & Cornet, 2003). In addition, we pay particular
attention to the sampling strategy and considerations of the continuity hypothesis.

Keywords: Rock stress evaluation; Integration; Hydraulic fracturing (HF); Hydraulic tests on pre-existing
fractures (HTPF).

1. Introduction

Knowledge of the prevailing stress field is important for rock mechanical studies, because it
provides means to analyze the mechanical behavior of rock and serves as boundary conditions in
rock engineering problems. Most in-situ stress measuring methods provide point-wise estimates of
local stress tensors of a considerably smaller rock volume than that of the rock mechanical
problem in question. The regional stress tensor can be determined from a number of rock stress
estimates of local stress tensors. Because the local stress tensors often are influenced by
discontinuities within the rock volume, the regional stress tensor can generally not be obtained
simply by averaging the local stress tensors (Amadei & Stephansson, 1997). Rather, the
extrapolating exercise from local to regional stress tensor requires great care.

Cornet (1993a) obtains the regional stress tensor for large rock volumes that takes stress
variations into account. He defines the regional stress tensor with six functions of spatial
coordinates from a number of local stress tensors for small rock volumes that each has six
independent components.

The primary objective of this paper is to propose a strategy for evaluating the complete stress
field and it’s variation with depth. The strategy is based on collection of hydraulic stress data in
thrust regimes but it may be generalized to various stress measurement techniques as well as for
integrated studies. The secondary objective is to present a method for stress field determination,
the Integrated Stress Determination Method (ISDM; Ask, 2004). In the ISDM, the full stress
tensor and it’s variation with depth can be determined for a variety of stress measuring techniques.
A great advantage of data integration is that complementary data can be incorporated to obtain
individually the best constraint on only some of the different model parameters. We emphasize
that the aim is to combine all available data to achieve as complete a characterization of the
mechanical model as possible, and not to identify a solution that fits only loosely the maximum
amount of data. The third objective is to show how the proposed strategy for collection of
hydraulic stress measurements will not be hampered by difficulties reported with the classical
hydraulic fracturing technique.
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2. Strategy for Hydraulic Rock Stress Measurements

2.1. Definition of the domain(s) where the stress field is to be determined

The concept of stress is a concept of continuum mechanics. It applies only to bodies that are
regular enough to be approximated by a continuum. Because the stress at a point involves six
components, the determination of the regional stress field includes determination of six functions
for the domain under consideration. This requires integrating measurements conducted at points
that sample properly the continuum volume of interest.

Thus, prior to discussing how to ascertain the validity of a specific stress measurement at a
certain point, it is necessary to identify volumes where the continuity hypothesis is verified. It is
completely pointless to compare a measurement at a given depth with that at another depth if the
two points of measurements do not belong to the same continuum. This is one of the major
difficulties in evaluating stress measurements, and only preliminary geological and geophysical
reconnaissance can help answer this question.

Therefore, a crucial point for a successful choice of test locations is a proper evaluation of the
continuity hypothesis. It is strongly recommended that careful analysis of cores and geophysical
logs be conducted before selecting points of measurements and before selecting the set of data that
will be used for the regional stress evaluation. Because decoupling zones may exist, identifying
these and determining their effect on the stress field is an important objective (e.g. Ask et al.,
2006).

2.2. Methodology for hydraulic tests in vertical and inclined boreholes

The most common approach for stress field interpretation in boreholes is profiling, i.e. data are
collected along the entire or a long section of the borehole. Results are used thereafter for
determination of the stress field and its variation with depth or along the borehole length.
However, in the case of non-linearity, the linear interpolation method may not provide satisfactory
results. In such cases, an alternative method is the cluster approach. The methodology involves
three steps (Ask et al., 2006):
(i) Identification of domains where the continuity hypothesis is validated,

(11) Combination of measurements in a clustered procedure so that each cluster corresponds to a
small enough volume to permit complete stress determination without considering stress
gradients; and

(ii1) Integration of results from all clusters so as to establish the validity of the continuity
hypothesis and determine the complete stress field within the domain of interest with proper
attention to decoupling zones.

We describe the validation of this strategy in more detail in section four, with emphasis on
collecting data with hydraulic methods. Preceding this, we present highlights of the ISDM (e.g.
Cornet, 1993b; Ask, 2006) in section three.

3. The Integrated Stress Determination Method (ISDM) and Recent Developments

The ISDM (Cornet, 1993b) involves several steps that must be considered for each case study
(Fig. 1):
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(i) The number and type of available data defines the parameterization of the stress field within
the rock volume of interest. An increasing number of data can solve an increasing number of
unknown model parameters, provided that the stress data sample more than one stress vector. For
example, because the induced fracture during hydraulic fracturing measurements generally is
parallel with the borehole axis, such data can only be used to determine the magnitude and
orientation of minimum horizontal stress versus depth;

(i) The rock volume, which is defined by the distribution of the available stress data, should be
considered with respect to the homogenization criterion. Existing discontinuities may lead to sub-
divisions of the rock volume and data sets;

(iii) Selection of a proper mathematical algorithm. The early applications of the ISDM were using
a non-linear least squares method (also applied by Ask (2004) and referred to as the Gradient
method; e.g. Cornet (1993b) but recent work has also been based on Genetic Algorithms (e.g.
Cornet et al. (1997));

(iv) A priori values for the Gradient method are determined from available stress data, or from a
global Monte Carlo search for model parameters; and finally

(v) The solution is verified.

Rock Stress Data

Geological information,
such as existing discontinuities

!

Choice of model to describe the stress field
(Parameterization)

Rock stress data ,—»Iﬂm’ori values Hﬁmte Carlo search

| Inversion using Gradient method l

Fit with data Resolution

(difference between observed (a posteriori/a priori variance
and calculated data) \ / of model parameters)

l Verification of solution |

Strict minimum [V Y Comparison with
(Eqgs. (39), (40)) Monte Carlo solution

Fig. 1. Approach for stress determination using the ISDM based on the Gradient method. The rock stress data and the
geological information control the parameterization of the stress field in the rock mass. 4 priori values for the Gradient
method are derived from available stress data or from Monte Carlo simulations (in this study). When a solution has been
found, it is verified using four methods (After Ask (2006)).

When different types of stress measurements are integrated, care must be taken regarding e.g.
the number of each data set, the nature of the different data sets, and volume involved during
measurement. These differences can be overcome by definition and inclusion of misfit functions.
This is further discussed in e.g. Ask (2006).
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3.1. Parameterization

In the ISDM, the measured rock volume is discretized into sub-volumes in which the stress field is
approximated by it’s first order linear expansion (Cornet, 1993b). The stress at a point X" of the
m™ measurement is given by:

O'(X"‘)=o-(X)+(x’” —x)a["]+(y”' —y)a[’]+(z'" ——z)a[’] ey

where o(X™) and o(X) are the stress tensor in points X™ and X, respectively, and o), o},

and a!? are second-order symmetrical tensors characterizing the stress gradient in the x-, y- and z-
directions. Equation 1 satisfies the following equilibrium constraints (Cornet, 1993b):

di{o(X))-p(X)o =0 @

where p(X) is the density of the rock mass in the point X, and b is the gravitational
acceleration (b; = g8;3; 8;3 = 0 for i # 3; §;3 = 1 for 1 = 3). The first order approximation of the
stress field requires determination of 22 parameters. If the data set is too small to determine all 22
parameters, the number of unknowns can be reduced using the following assumptions: (1) the
lateral stress variations are neglected (which is exactly valid if only data along one single
rectiliniear borehole direction are available); (2) one principal stress is vertical throughout the
volume; (3) if 2 applies, the rock mass density is obtained from direct measurements on cores
(neglecting effect of fractures on density); (4) there is no rotation of principal stresses (in smali
rock volumes); (5) the stress field is continuous up to ground surface.

In regions with negligible topographical effects and a homogeneous rock mass, implying that
lateral stress gradients can be neglected, Eq. 1 is reduced to:

o(x")=o(X)+(" - z)a! ®)

In the chosen parameterization, o(X) and a!® are expressed with three Euler angles and three
principal values. For o(X), the eigenvalues are S, to S; and the three Euler angles are E; to Es,
which are expressed in the geographical frame of reference. Corresponding eigenvalues for o'
are oy to a3 and the three Euler angles E; to Eq, which are expressed in the o(X) frame of
reference. Thus, the gradients o;-a; correspond to the vertical gradient of S;-S; only if E;- E; are
equal to E4-E4 (Ask, 2006).

3.2. The inverse problem and it’s solution

The inversion is performed using a method developed by Cornet and Valette (1984), based on the
least squares criterion (Tarantola & Valette, 1982). In this method, a priori knowledge of the
unknown model parameters is assumed to exist, which can be formulated in terms of expected
value, variance and covariances. In practice, large error bars are placed on assumed central values
for the unknown parameters. The hydraulic fracturing and HTPF data involve 4 components and
the general expression for the fracture normal stress, o,, from hydraulic fracturing and hydraulic
tests on pre-existing fractures is:

lo(xmYim fm = o @)
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where n™ is the normal of the m"™ fracture plane and includes the dip direction, ¢™, and the
dip, @™, of the normal to the m™ fracture plane with respect to the vertical direction. Equations 3
and 4 can be used to define a vector function f(r) for which the m™ component is given by:

fr(x)=or —(sB-(s° +(z" —z)- 4B- 4° - 4B")- SB" [ o™ )

where matrices S° and A° represent the stress and gradient tensors, AB includes Euler angles
E, to Eg, which describe A° in the S° frame of reference, SB includes the Euler angles E,; to Ej,
which describe S° and A° in the geographical frame of reference, z™ is the depth of the m™
fracture, and z is the chosen calculation depth (normally the average depth of the data set). Note
that for overcoring, there are four different expressions for f"(r); for axial, tangential and 45°- and
135°-inclined gauges. Continuing with the hydraulic fracturing data case, the solution of the
inverse problem is defined by the minimum of:

(r-=,y CHr-nx,) (6)

The problem is a conditional least square, i.e. the minimum of the least squares criterion (Eq.
6) is sought that satisfies the condition f(n)=0. Tarantola and Valette (1982) showed that this
could be solved using the iterative algorithm based on the fixed-point method:

7o =7, + CF(E,CF)'[F (7, - 7,)- £(x,)] ™
where F is a matrix of partial derivatives of f(r) valued at point 7.

4. Validation of Strategy for the Case of Hydraulic Stress Data in Thrust Regimes

The validation of the suggested strategy consists of two parts, that associated during collection of
hydraulic data (i.e. the cluster approach) and that associated with results. These are described
below.

4.1. Validation of cluster approach

HTPF measurements are generally used to constrain the magnitude of primarily oy but also g,
once o has been determined using hydraulic fracturing measurements. Thrust regimes in which
the minimum principal stress is vertical is a special case because conventional hydraulic fracturing
tests will not yield satisfactory results: hydraulic fracturing tests will induce a fracture that will
rotate from the axial to the horizontal direction (in vertical boreholes). Hence, only the vertical
stress component will be measured, which can be regarded as a lower limit of o, (e.g. Evans et al.
1989). We show below that the HTPF technique is not affected by the deficiencies of the
conventional hydraulic fracturing technique.

4.1.1. Single clusters

In the HTPF technique, isolated fractures with a large variety of dip and dip directions are sought.
The intension is to re-open pre-existing fracture planes with different orientation and to determine
the pressures that exactly balances the normal stress acting on the respective fracture plane. In
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addition to select suitable pre-existing fractures with different orientations, several other factors
must be addressed for achieving successful results (Ask, 2006):

(i) The fractures should be distributed with a sufficient spacing to prevent opening of additional
fractures during injection testing;

(i) If a limited number of fracture orientations exist, fractures with similar orientation should be
spaced at least 50 m apart so that a stress gradient can be picked up;
(iii) The chosen fractures should be at least partially opened or coated with weak fracture
minerals, which, using a low flow rate test, enhances the possibility for re-opening as the fluid has
time to penetrate the fracture plane and add an additional stress component;
(iv) Individual tests should be separated by ca. 2 m to avoid the local stress change caused by the
neighboring test as a result of the mechanical opening of a fracture; and

(v) Fracture selection should preferably be conducted by using electrical imaging logs (e.g.
HTPF tool; Mosnier & Cormnet, 1989), for electric conductivity is often a useful analog of
hydraulic conductivity.

Because thrust regimes involve large horizontal stress magnitudes, it is possible that pre-
existing fractures perpendicular to oy may not be opened, because of limitations in the testing
equipment, or because fractures with other orientations are opened at lower pressures. As a result,
fractures somewhat inclined to o may have to be chosen (which effectively lowers the normal
stress). The objective is to take advantage of optimally oriented pre-existing fractures, even if they
are in a very limited quantity (Ask, 2006).

In the following, we consider the ultimate case in which only one single direction is observed
within a given restricted depth range. If more directions are available, the resolution of proposed
methodology will be improved.

After identification of fractures of interest, both hydraulic fracturing tests and HTPF will be
conducted. From the hydraulic fracturing tests the geometry of hydraulically induced fractures,
run within 20 m of the chosen pre-existing fracture(s), will confirm that, for vertical boreholes, the
vertical direction is indeed principal. This will leave three unknowns to be determined, namely the
principal stress components. Moreover, the hydraulic fracturing tests will provide both a
breakdown pressure and an evaluation of the minimum (vertical) principal stress. This leaves two
unknowns, the maximum and minimum horizontal principal stress components. These can be
solved with two types of data: breakdown pressures and normal stress measurements on the
selected pre-existing fracture(s). When possible, test zones will be selected so that at least two
pre-existing fractures can be tested. Hence, with four tests (minimum 3), the two unknowns will
be resolved satisfactorily (Ask ef al., 2006).

Tests run in inclined boreholes can be used for two purposes; complementary HTPF tests may
be used for evaluating lateral extension of continuous domains and hydraulic fracturing tests for
trying to generate en echelon fractures. The orientation of these en echelon fractures provides
excellent constraint on the maximum horizontal stress magnitude when all other five stress
components have been accurately determined (e.g. Hayashi et al., 1989, Peska and Zobak, 1995,
Wileveau et al., 2006).

4.1.2. Multiple clusters

The primary objective is to determine the complete stress field in domains of interest, and to
identify decoupling zones to other stress domains. If additional data from other methods are
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available, a secondary objective is to take advantage as much as possible of already existing
results.

Potential decoupling zones can be identified using various methods, e.g. using the HTPF tool,
Formation Micro Scanner and Borehole Televiewer data. Once completed, a set of depth intervals
for both hydraulic fracturing tests and HTPF can be selected. Preferably, they include as much as
possible volumes where other stress measuring techniques have been conducted to allow a
subsequent integrated stress determination approach (Ask et al., 2006).

The number of clusters is of coarse dependent upon the domain(s) of interest, but if a stress
profile for a 1000 m borehole is to be determined, it is recommended to choose at least three,
possibly four, depth intervals per borehole for clustered measurements so that at least three, and
possibly four, complete stress determinations are conducted without any hypothesis on stress field
continuity. Optimally, they should not be extended over a depth range larger than 50 m, so as to
limit the number of model parameters for each individual cluster. Hydraulic fracturing tests and
HTPF may initially be independently analyzed. Thereafter, they may be integrated with
complementary data, if available (Ask et al., 2006).

Finally, all data may be integrated progressively into larger volumes so as to provide the
required complete stress field determination over the desired domain (Ask et al., 2006).

4.2. Validation of results

For stress determinations, two efficient ways are usually considered for validating the results (Ask
et al., 2006):

(i) Consistency of the results for large data sets, and

(i) Similarity in the results obtained from different techniques.

At most sites, regional principal stress directions can be produced fairly reliably through
hydraulically induced fracture orientations and borehole breakout orientations, if they are
observed. The real question usually concerns the possible role of large fracture zones as source of
decoupling so that rocks on both sides of the fracture zone, away from the zone, may not support
the same stress field. Let us note that because equilibrium conditions are satisfied, the normal
stress component is always continuous.

It is essential to obtain a sufficient number of data within the domain of interest in order to
confine uncertainties to reasonable limits. Normally, directions are produced with uncertainties
smaller than 15°, and can be further reduced to 10°, if rock heterogeneity remains minimal (Ask et
al., 2006).

For thrust regimes, the most important question concerns the magnitude of both the horizontal
principal stresses. Only through complementary techniques will it be possible to ascertain the
domain of confidence of the results. Indeed, whilst inverse problem theory provides means to take
into account objective uncertainties on the various measurements, it does not evaluate the
influence of simplifying hypotheses inherent to the stress measuring method under consideration;
hence, the necessity to reach the results through different independent means. With this respect,
the proposed combined hydraulic fracturing — HTPF methodology is self-consistent for
determining the complete stress field and the solution for principal stress directions can be
compared with those obtained by other means. The same can be said for stress magnitudes. At a
later stage, if additional data are available at the site, integrated inversions may outline those data
that are not consistent with the solution. In this manner it is possible to detect whether only



106

specific tests cause problems, or whether many results obtained with a given technique constitutes
the source of difficulty. A careful statistical analysis of the results provides an efficient evaluation
of the validity of the final solution; hence, the necessity to produce a large volume of reliable data.

The next question is whether the proposed methodology will produce enough data for the
statistical analysis to be reliable. For example, the diversity of orientations of open or partially
open pre-existing fractures, within restricted depth intervals, may be limited. However, it was
shown previously that horizontal stresses may be solved even for the ultimate case in which only
one single direction is observed within a given restricted depth range (Ask et al., 2006).

5. Conclusions

We present a strategy for determining the stress field and it’s variation with depth. This strategy is
not hampered by limitations in the classical hydraulic fracturing technique, even in thrust regime
- settings where the number of pre-existing fractures with different orientations is limited.

Although we focus on sampling the stress field with hydraulic methods, our strategy can be
generalized to most stress measuring techniques as well as for integrated studies. A strong benefit
of this integrated approach is that data from different sources may be compared and validated to
an existing solution. Another benefit of data integration is that the final solution involves a
considerably larger data set, which implies that the final solution becomes more reliable.
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DISCONTINUUM ANALYSIS OF A HIGHWAY TUNNEL

R. CHITRA', MANISH GUPTA! and A. K. DHAWAN?
'Senior Research Officer, Central Soil and Materials Research Station, New Delhi, India
(rchita@nic.in)

Director, Central Soil and Materials Research Station, New Delhi, India

Tunnels are conveyance systems, used in the transportation sector for conveyance of highway and
railway traffic. They also serve as a means of conveyance of water in irrigation and hydroelectric
power projects. During construction of tunnels variation of strata is often encountered. This poses
various problems in tunnelling. Historically tunnelling projects have suffered significant cost and
time overrun on account of variation in geological formation. Variation in strata may lead to various
problems like tunnel caving in, water seepage and many more. Also, the decision regarding the
support system required for various strata is critical to ensure trouble free construction.

The proposed tunnel alignment encounters mainly fresh and hard Quartz-Mica Schist with a
few prominent sheared rock zones. The geological set up of the area indicates that folds are not
present in the rock bed and the general dip ranges from 15° to 30°. Generally the alignment runs
more or less favourable to the strike of the foliation of the rock. The proposed tunnel runs through
high overburden depths upto 1900 m covered with steep slopes, dense forest and perennial snow.
Among the sections tried, the horse shoe section is found to be the most suitable section for such
conditions of high in-situ stress and space requirement.

As the depth of overburden is varying along the tunnel alignment from 200 m to 1900 m, the
entire tunnel length is divided in to five segments with vertical in-situ stress varying from 16.2
MPa to 52.3 MPa. The present study discusses about the elasto-plastic modelling of one of the five
sections analysed. The vertical in-situ stresses likely to be encountered in this section are 32.4
MPa. The in-situ stress ratio in this region is 1.0. The computed Q value of the rock mass at the
north and the south portals is 5.01 and 5.0 respectively which indicate that the rock mass for the
proposed tunnel can be classified as “fair”. Similarly the calculated value of RMR at the north and
the south portals is 48 and 59 respectively, which also indicate “fair” rock condition in the region.
However, the rock mass classification along the tunnel reach is likely to vary from good to very
poor. This study is focussing on the fair rock mass condition. The tunnel is analysed through a
rock mass having three prominent joint sets. One joint set each is horizontal, vertical and dipping
at 15° inclination.

The stress-deformation response of the tunnel without support clearly indicates there is a
release of stresses around the tunnel which indicates that the rock mass around the tunnel is fully
deformed. The displacement vectors around the tunnel periphery show a deformation of 0.675 m
at the crown level. The principal stress distribution and the displacement vectors for the tunnel
with support system shows that the installed supports have effectively controlled the deformation
around the tunnel. Due to the installation of the support the deformations around the tunnel have
been reduced by almost 66%; the maximum deformation being 0.229 m. However in such
structures which are subjected to high in-situ stresses, large deformations are occurring at the
invert level. In such cases provision of support in the form of rock bolts along with shotcrete along
the floor of the tunnel will reduce the deformation of the floor. The above analysis indicates that
the proposed support system is effective in controlling the deformations around the tunnel.

Keywords: Tunnel; stress-strain response; support.
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GROUND REACTION TO DEEP DRAINING TUNNELS
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Knowledge of the elastic induced stresses and deformations is the first step in computing the rock
elasto-plastic reaction to deep tunnel excavation. The following steps are well defined but it is the
first step that, in permeable rocks, is unlikely to be satisfied. The reason is that the closed elastic
part of the solution suffers logarithmic and higher order divergences. Unlike tunnels deep caverns
do not present any diverging phenomena and the paper will focus on the tunnel problem. A
renormalization of seepage forces is necessary to eliminate diverging effects. Depending on the
rock yield criterion and potential flow, stresses and displacements may be obtained in closed forms
all over the rock mass. Anyway, first order Taylor expansions of the yield criterion and the plastic
flow potential allow a close insight into local drainage effect. Drainage leads to an early failure,
reduces cohesion and produces a greater radius of the elasto-plastic interface. A procedure that is
compatible with analytical or numerical treatments is used to compute ground reaction which is
useful for tunnel design and lining dimensioning. Tunnel deformation or ground reaction is defined
by two variables that are the support pressure and the water inflow.

Keywords: Seepage forces; Water inflow; Lining; Tunnel; Cavern; Plasticity.

Table 1. Asymptotic radial behavior of the main variables in an
infinite permeable rock mass.

Cavern Tunnel
Mechanical stress r? r?
Mechanical displacement r? r!
Pressure gradient r? r!
Water Pressure ! Logr
Water induced displacement r® rlogr
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The stability of an underground opening is more or less dependent upon the strength of the rock
formation and the state of stress around the opening. The strength of the rock formation is
governed by the strength of its discontinuities, joints or bedding planes and should never be
overlooked while analysing the underground opening. Numerical analysis on the stress —
deformation response of the underground opening in intact rock has been carried out world over
extensively using the continuum method. But, the behaviour of the complex rock mass with joints
and bedding planes needs to be modelled using the discontinuum analysis. Further, the in-situ
stresses play a major role in defining the behaviour of the underground opening. The paper focuses
on the discontinuum analysis of an underground circular tunnel in a jointed rock mass idealized by
an orthogonal joint set.

The parametric study on the 10m diameter circular tunnel consists of two variables: a) The
variation of inclination of an orthogonal joint set of 5 m spacing viz. 15°, 30°, 45°, 60° and 75°
from the horizontal b) Variation of In situ stress ratio viz. 0.5, 1 and 2. The effect of joint
orientation and the effect of in-situ stress ratio on the deformation around the tunnel, at the crown,
invert and at the spring lines are studied. In order to have an in-depth study of the above
parameters, a rock mass of 50 m X 50 m around the tunnel has been chosen for finer zoning of the
tunnel region. An overburden of 125 m of rock mass has been simulated by applying a uniform
vertical stress of 3.56 MPa on the upper boundary of the problem geometry.

3.96 MPa

LU

o

S0m

S0m

The effect of joint orientation and the in-situ stress ratio on the stress-deformation response of the
tunnel has been studied. The study indicates that the displacements are maximum at the crown
irrespective of the joint orientation and in-situ stress ratios. As the in-situ stress ratio increases, the
displacement at the crown, invert and the spring lines increases irrespective of the joint
inclinations except for the tunnel with 45° joint set. The analysis indicates that, the tunnel with the
joint sets of 15° and 30° are symmetrical with the joint sets of 75° and 60°.

Keywords: Tunnel; rock mass; rock joint.
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Designed as a twin-tube and a four-line tunnel, the under constructed Longtan Tunnel is a major
part of the highway linking Shanghai and Chonggqing city. With a total length of 8.695 km, it ranks
the second longest in China. Averagely, it is 9.75m in width and 5.0m in height, with a spacing of
50 m between the two tubes. The maximum depth reaches up to 500m. The tunnel is located in
limestone, the karst cavities, the fractures, the underground rivers and water bearing formations are
expected in the surrounding rock. Moreover, an in-situ horizontal stress higher than 8M has been
measured.

In this study, considering the underground water, the high in-situ stress, the rock joint sets and
the combined supports, the stability of Longtan Tunnel is numerically investigated by using the
commercial code UDEC. The simulated results agree well with the measured data. The results
show that the designed support types can absolutely meet the need of deformation control and
safety requirement. However, the rock bolt installation and the water-proof layer construction must
be paid special attention. Note should be taken that the karst cavities, which usually exist in
limestone but can not be included in the simulation, may possibly threat the tunnel construction
safety. Figure 1 and Figure 2 illustrated the Contours of major principal stress and the pore water
pressure in the surrounding rock of the tunnel.

Keywords: Highway tunnel; Stability; UDEC; In-situ stress; Support.

Fig. 1. Contours of major principal stress. Fig. 2. Pore water pressure.
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NEW APPROACH OF TUNNEL OBSERVATION USING DIGITAL
PHOTOGRAMMETRY
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( corresponding author: cykim@kict.re.kr)
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An innovative approach of digital vision system to get the absolute displacement of rock mass in
tunnelling is presented. Computerized digital vision system can be seen as connecting one or more
cameras to a computer and processing the acquired images on it, in order to get measurements of
the recorded objects. A special imaging device based on a digital panoramic camera is used. It can
take images at resolving fine object details within inside view of tunnel. At least two different
images of a rock face are taken and then processed with proprietary software components, that
manage the large data amount, handle the special geometry of the images and allow several kinds
of image analyses, such as spatial inspection and geometric measurements. Using this system 3D
displacement of rock mass behavior can be acquired with combination of total station system. The
problem of using laser targets to get the measurement in digital vision system can be solved by
combining points cloud projector with this system. As the data acquisition and analysis processes
take place without physical contact, the measurements are taken indirectly. Measurements are
made at an arbitrary number, without danger and pressure of time. The digital vision system
maximizes support efficiency and improves excavation or outcrop planning, both reducing costs
and increasing safety.

The new 3D absolute monitoring technology in combination with newly developed methods of
data evaluation has improved the possibilities for the prediction ahead and outside of tunnel face.
In particularly, in heterogeneous/anisotropic rock masses, the prediction of the vector orientation
and function parameters plays an important role with respect to safety and economical aspects of a
tunnel project.

Displacements are strongly influenced by the weakness bands, specially, more close to more
weaker band, more stiffly larger the total amount of displacements, and the trajectory of the
function parameters shows some relationship between the stiffness ratio and the distance from
weakness band. Also, the thickness, strike and dip angle of the weakness band are dominantly
influencing the displacement magnitude and trend, the convergence parameters and the stress
redistribution around tunnel. Specially, in order to consider the anisotropic nature of rock masses,
transversely isotropic or orthotropic rock mass models are studied on the effects of changing the
tunnel convergence function parameters and displacement trajectories dependent on the tunnel
excavation histories and support patterns.

Keywords: Tunnel; displacement; photogrammetry.

117


mailto:cykim@kict.re.kr

OPTIMIZATION OF THE ROUND LENGTH IN DESIGN STAGE FOR
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The behaviour mode of the face and unsupported span was investigated in this study for weak rock
tunnels in shallow to medium overburden depth. Total five types of behaviour modes are suggested
for the planning of excavation and support. Based on the results from the PFC3D analyses, the
equivalent models were analyzed by a FDM code, using elastic material behaviour. Using the
relative shear stress (RSS) concept, a correlation between the maximum relative shear stress
(MRSS) and the different behaviour modes was found.

The safety factor for the face stability is defined by the concept of the ‘critical cohesion’ and it
is formulated by fitting the results of FDM analyses. This safety factor can consider the influence
of overburden, which Vermeer’s equation disregards. The safety factor for the face stability is
adopted as an indicator for the behaviour mode. The results are illustrated in the ‘Conditional chart
for excavation plan in weak rock tunneling’ which shows the relation of the safety factor and
relevant behaviour mode as round length varies.

With detailed construction information such as cycle time, unit price of materials etc., the
optimization of excavation can be carried out in the design stage. According to the conditional
chart, the behaviour mode can be determined with the applicable range of round length. Depending
on the site conditions, round lengths causing a limited volume of overbreak can be considered in
the excavation plan. Although the proposed method in this study has some restrictions, this method
can provide useful information for the optimization of the excavation planning.

Keywords: Weak rock tunneling, Round length, Behaviour mode, Safety factor, Face stability,
Optimization.
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THE IMPACT OF ROCK TUNNELLING ON GROUNDWATER IN
EPI-FISSURE-KARST ZONE AND ECOLOGICAL CONDITIONS
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The water cycle in a karst mountainous area can be divided into two parts: shallow water cycle and
conduit flow in the deep karst zone. Usually, in the tectonically upheaval zone (e.g., Laoshan
mountains), the depth of conduit flow is very large. For Laoshan tunnel, the groundwater table of
conduit flow is far below the tunnel elevation, thereby the tunnelling construction does not affect
the deep water cycle and the regional water supply in this area. However, such engineering practice
has great effect on the shallow water cycle, which is very important for the existence and growth of
natural vegetation.

Although the karstification in Laoshan mountains is not intensive like that in the southern
areas, there is a permeable and usually water-bearing layer in the shallow surface of carbonatite in
Laoshan mountains. The permeable layer is a near-surface network of fissures, pores and karst-
system, which is called Epi-Fissure-Karst zone (EFKZ) in the present study. Differing from
Epikarst Zone, karstification is not the uppermost mechanism of the EFKZ. The EFKZ is an
intensively fractured, weathered, root penetrated and karstified zone.

Monitoring results show that the groundwater in the EFKZ does not have uniform level and is
closely related to the rainfall. When the tunnel approaches the monitoring boreholes, the
drawdown of groundwater in the monitoring boreholes begins to increase significantly. The
significant increase of water drawdown is because the tunnel excavation and rock blasting cause
the damage of cements in the joints and thereby result in the increase of hydraulic conductivity of
these joints.

Based on monitoring results and comprehensive analysis, this paper studies the influencing
factors of tunnelling construction on the groundwater in EFKZ as a first-step research. Four factors
including T (Tunnel depth and tunneling method), E (Epi-fissure-karst development and the soil
cover), I (Infiltration condition and mechanical properties) and F (watery preferred Fracture) are
presented and discussed. In the future, a prediction model including these factors will be proposed
to assess the environmental impact of rock tunnelling and give corresponding methods to control
the environmental consequence at a safe level.

Keywords: Epi-Fissure-Karst Zone (EFKZ); rock tunnelling; groundwater; environmental impact.
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The authors have been studying on the quantitative criteria for determining remedial measures in
consideration of deformation progress over time. In this paper, a rock mass strength degradation
model to represent long-term deformations is developed to simulate long-term measurement data.
Then, the impacts of long-term deformations on the lining are evaluated.

The purpose of this study, that is to design the deformation remedial measure in consideration
of the time degradation of rock strength, the measurement and analytical results are combined to
introduce the notion of time to the prediction of deformation progress. Figurel is a schematic
drawing of the deformation prediction method “PAM” (The Prediction Method of Tunnel
deformation using Analysis and Measurement) that combines measurements and analysis. As
shown in the figure, the relationship between the shear strength ¢ and convergence u is obtained in
the analysis. Here, therefore, the relationship between the measured convergence u and time ¢ is
fitted to establish the changes in shear strength ¢ over time. Assuming the measurement period is
from ¢, to t,, the post- t, process represents the predicted values for future.

In order to quantitatively verify the displacement controlling effects obtained in the analysis, a
comparative study was performed on the analytical and measurement results. The displacement
controlling effects of remedial measures calculated by the rock mass degradation model are shown
in Figure2. As shown in the figure, the convergence speed is significantly controlled by Remedial
Measurement, and its displacement controlling effects are well reproduced in the analysis. Given
the above, it is proved possible to quantitatively evaluate the remedial effects through analysis by
the rock mass degradation model.

Keywords: Deformed Tunnel; Analysis; Measurement; Strength Degradation.
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Groundwater poses problems for the construction of mountain tunnels in that measures to prevent
or control face collapse and tunnel drainage are needed due to the large quantities of water inflow
that result from the discontinuous nature of the ground. There have been many cases in which such
problems have inevitably led to enormous cost overruns and missed deadlines. Numerical analysis
has been a primary method to evaluate such groundwater problems, but it requires the time and
effort of preparing ground models of a certain scale and processing the data. For this reason, in
almost all cases, the evaluation of groundwater problems has relied on preliminary evaluation
throughout, and reverse or verification analysis rarely been performed during the construction.
Moreover, even with current analysis tools it is difficult to conduct impact evaluations that reflect
the preceding excavation data.

This study proposes a new observational system for mountain tunnel construction, the
Simplified Seepage Analysis System (“SWING”), which enables streamlined construction with
risk evaluation for cost fluctuations while at the same time considering measures to deal with
groundwater problems. The SWING system is not a numerical analysis method using a ground
model, as represented by seepage flow analysis or the modified tank model. Based on the water
inflow incurred by actual tunnel excavation, the model is conducted with a unit slice volume of 50
meters in the excavation advance direction, and a hydraulic equation is applied within this slice
volume to determine the coefficient of permeability and the effective porosity.

The SWING system was used to make predictions based on these initial settings. As the
construction progressed, the excavated sections were reviewed based on the preceding construction
data, and continued estimates of the as-yet-excavated sections were made. In the case study here,
identification of the excavated sections and predictive evaluation for the as-yet-excavated section
was done in about 2-3 hours, including correction of the input data. In some cases, the results of
drain boring at the face were retrieved rapidly and determination of the quantity of water inflow
during the main shaft excavation and predictions of the effect of the accompanying drought were
done instantaneously. Therefore, this system can be considered to be one of sufficient practical
value. The difficulties in determining the stability and permeability of the ground prior to tunnel
construction often result in inevitable groundwater-related troubles. In addressing these problems,
the SWING system is expected to play an important role in future tunnel construction, in that it
allows the observation and measurement of the surface water and groundwater produced both
inside and outside the tunnel shaft in the course of construction, as well as the immediate feedback
of the results in design and construction.

Keywords: Tunnel, Groundwater, Observational Method.
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Full face mechanical excavation using hard rock TBM was applied to Jook-Ryung tunnel before it
was enlarged by drill-blast. Two pilot tunnels with a total length of 7.3 km were excavated
separately by two sets of TBMs with the diameters of 4.5 m and 5.0 m respectively in about one
year. The tunnels passed through Precambrian gneiss complex, which would cause the low level
of net penetration rate and the high level of cutter consumption. The small faults crossing the
tunnel would also cause the degree of operation in low level.

This report analyzes the data of TBM performance such as net penetration rate, degree of
operation and cutter life. A relationship between the net penetration rate and the elastic modulus
of the rock mass which was obtained by TSP measurement, is also described as shown in Fig. 1.
The results in this study are as follows:

- Lower peaks of the weekly advancing length can explain that the geological condition is
adverse to the TBM performance. However, its upper peaks cannot exactly explain a better
geological condition.

- The net penetration rate is found to go down as the rock mass class estimated by RMR and
TSP is harder, which coincides with the previous studies. Thus TSP measurement can also be a
qualitative tool to predict the tunnelling condition and the net penetration rate.

- The cutter life is estimated as 230 m’/c and 420 m/set with 30% of error range, which can be
applicable to wide range of the rock conditions in tunnelling design. The higher the net
penetration rate is, the lower the cutter life in time and in the length of rotating trace shows. The
life of the center cutter and the gauge cutter is very low, about 40~60% of that of the outer cutter.

This kind of assessment is expected to help designing the future projects and performing the
TBM operation more effectively.

Keywords: TBM; Jook-Ryung tunnel; net penetration rate; degree of operation; cutter life.
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Underground tunnel projects in alp and canyon area are always characterized by large overburden,
long tunnel axis, and complex geological structure and so on. Accordingly, geological difficulties
such as high earth pressure, high external water pressure, and water outburst will be met during
the construction, which will bring much inconvenience. This paper takes the diversion tunnels and
auxiliary tunnels of Jinping cascade II hydropower station for example, based on the data from the
field measurement of auxiliary tunnels, analyzes the geological problems which may be met in the
zone by numerical simulation, and through regression analysis, we find that the maximum
principal stress along the tunnel axis comes up to 63MPa, and belongs to the super high earth
pressure area. If routine reinforced concrete liner is used, the maximum external water pressure on
the liner is about 11MPa, and it is very high in constructed engineering. The predicted steady
quantity of outgush of tunnels is 5-6m’/s. Rock burst and water outburst are prominent, rock burst
occurs primarily in grade II surrounding rocks where the earth pressure is high, the rock is hard
and rock integrity and quality are good, and in other locations occasionally. According to the
characteristics and requirement of the project, and level of construction technology nowadays, we
put forward the "based upon blocking up and combined with drainage" water-control
countermeasure, and the design concept that surrounding rocks and supporting structure carry
loads together. Based on this concept, preliminary supporting structure is proposed, the impacts of
high external water pressure and high earth pressure on the stability of surrounding rocks are
studied, and three-dimensional numerical analysis of the surrounding rocks and supporting
structure is implemented, the calculated results show that the minimum external water pressure on
tunnel liner reduces to 0.27MPa, and the maximum quantity of outgush reduces to 1.7m’/s.
Through optimization of the supporting structure design and construction sequence, development
of plastic zone is limited, rock burst is controlled, and surrounding rocks are stable. Thus, when
constructing underground buildings in deep-lying and water-rich regions, "based upon blocking up
and combined with drainage” design concept can be used to reduce the external water pressure and
the quantity of outgush, and the surrounding rock mass in grouting zone and the supporting
structure can be combined to bear loads together, which ensures surrounding rocks and supporting
structure are stable and safe. These measures can be used for references in the construction of
future projects with similar nature.

Keywords: High earth pressure; High external water pressure; support design; stability analysis.
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This study deals with the development of an easy-to-use tool to conduct the design of a circular
rock tunnel based on the convergence-confinement method. The developed software consists of
analyses of the longitudinal deformation profile, ground response curve, and support characteristic
curve. A simple numerical stepwise procedure, modified from Brown et al. by considering the
effects of elastic strain increments and variable dilatancy within the plastic region, is used for the
evaluation of the ground response curve excavated in elastic-perfectly plastic, elastic-brittle-plastic
or elastic-strain softening rock mass compatible with a Mohr-Coulomb yield criterion. The support
systems by shotcrete/concrete rings, blocked steel sets, and ungrouted bolts and cables are
considered for the support characteristic curves. An application of support design for a circular
tunnel is given to explain the capacity of the developed tool. The advantages of the software are its
user-friendliness, requirement of easily available input data, and faster evaluation time. Although
the applicability of the developed tool is limited in scope, it appears to be useful for the
preliminary design of a circular rock tunnel to obtain the reasonable support system.

Keywords: Tunnel design; Convergence-Confinement method; Ground response curve; Elastic-
plastic rock.
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In the last decades shallow tunnels were increasingly constructed in weak ground. These tunnels
are often situated in urban areas, where project requirements, such as limited settlement
requirements, constitute the necessary support. The experience gained from former tunnel projects
indicate that the pipe roof support system not only increases the stability of the working face but
also decreases the subsidence induced by the excavation. Due to these experiences a number of
tunnels were additionally supported by this system without clear design rules for the determination
of the design parameters.

On this account the design of the pipe roof support system is usually based on experience. By
performing additional horizontal inclinometer measurements to supplement the state-of-the-art
geodetic survey the first step for understanding the system behavior was done. On site this
additional data can be used to optimize the construction process of pipe roof supported tunnels as
well as to determine changes in the ground quality ahead of the face. For this study the detailed
data in combination with laboratory data was used as input and control parameters for numerical
investigations. The back calculation clarified at first the geotechnical model for the pipe roof
support system. Afterwards the number and dimension of pipes was changed and the influence on
the subsidence evaluated.

Even though the grout was neglected due to the ground conditions of the investigated projects
the calculations clearly showed a decrease of the pre-settlement amounts up to 30 % at the tunnel
level when using a pipe roof pre-support system. The different, investigated cases displayed that
the decrease of pre-settlements increases with increasing number of pipes as well as with bigger
dimensions.

Keywords: Shallow tunnel; weak ground; pipe roof support system; design parameters; numerical
simulation; pre-support system.
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Estimations of Excavation Damaged Zone (EDZ) are important for design and construction of
tunnel, especially for long-span and shallow-overburden tunnel. The Hanjialing tunnel passes
through the hilly areas around the Dalian City, in Liaoning province, China. The tunnel was a four-
lane highway tunnel. A length of 760m of the relocation line was planed to Hanjialing tunnel that
was the long-span and shallow-buried in China at that time. This tunnel is 21.242 m in width and
15.52m in height respectively. The most long distance from the top of tunnel to the ground is
189m. The main primary supports for this tunnel included shotcrete, wire mesh, H-beams and
rockbolts. Due to the complexity of geological conditions and the efflorescent rock on the ground.
A better understanding of the mechanics of influence, especially regarding the assessment of EDZ
(Excavation Damaged Zone) is required.

In this paper, Firstly, geological characteristics of the long-span and shallowly-buried tunnel is
introduced, based on the fieldwork of Hanjialing tunnel site, and the complexity of geological
conditions and the efflorescent rock on the ground are analysised. Second, numerical experiments
are conducted to investigate the effect of tunnel construction, the factors which affect the stability
of large-span and shallowly-buried tunnel are studied with numerical method. Then, a better
understanding of the mechanics of influence, especially regarding the risk assessment of faults is
required. The main characteristics of stress induced brittle failure of the site are introduced. Forth,
the regional stress of Excavation Damaged Zone (EDZ) in Hanjialing tunnel are estimated
considering to different construction methods, As a result, the multi-layers excavating method (the
drill and blasting method) of this tunnel and the pre-support method are suggested. In the end,
some other meaningful suggestions about the construction of the large-span and shallowly-burden
tunnel are suggested.

Keywords: Excavation Damaged Zone (EDZ); Long-span and shallow-overburden; Anisotropic
rock; Construction method; Stability analysis; Design and construction.
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In tunnelling engineering, deformation monitoring is a common means for selecting construction
way, ensuring tunnel safety, and controlling tunnelling quality. The paper presents a site
deformation study on a new structure tunnel at Baziling, which is one of the first tunnels using the
diverging structure in P.R. China. The plane layouts of the tunnel and monitoring sections are
shown in Fig. 1. The employment of the tunnel not only decreases the total investment, but also
avoids potential slopes instability and environmental ruins around the tunnel export, which may be
induced by other alternative ways. So the diverging tunnel is promising in communication
construction in Central and West China or other mountainous areas.

Firstly, the geology and construction of the tunnel are introduced. Then, the monitoring plan is
described detailedly. The special deformation characteristics of the tunnel are described in three
aspects: longitudinal deformation distribution, dynamic deformation response on construction and
spatial effects of working faces. Finally, the implications on construction technology are suggested
based on the special deformation characteristics. From the study, the following conclusions can be
drawn: the structure effect in the junction part between double-arched and clear-distance segments
makes the part weaker part in the overall diverging tunnel, much consideration in the part should
be taken into the construction of diverging tunnels; the introduction of part-face excavation
presents the dynamic response of tunnel deformation on construction significantly, an optimal
construction process could be devoted to improving the stability of the tunnel under construction;
and spatial effects of working faces are shown remarkably in the double-arched and clear-distance
segments, furthermore, the mutually spatial effects of adjacent working faces in the leading and
following tubes are discussed in the study. The study provides indispensable evidence for the
design and construction of the diverging tunnel.

Keywords: Diverging tunnel; deformation monitoring; analysis.
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Fig. 1. Plane layouts of the diverging tunnel and monitoring sections at Baziling,
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Rock type slurry shield method is used for pipe jacking in various rocks. In excavation soft rock,
faceplates of this type are often blocked by sticky rock chips leading to the difficulties in
excavation. This study is to research the cause of the blocking phenomenon and the method for
preventing the blocking phenomenon in soft rock using rock semi shield. The experiment was
using excavation model device. As a result of experiment, flow to the face space and reducing of
the length of disk cutter were effective for preventing the blocking phenomenon.

We prepared a 1/5-scale model of the actual machine, with the same rock type slurry shield
mechanism. While the cutter head rotates during excavation in the actual machine, the model
machine advances without rotation for the sake of simplicity, and the mold (surrounding rock
mass) is rotated instead. Similar to the actual machine, the model machine has a slurry chamber
that allows slurry circulation through feed and drain pipes.

As a test piece, an artificial soft-rock was produced and used. In order to evaluate the
predictions related to the blocking phenomenon of face plate when excavating, PI, sand containing
percentage and unconfined compressive strength were adopted.

In order to prevent the face plate from blocking, there were conducted experiments both in
case where the shape of cutter for the rock type slurry shield was changed and in case where clear
water or muddy water is directly poured into the facing to study the effectiveness as a
countermeasure against blocking of face plate.

The major findings can be summarized as follows:

(1) From the results of laboratory experiments using the model machine, the process of blocking
during excavation can be described as follows: the flow rate of slurry in the face space is
decreased, the amount of muck accumulated in the face space is increased, and the muck is
compressed by thrust, is dewatered, and adhered to the cutter head.

(2) The results of model machine experiments indicate that supplying water directly to the face
space and decreasing the cutter protrusion length are effective measures to prevent blocking.
Further investigation is required to determine the optimum protrusion length of disc cutters.

(3) Torque index was used to set criteria for the judgement of blocking in the model machine
experiments when water was direct supply to the face space in addition to the supply from the
chamber. Under the standard conditions, torque index remains within the acceptable range and
blocking does not occur if the flow rate of directly-supplied water is kept at 1.0 I/min or greater.
There is no significant difference between the use of water and slurry regarding the prevention of
blocking. However, muck is more effectively discharged when slurry is supplied.

Keywords: Rock type slurry shield, Excavation, Soft-rock, Blocking, Artificial soft-rock,
Predictions.

128


mailto:yuandj603@I63.com

1.2. Theoretical and Numerical Analyses
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3-D AND QUASI-3-D ANALYSES OF UNDERGROUND EXCAVATIONS

M. AHMADI', K. GOSHTASBI' and R. ASHJART?

]Department of Mining Engineering, University of Tarbiat Modares, Iran
(e-mail of corresponding author: moahmadi@modares.ac.ir)
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Constructions of underground excavations are of great interests to mining engineers. Geological
features, geomechanical parameters of rock mass and stress conditions have essential role in
designing of underground projects. In rock mechanics activities, empirical knowledge and
engineering judgment play an important role. But with advancement of computers, numerical
analyses of underground openings become crucial. Due to controlling influence that stress
magnitude and its orientation have in the development of brittle fractures, rock strength
degradation (i.e. damage) and rock mass instabilities, assessment (knowledge) of the induced
stresses and deformations of the underground structure is important in designing the proper support
system and it is necessary to incorporate the material properties, presence of discontinuities,
nonhomogeniety and state of in situ stresses existing in the rock mass.

In this research, with use of FLAC3D code, Quasi-3-D (3-D model with thickness of unit) and
3-D continuum analyses of the extension phase of Masjed-E-Soleiman hydroelectric project,
Khuzestan province, Iran, has been considered. It is assumed that the rock mass obeys Mohr-
Coulomb criterion. Deformations and stress distribution in the periphery of the powerhouse cavern
have been computed. Both the computed deformations and loads in bolts have been compared with
in situ measurements. The study reveals that 3-D analysis has better agreement with in-situ
measurements.

Keywords: Powerhouse cavern; 3-D model; Quasi-3-D model; numerical analysis; deformation.
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ROCK-SUPPORT INTERACTION MODEL
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Excavation of tunnel releases the stress and then causes the displacement in rock mass. The
support elements are installed in order to control the deformation behavior, and also this enables
the tunnel to be safe. The property of shotcrete, which is one of the major supports in NATM,
changes by hardening effect with time. Thus the time effect should be considered in the analysis of
the rock-shotcrete interaction. On the long-term durability of shotcrete, the deterioration of
shotcrete lining results from aging, deformation, fracturing and accumulation of defects. The
deterioration of the shotcrete lining can be regarded as the time-dependent degradation of
properties. The degradation of shotcrete properties causes the decrease of shotcrete durability and
a serious safety problem.

In this study, a new rock-support interaction model, considered synthetically the time-
dependent factors such as the rheological characteristic of rock mass and the hardening effect of
shotcrete, is proposed. The proposed model can estimate the time-dependent tunnel convergence
and support pressure for a circular tunnel excavated in the homogeneous isotropic rock mass
subjected to hydrostatic stress state. A more realistic rock-support interaction is obtained by
including the effects of the radial displacement at the tunnel face that cannot be measured directly
in the field. Moreover, the factors affecting the rock-support interaction, such as rock condition,
tunnel size and unsupported span, are investigated by using the proposed model.

Also, the effects of the shotcrete lining deterioration on the tunnel safety are studied.
Exponential equations for shotcrete degradation are obtained from experimental data on the
shotcrete properties varying with time in acidic fluids. The effects of the lining deterioration on the
rock-support interaction are studied for two conditions: (1) time-independent deformation of rock
and/or support, (2) time-dependent deformation of rock and/or support. The results of analysis for
degradation using the theory of rock-support interaction show that the time-dependent
characteristics of rock mass and shotcrete have a great influence on the tunnel behavior.

Keywords: Rock-Support Interaction, Time Dependency, Shotcrete Hardening, Shotcrete
Deterioration.
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The Jinping hydroelectric power generation plant with a maximum generating capacity of
4400MW is one of the major hydropower projects in China. The construction of the four water
transmission tunnels is vital for this project. Coupled hydro-mechanical (HM) processes of
heterogeneous fractured rock during the tunnel excavation under high initial stresses and high
underground water pressures are analyzed in this paper.

A three-dimensional stochastic continuum model that accounts for the heterogeneity of the
hydraulic properties of fractured rock has been developed to simulate the HM behavior. The
heterogeneous fracture permeability field generation is performed with the sequential indicator
simulation, which is a nonparametric geostatistical technique. The nonparametric technigue
allows the input of the permeability probability distribution of arbitrary shape and assignment of
different isotropic or anisotropic correlation structures to different classes of the stochastic
variable. The generated permeability fields are then mapped onto the computational grids for
coupled hydro-mechanical analysis. Deformation-dependant permeability is used to simulate the
evolution of hydraulic properties during tunnel excavation. The importance of material
compressibility is also examined in this paper.

The results have shown that the radial displacements and plastic strain are smaller when
considering the compressibility of fluid and solid phases. It is found that neglecting the material
compressibility will result in an overestimation of rock failure. Comparison of the calculated
inflow rates to the measured values indicates that the heterogeneous model gives a better
prediction of inflow rates than the homogeneous model in the transient state. When the steady
state is reached, the computed inflow rates agree well with the measured values, whether the
permeability fields are considered heterogeneous or homogeneous. Due to highly permeable
fractures in the heterogeneous continuum, an unsaturated zone is predicted, which is not found
in homogeneous model results.

It can be concluded that the heterogeneity of fractured rock and compressibility of fluid and
solid phases have considerable effects on the hydro-mechanical response during the excavation
stage.

Keywords: Unsaturated flow; Heterogeneous fractured rock; Coupled HM; Stochastic
continuum model.
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UNDER NON-HYDROSTATIC IN-SITU STRESSES
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The Convergence Confinement Method (CCM) represents a classic and effective tool for the
support system design in NATM, to compromises the complex nature of interaction between the
rock mass and the supports with a general albeit simplified approach. However, the hydrostatic
in-situ stress assumption limits its applicability. Under the angle-wise approximation assumption
and supposing that rock mass satisfies the Mohr-Coulomb failure criterion and exhibits strain-
softening behaviors, this paper proposes a set of theoretical solutions to account for NATM
excavation in soft rock under non-hydrostatic in-situ stresses.

The proposed method is coded into program under the VB Development Environment, and an
illustrative case is studied by the proposed method. The ground response curves at different
elevation angles are depicted in Fig. 1. It is found that the non-hydrostatic in-situ stresses condition
(supposing P, > P,) makes the rock mass at the horizontal elevation angle more disadvantageous
due to the arch effect. Then combined with the support characteristic curve and using the
philosophy of CCM, the proposed method can help the design of tunnel lining more effectively.

Keywords: Strain-softening behaviors; non-hydrostatic in-situ stresses; NATM; GRC; SCC.
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Fig. 1. The ground response curves and the schematically representation of the tunnel lining design.
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Gotvand dam is a rock fill type dam, under construction 25 km north of Shooshtar city, Khuzestan
province in south of Iran. It incorporates 1000 Mega Watts hydropower plant. Water intake system
consists of four tunnels, gate shafts and surge shafts. These underground structures will be under
water pressure at time of operation, thus special care has been necessary in design and build stage.
Diameter of the tunnels and shafts was 12.6 m and 13 m respectively. The shafts were closer than
2.5D to each other. This geometry could increase concerns over the stability of the structure.

Initial design of the tunnels and shafts has been done using experimental methods and rock
classifications. Since excavation was done gradually in the top portion of the tunnels and pilots in
the shafts, results of some monitoring and observation could be used to re-evaluate the initial
design. Due to the geometry and intersection of the shafts and the tunnels, it was decided to use 3D
modeling for the purpose of stability analysis. Flac3D was chosen as the suitable model for the
area. Using the symmetry in the model, a 130 wide, 140 long, 90 high, model was constructed
which included two tunnels and two shafts. The depth of the shafts was 70 m. Excavation of the
tunnels and shafts was done gradually and changes in the rock displacement and stress was
monitored. The models were run for different order of excavation in the tunnels and shafts. It was
found that the order of excavation could, to some extent, affect the final stability. Some instability
was observed around the intersections and optimum support was suggested to stabilize the area.
Results of the modeling showed that support installation could prevent the possible major
instabilities. Later observations were also in conforming to the theoretical results. This paper
expresses details of the 3D modeling and reviews the difficulties encountered and also includes the
results.

Keywords: Flac3d; shaft; tunnel; intersection; modeling; stability analysis.
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In China, a lot of mines have been explored down to eight hundred meters, even more than one
thousand meter. When reaching a certain degree mining depth, the surrounding rocks of an
opening are often broken under high in-situ stress state. It is necessary to analyze the deformation
behavior under the breaking condition of surrounding rock, in order to grasp the interaction
mechanism of surrounding rock and support structure and make a more reasonable and reliable
support design. In the case that the cross-section of mine openings is regarded as a long and circle,
the elastic—brittle-plastic model is adopted in before studies.

In this paper, the mechanical behavior of surrounding rocks before and after failure is
considered as an elastic-plastic model. That is, if the stress in the surrounding rocks reaches or
exceeds its peak strength, the rock is considered to can be broken, its strength is reduced suddenly
and the post-yielding softening behavior is followed; and then the peak strength is taken to
simulate the mechanical state of the unbroken surrounding rocks in plastic state. Therefore, the
surrounding rock mass are divided into three regions, broken region, plastic region and elastic
region. The stress and strain relationship of the broken and plastic regions is determined by the
Tresc criteria.

For a 2-D plane-strain circular opening of radius a in an infinite rock mass subjected to the
action of a hydrostatic in-situ stress q, the distributions of stress, strain and displacement in the
broken, plastic and elastic regions are obtained. And the relation of the radius Rc of the broken
region and the radius Rp of plastic region is also obtained, this is

1
O-sp lan _(o-sp —O-sc)lch= q _Easp (19)

Finally, when g=o, three examples are given to express the distributions of radial and
circumferential stresses. And using the results of this study, two working cases are discussed for
the explanation of the stability of surrounding rock and the reinforcement (support) around the
opening.

Keywords: Surrounding rock; broken region; Plastic region; Elastic region; Theoretical analytical
method.
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BOREHOLES AND TUNNELS
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Continuum methods for analysis of circular openings are reviewed including analytical, semi-
analytical, elastic and elastoplastic solutions for linear and non-linear openings in isotropic and
anisotropic in situ stress field. The major differences and similarities between tunnels and
boreholes are summarized first. Then the definition of instability is introduced and the instability
mechanics is discussed such as breakouts, plastic deformation, stress redistribution, weakening at
the wall, radial fracture or bifurcation instability. It is indicated that borehole stability is a
geomechanical issue: hydraulic and chemical factors are vital, but instability is a function of stress,
strain and yield. First-order mechanical parameters are strength, stiffness (as a function of
confining stress), permeability, and rock tendency to dilate. These are affected by extrinsic factors
(temperature, ionic concentrations, and pore pressures), which — in turn - change in time. If
intrinsic material properties change, analysis must employ a non-linear theory of some type (non-
linear elasticity, elasto- or visco-plasticity, bifurcation analysis, etc.). It is indicated that
quantitative borehole stability analysis can vary from statistical methods based on history and
lithostratigraphy to fully coupled plasticity solutions implemented through the finite element
method.

Finally, various stress analysis tools available for computing stresses and displacements
around openings are reviewed, starting from the basic linear solutions through elastoplastic
analyses to semi-analytical, non-linear elastic analysis where stiffness is related to confining stress,
radius or strain, to bifurcation instability models, incremental plasticity models, and boundary
element method-based non-linear solutions obtained for boreholes in anisotropic in situ stress field.
It is pointed out that many forms of non-linearity can be introduced but not all are physically
justified by the additional testing or computational effort required and the introduction of materiai
non-linearity usually leads to differential equation formulations which can be solved by (simple)
numerical methods, providing geometry and boundary conditions are simple.

It is highlighted in conclusions that useful design goals can more readily be achieved by
careful goal definition and use of parametric analysis before numerical approaches are employed.
Because of geological complexity, parametric analysis tools available are best viewed as aids to
design, rather than fully predictive methods. Fully analytic solutions are limited to simplified
constitutive laws and geometry, homogeneous rocks, and constant stress, pressure, and temperature
boundary conditions. Continuum methods can be used with great success for boreholes, whereas
better suited for tunnels are approaches which account for joints, blocks, the frictional resistance
among them, and correct geometry which defines kinematic freedom. If varying boundary
conditions, load path dependency of properties, geological heterogeneity including jointing,
complex geometry, or sequential excavation are important, numerical methods are required.

Keywords: Stress/Stability Analysis, Circular Opening, Borehole, Tunnel, Non-linear Effects.
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In this paper, a circular tunnel in a rock mass subjected to non-hydrostatic loading is analyzed. The
tunnel problem is idealized by an axi-symmetric assumption (homogeneous and isotropic etc.), a
combination of a two-dimensional finite element analysis and a Fourier series. The rock mass is
assumed to behave as an elasto-plastic material that is characterized by a cohesive frictional
strength. The initial stress state in cylindrical co-ordinates is expressed as follows:

,=O-x+ay + &% o520
2 2
o,+0, 0;-0,
Oy = - cos 26 1
9 3 3 (D
-
Tro =—%sin29

The analysis includes the cases related to the principal stress directions and the tunnel axis.
Three cases for initial stress condition are assumed. Figure 5 shows variation of o, where o 1s a
deconfining ratio which is obtained by comparing the tunnel wall displacements in this analysis
with the plain strain convergence curves. It could be said that the relations for two longitudinal
sections are almost the function of z/a. Figure 6 shows the relationship between (1-o) and u,. From
these two figures, we could learn again that the rapid decrease in (1-o) with the increase in u, near
the face. Needless to say, tunnel face stability during excavation is very important. In this paper,
face extrusions are presented as well.

Keywords: Tunnel face, Non-hydrostatic stress state, Elasto-plastic, Fourier series.
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Proper prediction of groundwater table and groundwater inflows into a tunnel during and after
tunneling is very important in the tunnel design stage. Groundwater inflows during tunneling
prevent the progress of tunneling works and affect the stability of the tunnel. A drawdown of
groundwater causes changes in the state of the ecosystem around the tunnel.

In this study, 2D finite-element model, SEEP/W, was adopted to investigate the amount of
groundwater flowing into a tunnel and the groundwater table around wetland when the tunnel was
excavated in rock mass. The analyses were carried out at four sites of the Wonhyo-tunnel in
Cheonseong mountain (Gyeongnam, Korea) and the model domain of the tunnel included the
wetland and fault zone. Anisotropic hydraulic conductivities of rock mass were calculated by using
discrete fracture network (DFN) model and used as input parameters to the FEM modeling. To
minimize uncertainties of hydraulic properties, analyses were performed for the parametric studies
of the influencing factors such as hydraulic conductivities of the fault zone and grouting zone. The
conductivity of fault zone was assumed to be 1.00 x 10°m /sec and 1.00 x 10®°m/sec, respectively.
The hydraulic conductivity of grouting zone was assumed to be 1/10, 1/50 and 1/100 of the
conductivity of the rock mass. At the site where the ceiling of the tunnel was designed at a shallow
depth, the increase of the hydraulic conductivity of the excavation damaged zone (EDZ) was
considered. A total 6~8 cases of transient flow simulation was carried out at each site.

The hydraulic conductivities of fault zone showed a significant influence on the inflows into
the tunnel when the fault zone and surface of tunnel were in contact. Groundwater table around
wetlands maintained if the hydraulic conductivity of grouting zone was reduced to less than 1/50 of
the conductivity of the rock mass at all analysis sites. When the conductivity of EDZ was 10 times
higher than the conductivity of the undisturbed rock, the inflows into tunnel decreased by 40%,
compared with those in case of 100 times higher.

Keywords: Groundwater; wetlands; continuum model.
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Fig. 1. Inflows into tunnel at the site around Daeseongkeun swamp in case that the hydraulic conductivity of fault zone is
(a) 10°m/sec and (b) 10°m/sec.
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As part of an ongoing study on the mechanical characteristics of the damaged rock zone (DRZ)
around underground excavations and its influence on the overall performance of the excavation, a
parameter study was carried out using the continuum method of numerical analysis. This assisted
in identifying the sensitivity of the parameters tested, thereby laying the groundwork for further
numerical investigation. The main parameters investigated include the extent of DRZ, the strength
and stiffness of DRZ, and the depth of the excavation. The main quantity used to test the
sensitivity of these parameters is the response of induced stresses around the excavation boundary
resulting from the variation in these parameters. In the study presented in this paper, typical in-situ
stress and rock mass conditions observed for shallow tunnelling projects in Sweden are used. The
results clearly demonstrate the effect of DRZ on the excavation as well as the criticality of various
parameter combinations. The strength of DRZ although sensitive, is the most complex to define
and the tool used in this study to determine the empirical plastic strength components, namely
cohesion and friction, is felt to be uncertain.

Keywords: Damaged rock zone, shallow tunnel, strength, stiffness, parameter study.
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The seepage of the groundwater depends on both permeability coefficient and storage coefficient
around the underground caverns. In both soft rock and hard rock with discontinuities, dilation
occurs in the mechanical process, and it is assumed that permeability does change. In particular,
volumetric strain appears in soft rock and it is thought that there is correlation between the
volumetric strain and permeability because soft rock is porous media.

In this study, we used several parameters of ground obtained through the theoretical resolution
in one element using an elasto-viscoplastic constitution with strain-softening. Figure 1 shows the
theoretical resolution using each parameter. In Case 1, volumetric strain shows dilation behavior.
The result of triaxial CD test of soft rock under 0.1MPa confining stress is also shown in Fig. 1. It
is considered that parameters in Case 1 are proper to describe the soft rock from comparison. In
Case 3, different parameter is given, and volumetric strain shows compression behavior.

In this study, we performed a numerical analysis of an excavation using an elasto-viscoplastic
2-D finite element method which considers the seepage and the characteristics of strain softening
and hardening. We changed the parameters which affect the behavior of the volumetric strain, that
are obtained through one-element theoretical analysis. One shows the dilaion behavior on the
volumetric strain, the other shows the compression. We used these parameters to change the
permeability in the model in each case. Through this parametric study, we examined the effect on
the stability of cavities by changing the material parameter of the ground.

Keywords: FEM; Coupled analysis; Strain-Softening; Volumetric strain; Permeability.
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Fig. 1. Theoretical solution and experiment data.
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KEH-JIAN SHOU'
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Generally, a weak zone can be considered as a layered system composed of formations with
different material properties. In order to understand the potential mechanism for material
instability in relation to the material contrast, it is essential to consider the problem as a multi-
layered system. For the analysis of multi-layered elastic media, a linear variation displacement
discontinuity method was developed based on a scheme superposing two sets of bonded half-
planes and subtracting one infinite plane. The model was verified before applied to the study of the
fracture zone behaviour of tunneling through a weak zone. The results show that the influence of
the material contrast on the stress distribution might be insignificant. However, the fracture zone
behaviour, especially the fracture patterns, can be quite different for different material contrasts.

A special boundary element method has been developed for the simulation of the
development of fracture zone in rock mass. This approach comprises a boundary element method
and a tessellation mesh generator. The displacement discontinuity element, an indirect boundary
element method, is good for fracture simulation. And, linear variation of stress or displacement
quantities is embedded for better accuracy. By using the tessellation generator, a set of pre-defined
potential fractures is defined with a Delanauy triangulation procedure. The fractures activate when
the failure criterion is exceeded and are included into the displacement discontinuity elements. The
final activated fractures near excavation can be determined by the sequential activation calculation
process.

The results shows that the influence of material contrast on the stress distribution might not be
very significant. However, the fracture zone development, especially the fracture patterns, can be
strongly influenced by the interfaces between layers with material constrasts.

Keywords: Tunnel mechanics, numerical simulation, boundary element method, weak zone, rock
mechanics,
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PHYSICAL AND NUMERICAL MODELLING OF UNDERGROUND OPENING
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Two large sized physical model tests were performed to investigate closure of underground
openings of inverted U and circular shapes subjected to different in-situ stress conditions. The tests
were conducted under plane stress conditions. A model material (UCS = 7.0 MPa) was used to
simulate intact rock. Blocks of the model material having size 25mm x 25mm x 75mm were
arranged to form a jointed mass of size 750mm x 750mm x 150mm and having two orthogonal
joint sets. A biaxial loading frame was used to apply in-situ stresses. After loading the mass to
specific in-situ stress level, the openings were excavated at the centre of the mass and deformations
occurring around the periphery of openings were recorded. If the deformations were found to be
negligible, the size of the opening was increased. The following are the details of the tests.

Test-1: Dip of joints = 00°/90°; In-situ stress before excavation o= 2.45 MPa, o,= 2.48 MPa
(Hydrostatic); Shape of the opening = inverted ‘U’ shape. No significant closure was observed
for an opening upto size 15cm under hydrostatic state. After changing in-situ stresses to
ox=2.17 MPa and o, = 2.66 MPa appreciable deformations were observed.

Test-II: Dip of the joints = 45°/45°; In-situ stress oy = 1.38 MPa, 6, = 2.36 MPa (Biaxial);
Shape of opening = circular; No sign of appreciable deformations were observed for 10 cm
circular opening. Maximum deformation of about 2 mm was observed for the opening size of
18 cm. After altering the in-situ stress state to o, = 0.086 MPa and o, = 2.95 MPa (nearly
uniaxial), appreciable deformations were observed at this stage.

UDEC models were developed to simulate the closure. The comparison of results from UDEC
and physical model test-II are shown in Fig.1. It is concluded that the closure is anisotropic and
depends on the configuration of joints, orientation of joints with respect to the in-situ stress field
and principal stress difference. The relative size of the opening with respect to the size of the block
is another important parameter governing the closure.

Keywords: Jointed rock mass; Underground opening; Closure.
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Fig. 1. Comparison of experimental and UDEC results (test-II).
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THREE DIMENSIONAL MODELLING OF A TUNNEL CAVE-IN AND SPILING
BOLT SUPPORT

Q. N. TRINH', E. BROCH' and M. LU'?

\Norwegian University of Science and Technology, Trondheim, Norway
(nghia@geo.ntnu.no)

2SINTEF Rock and Soil Mechanics, Trondheim, Norway

This article is a part of a PhD thesis, in which a tunnel in Vietnam with a serious cave-in is
analysed. The tunnel is Buon Kuop headrace tunnel, which is located 60 m below the surface and
in young sedimentary rocks. There is a 15-20 m wide weakness zone cutting across the tunnel. The
weakness zone caused a cave-in in the tunnel and created a sinkhole on the surface. In the thesis,
the cave-in and sinkhole are analysed thoroughly by several methods including numerical analysis.
However, this article focuses on only two issues: rock mass parameter study and modelling for
spiling bolts.

The equivalent Mohr-Coulomb material is used. The challenge is to obtain the most
reasonable values for cohesion and friction angle from the verified Hoek-Brown material. Fitting
technique that was used in Hoek et al (2002) does not provide a reasonable result concerning the
deformation. Hence, the equivalent cohesion and friction angle of the rock mass are obtained by
using a different way. With a comprehensive parameter study, the models are able to reproduce
some practical results concerning cave-in, sinkhole, and spiling bolts performance.

It may be the first time — as far the authors know — that spiling bolts are modelled using pile
elements in FLAC3D. With pile elements, the models are able to describe a correct and a more
complete picture of the supporting action of spiling bolts. This goal is achieved by including the
ability to carry out bending momentum for the bolts. The model also shows that some of the input
parameters for the “pile elements” spiling bolt are difficult to quantify. These input parameters are
only possible to obtain by in situ tests. References have to be made so that input parameters, to
some extent, can be obtained. The FLAC3D models show a great improvement of the roof stability
when the outer ends of the spiling bolts in the tunnel periphery are properly fixed. Forces acting on
bolts and the bolts deformation are also studied. The models indicate that with spiling bolts in the
roof, the instability problem will move from the roof to the floor (“umbrella” effect of the spiling
bolts). Floor instability can be easier handle than the one on the roof.

Keywords: Weakness zone, cave-in, sinkhole, FLAC3D, pile element, spiling bolts.
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CIRCULAR TUNNEL ELASTIC-PLASTIC ANALYSIS

LIANG WANG, JUNHAI ZHAO and XIAOWEI LI

School of Civil Engineering, Chang’an University, Xi’an, China
(e-mail of corresponding author: zhaojh@chd.edu.cn)

Presently, the Mohr-Coulomb criterion is often used in elastic-plastic analysis of stress field of
tunnel surrounded with rock mass. However, it doesn’t consider the middle principal stress.
Circular tunnel with integrated rock mass is studied in this paper. The rock is considered as the 2™
kind of rock material in Miller, R. P’s experiment. Based on the above assumption, a new elastic-
plastic solution of circular tunnel is derived by using the unified strength theory. This new solution
includes the stress of surrounding rock mass, plastic area radius Eq. (1), etc.

The expression of 7 and ¢ (the introduced parameter) has been deduced in two strength
indexes system a, f, and C,¢. Then author has analyzed the relationship among different strength
indexes by curves. The solutions based on modified Fenner formula and Kastner formula are the
reduced forms of in new elastic-plastic solutions when b=0.

_ [+P-n)]r
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Finally, some new conclusions have obtained:

(i) This paper presents introduction parameters 7 and ¢ under expressions of two different
strength indexes systems a,f, and C,p . At the same time, it made relationship graphs of
introduction parameters and different strength indexes in the range of O<b<1.

(ii) A series of elastic-plastic new solutions in this paper is a group of solutions and has its
own range. Different » correspond to solutions under different yield criterion. b=0( Mohr-
Coulomb field criterion) and b=1( twin shear field criterion) determine upper limit and lower
limit of the group of solutions; For instance, modified Fenner formula and Kastner formula are
degraded forms under solution of b=0 in this paper.

(iii) Twin shear unified yield criterion is recommended through analysis in this paper. It’s
better to exert strength potential of elastic-plastic rock material and have objective cognizance of
surrounding rock self-bearing capacity, so as to well supervise tunnel construction and economize
investment.

Keywords: Unified strength theory; Surrounding rock mass; Stress field; Elastic-plastic solution.
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NUMERICAL STUDY OF CAVITY UNLOADING IN BRITTLE-PLASTIC
ROCK

S. Y. WANG', K. C. LAM?, IVAN W. H. FUNG?, C. A. TANG® and T. XU’
"2‘3Department of Building & Construction, City University of Hong Kong, Kowloon, Hong Kong
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4Center for Material Failure Modeling Research, Dalian University, Dalian 116622, China

SDepartment of Engineering Mechanics Dalian University of Technolgy, Dalian, 116024,China

The prediction of the wall movements of tunnels (boreholes) excavated in rock at great depth is an
important problem in rock mechanics and mining engineering. Based on the homogeneous and
isotropic material of rock, it is well established that cavity contraction theory can be used to obtain
reasonable solutions for this type of problems when circular tunnels are considered. However
when considering the heterogeneity of rock and the failure process of rock, analytical method has
been proved helpless to solve such problems. Therefore, a numerical code called RFPA (rock
failure process analysis) was used to simulate the fractures evolution process due to cavity
unloading. The numerical results can explained the evolution of borehole breakout shape and how
the shape of the breakout related to the direction of the stresses in the rock.

Keywords: Rock; Cavity Unloading; Failure; Collapse; Numerical Simulation.

Fig. 5. Distribution of stress and AE events during the formation of notch around tunnel when the loading condition
k=1/3.
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NUMERICAL SIMULATION FOR SHALLOW TUNNEL UNDER
UNSYMMETRICAL PRESSURE

WANG SHUGANG, LI SHUCAI and WANG GANG

Geotechnical & Structural Engineering Research Center, Shandong University, Jinan 250061 China
(e-mail of corresponding author: lishucai@sdu.edu.cn)

The Hurongxi highway that is being constructed is one of the important parts of the central artery
of Hurong road. It includes many shallow tunnels under unsymmetrical pressure due to mountain
chain of precipitous topography and complex geological condition. One instance out of many is
Longtan tunnel. The burying depth of its outlet section is less than 10m. In tunnel engineering, the
relative convergence of side walls, the ratio of convergence, the range of plastic zone and whether
the vault collapses are considered as the criterions to estimate the stability of tunnels. However, in
designing very shallow tunnels, the proximity of the ground surface and the tendency for the
material ahead of and above the tunnel face to “cave to surface” have to be taken into account
(Evert Hoek, 2004). Furthermore, Longtan tunnel is under unsymmetrical pressure. So it is not
applicable to use the traditional analysis method such as confinement method to solve the
problem.

In this paper, full three-dimensional FLAC’® model is used to simulate the excavation and
supporting process of the exit section of Longtan tunnel. The Mohr Coulomb criterion is used with
the cohesive strength and angle of friction determined from tests. Firstly, different excavation
sequences are performed and then the optional one is obtained by comparing the effects of
excavation sequence on the response of the rock mass surrounding the tunnel. Secondly, two cases
including with support and without support are analyzed on the basis of the optional excavation
sequence. The stabilities of ground surface and face of the tunnel are also analyzed. Computed
results and monitored results are compared. Finally some useful conclusions are given.

By means of Longtan tunnel, some of the problems of numerical modeling for shallow
tunnels under unsymmetrical pressure are discussed and practical solutions to these problems are
presented. Several useful conclusions can be used to conduct the later construction of Longtan
tunnel and other tunnels under similar condition.

Keywords: Numerical Simulation; Shallow Tunnel; Unsymmetrical Pressure; Stability.
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TECHNIQUE FOR DETERMINATION OF BOUNDARY STRESS CONDITIONS
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*Barrick Gold of Australia, WA, Australia

The natural stress state in rock masses is of fundamental importance for overall stability analysis of
underground construction. Direct measurement of the far-field state of stress is difficult and costly
due to the complexity of geological environment. Thus, determination of the initial stress state
through back analysis utilizing measured displacements or local stresses at certain points is a very
worthwhile undertaking which is complicated with high nonlinearity due to nonlinear behavior of
rock masses. Different optimization theories have been developed to solve the optimizing problem.

In this paper, we developed a back-analysis technique based on Genetic Algorithms (GAs) to
determine the boundary stress condition for stability analysis of rock masses with nonlinear
behavior around a tunnel. The GAs are numerical search tools for finding the global optimum of a
given real objective function of one or more real variables, possibly subject to various linear or
non linear constraints. The search procedures provided by the GAs resemble certain principles of
natural selection, genetics and evolution, during which no knowledge or gradient information
about the objective function is needed.

The GAs optimized back analysis technique is then applied to a synthetic example of a deep
tunnel in yielding rock. A nonlinear 2-D plane strain finite element model is used for the prediction
of the behavior of the excavation system, in which the rock mass is numerically simulated as a non-
tension elastic-plastic material. Displacements of the tunnel wall, as well as the local stresses are
used to identify the boundary stress conditions. The magnitude and orientation parameters of the
principle stresses are estimated by a real-coded GA whose objective function is the root mean
square of the residuals between the pseudo-measuring data, obtained with the finite element model
using true values of the parameters, and the prediction results computed with the same model using
the estimated values of the parameters. The results indicate that the present method is capable of
estimating the boundary stress parameters values with stable and good convergence. Numerical
experiments are also carried out to check the influences of position and number of measurements
to the reliability of the back-analysis results. Furthermore, the sensitivity analysis of the GAs
optimization procedure is discussed in terms of identification of boundary stress parameters.

Keywords: Back-analysis; natural stress state; boundary stress conditions; genetic algorithms;
finite element; tunneling.
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STUDY ON MINIMAL ROCK COVER AND ROUTE OPTIMAL SCHEME OF
SUBSEA ROAD TUNNEL

WANTAO DING, SHUCAI LI, SHUCHEN LI and WEISHEN ZHU

Geotechnical & Structural Engineering Research Center, Shandong University, Jinan 250061,
Shandong, China

This paper investigates the subsea tunnels all over the world and concludes the three methods,
such as Norway experience, the minimum leakage method and coal cutting experience under
water. Norway experience is that Norway experts present the minimum rock cover under sea as
function of the water-depth according to construction experience on Norway subsea tunnels. The
minimum leakage method of Japan is that experts postulate the tunnel lies in a homogenous media
with constant permeability in all directions so that they obtain the optimal rock covers of subsea
tunnel. The leakage into a rock tunnel can be the least under the rock covers according to
formulate (1):

H + h ¢))

m( 22

0 = 27k

The coal cutting experience under water is that experts calculate the minimum rock cover in order
to avoid water filling into the tunnel according to experience on rational height of safety coal and
rock pillars under soft water bearings.According to above-motioned methods, the engineering
analogy is used to decide the minimum rock cover of a subsea tunnel at Xiang Shan harbor. The
results of three methods are thought over overall. Meanwhile its geology is considered. Then the
optimal rock cover is gained. To take into account the subsea landform and geology, one profile is
chosen to be the reference profile. According to the design gradient of the subsea, the tunnel
motherboards and the rock covers of profiles are obtained. Comparing those with the results of
engineering analogy, the shortcut of tunnel is got under the safety condition by adjusting the
gradient of the part of the tunnel motherboards, so the optimal scheme to construct the subsea road
tunnel is decided.

Keywords: Subsea tunnel, minimum rock cover, maximal gradient, optimal scheme.

151



TBM BREAKDOWN CAUSES AND EFFECTS ON TUNNELING
PERFORMANCE IN TARABYA SEWERAGE TUNNEL

C. FERIDUNOGLU', D. TUMAC' and N. BILGIN'
'Mining Engineering Department, Istanbul Technical University, Maslak, Turkey

The performance of a full face tunnel boring machine (Herrenkecht TBM) was evaluated within
the research program of this study. TBM having a diameter of 2.9 m and cutting power of 560 kW
was used to excavate the tunnel of 13270 m in length, which was situated between Sariyer and
Baltalimani. The mainrock formations are paleozoik aged sedimentary rocks, limestone,
sandstone-siltstone, andesite dykes and sediment. The project was commissioned to Tinsa —
Oztas — Hazinedaroglu - Simelko consortium. The performance of TBM was recorded
continuously for detailed shift analysis.

TBM assembly labors are recorded during site observations. TBM is ready to bore after 30
days of arrival to site. The cutterhead was overhauled in shaft S11. Therefore performance of TBM
analyzed in two sections as shafts S13-S11 and S11-810. Machine utilisation and advance rate in
S13-S11 are 28% and 0.32 m/h. After overhauling the cutterhead TBM performance is increased
as 35% machine utilisation and 0.51 m/h advance rate. Before the overhaul the average shift
advance and average monthly advance are 2.43m and 221,1 m. After overhaul they are
increased 69% (4.11 m) and 40% (309.42 m) respectively.

TBM downtime causes are grouped for analysis such as cutterhead and shield, cutters,
back-up, non TBM caused downtimes. Frequencies and durations of the downtime causes are
compared for shafts S13-S11 and S11-S10.

Breakdown causes implies the important TBM design points. Cutterhead design, cutter mount
design, segment crane and place of surveying system computer are important design parameters
that effected TBM performance. Organization and planning are the other key points for the
economics of a project that uses TBM.

Keywords: Tunnel Boring Machine; TBM performance; TBM breakdowns.
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With two 57 km long stretches, the St. Gotthard Base tunnel represents the world’s longest railway
tunnel. Not only because of its length rather because mechanized tunnel excavation enters new
dimensions in terms of size, geological complexity and depth of underground constructions this
project is of interest to the general public, contractors and planners.

The St. Gotthard tunnel project that is being carried out as part of the AlpTransit Railway
Project in Switzerland requires an extremely high level of implementation accuracy with regard to
the necessary performance rates and rock support of the bored tunnels. The tunnel excavations
through generally extremely hard and abrasive rocks but also through challenging fault and
disturbance zones put staff and technology to the test.

To meet the complex project demands, that have been unique in international tunnelling up to
now, four Single Gripper Tunnel Boring Machines (TBMs) are deployed for crossing sections of
the St. Gotthard massif. They currently bore full-face through the Gotthard Massif with the
relevant back-up logistics. Southbound, two machines excavate the ‘Amsteg’ tunnel sections, each
with a length of approx. 11.4 km; northbound, two machines bore the tunnel sections
‘Bodio/Faido’, each with approx. 25.5 km and 27 km respectively. Overall, the four tunnel boring
machines will excavate and secure 75 km of tunnel, at overburdens of up to 2,300 m including
some through demanding fault zones.

The concept for the implementation of this technically challenging task is based on the
following principles: high safety standards, spaciousness in the front machine area for the staff,
smooth allocation of processes between the machine and the staff and construction of a top-quality
tunnel. In terms of design, the open Gripper TBMs are adapted to the requirements of the client.
This article focuses on the experience, latest developments and trends of Gripper technology,
based on the worldwide unique reference project, the St. Gotthard Railway Tunnel in Switzerland.

Keywords: Tunnel; case study; tunnel boring machine.
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A MICROSEISMIC MONITORING TRIAL FOR THE STABILITY
ASSESSMENT OF A SUPER TUNNEL AT JINPING DAM, CHINA
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The Jin Ping hydropower dam is one of the biggest hydropower dams currently under construction
in China. In order to construct the dam, two super tunnels are being constructed for the purpose of
water diversion. The dam site is under high stress. Faults and fracture zones were well developed.
Several significant roof falls were encountered during the tunnel excavation, so the stability of the
tunnels during and after the construction becomes a concern. In order to understand the
mechanisms of fracturing and structure movement near the tunnels, a microseismic monitoring
project was carried out at a supper tunnel site. The microseismic results have shown that rock
fractures were developed at the intersection of the water, traffic and exploration tunnels where rock
weakening between these tunnels might be developed (Figure 1). Fracturing was also detected
where a significant roof fall occurred nearby. The microseismic results have provided good
information for engineers to understand stress conditions in the rock mass and to assess the
stability of the tunnel. This project has also identifies several challenging aspects in using
microseismic monitoring techniques for the assessment of tunnel stability during its construction.

Keywords: Stability; tunnel; dam.
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Fig. 1. The locations of weak microseismic zones and events in a vertical cross section near a water tunne! at the Jinping
hydropower construction site.
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The construction of pipeline’s tunnel of pumping hydroelectric station Kozjak is foreseen. It is
composed of three main parts: engine house, reservoir (accumulation lake), and the pipeline that
connects engine house and reservoir. The engine house is located near river Drava, reservoir is on
the 700 m higher plateau of Kozjak, and the pipeline is few ten meters under the eastern slope of
Kozjak.

The geological characteristics were preliminary investigated in 1979 and 1980. The further
activities of the project were stopped, until it was anew activated in year 2004. The project is in the
outline scheme phase. The layer of gravelly sandy silt soils of thickness 0.5 to 2.0 m overlays rock
base. Retrograded altered rocks lay in superficial stratum on the top of the considered slope. They
are weathered in the upper 30 m thick layer, and deeper strongly cracked. At the toe of the slope
appear above all two rocks, marble and calcite schist. Later forms cross to the marble as distinctive
carbonated metamorphosed rock and common biotite muscovite micaschist and gneisses. Marbles
and calcite schist alternate irregular. Represented rocks are classified into ten categories regarding
to the degree of faults. First five categories represents weathered and intensively faulted rocks with
RQD <30 and Q < 1. In higher categories slightly to moderately faulted rocks are ranged. The
laying out mainly lays in the layers between categories VII and IX, and it crosses eleven tectonic
faults with system N-S and NW-SE. At these places the rock is crumbled, and due to the water
flow weathered. According to the prognosis it is placed between categories I and V. The widths of
tectonic faults are 25 to 80 m, and the distances between them are about 200 m (regions of
compact rock).

The paper considers the problem of tunnel’s deformations and stresses due to the movements
in tectonic zones. The main questions that arise due to the movements in tectonic zone are:

e deformation of the tunnel’s structure,

e distribution of normal and shear stresses in the tunnel’s cross-section,

¢ bending moments and shear forces in the tunnel’s cross-section,

¢ influence of the movement in tectonic fault, the tectonic fault’s width, and the ratio of stiffness
in compact rock and tectonic fault.

To find the stress-strain response due to the movement in tectonic zone, the mathematical
model was made in the form of differential equations. The general solution of the problem is given
which is not in the closed form. Introducing assumed shape of the deflection line that is in
accordance with the resistance line of the rock in tectonic zone, we obtain the simple solution in a
closed form.

The solutions of the equations are functions of deflection, slope, bending moment, shear force,
and resistance intensity. They are functions of movement in tectonic zone, width of tectonic zone
and compact rock, and stiffness of tectonic zone and compact rock.

Keywords: Tectonic Fault; Fault Movement; Tunnel.
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This paper reviews the history and current status, and forecasts the future direction of
instrumentation and monitoring technology for tunneling and underground excavation in China.
Underground work is constructed in the geologic media such as rock and soil, and underground
structures are integrated with rock/soil materials. Because the geological conditions are
substantially reply on instrumentation & monitoring works. If monitoring methods are not suitable
and monitoring work is insufficient, engineering accidents will frequently happen, and the
construction progress can be dramatically delayed, resulting in very high unexpected cost. In this
papers, the recently developed technologies in automatic data collection, processing methods and
information management system are discussed. Both successful engineering cases and unsuccessful
cases with accidental collapses due to the lack of instrumentation and monitoring are given. In
recent years, in China there are a great number of underground projects are on going, but the
construction safety and quality are of severe problems and face a big challenge. A package of
solution for solving the probiems is proposed.

Keywords: Instrumentation and monitoring, Underground engineering, Tunneling, Safety, Risk
management.
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The magnitude of tunnel convergence, the rate of deformation and the extent of the yielding zone
around the tunnel depend on the geological and geotechnical conditions, the in-situ state of stress
relative to rock mass strength, the ground water flow and pore pressure, and the rock mass
properties. Squeezing is therefore synonymous with yielding and time-dependence. This research
deals with not only an overview of the methods used for identification and quantification of
squeezing along with the empirical and semi-empirical approaches presently available in order to
anticipate the potential of squeezing tunnel problem, but also Nosoud tunnel as a practical case
study has been applied to evaluate and comparison of the potential of squeezing in different
methods. The results of analyses were shown that about 3 Km of second part of the longitudinal
axis tunnel has high squeezing potential. These parts are located in shale, marlstone, marly
limestone and marly dolomite that are affected in tectonic activities. These zones were often been
in high stress region and categorized in GPN class in support point of view. The details of the
studies performed are presented in this paper.

Keywords: Empirical approaches, semi-empirical approaches, squeezing, Nosoud tunnel.
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INSTRUMENTATION AT HEAD RACE TUNNEL UNDER ADVERSE
GEOLOGICAL CONDITIONS

SRIPAD', RAJBAL SINGH?, SUDHAKAR K!, R. N. GUPTA! and R. N. KHAZANCHI?

!National Institute of Rock Mechanics, India
(e-mail of corresponding author: sripad_naik@yahoo.com)

Tala Hydroelectric Project Authority, Bhutan

Tala Hydroelectric Project is a run-of-river scheme with a planned capacity of 1020MW on river
Wangchu in South-West Bhutan in eastern Himalayas. Construction of 23km head race tunnel
(HRT) was part of the many underground constructions being carried out at the project. HRT is
planned to carry 142.5 cumecs design discharge.

Most adverse geology was encountered for a length of 337m where major shear zone was
encountered. The excavation was completed with drainage, reinforcement, excavation, support
solution (DRESS) technique of excavation and supporting by deploying a forepole machine.

Instrumentation at this stretch of HRT was carried out with a view to understand the rock mass
behaviour and magnitude of displacements and loads acting on the support system. The load on the
support system was measured using load cells and convergence of the ribs was measured using
reflective targets and total station. Fifty load cells were installed in 25 sections and reflective
targets were also installed in the same sections. Maximum load on the rib was 178.09 tons and a
very high convergence of 463.8mm was measured in tunneling in very weak rock mass conditions.

Instrumentation data was regularly analysed to asses the health of support system and
additional strengthening measures were adopted as and when required. MAI anchors were installed
to strengthen the rock mass as well as to drain out the water. After taking remedial measures,
instruments were further used to assess efficacy of these measures. Convergence rates at AGO
reach during Jan-05 to Sep-05 is given in Table 1. This paper discusses the results of
instrumentation and how it was effective in decision making during excavation of HRT in adverse
geological condition.

Keywords: Adverse Geological Condition; Convergence; Load.

Table 1. Convergence rates along AGO reach during Jan-05 and Sep-05.

RD Convergence, g::f’sed Convergence Rate, mm/day

o day:’ Jan-05 | Feb-05 [Mar-05 [Apr-05 |May -05 |Jun-05 |Jul-05 |Sep-05

Kalikhola upstream

1008 12.66 850 0.04 Nil 0.03 Nil 0.01 Nil Nil -
1039.65 23.95 693 0.01 0.003 Nil 0.04 0.001 Nil 0.001 | 0.00
1083.5 125.82 560 0.05 0.01 Nil Nil 0.04 Nil 0.05 0.11
1101.20 148.81 461 0.03 0.06 0.03 0.01 0.05 Nil 0.2 -
1116.2 129.59 415 0.09 0.05 0.04 0.05 Nil 0.09 0.18 0.03
1124.15 143.15 427 0.12 0.15 0.03 0.05 0.05 0.05 0.29 -
1130.55 161.06 367 0.18 0.13 0.09 0.13 0.16 0.19 0.59 0.01
1139.05 463.89 399 0.31 0.30 0.23 0.15 0.27 0.42 0.75 0.01
1141 112.10 271 0.32 0.25 0.24 0.24 031 0.39 0.76 0.01
1150.15 211.05 356 0.33 0.27 0.22 0.23 0.32 0.31 1.01 0.01
1158.75 166.31 342 0.13 0.03 0.08 0.08 0.12 0.18 0.29 0.002
1167.85 151.55 278 0.08 0.12 Nil 0.03 0.08 0.03 0.08 0.005
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MODIFICATION OF THE PROPUSED SYSTEM OF RATING FOR ROCK
TUNNELLING MACHINE SELECTION USING THE AHP METHOD

ALI TAHERI' and HESHMAT ALLAH MANSOORI BORUJENTI?

' Managing Director, Zaminfanavaran Consulting Engineers, Esfahan, Iran
(zafa@zaminfanavaran.com)

2Tunnelling/Mining Engineer, Amir-Kabir University of Technology, Tehran, Iran

Tunnel construction projects often include complex series of events and technical systems. Were
geomechanical properties of the rock mass that influence the tunnelling machine selection are very
complex and associated with large uncertainties. So by using the AHP (Analytical Hierarchy
Process) Method, a system of rating for selecting the tunnelling machine was developed. Like
other rock rating systems, which are normally modified by achieving more experiences and
expertizes, this rating system has been subjected to some modifications, as well. To do this, some
tunnelling machine preference data have been extrapolated and three new rating parameters have
been taken into account. These parameters are: Tunnel construction in water bearing media, safety
of tunnel workers and tunnelling in mixed face conditions. The tunnelling machine performance
data for this purpose have been collected from two tunnelling projects in Iran. These data are used
as reliable experimental basis to establish a modified rating system for selecting proper tunnelling
machine for tunnel construction in rocks.

Keywords: Analytical Hierarchy Process, AHP, Modification, Tunnelling Machine Selection,
Iran.
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INFLUENCE ON GROUNDWATER LEVEL CHANGE DUE TO WATER
SEEPAGE IN CHIKUSHI SHINKANSEN TUNNEL, JAPAN

C. WANG', T. ESAKI', Y. MITANL, B. XU?, A. MURAKAMI' and C. QIU
Unstitute of Environmental Systems, Kyushu University, Japan
(e-mail of corresponding author: wang@jies.kyushu-u.ac.jp)

Key Laboratory of Geographic Information Science, East China Normal University, China

The influence of tunnel excavation on the environment is a prime consideration in today’s
environmentally conscious society. Groundwater is usually a major consideration in most tunneling
and underground construction operation. The water inflow in tunnel affects not only the
construction schedule, stability and safety, but also the groundwater level. In this paper, the impact
on groundwater level due to water seepage in Chikushi Shinkansen tunnel, Japan, is analyzed by
coupling GIS (Geographic Information Systems) and Flac3D. Firstly, the area around Chikushi
Shinkansen (high speed trains) tunnel was drawn into watersheds using the hydrologic-analysis of
ArcGIS, and Tank model, which is a method for hydrologic balance analysis of precipitation,
evapotranspiration, water flow and infiltration, is used for computing the rainfall recharge (Fig. 1).
All the data, such as the geological data, terrain and rainfall, are processed using ArcGIS. Then, a
three-dimensional groundwater flow numerical model was built to predicate the water inflow in
tunnel and the groundwater level fallen down around the tunnel. Based on the Flac3D numerical
model, considering the rainfall-infiltration recharge and tunnel excavation sequence, a spatio-
temporal simulation of the water inflow and its influence on the groundwater level of Chikushi
Shinkansen tunnel is presented (Fig. 8 and Fig. 9(b)). The results show that the three dimensional
real terrain, the geological condition and the rainfall infiltration will affect the groundwater inflow
and the change of groundwater level during and after tunnel excavation.

Keywords: Groundwater level; Water inflow; Geographic Information Systems (GIS); Tank

model; Spatio-temporal simulation.
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Fig. 1. Flow chart of the study.
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2. ROCK CAVERNS

2.1. General

161



This page is intentionally left blank



A THERMO-MECHANICAL ANALYSIS AROUND LINED LNG
STORAGE CAVERN

YONG-HOON CHO", HEE-SUK LEE', SEUNG-CHOL LEE', TAEK-GON KIM', JIN-MOO LEE,
HO-YEONG KIM!, EUI-SEOB PARK? and SO-KEUL CHUNG?

'SK Engineering & Construction, Seoul, Korea

Korea Institute of Geoscience and Mineral Resources, Daejeon, Korea

The concept of underground LNG storage in lined rock cavern has been developed and tested for
several years. According to the pilot scale study from 2003, heat propagation in rock due to
cryogenic storage could be well predicted without difficulty. General thermo-mechanical effect on
rock near cavern also showed favorable behavior in terms of cavern stability. However, the full
scale thermo-mechanical response of rock mass including fractures under cryogenic condition will
be quite complex according to fracture characteristics. The movement and the opening of fractures
can be expected to significantly affect rock movement and cavern stability.

In this study, a series of thermo-mechancal analysis were performed to understand the
behavior of full scale LNG storage cavern, rock mass around the cavern and rock fractures to
assure cavern stability during long-term storage of LNG in the cavern. Rigorous models were
prepared with UDEC ver. 4.0 and the effect of explicit excavation and lining construction was
simulated together with 30 years of storage period. Calculations were carried out with different
condition in fracture distribution pattern and orientation etc.

General results show that rock displacements near cavern in most directions except the roof
were directed toward not excavation faces but rock mass due to thermal contraction of rock mass
itself during long-term cooling. As cooling started, compressive rock stresses fell down rapidly and
tensile rock stresses were generated and increased until 5 years of cooling.

According to the results, maximum rock mass temperature fell down to about —50°C for 30
years of cooling, no excessive displacements and stresses were generated.

It is realized from the results that the behavior of rock fractures(opening and shear
displacement) due to long-term cooling would be strongly dependent on fracture spacing,
distribution pattern and direction. Opening and shear displacement were generally increased until
8~12 years.

The complex action of intersecting fractures can influence either favorable or adverse way,
therefore. the lay of the cavern should be determined considering orientation of fractures to assure
cavern stability.

Keywords: Thermo-mechanical; cavern; rock fracture.
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EVALUATION OF THE STABILITY FOR UNDERGROUND TOURIST
CAVERN IN AN ABANDONED COAL MINE

K. C.HAN! and Y. S. JEON'

Korea Institute of Geoscience and Mineral Resources
(e-mail of corresponding author: hankc@kigam.re.kr)

A series of geotechnical surveys and in-situ tests were carried out to evaluate the stability of
underground mining gallery in an abandoned coal mine. After closure of the mine, the underground
mine drifts have been utilized for a tourist route since 1999. The dimension of the main gallery is
5Sm width, 3m height and 230m length. The surrounding rock mass of the gallery is consist of black
shale, coal and limestone. Also, the main gallery is intersected by two fault zone.

Detailed field investigation including Rock Mass Rating (RMR), Geological Strength Index
(GSI) and Q classification were performed to evaluate the stability of the main gallery and to
examine the necessity of reinforcement. Based on the results of rock mass classification and
numerical analysis, suitable support design was recommended for the main gallery. RMR and Q
values of the rock masses were classified in the range of fair to good. According to the support
categories proposed by Grimstad & Barton (1993), these classes fall in the reinforcement category
of the Type 3 to Type 1. A Type 3 reinforcement category signifies systematic bolting and no
support is necessary for the Type I case.

Many discontinuities (beddings, joints, faults, etc) discovered in the mine exhibition gallery
took very complicated aspects. In addition, mechanical behavior characteristics of target rock mass
were definitely differentiated between discontinuities and fresh rock mass. Therefore the
discontinuity analysis considering mechanical characteristics as well as the geometrical distribution
characteristics of discontinuity was conducted. For this, the stability of the mine exhibition gallery
was analyzed by using UDEC (Universal Distinct Element Code). UDEC is a commercial program
based on the discrete element method (DEM), and the whole model is generated by a number of
distinct blocks, which can be divided into deformable triangular finite difference zones in UDEC.

The mine exhibition gallery has been currently reinforced with steel ribs and rock bolts.
Considering that steel ribs are not simulated in the two-dimensional analysis, it is regarded that the
mine exhibition gallery are wholly stable but additional reinforcement for partial unstable blocks is
required. Consequently, when unstable factors are detected, the following measures should be
taken:

First, the section of rock bolts installed partially should be observed continuously. If unstable

factors such as collapse are detected, ceiling reinforcement by wire meshes and systematic rock
bolts should be taken to ensure the long-term stability of gallery when needed.
Second, an effluent in some sections may cause rise the humidity in the mine exhibition gallery,
corrode steel ribs and rock bolts, or pit prop and timber in the mine exhibition gallery, and so
deteriorate the long-term performance of support materials. Qutworn materials and facilities in the
mine exhibition gallery should be replaced by new things

Keywords: Underground mining gallery, Rock mass classification, Reinforcement, Numerical
analysis.
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HYDROGEOLOGIC ANALYSIS OF GROUNDWATER DRAINAGE SYSTEM
FOR UNDERGROUND LNG STORAGE CAVERN

WOO-CHEOL JEONG', SANG-WOO WOO', HEE-SUK LEE', DAE-HYUCK LEE', JIN-MOO LEE',
HO-YEONG KiIM', EUL-SEOB PARK? and $O-KEUL CHUNG?

‘SK Engineering & Construction, Seoul, Korea
(e-mail of corresponding author: wcjeong-j@skec.co.kr)

YKorea Institute of Geoscience and Mineral Resources, Daejeon, Korea

A new concept storing LNG in a hard rock lined cavern have been developed and tested for several
years. In this concept, groundwater in rock mass around cavern has to be fully drained until early
stage of storage operation to avoid possible adverse effect of water near cavern walls, For this
reason, groundwater drainage system, which is mainly drained by gravitational force to inside of
drain tunnels and holes underneath the cavern as shown by Fig. 1. And if this system is worried not
10 be enough or to take much time to drain, the vertical pumping hole is drilled on surface or shaft
access tunnel.

In this paper, the hydrogeologic study related to groundwater drainage system of the LNG
lined rock cavern that is proposed to be located in Pyeongtack was performed. At first,
groundwater levels observed in several monitoring holes, the recharge into the rock layer where the
cavern was embedded and hydrogeologic boundaries such as hill area, river and sea were surveyed
s0 that the distribution of groundwater was mapped around the supposed site. And by Modflow
analysis in the viewpoint of aquifer and Seep/W analysis in the viewpoint of flow system, it was
possible to evaluate if the drainage system was efficiently operated and if the position and space of
drain holes was arranged adequately. Also, drainage rate into the drain holes and seepage rate into
the caverns and tunnels was estimated though the evaluation of groundwater mass balance and the
period of drainage could be calculated on design stage.

Keywords: Underground LNG storage, Drainage system, Drain holes, Groundwater modeling.
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Fig. 1. Schematic figure of the unlined underground LNG storage cavern.
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DESIGN OF ROCK CAVERNS IN HIGH IN-SITU STRESS ROCK MASS

M. LU, H. DAHLE!, E. GR@V', H. Y. QIAQ?, Q. L. ZHAO® and B. H. WEN?

ISINTEF Rock and Soil Mechanics, Trondheim, Norway
(Ming.Lu@sintef.no)

2Qinling Zhonhnanshan Mountain Highway and Tunnel Co Ltd, Xi’an, China

3The First Survey & Design Institute of the Ministry of Railways, Xi’an, China

Six caverns are designed in the world’s longest double tube road tunnel, the Qinling Zhongnanshan
tunnel, for special lighting and driving safety purposes. The tunnel is excavated through the
Qinling Mountain Range of Shaanxi province, China, where the maximum rock overburden is
about 1800 m. Having realized the importance of the in-situ rock stress, a field measurement
program by overcoring was carried out in two boreholes close to the cavern sites. The overburden
for the boreholes is 400 and 1600 m, respectively. The measurement at the low overburden hole
was successful, whilst great difficulties were encountered in the high overburden hole. Severe core
disking was observed. Finally, the 3D overcoring was replaced by doorstopper (2D overcoring).
The measurement result indicates the highest major principal stress may be as high as 45 MPa. The
rock type is mainly granitic gneiss of good quality.

Based on the requirements of lighting and driving safety the caverns are designed to have a
length of 150 m and a maximum span of 22 m which is gradually reduced to the standard tunnel
width of 12.9 m. However, restricted by the distance between the two existing tunnels the
minimum width of the pillar between the caverns is only 8 m. In summary the main features of the
caverns are:

e  High in-situ rock stress

e  Generally good rock

¢  Small pillar in comparison to the cavern size

The rock support design is based on empirical approach from Q rock mass classification and
the design is then verified by the numerical analysis. FLAC3D is used in general analysis of cavern
stability with focus on the 3D effects, i.e., the variation of stress and deformation in the direction
of tunnel axis; while the 2D analysis with Phase2 is used in detailed study of entire construction
sequence and functioning of each support element. Two different designs are proposed for low and
high overburden conditions, respectively. The support means include rock bolts and steel fibre
reinforced shotcrete. Special procedures for excavation, support installation and monitoring are
also proposed.

Keywords: Road tunnel; rock support; in-situ stress measurement; numerical analysis; rock mass
classification.
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DEVELOPMENT OF THE GROUNDWATER RESOURCES IN BEDROCK
USING ROCK CAVERNS

T. NISHI', H. MOMOTA?, M. SUZUKT® and M. HONDA*

Unstitute of Technology, Shimizu Corporation
(e-mail of corresponding author: nishi_t@shimz.co.jp)

*Institute of Technology, Shimizu Corporation

Water shortage frequently occurs in the regions where there is no abundant river water or shallow
groundwater. An efficient development of water resources in such regions is an important problem
for sustainable activities of economy and social life. The authors have been interested in the
groundwater in bedrock as new water resources for such regions, and we have shown the
possibility to use the groundwater in bedrock through the studies on the tunnel water discharge in
Japan. Based on these studies, we proposed “the groundwater-intake system using rock caverns”
and the required technology to extract the groundwater from rock mass. Recently, “the simplified
groundwater-intake system” was proposed as a developed type of the former system. The former
system aims to develop the groundwater which amounts from thousands to ten thousand tons per
day. On the other hand, the new system aims for obtaining the groundwater less than thousands
tons per day. The two systems are properly selected according to the quantity of the required water,
geological and geographical conditions of the site.

The water-intake principle of the systems is based on the mechanism which the groundwater
flows into the tunnel according to the difference of the water head between the shaft and
surrounding bedrocks. The performance of the systems is calculated by the 3-dimensional FEM
analysis. The site selection and structural design of the systems are usually decided from the
results of many investigations. In this paper, we show the computer-aided geographical features
analysis for the presumption of the groundwater flow direction, and also show the quasi 3-D FEM
groundwater analysis corresponding to the rain fall which supports the design of the systems.

In addition, a concept and a structural design of “a water-intake and reservoir system” which
can store groundwater and river water in underground rock caverns are also introduced as another
development method.

Keywords: Groundwater resources; bedrock; rock cavern; water-intake system.
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Fig. 1. Structural design of the groundwater-intake system in rock mass; left: the standard type, right: the simplified type.
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CAVERN DESIGN CONSIDERATION WITH MODERN DRILLING
EQUIPMENT

G. NORD !, H. STILLE? and M. BAGHERI?

"Atlas Copeo Rock Drills AB, Stockholm, Sweden
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2Department of Civil and Architectural Engineering, Royal Institute of Tech, Stockholm, Sweden

Traditionally large caverns for underground storage or other purposes have been given an
excavation sequence of a top heading of moderate height 7-8 m, a first horizontal bench
5-6 m and two vertical benches to achieve a final height of 30 m or more. Modem drilling
equipment makes it possible to reduce the number of excavation stages from 4 to 3 by
starting with a top heading having 10m height. This gives the opportunity to carry out the
benching in two stages only and both by vertical benching. This a means an unelectable
saving of the construction cost. The effects of this height increasing on the total stability
of cavern are discussed for different geological and geometrical condition by analytical
solutions and continuum numerical modeling. These different geological and geometrical
conditions are quality of rock mass, depth of excavation, in situ stress and effects of other
openings. Performed analyses indicate that in some cases, like excavating two or more
deep caverns by applying a new excavation sequence will decrease the total displacement
and the plastic zone. In case of excavating a cavern in hard brittle rock at shallow depth,
using a new excavation sequence hasn’t any effect on the total displacement of cavern.
By applying the new excavation sequence on a deep cavern in hard rock as well as two or
more cavern at shallow depth in poor rock will cause an increase of the plastic zone
around the opening

Keywords: Drilling, Stability Analysis, Cavern, Design, Excavation Sequence.
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APPLICATION OF COMPOSITE ELEMENT METHOD TO PUBUGOU
UNDERGROUND ENGINEERING
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Jiansu, 210098, P. R. China

School of Water Resource and Hydropower Engineering, Wuhan University, Wuhan Hubei,
430072, P. R. China

Discontinuity is the general term of faults, joints, beddings, etc. in the rock masses. The simulation
of discontinuities is a crucial problem in the study of the deformation and stability of rock
foundation, slope and underground cavern. Composite element method (CEM) is intended to solve
the problem recently. The main advantages of the composite element method is that it can be
incorporated into the conventional finite element analysis procedure, and the mesh generation of
the large scale rock structures with considerable number of discontinuities requiring explicit
treatment in the calculation will not be restricted by the number, position and orientation of the
discontinuities.

As a new numerical method, lots of test should-be carried out on the composite element
method for discontinuity. Some trials, such as one elements containing one or more joints anti-
press test, a dam with one or more faults in its base anti-press test and so on, have been successful.
Underground engineering is more complex than the dam base, because the discontinuities in rock
masses intersect with the caves. PuBugou large-scale underground cavern engineering provides a
good chance to test the method farther.

The three dimensional model contains all six generator units in the engineering. Mesh
simulates main cavern, main transformer chamber, bus bar gallery, tail gates chamber, diversion
tunnel, tailrace tunnel, which contains 41580 nodes and 39690 elements, including 8517 composite
elements. Excavation is divided into eight steps and reinforcement is applied after every
excavation step. The operation between seven faults and mesh is carried out in pre-process, and its
results are inputted into the computation program of CEM. The former practice shows that it is
very difficult to simulate explicitly the tunnels and three faults intersected with them by FEM, but
CEM is able to deal with this structure involving seven such faults in the dissertation. The results
list the displacements, stresses and plastic regions of every generator unit section, stresses and
safeties of every fault. The computation results accord with impersonality law, which shows the
effect of the method in large-scale engineering.

Keywords: Underground; discontinuity; composite element method.
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Despite growing significance of use of renewable resources the increasing Industrial and
agricultural production, energy consumption and traffic still requires continuous provision of
hydrocarbons and other chemical substances. For strategic and economical reasons these materials
have to be available even in times of supply shortages. Therefore large quantities of such
substances have to be kept in store. Since most of such substances are inflamable, toxic and
hazardous towards ground water apropriate storage facilities have to be designed and operated in
compliance with high safety standards.

Decreasing availability of storage area above ground and security requirements often warrant
construction and operation of such facilities in the underground.

Based on experience from design and construction various concepts of underground storage
of liquid hydrocarbons are presented. Evaluation of these concepts with regard to safety and
environmental aspects as well as product quality assurance shows that storage in unlined
underground openings is no longer in line with recent authoritative regulations and legal
requirements of many countries.

Considering the requirement for a multi-barrier confinement system a solution comprising a
continuously lined underground opening with a double-walled liner was found to be best suited to
fulfill the environmental and safety requirements.

Keywords: Underground storage; hazardous substance; multi-barrier confinement.
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INFLUENCE OF CONCEALED KARST CAVERNS ON TUNNEL STABILITY
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Karst disaster is often occurs in the tunnel construction in mountain district. According to a survey
on the tunnel Karst disaster in southwest of china, tunnel destabilization resulting from concealed
Karst caverns fall into two types and the corresponding mechanics model is set up. When jumbo-
sized concealed Karst caverns are concerned, the destabilization mechanism of rock between Karst
caverns and tunnels is analyzed and simplified into collapse destabilization of beams and plates.
And the theoretical formula for the minimal safe thickness of the tunnel roof and bedplate is
deduced according to the elastic theory.

When most middle and small sized caverns are concerned, based on the formation of Karst
caverns and the theological deformation characteristics of surrounding rock, the mechanics model
of Karst caverns can be divided into open-field mechanics model and excavation mechanics model.
The Karst tunnel problems caused by the middle and small sized caverns are mainly studied
numerically with the consideration of the influence of different positions and scopes of the
concealed Karst caverns on stress field, displacement field and the internal force of support
structure for tunnel with the popular shape type. The influence of surrounding rock conditions and
the initial stresses to the displacement, stress and internal force of supporting structure of the
tunnels are tested numerically. On the basis of numerical experimental analysis, the present paper
analyzes the internal mechanism of tunnel displacement variation rule resulting from different
scopes and positions caverns and makes the partition graph of cavern influencing range.

Finally an in-situ measurement for a tunnel construction in the Karst region is conducted in
Wu-Dou project. The variation of tunnel displacement with and without caverns influential
conditions are observed and compared with the numerical results. And the rationality and
creditability of numerical conclusions are proven.

Keywords: Tunnel; Karst caverns; Stability of tunnel; Numerical experiment.
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In this study, we focused on the long-term rock strength. The time dependency of rock mass
strength was evaluated with BEM-CM based on measurements that had been carried out at an
existing large underground cavern.
The results of analysis indicate that increments of rock displacements after the end of
excavation can be explained with decrement of the peak strength of rock as in Fig. 1 and that the
decrement of the peak strength may have a liner relation with time on log-log axis as in Fig. 2 in
accordance with the relation that is evaluated by homogenization method for crack propagation in
rock and that under a circumstance where the residual strength of rock is maintained, the
mechanical behavior of cavern will converge in long time as in Fig. 3.

Keywords: Long-term stability, Time dependency of rock strength, Large underground cavern,
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DESIGN METHODOLOGY FOR HYDROCARBON CAVERNS, INFLUENCE
OF IN-SITU STRESSES ON LARGE SECTIONS

T. YOU!, N, GATELIER? and S. LAURENT?
Y3GEOSTOCK, Rueil-Malmaison France
(‘tyo@geostock.fi; *nga@geostockfr; *sla@geostock.fr)

During the early days, mined rock caverns were based on intrinsic imperviousness of rock masses
and the designers used mainly their mining experience. Then, the idea of pinched roofs facilitating
roof joint closure appeared, ovoid and elliptical shapes were designed based on consideration of
induced stress disiribution and limitation of water flows. More recently, while in-situ stress
measurement techniques improved, new projects were designed and constructed in rock masses
characterized by significant anisotropic conditions. The authors present a panorama of forty years
of underground storage section design and focus on a case-study still under construction,
Visakhapatnam in Andhra Pradesh, India, for which the section had to be amended in order to
better cope with the measured stresses.
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Fig. 7. Shape effect on the tangential siress for K=3,5 at storage depth: variation of the minimum and maximum stress as a
function of slenderness for elliptic, ovaloid and rectangular cavern.

The new era of gas storage will also be challenging for design and construction engineers with
growing consideration of coupled mechanisms, thermal loads and non-linear changes in rock
parameters. It has been shown that new tools such as 3D, discontinuous and fully coupled codes
are already needed and used by engineers. An interactive design process of storage under
construction is presented showing the interest to obtain key parameters before critical construction
path keeping some flexibility to accommodate new information.

Keywords: Design; Cavern; Storage; Section; Stresses; Case-study.
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FINITE ELEMENT ANALYSIS OF UNDERGROUND NUCLEAR
REPOSITORIES WITH TEMPERATURE DEPENDENT ROCK PROPERTIES

T. CHAKRABORTY ! and K. G. SHARMA 2

'PhD Student, Geotechnical Engineering, Purdue University, USA
(tanusree.chakraborty@gmail.com)

2Professor and Head, Department of Civil Engineering, Indian Institute of Technology Delhi
(e-mail of corresponding author:kgsharma@civil.iitd.ernet.in)

The design of a nuclear waste repository involves modeling a system of physical mechanisms
operating over a long period of time. In case of a nuclear repository structure, temperature of rock
increases with time and ultimately it reaches steady state condition. With increasing temperature,
rock properties change considerably. With increasing temperature, modulus of elasticity (E) of
rock first increases upto about 100°C and then decreases by a large amount. All other rock
properties like density (p), cohesion (c), angle of internal friction (¢), thermal conductivity (k) and
Poisson’s ratio (v) decrease with increasing temperature of rock while coefficient of thermal
expansion (o) of rock increases with increasing temperature. Therefore, considering temperature
dependent rock properties in analysis is of major importance.

In this paper the elastoplastic thermomechanical analysis of a KBS3 type nuclear repository
structure located at great depth in tuff rock has been carried out using temperature dependent rock
properties for steady state temperature distribution. Results have been compared with those using
temperature independent rock properties to study the effect of temperature dependence of rock
properties on stresses, deformations and plastic strains. Mohr- Coulomb yield criterion has been
used to simulate rock behaviour. Finite element code ABAQUS has been used for analysis. An
overall increase of stress, displacement and equivalent plastic strain has been observed in
temperature dependent case as compared to temperature independent case. The temperature
independent case with a canister temperature of 200°C has been considered as reference case.

Comparing the results of temperature dependent case with the reference case, a maximum
stress increase of 20% has been observed. A maximum stress reduction of 6% took place in the
plastic zone. The equivalent plastic strain was 0.2205% in case of temperature independent case
which increased by almost 82% to 0.4089 % in temperature dependent case.

Keywords: Nuclear repository, temperature dependent; elastoplasticity; thermomechanical.
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BEHAVIOUR STUDY OF LARGE-SCALE UNDERGROUND OPENING IN
DISCONTINUOUS ROCK MASSES BY USING DISTINCT ELEMENT METHOD

Y. J. JIANG!, B. LI%, Y. YAMASHITA?®, Y. ETOU* Y. TANABASHI’ and X. D. ZHAQ®

'"Faculty of Engineering, Nagasaki University, Nagasaki 852-8521, Japan
(Jiang@civil.nagasaki-u.ac jp)

Graduate School of Science and Technology, Nagasaki University, Nagasaki 852-8521, Japan
*Kyushu Electric Power Co., Inc., Fukuoka 815-8521, Japan
*Kyushu Electric Power Co., Inc., Fukuoka 815-8521, Japan
SFaculty of Engineering, Nagasaki University, Nagasaki 852-8521, Japan

®Research center for Geo-environmental Science, Dalian University, Dalian 116622, PR China

The deformational behaviour and stability of large-scale underground openings are ruled by the
mechanical behaviour of discontinuities such as joints and faults in the discontinuous rock masses.
It is recognized that the majority deformation and degradation of the host rock masses around
underground openings often originates from the shear failure and dilation along the discontinuity
surfaces. Therefore, in the analysis of the deformational behaviour of an underground structure by
using numerical simulation, how to model the discontinuities becomes a key problem. Continuum
analysis is a main method in the current design and construction practices, which assumes the
discontinuities to be weak joints and decreases the mechanical properties of rock mass to build an
equivalent continuum. However, continuum analysis has difficulty in evaluating the local and
detailed behviour of underground openings, some of which are necessary information for design,
construction and management. In this study, Distinct Element Method (DEM) was used for
simulating the deformational behaviour of the underground opening of a pumped storage power
plant based on in-situ geological data. Its validity has been evaluated by comparing the analytical
results to the in-situ data. The differences of deformational behaviour due to different gradients of
initial stresses and different shapes of openings (i.e. warhead shape, egg shape) were evaluated.
The results show that egg shape is advantage for restraining the deformation of openings in a large
width of the gradients of initial stresses. When the gradients of main discontinuities are close to the
principal stress, care should be taken on the blocks which trend to “flow” into the opening.

Keywords: Underground opening; Distinct Element Method; Shape of cross section; Inclination
of initial stress.
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HYDRO-THERMAL COUPLED ANALYSIS OF ICE RING FORMATION IN
UNDERGROUND PILOT LNG CAVERN

¥.B. JUNG', 8. K.CHUNG', C. PARK!, W. C. JEONG® and H. Y. KIM?
'Korea Institute of Geoscience & Mineral Resources, KOREA
(e-mail of corresponding author: ybjung@kigam.re.kr)

%SK Engineering & Construction, KOREA

Design and construction of underground LNG storage in lined rock cavern requires various
theories and techniques based on rock mechanics, heat transfer and hydrogeology. Underground
pilot LNG cavern located in Daejeon had been constructed and operated for the verification of
brand new technologies. In this paper, ice ring formation is investigated through hydro-thermal
coupled analysis using FLAC. Ice ring plays a secondary barrier in case of leakage of cryogenic
liquid and a primary barrier against groundwater intrusion into LNG cavern. Therefore, the
thickness and location of ice ring are very important for the safe operation of LNG storage and
integrity of primary barrier composed of concrete, PU foam and membrane. FLAC provides easy
method for coupled hydro-thermal analysis but does not provide phase change of water and
corresponding permeability change. Those features are implemented using FISH language for
accurate simulation of ice ring formation. Through the numerical analyses, the position and
thickness of ice ring are estimated. Due to the difficulties of in-situ identification of ice ring, only
the temperature and groundwater level are compared with monitored values. The numerical results
show good agreement with measured values when temperature dependent properties and phase
change are taken into account.

From the coupled analyses, we can make following conclusions:

1) The temperature dependency of the input properties must be considered for appropriate
modeling of the cryogenic environment. Particularly when the temperature range of simulation is
wide, the variation of properties has to be taken into account. 2) The capability of hydro-thermal
modeling of ice ring formation has been verified by a comparison of numerical results with in-situ
measurement data. Therefore, a similar approach can be extended to the simulation of ice ring
formation in a full-scale LNG storage cavern. 3) The location of the ice ring is an important design
factor in this new concept of LNG storage and has been found to be dependent upon the 0C
isotherm spread as well as the time of the drainage stop, which can be quantitatively determined by
the numerical method introduced in this paper.
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Fig. 1. Hydro-thermal simulation of Ice ring formation and results for Daejeon pilot LNG cavern.
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HEAT TRANSFER AND BOIL-OFF GAS ANALYSIS AROUND
UNDERGROUND LNG STORAGE CAVERN

HEE-SUK LEE"", DAE-HYUCK LEE!, WOO-CHEOL JEONG', YONG-WON SONG,
HO-YEONG KIM', EUI-SEOB PARK? and SO-KEUL CHUNG?

'SK Engineering & Construction, Seoul, Korea
(*e-mail of corresponding author: hslee@skec.co.kr)
*Korea Institute of Geoscience and Mineral Resources, Daejeon, Korea

One of the important issues in cryogenic storage is to reduce the amount of boil-off gas due to heat
loss. Though thick Polyurethane foam is used for containment insulation, certain percentage of
boil-off gases is unavoidable because of extreme temperature changes between walls (Figure 1).
Underground LNG storage in lined rock cavern has many advantages, especially in termas of
cryogenic heat loss and storing efficiency, compared with existing aboveground or inground
storages. Cooling front propagates progressively into rock mass, therefore refrigerated rock
decreases the amount of boil-off gas because progressive decrease of rock temperature reduces
heat loss. Design should be based on accurate heat transfer analysis, thercfore it is very important
to predict the heat propagation from storage into rock mass properly in terms of robust design.

In this paper, the results of heat transfer analysis for both pilot-scale and full scale storage
caverns are presented. Monitored temperature profiles from pilot-plan are compared with
calculated data, and they show good agreement with proper rock properties. For the prototype
design of full-scale storage, a series of heat transfer analysis were performed to determine
insulation thickness, pillar width between caverns and boil-off gas ratio in case of typical storage
conditions. Overall rock temperature did not fall down to -50°C after 30 years of storage. Though
zero-degree isotherm has propagated about 20-30m from cavern walls, there was no significant
effect on ground surface in terms of environmental aspects. Boil-off gas ratio (BOR) was
calculated based on heat flux output along insulation panels. Calculated boil-off gas ratio for
underground storage cavern was quite low compared with aboveground storage. When the effect
of groundwater was considered with coupled model, BOR could be much lower compared with
heat transfer only case. It can be concluded that the heat transfer in rock mass around LNG storage
can be well predicted with current numerical approaches, therefore efficient design of the storage
cavern is possible with reasonable prediction of heat propagation in rocks.

Keywords: Heat transfer; gas; cavern.

Fig. 1. Concept and insulation structure of underground LNG storage.
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NUMERICAL SIMULATION AND DISPLACEMENT FIELD MEASUREMENT
OF POWERHOUSE CAVERN EXCAVATION

SHOUJU LI!, YINGXI LIU' and FENGJI WU?

'State Key Laboratory of Structural Analysis for Industrial Equipment, Dalian University of Technology,
116024, China
(e-mail of corresponding author: lishouju@dlut.edu.cn)

2 Baishan Hydropower Plant, 132110, China

A nonlinear, three-dimensional finite element model was applied to simulate the conventional
procedure of underground workhouse excavation. The Drucker-Prager elastic-perfectly plastic
material model was used for the simulation of rock mass, faults and the supporting structures. The
material non-linearity was dealt with using an incremental technique. To monitor the stability of
the powerhouse cavern, displacements of the surrounding rock were measured during excavation.
The field measurement results show that the surrounding rock of cavern is stable while the rock
bolt and shotcrete were designed as the supporting structures.

The Baishan hydropower station was constructed on the second Songhua River in the Jilin
Province, northeast China, between 1975 and 1983. The concrete gravity arch dam is 149.5m high,
and 676.5 m long. In-situ monitoring during the excavation and at longer intervals after the
underground cavern is completed should be regarded as an integral part of the design not only for
checking the structural safety and the applied design model but also for verifying the basic
conception of the response of the rock mass to tunnelling and the effectiveness of the structural
support. The main objectives of in-situ monitoring include: (1)To control the deformations of the
cavern. The time-history development of displacements and convergences may be considered one
safety criterion, although field measurements do not yield the margins the structure can endure
before failing. (2) To verify that the appropriate tunnelling method was selected. (3) To measure
the development of stresses in the structural members, indicating sufficient strength or the
possibility of strength failure. (4) To indicate progressive deformations, which require immediate
action for surrounding rock mass and support strengthening.

In order to investigate stability of surrounding rock of underground powerhouse cavern,
finite element model and sequential excavation procedures were proposed. The behaviour of an
elastic perfectly-plastic material is governed by a yield criterion and an associated flow rule. The
Drucker-Plager criterion is a simple modification of the Von Misses criterion involving the
influence of the hydrostatic pressure on failure. The excavation process is simulated step by step
with finite element method. The numerical solution is presented for evaluating the stability of
surrounding rock around large-scale underground cavern. The field measurement of
displacements indicates that cavern wall deformations can be used in assessing the condition of
the rock mass around the cavern and the evolution of the loads on the temporary support. Safety
during cavern excavation relies heavily on rock mass deformation monitoring, as early warning of
incipient failures is often based on the rapid collection and evaluation of surrounding rock
deformation measurements. As such failures usually evolve in a relatively short period automation
in the collection and processing of monitoring data is thus necessary.

Keywords: Numerical simulation; Displacement field measurement; Underground powerhouse;
Excavation process; Finite element method.
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ONE SYSTEM ANALYSIS METHOD IN UNDERGROUND CHAMBERS
EXCAVATION AND APPLICATION

X.J.LI, W. S. ZHU', W. M. YANG, S. C. LI and Y. S. H. GUO

Geotechnical & Structure Engineering Research Center Shandong University, Jinan, 250061, China
' Zhuw@sdu.edu.cn

As more and more large-scale underground hydropower station have gone into design or
construction stage in succession in recent years in China, the stability study of large underground
opening group is placed on the new order. Based on the underground structure scheme of
LONGTAN hydro-electrical project, this present paper outlined a prediction system for
underground caverns deformation, especially for caverns in soft rock masses by the method of
systems analysis. In analysing, 3D-FLAC program was employed and the specific factors, such as
modulus of deformation, layout depth of underground cavemn, height of main factory premises,
coefficient of lateral compressive stress etc, were mainly concerned.

With a great number of elastic-plastic numerical simulation, the formulations with correlated
curves and tables in terms of dimensionlessness were obtained by mathematical statistics method.
The selected dimensionless parameters are X =10004yH /E andY =1000x/h. When E is smaller
relatively, the pure space B between power house and transformer house have big influence on the
displacement of surrounding rock. The forecast displacement is amended by space B. Therefore,
the forecast formulations could describe the effects of rock quality, overburden depth, horizontal
initial stress, power house height, pacing interval of underground houses on the surrounding rock’s
stability and were used to predict the displacement of key points of the high side wall of
underground caverns. Then the forecast formulations were used to predict the side wall
displacements of five underground complex opening works of large scale in China. It was shown
that there was a good agreement between theoretic results and monitoring result in situ, which
verified the effectiveness of the proposed method. The method is guiding or referential
significance to actual projects for design, construction and monitoring.

Keyword: Stability of underground cavern; Numerical simulation; Regression; Displacement forecast.
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NUMERICAL MODELLING FOR FEASIBILITY ANALYSIS OF
POWERHOUSE CHAMBERS IN WEAK FORMATION
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North-eastern states of India face a severe power shortage. Hydro-electric power is thought as a
viable and eco-friendly option to overcome this impending crisis. Subansiri Lower Hydro-electric
Project of National Hydro-Electric Power Corporation (NHPC), situated in the north-eastern states
of Assam and Arunachal Pradesh, is one of such attempts to partially cater the rising power
demand in these states.

It is therefore proposed to construct a water retaining dam across the Subansiri river, a
tributary of the Brahmaputra river, and to excavate large power house caverns to produce
1000MW electricity. However, the feasibility of the project very much depends on the stability of
these power house caverns, which are to be located in a weak and massive sandstone formation.

The stability of the proposed underground chambers for the power house, transformer hall and
the surge chamber is analysed with the help of three-dimensional finite difference modelling
software FLAC3D.

The safety factor contours depict an infeasible scenario even with dry rock properties and
therefore, no further model runs are performed.

Following the infeasibility of the above underground chambers, the option of open chambers
is sought after. A scheme for two open-pits at the downhill slope is prepared by NHPC. The
feasibility of the above scheme largely depends on the stability of the open surge chamber, which
will essentially be a vertical pit.

A three-dimensional numerical model is constructed and elasto-plastic analysis is performed in
several stages to simulate the excavation. More realistic strength parameters, those pertinent to the
saturated rock mass are used for this analysis. The open excavation scheme shows a much better
stability as compared to the earlier underground chamber concept.

Though it is a great challenge to construct in such a weak formation, in the light of the above
three-dimensional modelling studies, the open-chamber option is now considered as a feasible one
from the stability point of view. The negative aspects are the large volume of earth to be removed
for constructing the open chambers and requirement of heavy supporting, apart from the
environmental factors.

This paper gives a brief description of the geological investigations, details of numerical
modelling studies for the underground and the open chambers and analysis of stability using local
safety factors and mohr-coulomb plasticity states.

Keywords: Numerical modelling; FLAC3D; large caverns; stability analysis; weak rock; power
house cavern.
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3D ANALYSIS OF POWER CAVERN IN ROCK MASS USING JOINT FACTOR
AND NONLINEAR HYPERBOLIC MODEL

V.B.MAT' and T.G. SITHARAM?
'Research Scholar, Department of Civil Engineering, IISc Bangalore, India
(email: bhushan@civil.iisc.ernet.in)
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This paper focuses on 3-dimensional (3D) analysis of Shiobara power station cavern in jointed
rock mass using FLAC3D. The rock surrounding the cavern is highly jointed with the frequency
and inclination of joints varying around the cavern. The analysis is carried out using joint factor
for describing the joints in the rock mass and their non-linearities together with hyperbolic model
describing the constitutive behavior of the rock mass, referred as “Practical equivalent continuum
model”. These have been programmed in a new FISH function in FLAC3D. Sequential excavation
is simulated in the analysis by representing the excavated rock mass using null model. Fig.1(a)
shows the outline of the Shiobara power cavern and the different measurement locations. Fig.1(b)
shows the excavation scheme in which the cavern has been excavated. The deformations reported
from the field studies were compared with the predicted observations from the numerical
modeling. The values predicted from the present analysis are consistent and compare well with the
measured deformations (see Table 1). Further, the results obtained from the practical equivalent
continuum model in 3D have also been compared with six different methods of analyses for
jointed rock mass such as micromechanics based continuum model, equivalent rock model, strain
softening analyses considering joint failure, multiple yield model, crack tensor model and damage
tensor model! as reported by Horii et al.(1999). It is found that the results from the present work
are comparable with the results from these different models for the case of Shiobara power cavern
(see Table 1).

Keywords: Equivalent continuum,; joint factor; hyperbolic model; FLAC3D.
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Fig. 1. a) Outline of the cavern and locations of MPBX for the cavern at Shiobara power station.
b) The various stages of excavations using null model available in FLAC3D.

Table 1. Displacement values (in mm) along measurement lines.

Distance from the Along BI10 Along BT 11
cavern wall (m}

Measured value Estimated using Measured value Estimated using
Horii et al.(1999) ECM-Present analysly Horii et al.(1999) ECM-Present analysis

0 114 211 339 254

LS 1N} 163 292 20.6

3 6.5 13.1 19.1 16.0

5 38 11.0 63 12.2

10 1.2 5.6 13 77

15 0.2 0 L7 48

20 - - 0.26 0
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COMPARISON OF 2D&3D ANALYSES RESULTS OF MASJED SOLIMAN
POWERHOUSE CAVERNS BY ANSYS SOFTWARE

A. A. SAFIKHANT'

1 M.S. of Rock Mechanic and Technical Manager of Siahbishe Power Plant
(asafikhani@yahoo.com)

Hydroelectric power plant of Masjed soliman is constructed in two separate phases, first phase and
extension phase. The powerhouse cavern has 256m length, 30m width and 18 to 50 meter height,
and the transformer cavern has 220m length, 13.6m width and 21m height.

This Hydroelectric power plant is located in sedimentary rocks of Bakhtiary geological
formation. Overburden of these caverns varies from 270 up to 320 meters. This paper presents a
Comparison between 2D&3D analyses results of these caverns, done by Ansys software. The
analysis results show that 2D & 3D results could be different, i.e. displacement measured from 2D
analysis is more than that of 3D analysis. Therefore, with emphasis on the results and
displacement records, the new support system is designed and prepared.

At the end with trial and error method, a relation between 2D & 3D is suggested.

Keywords: Back analyses, 2D and 3D analyses; powerhouse cavern; Masjed Soliman power
plant.
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NUMERICAL SIMULATION OF GAS STORAGE CAVERNS
IN QOM REGION

MOSTAFA SHARIFZADEH and ALI MORADI GHASR

Department of Mining, Metallurgical and Petroleum Engineering,
Amirkabir Unversity of Tehran, Tehran, Iran
424 Hafez Avenue, P.O.Box 15875-4413, Tehran, Iran

The rock mechanical design of gas storage cavern in salt requires the analysis of the stability and
the usability of the cavern over the planned operating time period. The design includes the build
up of a rock mass model and a numerical model taking into account the geological situation, load
condition, geometrical condition, and material parameters. In this paper multiple caverns in salt
formation with geological and geomechanical property in Qom (central part of Iran) was
investigated a using creep model. Minimum safe center to center distances (CTCD) of multiple
horizontal caverns were also studied. CTCD of caverns interact at less than two times of cavern
diameter. As result with increasing the CTCD to 2.5 times cavern diameters, diminish most
interaction. ‘

Keywords: Salt; Cavern; Creep; Qom; Numerical Simulation; Stability.
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STABILITY ANALYSIS OF A LARGE UNDERGROUND POWERHOUSE
CAVERN BY 3D DISCRETE ELEMENT METHOD

WANG TAO' and CHEN LINA?
'State Key Laboratory of Water Resource and Hydropower Engineering Sicence, Wuhan University,
Wuhan 430072, China

{e-mail of corresponding author: wangtao6@public.wh.hb.cn)
“nstituie of Rock and Soil Mechanics, Chinese Academy of Science, Wuhan 430071 China

The logic has been applied to analyze the stability of China Yantan underground powerhouse
in this paper. The appropriate calculation method should be selected based on the
dominant mechanism of rock failure. The failure of rock mass in this project is mainly controlled
by the discontinuity distribution because of the low level in situ stress, so the discontinuous
numerical simulation method was adopted to solve this type of problems. With the help of the
Discrete Element Method software 3DEC, the random discontinuities were simulated and the
instable blocks were exposed. The method and result can give reference to other engineering
projects of its category.

Keywords: Underground cavern; discrete element method; stability of rock mass.

Table 1. Statistical results of joint elements.

Joint set Dip direction (degree) Dip angle (degree) Average spacing (i)
i 10-40 20-25 58
j2 70-80 24-25 7.5
i3 150-170 68-75 i1
34 230-270 75-80 14.3
J5 290-310 72-74 16.7
j6 350-360 68-75 15.1

Fig. 1. The blocks distribution after adding the joint network.
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2.3. Field and Laboratory Studies
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STABILITY ANALYSIS OF LAYARAK UNDERGROUND POWERHOUSE
CAVERN USING BACK ANALYSIS RESULTS

MAHDI ASSARI', MAHDI MOOSAVI? and ABDOLREZA TAHERIAN®

'M.Sc of Rock Mechanics, School of Mining Engineering, The University of Tehran, Iran
(m_assary@yahoo.com)

2 4ssistant Professor, School of Mining Engineering, The University of Tekran, Iran

3Senior Geotechnical Engineer, Lar Consulting Engineers

Lavarak underground hydroelectric powerhouse station with 47 MW capacity is built 50
Kilometers North-East of Tehran in Iran. The depth of the cavern is 200 meters. The rock mass
consists of a semi compacted conglomerate with clay matrix. The uniaxial compressive strength of
the rock mass is 2.6 MPa which classifies it as a weak material with high modulus of deformation.
Determination of rock mass parameters has been a goal which was followed in this project based
on back analysis studies on a few number of monitoring instruments. In- situ rock stresses and the
modulus of deformation are determined in this back analysis. The obtained results comply with the
carlier studies performed by a couple of other consulting groups. Phase2 Program (Rocscience
Inc.) was utilized for the present study. With the determined parameters, the stability analysis
showed that the powerhouse cavern can sustain its stability and initial designed long tendons are
not necessary. Elimination of these reinforcements resulted in considerable time and money
savings.

Keywords: Stability Assessment; Lavarak Power Station; Phase2 Soft Ware.
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MICROSEISMIC MONITORING AROUND LARGE UNDERGROUND
STORAGE CAVERNS DURING CONSTRUCTION

J.S.HONG', H. S. LEE', D. H. LEE', H. Y. KIM' and Y. T. CHOT'

ISK Engineering and Construction Co., Ltd,
(e-mail of corresponding author: jshong-a@skec.co.kr)

Brittle failure has been detected in over-stressed rock mass zone during the construction of
underground oil storage caverns. The over-stressed rock mass zone is characterized by an
excessive horizontal stress which is almost 3 times larger than the vertical component of the in situ
stress. Physical signs of stress induced brittle failure became problematic as the bench excavation
proceeded, which included a drastic increase in measured values of rock displacement, shotcrete
stress and rockbolt stress as well as an increased frequency of popping sounds experienced by the
underground workers.

In response to such problems associated with highly stressed rock mass, modifications were
made to excavation designs and additional supports were installed. However, due to limitations of
the existing monitoring method, a method of monitoring the overall behavior of the rock mass
across the highly stressed region became necessary.

In this study, microseismic event monitoring system is applied to highly stressed rock mass
around large underground storage caverns in order to ensure the structural stability of the caverns
and the safety of the workers during excavation processes. The microseismic system consists of a
data acquisition unit and a 3-dimensional array of 12 uniaxial accelerometers as shown in Figure 1.

The monitoring results indicate that seismic events are frequently induced by blasting
activities as the excavation is followed by stress redistribution in the surrounding rock mass. Since
the frequency of excavation-induced seismic events usually plateaus and disappears within the first
three hours after the blast, special attention should be given to events occurring continuously after
the three hours within the excavation damaged zone, as shown in Figure 2, as well as to those
occurring without any specific relation to the blast.

Based on the accumulated microseismic event data, evaluation criteria are established for
overall stability and integrity of the underground storage cavermns, in which alerting levels of event
frequency are determined for different ranges of magnitude. Interpretation of the monitoring data
against the evaluation criteria enables overall stability assessment of the caverns and allows proper
countermeasures to be taken.

Keywords: Microseismic monitoring; microseismic events; large rock cavern; underground
storage.
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KAERI UNDERGROUND RESEARCH FACILITY FOR THE VALIDATION OF
A HIGH-LEVEL RADIOACTIVE WASTE DISPOSAL CONCEPT IN KOREA

S. KWON', J. H. PARK!, W. J. CHO' and P. . HAHN'

YKorea Aromic Energy Research Instituter
(e-mail of corresponding author: kwonsk@kaeri.re.kr)

In Korea, an underground facility(KURF) for R&D related to high-level radioactive waste disposal
in a geological formation is under construction in a granite body. The facility will be used for the
validation of the safety, feasibility, stability, and appropriateness of Korean disposal system,

During the last years, site characterization, concept development, design, construction, and
some in situ tests before and during the construction had been successfully carried out. Based on
the geological, geotechnical, hydraulic, socio-economical conditions of the site, an optimum design
of KURF could be suggested. The length of access tunnel length is 180m. There are two research
modules, one is 45m long the other is 30m long, at the end of the access tunnel. To achieve the
depth more effectively, a downward 10% slope was adapted. Fig. 1 shows the KURF layout. The
construction of KURF was successfully done by using controlled blasting technique. Fig. 2 shows
the blasting resuli at a research module. '

During the construction phase, different in situ tests including hydraulic test and EDZ test had
been performed. In this paper, important factors on KURF design and results from in situ tests
during the site characterization as well as the construction will be summarized. The future plan for
the operation, which is expected to be started late this year will also be discussed.

Keywords: Underground research funnel, geological disposal, KURF, HLW disposal.
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Fig, 1. KURF layout. Fig. 2. KURF construction.
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MONITORING AND ANALYSIS ABOUT STABILIZATION ON THE TAI’AN
PUMPED-STORAGE STATION UNDERGROUND HOUSE

JINGLONG LI, SHUCAI LI, SHUCHEN LI and GANG WANG

Research Center of Geotechnical and Structural Engineering, Shandong University, Jinan, 250061 China
E-mail: lishucai@sdu.edu.cn '

The Tai’an pumped —storage station takes the important role in the electric network of Shandong
province. The under-ground power-house lies in stiff and integrate granite expensive some fault.
The dimension of the main power-house is 141.1X52X25.2m, and the area of the section is
bigger in the domestic power-house. A lot of monitoring instruments are installed during
instruction, including muti-point displacement detectors and anchor stress detectors and so on.
Many information are received from those instruments. In this paper, based on the complete
observation information of the pumped-storage station, the deformation datum of the rock mass
and the stress of the embedded anchors are studied. And then the conclusion is the underground
power-house are steady in principle. The excavation hasn’t influenced on the power-house badly.
The reading of the anchor stress detectors varied obviously at first and steadily finally.

At the same time, the numerical model of underground house is analyzed by using the finite
difference method. During the computation, the simulation on the model is nonlinear and
elastic-plastic. The characteristic of displacements and stresses of rock-mass is studied, and the
dynamic variable process can be forecasted truly. FLAC® applies the contour map of min. and
max. principle stresses, the vector map of the displacement and the distribution of the plastic
Zones.

At last, the displacement from computing and monitoring of some points in the rock are
contrasted. The difference from computing and monitoring is less. The comparison of
displacement of the points in the muti-point displacement detector are shown in the following
table. That shows the simulation to wall rock in the power-house is correct and necessary. All of
those can apply the reference to other stability analyses of large underground power-house.

Keywords: Case study, underground storage; numerical analysis.

Table Comparison of datum from observation and computation of M30.

Embedded depth 1.5m 3.5m 8.5m

Monitoring the forth layer excavated 3.1 3.18 2.73
value the fifth layer excavated 4.09 4.17 3.72
the sixth layer excavated 5.26 5.09 4.8

Computing the forth layer excavated 2.31 2.01 1.24
value the fifth layer excavated 3.70 3.16 2.51
the sixth layer excavated 5.18 5.06 4.29
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DESIGN ANALYSIS OF EXPERIMENTAL LINED ROCK CAVERN FOR
NATURAL GAS STORAGE IN JAPAN

KATSUYUKI NIIMI', TAKASHI IBATAZ, JUNJI ONO?,
MITSURU AIBA* and YOICHI TSUTSUMTI®

YCivil Engineering Technology Division, Shimizu Corporation, Tokyo, Japan
(e-mail of corresponding author: niimi@shimz.co.jp)

Environment & Plant Division, Ishikawajima-Harima Heavy Industries Co., Ltd., Tokyo, Japan

3Steel Structures & Logistic Systems Headquarters, Mitsui Engineering & Shipbuilding Co., Ltd., Tokyo,
Japan

‘Yokohama Research & Development Center, Mitsubishi Heavy Industries, Ltd., Kanagawa, Japan

*Research & Development Department, The Japan Gas Association, Tokyo, Japan

In this paper, we introduce the small experimental Lined Rock Cavern at the Kamioka mine of the
ANGAS project and its design.

We investigated the design method for the LRC system in Japan in the previous project 1
(Nobuto et al., 2003). According to the design method, the procedure of the design and numerical
analyses were as follows:

(i) Stability of the rock mass against uplift force (pressure)
(ii) Stability of the test cavern and the support system under excavation
(iii) Behavior of the test cavern during operation (experiments)
(iv) Behavior of the concrete plug during operation (experiments)
(v) Discontinuous displacement between the cavern and the plug during operation (experiments)
(vi) Behavior of the steel liner during operation (experiments)
(vii) Stability of the manhole during operation (experiments)
(vili) Temperature variation of the cavern during injection and withdrawal

Based on the geological data and the design method, we designed the experimental LRC at the
Kamioka mine shown in Figure 1. The details of the design and the numerical analysis are shown
in the full paper.

Keywords: Lined Rock Cavern; Experimental Study; Natural Gas Storage; Concrete Plug; Steel
Liner.
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Steel liner £ =700 mm

Figure 1. Schematic view of test cavern.
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EXPERIMENTAL LINED ROCK CAVERN FOR NATURAL GAS
STORAGE IN JAPAN

TETSUO OKUNO', NARUKI WAKABAYASHI',
KUNIFUMI TAKEUCHI?, MASAHIRO IWANO?® and YOICHI TSUTSUMI*

Unstitute of Technology, Shimizu Corporation, Tokyo, Japan
(e-mail of corresponding author: okuno@shimz.co.jp)

*Civil Engineering Technology Division, Obayashi Corporation, Tokyo, Japan
3Civil Engineering Division, Taisei Corporation, Tokyo, Japan
*Research & Development Department, The Japan Gas Association, Tokyo, Japan

Since 2004, we have been studying technologies for an underground natural gas storage system, a
Lined Rock Cavern (LRC) gas storage system called ANGAS (Advanced Natural GAs Storage). In
this paper, we introduce the project and discuss investigations of the rock mass properties based on
the current work at the Kamioka mine in Japan. The experimental LRC and its design are also
discussed in another paper related to this project at this symposium.

The purpose of the ANGAS project is to develop a suitable LRC system for Japan. Natural gas
has been getting more important energy source in Japan. In the project, our goal is to ensure the
design method for commercial types of the LRC system under the Japanese geological conditions
of the limited distribution of hard rock and under its unique operation for shaving off the daily

peak.

In order to confirm the validity of the LRC system and the key technologies (Fig. 1) for Japan,
we have designed a small LRC (test cavern) located at the Kamioka mine in central Japan. The
cavern is surrounded by the sedimentary rock mass called “Tedori layer” and mainly composed of
sandstone and mudstone. Basic physical properties of the rocks, i.e. porosity, density at saturation,
elastic modulus, uniaxial compressive strength, tensile strength and elastic wave velocity, etc.,
were investigated. The properties were evaluated mainly from laboratory tests of the core samples
taken from the boreholes. Important mechanical properties for the design, such as a modulus of
deformation, a creep ratio and a residual strain ratio of the in situ rock mass, were evaluated from
the results of borehole loading tests and rigid plate loading tests performed in a part of the access
tunnel of the cavern. In addition, initial stress of the rock mass was measured.

Also, we discussed the outlines
of the test cavern and its conditions
for design. The properties of the rock
mass and initial stress conditions for
design were evaluated from the
above data.

We are now planning the system
for measuring and monitoring during
the experiments. The cavern is under
construction and will be completed
within 2006.

Keywords: Lined Rock Cavern;
Rock Mass Properties; Experimental
Study; Natural Gas Storage.
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Fig. 1. Schematic view and key technologies of LRC system.
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INSTABILITY MODES OF ABANDONED LIGNITE MINES AND THE
ASSESSMENT OF THEIR STABILITY

(. AYDAN!, M. DAIDO', T. ITO* H. TANO® and T. KAWAMOTO?

YTokai University, aydan@scc.u-tokai.ac jp
*Toyota National College of Technology, tak@toyata-ct.ac.jp
3Nikon University, tano@civil,ce.nihon-u.ac jp
*Nagoya University, Emeritus Professor, choman@poem.ocn.ne.jp

The authors have been involved with some abandoned mines in Tokai Region of Japan and they
have been investigating their performance and responses in long term and during earthquakes. In
the first part, instability modes of abandoned lignite mines before the ultimate collapse are
explained and their instability modes during earthquakes are described. In the next part of the
article, Some stability assessment methods for abandoned room & pillar mines are proposed in
order to investigate the effects of degradation and creep failure and earthquake loading. It is
possible to assess the effects of some fundamental characteristics of the mines such as excavation
ratio, overburden ratio etc and to estimate the collapse time of mines in long-term. The theoretical
stability analysis method is based on seismic coefficient method for evaluating the stability of
abandoned room and pillar mines during earthquakes. These stability analyses results indicated
that many abandoned room and pillar lignite mines are prone to collapse in long term as well as
during ecarthquakes. Therefore, some measures against the collapse or subsidence of these
abandoned mines are urgently needed.

Keywords: Mine; stability; failure.

Fig. 1. Views of some instability modes in an abandoned lignite mine in Mitake town (Japan).
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Fig. 2. Effects of degradation and creep loading on failure time of pillar and roof,
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PHYSICAL SIMULATION OF FULL-SEAM MINING FOR A 20M THICK
SEAM BY SUB-LEVEL CAVING MINING METHOD

TIANHE KANG, YIBAO LI, ZHAOYUN CHAI and SUYU ZHANG

Mining Institute, Taiyuan University of Technology, Taiyuan, P.R.of China
(e-mail:kangtianhe@163.com)

The practice of more than twenty years in China has proved that the mining 3.5m~5.0m thick coal
seam by the fully mechanized mining with greater mining height and the mining 5.0m~15.0m very
thick coal seam by a fully mechanized sub-level caving mining method are successful. If a coal
seam thickness is more than 15m, a slice fully mechanized sub-level caving mining method is
used generally. Then, is it feasible for a 20m very thick coal seam to be mined by the full-seam
fully mechanized sub-level caving mining method with a greater bottom slice mining height?
According to the condition of Suancigou mine No.6-1 coal seam, the caving characters of the top
coal and roof, the expansion property on breaking and the stacking angle of the caved rock behind
the powered support, the working loads of the powered support and the coal face recovery etc. of
the full-seam fully mechanized sub-level caving mining method with greater bottom mining height
for the 20m very thick seam have been systematically studied by using 1:30 physical simulation.
The main testing results and conclusions are as follows.

(i) It is feasible in technology to use the full-seam fully mechanized sub-level caving
mining method with greater bottom slice mining for the 20m very thick seam.

(ii) The first caving span of the immediate roof is 915mm (prototype 27.45m). The first
weighting span of the main roof is 969mm (prototype 29.07m). Three periodic
weighting spans of the main roof are respectively 216mm (prototype 6.48m), 702mm
(prototype 21.06m) and 432mm (prototype 12.96m). And their average value is 450mm
(prototype 13.5m).

(iii) According to the top-coal caving and drawing characteristic, the working face mining
process may be divided into the initial mining phase, the transition phase and the
top-coal normal caving phase. The face coal recovery n increases with the face
advancing distance L. Its changing law is n = 27.468 In(L) —59.47 . In the normal top-coal
caving phase, the coal face recovery may reach 75%. The face coal recovery » increases
or decreases periodically with the roof rock beam breaking periodically.

(iv) The circulation that the working loads of the support is more than the support setting
load makes up 73% among the total circulations. The maximum support working loads
occur when the first, second, and third periodic weighting of the main roof take place.
8500KN per unit working loads is suggested for the powered support in the actual
working face under the simulation condition.

(v) There are the phenomena of the full top coal cantilevering towards mined-area and
cutting down over the coal wall. The front-rear stability of the powered support must be
considered when designing and electing support for the full seam mining very thick
seam by the fully mechanized sub-level caving with greater bottom slice mining height.

Keywords: Full-seam mining, 20m thick coal seam, support loads, coal face recovery, top coal
and roof caving.
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NUMERICAL INVESTIGATION ON STABILITY OF THE ROCK PILLAR IN
AN IN-SITU EXPERIMENT

L.C. LI'" and C. A. TANG'
'School of Civil and Hydro Engineering, Dalian University of Technology, Dalian, 116024, China
(Li_lianchong@163.com)
*Centre for Rock Instability and Seismicity Research, Northeastern University, Shenyang, 110006, China

Using RFPA code, analyses have been carried out to investigate the stability of a rock pillar in a
experiment for nuclear waste repositories, the numerically obtained stress field, temperature
distribution, failure pattern of the pillar rock and associated AE events are all agree well with the
in-situ data. Minor fracture initiation may take place in the vicinity of the boreholes after heating.
Heating induces minor spalling at central pillar wall for 0.5 m sections below the tunnel floor,
but the area of spalling is found to be limited. The 2D RFPA modeling indicated that
microcracks/damages are localized and formed asymmetrically (distributed fractures around the
holes) (as shown in Figure 1). Comparison of the failure mode and failure depth was also made
between FLAC, PFC2D, FRACOD and RFPA2D results (as shown in Figure 2). These resulis
confirm that at least some damages and micro cracking shall be formed in rock in the pillar area of
interest, which was one of the main objectives in the pillar stability experiment. The core of the
pillar remains intact for stress conditions corresponding to 120 days of heating which not only
prove that the proposed technique provides a powerfully alternative and effective approach for the
study on thermal-mechanical-damage coupling mechanism but also provide meaningful guides for
the experiment design and associated engineerings.

Keywords: Numerical simulation; Rock pillar; Failure process; Thermal.

Fig. 1. Maximum principal stress during the heating period in numerical modeling.

(a) FLAC result (b) PFC result (c) FRACOD result
Fig. 2. Numerical results comparison.
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STABILITY BEHAVIOUR OF ROADWAY INTERSECTION IN DEEP
UNDERGROUND

TINGKAN LU', LICHAO CHEN?, YUZHOU LIU? and BAOHUA GUO*
1248 chool of Energy Science and Engineering, Henan Polytechnic University, Henan, China, 454000
(e-mail of corresponding author: thlu@hpu.edu.cn)
3School of Environment and Resources, Chonggin University, Chonggi, China, 400044

Coal mine roadway intersections are susceptible to ground control problem due to the inherent
wide roof span, excessive stress and variable intersection geometrical shapes. At the present time,
the stability problems of intersection in China coal mines have been paid attention, particularly in
great depth of cover. Thus, a comprehensive research is conducted herein to investigate the effect
of depth on the stability of the roadway intersection using 3D numerical modeling.

During the study, it is noted that the increments of rib deformation is up to 90%, which is
greater than the increments of roof deformation (87%) and increments of floor deformation (84%)
when the cover of depth varied from shallow to deep conditions. Also, the stress regimes for the
normal span of the roadway and the large span of the intersection are compared to demonstrate the
sensitivity of depth of cover on the stress regimes for the different geometry of the underground
structures.

According to the study, the failure patterns have been identified, and some findings can be
summarized as follows

() The stability of an intersection is strongly affected by both the depth of cover and
the mechanical properties of surrounding rock masses.
(i) Adverse stress conditions, in both horizontal and vertical stresses, are expected with

an increasing of the depth of cover. Comparatively, the stress conditions of the
intersection are much worse than the conditions of normal roadway, and the
differences of stress regime increased with increasing of depth of cover. It implies
that the geometry of underground structure plays an important role in stability,
particularly when great depth is reached. .

(iii) In shallow conditions, the roof stability is a major concern. In deep conditions, the
rib stability also becomes an important factor, which strongly influences the stability
of the intersection. Under current geological conditions, when the depth of cover
reached 800 or more, the rib instability becomes major problem to be faced.

(iv) In shallow conditions, the rock mass distress is around 2.5m into roof strata, and in
deep conditions, the distress is about 4.5m into roof and rib strata, which is 1.5times
the height of the intersection. Accordingly, longer reinforcement elements are
expected.

v) When the depth of cover reached 800m, the failure concentrated around central roof
strata of intersection, the ribsides and the rock pillar, which carried the major roof
loads of the intersection. So, proper selection of the reinforcement method,
parameters and locations are crucial for the stability of intersection in great depth.

According to the distress and deformation characteristics identified, the failure zones are
determined, and the enhancement of reinforcement system for these zones are discussed and
support guideline is provided.

Keywords: Rock Mechanics, Depth of cover, Intersection, Stability, Modeling.
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EFFECT OF BACKFILLING ON STABILITY OF PILLARS IN HIGHWALL
MINING SYSTEMS

K. MATSUI', H. SHIMADA!, T. SASAOKA? and M. ICHINOSE!

'"Fauculty of Engineering, Kyushu University
(matsui@mine.kyushu-u.ac.jp)

College of Engineering and Mineral Resources, West Virginia University

Final highwalls of open cut coal mines can form the starting point for other mining methods, such
as underground or highwall mining. In its basic application, highwall mining is a technique utilized
after the open cut portion of a reserve has been mined, sometimes prior to the introduction of
underground mining.

Highwall mining is performed by a set of machinery positioned adjacent to the final highwall
of an open cut as shown in Figure 1. The equipment is closely related to underground mining
machinery, and is operated by remote control as it excavates the coal seam. This unmanned,
remote operation contributes significantly to highwall mining’s well-earned reputation as being one
of the safest mining methods available today.

However, a large amount of coal tends to remain isolated and undeveloped as pillars due to
previous indiscriminate mining operations performed by the use of an auger machine or a
continuous miner. Moreover, the highwall mining causes highwall instability and surface
subsidence.

Backfilling in the highwall mining would allow for a high coal extraction ratio while greatly
reducing the threat of failure of the pillars and the highwall and damage caused by subsidence at
the surface.

This paper describes the importance of backfilling system using wastes and discusses the
effect of backfilling on pillar stability in highwall mining system by means of finite element
analysis and laboratory tests.

Keywords: Highwall mining; Coal recovery; Backfilling; Coal pillar; Fly ash.

203


mailto:matsui@mine.kyushu-u.ac.jp

NEW METHOD OF ROOF-FALL HAZARD EVALUATION IN POLISH
COPPER MINES

S. ORZEPOWSKI' and J. BUTRA®
'"2KGHM CUPRUM Ltd. Research and Development Center. Wroclaw, Poland
(s.orzepowski@cuprum.wroc.pl)

Every year 30 million tones of copper ore are extracted in the three Polish copper mines. Mining
operations are carried out by using the room and pillar method with advanced blasting technology.
Roof support is exclusively of anchor type. A few dozen kilometers of galleries and chambers in
each mine is a source of a roof-fall risk. All known methods of rock-mass roof state evaluation are
applied, but none of them give information concerning the rock-mass state dynamic condition,
usually resulting in the roof rock-mass-fall. Previous measurements have shown that roofs with
velocity of stratification less than 1 millimeter per 24 hours are “safe”. On the contrary, “unsafe”
roofs reached the velocity up to several hundred millimeters per hour, one hour before roof-fall.
Therefore, the roof’s stratification velocity measurement in situ may give the reliable information
about the current risk of roof-fall. Figure 1 shows the gauge designed for the task above. The
gauge consists of the top anchor, integrated with the bar and the rope, permitting the anchor’s
strength reduction for quick installation in the roof borehole. The measuring instrument is
integrated with the bottom anchor. It ensures detection of the roof stratification increase of the 1
micrometer value. Value of 0.6 mm / 24h, or less, is applied as criterion of the roof stability. It is
equal to ca 6 um per 15 minutes of in situ measurement. During the 3 years of testing the gallery
roofs, all roof-state forecasts (stable - unstable) were documented as well as forecast’s verification
results (confirmed - unconfirmed). The roof was regarded as instable when at least one of the next
events occurred: of 5 mm stratification alarm, the need of additional roof strengthening, or a roof-
fall occurrence in the tested site. For 478 forecasts conducted, (2) 381 (79.71 %) of confirmed roof
stability forecasts occurred, (b) 57 (11.92 %) of confirmed roof instability forecasts occurred, (c) 8
(1.67 %) of unconfirmed roof stability forecasts occurred and (d) 32 (6.69 %) of unconfirmed roof
instability forecasts occurred. Cases (a) and (b) directly witness the methods for efficiency, cases
(c) are false (potentially dangerous) stability forecasts, and cases (d) are false alarms. The
described method is formally approved and applied in the Polish copper mines, especially in
galleries characterized by ”weak” roofs and with intensive haulage.

Keywords: Roof-stratification; Roof-fall; Roof-fall hazard.
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Fig. 1. Gauge for the roof stratification measurement.
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DIMENSIONING OF SALT-ROCK PILLARS IN “POLKOWICE-
SIEROSZOWICE” COPPER DEEP MINE BASED ON FEM

W. PYTEL' and J. BUTRA?

'KGHM Cuprum OBR, Wroclaw, Poland
(e-mail of corresponding author:wpytel@ cuprum.wroc.pl)

*KGHM Cuprum OBR, Wroclaw, Poland

Mining operations performed within the Northern part of the “Polkowice-Sieroszowice” deep
copper mine are associated with a very thick (up to 200 m) and aerialy extended salt rock stratum.
The understanding of the mechanism of interaction between the mine workings excavated within
the salt-rock strata, required developing a multiparameter numerical analysis involving
rheological aspects of the systemn behavior. The utilized laboratory based time-dependent
parameters of salirock deformation were verified using the monitoring data concerned with the
time-dependent closure of one of the large salt caverns located in the Sieroszowice mine area,
utilizing a back calculation procedure based on three-dimensional FEA.

Since in the area, new large chambers are planned to be mined-out, their safe dimensions had to
be found. Therefore the 3-D bedded rock mass geomechanical model (Fig. 1) suitable for the
considered area geological conditions was developed, utilizing the finite element method
involving rock mass creep behavior as well as bed separation phenomenae.

In the paper there are presented numerical modeling results concerning the effect of salt chambers
size on the entire system safety expressed by so called “safety margins” and conventional safety
factors based on the Hoek-Brown theory of rock mass strength.

Keywords: Room-and-pillar; saltrock; stability; FEA.

Fig. 1. Overall view of the FEM model representing rock mass surrounding salt chambers in the (-35 district in the
Polkowice-Sieroszowice mine.
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FAILURE MODES AND RESPONSES OF ABANDONED LIGNITE
MINES INDUCED BY EARTHQUAKES

A. SAKAMOTO', N. YAMADA', K. SUGIURA', O. AYDAN’, H. TANO® and M. HAMADA
Tobishima Corporation, Akio_Sakamoto@tobishima.co jp
) *Tokai University, aydan@scc.u-tokai.ac jp
*Nihon University, tano@civil.ce.nihon-u.ac.jp
* Waseda University, hamada@waseda.jp

There are many abandoned mines in Tokai Region of Japan and the authors have been
investigating their performance and responses in long term as well as during earthquakes. The
authors described briefly a real-time monitoring system and its application to the investigation of
the stability and performance of an abandoned room and piliar lignite mine in Mitake town. During
the monitoring period, two earthquakes relevant to the site occurred and their effects on the
abandoned mine were observed both instrumentally and visually. Both geo-electrical potential and
acoustic emission (AE) measurements are indicators of fore-coming instability problems related to
seismic loading as well as degradation and creep of surrounding rocks and variation of surcharge
loadings. The combinations of geo-electric potential measurements together with Acoustic
Emission (AE) measurements can distinguish near-field and far-field events. A series of model
tests and stability analyses on abandoned lignite mines was carried out to investigate the effects of
earthquake loading. These stability analyses results indicated that many abandoned room and pillar
lignite mines are prone to collapse during earthquake shaking. These results indicate that the
shallow mines are prone to roof failure while the deeper mines are prone to pillar failure for actual
strong ground motions during earthquakes. Therefore, some measures against the collapse or
subsidence of these abandoned mines are urgently needed.

Keywords: Failure; mine; case study.
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Tokaido-oki Eq. actual abandoned lignite mines.
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A DAMAGE MODEL OF ACOUSTIC EMISSION IN PILLAR FAILURE AND
ITS NUMERICAL SIMULATION

S. Y. WANG', IVAN W. H. FUNG’, 8. K. AU?, C. A. TANG® and Z. Z. LIANG®
Y Department of Building & Construction, City University of Hong Kong, Kowloon, Hong Kong
(e-mail of corresponding author: bewangsy@cityu.edu. hk)
*Depariment of Civil and Engineering, University of Hong Kong, Pokfulam Road, Hong Kong

“SDepartment of Engineering Mechanics Dalian University of Technolgy, 116024, Dalian, China

Based on the assumption that there exists a proportional relation between the number of
microseismic events and microfractured elements, By using a developed numerical code, RFPA2D
{(Rock Failure Process Analysis), the process of the pillar rock burst is simulated and the simulated
results reflect macroscopic failure evolution process induced by microscopic fracture and the
spatial as well as the temporal distribution characteristics of acoustic emissions event hypocenter.
Especially the heterogeneity of rock is considered which a good influence on the AE has resulted
from the rupture of the rock.

Keywords: Rock burst; Damage model; Acoustic emission; Numerical simulation.

Step 46 Step 46

Figure 2(a). Pillar failore mode for shear stress  Figure 2(b). Pillar failure mode for AE distribution.
distribution.
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MEASURING ROCK MASS MODULUS OF DEFORMATION IN A STOPING-
AFFECTED CROSS-CUT IN PONGKOR UNDERGROUND GOLD MINE

R. K. WATTIMENA', B. SULISTIANTO!, K. MATSUL?, B. DWINAGARA! and E. BARNAS!'

'Mining Engineering Study Program, Institut Teknologi Bandung, Indonesia
(e-mail of corresponding author: rkw@mining.itb.ac.id)

2Department of Earth Resources and Mining Engineering, Kyushu University, Japan

Rock mass modulus of deformation is one of the important factors required for design work within
the rock mass, especially the design of an underground structure. It can be determined indirectly
from rock elasticity modulus measured in laboratory or rock mass quality or directly from in situ
measurement.

In Pongkor underground gold mine, the first in situ measurement of rock mass modulus of
deformation by using the Goodman’s jack test was just recently carried out. The test was
conducted in the Cross-Cut 6A Ciurug, Level 570. As the development and mining in Pongkor
underground gold mine progress continuously, the measurement had to be carried out in an area
that was affected by the undemeath stoping activities. The effect of the stoping on the
measurement results was investigated in this work.

Three boreholes were used for the test and they were drilled into footwall (Andesitic breccia
rock mass) and into the Au-Ag orebody. In each borehole, three tests were conducted. In each test,
eight measurements were conducted at eight different depths from the collar and at each depth four
different loading directions were applied.

The underneath stope dimension in this work was larger than that of the previous work that
also utilised the same boreholes. This larger stope produced higher induced stresses in the rock
mass at the test locations and this higher induced stresses had to be encountered in the Goodman’s
jack test and consequently steeper gradient for the pressure-displacement curves were obtained. It
was then revealed that there was a 20-30% increase in rock mass modulus of deformation when the
stope advanced four metre vertically.

Keywords: Rock mass; modulus of deformation; underground mine.
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CORRELATING APPARENT STRESSES PREDICTED BY MICROSEISMIC
MONITORING AND TUNNEL DISPLACEMENTS MEASURED WITH
CONVERGENCEMETER IN THE DOZ BLOCK CAVING MINE

R. K. WATTIMENA', E. WIDIJANTO? and R. ERNAWAN'

'Mining Engineering Study Program, Institut Te eknologi Bandung, Indonesia
(e-mail of corresponding author: rkw@mining.itb.ac.id)

YUnderground Geotechnics, PT Fi reeport Indonesia

The stability of the extraction level excavations is one of the critical factors controlling efficient
ore extraction in a block caving mine. If stability problems occur at the extraction level
excavations, they are not easily remedied and normally have a severe impact on production. The
stability of the extraction level installations can be examined by carrying out a geotechnical
monitoring program.

PT Freeport Indonesia (PTFI) started to implement an intensive underground geotechnical
monitoring program in the mid 90’s to monitor displacements and stresses. The equipment
included convergencemeter, multiple-point borehole extensometer (MPBX), and stress cells.
Experiencing that convergence monitoring provided similar trends and information of extraction
level loading history as other more sophisticated stress monitoring devices, PTFI then proposed the
convergence monitoring as the main monitoring system in DOZ Mine, whereas MPBX and stress
cells will only be used in special cases.

PTFI began the implementation of microseismic in 2002 with the installation of eight triaxial
geophones at the extraction level of IOZ and DOZ mines. This first microseismic monitoring was
successfully used to monitor DOZ cave propagation and rock mass response in the pillar between
the DOZ and I0Z mines. Furthermore, having experienced nine rockbursts in DOZ Mine undercut
and extraction levels in 2003, PTFI realised the limitation of the manual monitoring and proposed
a new comprehensive microseismic monitoring for the DOZ mine.

Recently, PTFI is developing the the microseismic monitoring program and one of the
development is the use of microseismic records in determination of a number of physical
parameters, in particular, the apparent stresses built up in the rock mass on the boundaries of
extraction level excavations. The predicted apparent stresses are then correlated with the tunnel
displacements measured with the convergencemeter, because experiences in convergence
monitoring revealed that the displacements data had similar trend with extraction level loading and
damage histories.

The work conducted at three locations in forstertite rock mass and two locations in High
Altered Locally Ore (HALO) rock mass showed that the cumulative apparent stress curves had
similar graphical trend with the cumulative displacement curves. It can then be concluded that the
microseismic monitoring system can be implemented for early detection of tunnel instability and
early sign of support repair requirement.

Keywords: Block caving mine; microseismic; convergencemeter.
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GEOTECHNICAL CHALLENGES IN THE DOZ BLOCK CAVE MINE

E. WIDIJANTO', N. ARSANA? and A. SRIKANT?

'PT Freeport Indonesia
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2PT Freeport Indonesia

3PT Freeport Indonesia

PT Freeport Indonesia operates a copper-gold mine located in the province of Papua, Indonesia
about 3,500 km east of Jakarta. Current ore production from the project is about 240,000 tonnes
per day (tpd) of which about 40,000 tpd come from the DOZ Block Cave and the rest is mined
from the Grasberg Open Pit. Ore production from underground mines will be gradually increased
to reach about 200,000 tpd by 2018, replacing a large part of the production from the Grasberg Pit.

The DOZ Block Cave was originally designed at 25,000 tpd started at 2000, and is currently
in the process of expanding to a sustained 50,000 tpd rate by 2007. The increase of production,
complex geology, and the high rainfall in the area have resulted in significant geotechnical
challenges in the design, scheduling and operation of the DOZ block cave including rock-burst
potential, wet muck spills and differing degrees of fragmentation.

Rock burst potential has been identified in the Southwest of the DOZ, where the fine grained
and stiff Ertsberg Diorite will be mined, especially since there are also several faults in the area.
Management of wetmuck is another geotechnical challenge since the DOZ will be undercutting the
old I0Z block cave, which is already connected to the surface subsidence area. Furthermore,
coarse fragmentation is expected in the Ertsberg Diorite, which is expected to result in slower draw
rates and lower drawpoint availability.

This paper outlines the geotechnical experiences during the mining of the DOZ Block Cave
and the application of lessons leamned in the management of the geotechnical issues to ensure
safety of the miners and continued achievement of desired production rates from underground
mining in the district.

Keywords: Block Cave Mine; Strain Burst; Wetmuck; Fragmentation.
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MODELING OF MINING INDUCED DELAY OUTBURSTS IN TERMS OF
MATERIAL DEGRADATION

T. XU, C. A. TANG? L. C. LP and S. Y. WANG*
YCenter for Material Failure Modeling Research, Dalian University, Dalian 116622, China
(neuxutao@126.com)
*School of Civil & Hydraulic Engineering, Dalian University of Technology, 116024, China
SCenter for Rock Instability and Seismicity Research,, Northeastern University, 110004, China
*Department of Building & Construction, City University of Hong Kong, Hong Kong

The delay outburst of coal and gas induced by mining excavation is a complex catastrophic
unstable phenomenon that may involve the ejection of large volumes of coal, and often
accompanied with gas such as methane, carbon dioxide or a mixiure of carbon dioxide and
methane. It has posed a great potential threat to facility operators and challenged many researchers
from rock mechanics and rock engineering community. In this paper, a unique coupled gas flow
and solid deformation numerical model named RFPA™-Flow is applied to simulate the
evolutionary process of those catastrophic coal failures in underground collieries. Specifically, a
finite element model, which incorporates the physics of gas flow in coal seain, the physics of coal
deformation and creep failure in terms of material degradation, and the cross-couplings between
them, is proposed. The model also incorporates the small-scale variability in deformation modulus
and strength of coal and rock. Variability in modulus and strength is distributed the fine-scale
resolution model according to a Weibull distribution where distribution parameter notes the level
of heterogeneity. The numerical model is applied to simulate the whole process of coal and gas
delay outbursts, including stress concentration, coal fracturing, gas pressure-driven expansion, and
outburst. Numerical simulations indicate that delay outburst is a complex phenomenon involved
interactions among gas pressure, stress and physico-mechanical properties of the coal and
surrounding rocks and it can occur under a variety of conditions. The successful simulation of the
whole coal and gas delay outburst process provides the basis to identify the outburst mechanisms,
to parameterize the causative processes, and to define potential precursors to failure. Fig.1 gives an
example of the mining induced delay outburst process and the associated stress field evolution,

Keywords: Delay outbursts; mining excavation; material degradation; numerical simulation;
REPA®-Fiow.

Fig. 1. Mumerically simulated delay outburst process (a) and associated stress fields evolution (b).
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STUDY ON CREEP BEHAVIOR OF COAL ROCK AND STABILITY OF
TUNNEL THROUGH COAL-ROCK LAYER

C. ZHANG, C. YANG, C. J. LIU and F. CHEN

Key Laboratory of Rock and Soil Mechanics, Institute of Rock and Soil Mechanics,
Chinese Academy of Sciences, Wuhan 430071, China

There are more than 8600 road and railway tunnels in China. And the total length of tunnels is
about 4370 kilometers. The number and the length of Chinese tunnels stand first in the world.
During the latest decade, Chinese civil engineering construction has made rapid development
thanks to rapid economic growth. A lot of tunnels are being constructed to satisfy the traffic
demands, but creep behavior of rock sometimes resulted in damage of tunnels. So the creep
behavior of rock must be attached importance to. A tunnel, located in Chongqing China, through
coal rock and sandstone, was taken as a case. And creep behavior of coal rock was taken the into
account while analyzing the displacement of the surrounding rock and the stability of the tunnel.

Triaxial creep tests of coal rocks are carried out by the XTRO1 electric-fluid servo
compression machine, which is developed by Institute of Rock and Soil Mechanics of Chinese
Academy of Sciences. And the loads are added by multi-step skill. By using the visco-elastoplastic
rheological model, which can reflect the full creep process of coal rocks, the constitutive equation
of coal rock is discussed. The creep parameters are determined by analyzing the test results. The
comparison of the theoretical results and the test results show the good consistence between them.

Based on the rheological constitutive model programmed with VC++ and the experimental
parameters, a two-dimensional explicit finite difference program FLAC (Fast Lagrangian Analysis
of Continua) was employed in this study to simulate the behavior of the tunnel in the state of
having and having no support system. The effect of different support time on the deformation of
surrounding rock mass and the stability of the tunnel was analyzed as well.

The following conclusions could be drawn from the analysis results: the strength of the
surrounding rock will decrease , and the deformation the tunnel will increase with the time if not
supported; The creep rate will decrease with the support force decreasing, but the result is not
obvious when the support force is more than a certain value. The displacement of having no
support is more than that of having support. And the displacement will increase with the support
time delaying, but the displacement will be little when supported 9 days later or more later(refer to
Fig. 1). According to the time limit for the project and the displacement in different support time,
the conclusion could be drawn that the 9th day is the optimum support time.

Keywords: Creep behavior; coal rock; stability; tunnel; support.
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Fig. 1. Displacement-time curves with different support conditions.
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3-D NUMERICAL SIMULATION AND CALCULATION MODELS
DISCUSSION OF MINING SUBSIDENCE

QING-SONG ZHANG', SHU-CAI LI', SHU-CHEN LI and YAN-FA GAO?

'Geotechnical & Structural Engineering Research Center. Shandong University, Jinan, 250061, China
(Qing-song ZHANG: zhanggingsong@sdu.edu.cn)

*China University of Mining and Technology, Beijing, 100083, China

Ground subsidence due to coal mining are remarkable in many coal-producing countries, the
mining subsidence hazard is more serious in China because of the dense population in
coalfield areas. Mining subsidence can endanger land, buildings, traffics and communication
lines. It also causes damages to ecological and social environment. So the research of
prediction and control method of mining subsidence has very important meaning. Mining
subsidence prediction is a key problem in coal mining. In this paper, the Finite Element
Method is applied to predict subsidence, 3-D numerical calculation is done for mining
subsidence of one mine, ground subsidence, and horizontal displacement, movement and
deformation of the whole overburden are obtained in the course of coal mining. In addition,
calculation results are discussed for different models including 2-D and 3-D models, with and
without layer face in models, elasticity and elastic-plastic models. By the contrast among
different calculation models, space effect and layer face effect in subsidence calculation are
analyzed, calculation result shows that 3-D model with layer face effect is close to
engineering fact.

Keyword: Mining subsidence; 3-D Numerical simulation; Calculation model; Space effect;
Layer face effect.
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DEVELOPMENT OF GIS-BASED SYSTEM FOR PREDICTING COAL MINING
SUBSIDENCE AND ASSESSMENT OF ENVIRONMENT IMPACTS
IN NORTH CHINA

XIAODONG ZHAO !, YUJING JIANG?, ZHENQI SONG' and TETSURO ESAKT?

'Dalian University, Dalian E & T Development Zone, 116622, P.R.China
(xdong.zhao@gmail.com)

 Department of Civil Engineering, Nagasaki University, Nagasaki 852-8521, Japan
3Institute of Environmental System, Kyushu University, Fukuoka 812-8024, Japan

In China, there is about 2Gt of raw coal mined per year, which is one of the main parts of the total
energy consumption. Consequently, subsidence due to underground mining is becoming one of the
most important factors affecting the environment. In this paper, an integrated system has been
developed within a Geographic Information System (GIS) platform, which included subsidence
prediction model as well as environmental impact assessment model.

Probability Integral Method (PIM) is used to predict mining subsidence and the fuzzy logic
model is applied to identify the classification of the mining-induced damage. Table 1 and Figure 1
present the damage classification results of calculation points in the case study.

Keywords: GIS; Coal Mining; Subsidence; Fuzzy logic; China.

Table 1. Damage classification results based on fuzzy model with the assumed mining
design.

Calculation area
Point number

12.1km*7.5km=90.75km?
121*75=9075 points

Mined area 16.2km2
Subsided calculation point 2129 points
No subsidence 1335 points (62.7%)

Class I
Class I
Class Il
Class IV

758 points (35.6%)
2 points (0.1%)
7  points (0.3%)
27 points (1.3%)

Damage classification
[INo subsidence

- Class IT
- Class I

Ml Class IV

Fig. 1. Damage classification based on fuzzy model after mining.
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MASSIVE COLLAPSE OF PILLARS IN MINES

ZILONG ZHOU, XIBING LI, GUOYAN ZHAO and XILING LIU

School of Resources and Safety Engineering, Central South University, China
(e-mail of corresponding author: zlzhou@mail.csu.edu.cn)

In mines, pillars are often designed in regular arrays in a large area. When one pillar fails, the
unbalanced load would be transferred to adjacent pillars causing these to be overloaded. This
successive overloading process can lead to an unstable progressive domino effect so that large
areas of the mine collapse massively. This type of failure occurred in Coalbrook coal mine in
South Africa in 1960, which resulted in the collapse of 900 pillars and the loss of 437 lives.
Renormalization group theory is an effective tool to describe the scale behavior of large scale
system. In the paper, the renormalization group approach is used to study the systematic stability of
the pillar groups, and the iterated cascading collapse function of varied scale is obtained. Then the
critical probability of overall collapse is presented, which simplifies the identification of the
systematic collapse of pillar groups to the calculation of the pillar failure probability. Finally,
examples are offered to evaluate the stability of pillar cluster in Dabaoshan mine in China. The
method offers a new view point to understand the overall collapse mechanism of the pillar groups
and can serve as a reference for other application.

Keywords: Collapse; pillar; mine.
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DYNAMIC SIMULATION AND OPTIMUM ANALYSIS ON CONSTRUCTION
PROCESS FOR JOINT ARCH TUNNEL IN PARTIAL PRESSURE

ZHU HEHUA!, ZHUANG NING', LIU XUEZENG' and CAI YONGCHANG'

' Department of Geotechnical Engineering, Tongji University, Shanghai, 200092, China
(ZHUANG NING: zhuangning1977@163.com)

In this paper a 3D FEM model is established to simulate the construction process of Hong Jia-wu
joint arch tunnel. The vertical displacement of arch crown, displacement and stress of middle wall,
plastic area distribution of the surrounding rock, and stress of primary and secondary lining are
obtained in different simulation condition. These calculated results are compared with the
measured data in site. These two values are very close. This proves that the model and its
parameter are correct. So we can analyze these values for different purpose.

Then we can get some valuable conclusion: a) it is more reasonable to construct the shallow
underground hole firstly than the deep underground hole of joint arch tunnel. b) the construction
method of cutting face is very important to the stability of the joint arch tunnel in partial pressure.
By contrasting the plastic area of surrounding rock and arch crown’s vertical displacement, we
find that the three pilot hole method is better than the middle pilot hole method c) the partial
pressure of middle wall is great. The stress in the top of middle wall is bigger than that in the
bottom. The displacement of middle wall is very uneven and influenced obviously by the different
construction order. d) in order to keep the surrounding rocks’ stabilization the two cutting faces of
joint arch tunnel must be staggered some distance, The distance that the latter construction face
lags the former construction face is about double times diameter of the joint arch tunnel’ single
hole. ¢) the single hole’s cycle length of joint arch tunnel is determined by the surrounding rocks
and the supporting condition of tunnel. To the joint arch tunnel of this paper the reasonable cycle
length is about 4m by computation. The above analysis results provide a scientific basis and
technical guidance for the construction optimization of joint arch tunnel in partial pressure.

Keywords: Joint arch tunnel; 3D FEM; Optimum analysis; Partial pressure.
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EFFECT OF STRESS LEVEL AND EXCITATION SIZE ON COMPRESSION
WAVES IN JOINTED ROCKS
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The stress levels and the magnitude of excitation rarely affect elastic wave velocities in
homogeneous media, such as an intact rock, while elastic wave velocities are more related to the
magnitude of the excitation and stress level in particulate materials. Generally the wave velocity
measured from the resonant frequency using steady state vibration decreases as the strain
amplitude increases. However, a propagating compression wave front travels faster with increasing
amplitude of source excitation in particulate materials, steepening the shape of the wavelet front.
The compression front increases the mean stress in the particulate materials, which affect the
stiffness of the medium and the velocity of wave propagation, leading to shock waves. Shock wave
propagation in rock masses induced by blasting or any large amplitude source has drawn attention
in underground mining and civil engineering. Although the effect of the excitation magnitude and
stress level on compression waves can be of concern in seismic investigation practices, adequate
laboratory simulations for this phenomenon are rarely performed. Thus, this paper explores
experimentally the effects of excitation magnitude and stress level on compression wave velocity
in jointed rock mass.

The compression wave velocity of jointed rocks is measured by detecting the arrival time with
different stress levels and with different magnitude of excitation to identify how the state of stress
and the magnitude of excitation affect the wave propagation in jointed rocks. The results show that
the compression wave velocity increases with increasing source amplitude. Also, the compression
wave velocity increases with increasing stress levels. Signals received from larger source
excitation show an earlier arrival and a steeper rise, which is related to shock wave generation. It is
found that the influence of excitation magnitude on the wave velocity decreases as the state of
stress in jointed rocks increases. As the source amplitude increases, compression wave velocities
become less dependent on stress level. Since the compression wave velocity in jointed rocks is
governed by the stress level, this should be reflected in rock mass assessments that make use of the
compression wave velocity. Large excitations are generated in the near field of most sources.

Keywords: Compression wave; jointed rock; stress level; large strain; magnitude of excitation.
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WAVE PROPAGATION AND ATTENUATION IN DISCONTINUOUS ROCK
MEDIA
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Singapore 639798
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In this paper, the wave attenuation across the discontinuous geological media is theoretically and
experimentally studied. In theory side, the classical method of characteristics for elastic wave
propagation in elastic medium is introduced, and the method of characteristics is combined with
the displacement discontinuity theory for behaviors of fractured rock mass, to solve for the wave
transmission across the fractures. In experiment side, the standard Split Hopkinson Pressure Bar
(SHPB) tests are carried out to simulate the wave propagation across the rock fractures. The
effects of several parameters on the wave transmission are investigated experimentally, including
the thickness of discontinuous layer and the moisture content within discontinuous layer. The
variations of the ratio between the peak value of transmitted wave and incident wave with respect
to thickness and moisture content are presented in Fig.1 and Fig. 2, respectively. It is found that the
increase of thickness and moisture content will both attenuate the wave transmission across the
rock fractures. In addition, the stress-strain relation of sand layer in SHPB tests is also derived for
the further theoretical study.

Keywords: Wave propagation; Rock fracture; Split Hopkinson Pressure Bar.
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TEST AND THEORY STUDY ON MIDDLE-DEEP CUT-HOLE BLASTING IN
HARD ROCK TUNNEL

CHEN SHIHAI

Civil and Architecture Institute, Shandong University of Science and Technology

With the coal situation is getting better and better, in order to quicken the mine deploitation speed,
enhance the ratio of coal mining and tunnelling, Shuangyang Mine put money into technical
renovation. It is one content to change the traditional manner of shallow hole blasting to the
middle-deep holes and whole section blasting. Aiming at the problem of poor blasting effects that
exists universally in hard rocks, The middling-and-deep-hole blasting tests that have been done in
hard-rock tunnels at Shuangyang Mine, the blasting tests results of different kinds of digging
forms have been got in this paper, and according to the dividing principle of equivalent charging
structure of columnar charging, the cutting blasting parameters have been calculated theoretically.
Through comparing, that compound-barrel digging is completely fit for middling-and-deep-hole
blasting, and the utilizing rate is high. At last, some valuable achieves of tunnel blasting have been
summarized, and presenting out the least space between holes that can abstain passivation effects
of explosives . According to the construction fact of Shuangyang Mine, some concrete improving
suggestions have been given, which can been referenced to other similar works.

Keywords: Digging blasting; digging form; middle-deep cut-hole blasting; hard rock tunnel.
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CALCULATION OF THE BURDEN OF PERIPHERY BLAST-HOLES IN
SMOOTH BLASTING FOR DEEP TUNNEL DRIVING

J. DAI
Xi’an University of Science and Technology, Xi’an, Shaanxi, P. R. C. 710054

PLA University of Science and Technology, Nanjing, Jiangsu, P. R. C. 210007

With tunnels going into deeper ground, the residual stresses at tunnel depth become larger. So the
effect of the residual stress should be taken into account when the smooth blasting parameters
being calculated for driving the deep tunnel.

In recent years, the effect of the residual stress on rock blasting has been paid attention to.
XIAO Zhengxue, et al’s conclusion is that rock fragmentation by blasting is attributed to the
action of both static residual stress and dynamic stress from charge explosion, and DAI Jun has
presented the calculation formulae of separation of holes for tunnel smooth blasting with the effect
of both static and dynamic stress being considered, etc.

But, the calculation method of the burden of periphery blast holes is not been given yet till
this time. In the present paper, the mechanism on fragmentation of burden rock of periphery blast
holes in smooth blasting is investigated, based on the Livingston’s theory of blasting crater, and
then the calculation formula of burden of periphery blast holes is presented. The validity and
applicability of the formula are also discussed, and the effect of residual stress analyzed as well.

From the studies, the conclusions are drawn that with the tunnels going to the larger depth,
the effect of the residual stress has become so visible that it needs to be taken into account when
the burden of periphery blast holes for smooth blasting is calculated, that for hard rock, the larger
the residual stress is, the smaller the burden is, but for soft rock, the burden changes inversely, and
that the effect extent is relevant to the physical and mechanic properties of rock and the tunnel
radius.

The conclusion from the paper is of importance to the determination of the reasonable
blasting parameters for driving a tunnel at depth so as to realize better smooth blasting result.

Keywords: Tunnel at depth, residual stress, smooth blasting, burden.
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VALIDATION OF UDEC MODELING 2-DIMENSIONAL WAVE
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The Universal Distinct Element Code (UDEC) was extensively applied and verified in
1-Dimensional wave (such as seismic wave) propagation in jointed rock masses. The numerical
study in 1-D wave problem often started from verification of UDEC modeling 1-D wave
propagation in jointed rock masses by comparing the numerical results with the analytical solution
or the solutions from the method of characteristics. However, for a practical dynamic problem in a
rock mass involving wave propagation from an underground explosion source (such as a blasting
in a borehole or an accidental explosion in a tunnel), the problem becomes 2-Dimensional. For 2-D
wave propagation in rock masses, only limited UDEC applications were reported in the literature
for the analysis of some specific field cases. Probably due to its limited applications in 2-D wave
problems in rock engineering, the reliability of UDEC in 2-D wave propagation in rock masses has
not been thoroughly investigated. So far, literature review only gives one verification example in
2-D wave problems in rock, ‘line source in an infinite elastic medium with a single discontinuity’.
As a very fundamental part in the numerical study on 2-D wave propagation in rock masses, this
paper aims to verify UDEC modeling 2-D wave propagation in rock. The case of harmonic wave
from a cylindrical cavity in an elastic medium is chosen to perform the study.

In the numerical analysis in this verification study, a compressional harmonic wave is applied
on the boundary of a cylindrical cavity with infinite length in an infinite elastic rock. Two cases,
designated as case A and case B, are considered with following different conditions: (1) different
radii of the cavities, (2) different frequencies of the input harmonic waves, and (3) different rock
materials. In the UDEC models for case A and case B, the radial stress, the displacement and the
velocity waves at several monitoring points are recorded and processed. By contrast, in the
analytical calculation in this verification study, the radial stress waves at the corresponding
monitoring points in the UDEC model are calculated from the equation given by Graff, while the
displacement and velocity waves are calculated from the equations given by Hefny. Based on the
above mentioned analytical equations, A MATLAB file is coded to calculate the analytical radial
stress wave, displacement wave and velocity wave.

The amplitudes of the radial stress, the displacement and the velocity waves obtained from
UDEC are compared with the calculated analytical solutions for the two cases. The comparison
between the analytical solutions and the obtained UDEC results shows that, with small mesh size in
the UDEC model, UDEC can simulate 2-D wave propagation in rocks with less than 2% numerical
error under different conditions incorporated in case A and case B. It indicates that UDEC is
capable of modeling 2-D wave propagation in rock with high degree accuracy.

Keywords: 2-Dimensional wave; analytical solution; numerical solution.
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PENETRATION DEPTH OF LONG-ROD INTO GEOMATERIALS

J.C. LI, M. H. YU? and G. W. MA'
1School of Civil and Environmental Engineering, Nanyang Technological University, Singapore 639798

(email: jcli@ntu.edu.sg)
2Xi’an Jiaotong University, Xi’an, 710049, China

The investigation of the penetration not only has important realistic significance for improving the
army defending capability, but also has momentous consulted worthiness for improving the
attacking capability of high tech routine weapon.

During the penetration, one of obvious phenomenon in geo-materials is the dynamic fracture
process. The damaged theory has been considered to be more suitable for the cleavage analysis of
the geomaterials (Krajcinovic, 1996; Lorrain and Loland, 1983). When a brittle material is
subjected to a tensile stress, it will be fail if the value of the stress is larger than its static strength
(Yang et al., 1996; Ma et al., 1998). In this paper, the elastic-plastic and damage properties are
considered together for geomaterial, and the static tensile strength is used as the point when the
damage zone begins to appear.

How to define the failure criterion of the targets is critical for better analyzing penetration
problems. The unified strength theory, which was suggested by Yu (1991, 2004), considers all of
the components in stress space, covers a series of strength theories and can be used for different
kinds of material.

In this paper, based on the cylindrical cavity expansion theory, the unified strength theory is
applied as the failure criteria to modeling penetration, and the elastic-damage-plastic model of
geomaterial target is considered. The relation between cavity radial stress and velocity at cavity-
surface can be obtained by analyzing the distributions of stress and velocity of the target material.
The attacking capability, penetration depth, of a long-rod can be assessed from the derived relation
as the rod impacts and penetrates the geomaterial target with initial velocities of 300~1200nv/s. By
comparison with the test results, we can see that the final normal penetration depth not only
depends on the mass and shape of rod, but also depends on the failure characteristic of target
material. So a reasonable failure criterion should be adopted for the penetration model analysis.

Keywords: Penetration, Long-Rod, Geomaterial Target, Unified Strength Theory, Final Depth.
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Fig. 1. Relation between final depth and impact velocity of the rod.
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STUDY ON THE STABILITY SAFETY OF DANGEROUS ROCK NO.2 IN
SUOFENGYING HYDROPOWER STATION

X.LIU,L.LTIand T. LI

College of Water Conservancy and Hydropower Engineering,
Hohai University, Nanjing, China. 210024
(Ixq@hohai.net)

The dangerous rock No.2 in Suofengying hydropower station is located in the upper part of the
intake in the right abutment. It is composed of 7 main vertical cracks and 4 soft layers. The bottom
is on the soft rock. The height of the rock is about 180m and the total volume is about 78.6 X
104m’. The possible failure modes are overturning, sliding along the bottom and sliding along the
soft layers. It will bring the disaster if the failure is occur in any period of construction and
operation..Some measures are used to prevent the failure of the dangerous rock. The continuous
beam on the top and the pre-stressed cables through the cracks are used for the upper part. The
anchor concrete beams and piles through the soft layers are used in the lower part. The piles
against sliding of the bottom rock are used near and outside the dangerous rock No.2

The stability of the dangerous rock No.2 in the natural state and after reinforcement are
studied by use of 3-D nonlinear finite element method. The thin layer element with the yield
criteria of Mohr-Coulomb is used to simulate the soft layers. The anchor concrete beams and piles
are simulated with beam element and the nodal displacements around the contact surfaces are
expressed as the linear function of the central nodal displacements. The gradually strength
decreased method is used to determine the most possible failure modes and the iterative method is
used to determine the safety factor for the given failure mode.

In the analysis, the right of the dangerous rock No 2 is constrained horizontally, the front
surface and back surface are restricted vertically, the bottom of the rock is fixed to simulate the
effect of the mass. It is noted from the results that not only the horizontal displacement of the upper
part of the dangerous rock No 2 is controlled by the prestressed anchor ropes, but also the
horizontal displacement of the lower part of the dangerous rock No 2 is not developed because of
the effect of the prestressed anchor ropes without piles.

The piles effectively act on reducing the horizontal displacement of the upper and lower of the
dangerous rock No 2. The horizontal displacement is decreased from 0.13m to 0.002m. It is shown
that the stability of the upper part is influenced by the stiffness of the soft basement.

It is noted from the displacement after reinforcement that there still about 3cm horizontal
displacement in some parts of mudstone T1y3 though it is reduced. It is lead by the material
characteristic of the mudstone itself, the grout is suggested to treatment the mudstone T1y3.

The stability of the dangerous rock No.2 in the natural state and after reinforcement are
studied by use of 3-D nonlinear finite element method. The safety factor (K=1.0213) under the
natural situation is obtained and it shows that the dangerous rock No.2 is in the limit state and
some reinforcement measures are necessary. It reveals that the reinforcement measures used for the
dangerous rock No.2 are effective.

Keywords: Stability; dangerous rock; 3-D nonlinear Finite element method; slide plane.
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IN-SITU EXPERIMENTAL STUDY ON BLASTING VIBRATION WAVE
PROPAGATION RULES IN COMPLICATED UNDERGROUND TUNNEL GROUP

XIN-PING LI, CHENG-LIANG ZHANG"", TAO WANG', YOU-HUA LI* and YI-FEI DAI'
nstitute of Architecture and Civil Engineering, Wuhan University of Technology, Wuhan 430070, China

2China Gezhouba group corporation, Yichang 443002, China
*E-mail: xinpingli @ mail.whut.edu.cn

YE-mail: zclky78@163.com

Three parallel tunnels with large sections and short distances to each other were excavated during
the Xiluodu hydroelectric station construction in its right bank. There were several parallel and
crossed working faces, which caused great blasting excavation interference and serious safety
problems. Propagation laws of blasting vibration wave in the excavated tunnel and its adjacent
tunnels were studied through in-situ experiments of blasting vibration in complicated tunnel group.
The result showed that under the same blasting condition, when a tunnel was blasted, the
propagation law of particle vibration velocity in the excavated tunnel was different from that in its
adjacent tunnels. The propagation of the particle vibration velocity in adjacent tunnels had the
magnification effect. The attenuation and the magnification effect were different when the blasting
excavation type, the free faces and the confined effect changed. The propagation of the particle
vibration velocity was stronger and the attenuation was faster when there were fewer free faces
and more confined effects. This result could benefit the safety of the complicated tunnel group
construction and help to improve the stability of surrounding rock and supporting design.

Keywords: Hydroelectric station; complicated tunnel group; adjacent tunnel; blasting vibration;
in-situ experimental study; magnification effect.
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BLASTING VIBRATION ANALYSIS IN SHALLOW BURIED TUNNEL
EXCAVATION

LIN CONGMOU'2, YANG LINDE? and CUI JIHONG?

'nstitute of Geotechnical Eng., Huagiao University, Fujian Quanzhou, China, 362021
(Email: cmlin@hgu.edu.cn)

Dept. of Geotechnical Eng., Tongji University Shanghai, China, 200092

In order to control the harm of the blasting vibration, the new forecast method of blasting vibration
and the real-time monitor was carried on to the project. The monitor plan, the monitor data and it’s
the analysis achievement of the blasting vibration are introduced in the paper. The weaken rule of
the ground particle vibration velocity peak value was obtained in Taishan granite:

1/3

Horizontal particle velocity V= 85.2510(gR—)1'5298 M
Q1/3

Vertical particle velocity V= 204.5474(7)"”“’6 2)

BP neural network prediction model of peak amplitude of particle vibration velocity for the
tunneling blasting vibration was proposed in ground. And compared with the real-time monitor
data, the new forecast method is proved surpassed the traditional forecast method. In view of the
fact, the blasting vibration characteristic of the shallow buried tunnel excavation is differently to
other blasting type vibration characteristics. The aid of the wavelet transformation analysis, the
distributed rule of the frequency spectrum and the energy was obtained on the typical vibration
signals of the shallow buried tunnel excavation blasting. as following:

1. Horizontal and vertical main frequencies are 60.6391 and 65.2648 Hz respectively.
Considered the above result and analysis of section 3that horizontal peak particle velocity is
bigger than vertical one, we conclude that the damage of horizontal vibration on surface
buildings could be worse than that of vertical one.

2. Small wave analysis shows that main frequency spectrums for all measured points are nearly
the same. It is mainly due to the addition of each wave from each instantaneous delay
explosion. By adjusting the delay time, we may change the particle velocity of blasting wave
and reduce their frequencies.

3. Energy in horizontal direction is mainly in the second spectrum (30-60 Hz) with relatively
narrow energy distribution scope. While energy in vertical direction is mainly in the 2nd
(30-60 Hz) and 4th (90-120 Hz) frequency spectrums with relatively narrow energy
distribution scope as well.

The research achievements will enrich the propagation theory of the blasting earthquake wave and
play an important role in guiding the blasting construction of the tunnel excavation project and

assuring the safety of ground buildings.

Keywords: Tunneling blasting, Blasting earthquake wave, Vibration monitoring, Wavelet
analysis.
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DYNAMIC RESPONSE OF SURROUNDING ROCKMASS INDUCED BY THE
TRANSIENT UNLOADING OF IN-SITU STRESS*

W.B.LU, P. YAN and C. B. ZHOU

State Key Laboratory of Water Resources and Hydropower Engineering Science,
Wuhan University, Wuhan 430072, P. R. China
(e-mail of corresponding author: wblu@whu.edu.cn)

On the basis of the determination of explosion loading and excavation load during tunnel
excavation with method of drilling and blasting, dynamic response of surrounding rock induced by
blasting load and transient unloading of in-situ stress are discussed. The results show that the
transient unloading of in-situ stress may be an important factor for the dynamic response of
surrounding rock mass, and the maximum vibration of surrounding rock mass could be induced by
either the blasting load or the transient unloading of in-situ stress caused by the initiation of the
most outside rounds of breakage holes on excavation workface depending on the value of in-situ
stress.  For the case of low in-situ stress, the vibration in surrounding rock is induced mostly by
blasting load. However, when in-situ stress increases, the PPV induced by the transient unloading
of in-situ stress could exceed that induced by blasting load after certain depth in surrounding rock
mass. If in-situ stress increases further, for example higher than 10MPa, the PPV induced by the
transient unloading of in-situ stress could be much higher than that induced by blasting load. The
vibration induced by excavation of inlet water tunnel with method of drilling and blasting at Pu Bu
Gou Hydropower Project is presented as an example of the transient unloading of in-situ stress of
rock mass, where the rock is granite with an initial stress about 3.0MPa, shown in Fig. 1. The
monitored seismic data verifies the result of theoretical analysis.

Keywords: Tunnel; excavation; dynamic response; transient unloading; in-situ stress.
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Fig. 1. Monitored vibration curve versus time (I1, 12 and I3: vibrations induced by blasting loads. II1, 112 and II3:
vibrations caused by the transient unloading of in-situ stress).
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RESEARCH ON FROZEN WEATHERED ROCK BLASTING TECHNIQUES
IN SHAFT

QIN-YONG MA

Deparmment of Civil Engineering, Anhui University of Science and Technology, Huainan 232001, China
(e-mail of corresponding author: qyma@ aust.edu.cn)

Blasting of frozen rock is under negative temperature and the frozen-tube is near, so the blasting is
difference from the ordinary rock, and raises the blasting efficiency under the requirement of the
safety of the freezing tube. Firstly failure criterion of freezing tube is established. Secondly
blastability of frozen rock is analyzed. According to properties of frozen rock, blasting parameters
are calculated and designed. Combining the blasting practice of artificially frozen rock of shaft,
preparation works before blasting are proposed, such as the deviation calculation of freezing tube.
In light of the characteristic of frozen rock and shaft area, drilling machine and construction
machine are chosen. By blasting practice the blasting techniques protects the safety of freezing
tube and raise the construction speed.

> (%/q—,-n) n
R=‘Z=':___ Q=Zq,-(£)3

ul ’ i=] 4
2
i=1

Where R is equivalent distance, m; Q is equivalent charge, Kg; ¢; is charge for ith blast hole, kg; r;
is the distance between freeze pipe and ith blast hole, m.
Under the prerequisite for pledging the safety of freeze pipe, Shock velocity by blasting should
be controlled in certain critical value, freeze pipe would be broken if it exceed the critical value[6].
Shock failure criterion by blasting can be determined as:

2" @)
K,( R) <V,

Where, V,, is critical value of shock velocity by blasting, n/ s; K,,, a are coefficients.

(D

Table 1. K,,, a value for the difference kinds of rocks.

Types of rock K, o
Solid rock 50~150 1.3~1.5
Medium strength rock 150~250 1.5~2.0
Frozen weathered rock
Soft rock 250~350 2.0~2.2
Weathered rock
The safety distance can further be deduced as:
R>Q" _(f_m_)l/a (3)
Vo
Table 2. The blasting parameter of frozen weathered rock.
Home name Hole Holedepth  Ring  Burden  Hole space Ch Initiation Join
numbers (mm) space (mm) (mm) arge sequence line
(mm) Kg/hole Kg/ring
Cut hole 1-6 2200 1200 630 2.50 12.0 1 Closed
Cut hole 7-18 2200 2400 600 630 2.50 19.2 2 reverse
Caving hole 18-36 2000 3800 700 660 1.50 21.6 3 parallel
Caving hole 37-60 2000 5200 700 680 1.50 28.8 4
Periphery 61-100 2000 6200 500 500 1.00 32.0 5
hole
Total g=1.9kg/m’ 113.6

Keywords: Frozen weathered rock; blasting parameter; freezing tube.
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ASSESSMENT OF BLAST-INDUCED VIBRATION IN JOINTED ROCK MASS

B. K. PARK!, S. JEON' and G. J. PARK?

1School of Civil, Urban and Geosystem Engineering, Seoul National University, Seoul, Korea
(e-mail of corresponding author: sjeon@snu.ac.kr)

*Daejung Consultant Co., Ltd., Seoul, Korea

Since blast-induced vibration may cause serious problem to the rock mass as well as the nearby
structures and human beings, the prediction of blast-induced vibrations and assessment of their
effects must be performed prior to actual blasting activities. For that reason, dynamic numerical
analyses have been increased recently in order to analyze the effect of the blast-induced vibration.
Most of the previous studies, however, were based on the continuum analysis unable to consider
rock joints which significantly affect the wave propagation and attenuation characteristics. In
addition, they almost adopted pressure curves estimated by theoretical or empirical equations as
input detonation load, thus there were very difficult to reflect the characteristics of propagating
media.

In this study, therefore, we suggested a dynamic distinct element analysis technique which
uses particle velocity waveform obtained from a test blast as an input detonation load. In order to
estimate the particle velocity waveform at the source of explosion, the measured particle velocities
at surface were amplified with a compensation factor for the energy loss due to the traveled
distance. A distinct element program, UDEC was used to consider the effect of rock joints. Joint
network was generated statistically based on the geological survey result by using joint generation
module in FracMan program. The 2-D joint traces for UDEC input was extracted by cutting the
generated 3-D joint network. In order to verify the validity of proposed method and to determine
the input parameter for numerical modeling, the test blast was simulated. The predicted results
from the proposed method showed a good agreement with the measured vibration data from the
test blast when applying 5% damping coefficient of rock mass. The predicted blast-induced
vibration at the village near planned road tunnel construction site was less than the permitted
standard, hence we may concluded that the blast design seemed to be done appropriately.

Keywords: Blast-induced vibration; jointed rock mass; distinct element method; estimated
vibration waveform, dynamic analysis.
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STUDY ON SPLIT-SECOND DELAY TIME OF PARALLEL CUT BLASTING IN
ROCK DRIFTING

DENGPAN QIAO!

lFaculty of Land Resource Engineering, Kunming University of Science and Technology, P. R. China
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In tunneling excavation engineering, the cut blasting is a main factor affecting the utilization ratio
of the holes. The parallel cut blasting method with the large diameter empty hole is now widely
used in tunneling blasting because of the application of the large-sized equipment. The cutting
provides the free cavity for post-blasting. After blasting the rock in the cut area is broken,
meanwhile, the broken rock fragments are mixed with the explosion gases into a two-phase fluid
that is thrown out from the cut cavity, the time is needed in this process. If the split-second delay
time between the cut blasting and post-blasting is so shorter that the broken rock pieces are partly
thrown out, the blasting efficiency is bad. The fewer the rock fragments remain in the cut, the
better the blasting result is. In this paper, the mechanical model of initiation delay time for parallel
cut blasting is set up by analysis of rock fragments movement in the cut cavity, and the model is
available to optimize the initiation delay time. The model is available to find out the quantitative
relationship of clearage rate (the volume ratio of the remained rock fragments in the cut cavity)
and time, and to optimize the initiation delay time between the crumbling holes and the
cut-borehole. The numerical calculation shows that the interval delay time between the
cut-boreholes and the crumbling holes should be taken in 17~25ms per meter of the borehole
depth according to the rock quality. In engineering applications, the split-second delay time of
parallel cut blasting in rock drifting should be taken according to the rock quality that when the
depth of cut borehole is 4 m, the delay time is 70~ 100 ms, respectively, the depth 3m, the time 50
~80ms, the depth 2 m, the time 30~50ms.

Keywords: Tunneling excavation engineering; parallel cut blasting; split-second delay time;
mechanical model; large diameter empty-hole.
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SEISMIC ANALYSIS OF TUNNELS - THE QUASI-STATIC METHOD

R. RESENDE! and J. V. LEMOS?

'“2National Laboratory for Civil Engineering, Portugal
(rresende@lnec.pt)

A quasi-static method for the analysis of underground structures submitted to section distortion due
to seismic shear waves is presented. The method consists of the determination of the peak ground
shear stress at structure (tunnel or cavern) level, based on free-field ground profile analysis and
application of that shear stress at ground surface. This imposes a uniform stress state in the ground,
forcing the tunnel to deform.

Lining bending moments and thrust forces of a shallow circular tunnel in a terrain with varying
deformability module are determined and compared with full dynamical analysis and available
analytical closed form results. A good match between both simplified and the dynamic analysis is
attained. Some useful conclusion are derived from the results

This method has been applied both in 2D and 3D structures with good results, avoiding the
employ of time-consuming 3D dynamical analysis.

Keywords: Tunnel; seismic analysis; soil-structure interaction.

Figure 1. From left to right: deformed configuration; bending moment; shear force and thrust force on lining due to
distortion of ground imposed by applied shear stress on free surface.
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Figure 2. Evolution of maximum bending moment (a) and thrust force (b) with ground stiffness.
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LONG HOLE BLASTING EXCAVATION IN SINGLE-TRACK
RAILWAY TUNNELING

HARUO SASAQ' and TOSHIHIRO ASAKURA?

Yekken Corporation, Tokyo, Japan
{haruo-sasao @tekken.co.jp)

2Kyoto University, Kyoto, Japan

The Kawarayu Tunnel on the JR Agatsuma line is a single-track railway tunnel, 1,870 m long with
excavation sectional area of 28.8m”. To increase the excavation speed, long hole blasting was
used. With this technique, the advance per blasting operation was planned to be about 3 m in the
section of consolidated andesite. The side wall after the blasting appeared more smooth as the
andesite became more consolidated with the progress of excavation by means of the long hole
blasting (Photo 1). As a result, advance of 2.7 m per blasting operation was maintained, and the
monthly advance exceeded the planned rate (Figure 1),

Keywords: Blast; tunnel; excavation face.
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Figure 1. Advance per blast.
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BALLISTIC PENETRATION AND PERFORATION OF GRANITE TARGET
PLATES BY HARD PROJECTILES

C. C. SEAH', T. BORVIK', S. REMSETH! and T. C. PAN?

'Department of Structural Engineering, Norwegian University of Science and Technology,
NO-7491 Trondheim, Norway
(e-mail of corresponding author: schongch@pacific.net.sg)

2Protective Technology Research Center, School of Civil and Environmental Engineering,
Nanyang Technological University, Nanyang Avenue, Singapore 639798, Singapore

Sets of ballistic penetration and perforation experiments with 0.6m x 0.6m x 0.1m thick granite
targets and 0.2kg, 20mm diameter hard projectiles were conducted. The projectiles were machined
from Arne tool steel and oil hardened to a nominal Rockwell C value of 53. A compressed gas gun
was used to launch the projectiles into the granite targets which have an average unconfined
compressive strength of 163MPa. Projectiles of two different nose shapes were considered: flat-
nose and ogive-nose of 3.0 caliber-radius-head (CRH). The effect of confinement on the response
of the granite targets impacted by the ogive-nose projectiles was also studied. For every set of
experiments, high-speed digital images were taken. The striking velocities were measured and the
debris and damage on the granite targets were documented. Based on the dynamic spherical cavity
expansion theory, a three-stage analytical model, as shown in Fig. 1, was proposed to predict the
outcome of the ballistic penetration and perforation experiments. Predictions made with the
analytical model are in good agreement with the recorded data.

Keywords: Penetration, perforation, granite target plates, hard projectiles, striking velocities,
ballistic limit.
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Fig. 1. Penetration and perforation model (a) with and (b) without tunneling.
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OPTIMIZED BLASTING DESIGN FOR LARGE-SCALED QUARRYING
BASED ON A 3D SPATIAL DISTRIBUTION OF ROCK FACTOR

H.J. SHIM', D. W.RYU?, C. Y. HAN' and S. M. AHN®
'Seoyeong Engineering Co., Ltd., Seoul

2Korea Institute of Geoscience and Mineral Resources, Daejeon, Korea
(e-mail of corresponding author: dwryu@kigam.re.kr)

3Samsung Engineering and Construction, Sungnam, Korea

Rock fragmentation plays a critical role in large-scale quarrying operations because of its direct
effects on the costs of drilling, blasting, secondary blasting and crushing. In this aspect, it is
essential to consider rock fragmentation in blasting design. The optimum blasting pattern to
excavate a quarry efficiently and economically can be determined based on the minimum
production cost which is generally estimated according to rock fragmentation. By comparing
various prediction models, it can be ascertained that the result obtained from Kuz-Ram model
relatively coincides with that of field measurements. Kuz-Ram model uses the concept of rock
factor to signify conditions of rock mass such as block size, rock jointing, strength and others.
Rock factor is estimated from the geologic data such as block size of rock mass, rock jointing,
strength, and others, and 3-D spatial distribution of it was predicted by a sequential indicator
simulation (SIS) technique. The entire quarry was classified into three types of rock mass and
optimum blasting pattern was proposed for each type based on 3-D spatial distribution of rock
factor. In addition, the staged blasting plan was established from the analysis of blasting influence
zone around the quarry for the purpose of improving constructability and economical efficiency.

The ratios of each blasting type are 19%, 57%, and 24% for TYPE-I~III, respectively.
Blasting patterns for each blasting type were designed from the rock fragmentation analysis results,
and the ratios of below fragment size 0.03 m® in each blasting pattern met the ranges of fragment
ratio for achieving optimum productivity. The optimum patterns for each blasting type were
designed from the analysis of rock fragment size and total production cost, and the 4 staged
blasting plan was established for constructability and economical efficiency by the evaluation of
blasting influence zone around the quarry. The vibration reduction methods were adopted in the
blasting plan. The vibration-controlled blasting was necessary partly in western area at STAGE-
1~2. The rock splitting and vibration-controlled blasting for minimizing ground vibration were
applied near a sewage plant at STAGE-3.

Keywords: Rock fragmentation, Kuz-Ram model, rock factor, SIS, blasting influence zone.

Table 1. The optimum fragment ratio (<0.03 m®) based on minimum production cost for TYPE-I, Il and 1L

Division TYPE-I TYPE-11 TYPE-III

Optimum fragment ratio : 60~84 % )

[ Optimum fragment ratio : 66~70 % J 2

1

Optimum fragment ratio : 73~77 %] (

L e

Production cost-
Fragment ratio

Production cost
Production cost
Production cost
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5% 1% 5% BA% Ti% 79% B6% 92% % 40% 50% 57% 64% 72% B0% 88% 33% 38% 43% 50% 57% 65% 73% 82%
Fragment ratio (<0.03m") Fragment ratio (<0.03m") Fragment ratio (<0.03m"

Optimum
fragll:lent ratio 73~717% 66~70 % 60~64 %
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It is essential to predict a blasting-induced fragmentation zone beyond the proposed excavation
line of a tunnel because the unwanted damage area requires extra support system for tunnel safety.
Complicated blasting process which may hinder a proper characterization of the damage area can
be effectively represented by two loading mechanisms. The one is a dynamic impulsive load
generating stress waves outwards immediately after detonation. This load creates a crushed
annulus and cracks around blasthole. The other is a gas pressure that remains for a relatively long
time. Since the gas pressure reopens up the arrested cracks and continues to extend some cracks, it
contributes to the final formation of the fragmentation zone induced by blasting.

This paper presents the simple method to evaluate the fragmentation zone induced by gas
pressure during blasting in rock. The fragmentation zone is characterized by analyzing crack
propagation from the blasthole. To do this, a model of the blasthole with a number of radial cracks
of equal length in an infinite elastic plane is considered (Figure 1). In this model, the crack
propagation is simulated by using two conditions only, the crack propagation criterion and the
mass conservation of the gas where the adiabatic condition is coupled. As a result, the stress
intensity factor of the crack generally decreases as crack propagates from the blasthole so that the
length of the crack is determined. Gas penetration into the cracks significantly affects the extension
of fragmentation zone in blasting in rock so that this factor is closely related to the blasting
efficiency. Longer cracks are created in rocks with weaker properties. The number of cracks
around blasthole has a little effect on the fragmentation formation because of the compensation by
gas pressure. Gas pressure inside blasthole continues to decrease during crack propagation.

Keywords: Blasting, Crack Propagation, Fragmentation zone, Gas Pressure, Stress Intensity
Factor.

N=8
Fig. 1. Pressurized blasthole and propagating radial cracks (N indicates the number of cracks.).
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STABILITY ASSESSMENT OF 290 LEVEL CAVE SUBJECTED TO
BLAST-INDUCED VIBRATIONS
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Nanfen open-pit mine in Liaoning is one of the biggest iron ore in Benxi Iron Company, China.
The 290 level cave is a major transport laneway in Nanfen open-pit. The base line of the pit
bottom has reached 346m level in Nanfen surface mine. The importance of in situ assessment of
stability of the 290 level cave for next mining sidestep (346-322m) design and construction has
been met. Investigation in the Nanfen Surface Mine has shown that damage exists around 290 level
cave and that the damage develops from the energy imparted to the rock by the blasting method
and by redistribution of the in situ stress field around the 290 level cave.

Blast design parameters and blast performance which are considerably affected by 290 level
cave in Nanfen open-pit Mine, were investigated, especially how the construction process will
affect the stability of 290 level cave. It is concluded that the Nanfen mine contains structural
elements and distinct textural varieties which differ significantly in their response to rock
properties testing and to excavation. Data collected in this study demonstrate the highly
inhomogeneity internal structure characteristic of apparently homogenous batholiths, and the
influence of this inhomogentiy on rock mass response. Some measures are proposed to take so as
to play fully the role of host rock in construction process. The practice showed that the
engineering conditions of rock in Nanfen open-pit mine are very complex, and it is of importance
to monitor rock’s structural plane and deformation and to readjust timely the construction
schedule and relevant technologies. It is stressed that the self-stability mechanism of key positions
should be monitored and controlled carefully so as to ply fully the role of self-stability of host
rock. What the measures proposed to take and relevant experience will benefit the construction of
the other similar projects. Based on the engineering characters and rock mechanics, the main
characteristics of stress induced brittle failure of the site are introduced during blasting
construction. Various evaluation and measures are sought to stabilize 290 level cave. The results
presented in this paper highlight how to optimize blast design parameters, and to assess the
stability of 290 level cave in Nanfen open-pit mine subjected to blast-induced vibrations. It is to
be expected that similar results will occur in same rock engineering also.

Keywords: Blast Damage; Optimization; Controlled Blasting; Mechanics Behavior, Stability of
Surrounding Rock, Stress Field.
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MODELING DYNAMIC SPLIT FAILURE OF GRANITE USING SMOOTHED
PARTICLE HYDRODYNAMIC METHOD

X.J. WANG and G. W. MA*

School of Civil and Environmental Engineering, Nanyang Technological University, Singapore 639798
(*e-mail of corresponding author: cgwma@ntu.edu.sg)

As the carliest mesh-free method, the smoothed particle hydrodynamics method (SPH) has been
used to simulate the fracture and fragmentation process on brittle solids due to its distinct
advantages in processing discontinuous problems over the conventional methods such as FEM
since 1990s. In this paper, a program based on the SPH method was developed to simulate the
dynamic split fracture process of granite. An elasto-plastic model coupled with the isotropic scalar
tensile damage model depending on the equivalent tensile strain was developed to model the
dynamic failure of brittle materials, such as rock and rock-like materials. A statistical approach
based on the Weibull distribution law was adopted to model the material heterogeneity and
investigate its effects on the mechanical response and the fracture process. A series of numerical
simulations on the Brazilian splitting test for the granite sample were performed using the
developed program. The dependency of the material dynamic properties on the material
heterogeneity was investigated. Differences of the fracture process for these cases were compared
and analyzed. Results showed the developed program was very suitable to model these dynamic
split failure processes.

Keyweords: Mesh-Free Method, SPH, Ealsto-Plasticity, Tensile Failure, Rock Fracture,
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Fig. 2. Rock fracture process in Case 2 under loading Case B.
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BLASTING VIBRATION EFFECT IN EXCAVATING A MULTI-ARCH
TUNNEL

CONGSHI WU!, XIN CHEN"?, ZEPEI XU' and QINGBIN ZHANG !

'Changsha University of Science and Technology, Changsha, China, 410076
(e-mail of first author: wucosh@ 163.com)

*Civil Eng. Dept., Tongji University., Shanghai, China, 200092

At present blasting is still widely applied in tunnel excavation, the harmful effect of blasting
vibration exists inevitably. The Dongkoutang tunnel in Hunan Province , China, was a multi-arch
one and was excavated by blasting. The blasting vibration effect on the stability of the surrounding
rock and tunnel structure and on the safety of buildings above the tunnel was concerned. In the
tunnel construction, the left hole was excavated after the right hole had been completed. The
excavation blasting of the left hole might affect the right hole. By using the dynamic FEM
calculation program and by measuring the particle vibration velocity of the surface-ground and the
central wall of the tunnel, the characters of the blasting seismic waves were studied.

In simulation, three types of surrounding rock were taken into account and the effect of the
different diving sequence of the left and right cave was also considered. The results of calculation
indicated that the Young’s modulus played an important role in the blasting vibration question of
the tunnel. The enhancement of elastic modulus increased the spreading speed of the seismic wave;
however, it reduced the Peak Particle Velocity. The results of calculation showed that the arch
crown and nearby regions of the tunnel were the dangerous area, the stress concentration appeared
at the above area, where the PPV may exceed 10 cm/s and the vibration time was longer than that
of other area. During blasting the left hole, the pieces of sprayed concrete and broken stone of the
right hole fell from the above regions occasionally, which indicated that the value of PPV was
large enough and showed that the simulated results corresponded to objective reality.

Numerical simulation of the blasting vibration was conducted during the right cave was
excavated. The Peak Particle Velocity (PPV) of the surface around the buildings was 3.28 cm/s in
horizontal direction and 5.05 cm/s in vertical direction, which exceeded the limit of 2 cm/s to
brickwork according to the Chinese Safety Regulations For Blasting. So the houses above the
tunnel had to be removed before blasting excavation. The results of the vibration monitoring of the
above-mentioned site were 2.7 cm/s in horizontal direction and 5.1 cm/s in vertical direction,
which showed the calculation was correct. And in the simulation, the importance of the delay
interval in the blasting vibration effect was also studied. The PPV value would be decreased
largely, if the delay interval was 100 ms or greater.

Keywords: Multi-arch tunnel; blasting vibration; peak particle velocity; dynamic FEM.
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STUDY ON BLAST-INDUCED DAMAGE IN BEDROCK EXCAVATION

XIANG XIA!, JUN-RU LI', HAI-BO LI', XIAQ-WEI WANG? and QING-CHUN ZHOU'
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(e-mail of corresponding author: casio24@ 126.com)

China Guang Dong Nuclear Power Station Engineering CO., LTD, Shenzhen, 518124, China

ThisDrill and Blast is a main method for excavations of bedrock in engineering such as hydraulic
and nuclear power station project. During blasting excavating, ground vibration caused by
explosion will result in damage to surrounding rock. Study on size and extent of rock damage is of
importance to ensure the integrity of foundation bedrock. For this case, four groups of sonic wave
tests have been conducted in surrounding rock during blast excavating in Lingdong Nuclear Power
Station (LNPS) project, Guangdong, China. Sonic wave speed was measured at the same point
along the depth of testing holes before and after blasting. Change rate of sonic wave speed can thus
be obtained and analyzed. By the theory of elastic waves and the assumption that the density and
Poison’s ratio of damaged rock are approximately equal to those of undamaged, a damage
threshold of D.,=0.19 was presented on condition that critical change rate of sonic wave speed is
prescribed as 7=10%. According to this relationship the damage zone size of each explosion test
has been achieved (Fig. 1). It’s found that surrounding rock in the middle part of charge column is
most badly damaged and with the depth increasing from the bottom of charge column, damage
variable rapidly reduces to a negligible quantity. In addition, in the area adjacent to ground, the
degree of rock damage is less. At the same depth, the damage variable decreases rapidly with the
horizontal distance from charge hole. On the other hand, damage variable decreases very fast with
the depth. It can be concluded that, in column charge explosions, damage variable attenuates more
rapidly in vertical direction than that in horizontal direction. Damage zone radius of rock is
approximately 3 times of damage zone depth.

Keywords: Damage zone; nuclear power station; sound wave test; rock blasting.

damage radius{m)
0 2 4 6 8

2 charge
hole

5

.

damage depth(m)

Fig. 1. Damage contour of rock mass under blasting.
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DYNAMIC UNIAXIAL COMPRESSION TESTS ON A CEMENT MORTAR
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3Ecole Polytechnique Federale de Lausanne (EPFL), Rock Mechanics Laboratory, CH-1015 Lausanne,
Switzerland

*School of Civil and Environmental Engineering, Nanyang Technological University, Singapore, 639798
SInstitute of Rock and Soil Mechanics, Chinese Academy of Sciences, Wuhan 430071, China

Rock and cement mortar (rock-like material) are brittle and heterogeneous materials. They are
widely used as civil engineering construction materials and as host materials for tunnels and
underground structures. The dynamic properties of rock and rock-like materials are different from
their normal static properties, and are the basic information in assessing the stability of rock
structures under dynamic loads.

Researches on the rate effect have been conducted primarily through experiments, especially
under uniaxial compression loads. This paper reports a series of dynamic uniaxial compression
tests on a cement mortar. A total of 17 uniaxial compression tests at five different loading rates
(10, 10', 10%, 10® 10* MPa/s) were conducted. The tests at very low loading rates of the
magnitude of 10" MPa/s can be treated as quasi-static tests, which are equivalent to the standard
for quasi-static rock deformation tests specified in the ISRM Suggested Methods for Rock
Characterization, Testing and Monitoring (1981). When the loading rates are over 10° MPa/s, the
tests are considered as dynamic tests.

The experimental results indicate that there is no significant increase in the Young’s modulus
and the Poisson’s ratio of the cement mortar with the loading rate. Whereas, the compressive
strength increases from 33.5 to 44.0 MPa (approximately 30% increment) corresponding to the
increase of loading rate from 10" (a quasi-static loading rate) to 10* MPa/s (a high loading rate).
The relationship between the uniaxial compressive strength and the loading rate can be expressed
as:

o, =1.76log(c, [0, )+34.3 (1)

where O 4 is the dynamic loading rate; (o} o 18 the quasi-static loading rate, 34.3 (MPa) is the
uniaxial compressive strength of the cement mortar at quasi-static loading rate 1.76 is a constant
for the material. This conclusion is in consistency with the findings obtained by Zhao et al. (1999)
from similar tests on cylindrical rock specimens (Bukit Timah granite) with sizes of 30 mm in
diameter and 60 mm in length.

Keywords: Dynamic uniaxial compression tests; cement mortar; loading-rate effect.
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ROCK RESPONSE UNDER BLAST LOAD BY THE DISCONTINUOUS
DEFORMATION ANALYSIS

Z.ZHAO" and J. GU
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In order to evaluate the response of rock mass under blast loads, the discontinuous deformation
analysis (DDA) is used as the numerical tool to carry out the numerical simulation. In this paper,
the blast effect on the rock mass is studied. The numerical results show that the DDA method is
able to provide some valuable predictions for blast effect in the rock medium. This preliminary
study forms a foundation for future analysis on coupled system of buried structure under blast load.

The following figures show the rock mass response under a buried explosive detonation by the
DDA simulation.

Keywords: Blast; deformation; discontinuity.
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DYNAMIC SHEAR PROPERTIES OF BRITTLE MATERIALS SUBJECTED
TO CYCLIC LOADING

Q.J.ZHOU, B.N. GONG and T. C. LI
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(bnlli888 @yahoo.com.cn)

Shear testing of brittle materials (modeled by mortar) under static and cyclic loading is studied in
the present paper. Following the description of shear equipment in the Vibration laboratory of
Hohai University which is based on MTS and allows the shear tests to be carried out under cyclic
loading conditions including frequency of 1Hz, 2Hz, 3Hz and 5Hz, the test phenomenon is
described in detail and the results of each kinds of tests are given, with attention being paid to the
difference of the mechanical behavior between static and dynamic tests.

The objective is to find changing discipline of the key strength including peak strength,
residual strength and the strain versus the shearing frequent applied during the tests. It is shown
that:

(1) Shear position was in the middle of the specimen and only one shear surface appeared just
as we planed in advance whether under static conditions or under dynamic conditions.

(2) Normal displacement and normal loading decreased slightly at first and then it increased
constantly until the specimen failed. After the failure point, the displacement would decrease
appreciably and keep a certain value at last

(3) Shear stress-displacement curves under static tests is similar to the strength envelope
curves under cyclic tests. Both of them can be divided into four parts: elastic stage, elastic-plastic
stage, failure stage and slide stage. A simple constitutive equation can be used to model the static
stress-displacement curve and cyclic strength envelope curve.

(4) Under cyclic tests, the dynamic peak strength is greater than the corresponding static
value. According to Mohr criterion, the peak strength could be defined by two factors: cohesion €
and the angle of internal friction ?  For the first group of specimen, the dynamic value of € was
almost double the static value and 4 increased nearly 30%. The two factors also increased greatly
for the second group of specimens. While the peak strength varies inconspicuously with the
frequency changing.

(5) The residual strength variés in the same manner as peak strength under static and cyclic
loading. The strength value will increase with the frequency increasing but the changing trend is
slightly and inconspicuously.

(6) The dynamic to static peak strength ratio has a tendency to decrease as the static shear
strength increases or normal loading increases.

(7) The strain according to the peak strength increases with the peak strength increasing.

Some opinions about shear failure mechanism and difference between static and dynamic
conditions are given at last.

Keywords: Cyclic shear test; brittle materials; shear property; MTS.
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DESIGN OF ROCK SUPPORT SYSTEM FOR SUB-SEA DOCK EXCAVATION

J. BERGH-CHRISTENSEN' and T. K. SANDAKER?

'Norconsult AS, Norway
(jbc@norconsulit.no)

Norconsult AS, Norway
(tks@norconsult.no)

Aker Kvarner has commissioned the construction of a new dock at their naval yard in Egersund on
the south-western coast of Norway to the contractor AF Spesialprosjekt.

The new dock will have a length of 100 m, a width of 40 m and an excavated depth of 7 m
below mean sea level, with vertical rock walls. The docksides are designed to support very heavy
loads (up to 1000 kN/m) from cranes used for assembly of drilling platforms that will be
constructed within the dock.

The bedrock at the site is anorthosite, an igneous rock with a high content of feldspar. The
rock is jointed, and a geological survey of the area revealed that for all the three sides of the dock,
joints with strike parallel to the excavation line and with a dip of 45° — 70° towards the excavation
must be expected, with inherent risk of instability and failure of the dock walls during excavation.

The contractor AF Spesialprosjekt commissioned Norconsult AS to undertake the overall
design of the dock, including design of a rock reinforcement system that would ensure the integrity
of the dock walls both during excavation and under full load conditions during subsequent
operation.

A major restriction was that the reinforcement system had to be installed prior to start of the
excavation work and had to be installed from the surface above sea level.

The solution was a system of fans of rock dowels installed in boreholes drilled from a position
50 c¢m outside the excavation contour, with dowels slanting 80°, 65° and 45° from the horizontal
into the dock wall.

The dowels were 32 mm rebar dowels installed fully grouted in the boreholes.

Fans of 3 rebar dowels were installed every 1 m along the dock walls. The dowels were
installed to a depth of 1,5 m beyond a design surface oriented parallel to the dock wall with a dip
of 45° towards the excavation and cutting the foot of the wall. Tests performed at the site indicated
a friction angle of 45° for the dominating joint sets justifying the above assumption.

The verification of the stability of the dock walls was based on Norwegian guidelines for rock
stability calculations, common practice within rock mechanics and certain evaluations based on
interaction behaviour in the sliding planes. Utilization of the dowels with regard to the overall
stability and sliding were calculated based on typical dowel theory considering the rebar dowels
crossing the joints and taking into account the corresponding cohesion and friction effects within
the jointed surfaces.

In total 6 anticipated cross sections along the crane track were studied utilizing two-
dimensional calculation models. The final results were presented as safety factors representative
for the overall stability under design load conditions.

Keywords: Design; rock support; excavation.
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NON-DESTRUCTIVE EVALUATION SYSTEM OF THE TUNNEL CONCRETE
LINING USING WAVELET TRANSFORM ANALYSIS AND NEW ACOUSTIC
TAPPING MEASUREMENT

H. ENOMOTO', K. TSUKADA? and T. ASAKURA®

'Railway Technical Research Institute, Tokyo, Japan
(e-mail: hideno@riri.or.jp)

“Deparment of Civil and Earth Resources Engineering, Kyoto University, Kyoto, Japan

There are a number of aged railway tunnels constructed of concrete lining in Japan. These tunnels
have some problems in their structural and material integrity. Under such a situation, an accident
such as concrete spalling occurred in a Shinkansen tunnel in 1999, An effective non-destructive
test method for such problems is hence expected. A hammering test is carried out at the first stage
of the tunnel inspection. Though it is very easy to make the test, the results are qualitative and the
reproducibility is scarce.

Then we have developed a new system which improves those problems. The system is mainly
composed of three elements; a tapping method, a measuring technique of sound, and an analysis
method of sound signal. The tapping method uses a steel ball shooting tool driven by some elastic
rubber cords. Its motion looks like a slingshot. This shooting tool generates useful high-frequency
sound waves, and suppresses the associated noise most in the tools on which we have tested. As
the measuring technique of sound, we use a microphone with a special noise-proofing hood that is
pressed against the lining. The hood has a cork cylinder which enables to catch without so
distorting the characteristic of sound. The sound waves are converted into digital data on the
computer. As the analysis method of sound signal, we use the wavelet transform analysis. The
transform data contains meaningful information about the concrete lining.

By using the evaluation system, we can approximately estimate several state parameters of the
lining concrete, such as thickness of the lining and position of defects like cavities in and behind
the lining.

Keywords: Non-destructive testing; Tunnel concrete lining; Acoustic tapping; Microphone with a
noise-proofing hood.
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Fig. 1. Non-destructive Evaluation System of the Tunnel Concrete Lining.
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BENEFITS AND COMPARISONS OF PRE-REINFORCEMENT
APPLICATIONS IN TUNNELLING

RICHARD FUCHS, MSc.

Atlas Copco MAI GmbH
(richard fuchs @at.atlascopco.com)

The construction of tunnels under complex conditions, such as loose unconsolidated ground, fault
zones and areas of shallow overburden in urban regions is a challenging problem which often leads
to ground subsurface settlements and collapses.

Pre-reinforcing ahead of the tunnel face is an upcoming technique to improve the rock mass
behaviour before the actual advance takes place.

This paper describes the most striking advantages of pre-reinforcement in general and shows a
comparison between spiling with Self-Drilling-Anchors and common pipe-roofing.

The two methods will be compared in the face of the construction costs, the advance speed,
the construction time and the influence on the rock mass behaviour.

Pre-reinforcement enable the load redistribution in the unsupported excavation area without
failure in accordance to the fundamentals of the New Austrian Tunnelling Method.

Sumuning up, the most striking advantage of spiling with Self Drilling Anchor as ahead
support is the higher action flexibility to frequently changing rock mass conditions during
construction in terms of the variation possibilities of the lengths, the capacity (diameter of the rods)
and the amount (pattern) of the spiles (anchors) from one round to the next which effects on costs
and construction time.

The increased use of pre-reinforcement in tunnelling calls for design rules which are based on
the support characteristic of pre-support systems.

Keywords: Pre-reinforcement; Pre-support; Self Drilling Anchor; Pipe-roofing; forepoling;
spiling.
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NUMERICAL ANALYSIS FOR BETTER UNDERSTANDING MECHANISM OF
SUPPORT EFFECT ON GROUND STABILITY BY USING DISTINCT
ELEMENT METHOD
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'Graduate School of Science and Engineering, Yamaguchi University, 2-16-1 Tokiwadai, Ube, Yamaguchi,
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(e-mail of corresponding author: funatsu@yamaguchi-u.ac.jp)

When a tunnel is excavated in a shallow ground, a loss of the stability of the tunnel causes
settlement of the ground surface. To remain the ground stability, it is important to choose proper
supports or reinforcements. However, effects of the supports and reinforcements on the ground
stability are not enough clear to establish systematic methods to choose the proper supports. Thus,
a number of numerical simulations of the tunnel excavation have been carried out in order to
clarify how supports and reinforcements affect the stability of the ground around the tunnel.

In general, analytical methods based on a continuum mechanics are normally used for analyses
of the ground stability. However, it is difficult for the continuum analyses to simulate failure such
as separation of material or slip. These phenomena are very important to discuss the ground
stability. Therefore, we adopted the distinct element method (DEM) to perform the simulations.

Figure 1 shows distributions of particles and contact force after a tunnel is excavated in the
shallow ground. As shown in Figurel, the tunnel will collapse unless supports are installed. Figure
1 also shows that the excavation of the tunnel reduces the contact force around the unlined and the
lined tunnels, while, for the tunnel supported by both a lining and dowels, the contact force is
concentrated around the tunnel. This concentration of the contact force may be regard as a ground
arch.

Keywords: DEM; support; ground stability; tunnel.

(a) Unlined tunnet (b} Supported by lining {c} Supported by
lining and dowels

Fig. 1. Distributions of particles (top) and contact force (bottom).
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FULL-COLUMN GROUTED ROCK BOLTS AND SUPPORT PRESSURE

R. K. GOEL
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Rock bolts and shotcrete is a very popular support system in almost all the tunnelling and
underground projects. The support system is designed to take care of the expected pressure. The
support pressure being shared by the rock bolt is an important issue, which also helps in deciding
the thickness of the final shotcrete/concrete lining for balance of the support pressure.

It is known that pre-grouting improves the rock mass quality. Similarly, full-column grouted
rock bolts help in two ways, (i) it reinforces the rock mass around the underground opening
creating a reinforced rock rib and (ii) the grout percolates through the cracks and fissures and thus
improves the rock mass around the opening and thereby reducing the ultimate support pressure. It
may be highlighted here that the improvement in the rock mass because of full-column rock bolt
grouting is found to be more in poor rocks and it may be practically negligible in good rocks. In
very good to exceptionally good rocks (represented by rock mass quality Q value from 40 to
1000), on the other hand, the joints are tight and there shall not be further scope of improvement in
rock mass quality because of rock bolt grouting.

Table 1. Original and modified value of rock mass quality for three rock classes.

Poor Rocks Fair Rocks Good Rocks
Original Q Value 1.0t0 4.0 4.0t0 10.0 10.0 to 40.0
Modified Q (Qmog) value 3.0to 10.0 10.0 t0 20.0 20.0 to 40.0

after rock bolting

A study has been carried out to find out the improvement in Q to obtain the modified rock mass
quality Qp.q because of the grout of full-column grouted rock bolt in case of poor to good rocks
represented by Q value between 1.0 and 40.0. The expected change in the rating of various
parameters of Q-system has been suggested in the paper. Incorporating the suggested changes, the
modified rock mass quality Qg is given in Table 1. The Qpq is found to be up to 3 times more
than the original Q for poor rocks (Q = 1), whereas in good rocks (Q = 40) the Q and Q4 remains
the same (Table 1).

In poor rocks, the support pressure obtained using Q¢ is less than the support pressure
obtained from the original Q. Hence, the final shotcrete thickness would reduce. The study is found
to be useful in reducing the supporting cost and time.

Keywords: Pre-grouting; full-column grouted rock bolts; support pressure.
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CONCRETE SEGMENTAL LINER INSTRUMENTATION TO QUANTIFY
STRESSES INDUCED BY GROUND FREEZING
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(306) 956-6637, James_Hatley@ Cameco.com
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3Golder Associates Ltd, 500-4260 Still Creek Drive, Burnaby, British Columbia, Canada, V5C 6C6
(604) 296-4200, rbeddoes@ golder.com

Construction of the world’s second largest high-grade uranium orebody requires a novel approach
to mining methodology and underground development infrastructure. Block ground freezing of the
orebody and production level is required due to very poor ground conditions, inflow potential, and
hydrostatic pressures at a horizon of 480 metres below surface.

A single shield TBM with a fibre re-enforced concrete segmental lining was used to develop
access the lowest level below the orebody. Freeze holes drilled from this elevation would induce
liner stresses at the hole collars and upper set of tunnels. Instrumentation was embedded within the
segmental liner to estimate the field stresses verses the modelled stresses.

This paper compares modeled liner stresses with initial field results based on concrete
segmental instrumentation. The instrumentation design within the liner rings and casting of the
instrumentation is also discussed.

The type and quantity of instrumentation cast per ring were two radial pressure cells and ten-
strain gages.” The instrumented rings were placed in areas of weak rockmass strength, with high
permeability, and high water content.’

Keywords: Instrumentation; ground freezing; ground support, liner stress; concrete segmental
liner, uranium mining.
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TESTING EQUIPMENT FOR ROCK UNDER COUPLING LOADS

XIBING LI, ZILONG ZHOU, QIYUE LI and LIANG HONG

School of Resources and Safety Engineering, Central South University, China
(e-mail of corresponding author: xbli@mail.csu.edu.cn)

Under the influence of engineering practice or nature effects, such as mining in deep level,
earthquake, blasting, stratum sliding etc, the underground rock usually experiences the coupling
loads of dynamic stress and the static stress of ground stress. Conventional researches of rock
mechanics are mainly about cases that rock is in the condition of only static load or dynamic load.
Some preliminary tests on INSTRON servo-controlled material testing machine have shown that
rock under coupling loads behaves differently with rock undergoing static or dynamic load
separately. However, the maximum strain rate of specimen under coupling loads on INSTRON is
less than 10° ¢ ', which sometimes is regarded as quasi-static load. In order to achieve coupling
loads with specimen strain rate larger than 10°¢ ', a new equipment has been developed which
allows specimen to be subjected to coupling loads of 0-200MPa static load and dynamic load with
10°-10° € ' specimen strain rate. Then the theoretical analysis is carried out to show that the wave
equations are still applicable for the new apparatus. A description of the apparatus and the
operating methods are also introduced. Finally, the tests of silt rock with various coupling loads are
carried out and some test results are given to show the robust of the new equipment.

Keywords: Rock test; load; displacement.
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FEM ANALYSIS AND DETECTION FOR STRUCTURAL DAMAGE OF
TUNNEL LINING

LIU DUNWEN", DENG YU, XU GUOYUAN and GU DESHENG

School of Resource and Safety Engineering, Central South University, Changsha 410083, China
(e-mail of corresponding author: liudunwen® 163.com)

Yuyuan Tunnel located in Zhangjiajie City, Hunan Province, China, which is a new tunnel, 2714
m in length, Many cracks appeared on the lining after the tunnel construction had finished. This
paper reports mainly on the detection of structural damage of the lining detection and a three-
dimensional FEM analysis of a segmental lining embedded cracks to discover the effect of cracks
on the mechanical property of the lining.

To improve the capabilities of the structural damage inspection in the tunnel lining, ground
penetrating radar (GPR) was employed in this study. Many field measurements in order to detect
the distributing of structural damages for the tunnel lining were achieved. The damages of concrete
structure were located, and the distribution and depth of damages were inspected and estimated by
GPR. The Finite Element Method (FEM) was used to analyze the stress distribution in the damage
area (e.g. crack tip) based on the GPR investigations, and the damage evaluation of tunnel
structure was discussed.

This study yielded the following findings:

(1) Ground penetrating radar was successfully used to delineate the locations of damages of
the tunnel lining. It has been confirmed that GPR is an accurate and efficient method for detecting
the tunnel lining damages. The investigations showed that structural damages (e.g. uncompacted
concrete and cracks) were occurred in several sections on the arch of tunnel lining, and some ill
phenomenon, such as concrete desquamating, pockmarked face and blanch, appeared on the
surface of lining. The results of the investigation can give guidance to dispose the cracks and to
repair the tunnel lining.

(ii) On the basis of the GPR investigation results,a three-dimensional FEM analysis for
structural damage of tunnel lining were carried out. It has been confirmed that the stress
concentration occurred at the foot of sidewalls for the integrity lining and the stress concentration
occurred at the tip of cracks for the lining with cracks. The effect of the cracks along trend of the
tunnel was the most serious on the mechanical property of the tunnel lining. The numerical
simulation and computation showed that the cracks in the arch of lining are easier to extend than
those in other localities of the lining.

Keywords: Tunnel lining; FEM analysis; nondestructive testing (NDT); structural damage; ground
penetrating radar (GPR).
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GROUND REACTION CURVE
FOR A PHENOMENOLOGICAL DAMAGE MODEL
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2L MT Cachan, ENS Cachan/Univ. Paris 6/CNRS, Cachan (France)

3Laboratoire Régional des Ponts-et-Chaussées, Aix-en-Provence (France)

Continuum Damage Mechanics has provided great results for numerous materials (metals,
polymers, concrete, rocks...) and loadings (monotonic, creep, fatigue and brittle failures). Different
degrees of complexity are encountered in usual constitutive modeling, modeling accounting or not
for plasticity, dilatancy, induced anisotropy, porosity and/or cracks closure. One focus here on the
ability of Marigo simple damage model to deal with underground engineering in rocks mechanics,
i.e. here to allow for the calculation of the Ground Reaction Curve. The non-linearities of rock
materials are phenomenologically modeled by use of the isotropic damage formalism.

The hodograph method allows to solve the mechanical problem of unloading a circular
excavation in a damageable rock mass. A new closed-form solution of the Ground Reaction Curve
is then derived for a specific two parameter damage law. A validation of the solution by the semi-
analytical transfer matrix method is proposed. The identification procedure for the damage
parameters uses a conventional CD triaxial test.

The "Bois de Peu" tunnel, close to Besangon in France, provides a practical application to the
present calculations concluding to the possibility to use Damage Mechanics for design in
underground work.

Keywords: Damage, convergence-confinement, Ground Reaction Curve, transfer matrix method,
hodograph method, non-linearities.
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Figure 1. Comparison between the two resolution methods for the validation example.
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THE EVALUATION OF THE EFFECT OF LONG FACE BOLTING BY 3D
DISTINCT ELEMENT METHOD
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*KFC Ltd., 5-10 Shiba 2-Chome Minato-ku, Tokyo, Jopan 105-0014

“Nagasaki University, Bunkyo Machi 1-14 Nagasaki City, Nagasaki pref,, Japan 852-8521

In recent years, continuum analysis approaches, FEM for example, have been widely used for
mountain tunnel design and preliminary ground behavior assessment. Continuum approaches have
limitations, however, when applied to local behavior such as face collapse. Therefore, application
of the discontinuum analysis approach must be considered as well. In this research, the authors
simulated tri-axial compression tests, using as parameters the particle size, the void ratio and the
arrangement of particles, by applying the distinct element method for granular media. This paper
also discusses how the face behavior varies depending on the arrangement of long face bolts by
means of the distinct element and continuurm analysis methods.

Keywords: Three-dimensional distinct element, tri-axial compression tests, long face bolting.
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MECHANISM AND MEASURES OF COARSE AGGREGATE SPALLING IN
AGED TUNNEL CONCRETE LININGS

S. NISHIO, T. SASAKI and Y. KOJIMA

Railway Technical Research Institute, Japan
(e-mail of corresponding author: sohei@rtri.or.jp)

A number of defective conditions such as coarse aggregate spalling are visible on cast-in-place

concrete tunnel linings covered with accumulated soot emitted by steam locomotives. It is

apparent that such defects have mainly occurred at construction joints or honeycombing existed
since the beginning of the concrete construction. We conducted a study into the mechanism of
such defects; hence, this paper describes the results of the study and countermeasures to cope
with such defects.

The findings obtained from the study are as follows:

(1) Coarse aggregates at honeycombing lose adhesive force and spall when the surrounding
mortar is eroded by acidic water. This water is produced by acidic oxide from soot on the
lining surface dissolving in leakage or condensation. Figure 1 shows the mechanism of
coarse aggregate spalling.

(2) Smoke damage actualizes not only in the thinning of brick lining joints but also in the
phenomenon of coarse aggregate spalling at honeycombing in cast-in-place concrete linings.

(3) The authors devised a repairing agent using a potential hardening-type material as a
countermeasure against coarse aggregate spalling phenomenon.

(4) The authors believe that the repairing agent devised is effective in preventing coarse
aggregate spalling.

Keywords: Concrete tunnel lining; smoke damage; acid deterioration; honeycombing;

countermeasures.
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Fig. I. Mechanism of coarse aggregate spalling (cross-sectional view of honeycombing)
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EFFECT OF CONTACT ROOF ZONE ON THE PERFORMANCE OF
LONGWALL POWERED SUPPORTS

V. R. SASTRY!, R. NAIR? and M. S. V. RAMAIAH?

'Department of Mining Engineering, National Institute of Technology Karnataka, Surathkal,
Mangalore — 575025, India
(vedala_sastry@rediffmail.com)

Department of Mining Engineering, National Institute of Technology Karnataka, Surathkal,
Mangalore — 575025, India

3Singareni Collieries Company Ltd, Kothagudem - 507101, India

Longwall mining has proved its potential of being safe and highly productive for deeper coal
deposits. The interaction of powered roof supports with the roof is a key issue in design of
longwall panels. Numerical modeling has evolved to be a suitable tool for the study of various
aspects of longwall mining system. An attempt has been made in this paper to understand the
behavior of the immediate roof vis-a-vis powered roof support system. A case study of two
adjacent longwall panels was taken up in an underground coal mine in Kothagudem Area of
Singareni Collieries Company Limited, Andra Pradesh, in southern India, with coal roof and stone
roof. Three workable seams are occurring within this mine. Of the three coal seams, the top seam
is being extracted by mechanized longwall retreating method. Strata above the top seam comprised
of massive sandstone. Panel-A was worked in the middle section with coal roof condition at a
depth of 200m, with 770m x 150m dimensions. Panel-B was worked in top section of the same
seam with stone roof condition at a depth of 215m and its dimensions are 420m x 150m.

A numerical model was developed to find out the distribution of vertical, horizontal and shear
stresses at different locations like within the face, above canopy, above unsupported span, at the
front legs and rear legs of supports etc. Field studies were also taken up to assess the loading
pattern of powered supports during extraction in both the panels, using various instruments.
Borehole extensometer with four anchor points was installed in a borehole drilled from surface up
to the coal seam in Panel-B with stone roof condition. The borehole was at a distance of 30m from
the starting face line along the centre line of panel. This facilitated monitoring of falls, strata
behavior inside goaf and the separation of different roof beds. Remote convergence recorders were
installed in between the mid face chocks after a face retreat of 12.0m, in order to detect the local
falls. Leg pressure surveys were conducted by fixing pressure gauges on each leg of the chock and
continuous pressure recorders at strategic chock legs to understand the load transfer onto powered
supports. Load cells and convergence recorders were placed in gate roadways to understand the
roof behavior.

Modeling studies revealed that vertical stresses are responsible for the failure of immediate
roof beds in panel with coal roof. Results have indicated higher vertical stress coming on to front
legs during the time of main fall. The coal roof failed regularly due to stress as the face
progressed. This phenomenon was confirmed by the results of field monitoring. Overhanging of
roof was observed till main fall in the panel with stone roof condition. Under stone roof condition,
vertical stress was higher on rear legs. Modeling studies predicted the main fall between 44m-48m
face progress with coal roof and 40m for stone roof condition. This was confirmed by the field
instrumentation and observations.

Keywords: Coal roof, stone roof, powered supports, numerical modeling, field monitoring, main
fall.
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COMPARISON BETWEEN NUMERICAL ANALYSES AND ACTUAL TEST IN
FIELD FOR PRESTRESS ANCHORS (MONOBARS)

M. R. SHAHVERDILOO and B. AHADI MANAFI

Moshanir Power Engineering Consultants, Tehran, Iran
(E-mail: mr.shahverdiloo @moshanir.com)

Siah Bishe Pumped storage power plant with capacity of 1000 MW is the first pumped storage
power plant in Iran that located at north of Iran. This power plant has large caverns. These
caverns considering geological properties are located in a sedimentary layers and igneous masses.
Thickness of sedimentary layers is from some centimeter to about 1 meter.

In above totally about 1200 monobars with capacity of 890 and 300 KN, with length of
8,10,15,20,30 meter and bond length of 4 and 5 meters has been installed in Siah bishe pumped
storage power plant (The monobars are from Annahute Company).

In this paper numerical analysis has been done with finite difference method. The behavior
and movement of rock behind anchor pads is investigated separately for monobars on field, also
movement of anchor pads during stressing have been measured by micrometers. The behavior of
rock around bond length has been modeled too.

Results of rock movement behind anchor pad in numerical modeling and actual stressing are
very close in comparison. The pull out tests data are compared with numerical analysis and result
present in this paper too.

Keywords: Monobar; Anchor; Numerical analysis.
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SHEAR REINFORCING EFFECT OF RUST PROOFING EXPANSIVE
ROCK BOLTS

MASATO SHINJI', HIROMICHI MUKAIY AMA?, NORIKO KANDA' and HIROYUKI TANASE®
YYAMAGUCHI Universisy
{e-mail: shinjfi@yamaguchi-u.ac jp)
Fukui Prefecture

*Nagoya Road Engineer Co. LTD

The instantaneous reinforcing effect by the expansive steel pipe rock bolt is expected since its
expansion due to application of hydraulic pressure in the steel pipe generates the friction force.
However, the corrosion of the steel pipe has been of concern. To overcome the corrosion problem,
high corrosion resistance hot dip coating steel plate “ZAM (Zn-6%,Al-3%,Mg)” has been
developed recently, RPE (Rust Proofing Expansive) rock bolt has also been developed by using
ZAM coated steel plate. In addition, the inferior shear strength than the conventional massive rock
bolt has been of concern, In this paper, the corrosion resistance test and the shear test have been
performed in a laboratory.

New ZAM (Zn-6%,A1-3%,Mg) plated expansive rock bolt is regarded as fulfilling the function
required of rock bolt over the past 20 years (See Photo 1). From the shear test, the shear rigidity of
expansive rock bolt has almost the same ability at all type of rock bolt and its shear strength is less
than that of the massive rock bolt (See Fig. 1).

Keywords: Rock bolt; shear test; corrosion resistance.
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Fig. 1, Shear stress deformation curve results in high strength block.
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DETERIORATION MECHANISMS OF TUNNEL LINING CONCRETE

H. UEDAL, S. NISHIO!, T. SASAKI' and Y. MATSUDA?

'Railway technical Research Institute
(e-mail: h-ueda@rtri.orjp)

*East Japan Railway Company

Railways in Japan started to use concrete for tunnel linings around 1910. To properly control

and maintain concrete lining material in the future, it is important to investigate the causes of

concrete deterioration and take appropriate countermeasures. The authors of this report
surveyed several deteriorated tunnels and discovered the following:

(1) The lining concrete of railway tunnels deteriorated due to chemical reaction with (i) acid and
(ii) sulfate ions, as well as (iii) the fact that a substitute material had been used for the cement
contained within the concrete (Table 1).

(2) Concrete deteriorates due to the action of acid pulverizing and reducing the strength of
concrete. The acid originates from acidic ground water and the smoke emitted by steam
locomotives in the past.

(3) Deterioration due to the action of sulfate ions results from the formation of ettringite as the
ions concentrate at the carbonation front and cause cracks.

(4) Concrete also deteriorates because diatomaceous earth (a cement substitute material) was

used due to a shortage of cement when the tunnels were constructed.  Since the compressive
strength becomes extremely low in the carbonated areas of such concrete, this carbonation
would appear to be the cause of the deterioration.

Keywords: Tunnel; lining concrete; deterioration; acid; sulfate; diatom earth.

Table 1. Deterioration of tunnel lining concrete.

year of
kinds construction deterioration conditions cause of deterioration
tunnel A around 1927  Concrete has weakened through pulverization, and acid originates from the steam
presents a brown layer. locomotive smoke in the past
tunnel B around 1950  Concrete has weakened through pulverization, and  acid originates from the steam
presents a brown layer. locomotive smoke in the past
tunnel C 1923 Concrete has weakened through pulverization, and acid originates from acidic
presents a brown layer. ground water and the steam
locomotive smoke in the past
tunnel D 1937 Fragment layer etc. was observed near the surface, the action of sulphate ions
and a white substance was present.
tunnel E 1924 Fragment layer etc. was observed near the surface, the action of sulphate ions
and a white substance was present.
tunnel F 1928 Concrete  surface had weakened through diatomaceous earth was used due
pulverization. No brown layer was present. to a shortage of cement
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FLOOR HEAVE ROADWAY PRESTRESSED ANCHOR AND INVERTED-
ARCH COMBINED SUPPORT DESIGN AND ITS NUMERICAL ANALYSIS

HAN-PENG WANG!', SHU-CAI LI', YAN-FA GAO? WEI-SHEN ZHU' and QING-SONG ZHANG!'

1Geotechnical and Structure Research Center, ShanDong University, Jinan, 250061, China
(e-mail of corresponding author: pcwli@ 163.com)
2School of mechanics and civil engineering, China University of mining and Technology(Beijing),
Beijing, 100083, China

How to control floor heave effectively and economically is an urgent problem in deep soft rock
roadway. In deep mine under -850m level, the failure of pump chamber was severe, especially the
floor heaved worse. The former methods of controlling floor heave were summed up. According to
research of controlling floor heave methods, the floor heave reasons of pump chamber was
analyzed and the new control floor heave method of prestressed anchor and inverted-arch
combined support was brought forward. Through 3-D numerical simulation by FLAC,
the reinforced effect of pump chamber supported by prestressed anchor and inverted-arch
combined support system was analyzed. The numerical result shows that prestressed anchor and
inverted-arch combined support can control floor heave in deep mine soft rock roadway
effectively.

Keywords: Floor heave; Prestressed anchor; Inverted-arch; Combined support; Numerical
analysis.
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EXPERIMENTAL STUDY ON THE INFLUENCE FACTORS OF CABLE BOLT
REINFORCEMENT
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The influencing factors to anchoring force of resin-grouted cable bolts are numerous and
complicated. The anchoring mechanism of cable bolts has not been studied perfectly. In practice,
the cable bolt supporting parameters are always designed empirically. So it is inevitable that the
supporting parameters of cable bolts are always not suitable to the roadways’ conditions. As the
worst case, the reinforced surrounding rock may go into failure. Based on the survey results that
more and more coal mine roof rock mass is bearing fracture water, some laboratory cable-boit pull-
out tests were carried out. Four factors are considered in this paper. They are embedment length,
bore-hole diameter, resin capsule packaging and water. Water is highlighted as an important factor
first time. A 7-wire high-strength stranded cable was used in the tests. The research results show
that there are four models of cable load-distribution. The law of axial force distribution along the
cable bolt is obtained, and it is some different from the conventional Mindlin distribution. The
achievement is valuable to the design of roadways supporting parameters and gives insight into the
bond mechanism of cable bolts.

Keywords: Rock reinforcement; cable-bolt; bond strength; influence factor; pull-out test; water.
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AUXILIARY METHOD TO STABILIZE CUTTING FACE OF
MOUNTAIN TUNNEL
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3Faculty of Engineering, Nagasaki University, Nagasaki 852-8521, Japan

Recently, there are many tunnels whose portals are located on the slope mountain with un-
equivalence pressure or at the crush zone with small overburden. For these portals, Pipe-roof
method, Umbrella method etc. are applied as the auxiliary method for tunnel stability. Lately, fore-
poling method (PU-IF) and AGF method in which general Tunnel-Jumbo can be used are applied
in many unstable sites for effective fore-piling.

For applying these methods, economy, site execution and stability at the cutting face should
be examined based on the measurement data during construction. In this paper, two sites adopting
such auxiliary methods for stability of cutting face are presented.

In Shoukawa Tunnel, which is under thin overburden with unsymmetrical earth pressure, the
vertical fore-poling bolt method was utilized to avoid the ground settlement, collapse at the cutting
face and landslide. The vertical fore-poling mechanism was evaluated through the monitoring
system for slope stability by using back analysis with field measurement data.

Another site in this presentation is Kitasuma Tunnel, a long twin bore tunnel with a center-
pillar. Design of the center-pillar is important since 1km of this tunnel is located at urban area.
Based on the result of FEM analysis, auxiliary methods of pre-grouting and PU-IF were applied
before excavation for supporting ground surface.

Keywords: Auxiliary method; Fore-poling method; Unsymmetrical earth pressure; Stability.
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REINFORCING ANALYSIS OF NEW PRESTRESSED ANCHORED ROPE
BASED ON INTERFACE ELEMENT METHOD

ZHANG QING', L1 ZHEN', ZHUO JIASHOU' and SUN XUEYI?
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The improved prestressed anchored rope is proposed because of the fact that the cement mortar
before the bearing plate of traditional type is adapt to be destroyed and lead to the instability of the
structure (Fig. 1) The main characteristic of the improved prestressed anchored rope lies in the
steel tube welded before the bearing plate so as to overcome the defect. Focusing on the new type
of prestressed anchored rope proposed before, the refined models are established in this paper
based on the interface stress element method of discontinuous mechanics. The characteristics of
cement mortar, rock mass or soil body outside and materials on interface between different media
are considered. The model can also imitate the non-linear behaviors of various materials. Through
the numerical calculating analysis of the representative problems, the stresses of different media of
the prestressed anchored rope in various cases are obtained. Evaluation has been made on the
reinforcement of the new type of prestressed anchored rope, which lead to some valuable
conclusions. The research results show: 1) The normal stress of steel tube is higher than that of
cement mortar, showing that the steel tube can protect cement mortar to some extend. 2) The
normal stress of cement mortar increases as the strength of outside medium becomes lower, which
indicates that the reinforcement effect of the prestressed anchored rope is more obvious in the
lower strength medium. 3) The normal stress of cement mortar is mainly concentrated on the root
of the anchor rope, while shear stress of interface between cement mortar and outside medium on
the root and head of the anchor rope. These parts are prone to be destroyed. 4) The method
proposed in the paper can well reflect the discontinuous deformation of various materials and is an
effective method for reinforcing analysis of prestressed anchored rope.

Keywords: Prestressed anchored rope; cement mortar; rock mass; interface element method;

reinforcing analysis.
X
N %i ——0

B X 7% N YKV

25m

wall seamless pipe

cement steel strand

mortar

Fig. 1. Improved prestressed Anchor rope.
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6. ROCK MASS

6.1. General
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A PROPOSAL FOR THE MODIFICATION OF RQD (MRQD)
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*Engineers co. Iran, Tamavan Consulting Eng.
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The RQD of Deere (1964) is considered as a quick and economical factor in most rock
engineering classifications such as Q, RMR and even in calculation of some Rock Geotechnical
parameters and support design. Besides its high applicability, RQD has some deficiencies, which
should be considered: a) RQD method does not give any information for spacing more than 10 ¢cm
(4 inches); b) In case of 9 joints per meter, if 1 or 2 joints are added, the RQD will decrease from
Excellent to Very poor class. Which shows non realistic sensitivity of RQD to joint numbers;
¢) Rock masses with 11,20,and even 50 joints per meter have the same RQD. This is true, also, for
fragmented or crushed rock masses, as well as cavities, RQD of all these rock masses are equal to
zero. But, there is a distinct difference in Rock Quality for all above cases. So MRQD is suggested
to correct and modify it for the best usage. This parameter could describe more completely the
differences of various cases. The modified version of RQD (MRQD) is explained according to
percentage of weak zone which includes discontinuities, core washed, core loss, fragmented and
crushed zone, vuggy zone, and cavity. The relation between weak zone and modified RQD
(MRQD) is: MRQD=100-W.Z.Based on MRQD, rocks are classified in to 5 classes. Using
MRQD in Rock Engineering Classification is more appropriate for calculation of Rock mass
Geotechnical Parameter.

Keywords: Rock classification;, RQD; rock mass.
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ROCK MASS CHARACTERIZATION AND ROCK MASS PROPERTY
VARIABILITY CONSIDERATIONS FOR TUNNEL AND CAVERN DESIGN

M. CAl and P. K. KAISER

Geomechanics Research Centre, MIRARCO, Laurentian University, Sudbury, Ontario, Canada
(e-mail of corresponding author: mcai@mirarco.org)

In rock engineering practice, data, because of the huge cost involved in acquisition, are often
incomplete and hence contain uncertainties. Uncertainties are inherent and unavoidable in the rock
mass classification process. Uncertainties can be divided into several types: (a) uncertainties
attributed to inherent randomness, natural variation, etc.; (b) uncertainties attributed to lack of
data, knowledge about events and processes; (c) uncertainties due to our inability to understand
decision objectives. Common sources of uncertainties in rock engineering include the spatial and
temporal variability of the rock mass properties; random and systematic errors in data mapping,
logging, testing, and monitoring; analytical and numerical model simplification; human omissions
and errors.

To quantify the effects of these uncertainties on tunnel and cavern stability predictions, it is
necessary to utilize probabilistic methods. In the present study, a quantitative, probabilistic
approach to use the GSI system for rock mass classification is presented. It employs the block
volume and a joint condition factor as quantitative characterization factors. The approach is built
on the linkage between descriptive geological terms and measurable field parameters such as joint
spacing and joint roughness, which are random variables. It allows the evaluation of both the
means and variances of strength and deformation parameters, using Monte Carlo or point estimate
method (Fig. 1). One example is given to illustrate how to consider the variability of the rock mass
properties and reflect the quantitative risk assessment results in tunnel and cavern design. In this
fashion, the design engineers are able to accomplish the challenging tasks for achieving a balance
between the safety and economy in the design of rock support systems.

Keywords: Rock mass classification; GSI system; Rock mass strength; Variability; Cavern.
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Most existing studies on hydraulic conductivity tensor for fractured rock mass are either stress-
dependent or elastic strain dependent. As a result, material nonlinearity and post-peak dilatancy of
fractures, which accounts for drastic variation of hydraulic conductivity, are not well considered in
formulation of the permeability for disturbed rock mass, especially for the surrounding formations
of deeply-buried tunnels with high in situ stress and high pore water pressure. In this study, by
characterizing rock masses as an anisotropic continuum with one or multiple sets of critically
oriented fractures, a methodology is developed to address the change in permeability resulting
from engineering disturbance. An equivalent non-associative elastic-perfectly plastic constitutive
model with mobilized dilatancy is presented to describe the global nonlinear response of the rock
system. By separating the deformation of fractures from the equivalent medium, a strain-dependent
permeability tensor is formulated, which not only considers the normal compressive deformation
of the fractures, but more importantly, integrates the effect of post-peak shear dilatancy of fractures.
This work differs from the existing studies on permeability tensor for fractured rock masses in that
the formulation is total strain-dependent, rather than stress or elastic strain-dependent, thus
exhibiting an advantage in describing the reality of fracture dilatancy, change in hydraulic
properties and coupled mechanical-hydrological (M-H) process. The formulation has been
implemented in a FEM code, and has been applied to investigate the coupled M-H effect of a
deeply-buried underground tunnel excavation.

Keywords: Permeability tensor; Strain; Fractured rock mass; Hydromechanical coupling; Post-
peak dilatancy.
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Tunnelling is a risky business. Any activity where it is expected to proceed according to a
predefined plan and cost where the major influence, the geology, is at worst almost totally
unknown and at best interpolated from boreholes intercepting only a minute percentage of the total
tunnel volume has to be considered a high risk. However tunnels are still needed and more often
the alignments are being dictated by the requirements of the client and not restricted by the
geology or the available excavation technology.

Geophysical methods for investigating the ground, especially down the hole tools have long
been used in the oil industry. Surface technigues using Seismic reflection and refraction can
provide useful coverage or the ground conditions along proposed alignment however they are
restricted by the effective depth and the ability to pick out sub vertical features.

The ideal geophysical investigation system is one that is operated from within the tunnel
looking forward ahead of the face to provide an garly warning system for changes in the rock mass
especially sub vertical features which can lead to catastrophic events such as the intersection of
fault and fracture zones. Early identification allows the organization of logistice and processes to
be put in place to evaluate and mitigate the risks.

The TSP (Tunnel Seismic Prediction) is such a system for this application. This paper looks at
the suitability of the TSP system to hard rock tunnelling in areas of high overburden and complex
geology. With the evaluation of P-waves and S-waves TSP provides useful results to predict rock
quality and significant features (reflectors) ahead of the face and is appropriate for production
orientated jobsite applications. It presents a TSP case study form the current job site of the 57 km
long Gotthard Base Tunnel crossing the Swiss Alps. Here, a downfall occurred at the
Multifunctional Station Faido due to an unexpected major fault zone which is crossing the turmel
tubes under unfavorable tunneling condition. A comparison between the results of two TSP
surveys and the geology being excavated afterwards realizes the optimal use of this method and
how tunneling works will become more predictable in both costs and risks.

Keywerds: Excavation; rock test; rock mass.

Fig. 1. Principle of the Tunnel Seismic Prediction Method: acoustical waves being generated by small explosive charges
in the tunnel side wall are being reflected back at discontinuities in the rock mass,
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The in situ deformation modulus is an important engineering parameter required for designing
many structures in and on rock, from underground openings to foundations. Among the rock mass
properties, the deformation modulus has a vital importance for the design of rock engineering
projects, because the deformation modulus is the best representative parameter of the pre-failure
mechanical behavior of the rock material and of a rock mass. The in situ loading tests intended to
measure the rock mass deformability seek to cover a representative part of the rock mass including
the matrix rock and some fissures. This paper has reviewed all large in situ tests, to evaluate of the
deformation modulus of the rock mass. The classification of in-situ loading tests for the
deformation modulus determination has been proposed, basing on the type of opening and the
loading condition, along with a scheme to measure the representative length of each loading test.
Analyzing 9 case studies, it has been clarified that there is a considerable variability in results
obtained from different loading tests, as the modulus value increases with the representative length.
From the variability in results, it can be concluded that there is presently no one single method that
is absolutely reliable. From the fact that the better results are provided by the tests which can cover
a larger volume of rock mass, it has been discussed that the volume effect on results definitely
needs further developments of higher-quality loading tests.

Keywords: Deformation modulus, representative length, in situ loading, higher-quality loading,
conventional loading.
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The character of rock mass discontinuity is the dominant factor of rock mass quality. The rock
mass discontinuity, owing to its property of self-similarity, can be addressed with the fractal theory
although it is irregular in space and complex in network structure. Basic concepts of the fractal
theory and the calculating method of the fractal dimension are introduced. The present study has
testified the fractal characteristics of rock mass discontinuity distributions based on the calculation
of the fractal dimensions of discontinuity distributions in the roadway surrounding rock masses at
an underground mine with the application of the Box-dimension method. By analyzing the fractal
dimension values, this investigation shows that the higher the value is, the denser the discontinuity
distribution, the longer the discontinuity traces, and the lower the rock mass quality, which
suggests the feasibility of taking the fractal dimension of rock mass discontinuity distribution as
the index of rock mass quality rating. By comparing the fractal dimensions calculated above with
the corresponding rock mass grades classified by Standard for engineering classification of rock
masses, this paper proposes a scheme of rock mass quality classification, which takes the fractal
dimension of the discontinuity distribution as the classifying index.

Keywords: Rock mass quality; rock mass discontinuity; fractal dimension; fractal theory; roadway
surrounding rock mass.
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Constructions of underground facilities are planned and carried out on the assumption that rock
mass properties, such as hydro-geological structures are investigated previously. A construction
cost is also estimated based on the rock mass properties obtained in the phase of feasibility study,
F/S. Tt should be noted, however, that geological conditions obtained prior to the cost estimation
phase always involve uncertainties, for it is practically impossible to foresee geological conditions
of the whole construction site in the phase of F/S. Therefore, a risk of cost overrun will emerge if
the actual condition of rock masses is worse than expected. Especially, at large-scale construction
site, such as high-level radioactive waste disposal plants, variations of the construction cost caused
by emergence of unforeseeable geological conditions might be enormous.

A water inrush from fractured zones is one of primary risk factors that cause cost overrun
during the construction of underground facilities. This water inrush risk becomes serious especially
in case of shaft excavations, for the deeper the tunnel excavation is, the higher a hydraulic pressure
around the tunnel is.

From such a viewpoint, this study aims to propose a risk evaluation method for unexpected
water inrush during shaft excavations in discontinuous rock masses. In this study, large faults of
which hydro-geological structures are predicted in the phase of F/S are modeled deterministically.
In contrast, other discontinuous planes are generated stochastically using discrete fracture network
approach in order to represent heterogeneous rock masses. The amount of water inrush, which
flows in excavated shaft, is calculated by using a seepage analysis, and then an influx classification
is performed to associate the discharge to the cost. Moreover, Monte Carlo simulations are carried
out to obtain variations of the cost statistically. Finally, the water inrush risk is evaluated as
quantitative values by applying prevailed theory in the field of financial engineering, such as the
risk curve and Value at Risk, VaR.

In addition, a development of a risk reduction method is investigated. In details, draining
water by using pre-borings with the Decision Tree analysis is adopted to evaluate a risk of returns
on investment quantitatively.

Keywords: Construction cost; water inrush; Value at Risk; risk reduction.
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Failures of underground storage were due to thermal stresses generating cracks in the rock masses
and thermal cracks contributed to induce gas leakage and to an increase in heat flux between LNG
and the rock masses. At storage cavern scale almost all rock masses and especially hard rock
masses are fissured. These already existing natural cracks will act as relaxation structures when the
temperature is lowered. So it is very important to figure out the fracture mechanisms for rock
masses under very low temperature conditions.

Since the conventional numerical codes such as FLAC and UDEC do not have the ability to
simulate the development of cracks in rock masses, the Particle Flow Code PFC2D was selected,
which was applied successfully for modeling of brittle failure observed around AECL’s Mine-by
test tunnel.

The present study considers greatly simplified geometries and was purposed to investigate the
separate effect of different physical conditions such as jointing, in-situ stresses, and frost heave
pressures on the formation of new cracks and the development of tensile stresses caused by the
general rock shrinkage during cooling. On the basis of the results from thermo-mechanical
modeling using a PFC2D code, it is certain that the presence of joints and frost heave pressure had
a pronounced effect the formation of new cracks in the rock mass. The results found in this study
are not entirely comparable with the observations obtained from real sites due to complicated
geological and groundwater conditions. However, it could be possible to estimate the mechanisms
of fracture using PFC2D models as shown in this paper.

Keywords: Thermal cracks; fracture mechanics; underground storage; thermo-mechanical
modeling; PFC2D.

(a) No crack (-80°C) (b) Fracture length: 0.5m (-60°C) (¢) Fracture length: 1.0m (-50°C)

Fig. 1. Fracture distribution with regard to frost heave pressures (K=0.5, vertical stress=1.3MPa).
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The assessment of bearing capacity is always essential for safe and economical design of
foundations in rock and rock mass. The field methods for estimation of bearing capacity are
cumbersome to execute and time consuming too. So, laboratory and theoretical approaches are
frequently preferred over the field methods. In this paper, the theoretical solution originally
proposed by Bell (1915) has been implemented for prediction of bearing capacity of intact rock,
jointed rock and rock foundations using failure criteria suggested by (Rao, 1984, Rao, 1998 and
Ramamurthy, 2001). The formulated expressions of bearing capacity are tested at four rock mass
sites and results obtained are compared with other existing methods. The results show that the
proposed bearing capacity equations simple in form, predict values comparable with these
methods. It is interesting to note that Hoek and Brown criterion (1988) under estimates the bearing
capacity whereas GSI approach of Hoek et al. (1995) over predicts the same.

Rocks are inherently strong and stable to withstand to the loads imposed by usual foundations.
However, due to the presence of weak planes, joints and other discontinuities, the strata become
weak and require correct assessment of its bearing pressure while constructing on such materials.
These problems become more severe especially while dealing with the foundations of tall
buildings, arch dams, bridges, nuclear power plants and other such heavy and sensitive structures
(Rao et al. 2002). Therefore, in most cases of rock structures, the ultimate bearing capacity of the
footing is not limited with characteristics of the homogeneous and isotropic rock mass but with that
of joints and bedding planes, which form the rock foundation.

A number of bearing capacity equations are reported in the literature, which provide explicit
solutions for the ultimate bearing capacity. Most of them consider the mode of failure as well as to
some extent material properties of the rock strata.

The strip footing resting on rock with wide rock joint spacing, due to some plastic reaction
will redistribute the stresses and its bearing capacity may be estimated similar to intact rock using
the classical theories of Terzaghi, Prandtl, Hansen, and others. Heavily fractured rock with closed
spacing of joints may be treated as dense granular mass. But the limitation in this case is the
measurement of the engineering properties i.e. shear strength parameters (c and ¢). Very few
studies have been carried on rock foundation that explains the effects of discontinuities on modes
of failure and bearing capacity. The works reported in the literature are for closely fractured rock
that suggests the procedure similar to soil foundation (Hoek and Brown, 1980 and Bell,1915.
Several empirical methods are available in the literature which have successfully predicted the
strength of rock containing a single plane of weakness (Jeager and Cook, 1979) and that of rock
mass (Rao, 1984 and Rao, 1998); however very few of them have been utilised for assessing the
bearing capacity of rock mass.

In this paper, using a semi empirical strength criterion for rock mass (Rao, 1984,1998 and
Ramamurthy, 2001), an equation for bearing capacity of rock foundation has been developed
assuming the wedge to be defined by straight lines to form active and passive zones satisfying the
equilibrium and failure criterion similar to Hoek and Brown (1980), and Bell (1915). Further the
expression of the bearing capacity has been extended to the jointed rock as well as to rock mass.

An actual field case has been selected to demonstrate the applicability of the proposed
relationship. The bearing capacity predicted using the proposed equation is compared with the
values obtained using several other procedures suggested in the past for different sites.

Keywords: Rock Mass; Bearing Capacity; Model Study.
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At the planning and design stages of an underground space or tunnelling project, the information
regarding ground conditions is very important to enhance economical efficiency and overall safety.
In general, the information can be expressed using rock mass classification such as RMR
{Bieniawski, 1984) and Q-system (Barton et al., 1974) and with the geophysical exploration image.
Rock mass classifications using borehole data can provide direct information of the rock mass in a
local scale for the design scheme. Oppositely, the image of geophysical exploration can provide
exhaustive but indirect information. These two types of information have inherent uncertainties
from various sources and are given in different empirical scales and with their own physical
meanings. In this study, simulated annealing (SA) was applied to overcome the shortcomings of
kriging methods or conditional simulations using just a primary variable. Using this technique, the
RMR and the image of geophysical exploration can be integrated to construct the spatial
distribution of the RMR and to evaluate its uncertainty. A practical procedure of SA technique for
the uncertainty evaluation of the RMR was suggested and also demonstrated through an
application, where it was used to identify the spatial distribution of RMR and quantify its
uncertainty. For a geotechnical application, the objective functions of SA were defined using
statistical and spatial models of RMR and the correlations between RMR and the geophysical
image. The use of SA technique for predicting the ground condition prior to planning and design of
underground excavation has been demonstrated in this paper. It has been found that the S5A
technique is quite capable of integrating various types of data and optimizing a spatial distribution
of a primary variable with constraints, which are designed by statistical and spatial modelling. The
applicability of SA technique has also been demonstrated by constructing 2 map of RMR and
evaluating its uncertainty to determine an optimized layout or alignment of tunnel by comparison
among a few of candidate alignments. The SA technique can also be used to update an already
predicted ground condition by using the new information obtained form a proceeding excavation,

Keywords: RMR, simulated annealing, spatial distribution, uncertainty.

Fig. 1. 3 dimensional spatial distribution of RMR by Simulated Annealing technique.
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Strength of rock is deeply associated with a stress-dependent interactive crack growth from tips of
neighboring compressible and incompressible joints involved within a rock mass. A new scheme is
proposed in order to evaluate the quasi-brittle fracture of jointed rock and to discuss the relation
between the interdependent crack growth and the strength failure,

In this article, assuming a formation of kinks at the joint-tips, the open crack propagation from
tips of kinks is analyzed as the pure mode I crack propagation (Kj = 0). In particular, to clarify the
effect of interdependent crack extension from neighboring joints, the homogenization scheme is
successfully applied along with a compressible dilatational joint model. Homogenized models of
joints are firstly described along with a modeling of compressible joints and dilatational sliding
condition, introducing the relative compressibility ratio (B) of joint, along with the coefficient of
friction (u) and the dilatancy angle (&y).

Homogenized crack propagation analysis is carried out by means of the SC-DDM, using
infinite models subjected to the pressure (p) at infinity. The mode I stress intensity factor (X)) at
tips of propagating cracks are precisely analyzed to evaluate the critical applied pressure (p.) when
K; reaches to its critical value (K)c), namely the crack propagates with a critical rate (v.).
Subsequently the critical pressure is analyzed as a function of the crack elongation, and the crack
elongation rate at various pressure levels is evaluated upon the so-called Paris’s law. From such a
crack elongation rate analysis, the time of quasi-brittle delayed fracture (') caused by a static
fatigue is formulated as follows:

o (p/T)". (1)

where p is the applied pressure, T is the tensile strength and # is a constant called the stress erosion
index.

Upon the homogenized crack propagation analysis, it is discussed that the stress-dependent
interactive crack extension in rock is deeply influenced by the joint spacing and the compressibility
of joint. By the crack elongation rate analysis upon the Paris’s law, it is concretely shown that the
most important parameter to estimate the long-term strength of rock is the stress erosion index (n),
and that the present analysis is a promising tool for the analysis of rock strength characteristics.

Keywords: Rock strength; Compressible joints; Homogenization; Pure mode I crack propagation.
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Considering lacking of suitable system in characterizing heavily jointed rock masses in slopes,
attempts were made in this study to propose a modified rock mass classification system for
preliminary design of rock slope. For this, the modified Geological Strength Index (GSI) was
employed as a basis, and the relevant geotechnical data were collected from different rock slope
sites in IRAN. Among the studied sites, 8 sites were selected and their stability was analyzed by
means of the CLARA scientific software. To establish the proposed classification system, besides
the GSI, five more parameters as: uniaxial compressive strength, rock type (lithology), slope
excavation method, groundwater condition and earthquake force, were considered, and their
relative effects on stability of fractured rock slopes were studied. By analyzing sensitivity of
stability of the studied rock slopes to the above five parameters as well as GSI value of the rock
masses, a logical basis was presented for determining the proposed rating system values. Then the
weight of each parameter was defined by statistical analysis of the sensitivity analyses results,
where rounded mean values were fixed as rating values incorporated in to the classification of the
rock masses.

In the proposed rock classification system, a rating is allocated to each parameter and an
overall rating for the rock mass is evaluated by summing the rating of all parameters. This overall
rating is denoted as Slope Stability Rating; SSR. The interpretation of this new rating system
(SSR) for the stability of the rock slopes has been achieved by preparing a number of design charts
for different values of safety factor (Fig.1). Finally, by comparing the actual stability condition of
the studied rock slopes with the stability evaluating results using SSR system, the accuracy and
reliability of the presented design charts were approved.

Keywords: Rock mass classification system, Slope, Design, Iran, GSI, SSR.
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Fig. 1. Rock slope design chart, based on SSR values of rock masses (F.S=1.5).
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One of the major problems confronting designers of engineering structures in rock is that of
estimating its strength. In field rock mass may be consisting of two to four dominating sets of
joints, which make the rock mass highly anisotropic in strength and deformational response. So, it
becomes very important to know the strength and deformational properties of rock mass than that
of intact rock while considering design for foundations, slopes, and underground structures. The
importance of intermediate principal stress o, on strength response of intact and anisotropic rocks
has been advocated by many scientists in the past based on their laboratory and field experiences.
The scanning of literature shows that this area has received still not much attention as far as study
on rock mass behaviour is concerned. To assess the engineering response of rock mass under the
influence of intermediate principal stress, a physical model study was undertaken in the present
work. Cubical rock mass specimens of size 15 cm with three orthogonal joint sets were prepared in
laboratory using sand-lime blocks of unconfined compressive strength 13.5 MPa and testing was
performed in the True Triaxial System developed recently.

The rock mass geometries and magnitudes of horizontal principal stresses (o,/o; ratio) along
with their directions were changed to simulate variety of field conditions occurring at site. The
inclination of continuous joint set-I was varied as 6 = 0°, 20°, 40°, 60°, 80°and 90°, keeping the
staggering of joint set-Il equal to 0.5 of small cubical element of rock mass specimen and joint
set-II1 was vertical and continuous. The horizontal stress ratio o,/ ¢, was increased from 1 to 5.2.
The engineering properties viz. strength, modulus, modulus and failure pattern are found to be
influenced by interlocking level of joints, c,/c; ratio and direction of o, with respect to dip
direction of critical joint set-I. The observations show the shearing of intact material and joints in
rock mass specimens with 8 = 0°, 20°, 80° and 90°. The shear planes developed on YZ or o, face
dips along o, directions and the fracture dip increases with increasing o,  Similarly, rock mass
with 6 = 40° and 6 = 60° exhibited the joint dilation and shearing of some blocks. These modes of
failure shifted from sliding, dilation to shearing with increasing o,/c, ratio. The maximum
enhancement in strength upto 309% was seen due to o, in rock mass specimens with
8 = 60°. At 6 = 90° this enhancement is lowest (26%). Similarly maximum enhancement in
modulus and modulus ratio is 560% and 186 % respectively, which corresponds to 8 = 60°.

Anisotropy in strength, modulus and modulus ratio properties are also seen, which reduces
with increasing level of intermediate principal stress.

Keywords: Simulated block mass; True triaxial stress; Anisotropy; Physical modeling;
Intermediate principal stress.
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In rock engineering, the rock mass can be classified as loaded or unloaded according to its
mechanical stress state and history. The rock is in an unloaded state during excavation of steep
high slopes, whereas it is in a loaded state in the tangential direction and in an unloaded state in
normal direction in deep underground excavations.

For high slope deep excavations and the large deep underground tunnels, major factorsare the
depth, the energy release magnitude and rate, the development of tensile stress zones, and the
unloading associated with the establishment of the secondary stress condition after the release of
energy associated with the primary excavation. After the tunnel is advanced, the tangential
direction of the secondary state of stress is a loading condition and the radial direction is an
unloading condition increasing greatly the deviatoric stress. Due to this unloading during high
slope and the tunnel excavation, the qualities of the rock mass deteriorate and the degree of
unloading of the rock mass is different in different unloading zones. It is necessary to divide the
unloading zones into different areas and analysis the mechanical features of each area.

The goal of research on the problems of slope and underground engineering is keeping the
construction stable. Numerical methods are available to address some of the issues associated with
stability, but if the mechanical parameters for the intact and damaged portions of the rock mass are
not chosen appropriately, the analysis may be in vain or even seriously misleading. Thus selecting
suitable parameters is a major focus of the application of numerical methods to analyse this class
of rock engineering problems.

The quality of the rock mass is one of the problems of most concern to the rock engineering.
One should account for the deterioration that a rock mass undergoes during unloading, which leads
to a decline in rock mass quality. How to choose appropriate mechanical parameters for the rock
mass is a problem for rock engineers, and we take the RMR method and a method of estimation to
evaluate the quality of an unloaded rock mass, calculating the RMR value of the unloaded rock
mass with the established relation between RMR value and deformation modulus, allowing us to
assess mechanical parameters and evaluate the rock mass quality in a manner that can be used as a
reference for other projects.

After the excavation of the dam abutment slope along the center-line of the double-arch dam
at the Baihetan hydropower project, the rock mass quality is deteriorated by the de-stressing, and
this is accounted for in the unloading rock mass mechanics theory based on the applications of a
Hoek-Brown rock mass failure criterion. According to the relation between RMR value and
deformation modulus that Serafim and Pereira (1983) put forward, the research program makes use
of the deformation modulus after excavating and unloading to calculate the RMR value in the
affected rock mass, thereby estimating the m, s, c and ¢ values in the 21 identified regions within
the rock mass. These estimated parameters are used for engineering design and to guide
construction work.

Keywords: Unloaded rock mass; deformation parameter; quality evaluation; reference.
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COMPLETE STRESS-STRAIN CURVE FOR JOINTED ROCK MASSES

T. T. WANG' and T. H. HUANG?
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The presence of discontinuities within rock highly perplexes the prediction on the stress-strain
relationship of rock masses, especially for its post-peak behavior. For the analysis of engineering
problem dealing with rock materials, it is essential to well modeling its complete stress-strain
curve. Based on the concept of equivalent continuum, this paper deduces a three-dimensional,
nonlinear complete stress-strain curve that integrates the mechanical behavior of intact rock and
discontinuities into a jointed rock mass through representative volume element. The mathematic
model accounts for the effects of joint spacing, orientation, number of joint sets and properties of
joints and intact rock. The validity of the proposed nonlinear constitutive law has been tested by
comparing the results predicted to analytical solution and existing model. Applicability of the
model has also verified by comparing with the outcomes of laboratory tests. It is believed that the
proposed model provides a better representation for the complete stress-strain behavior for regular,
well persistent jointed rock mass.

Its application shows that the number of joint sets and their attitudes play key roles on the
complete stress-strain relationship of rock masses. The isotropic complete stress-strain curves of
intact rock material become highly anisotropic as the joint sets number is less than four. The
difference of strength and secant deformation modulus of rock masses can reach several decuples
with various joints attitudes. The complete stress-strain curves get back to isotropic if the presence
of joint sets is greater than four.

The stress states also affect the complete stress-strain curves of rock masses, and the
influence is swayed by the relativity between the direction of principal stresses and attitudes of
discontinuities. The proposed nonlinear constitutive law is able to account the effect of middle
principal stress. The calculated results show that the effect of middle principal stress on strength
and secant deformation modulus of rock masses is of important as joint strike is perpendicular to
the middle principal stress and parallel to the minor principal stress.

Keywords: Jointed rock masses; constitutive law; complete stress-strain curve.
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A PARAMETRIC STUDY ON FLOW OF GROUNDWATER IN
FRACTURED-POROUS MEDIA: 3D SIMULATION
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A typical rock mass consists of intact rock containing embedded planar discontinuities (e.g. faults,
joints, lithological contacts). Flow modelling in intact rock can be relatively straightforward,
however, the presence of randomly oriented existing discontinuities as well as the emergence of
new joints by the propagation of existing discontinuities due to disturbance of the rock mass (e.g.
unloading during excavation) can make flow modelling in jointed rock a rather complex process.
The presence of interconnected fractures provides a preferred pathway for fluid flow through
porous media and thus consideration of the effect of fracture proves to be a fundamental aspect of
fluid flow modeling. With the recent rapid expansion of the mining industry, problems arising from
the presence of water in mined rock have become particularly pertinent. To meet the demands of
the mining industry, numerical techniques for the analysis of groundwater problems have attracted
considerable attention from a number of researchers. However, due to requirements for more
faithful approximations to physical behaviour, numerical methods for the accurate prediction of
fluid flow behaviour in porous media are still developing.

This paper discusses numerical modelling of groundwater flow around and into a tunnel in a
fractured porous medium, carried out using the commercial finite difference code FLAC-3D
(Itasca, 1996). A FISH, in built in FLAC, function was written and used for the purpose of
estimation of the total volume of water ingress to the tunnel. The results of the numerical
modelling are systematically analysed to investigate the effects of the distribution of insitu stresses
between horizontal and vertical components, the influence of differing hydraulic boundary
conditions and the effects of the scale of boundary blocks on the efficiency of the numerical model.
In the analysis, fluid flow is modelled using a porous flow approach. The effects of the distribution
of insitu horizontal to vertical stresses in the rock mass, hydraulic boundary conditions, and the
scale of boundary blocks on total water flow toward a model cavity are investigated. The findings
of this study show that the induced stress field has a significant influence on flow-deformation
characteristics, depending on the orientations and interconnectivity of the joints. Beyond an insitu
horizontal to vertical stress ratio of 1.0, the change of joint flow rate is marginal for the trialled
models. Moreover, the study suggests that the most appropriate block size to be used for flow
calculation in a fractured rock mass is 10-12 times the maximum dimension of the excavation.

Keywords: Flow; groundwater; porous media.
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SIMULATION OF STRATIFIED ROCKS USING COSSERAT MODEL

CHEN SHOU GEN!

1Southwest Jiaotong University, China
(csgchen2006@yahoo.com.cn)

Stratified rocks are commonly encountered in coal mining, which is much weak in stratified
direction (usually in horizontal direction) compared to the normal direction (vertical direction).
The layered rock typically fails in opening and shearing off at the interfaces and consequently in
bending of intact rock and its shearing and tension failure. Such a failure mechanism cannot be
modelled by using conventional models.

‘The conventional continua-based models assume rock as a continuous medium and thus
neither opening nor shearing off is not allowed inside the element. The discrete element model can
involve rock joints physically in the model, but as the joint space is usually as close as 0.2-0.3 m, it
is not practical to involve all the joints in the computational model.

COSFLOW, which has been recently developed by CSIRO Exploration and Mining, is an
efficient tool to simulate overburden movement in various geological and mining conditions.
COSFLOW incorporates the layered Cosserat continuum formulation. This provides major
benefits over conventional continuum numerical models of sedimentary rock in that the code is
able to efficiently simulate rock breakage and slip as well as separation along bedding planes. In
addition, COSFLOW couples fluid flow with strata deformation and stress, and can be used to
simulate the effects of mining on ground water systems and predict gas emission during longwall
mining.

Using Cosserat model, a parametric study on bed separation due to longwall mining is carried
out by varying longwall advance, rock properties, mining height and panel width. From the
parametric study, several major findings are obtained.

. A separation typically experiences a dynamic process from motivating, opening,
expanding, tending to close, closing, further closing and closed along with the longwall
advance. The occurrence and development of separations varies in space and time. Some
separations are completely closed while the others may still remain open after the mining
stopped.

. A separation developing at an interface can be described as follows. Assuming an
interface between two units, once the lower unit starts to fail, the incompatibility between
the two units appears and the separation motivates. With the rock failure extending
upwards in the lower unit, the separation is increasing in size. When the whole lower unit
is failed while the upper unit still remains at an elastic status, the separation reaches its
maximum in size and then the lower unit tends to decelerate its downward movement.
Along with the longwall advance, the rock failure extends upwards to the upper unit and
the upper unit accelerates its downward movement. This results in the separation tending
to close until the upper unit is completely failed. If there is another unit existed above the

upper unit, the same process will occur, which causes the previously opened separations
to close further.

Keywords: Simulation; stratified rock; mining.
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JOINTED ROCK MASS

M. HAJIAZIZI', N. HATAF?, F. DANESHMAND? and A. GHAHRAMANT?

\Ph.D student, School of Engineering, Shiraz University, Iran
(nhatafl@shirazu.ac.ir: hajiazizi@yahoo.com)

2Associate Professor, School of Engineering, Shiraz University, Iran
3Assistant Professor, School of Engineering, Shiraz University, Iran

4Professor,SchooI of Engineering, Shiraz University, Iran

In analyzing the mechanical behavior of engineering materials, the methods based on meshes such
as finite element (FEM) or finite difference (FDM) when large deformations and large number of
discontinuities are involved, are not suitable. The conventional process for dealing with moving
discontinuities in these methods is to remesh the domain in each step of the process which leads in
reduction of speed and degradation of accuracy and complexity of the calculations. To overcome
these problems the meshless methods are introduced and applied which are found very suitable for
problems with change of geometry. There are a number of meshless methods, such as the Element
Free Galerkin (EFG) method. In this paper EFG method is used for the mechanical analysis of
intact rock mass and jointed rock mass, the penalty method is used for essential boundary
condition and good results were obtained. Moving least squares approximation has been used to
construct shape function for element free Galerkin method. Moving least squares approximation
produces shape function that does not possess the Kronecker delta function. The penalty method is
effective approach for enforcing the essential boundary condition that is used in this paper. The
method based on meshes such as FDM and FEM have other difficulties such as the bad geometry,
because of null of domain or joint creation. Also the time of calculation for EFG method is less
than that for the methods based on meshes such as FDM. The displacement field of each block is
constructed by equilibrium equation from an array of points distributed in the blocks. These nodes
scattered in the problem domain and on the boundaries of the domain. It is found that the present
method is more suitable for modeling discontinuities of rock mass in two-dimensional and
particular three-dimensional domains than conventional methods based on meshes

Keywords: Element Free Galerkin Method; Jointed Rock Mass; Meshless Method.
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Analysis of rock masses with plenty of weakness planes and joints with numerical mesh-based
methods encounters difficulties. In the analysis when even only a few meshes are involved, mesh
generation can consume more time and effort compared to the construction and solution of the
discrete set of equations. Continuous remeshing of the domain in order to avoid the break down of
the calculation due to excessive mesh distortion is other concern. These problems lead in reducing
accuracy and increasing complexity in computer codes. To overcome these shortcomings recently
the meshfree methods have been developed and found applications in different engineering fields.
The real behavior of jointed rock mass is nonlinear and elastoplastic. In this paper the application
of mesh-free (Element Free Galerkin) method in analyzing the nonlinear and elastoplastic
behavior of jointed rock mass is presented. Moving least squares approximation has used to
construct shape function for element free Galerkin method. Moving least squares approximation
produces shape function that do not possess the Kronecker delta function. The Lagrange multiplier
and penalty method are used for enforcing the essential boundary condition. The penalty method is
effective approach for enforcing the essential boundary condition that is used in this paper. This
analyzing is new search and is obtained good results. In this method, there is no need to use
meshes or elements for field variable interpolation. The nodes scattered in the problem domain
and on the boundaries of the domain. The nodes remain constant while the geometry of the
domain is changing, therefore saving the time and computational effort in analyzing process. The
minimum total potential energy principle states that for a structure system that is at equilibrium,
the tptal potential energy in the system must be stationary for variation of admissible
displacements. A few examples of application of the method in predicting the plastic behavior of
jointed rocks are presented and its suitability is highlighted.

Keywords: Nonlinear analysis; Elastoplastic analysis; Element free; Jointed rock mass; Meshless.

289


mailto:nhataf@shirazu.ac.ir
mailto:hajiazizi@yahoo.com

STOCHASTIC SIMULATION OF ROCK MASS PROPERTIES
USING A MODIFIED GENETIC ALGORITHM

CHANGWOO HONG! and SEOKWON JEON?
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(e-mail of corresponding author: sjeon@snu.ac.kr)

Engineers use the borehole rock mass classification data and geophysical site investigation results
for the rock mass classification. There have been many cases where the borehole-logging data is
not acquired in the field because of the cost and difficulty of access to a tunnel site due to
geographical features or an existing facility. Subjectivity of the engineers results in a variety of
rock mass classifications according to locality and the limited information from the borehole data.
Kriging is one of the most widely used interpolation methods in geostatistics. Despite its wide use,
the kriging map flattens out the local details of the spatial variation with small values being
overestimated while underestimation with large values occurs. This type of selective bias is a
serious shortcoming due to the loss of the distribution features of the original data.

In this study, a hybrid genetic algorithm (GA) was used to find the optimal image reproducing
both the sampling histogram and the semi-variogram model. Additionally, we desired to preserve
the data values. GA performance could be improved by designing and changing the genetic
operator, which is critical when dealing with large full-field simulation models, such as
reproduction, crossover, mutation, and selection. Most of the past research in geotechnical
engineering used a simple GA with a one-dimensional chromosome and a simple genetic operator,
such as a one-point or two-point crossover and the random change of a bit of chromosome.

This paper describes in detail the formulation of a modified GA to estimate the rock mass
rating (RMR) in the section No. 302 of the works of the Seoul Metropolitan Subway Corporation
(SMSC). An effective initial solution was determined by comparing the random number generating
method with the sequential indicator simulation (SIS). A two-dimensional chromosome was
designed to maintain the spatial correlation of the original logging data, and a modified genetic
operator and local optimization algorithm were used to improve the efficiency of the genetic
algorithm.

The modified GA found the RMR estimation efficiently by using a 2-dimensional
chromosome, improved GA operators, and a 2-OPT (two-point optimization) local optimization
algorithm. The objective function could consider heterogeneity as the horizontal and vertical
directions, and reproduced the semi-variogram of the input data. Through the analysis of results
from 30 equally probable simulations, the RMR value could be presented in the form of a
probability distribution function and the uncertainty of estimation could be successfully quantified.
The reliability of the simulation was analyzed by split-sample validation.

Keywords: Rock mass rating; stochastic simulation; genetic algorithm; sequential indicator
simulation; optimization; geostatistics.
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During engineering practice, it has been noticed that the mechanical characters of rock under
loading and unloading conditions are different. Unfortunately the mechanical parameters are still
taken as constant during excavation, which falls short of engineering practice. In this paper, the
mechanical characters of intact rock mass under loading and unloading conditions were analyzed
by using the RFPA® numerical method. Simulation results show that the failure of intact rock
mass under unloading conditions is mainly caused by tension stress, while failure under loading
conditions is mainly caused by both shear and tension stress. Angle between fractured surface and
the direction of ¢, under unloading conditions is bigger than that under loading conditions, which
means that the intact rock mass are easier to fail under unloading conditions. The increasing of
acoustic energy under unloading conditions is more stable compared with that under loading
conditions before failure, which indicates that the unloading intact rock mass will take on a sudden
failure. Results also show that the peak strength under unloading conditions is smaller than that
under loading conditions. It can be concluded that localized damages caused by unloading, which
in turn decrease the mechanical parameters of rock mass are the main reasons resulting in the
failure of rock mass.

Keywords: Rock mass; Unloading; Numerical simulation.
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AE picture under unloading AE picture under loading Fractured surface under Fractured surface under
condition condition unloading condition loading condition
Fig. 1. AE pictures and shear force pictures under loading and unloading conditions. The white circle positions stand for

compression failure, whereas the red circle positions stand for tension failure. The size of circle stands for the amount of
energy.
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APPLICATION OF A FUZZY MODEL TO ESTIMATE THE ENGINEERING
ROCK MASS PROPERTIES
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(e-mail of corresponding author: sjeon@snu.ac.kr)
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The engineering rock mass properties such as deformation modulus, cohesion and friction angle
are required as the input parameters of a numerical analysis for the design and stability analysis of
the underground structures. These values are conveniently obtained throughout the site
investigations, in-situ and laboratory tests and rock mass classification systems. There, however,
have been few researches on the evaluation of uncertainty and imprecision that can be included in
determining the engineering rock mass properties. Some attempts have been made to increase the
reliability of these values by using the statistical method such as Monte Carlo simulation, but it is
not sufficient owing to the large differences between different simulations. Therefore, it is
necessary to develop a reliable evaluation method for the engineering rock mass properties. In this
study, a prediction model by using the fuzzy inference system is proposed for the evaluation of the
input parameters. The fuzzy model used herein is the modified Takagi-Sugeno type model using a
data clustering method of which the optimization criterion is the minimum RMSE (Root Mean
Squared Error). The data sets for learning and verifying the fuzzy model are collected from a
domestic tunnel construction site in Korea and they consist of the several categories including
laboratory test results and rock mass classification values. The comparisons between the results
obtained from the empirical equations and that from the fuzzy models are made. It is concluded
that the performance of the fuzzy model is satisfactory, and also the ability for the prediction of
fuzzy model is better than that of the empirical equations for the deformation modulus because the
fuzzy model is trained by the data of the specific tunnel construction site. Sufficiently large
database, however, is required for training the fuzzy model for the more accurate prediction and
wide availability.

Keywords: Engineering rock mass properties, deformation modulus, empirical equation, TS fuzzy
model, fuzzy clustering.
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Rapid increase of demands for various natural resources owing to industrial revolution has led
many researchers to find effective methods to detect those varied in underground. One of
prominent methods is a geophysical exploration using electrical resistivity. Although the electrical
resistivity-based geophysical exploration has been commonly used for site investigation, the
majority of such application methods are restricted to coarse descriptions of underground
conditions and only a few researchers have tried to relate electrical resistivity with rock mass
classification systems.

The Q-system is commonly used as a representative rock mass classification system in modemn
rock engineering because it properly captures the important characteristics of a rock mass. In this
paper, electrical resistivity is correlated to the Q-system through theoretical analyses. The analyses
are based on Coulomb's law and Gauss' law considering electrical characteristics of constituent
parameters for rock mass classification such as joint roughness, joint alteration, joint set number
and RQD. Q-system is related to electrical resistivity as follows:

OR-NR-RR

o
P ass = X
AR 1)

where QR, NR, RR, AR are the coefficients of normalized indices related to each parameter in
Q-system and the constant C is the electric resistivity which depends on the type of rock.

The analytical results show a strong correlation between electrical resistivity and Q-value.
However, large data scattering suggests that direct conversion from electrical resistivity to rock
mass classification is inappropriate. This issue is addressed through a set of proposed guidelines
for classifying rock mass by using electrical resistivity.

Keywords: Electrical resistivity; rock mass classification; Q-system.
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The reflection response can be obtained by the cross-correlation of the transmission responses,
which is called “seismic interferometry”. The method intends to image subsurface geological
structures using underground noise as a transmission wave field observed on the surface and to
simulate pseudo shot records as many as the number of the receivers corresponding to data of
reflection seismic survey.

We introduce a result of our field test done toward practical use of the seismic interferometry.
We carried out the field test with underground moving sources in a hilly area where there exist two
tunnels. For the effective seismic interferometry, long term recording data with many receivers is
desirable. For this field experiment, we newly developed the PC-based seismic recording system
which can continuously record the transmission data of 96 receivers simultaneously for arbitrary
time period As the seismic source, Digi-pulse and air-knocker hit the surface of the tunnel road at
equal intervals in the driveway tunnel and the sidewalk tunnel respectively, moving from the
entrance to the exit of the tunnels. The truck kept running in the driveway tunnel intently and
drove 10 times round trips. The record lengths of each source are 1,840s (Digi-pulse), 2,140s
(air-knocker) and 1,600s (truck). A survey line with 96 receivers was located on the hill just above
the sidewalk tunnel.

In order to image the subsurface structures, the conventional data processing was applied to
the shot records simulated by cross-correlation of the observed data. Obtained subsurface images
being properly data-processed are clear enough to estimate the subsurface structures. In stacked
sections, geological structures parallel to the surface inclining to the east side can be clearly
visualized, and they are identical to the result of the reflection seismic survey. Our result strongly
supports the applicability of the seismic interferometry to image subsurface structures from the
passive record observation of the noise generated by social activities.

Keywords: Seismic Interferometry, Cross-correlation, Moving sources.
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The Ali-Boediarjo (AB) Tunnels are part of the Common Infrastructure Project being undertaken
by PT Freeport Indonesia (PTFI) in the province of Papua, Indonesia to provide access to several
deep underground orebodies which are expected to replace the current Grasberg Open Pit. These
6.8 m by 6.5 m fully arched twin tunnels are designed to last for at least 30 years as part of the
long-term development of facilities for the underground projects. The tunnels are 24 meters apart
and are connected by crosscuts at 200 meter intervals and are developed using a conventional drill
and blast method.

Developments in shotcrete technology prompted PTFI to use early strength shotcrete as the
primary temporary support supplemented with weld-mesh and split-sets where required. The use
of early strength shotcrete as the temporary support allows early and safe re-entry to the face and
removes the installation of permanent support from the development cycle thus speeding up the
rate of advance of the tunnels.

Permanent ground support designs for the AB Tunnels have been published in the feasibility
study report. The ground conditions expected in the tunnels were categorized into four classes
from Class A (Very Good) to Class D (Poor) and the applicable ground supports were planned by
estimating the conditions in different parts of the tunnels. During the daily inspections, the ground
conditions and the ground support requirement were re-assessed and necessary modifications were
recommended by the geotech engineers. Ground support designs for wide span areas, such as
cross-overs, magazines and intersections were not dealt with in the feasibility study and were
undertaken as special cases based on the excavation dimensions and observed ground conditions.

The development plans focused on maximizing advance rates through the use of state-of-the-
art equipment. In the absence of extensive geological and geotechnical information, the use of
pilot drill holes and daily inspections have helped in the safe development of these tunnels. The
use of in-cycle shotcrete as temporary ground support has also helped PTFI achieve high average
advance rates in the development in the tunnels.

This paper outlines some of the geotechnical concerns faced during the development of the
AB Tunnels and actions taken to improve the safety and productivity at this important
infrastructure development.

Keywords: Stability; case study; tunnel.
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The paper deals with numerical implementation of Practical equivalent continuum model, using
Fast lagrangian analysis of continua both in 2D and 3D using FLAC and FLAC3D, respectively. In
this model the jointed rock properties are represented by a set of empirical relationships that
express the properties of the jointed medium as a function of the properties of intact rock and joint
factor along with confining pressure dependent Duncan and Chang hyperbolic model. Model, is
implemented in FLAC and FLAC3D using FISH functions available in respective codes. The
corresponding verification is based on simulation of triaxial compression tests by comparing the
experimental and numerical results. Fig. 1(a) shows the axi-syrmetric specimen and FLAC3D
specimen for numerical simulation. Fig. 1(b) shows the explicit models for axi-symmetric and
FLAC3D analysis with 3 joints. In FLAC the cylindrical specimens are considered as axi-
syminetric problem where as in FLAC3D as 3-dimensional problem. The results obtained from the
numerical models, match well with the experimental results (see Fig. 2b). The equivalent
continuum resuits are also compared with explicit modeling of jointed rock specimens and the
results were in close agreement (see Fig. 2a).

Keywords: Numerical model; FLAC; Joint factor; Equivalent continuum; Explicit model.
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Discontinuities are very important for rock engineering as they directly affect safety, but
numerical simulation of arbitrary discontinuities is always a difficult problem, especially for
tracking dynamic crack. In the past, there are two methods to model crack growth, one is that
crack growth direction is pre-assigned, the other is that computation region is re-meshed when
crack grows. The above methods are apparently not very good for crack growth. For static
discontinuities, the discontinuities are dependent on the mesh in the finite element analysis, so
meshing is time-consuming. The extended Finite Element Method (XFEM) is a new numerical
method for displacement discontinuity problems, it may conveniently model static and dynamic
crack. The improved extended Finite Element Method, which can directly evaluate stress intensity
factors without extra post-processing, is used to discretize the governing equations, allowing for
the modeling of cracks whose geometry are independent of the finite element computation mesh.
In the improved extended finite element method, the finite element approximation of the nodes
surrounding the crack tip is enriched with not only the first term but also the higher order terms of
the crack tip asymptotic field using a partition of unity method. The crack faces behind the tip(s)
are modeled independently of the mesh by displacement jump functions. The analysis of crack
growth is dramatically simplified with the improved extended finite element method. When crack
faces are open, the crack faces are free. When crack faces are closed, the contact conditions are
considered on the interface formed by the crack faces. First, one SIFs problem is presented to
demonstrate the accuracy of the method, then two crack growth problems are simulated.
Numerical simulations illustrate that the method can effectively model the crack growth and
discontinuity problems, and it has prospective practical merits in rock engineering.

Keywords: Improved XFEM; jump function; asymptotic crack-tip displacement fields; crack
growth.
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A 2-D NATURAL ELEMENT MODEL FOR JOINTED ROCK MASSES

TIANTANG YU' and MARTINS Y.OTACHE?

'College of Civil Engineering, Hohai University, Nanjing 210098,P.R.China
(e-mail: tiantangyu@hhu.edu.cn)

2 College of Water Resources and Environment, Hohai University, Nanjing 210098,P.R.China
(e-mail: martynso@hhu.edu.cn)

Rock masses usually include a great number of joints, making the mechanical behavior of the rock
mass complicated. The existence and behavior of joints in a rock mass is well known to control the
mechanical behaviors of the jointed rock mass. Establishment of an analysis method for rock
masses containing discontinuities is one of the most important issues in rock mechanics. Many
numerical methods have been proposed, such as Discrete Element Method (DEM), Discontinuous
Deformation Analysis (DDA), Finite Element Method (FEM), and several others. All these
methods require discretization of rock masses into a great number of finite elements to achieve
reasonable results. Consequently, mesh generation for these methods is a time-consuming task.
Though the element-free Methods (EFM) have overcome the difficulty, the computation cost in
the mesh-free methods is much greater than that in the finite element method; and the imposition
of essential boundary conditions is quite awkward in the mesh-free methods.

The natural element method (NEM) is a new Galerkin method for the solution of partial
differential equations. In NEM, the test and trial functions are constructed using natural neighbor
co-ordinates. Natural neighbor co-ordinates are based on well-known geometric concepts such as
the Voronoi diagram and the Delaunay tessellation. The Voronoi diagram and the Delaunay
triangulation of the scattered nodes can be automatically formed with computer. NEM has
advantages of both finite element method and mesh-free method, and avoids their disadvantages.

According to the characteristic structural features of jointed rock masses, a natural element
method model is proposed for the mechanics analysis of jointed rock masses based on the natural
neighbor interpolation. In the model, the jointed rock mass is regarded as a system of intact rock
blocks connected by discontinuous joints modeled by interfaces. The displacement field in every
rock block is constructed by an array of nodes through the natural neighbor interpolant, and the
joint is modeled by the interface element. To deal with the discontinuities of rock masses, the
displacement fields are constructed to be discontinuous between blocks. The displacement fields
and their gradients are continuous in each block; hence no post processing is required for the
output of strains and stresses. Numerical simulations illustrate that NEM has advantages of both
high accuracy and simple data preparation. The present method which is developed for
two-dimensional linear elastic analysis for jointed rock structures can be extended to
three-dimensional and non-linear analysis.

Keywords: Block-interface model; natural neighbor interpolation; natural element method;
jointed rock masses.

298


mailto:martynso@hhu.edu.cn

6.3. Field and Laboratory Studies

299



This page is intentionally left blank



PHYSICAL PROPERTIES OF FRACTURED ROCK MASS
DETERMINED BY GEOPHYSICAL METHODS

A.F.IDZIAK! and I. STAN-KLECZEK?

'University of Silesia, Faculty of Earth Sciences,
Sosnowiec, Poland
(idziak@us.edu.pl)

University of Silesia, Faculty of Earth Sciences,
Sosnowiec, Poland

Fractures are most important factor which influence on physical properties of rocks. It is known
that cracks cause velocity reduction, which depends on crack geometry and elastic properties of
material filling cracks (water, gas or silt). Preferred orientation of crack systems involves
a velocity anisotropy. The seismic wave velocity is smaller in direction perpendicular to a crack
plane than in direction parallel to it. P-wave velocity anisotropy is bigger than S-wave velocity
anisotropy. Saturation of cracks reduces P-wave velocity anisotropy.

Crack systems flow also on electrical conductivity of rock mass. Oriented cracks cause an
anisotropy of rock resistivity. In this case, the conductivity has to be described by a tensor
quantity. Electrical conductivity of rock shows extreme value in directions according to orientation
of crack systems. For dry, unsaturated cracks the conductivity measured parallel to crack strike is
minimum. For cracks filled with mineralized water this conductivity is maximum. It is possible to
determine rock permeability knowing fracture features determined by geophysical methods what
allows applying them in investigations of fractured aquifers.

The existence of relationship between crack and seismic or electric anisotropy allowed using
geophysical methods for determination of fracture density and orientation of crack systems. The
present study was carried out in several sites in the north - eastern border of the Upper Silesian
Coal Basin, southern Poland. Seismic and geoelectrical measurements were carried out near the
places where fracture parameters were measured.

Fracturing has an important meaning for the elastic and electric properties of these carbonate
rocks. The present research allowed to establish the relationship between characteristic parameters
of the tensors. Velocity tensors and electrical conductivity tensors were calculated and compared.
The information allowed to find out mean direction of cracks sets and consider about fracture
saturation. So we can say that geophysical methods, especially seismic and geoelectrical methods
are useful in investigations of fractured rocks in sites where the rocks are inaccessible to direct
observation.

Keywords: Fracturing; Carbonate rocks; Seismic anisotropy; Electric anisotropy; Velocity tensor;
Electrical conductivity tensor.
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ROCK MASS MECHANICS AT THE MINING OF LARGE ORE BODIES
IN THE URANIUM DEPOSIT OF ROZNA

B. MICHALEK', P. KRIZ' and A. GRMELA?

'DIAMO stare enterprise, GEAM branch plant, 592 51 Dolni RoZinka, Czech Republic
{michalek@diamo.cz)

V8B ~ Technical University of Ostrava, 708 33 Ostrava, Czech Republic and
Akademia Techniczno-Humanistyzena, Instytut WNMiS, 43-309 Bielsko-Biala, Poland

From the year 1945 to the half of the 90’s of last century, uranium mining belonged to significant
industries in the Czech Republic, and the Czech Republic was at the forefront of uranium
concentrate production in the world. Nowadays, only the deposit of RoZna is exploited; the
exploitation will be performed by the year 2008. The mining plan presupposes mining operations
at the depth of up to 1200 metres below ground, i.e. under conditions that are, from the
geomechanical point of view, markedly worse than the present-day conditions.

For deposit exploitation, high-efficient caving methods are preferred, specifically the method
of “top slicing and caving under the artificial roof”. This method ensures, under conditions of the
deposit, a high productivity of labour together with a relatively high level of safety. To assess the
stability of rock mass at the exploitation of uranium deposit of RoZné by this mining method,
spatial mathematical modelling making it possible to forecast the behaviour of mass in the course
of further advance in mining was used. The mathematical modelling of stress states was done to
the final depth of reserves valuation, i.e. to the depth of up to 1200 metres below ground. As
quantities characterising the development of stress in the rock mass, the vertical component of
stress tensor, the maximum shear stress and the stability coefficient derived from the Hoek-Brown
criterion were chosen and modelled. For the calculation of stress states, a programming system for
solving exiremely extensive spatial tasks by the finite element method was used; the system being
developed in the framework of project HIPERGEOS at the Institute of Geonics of Academy of
Sciences of the Czech Republic in Ostrava. As output from medelling, a graphical representation
defining induced stress fields in the mass in individual observed years on cross-sections running
through typical parts of the deposit (for examples of outputs see Figs. 1, 2 and 3) was chosen.
Mathematical modelling together with practical experience from deposit mining provided a
sufficient amount of findings to optimise the control of face front.

Keywords: Top slicing and caving; rock mass geomechanics; mathematical modelling.
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Fig. 1. Vertical component of stress. Fig. 2. Maximum shear stress. Fig. 3. Hoek-Brown criterion.
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PREDICTION OF MODULUS OF ELASTISITY AND DEFORMABILITY OF
ROCK MASSES FROM LABORATORY AND GEOTECHNICAL PARAMETER

MOHAMMAD REZA SHAHVERDILOO

Moshanir Consultant Company, Iran
(mr.shahverdiloo@moshanir.com) & (rshahverdiloo@yahoo.com)

Cognition of deformability of rock mass is prime importance as it governs the behavior of the
structure’s surrounding rock. Usually rock masses are seldom intact and are dominated by
discontinuities and means of anisotropy which affects their mechanical behavior. Based upon the
degree and extent of anisotropy, scale, boundary condition and insitu structural setting the rock
mass deformability values differ from the laboratory tested.

Studies on the laboratory test result with consideration of their structural nature would help
the practicing engineering to save time and reduce the number of expensive field experiment.
Farther more this would be helpful in estimating the field modulus at an early stage of a project.

Dilatometery method estimating deformability has been studied in this dissertation.
Investigations were also made on the various parameters affecting the deformability.

Amongst the various method of estimating rock mass deformability the experimental method
was selected to correlate the field and laboratory deformability values. Based on the studies made
empirical equations are suggested to estimate the insitu rock mass elastic and deformability
modulus considering their intact laboratory value, loading condition and rock quality designation.

Keywords: Modulus, Elastisity, Deformability, Geotechnical, Dilatometer.
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SCALE EFFECT OF SHEAR STRENGTH OF CONGLOMERATE EVALUATED
BY FIELD AND LABORATORY TRIAXIAL TESTS

K. TANI'

'Department of Civil Engineering, Yokohama National University, Japan
(tani@cvg.ynu.ac jp)

An in-situ triaxial test method was invented for accurate evaluation of stress and strain

relationships of rock masses in the field. A series of proof tests with significantly large specimens

of the diameter =400mm were conducted at an abandoned quarry of Ohya stone. Furthermore, to
investigate the influences of scale effect, drainage condition and heterogeneity, two series of
laboratory triaxial tests, under consolidated/undrained (CU) condition and under

consolidated/drained (CD) condition, were conducted on the specimens of diameters, 4=20, 50, 65

and 100mm, retrieved by rotary drilling from the same site.

As shown in Figure 1, the strength characteristics evaluated by the in-situ triaxial tests were
compared with those by the laboratory triaxial tests, and the following conclusions are drawn.

(1) The in-situ triaxial test is suitable to evaluate mechanical properties of heterogeneous rock
masses, such as conglomerates whose maximum gravel diameter, D, is as large as several
centimeters.

(2) The specimen of the diameter about twice the average gravel diameter, d/Dsy* 2, is too small
for accurate evaluation of the strength of the conglomerate due to its heterogeneous nature.

(3) The principle of effective stresses holds good for Ohya stone.

(4) There appears to be no scale effect on strengths of Ohya stone using the representative
specimens of diameter twice to tenfold of the average gravel diameter, d/Ds=2-10.

(5) Itis estimated that the in-situ triaxial tests on Ohya stone were conducted

under the condition close to the drained one.

Keywords: Shear strength; Triaxial test; In-situ; Rock; Scale effect; Conglomerate.
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Fig. 1. Strength parameters, angle of internal friction and cohesion.
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EFFECT OF ROCK STRENGTH PROPERTIES ON BREAKAGE OF ROCK
MASS: AN EXPERIMENTAL ANALYSIS OF INDIAN MINES

N. R. THOTE' and D. P. SINGH?

The principal mechanism of rock mass breaking by explosives and the interaction between rock
parameters and blast induced stress wave propagation is complex and still not unanimously
explained and understood. Behavior of the rock mass under blast loading determines the blast
results in terms of fragmentation. Therefore, it is important to scale down the relationship between
rock parameters and degree of fragmentation.

There are several controversies over which rock mass properties influence the degree of
fragmentation. Many authors noted that blasting is strongly influenced by the Uniaxial
Compressive strength (o). On the contrary, a unanimous opinion about the influence of tensile
strength on fragmentation was established in some cases. Many researchers did not find
correlation between Average Fragment Size (Kso) and few strength properties in their blast
experimentations. Hino (1909) proposed first quantitative approach of evaluating blasting results
with rock properties. He defined “Blastability Index” as ratio of Uniaxial Compressive Strength
(o.) to Tensile Strength (o,), which indicates ease in blasting. He said that upper limit of rock mass
strength is the compressive strength and lower limit is tensile strength. Honma (1993) did the
experimentations on laboratory models by categorizing rocks into soft and hard but his results
were contradicting to Hino’s finding.

Considering the above controversies, the objectives of the study was set to determine
correlation between rock strength properties and fragmentation in various rock formations in
general and Indian rock formations in particular. It was also intended to verify the diversified
concepts of “Blastabilty” proposed as regard theory of fragmentation is concerned. These results
may be useful to standardize the blast designing parameters for mines and construction industry.
Experimental work has been carried out into two phases. In the first phase, rock properties were
determined in Rock Mechanics Laboratory and Average Fragment Size (Kso) was obtained by
quantifying fragmentation characteristics during full-scale blasts. Seven mining sites were
identified for experimentations covering sandstone, limestone, granite, quartzite, haematite etc.
rock formations conducting 30 experimental full-scale blasts. Sumptuous data was collected and
statistically analyzed.

Results of the experimentation show that different kinds of trend of correlations of strength
properties and fragmentation exist and they basically depend on the soft and hard formations. In
softer rocks, compressive strength is inversely proportional to degree of fragmentation whereas it
is directly proportional in hard rock formations. Tensile strength is directly proportional to
fragmentation in both the formations. It shows that both the strength properties play important role
in fragmentation of rocks. While considering Hino’s “Blastability Index”, no correlation was
found with fragmentation. Therefore, authors suggest Modified Blastability Index as (c.- oY)
replacing the original term (o oy) in Hino’s ‘Blastability Index’ and may be called as ‘Modified
Blastability Index’.

Keywords: Rock strength; rock mass; mine.
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STUDY ON DESIGN SCHEME FOR CONTROL OF SEEPAGE OF PINGTOU
UNDERGROUND HYDROPOWER PLANT

ZHU YUE-MING', CEN WEI-JUN !, LIN BAO-YAO? and FAN XIANG-LUN?

'Hohai Univ., Nanjing 210098, China
(hhuzym@126.com and/or hhuzym@yahoo.com.cn)

*Chengdu Hydroelectric Investigation& Design Institute,Chengdu 610072, China

Based on the numerical procedure of nodal virtual flux with fixed mesh for solution to problems of
unconfined seepage in inhomogeneous and anisotropic media, the improved and theoretically strict
drainage substructure technique for simulating the complex behavior of seepage caused by densely
distributed drainage holes and the technique of drainage switch for the identification of the real
state of each overflow type drainage hole are presented, the behavior of the 3D seepage in rock
masses surrounding the openings of Pingtou underground hydropower station with 3 x 60 MW
generator sets is numerically simulated with finite element method in detail. The behaviors of
seepage relevant to all the galleries, the impervious grout curtains, and the numerous overflow or
exit flow drainage holes arranged in multi-layered around the openings are strictly simulated,
particularly for the densely distributed overflow and exit flow drainage holes which play a key role
in water discharging and pressure relief. The geometries and distance between the drainage holes
can be exactly simulated and the results are robust and precise enough for the application to the
practical project. The strongly inhomogeneous and anisotropic characteristics of seepage of the
rock masses, the high hydraulic pressure in the diversion tunnel, the effect of the peripheral grout
curtains, and other factors are taken into account in detail. The locations of the exit lines of
seepage on the slope surfaces of the calculation domain, on the internal boundary surfaces of the
exit flow drainage holes and the other openings, and the location of the free surface of seepage are
finely iteratively calculated and determined. Furthermore, during the iterative solution, the real
states of seepage of the overflow drainage holes arranged in the bottom gallery are also strictly
distinguished in theory and algorithm. After the analysis of nearly 20 calculation cases about the
behavior of seepage and researching for the optimal design scheme for the control of seepage, the
whole property of seepage and the respective advantages and disadvantages of the present
suggested anti-seepage and drainage measures are comparatively analyzed in detail, the optimal
design scheme for the control of seepage is proposed.

Keywords: Seepage; procedure of nodal virtual flux; drainage holes; drainage substructure;
optimal design scheme for seepage control; Pingtou underground hydropower plant.
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7. ROCK PROPERTIES

7.1. General
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ESTIMATION OF GEOMECHANICAL PARAMETERS OF RESERVOIR
ROCKS, USING CONVENTIONAL POROSITY LOG

V. AZIZI' and H. MEMARIAN?
'School of Mining Engineering, University of Tehran, Iran

2School of Mining Engineering, University of Tehran, Iran

In recent years, rock mechanic gained great interests in petroleum industry. Geomechanical
properties of reservoir rocks have an important role on designing of drilling, stability of well bore
and planning for production. Rock mechanical properties usually calculate based on direct
laboratory tests on cores or using sonic logs. The study of cores is not always possible or even
feasible. Cores of limited parts of drilled section are normally available. Coring is expensive and
destructive geotechnical test on cores, which are valuable documents, is normally prohibited. This
paper presents a new method for indirect measurement and estimation of the rock geomechanical
properties, using sonic logs and porosity data. Based on the study of data from three wells, drilled
in different formations of three oil fields, in southern Iran, some relations with good correlation
coefficients, have been developed. Derived relations can be used to present a continuous picture of
the mechanical behaviors of the drilled section.

Keywords: Oil and gas wells, Geomechanical properties, Porosity, Sonic logs, Iran.
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PREDICTION OF MECHANICAL PARAMETERS OF ROCK, USING
SHEAR WAVE TRAVEL TIME

V. AZIZI' and H. MEMARIAN?

1School of Mining Engineering, University of Tehran, Iran

2School of Mining Engineering, University of Tehran, Iran

Different methods have been used for downhole measuring of formation's shear wave travel time.
These include visual inspection of full wave train recordings (e.g. variable density micro-
seismogram), monitoring the amplitude characteristic of acoustic shear wave in selected gate(s),
analysis of digital sonic data and comparison of compressional and shear wave transient time at
various transmitter—receiver spacing and defining some experimental correlation between them.
All these techniques have limited application, especially in the case of formations with complex
lithology (combination of sandstone, dolomite, limestone, and anhydrite) and fluid content. This
article presents an analytical approach for lowering the level of uncertainty in using above
mentioned methods. The main objectives of present research are: reducing the level of uncertainty
for different parameters and formation fluid contents, overcoming some of the limitations of
existing methods and predicting mechanical parameters of drilled rocks. This has been done by
utilizing the standard compressional travel time in conjunction with supplementary none-acoustic
log data and petrophysical full logs interpretation results. Presented method can estimate shear
wave travel time and some rock mechanical parameters with high accuracy for different lithology,
especially for limestone-sandstone or limestone-dolomite-shale sequences.

Keywords: Shear wave travel time, Sonic log data, Petrophysical data, Mechanical properties of
rock.
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ROCK STRAIN-STRENGTH CRITERION AND ITS APPLICATION

YANTING CHANG

WSP GROUP SWEDEN
(e-mail: yanting.chang @wspgroup.se)

In order to be able to easily and quickly interpret results from measured displacements in
underground excavations, it is more desirable to perform strain analyses instead of stress analyses.
A rock strength criterion in term of strains is one of the key issues for applications of such strain
analyses to determine the extent of plasticity in the rock. This paper presents a new and simple
criterion for rock strength in term of strains. This is a general criterion expressed in volumetric
strain in relation to axial strain as written as follows:

E,=K & —E&, (€))

where €, is the volumetric strain; €, is the major principal strain; k and €. are constants. The strains
are defined as positive for compaction. This strain criterion is represented as a triangle in the
T-plan in the principal strain space.

The compilation of the published data of triaxial tests conducted on various rocks indicates
that the envelop of the maximum compaction can be represented by a linear correlation between
the volumetric strain and the major principal strain. In other words, Eq. (1) has supporting
evidences from the testing data.

This paper presents also a method to convert the Mohr-Coulomb strength constants, namely
cohesion C and friction angle ¢ to the strain-strength constants xand & by assuming that the stress-
strain relationships before failure can be expressed by Hooke’s laws. By means of this method, the
strain-strength constants for various rock types can be evaluated from the existing data of rock
strength in term of cohesion and friction angle.

The theory of plasticity formulated in the strain space gives the following expression of flow
rules:

o

do? =n2¥ 2
o 7788. (2)

i

where do the so called increment of stress relaxation; @ is the yield surface in the strain space
and 77 is a scalar factor to be determined by the consistency condition. Formulation of constitutive
models in accordance with the theory of plasticity formulated in the strain space is briefly
described in the paper.

Finally discussions are given to the application of the proposed strain-strength criterion. For
engineering purposes, a new approach named as “strain path analysis” is described and a concept
called “initial strain &,” is introduced. The method can be easily applied to estimate the extent of
plasticity in the rock for underground excavations where displacements are monitored.

Keywords: Rock strain-strength, strain path, criterion, rock engineering, constitutive model.
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THE EFFECT OF CALCIUM CARBONATE CONTENT OF MARLSTONES
ON THE STRENGTH RESPONSE

A. H. GHAZVINIAN!, A. FATHI? Z. A. MORADIAN? and M. R. NIKUDEL'
'Faculty Member, Tarbiat Modarres University, Tehran, Iran
(E-mail: Abdolhadi@yahoo.com)

*Graduate student, Tarbiat Modarres University, Tehran, Iran

Marlstones are one of the most problematic geotechnical materials in their response to the
excavation of the underground openings. There are numerous underground opening projects which
are partially or wholly dominated by the marlstones. Therefore cognition of the behavior and
strength response of the marlstones is important in the design and execution of such projects. The
marlstones are comprised of the indurated clay and calcium carbonate. The variation in calcium
carbonate content would result in a wide variation of strength response of the marlstones. Initially
several sets of laboratory tests were performed to evaluate the rate of the calcium carbonate
content of the marlstones samples. Further, the strength response of the marlstones specimen was
evaluated with respect to the percentage variation of calcium carbonate content. Some equations
are presented based on the results of the regression analyses. Results of this research work indicate
that the increase in the percentage of the calcium carbonate would increase the compressive
strength and the modules of elasticity of the marlstones. It was also found that poison’s ratio is not
affected by the percentage of calcium carbonate. The stress-strain curve of Marlstone showed that
increase in the percentage of calcium carbonate is accompanied by decrease in the initial nonlinear
part of the curve (which occurs as a result of the compression of small cracks in the rock) and
finally this region becomes completely linear.

Keywords: Calcium Carbonate; Marlstones; Strength Response.
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ANALYSIS OF STRUCTURE PROPERTIES AND LOAD CARRYING OF
DESTRUCTIVE ROCK UNDER DIFFERENT CONSTRAINTS

HAN LIJUN, HE YONGNIAN and ZHANG HOUQUAN

School of Architecture and Civil Engineering, China University of Mining and Technology
Xuzhou, Jiangsu, 221008 P. R. China
(corresponding author: HAN LIJUN, e-mail: hlj-cumt@ 163.com)

Through uniaxial, triaxial and hoop constraint tests, forty-eight standard rock samples (@50 mm x
100 mm) are carried out to study the structure characteristics and load carrying ability of
destructive rock by MTS-815 servo-controiled testing machine.

The original rock materials (siltstone, limestone and packsand) are taken from the
underground in coal field. The lateral compressive pressure under triaxial tests is 5.0 MPa, 10.0
MPa and 15.0 MPa. The confining stress under hoop constraint tests is about 20 MPa, 40 MPa and
80 MPa. Under uniaxial tests, the macroscopic failure of rock samples mainly exhibits the splitting
failure nearly parallel to the axial direction but there are five different failure modes for different
rock samples. It is found that shear fracture and transverse crack also exist in the different rock
failure processes. As for the triaxial tests, it is common that the peak strength and residual stress
increase with the lateral compressive pressure. However, different kinds of rock samples show
different failure characteristics. Four failure modes happen in the triaxial experiment results. Under
hoop constraint tests, the axial stress exhibits obvious stress hardening characteristic with the
increase of the hoop confining pressure after peak-load point. It can reach and keep at a high axial
stress state ultimately. The confining pressure increases linearly with the increase of axial stress
and reaches the yielding stress state.

The distribution of rock blocks is different under different constraint tests. The degree of
fragmentation can be reflected by the variation of fractal dimension. The fractal dimension
increases approximately linearly with the increase of confining pressure, which indicates that the
rock blocks produce further failure or secondary cracks between them under the high confining
pressure. To sum up, with the increase of constrained stress, not only do the tension cracks and
controlling shear cracks exist, but also secondary cracks form and propagate along the controlling
shear crack surface within the destructive rock. And all the crack surfaces would develop into a
grid shape finally, which leads to the gradual reduction of the mechanical properties of the rock
mass and the gradual lost of its integrity.

Therefore, the maintenance of the cracked rock mass lies in the effective constraint, which
indicates that the basic requirement to keep the stability of surrounding rock in underground
engineering is to form an effective support structure.

The study is supported by NSFC major program (No 50490273).

Keywords: Cracked rock mass; Constraint state; Failure characteristics; Structural effect.
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CHARACTERISTICS OF ROUGHNESS MOBILIZATION

E. S. HONG', J. S. LEE% H. S. SHIN?, S. O. CHOI* and I. M. LEE’

! Postdoctoral Fellow, Geotechnical Engineering Div., KIGAM, Daejeon, Korea
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*Professor, Dept. of Geosystem Engineering, Kangwon National University, Chuncheon, Korea

3Professor, Dept. of Civil and Environmental Engineering, Korea University, Seoul, Korea
(e-mail of corresponding author: inmolee@korea.ac.kr)

To investigate the failure mode and roughness mobilization which depend on the asperity scale and
the applied normal load, analytical and experimental approaches are performed with artificial
triangular asperities. In this study, a single triangular asperity model is proposed and joint shear
strength tests are carried out. In the shear test, the specimens are prepared representing waviness,
unevenness, and total (superposition of waviness and unevenness) roughness based on the asperity
scale. Artificial stone with high unconfined compression strength and gypsum with low unconfined
compression strength are used. Model analysis shows that the size of the shearing asperity and the
shear mode are determined by the normal stress, the strength of material, the shear displacement,
the unevenness scale, and the inclination angle. Shear test results (see Fig. 1) show that roughness
(JRC™: Joint Roughness Coefficient with no basic friction influence) mobilization depends on the
applied normal stress (o) and scale of roughness. The roughness value changes nonlinearly, and
the shear modes are classified into 3 stages with the increase of normal stress: sliding (1st stage);
asperity failure (2nd stage); and asperity base failure stage (3rd stage). It is inferred that the sliding
stage mainly consists of the geometrical component, and the asperity base failure mostly consists
of the mechanical component. The asperity failure stage consists of both components. However,
shear mode is also dependent on the scale of asperities. For small size asperity, the transition from
the geometrical component to the mechanical component is abrupt; for large size asperity, the
transition is not so abrupt. Therefore, the roughness coefficient is not constant and is a nonlinearly
varying property with the asperity size and the applied normal stress. These effects should be
considered in rock joint roughness quantification.

Keywords: Roughness mobilization; roughness components; roughness scale; artificial triangular
asperity; shear mode; joint shear test.
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Fig. 1. JRC* versus applied normal stress relationship.
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BRIEF ROCK EVALUATION BY SHOCK RESPONSE VALUE AND MRCI
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Crack frequency and strength of rock is one of the most important factors for geotechnical
evaluation of rock for dam design and construction. As for rock crack frequency, RQD is very
popular index and usually measured for boring core, it is seldom measured in adit or natural
outcrop. As for rock strength, unconfined compressive strength and degree of repulsion of Schmidt
Rock Hammer is brief and useful index. However, measurement of the former is rather expensive
and that of the latter can not be performed in borehole. Therefore, the very important factor, crack
frequency and strength of rock, is not systematically integrated for dam design and construction.

In this paper, MRCI and Shock Response value is found to be useful index of crack frequency
and strength of rock, respectively, by comparing with Rock Class in adits and in boreholes of a
dam site in Northern Hokkaido, Japan, of which geology is Neogene andesite and peperite. Result
of adit is shown in Fig. 1. Each Rock Class is well separated by the two indices. When MRCI is
more than 15 cm and SR-Value is more than 35 m/s? rock is classified into CH Class. When
MRCI is less than 7 cm or SR-Value is less than 20 m/s?, rock is classified into CL Class. When
rock condition is between CH and CL Class, rock is classified into CM Class. These classification
criteria are also found to be applicable for boring data without lessening the accuracy so much.
Therefore, rock evaluation in both borhole and in adit is briefly and objectively integrated by
measuring these two indices.

Keywords: Rock Evaluation; SR-Value; MRCI.
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In the context of feasibility study for high level and long lived radioactive waste disposal in
geological formation, the French national radioactive waste management agency (Andra) has
conducted a series of experimental investigations and numerical simulations in order to evaluate
thermo-hydro-mechanical disturbances in engineered and geological barriers, due to excavation
and heating generated by vitrified waste. For this purpose, during recent years, an extensive
investigation with in situ thermal experiments has being performed by Andra in the both
underground research laboratories in Bure (France) and Mont-Terri (Switzerland). The first in situ
THM test, called HE-D experiment was conducted in Mont-Terri site from 2003 to 2005. Rock
formation was heated through a heating packer installed inside a borehole. Variations of
temperature, pore pressure and relative displacements, have been measured during the test at
different positions around the borehole. This paper presents three dimensional coupled thermo-
hydromechanical modeling of this in situ experiment using FLAC-3D code. In the first part, we
shortly present geological situation and test conditions of the HE-D experiment. Then, the general
framework for modeling coupled thermo-hydro-mechanical problems is given, together with the
outlines of the elastoplastic model used for the description of rock behavior. The mechanical
behavior of mudstone is simplified and described by an isotropic elastoplastic model based on the
Mohr-Coulomb criterion. In the third part, we present the numerical simulations and comparisons
with in situ measurements. In the present work, only the anisotropy of heat conductivity is taken
into account. The effect of pore pressure on plastic flow is taken into account using the classic
effective stress concept.

It seems that the numerical predictions are in agreement with measured data for main features
observed. The temperature distribution is mainly controlled by thermal properties. There is a
strong coupling effect of temperature change and stress change on the evolution of pore pressure.
A coupled thermo-hydromechanical modelling is then necessary. The over-pressure generated by
excavation and heating process may be an important factor for the evolution of damaged zone in
rock formation. Using a simple isotropic elastic perfectly plastic model, there is quite large
scatters between predicted and measured data in terms of deformation. More advanced constitutive
model may be necessary to improve the numerical modelling.

Keywords: Thermo-hydromechanical; mudstone; radioactive waste disposal.
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Material properties of Geomechanics are naturally heterogeneous. Due to a limitation in the
number of measurements as well as errors in measured data, a model constructed in terms of these
heterogeneous material properties should contain an uncertainty. In this paper, the stochastic
Element Free Galerkin Method (EFGM), which has been proposed as an alternative analysis tool
to estimate an uncertainty in a model with heterogeneous material property, is extended and
applied to a 2D elasto-static beam problem. The stochastic EFGM can be distinguishable by its
ability to evaluate a material heterogeneity-induced uncertainty with comparatively less efforts, by
the fact not to require a complex nodal connectivity, and by a simplicity in modifying and updating
analysis conditions in comparison with the conventional analysis represented by a finite element
analysis. Within the present stochastic EFGM, both a perturbation and a spectral formulation have
been implemented and tested. Karhunen-Loeve expansion is used for a material parameter
decomposition, and a 2™ order expansion and a Polynomial Chaos series expansion are used in the
perturbation and the spectral stochastic formulation, respectively. Direct comparison between the
perturbation and the spectral method under identical computational conditions (: computing
machine and code) has been accomplished, and general understanding on the characteristics of
each method has been discussed.

Keywords: Uncertainty; stochastic; Element Free Galerkin Method (EFGM); Karhunen-Loeve
expansion, Polynomial Chaos series expansion.
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IMPACT OF PYRITE OXIDATION ON MECHANICAL PROPERTIES OF
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Pyrite is a common and abundant sulfide mineral and it is oxidized upon exposing to oxygen on
earth surface. Oxidation of pyrite (FeS,) generates acid drainage resulting in acceleration of rock
weathering and discharge of heavy metals into environment. The accelerated weathering of rocks
can reduce compressive strength and slope stability. We examined the changes of the physical
properties of rocks and the chemical composition of drainage using a soxhlet extractor for one
month. Three groups of biotite gneiss were used for the soxhlet extraction experiment (group A:
< 0.1% of pyrite; group B: about 5% of disseminated pyrite; group C: about 6% of vein type
pyrite). Group A and B showed no significant quick absorption ratio after one month experiment
but group C had about 10% increased value. The uniaxial compressive strength of the three groups
decreased about 14%, 10% and 45% for group A, B and C, respectively. The pH of drainage for
group I was increased from 5.8 to 9 during the soxhlet experiment but the pH for group C
decreased from 6 to 3. The pH for group B decreased to 5.0 for first one week and then increased
to 9. The electrical conductivity (EC) and the concentrations of SO,> and Fe of the drainages were
continuously increased for the all groups. The EC and the concentrations of SO,> and Fe of the
drainage for group C was much higher than those of group A and B. The concentrations of heavy
metals in the drainage for group A and B not exceeded the Korean water quality standard but the
concentrations of Zn and Ni for group C were 1.3 mg I and 2.4 mg 1", respectively. The iron
oxide coating, signature of pyrite oxidation, was rarely observed at group A. For group B, the
coating was observed only on the surface. For group C, the coating was observed on the surface as
well as the inside of sample along the pyrite vein. The mechanical properties of the samples and
the chemical compositions of the drainage indicate that the oxidation of pyrite contained in the
samples accelerated weathering resulting in deterioration of mechanical properties of rocks and
could discharged heavy metals and acid into environment with the drainage.

Keywords: Acid rock drainage; Weathering; Uniaxial compressive strength; Heavy metals.
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A number of civil engineering projects like river valley projects and transportation projects are
under construction in India. The structures like dam foundations, slopes, underground openings,
powerhouse caverns are increasingly located in/on rock formations. The rocks are very complex
material especially when exist in combination with joints/discontinuities. It is therefore, very
important to understand the behavior of rocks for the rational design of the structures constructed
on/in them. Many rocks generally show strain softening behavior under loading, mostly in tunnels
and underground caverns. The strain softening is defined as progressive loss of strength when the
material is compressed beyond peak/failure. Hence the use of strain softening behaviour is of
utmost importance in the rational design of tunnels and underground structures. The behavior is
characterised in the laboratory using stiff testing machines and closed-loop servo-controlled
testing machines as it is not possible to capture the strain softening behaviour under stress
controlled loading using conventional machines. The analysis of underground structures is
normally carried out through numerical methods like FEM. The constitutive models which
characterize the rock behvaiour are the integral parts of the numerical methods. Various
constitutive models based on theory of elasticity, elasto-plasticity and elasto-viscoplasticity are
used to characterize the rock behviour.

The paper presents the characterization of marble under unconfined and varying confining
pressures and back prediction with constitutive model based on elasto-plasticity. The effect of high
confining pressure on rock behaviour is also presented in this paper. The marble from Rajnagar,
Rajsamand district of Rajasthan (India) has been used for characterisation. The rock belongs to
Aravalli Supergroup from Middle Proterozoic age. The rock is fine grained and white in colour.
The index properties of the rock have been found out as per ISRM. The specimens with 54 mm
diameter and 108 mm height as per ISRM have been used. The experiments have been conducted
under confining pressures of 0 MPa, 10 MPa, 20 MPa, 30 MPa and 46 MPa using closed-loop-
servo controlled testing machine at a constant strain rate of 9.26x10"%s. The strains were measured
with the help of strain gauges and specially designed extensometers. The specially designed high
pressure cell with capabilities of applying 0-140MPa confining pressure has been used.

The effect of high confining pressure is very clearly noticed on the rock behaviour. With the
increase in confining pressure there is marked increase in the residual strength and eventually at
confining pressure of 46 MPa the rock behaviour changes from softening to hardening.

The paper also focuses on the back prediction of stress-strain-volume change response of
marble under unconfined state and varying confining pressures using constitutive model based on
elasto-plasticity. The predicted results are found out to be quite satisfactory and comparable with
the experimental results.

Keywords: Strain softening; constitutive modeling; elasto-plasticity; FEM.
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Samples of a fine-grained sandstone were tested under uniaxial compression (UC), conventional
triaxial compression (CTC) and true triaxial compression (TTC) conditions. The CTC tests were
carried out at confining pressure equal to 12.5, 25.0, 37.5, 50.0 and 62.5 MPa. In the TTC tests the
minimum principal stress (03) was equal to 25.0 MPa and the intermediate principal stress () was
1.5, 2 and 2.5 times higher than o3, or the intermediate principal stress was equal to 62.5 MPa and
the minimum principal stress was equal to 0.40,, 0.60, and 0.80,.

As aresult of the experimental studies carried out, the threshold of absolute dilatancy, ultimate
strength, stress at faulting, stress drop accompanying faulting, ductility, volumetric strain at the
threshold of dilatancy and volumetric strain at the peak stress have been determined and
dependence of these characteristic stress levels and strain quantities on confining pressure,
intermediate principal stress and minimum principal stress have been established.

Under conventional triaxial compression conditions, an increase in confining pressure resulted
in a strong increase in pre-dilatant compaction, in threshold of dilatancy, in pre-peak ductility and
in ultimate strength. After strength failure of the rock material, samples continued to deform, at a
slightly decreasing differential stress, without gross-fracturing, while at the same time undergoing a
significant increase in volume. Faulting occurred in a well-advanced post-peak region. It was
accompanied by a small immediate stress drop. No audible acoustic effect could be detected.

The behavior of rock samples tested under true triaxial stress conditions was totally different.
Contrary to the effect observed when confining pressure was increased in conventional triaxial
compression tests, increasing the intermediate principal stress led to a decrease in the ductility of
the rock material. The effect of dilatancy was also strongly hampered. Rock samples behaved in
a highly brittle manner and underwent faulting just at the peak differential stress or at a very early
post-peak stage. Faulting was very violent, accompanied by a release of a great amount of the
elastic strain energy, a very strong acoustic effect and a large stress drop.

The effect of intermediate principal stress and minimum principal stress on ultimate strength
and threshold of absolute dilatancy is similar; both 6, and 65 cause some increase in these two
characteristic stress levels. However, the effect of ¢; and ¢; on the deformational properties is
different. While an increase in o, causes the rock to behave in an increasingly brittle manner, an
increase in O3 causes, just as confining pressure does, an increase in ductility. Higher ductility
manifested itself also in smaller values of the faulting ratio and smaller immediate stress drops
during faulting.

Mogi's empirical failure criterion, which is a generalized Mises criterion, was found the most
appropriate to fit all the triaxial strength data.

Keywords: Dilatancy; ductility; failure criterion; stress drop; triaxial strength; true triaxial
compression.
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In recent years, the management of radioactive waste becomes an important environmental issue in
the countries operating nuclear power plants. Geological disposal is considered to be the most
promising option for a safe long-term management of radioactive waste, which requires the
understanding of the physical, mechanical, hydraulic and thermal properties of the host rock
masses of a radioactive waste disposal facility. The hydromechanical behavior and transportability
of rock fractures can be investigated on a single fracture and also on the scale of a fractured rock
mass that contains many fractures. Obviously, the behavior of single fractures must be thoroughly
understood before the behavior of fractured rock masses can be understood. In this study, a new
hydromechanical test apparatus for rock joints was developed, which supports the shearing process
under both constant normal load (CNL) and constant normal stiffness (CNS) boundary conditions
with the hydraulic tests at the same time. A number of shear-flow coupling tests were carried out
by changing the surface characteristics (i.e. contact ratio and surface roughness) of two smooth
parallel surfaces to evaluate the influence of morphological properties of rock fractures on their
hydromechanical properties and transportability. Hydraulic simulation by using the Finite element
method (FEM) was carried out to evaluate the flow in rock joints with the same surface
characteristics as the experimental ones, in which the parameters such as the relationship between
hydraulic aperture and mechanical aperture were obtained from the hydraulic tests. By comparing
the results of the hydraulic tests, shear-flow tests and numerical analysis, several parameters and
relations about hydromechanical behavior of single rock joints are proposed.

Keywords: Hydromechanical; Rock fracuture; Shear-flow coupling test; FEM; Transimissivity.
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A mine drift was located at a depth of about 1000 m. The vertical and horizontal stresses within the
cross section of the drift were estimated about 30 and 40 MPa, respectively. The ratio of the
uniaxial strength of rock to the horizontal stress was in the range from 1.5 to 3.0. Exploration
drilling was conducted in the drift. Core mapping was carried out to a few selected boreholes
drilled in the drift wall. The mapping was similar to RQD (Rock Quality Designation) logging, but
all discontinuities were accounted in calculating the index no matter whether they were original or
were created afterward. The index obtained in such a way is called FRQD in this paper. The
general trend for the variation of FRQD along a borehole drilled in the drift wall is as follows:
FRQD was relatively low in the section from the wall to a certain depth. It became then zero due to
heavy core discing in a stretch of a few metres. Beyond that the cores became less fractured but the
magnitude of FRQD was still small. FRQD increased to its normal magnitude only when the
distance from the wall was beyond 1-1.5 times the height of the drift.

On the basis of the results of core mapping, the country rock surrounding the drift is divided to
three zones: failure zone, highly-stressed zone and normal zone, Fig. 1. In the failure zone the rock
is de-stressed due to the intense fractures in the rock. The highly-stressed zone is located from 0.5
to 1 times the drift height in the wall. The stress is significantly elevated in this zone so that core
discing occurs when drilled. Beyond a depth of about one drift height it is the normal zone where
the rock is not much disturbed, from the engineering point of view, by the excavation. The core
discing marks the position where a pressure ring is formed in the rock around the opening. The
pressure ring forms a shield over the opening. The rock within the zone of the pressure ring is
intact and can carry a considerable ground pressure. The failure zone located inside the pressure
ring has a low load-bearing capacity, but it provides a certain confinement to the pressure ring.
This leads to a philosophy for rock reinforcement, Oux
that is, the failure zone should be reinforced by
bolts and/or shotcrete in order to prohibit the failed
rock from disintegration. Collapse of the failure
zone would result in failure of the rock within the
zone of the pressure ring so that the pressure ring
moves into a deeper location. It is believed that a
good reinforcement effect would be achieved by
anchoring rock bolts into the zone of the pressure
ring. The significance of this study is that the
identification of the different zones provides a ) . i

. ] Fig. 1. Concept of the pressure ring formed in the
good base for rock reinforcement design. rock surrounding an underground opening.

Pressure ring:
Highly- stressed,
core discing
when drilled.

Failure zone: Failed
and de-stressed rock

Keywords: Pressure arch; Rock stress; Rock stabilization, Disturbance zone.
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Kaiser effect is formally described as the absence of detectable acoustic emission (AE) events until
the load imposed on the material exceeds the previous applied level. This phenomenon is usually
used to estimate geostress. The common method for estimating geostress using the Kaiser effect
can be depicted as follows. Take samples of six oriented cores from original rockmass, then
uniaxially load them in laboratory and the AE activities are monitored. The AE onset stresses are
arbitrarily considered being the previous peak stresses in the orientation. In reality, the cores are
always subjected to multiaxial stress in original rockmass, but it is suffered uniaxial loading in the
laboratory tests. The two stress states in the cores are different. There are arguments about the
validity of the estimated-geostress extrapolated from uniaxial loading.

Rock is a typically heterogeneous material because it contains numerous microcracks and has
very complex components. Therefore, rock is damaged by microcracking continuously from the
early stage of low stress levels up to the final stage of macro-fault and accompanied with AE
events. Based on statistic damage mechanics, the rock can be divided into many micro-elements
with different strength. When rock suffered first loading (not reach the failure level), only a part of
elements whose strengths are relatively lower would be destroyed. And no new failure will occur
until the loading achieves the first loading level in the second loading cycle. Because AE events
generate from the failure of elements, this is the real mechanism of Kaiser effect when the material
under cyclic loading with the same path.

As for the application of Kaiser effect, we must distinguish the material strength and the
supporting capacity of rock. Actually, material strength and supporting capacity are two different
characteristics of rock specimen under multiaxial loading. Material strength is an intrinsic
characteristic of a material and will not be changed by external conditions. Contrarily, supporting
capacity is variable with different external conditions. Considering in conventional triaxial state,
the axial supporting capacity of rock specimen increases along with the increasing of confining
pressure, in this case we can say that the supporting capacity of specimen is controlled by material
strength and confining pressure simultaneously. Therefore, if the rock have suffered loading with
two different paths, such as uniaxially loaded in the first cycle and multiaxially loaded in the
second cycle, the AE onset stress in the second cycle is predominantly variable to the previous
peak stress. The results of experiments also verified this phenomenon.

In conclusion, it is more reasonable to take the AE onset stress as a measure of damage in
rock rather than as a measure of the previous peak stress and further investigation on the influence
of damage introduced during triaxial compression on the Kaiser effect is needed. The conventional
method for estimating geostress using Kaiser effect needs modifying for determining the geostress
accurately.

Keywords: Brittle rocks; acoustic emission; cyclic loading; Kaiser effect; loading path; damage.
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A three-dimensional model is used to simulate the failure of the single-edge-notched specimens
subjected to uniaxial tension. Specimens of different sizes are modeled to study the size effect.

The heterogeneities of mechanical properties are taken into consideration in the model. Five
numerical specimens consist of cube elements. The material properties in each element, such as
elastic modulus and Poisson ratio, are randomly distributed throughout the specimens by following
Weibull distribution function. An elastic damage constitutive law is adopted to analysis the
fracture process of the specimens in tensile force. Unlike other numerical models, not only can the
influence of the width of the specimen’s sizes be studied, but also the heterogeneous nature of
material in mesoscopic scale can be taken into consideration.

The tensile tests are undertaken by applying a constant displacement increment in a step by
step style. Three-dimensional distributions of stresses and displacements during the fracture
process are obtained. The crack propagation traces are much more complicated than two-
dimensional results due to the heterogeneities existing in the specimens. From the nominal strength
and complete stress-strain curves, the specimens show more brittle failure feature and the nominal
strengths decrease as sizes increase. The simulated nominal strength correlated reasonably with the
formula proposed by Bazant. However, the results indicated a trend which is better described by a
negative exponential function,

Keywords: Crack propagation, numerical modelling, size effect, uniaxial tension test.

Figure 1. Propagation of three-dimensional crack at different width.
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Figure 2. Simulated size effect described by (a) Brazant formula and {(b) Negative exponential function.
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A comprehensive site geological investigation program for underground oil/gas storage rock
caverns is jointly planned and implemented by Tritech of Singapore and SINTEF of Norway in
2004. The project site was chosen based on a previous preliminary geological investigation
performed by Nanyang Technical University of Singapore. The site is a sub-sea area underlaid
with Jurong sedimentary rock formation close to reclaimed lands. A storage volume some 3-4
millions cubic meters was estimated feasible before the site investigation. The goal of the site
investigation work is to provide geological and hydrogeologic information and rock mechanics
data for the further feasibility study and basic design.

The program includes the following:

(1) Marine seismic reflection survey of 30 km

(2) Land seismic reflection survey of 10 km

(3) Horizontal directional drilling (HDD) of 6 boreholes with 400-450 m length each borehole
(4) Deep vertical drilling of 7 boreholes with 100-150 m depth each borehole

(5) Drilling core orientation and Rock Joint Statistics

(6) Borehole geophysical logging

(7) In-situ stress measurement of 8 points by hydraulic fracturing

(8) Laboratory rock mechanics tests and dritlability tests

(9) In situ large-scale hydrogeologic testing and monitoring

This paper describes the methodology and major aspects of the investigation program including
main outcome, with highlight of the special requirements of geological investigation for the
purpose of design & construction of underground oil/gas storage rock caverns

Keywords: Site investigation, rock cavern, oil storage, HDD.
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About 81% of the proposed U.S. repository for the permanent disposal of high-level radioactive
nuclear waste will be situated in the lower lithophysal unit of the welded Topopah Spring Tuff
formation (Tptpll), Yucca Mountain, Nevada, and 4% will be in the upper lithophysal unit
(Tptpul). Lithophysae or lithophysal cavities are a major feature in these units. The influence of the
lithophysal cavities on mechanical properties of the welded tuffs was investigated. Seven
cylindrical tuff specimens from Tptpll and seventeen from Tptpul were tested in uniaxial
compression. Uniaxial compressive strength (0. ), Young’s modulus ( E) and peak axial strain

(& peqr ) decrease with increasing lithophysal cavity content, or porosity (1) following exponential
functions:

o, =368¢7%" M
E =54.5¢7%" V)
€ pe = 0.008¢7>> €)

Compared to nonlithophysal tuffs, failure of the lithophysal tuff specimens exhibited less
brittle behavior. With an increase of porosity, the failure mode tended to be more ductile. When
conducting multiple loading-unloading cycles, the maximum stress for the second and later cycles
exhibited “memory” effect, i.e. the specimens remember the strength at the unloading point in the
previous cycles before the specimens lost elasticity (Figure 1).

Keywords: Welded Tuff; Lithophysae; Lithophysal Cavities; Lithophysal Porosity; Yucca
Mountain.
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Fig. 1. Plots of stress versus total displacement under multiple loading-unloading cycles.
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Recently, underground space has been utilized for the purposes to dispose such as radioactive
waste and CO2. In order to evaluate safety of geological disposal, it is important to know how
ground water flows through rock masses. To measure underground hydrological characteristics, we
develop the method to estimate permeability distribution in rock mass from elastic wave velocity.
This method is based on dynamic poroelastic theory such as Biot and BISQ theory. These theories
indicate that the elastic wave velocity through elastic solid saturated with pore water depends on its
frequency and formulated with permeability with the characteristic frequency. Using these theories,
we can estimate hydraulic characteristics from the characteristic frequency. However, there has
been no study that tried to apply poroelastic theories such as Biot and BISQ theory to rock mass.

In order to verify the applicability of these theories to rock mass, we performed laboratory
tests. We measured P-wave velocity of rock specimens for various frequencies from 30kHz to
1100kHz. The rock specimens used in this study were sandstone, tuff, shale, a kind of sedimentary
rock and Inada-granite, a kind of crystalline rock. Especially, to create thermal crack, we put
specimens of Inada granite under temperatures of 300°C and 600°C. From these results, for all
rock specimens, the velocity-frequency dispersion was observed as the velocity is greater at higher
frequency.

Then we compared measured results with theoretical solution. It was found that elastic wave
dispersion for sedimentary rocks can be described by Biot theory and that for crystalline rocks can
be described by BISQ theory. Applicable theory was different by rock structure.

Furthermore, we found that for sedimentary rocks, it is possible to estimate the permeability
coefficients by Biot theory. On the other hand, for crystalline rocks, deciding the value of Squirt
flow length (unique parameter of BISQ theory) in consideration of void structure, we found that it
is possible to estimate the permeability coefficients by BISQ theory.

Keywords: Elastic wave; rock specimens; permeability; Biot theory; BISQ theory.
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USING ARTIFICIAL NEURAL NETWORKS TO PREDICT
PRESSURE-DEFORMATION OF SOLIDS WITH FLAT JACKS
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Artificial Neural Network Method is used as a tool to help decreasing the amount of in field
reading during a “Compensation test” in which flat jacks are put in slots made in concrete lining of
a tunnel. The potential of Creep and swell in soft rocks is a difficult engineering task which has
been studied in many research projects. The pressure from swelling rocks to the support system
and lining of underground openings has been the focus in recent years. One method to determine
such pressures is known as compensation method. This is to study the strain behavior of a stressed
solid mass (rock or concrete) after making a flat slot. The flat jack recovers the created strain by
applying a counter acting pressure to the walls of the slot. This is a time consuming and potentially
erroneous operation which requires measurement of displacement to 0.00lmm accuracy. To
eliminate repetitive closure measurements, the pressure-deformation behavior of several slots are
used to train a neural network and the result has enabled reducing the number of recordings to very
few and to predict the solid strain behavior over time with just measuring the slot closure without
any needs to pressurize the slot again.

The paper illustrates the implications of flat jack method and explains the used neural network
method and discusses the applicability and validity of the proposed approach. The performed
compensation test at Masjed-Soleiman underground power house has been used as an example to
illustrate the method. Further research is being undertaken exploring the potential use of other
ANN techniques in predicting time dependent properties (creep and shrinkage) of concrete
structures.

Keywords: Flat jack; Swelling rock; Swelling pressure; Artificial neural network.
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ENVIRONMENT ON FRACTURE TOUGHNESS OF ROCK
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The influence of water vapor pressure of surrounding environment on fracture toughness of rock
was clarified, based on the results of a series of semi-circular bend (SCB) test [1] under various
water vapor pressures, The water vapor is most effective agent which promotes stress corrosion of
rock {2]. The rock used in the test was Kumamoto andesite, and the region of water vapor pressure
was 107 t010° Pa,

Figure 1 shows schematic and photographic views of the experimental set-up of the SCB test.
This set-up is installed in the special vacuum chamber as shown in Figure 2, in which the water
vapor pressure can be controlled. An example of load-displacement curve at loading point  in
Figure 1 is shown in Figure 3. Fracture toughness is evaluated by maximum load. The relationship
between estimated fracture toughness and water vapor pressure is shown in Figure 4. The fracture
toughness Ky linearly decreases with increasing water vapor pressure p in a logarithmic graph.
This relation is approximated as

Ke=B8p™ ., B£=162 m=00125 H

Keywords: Rock; Semi-circular bend test; Fracture toughness; Water vapor pressure; Stress
corrosion.

Figure 1. Experimental set-up
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The existence of Limestone rock has not been detected or recorded during the publication of the
“Geology of the Republic of Singapore” by PWD in 1976. This document however continues to
be used widely by the engineering community in Singapore. Nowadays the presence of limestone
rocks in Singapore is acknowledged and greater attention is being paid during site investigations
to detect its presence.

The properties of Singapore limestone rocks and the information required for design and
construction in this formation are to date not very well established. The paper by Jeyatharan et al.
2003, summarised the information available to that time on Singapore limestone rocks and made
an attempt to define its extent. Since the publication of that paper underground construction works
have been carried out in some areas where limestone rock is present. One such area is located
along the coast line between the eastern end of West Coast Highway and Jalan Buroh bridge
encompassing West Coast Park and Pasir Panjang Container Terminals, Figure 1. Within the
stated area substantial site investigation has been undertaken and underground construction works
have been executed. The objective of this paper is to summarise the information available from the
study area with a view to reaching generic conclusions regarding engineering aspects and
construction issues related to Singapore limestone rocks.

Keywords: Limestone; geology; Singapore; properties.

Figure 1. Extent of area where limestone rocks are likely to be met in Singapore and locations of zones covered by this
study.
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As the social needs for the infrastructures including railways, bridges, highways, and tunnels
rapidly grows in the modern countries, the constructions of large-scale facilities are not avoidable
even in the areas with weak rock mass such as karst terrains. There are a lot of underground
cavities formed due to the dissolution of the limestone by the groundwater in the karst area.
Therefore, there seems to be more chances that the ground subsidence could occur in the karst
areas where the large-scale structures are under construction. The ground subsidence may cause
the interruption of construction works and the changes of the original engineering designs of the
constructions, and more importantly safety issues, resulting in large economic losses. Therefore, it
is required to obtain detailed information regarding the locations and distribution of the
underground cavities prior to the construction works in the karst areas.

in this study, we examined the applicability of 3-D electrical resistivity technique to probe
underground cavities at the field test site in the karst area, located in Yongweol-ri, Muan-gun in
the Southwestern part of Korean Peninsula. The underground cavities are widely present within
the limestone bedrock overlain by the alluvial deposits in the test site where the ground
subsidences have occurred in the past. The limestone cavities are mostly filled with groundwater
and clayey soils in the test site. Therefore, underground cavities show anomalously low elecirical
resistivities compared to the surrounding host bedrock. The resulis of the study have demonsirated
that the zones of low resistivities correspond to the zones of the cavities identified in the boreholes
in the site, and that the 3-D electrical resistivity survey used is a very effective tool to detect and
map underground cavities in the karst area.

We examined the applicability of 2- and 3-D electrical resistivity survey to detect limestone
cavities of ground subsidence area. The major findings of this study can be summarized as

follows:

1) The limestone cavities have low resistivity because cavities are mostly filled with groundwater
and clayey soils. 2) It was proven that the zone of low resistivity 50 ohm-m or less was exists
limestone cavities identified in the boreholes at the site. 3) And also 3-D electrical resistivity
survey used is very effective tool to detect and map underground cavities in the karst area.

Keywords: 3-D electrical resistivity survey; limestone cavities; ground subsidence.

Fig. 2. Underground cavities imaging from 3-D

ig. 1. 3-D resistivity distribution. ) S
Fig. 1. 3-D res v electrical resistivity survey.
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The strength of geological materials is one of the fundamental input parameters used in the design
of civil engineering works; including those projects to be constructed in complex geological
mixtures or fragmented rocks such as mélanges, fault rocks, coarse pyroclastic rocks, breccias and
sheared serpentines. These often chaotic, mechanically and/or spatially heterogeneous rock masses
are composed of relatively rock inclusions surrounded by weaker matrix, and may be considered
bimrocks (block-in-matrix-rocks).

It is almost always impossible to prepare standard core samples from bimrocks in order to
perform laboratory studies. Therefore, for these rocks, determination of the mechanical parameters
such as cohesion, friction angle and uniaxial compressive strength is extraordinarily challenging.
Although there is sparse literature describing empirical and laboratory studies on bimrocks, there is
no widely accepted empirical approach in the rock mechanics community due to the limitations of
the existing empirical equations, which were developed largely for more tractable, relatively
homogenous rock masses.

In this study, an exhaustive database was developed composed of literature overviews and
laboratory studies. Artificial bimrocks were prepared in the laboratory for uniaxial and triaxial
compression testing. Plaster of Paris, bentonite, cement and water were mixed in different ratios to
fabricate matrix types with various strengths. In addition, real tuff and andesite blocks, fragmented
to centimeter sizes to create blocks, were mixed with the matrix to create artificial bimrocks.
Uniaxial and triaxial compression tests were conducted on specimens of pure matrix and artificial
bimrock mixes having different block proportions.

Finally, a series of statistical regression analyses were applied to the results of the laboratory
strength tests to develop an empirical approach for estimating the overall strength of bimrock
mass, by incorporating the Mohr-Coulomb strength model and the Hoek-Brown empirical
criterion, both of which are widely used in rock engineering. The empirical equations were
summarized in Eqgs. (1 and 2). The empirical approach based on the Hoek-Brown was found to
yield a slightly better predictive performance than an empirical approach based on the Mohr-
Coulomb.

cy =1.25- exp(ﬂg—@) Coimrock ™ CNXComarix (1a)
Oy = eXp(S—xY—B_P. ¢ bimrock ¢ N X(I) matrix ( 1 b)
1000
UcCs, =1- exP(%‘Z) chbimrock = UCSNXUCSmam‘x (IC)
UCS,imoc =MM 6, = UCS ok +(1+s.m¢)03 (ld)
1-8i0 Qo 1-sin¢
1'ni_N = exp(OOISXVBP) mi_bimrock = mi_Nxmi_matrix (23)

o
0, =0;+ UCSbilmock-‘ (M yimrock ﬁ-'* 1 (zb)
bimrock

where, ¢ and ¢ are cohesion and internal friction angle, UCS is uniaxial compressive strength, m; is
m parameter of intact sample. ¢, and o3 are maximum and minor principal stresses.

Keywords: Bimrock; Hoek and Brown; Mélange; Mohr-Coulomb.
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For the residential region where limestone bedrock exists near the surface and the groundwater has
been developed for the agriculture during a few decades, the instability of surface ground is
diagnosed and predicted. The geophysical and geotechnical investigations are carried out for
understanding the distribution of the cavities. PFC(Particle Flow Code) modelling is performed for
the simulation and prediction of the surface subsidence according to the conditions of cavity
geometry and groundwater level.

According to the field investigation, limestone bedrock extends to the near surface up to about
10m below the ground surface and small cavities are scattered especially at shallow depth of
10~40m. Soil overburden is mostly clay and limestone bedrock mostly has narrow and steep
discontinuities of network type. The groundwater level shows fluctuation between the depth of
5~20m and this trend is estimated as the main factor of washing away the soil overburden above
the cavity and the sinkhole type subsidence of surface ground.

PFC(Particle Flow Code), which can visualize the dynamic behaviors of ground in time
sequence, is adapted as the methodology of numerical modelling for subsidence process
simulation. The key factors in this stability analysis are geometry of cavity(shape, size, depth),
characteristics of soil overburden and variation of groundwater level. The variation of groundwater
level in numerical modelling is simulated by supplementing the reaction force corresponding to
hydraulic head of groundwater level to the inner wall of cavity model. Numerical simulations for
various combinations of the these key factors are carried out and the criteria on the stability of
ground subsidence are suggested as the relations between the cavity pattern(width, height, depth)
and the groundwater level.

The cavity pattern which causes the subsidence of surface ground, when associated with the
draw down of groundwater level, is estimated as that at 10m depth just below the soil overburden.
In this case, the draw down of groundwater level below the lower boundary of soil overburden
disturbs the mechanical equilibrium of ground. This drives washing away the overburden soil
through the cavity channel and consequently causes the subsidence of surface ground. It is shown
from the numerical modelling analysis that it is very important for the stability of surface and near
surface ground in limestone region to maintain the groundwater level above limestone bedrock
namely, within the soil overburden depth.

Keywords: Limestone cavity; ground subsidence; groundwater fluctuation; particle flow
modelling.
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Power shortage has become obstacle of rapid economic development. Nuclear power could
provide an unlimited source of cheap and clean power. The only disadvantage is that it produces
high-level radioactive waste (HLW). Geological disposal has been regarded as the best option for
d