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ABSTRACT

The Center for Nuclear Waste Regulatory Analyses organized and hosted a workshop on “Rock Mechanics
Issues in Repository Design and Performance Assessment” on behalf its sponsor the U.S. Nuclear
Regulatory Commission (NRC). This workshop was held on September 19-20, 1994 at the Holiday Inn
Crowne Plaza, Rockville, Maryland. The objectives of the workshop were to stimulate exchange of
technical information among parties actively investigating rock mechanics issues relevant to the proposed
high-level waste repository at Yucca Mountain and identify/confirm rock mechanics issues important to
repository design and performance assessment. The workshop contained three technical sessions and two
panel discussions. The participants included technical and research staffs representing the NRC and the
Department of Energy and their contractors, as well as researchers from the academic, commercial, and
international technical communities. These proceedings include most of the technical papers presented in
the technical sessions and the transcripts for the two panel discussions.
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INTEGRATING ROCK MECHANICS ISSUES WITH REPOSITORY DESIGN
THROUGH DESIGN PROCESS PRINCIPLES AND METHODOLOGY

Z. T. Bieniawski
Pennsylvania State University, University Park, PA

ABSTRACT: A good designer needs not only knowledge for designing (technical know-
how that is used to generate alternative design solutions) but also must have knowledge
about designing (appropriate principles and systematic methodology to follow). Concepts
such as "design for manufacture” or "concurrent engineering” are widely used in the
industry. In the field of rock engineering, only limited attention has been paid to the
design process because design of structures in rock masses presents unique challenges to
the designers as a result of the uncertainties inherent in characterization of geologic
media. However, a stage has now been reached where we are be able to sufficiently
characterize rock masses for engineering purposes and identify the rock mechanics issues
involved but are still lacking engineering design principles and methodology to maximize
our design performance.

This paper discusses the principles and methodology of the engineering design
process directed to integrating site characterization activities with design, construction
and performance of an underground repository. Using the latest information from the
Yucca Mountain Project on geology, rock mechanics and starter tunnel design, the
current lack of integration is pointed out and it is shown how rock mechanics issues can
be effectively interwoven with repository design through a systematic design process
methodology leading to improved repository performance. In essence, the design process
is seen as the use of design principles within an integrating design methodology, leading
to innovative problem solving. In particular, a new concept of "Design for
Constructibility and Performance” is introduced. This is discussed with respect to ten
rock mechanics issues identified for repository design and performance.

1 HLW DISPOSAL TODAY: WHAT INTEGRATION?

Nothing can illustrate better the current lack of integration of rock mechanics and
geotechnical issues (including engineering geology and rock engineering) with repository
design than the fact that during the recent 5th International High-Level Radioactive
Waste Management Conference held in May in Las Vegas, the two sessions on "Rock
Mechanics Issues" and "Repository Design” were held on the same day, at the same time,
in rooms far apart! As a result, and reflecting the current situation at the Yucca Mountain
Project, there was hardly any interaction between the two groups, poor attendance was
evident at both meetings (because of split audiences) and little feedback was derived to
benefit either program of activities. My paper (Bieniawski, 1994) was at the design
session and while it generated considerable discussion, none of the questions from the
audience was related to any rock mechanics issues!
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How is this lack of integration possible? Or, is the whole process of site
characterization and repository design so fragmented, so uncoordinated and so out of line
with the current world-wide technology that it is becoming an embarrassment? And how
is it possible that this country, which has the most distinguished rock mechanics and
underground excavation design experts in the world, has reached a stage that - in the
words of The New York Times (March 4, 1994) and Nucleonics Week (June 24, 1993) -
"DOE has build nothing, is 12 years behind schedule, and it has spent $1.2 billion so far
on HLW". Moreover, the prestigious journal of the National Academy of Sciences Issues
in Science and Technology (summer issue 1994) in an article "Time to Rethink Nuclear
Waste” recommended that DOE should be removed by Congress from any part in the
nuclear waste disposal. Most recently, the new OCRWM Director Daniel Dreyfus stated
(ASCE News, June 1994): "it's time to develop a game plan after a decade of inaction". A
decade of inaction! This is clearly a crisis situation!

So, what can and should be done about this problem?

Fortunately, the Workshop is a proof that integration of rock mechanics issues
with repository design is considered vital for the whole HLW disposal program. The
organizers must be complimented for providing this forum for exchange of technical
information and for identifying the issues important to the realization of the project.
However, it remains to be seen whether any recommended action will actually take place
because, as pointed out by the Nuclear Waste Technical Review Board (NWTRB, 1993),
an overall DOE strategy is still missing for the project management.

This paper builds on over 12 years of my involvement in the HLW program and
has three aims: (1) to point out the precarious status quo that has developed in the area of
rock mechanics-repository design interaction, (2) to present design process principles and
methodology for rock engineering as.a means for integrating geotechnical issues with
repository design and construction, and (3) to use the case history of the north ramp
tunnel at Yucca Mountain as an example of the problems encountered and how they may
be overcome by a comprehensive design methodology.

2 STATUS QUO: CHANGING OBJECTIVES, STARTLING COSTS,
LACK OF INTEGRATION :

In considering rock mechanics issues in repository design and performance
assessment, one must first take a broader look into the overall objectives of the HLW
program, its characteristics and status quo. Only then, can the role of rock mechanics be
effectively identified for repository design, including the mode of determination and
utilization of thermal and seismic loads.

2.1  Program Objectives and Role of Rock Mechanics
The National Academy of Sciences (NAS, 1991) pointed out that the US program

of HLLW disposal is unique in its rigid schedule, in its insistence on defining in advance
the technical requirements for every part of the multibarrier system, and in its major
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emphasis on the geological component of the barrier. In essence, nuclear waste
management is a tightly regulated activity, hedged with laws and regulations, which call
for detailed predictions of rock behavior for tens of thousands of years, longer than
recorded human history.

NAS stated further that the US program as conceived and implemented over the
past decade, is unlikely to succeed because it is poorly matched to the technical task at
hand. This is because the program assumes that the properties and future behavior of a
geologic repository can be determined and specified with a high degree of certainty. In
reality, the inherent variability of the geologic environment will necessitate frequent
changes in the specifications.

Another independent body, established by Congress in 1987, is the Nuclear Waste
Technical Review Board (NWTRB). Its purpose is to evaluate the technical and
scientific validity of activities undertaken by DOE and, in the process, comment on the
appropriateness of NRC regulations and EPA standards. In its reports (NWTRB, 1993),
this Board also expressed many concerns and made far-reaching recommendations which
could significantly improve the US nuclear waste disposal program. It pointed out that
the standards should not impose restrictions that would foreclose at the outset a
candidate site subsequently shown to be suitable based on sound scientific
considerations. In fact, NWTRB also stated: "The Board has seen no evidence to
indicate that a waste package lifetime of 10,000 years, and perhaps more, would be
unattainable in the United States program.” In this case, the required redundancy can be
directed to the design of the repository, the main role of which will be to maintain
retrievability of the waste for 85 years (including the time for repository construction,
waste placement and decommissioning). Furthermore, NWTRB (1993) identified an
urgent need to develop a comprehensive methodology for repository design and
performance assessment of the overall engineering barriers concept.

Currently, about 22,000 tons of waste sit at 60 utilities in 40 states and will double
by the year 2010 when a permanent repository is to be ready to receive the nuclear waste.
Additional waste from US defense facilities, also intended for the repository at Yucca
Mountain, should be up to 8,800 tons by then.

2.2 Progress and Costs

The ten-year task of characterizing the Yucca Mountain site at a cost of $6 billion
has only really started last year, due to severe delays when the state of Nevada denied air-
quality permits for dry drilling at the site.

However, as reported in NuclearFuel (May 23, 1994), DOE spent some $4.76-
million constructing what some have called the most expensive tunnel ever built. The
1981t long, 30ft wide, 33ft high starter chamber of the north ramp at Yucca Mountain,
started on April 2, 1993, cost about $24,000 per foot, or an extraordinary $2,000 an inch!
This cost ($2.83-million for excavation and $1.93-million for rock bolts and shotcrete) is
about four times the cost of a similar project in the private sector and would take about
two months to complete, instead of six months. Critics said that the high cost of the
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starter tunnel was due to it being excavated by drilling and blasting rather than by
machine boring, due to a major problem of poor interface between the contractors, and
due to it being a government project on a cost-plus fee, riddled with regulations and
special requirements.

August 8, 1994 was the target date to begin the TBM excavation of the 25ft
diameter and 5 mile long main loop forming a part of the exploratory studies facility
(ESF). The loop is to be completed in two years, with all the other excavations being
done a year later (mid-1997), all totaling 13.6 miles of underground openings. The north
ramp of the ESF is to be completed in 12 months.

One of the matters affecting rock mechanics issues is that the old ESF
requirements for the in situ tests were compiled at a time when DOE envisioned using
drilling and blasting, rather than TBM, to construct the test and disposal facilities. Thus,
the need for some in situ tests may be questioned as was already pointed out by the
NWTRB (1993), at whose urging DOE redesigned the ESF to use ramps (instead of
shafts) and a TBM. Moreover, the method of excavation of the test alcoves is still

unsatisfactory because the Design Package 2C specifies drill and blast construction in its
90% review document.

In another development, DOE is considering doubling waste retrievability
requirements to 100 years and shifting some of the test work to the post-licensing,
confirmatory period. The management and operations (M&O) contractor, TRW,
announced that its repository design team is designing 100-year rock bolts for the ESF
and repository.

Overall, the program is in a state of flux because future funding, costs and
planning strategies are uncertain until Congress decides program budget for FY 1995
(OCRWM requested $532.2 million). Currently, the program costs over $1 million per
day (FY 1994 budget: $381 million) and employs 2,790 people spread among a dozen
major and some two-dozen minor contractors, several national laboratories, various
government agencies and others (NWTRB, 1993).

Finally, it must be recognized that the SCP Conceptual Design Report of 1987 is
out of date with the emergence of these leading concepts:
» long-lived high-capacity, robust waste package (MPC);
* MPC (multi-purpose container) sealed at reactor site for final disposal;
* in-drift instead of borehole emplacement of waste packages;
» thermal-loading strategies considerably different from the previous
57 kW/acre and 10 year old spent fuel: now "extended dry" is the lead
concept of heat management, with age of waste being 30 years.
» repository capacity considerably greater than the original 77,000 tons of waste;
* ramp instead of shaft access to ESF;
» tunnels with considerably smaller dimensions; and
» TBM excavation instead drilling and blasting.
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In addition, it is important not to consider the 10,000 years waste isolation
criterion as dictating the rock mechanics and repository design issues. This criterion
could soon be substantially changed for the Yucca Mountain Project because the new
EPA regulations stipulate that the 10,000 years requirement, while now otherwise
applicable, does not apply to the Yucca Mountain Project for whom, as directed by
Congress, a separate standard for spent fuel and HLW disposal will be developed under
the guidance of the National Academy of Sciences.

2.3  Possible Issues for Rock Mechanics - Repository Design Interaction

The new OCRWM program scenario includes:

* development and initial procurement of the multi-purpose container (MPC)
which could be used for both transport and storage of spent fuel.

Implication for rock mechanics issues in design: different input data requirements
for excavation design due to change from borehole emplacement to drift emplacement.

+ downsizing of the underground and surface based testing programs.

Implication for rock mechanics issues in design: rock mechanics tests and design
requirements must be revised and prioritized.

» phased-licensing approach relying on post-emplacement testing.

Implication: a new program of confirmatory rock mechanics and design
verification tests will need to be initiated.

+ extending the period of waste retrievability to 100 years which, including
repository construction, waste emplacement and closure, may be ~ 150 years.

Implication: maintaining long-term tunnel stability will require new approaches to
stability analyses and to design of rock bolts and other support.

According to the OCRWM, the objectives of the underground exploration and
testing program at Yucca Mountain are:

» provide a complementary suite of investigations meeting site-characterization
and site-suitability criteria.

« provide geological information.

+ examine the in situ effects of imposed conditions (excavation, thermal
loading) on natural geologic structure.

+ assess site suitability and provide critical design support.

« provide underground access to specific geologic features and for in situ tests.

To meet these objectives, a suite of 42 tests were defined by the OCRWM in 1992,
with special emphasis on the unsaturated zone testing. However, plans for thermal testing
in the underground core area have not been adequately developed (NWTRB, 1993). Yet,
a test plan is necessary before the design of the core test area can be finalized and, since
the ESF will be a part of the repository, a repository conceptual design is also required
featuring both high and low thermal loading options. NWTRB(1993) stated "integration
is lacking among those working on plans for underground in situ thermal testing,
repository design and waste package development”. This lack of coordinated planning of
the in situ test program in the core area seems quite unexplainable bearing in mind the
vast experience available from design investigations associated with large underground
projects, in this country and around the world (USNCTT, 1984; Bieniawski, 1976).
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2.4  Priorities for Action

With respect to rock mechanics issues involved in repository design and
performance assessment, the preceding discussion clearly indicates that:

* the Yucca Mountain Project lacks an overall strategy for exploration and testing
which could integrate testing priorities with design and excavation approach for the ESF,

« the current design of the core test area is highly complex, as shown in Figure 1,
while using drilling and blasting for test alcoves excavation, as proposed by the M&O in
Design Package 2C, is inappropriate. The core test area should be redesigned (simplified)
for excavation by a TBM).

» the design of the exploratory facility should be compatible with potential
repository designs because if the Yucca Mountain site is found suitable, the exploratory
facility is to be integrated in the repository design.

+ there is a wealth of technical expertise and industrial experience from which the
Yucca Mountain Project could benefit more effectively. Discussions with DOE staff and
contractors have revealed that many of them are unaware of the classic rock engineering
and underground excavation design projects, such as those discussed by Hoek (1980),
USNCTT (1984), and by Bieniawski (1992).

» the considerable experience ("painful” at times) gained from rock mechanics
testing at the Basalt Waste Isolation Project (BWIP) as well as the DOE-initiated License
Application Review of BWIP (LAR-1989) - performed by a group of international

experts” and well documented - have not been utilized in any way in the planning of the
ESF activities.

* the changing of administrations, as well as of the main DOE contractor (M&O)
has led to accusations of "a decade of inactivity” (although institutional, i.e. DOE's,
responsibility should be continuous) disregarding what was achieved at BWIP and earlier
at YMP. Also, many good ideas were lost involving design and construction efficiencies
developed by the pervious contractor (NWTRB, 1993).

It is believed that the above problems can be solved more effectively and the
priorities identified more easily if use is made of a comprehensive and integrating design
methodology, which incorporates design principles, on the basis of which the whole
design and construction process could be evaluated and properly integrated system-wide.
Such a design methodology is described in the next section.

* Bartlett(chair), Bieniawski, Blake, Brekke, Cook, Domenico, Hoek, Lerman,
Pigford, Poeter, Salamon, and Smith.
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3. SYSTEMS DESIGN METHODOLOGY FOR &« OCK ENGINEERING

A good engineering designer needs not only kno ledge for designing (technical
knowledge that is used to generate alternative design -olutions) but also must have
knowledge about designing (appropriate principles and systematic methodology to
follow). Concepts such as "design for manufacture” or "concurrent engineering” are
widely used in the manufaciuring industry.

In the field of rock engineering, only limited attention has been paid to the design
process because design of structures in rock masses presents unique challenges to the
designers as a result of the uncertainties inherent in site characterization. Nevertheless,
the importance of the design process in tunneling has been widely recognized,
particularly abroad (Duddeck, 1989).

Recently, Gupta et al. (1991) described the design control process requirements,
which are a measure of whether (i) applicable regulatory requirements and the design
basis are correctly translated into the design, (ii) design interfaces are identified in the
design, and iii) the adequacy of the design is verified. Foster (1991) elaborated on design
reviews from a regulative perspective and listed the generic design review criteria as well
as requirements for systems engineering. The latter advocates a top-down design ap-
proach, meaning that high-level functions have to be decomposed into discrete,
implementable system elements. This would lead to vertical and horizontal traceability
between functions, constraints and design solutions. These design objectives should be
integrated into an effective design methodology.

Further discussions of the design control overview was provided by Cikanek and
Petrie (1992), Blejwas (1992) and by Bullock and Grenia (1992). However, evidence that
design review was actually performed, as discussed in these papers, is very difficult to
trace. In fact, NWTRB (1993) complained that "at the recent 90% design review, of 41
review team members, all were employees of the DOE or under contract to the DOE and
few had experience on projects using TBMs".

Nevertheless, the need for a logical design procedure for the Yucca Mountain
Project was recognized by both the Nuclear Regulatory Commission (NRC) and the
Department of Energy (DOE), resulting in their own methodologies. Nataraja et al.
(1992) aimed to develop a design methodology to satisfy the regulatory aspects, taking
the effects associated with thermal loads into account. In essence, the NRC provided a
flowchart to incorporate thermal effects on the host rock, surrounding strata, and the
ground water system. In addition, the DOE was challenged by the NRC staff to develop
and use "a defensible methodology to demonstrate the acceptability of the underground
facility design”.

A drift design methodology for the YMP was developed by Hardy and Bauer
(1991) for the Department of Energy. They presented a methodology to assess drift
stability by determining whether the rock mass strength sufficiently exceeds the applied
stresses. This methodology was structured into two parts, (1) a preliminary drift design,
focusing on functional requirements, local geologic conditions, and evaluation of
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unsupported drifts, and (2) design of a compatible ground support system for drill-and-
blast drifts. At the time this methodology was developed (in 1989), it was an important
step forward but by now that approach is out of date, for reasons discussed in Section 4.
Yet, a follow-up report was prepared (Lin et al., 1993) and the same old approach is still
advocated by the DOE and the A/E in the Design Package 2C. Thus, DOE has not come
up with a defensible methodology, as recommended by the NRC staff.

However, a comprehensive, well-integrated, design methodology for a HLW
repository is available since three years ago, as discussed below, and is a systematic
decision-making process directed at an improved design of underground structures in
rock, including a nuclear waste repository. Known as the Systems Design Methodology
for Rock Engineering (SDM), it was developed under an NSF project specifically for
excavations in geologic media recognizing that, unlike other engineering materials, rock
mass formations have unique and complex characteristics.

3.1 Design Principles for Rock Engineering

A comprehensive design methodology is not just a sequence of flow charts for
step-by-step design. To be comprehensive, a design methodology must incorporate
design principles which can be used to evaluate designs and to select the optimum one
fulfilling the perceived objectives. To obtain a better performance, one requires correct
design principles and methodologies to guide decision-making in design. After all, there
are unacceptable design solutions as well as good design solutions, so there must be a
fundamental set of principles determining a good design practice. Without them, design
would be a mysterious creative process; with them it can be a rational and systematic
activity. A design methodology must indeed recommend an order of design stages but
these must be so structured as to assist in effective decision making and promote design
innovation in accordance with the appropriate design principles.

Recently, Suh (1990) of MIT developed an axiomatic approach to mechanical
engineering design, identifying design axioms which constitute the basic principles for
analysis and decision-making, and help the creative process of the design activity. In
essence, Suh proposed just two principles of design, each pertinent to its own domain. In
the functional domain, we ask: "what do we want to achieve"? In the physical domain,
we must provide the actual design solution by answering: "how do we want to achieve
it"? The significance of this approach is that it provides two specific principles for
distinguishing between a poor design and a good design. Suh's work paved the way for
proposing further design principles, specifically for rock engineering, and incorporating
them all in a specific design methodology.

There are six principles of design recommended for rock engineering (Bieniawski,
1993), as the principles for developing, evaluating and optimizing alternative designs.
Thus, while Suh's two principles are considered necessary, they are not sufficient for rock
engineering design because the behavior of rock masses is governed by the geologic
environment which imposes special constraints not found in other branches of
engineering. These principles are:
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#1 Independence Principle: There exists a minimum set of independent
functional requirements that completely characterize the design objectives for a specific
need (Suh, 1990).

#2 Minimum Uncertainty Principle: The best design is one which poses the least
uncertainty concerning geologic conditions; the geotechnical data obtained from site
characterization must be traceable to the design objectives and performance requirements
as well as to the design solution (Bieniawski, 1993).

#3 Simplicity Principle: The complexity of any design solution can be minimized
by creating the fewest number of design components forming a part of the design
solution and corresponding to the appropriate functional requirement (Suh, 1990). The
data from site characterization should be traceable to the design solution.

#4 State-of-the-art Principle: The best design maximizes technology transfer of
the state-of-the-art research and the best industrial practice (Bieniawski, 1993).

#5 Optimization Principle: The best design is the optimal design which is evolved
from quantitative evaluation of alternative designs as well as on quality assurance and
cost effectiveness considerations (Bieniawski, 1993).

#6 Constructibility Principle: The best design facilitates the most efficient
construction of a rock engineering structure by enabling the most appropriate

construction method and sequence, together with a fair construction contract (Bieniawski,
1993).

Some additional explanations are helpful when working with the above design
principles, as follows:

* Independence Principle. Proper problem definition is the most important in
design and Design Principle #1 is directed to that purpose. Since the designer can
arbitrarily define the functional requirements to meet a certain perceived need, an
acceptable set of functional requirements is not necessarily unique. Moreover,
corresponding to a set of functional requirements there can be many design solutions.
This then provides ample scope for creativity and produces design winners and losers.

* Minimum Uncertainty Principle. This principle is proposed for rock engineering
because rock masses cannot be fully characterized for engineering design in a manner
that steel or concrete can. Rock masses are complex geologic structures governed by
large scale geologic discontinuities and are difficult to test as a full scale prototype.
Accordingly, extrapolation of data from small-scale laboratory samples to large-scale in
situ features will always involve a degree of uncertainty. In fact, asking: “When are the
needs for site characterization met?” and “How much information is enough?” have no
consensus of answers in the rock engineering community.

* Simplicity Principle. Once Principles #1 and #2 are satisfied, it should be
remembered that the output of the design process is in the form of drawings,
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specifications, and other relevant knowledge required to create the physical entity. Thus,
the best design solution should be as simple as possible, so the design output can be
conveyed with minimal effort. This is the essence of this Principle #3. Its motto is: “the
simpler, the better.” '

* State-of-the-Art Principle. In spite of extensive research performed in the field
of rock engineering since the First International Congress on Rock Mechanics held in
Lisbon in 1966, innovation in rock engineering design has not proceeded as rapidly as in
other engineering fields. This is mainly due to the designers reacting cautiously to
change and being reluctant to introduce new products and approaches until they have
been proven elsewhere, or simply not being aware of the latest developments. It is
submitted that great strides have been made in rock mechanics research and in the
tunneling industry worldwide which must find a way to rock engineering practice by
innovative designs featuring state-of-the-art technology.

* Optimization Principle. A good design is one achieved by the use of
optimization techniques resulting in an innovative design product. In essence, optimal
design is viewed as applying the optimization techniques to engineering design (Siddall,
1982). Optimization is crucial in design because most engineering problems do not have
a unique solution. Reconsideration of the solution may be necessary in an attempt to
approach a feasible compromise between the often conflicting requirements and
resources.

* Constructibility Principle, In rock engineering design, we can envision three
domains: functional domain, physical domain and construction domain. Each of these

domains is defined by its own multiparameters or multivariables. During the design
stage, the functional requirements (FRs) must be satisfied by choosing a proper set of
design components (DCs), whereas during the construction phase, the DCs must be
satisfied by selecting an optimum set of construction procedures (CPs). Effective design
for constructibility requires the optimization of the relationships among the functional,
design and construction domains; so, there is a relationship between the functional
requirements and the construction procedures.

The Constructibility Principle is a unique innovation in rock engineering. It is
already recognized in mechanical engineering that the concept of "design for
manufacturability" has led to highly streamlined production processes. The construction
principle advocated here deserves a special place in the field of rock engineering,
particularly that in so many tunneling and mining projects, design and construction are
performed by different companies, often lacking integration of the overall effort.
Because a selected construction procedure (CP) cannot be fully tested in advance, events
such as a tunnel boring machine being immobilized in a drift are not unusual. By
establishing the functional path FR-DC-CP, the chosen design component can be
effectively constructed.
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3.2 Design Methodology for Rock Engineering

It is believed that a design methodology for rock engineering can benefit from a
structured process featuring a number of design stages but one that would not constitute a
‘straight jacket’; rather it should be a flexible framework adaptable to the problem at
hand. One should thus visualize design methodology as a checklist (not unlike the one
used by pilots before taking off) or a road-map guiding the designer to fulfillment of the
problem objectives by evolving the best design option. It is thus a sequence of steps or
activities within which a design can unfold logically but it must incorporate specific
design principles. They serve to evaluate design alternatives and to select the optimum
design solution fulfilling the design and performance objectives. The design
methodology serves as a useful reference of where we are, where we ought to be, and
what the next step should be within the overall work plan. Accordingly, an effective
design methodology for geologic media can include elements of a systematic design
process and it can also incorporate the use of engineering heuristics ("rules of thumb").

Figure 2 presents the details of the advocated Systems Design Methodology for
rock engineering. This methodology should be seen as a systematic decision-making
process aimed to satisfy the perceived needs, identified by independent functional
requirements. Effective design solutions are represented by design components which
meet the corresponding functional requirements and facilitate selection of efficient
construction procedures. The design principles ensure that a good design is produced and
offer a basis for developing, comparing, evaluating, and optimizing designs. Team-work
and integration are emphasized in all these activities.

An important consideration for using the Systems Design Methodology for HLW
management at Yucca Mountain is that the design process emphasizes the need to start
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