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— | - EXECUTIVE SUMMARY

On December 9-11, 1998, a seven-member panel was asked by the Department of
Energy to participate in a workshop on emplacement drift stability for the Yucca
Mountain Site Characterization Project. The objective of the workshop was to
provide a panel report to aid in a decision analysis and selection process for ground
control measures in the drifts.

Based on the documents provided, a site visit, and the presentations, the panel is of
the view that the rock mass characteristics, as encountered, are more favorable than

 anticipated based on preexcavation borings and the rock mass classifications used
(ie., rock quality designation [RQD], quality factor [Q], and rock mass rating
[RMR]). This was notably true in the lithophysal zones.

The panel report contains a systematic discussion of factors influencing drift
stability during excavation, through temperature increase, and during seismic
" events. It points out the need for more field data to perform appropriate design
analyses. Of particular importance will be the findings from the heated drift
experiment now under way. Two such design analyses are presented as examples
- in the appendixes.

In drifts outside faults or strongly sheared zones (where emplacements will not be
made), the panel agrees that a rock reinforcement system consisting of corrosion-
protected rock bolts and heavy wire mesh appears to be the most suitable ground
control approach for the conditions described. The reinforcement system can be
strengthened by mine bands, straps, or channels, as needed. It is compatible with
full-face tunnel boring machine excavation, and allows for continuous mapping.
However, further work is required to substantiate these initial conclusions.

The panel can make further contributions to the project in the area of drift
~_stability—particularly, ground conditions, material selection, analysis techniques,

a

see
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and construction considerations—as the preliminary design continues. These @
ongoing panel contributions could be made on a less formal basis now that the
panel has gained a degree of understanding of the project conditions.
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1.0 INTRODUCTION

As a key part of the Yucca Mountain repository design, the emplacement drifts,
along with their required functions and design, have been designated as “subject to
design reviews™ by their owner, the Department of Energy (DOE). This report,
which was prepared by a group of experts from outside the Yucca Mountain Site
Characterization Project (YMP), addresses the drift design review, including
current uncertainties and suggested resolutions.

1.1 Scope

Mr. Paul Harrington (DOE) provided a statement of the workshop purpose and
expectations during the second session. The purpose of the workshop was twofold:

 Obtain an expert opinion regarding drift stability and the degree of ground
control needed for varying design conditions.

* Prepare a report for use in a decision analysis that will determine the types of
ground control to be proposed for the YMP.

It is expected that the drift stability report will address the following host rock
behaviors:

e Degradation mechanisms

¢ Temperature effects

e Drift diameter effects

e Water mobility effects

e Host rock strata effects

* Identification of other significant variables |

» Expected effectiveness of varying ground supports

5
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It also is expected that the report will facilitate the selection of appropriate ground

support for varying repository designs.
1.2 Structure

The workshop was comprised of a series of document reviews by a panel of
experts, followed by a site visit, YMP presentations, discussions among YMP
personnel and the panel members, and expert deliberations. The workshop agenda,
list of attendees, and list of documents reviewed by the panel are presented in
Appendixes A, B, and C, respectively.

1-2
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— 2.0 ROCK MASS CHARACTERISTICS

2.1 Description of the Lithologic Units Encountered at the Repository
Level ' .

The emplacement drifts, as planned in the Viability Assessment design [1], begin
at the Main Drift level and extend west into progressively older lithologic units of
the Topopah Spring Welded Tuff, which dips to the east. Although the Topopah
Spring Welded Tuff is characterized as a single thermo-mechanical unit, there are
significant differences in the characteristics of the lithologic units contained within
it. The characteristics for each lithologic unit at the Topopah Spring Welded Tuff
and some general observations are discussed in the following sections.

2.1.1 Topopah Spring Welded Tuff 1 (TSw1)—Upper Lithophysal (Gas
Void) Zone (Tptm, Tptrl, and Tptpul)

~~ Approximately 10 to 40 percent of this zone is lithophysae typically ranging from
golf ball to softball size. The zone is located in the 7.6-meter-diameter North
Ramp and curve to the Main Drift between Station 1700 and Station 2600 meters.
The joints (predominantly vertical) are short, typically less than 1 meter, with no
major overbreak or block separation.

Tunnel mapping, which more accurately assessed the extent and frequency of the
short fractures, produced much higher rock qualities (i.e., rock quality designation
[RQD], quality factor [Q], and rock mass rating [RMRY]) and lower fracture
frequencies than core logging. Core logging had a tendency to break at the voids,
making it difficult to distinguish between natural fractures/breaks and the
persistence of fractures.

Type 1 supports (rock bolts/mesh/straps) were used throughout the zone.

\
. 2-1 N
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2.1.2 Topopah Spring Welded Tuff 2 (TSw2)—Middle Nonlithophysal —
Zone (Tptpmn)

This zone is less than 10 percent lithophysae and occupies approximately

15 percent of the repository area. The zone runs the length of the
7.6-meter-diameter Main Drift between Station 2600 and Station 6300 meters and
1s home to the drift-scale and borehole thermal tests. Continuous, near-vertical
cooling joints strike at approximately + 30° to the Main Drift, and tectonic joints
have an approximate North-South strike; some may be associated with the Ghost
Dance Fault zone to the east.

Type 1 supports were used in the better rock conditions in the Main Drift. Type 3
and Type 4 supports (steel ribs with mesh or steel lagging) were used where the
joints formed slabs or blocks that were difficult to handle with bolts behind the
shielded tunnel boring machine (TBM). Rock bolts and mesh were used
throughout the Cross Drift. :

~——

2.1.3 Topopah Spring Welded Tuff 2 (TSw2)—Lower Lithophysal
: Zone (TptpHl)

According to existing borehole information, this zone is 5 to 15 percent
lithophysae and occupies 75 percent of the proposed emplacemeht drift area.
There is limited lithophysae exposure in the vicinity of the Ghost Dance Fault in
the Main Drift. Information prior to the Cross Drift excavation was obtained from
the boreholes, which produced lower qualities than those observed while
excavating the Cross Drift. Gas voids tend to be larger in this zone than in the
upper lithophysal zone of TSw1.

Type 1 supports were used throughout the zone.

2-2
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- 2.1.4 Topopah Spring Welded Tuff 2 (TSw2)—Lower Nonlithophysal
Zone (Tptpin)

This zone is located near the west end of the Cross Drift and occupies 10 percent
of the west end of the emplacement drifts. -

Type 1 supports were used throughout the zone.
2.1.5 General Observations

Excavation of the North Ramp through the upper lithophysal zone and the Cross
Drift through the lower lithophysal zone shows that both zones have properties that
are favorable for stability with minimum ground support. Although initial rock
core samples produce relatively low RQD, RMR, and Q values in the lithophysal
zones, observations in the tunnels show that the joints are short (usually less than
1 meter) and quality indices are significantly higher. The lithophysal zones have

- the highest rock qualities and best support conditions of the welded tuffs, a
condition that was not expected prior to excavating the Exploratory Studies
Facility.

Fracture propagation during cooling and tectonic events appears to have been
arrested by the lithophysae so that continuous joints, which could form large rock
blocks and overbreak, are largely absent. Overbreak or rock loosening in the form
of slabs or blocks was almost nonexistent in the lithophysal zones in both the
7.6-meter-diameter North Ramp and the 5-meter-diameter Cross Drift.

After inspecting the Cross Drift, the lower lithophysal zone properties and upper
lithophysal zone properties appear to be closer than previously indicated in the
preconstruction estimates for the Cross Drift, which were based on core
information and limited exposure in the Main Drift in the vicinity of the Ghost

2-3
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Dance Fault. Because the Cross Drift was completed only recently, quantitative S
data on lithophysae percentages and fracture characteristics were not available.

2.2 Comparison of Support Conditions in the Main Drift and Cross
Drift

The Main Drift, excavated almost entirely in the middle nonlithophysal zone of
TSw2, encountered zones where continuous fractures resulted in overbreak and
loosening along the joints, which created a need for Type 3 and Type 4 supports.
Excavation progress was extremely slow while the steel rib supports were
installed. The process of blocking the ribs to the rock, particularly when welding
steel blocking behind the ribs, was the main cause of the slower progress. Often,
the slabs were formed by single joints that had a strike close to that of the Main
Drift and did not include enough joint sets to form kinematically admissible key
blocks. Wedges (typically 0.5 to 1 meter deep) were formed by two sets of high-
angle cooling joints, whose intersecting line was parallel to a tangent in the tunnel

wall in the arch. -

Type 1 supports were used throughout the Cross Drift in all of the TSw2 zones.
The panel noted improved stability in the Cross Drift compared to that of the Main
Drift. Some reasons for the improved stability include:

» The Cross Drift tunnel size (5 meters) was smaller than that for the Main Drift
(7.6 meters).

e The Cross Drift orientation was more perpendicular to the strike of the major
faults and joints and was farther from the Ghost Dance Fault zone.

e A main beam TBM, rather than a fully shielded TBM, was used to excavate the
Cross Drift. This machine has a short shield behind the cutter head, which

|
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-~ enabled the excavation crew to support the rock with bolts before the blocks
loosened and separated. '

® The Cross Drift has an increased percentage of lithophysal zones and fewer -
continuous joints. |

2.3 Rock Mass Properties of the Lithophysal Zones

Rock conditions in the lower lithophysal zone in the Cross Drift were similar to
those observed in the upper lithophysal zone in the North Ramp. Continuous joints
were not apparent, and there was almost no overbreak or loosening of the slabs or
blocks. Zones with more frequent short fractures were present and could be
described as fracture zones, but even in these areas, overbreak and block loosening
were largely absent. The few centimeters of overbreak that did occur appeared to
be concentrated along short fractures or in areas of closely spaced lithophysae
cavities and apparently resulted from ravelling of small pieces of rock. The panel
" did not observe progressive ravelling and large overbreak.

Although quantitative results were not available from the Cross Drift mapping
during the panel’s visit, the panel anticipates that the following characteristics will
be present:

o Short near-vertical fractures, typically less than 1 meter—These fractures are
expected to be tight and away from the disturbed zone. The fracture orientation
may be parallel to the cooling fractures in the nonlithophysal zones. Some
areas will have closely spaced fracture zones (perhaps 20 to 100 millimeters);
others will have few fractures or fractures spaced in excess of 500 millimeters.

* Low-angle planes of weakness (not continuous) formed by stririgers of vapor-
phase bubbles, with a tendency to be parallel to the eastward dipping bedding—
-« These planes may form the top of small corbels in combination with vertical

H
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fractures in the arch, as well as local overbreak of a few centimeters in the —

crown.
2.4 Recommendations for Future Work

Tunnel mapping, in which short fractures are not included in the quality estimates,
provides an appropriate estimate of rock quality and the potential for major
instabilities and confirms the high quality of the lithophysal zones. However, such
quality indices are not likely to provide a good estimate of rock mass stiffness or
rock mass strength adjacent to the opening.

The performance of the lithophysal zones, particularly under thermal loading, will
be controlled by small-scale fractures, features that are at a smaller scale than
mapped, continuous joints, and features that are at a larger scale than the laboratory
tests on the intact rock core. It is understood that there are plans for selecting
several representative zones in the Cross Drift for detailed mapping of small-scale
fractures. This information is key to assessing rock mass behavior. A matrix of
percent lithophysae and fracture frequency could be determined for representative
sections.

Stiffness measurements would be useful with tests that load or unload an area on
the order of a square meter or more and would permit differentiation between the
stiffness of the disturbed zone and the rock farther behind the tunnel surface.
Stiffness estimates could be achieved by conducting a comparison of the laboratory
and field seismic velocities in the Cross Drift.

Design input parameters for the various classes of rock masses could be defined
using geostatistical methods to find the distribution of each parameter. The
statistical distributions would be useful for quantifying the probability of failure
and margin of safety for the designed supports.

2-6
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3.0 ANTICIPATED EXCAVATION BEHAVIOR

3.1 Factors Affecting Drift Stability
3.1.1 Factor Descriptions

This section discusses the main factors affecting in situ rock quality and explains
how these factors will influence the drift stability and ground support
requirements. These factors are summarized in Table 3-1 in chronological stages
and are discussed in more detail in Tables 3-2 through 3-12 and Figure 3-1. Each
factor (stage) is grouped into one of five phases:

e Phase 0, presite investigation
e Phase I, site investigation

. o Phase II, excavation

e Phase III, emplacement
e Phase IV, postclosure

The two main engineering perturbations are:

o Stage 2 (excavation, excavation disturbed zone [EDZ] 1)—allows the rock to
move, alters the in situ stresses, and vchanges the water pressure.

 Stage 8 (temperature increase caused by the emplaced waste canisters)—
expands the rock, thereby disturbing the rock bolts and possibly causing new
fractures.

3.1.2 Conclusions Linked to Stages 0 Through 10

Specific conclusions for each stage are presented in Table 3-13.

3-1
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Table 3-1. Summary of Factors Affecting Drift Stability

g IS¢ plication
0 0 Geological activity Rock formations, Any drift instability
alterations, fractures, | will be dominated by
In situ stresses rock block instability
| 1 Site investigations Minor disturbance Negligible .
II 2 Excavation, EDZ 1 Inevitable EDZ Some rock block
protection is needed
II 3 Excavation, EDZ 2 TBM cutter plucking | Block loosening
I 4 Excavation, EDZ 3 TBM gripper Block loosening
pad-induced damage
I -5 Excavation/support, TBM and support Rock degradation,
EDZ 4 disturbances block loosening
IT 6 Ventilation, EDZ 5 Temperature, Fracture surface
humidity, and time | degradation
effects
111 7 Emplacement process | Slight disturbances | Negligible
II1 8 Temperature increase, | Rock expansion, Extra fractures,
related phenomena moisture changes fracture surface
effects
v 9 Temperature Temperature- and Long-term instability
phenomena time-dependent
effects
v 10 | Random seismic Seismic disturbances | Long-term instability
events

3-2
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- Table 3-2. Phase 0—Presite Investigation,
Stage 0—Geological Activity

Phase/Stage Description

The rock is formed by volcanic activity, lithified, and subjected to a variety of
thermal, geohydrological, mechanical, and chemical effects.

Panel Observations

As found, the rock mass contains:

e Holes resulting from entrapped
gases during cooling in the
lithophysal welded tuff.

e Discontinuities (or fractures)

- F; ... F, are the boundary forces
caused by both cooling and caused by rock weight and current

tectonic activity. tectonic activity.

» Stresses caused by the rock weight and tectonic forces.

e Moisture from surface and underground sources.

Panel Conclusions

The volcanic nature of the welded tuff, along with the cooling and tectonically

induced fractures plus the in situ stress field, indicate that the rock mass will fail
under ambient conditions by blocks separating or sliding along natural fractures.

3-3
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Table 3-3. Phase I—Site Investigation, —
Stage 1—Site Investigations

Phase/Stage Description
Site investigation involves drilling boreholes and taking measurements from them.
Exploratory drifts and chambers also are included in the site investigation

activities.

Panel Observations

The process of creating site

investigation boreholes disturbs the Site ,_f: vestigation Borehole
rock locally. In addition, the Fz\ | L . oy
F1

boreholes are high-permeability paths
for air and water movement.

The disturbances are local, and the
boreholes can be backfilled to
minimize their effect in enhancing the

fracture connectivity and, therefore,
permeability of the rock mass.

Panel Conclusions

It is unlikely that the site investigation boreholes will have any effect on the
stability of subsequent drifts driven through or near them. Site investigation
tunnels or chambers not used as part of the repository could experience some stress
and moisture effects, but these will most likely be minimal.

34
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v Table 34. Phase II—Excavation, Stage 2—EXxcavation,
Excavation Disturbed Zone 1

Phase/Stage Description

When the repository drifts are created—by whatever method—an EDZ also is created. This
original EDZ is inevitable because of three main excavation effects—the rock can move into the
excavation, the in situ rock stresses are altered, and water can flow into the excavation. These
effects result from rock removal and the consequent inability of the excavation volume to sustain
any significant force. Subsequent enhancement of the EDZ is due to the additional effects
covered in Stages 3 through 6.

Panel Observations

Effect 1: Displacements and rock failure

Before excavation, the rock has a
resistance and can sustain forces. .

. Displacements
After excavation, the rock moves ooelr because
inward en masse or by the
movement of individual blocks.

EXCAVATION

Whatever the magnitude and
orientation of the in situ rock
- stresses before excavation, the
principal stresses will be
perpendicular and parallel to the
rock surfaces after excavation.

After excavation, there is no
water pressure (above
atmospheric) in the excavation,
and any free water present under
positive pressure flows into the
excavation. Unsaturated flow
into or around the excavation may
be affected by changes in
capillary forces at the wall and in
the disturbed zone.

Panel Conclusions

Elastic rock movement will not be significant. Drift instability will be governed by individual
rock block movements. The rock stresses will be concentrated, but not to a rock-failure level.
'ntact rock failure is not expected because of the low rock stress/rock strength ratio.

3-5




As shown in this figure, Stages 3 through 5 are related to the additional
disturbances caused by the engineering activities (i.e., the disturbances
additional to the inevitable Stage 2 disturbance caused by the geometry
change). The additional disturbances are caused by the TBM cutting
action, TBM gripper pads, other aspects of the TBM operation and
support activities, and ventilation and time-dependent effects.

Additional Disturbances,
Stages 3-6

9-€

Disturbance

Rock Stress Water
Movement Redistri- Flow
bution

Figure 3-1. Inevitable and Additional D’ “wrbances Caused by Drift Excavation
\ .
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Table 3-5. Phase II—Excavation, Stage 3—FExcavation,
Excavation Disturbed Zone 2

Phase/Stage Description

The two main methods of excavation are blasting and use of a TBM. A TBM
generally causes less disturbance than blasting, but the TBM can still cause
additional disturbance, especially in a block-jointed rock mass such as the
fractured tuff strata at Yucca Mountain. The influence of “cutter plucking” is
noted here. Other aspects are noted in Tables 3-6 through 3-8 for Stages 4
through 6, respectively. |

Panel Observations
TBM

5 Plucking
/’-’_ T
Preexisting ‘
Fractures

The TBM cutters are designed to cut
through the rock but, because they

__«ert forces in all three orthogonal
directions, they also can create extra
fractures in the drift periphery and

loosen preexisting rock blocks.

The photograph shows a TBM-cut
rock surface in the Yucca Mountain
tunnel where the small peripheral
rock blocks have been plucked out.

Panel Conclusions

The cutting action of a TBM has been shown to pluck surface rock blocks from the

tunnel periphery at Yucca Mountain. This effect can be minimized by a suitable

_ sign of the gage cutters on the TBM head.
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Table 3-6. Phase II—Excavation, Stage 4—FEXxcavation,
Excavation Disturbed Zone 3

Phase/Stage Description

The resistance necessary to provide the thrust for the TBM cutting head is provided
by the frictional resistance of gripper pads pressed against the tunnel walls. The
force on these gripper pads can be very high (e.g., 1 MN), and this force is
repeatedly applied as the machine moves forward in increments. The application
and release of such a high load on a block-jointed rock mass can cause new
fractures and, hence, new blocks and will loosen existing rock blocks in the
vicinity of the gripper pad, thus degrading the integrity of the rock mass. In fact,
this effect in a block-jointed rock mass can change the rock from being self-
supporting to needing support. | |

Panel Observations TBM Gripper

Preexisting
Fractures

Rock block instability is induced by
the TBM gripper pads.

Panel Conclusions

During excavation, use of a TBM requires that forces are applied to the drift
sidewalls to provide a reaction for the forward TBM thrust force. Normally, there
is a tendency to reduce the size of the gripper pads as the elastic modulus and
strength of the rock mass increases because the same force can then be applied
over smaller areas. However, when such a high force is applied over a small area,
it can have the effect of creating new fractures and lifting or compressing a
significant number of rock blocks. As the force is applied and released, the rock
blocks are moved and the fractures are dilated and damaged. This effect can be
reduced by applying a nondamaging load and increasing the size of the gripper
pads, thereby reducing the applied stress, or by other means. Disturbances also can
occur with long shields in which support installation is delayed.
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Table 3-7. Phase II—Excavation, Stage 5—EXxcavation/Support,
Excavation Disturbed Zone 4

Phase/Stage Description

In addition to the Stage 3 and Stage 4 direct TBM disturbances involving the cutter
plucking and gripper pad load applications, drift stability also may be affected by
the general use of the TBM and any future support installation.

Panel Observations

The TBM is pulled along the
invert causing vibrations and

ossibly dislodging blocks. Vibrations and
P y §0g Other TBM

Disturbances

Temporary or initial support will
be installed in a low-quality rock
zone. Although the purpose of

the rock support is to inhibit rock block failure (and inward displacement of the
rock mass in the fault zones), the installation also will disturb the rock fractures.

Panel Conclusions

The EDZ 4 effects are likely to be minor compared to the EDZ 1 through EDZ 3
effects, but they could be significant disturbances and represent continuing
engineering perturbations following the TBM cutter and gripper pad effects.
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Table 3-8. Phase II—Excavation, Stage 6—Ventilation, —
Excavation Disturbed Zone 5

Phase/Stage Description

After the Stage 2 (EDZ 1) through Stage 5 (EDZ 4) disturbances, the excavated

| drift will be subjected to continued disturbances in the form of air circulation, with
the air being possibly at a slightly different temperature to the rock. Water vapor
from the circulated air and/or rock fractures could be circulated through the rock
fracture network—around one drift section, along the drift walls, and from drift to
drift.

Panel Observations
The temperature, humidity,
and time effects will be : o
. Alterations in
coupled in a complex way, Temperature and
. Humidity Over
depending on the fracture : Time

network connectivity, degree
of temperature difference

between the air and rock,
degrees of humidity and rock saturation, and previous fracture damage that has
already occurred in Stages 2 through 5.

Panel Conclusions

The EDZ 5 effects are difficult to predict and quantify, but they can be minimized
by equating the air-rock temperature and minimizing ventilation or changes in
humidity. In the low flux desert environment at Yucca Mountain, ventilation will
tend to dry out the tunnel surface and prevent seepage.
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Table 3-9. Phase III—Emplacement,
Stage 7—Emplacement Process

Phase/Stage Description

The rock and drifts have now been through the processes described in Stages 1
through 6. The next stage is the mechanical process of waste emplacement. The
waste is transported by rail and placed on a supporting structure above the drift
mvert.

Panel Observations

The process of waste emplacement =
should ensure that there is no excess Fz\ 31 L Comy
vibration or inadvertent application

of forces to the drift walls during the

physical emplacement of the waste.

Similarly, any backfilling after
emplacement should not adversely
affect the integrity of the EDZ.

Panel Conclusions

It is unlikely that the rock and rock blocks in the EDZ will suffer further significant
disturbance during waste emplacement. However, this does represent a new
activity in the drifts, which may well have been quiescent for several years.

3-11



Panel Report on the Drift Stability Workshop February 1999
=

Table 3-10. Phase III—Emplacement, Stage 8—Temperature N
Increase, Related Phenomena

Phase/Stage Description

Stage 2 was the first major rock disturbance, and Stage 8 is the second major
engineering disturbance. Once the waste is emplaced, air and rock temperatures
are expected to exceed 100°C. This leads to coupled thermo-hydro-mechanical
(THM) circumstances with possible water evaporation and condensation phases
and recycling.

Panel Observations

It is likely that, over the 100- to

. . F.
300-year postclosure repository life, F; 31 . g::;gi;ys

significantly elevated temperatures
will have a profound effect on drift
stability.

The drift-scale heater test will
provide invaluable support for

developing an appropriate
conceptual model.

Panel Conclusions
The effect of elevated temperatures on the rock mass containing water vapor and

fractures is likely to be significant and could cause local fracture propagation and
rock loosening on the drift walls.
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Table 3-11. Phase IV—Postclosure,
Stage 9—Temperature Phenomena

Phase/Stage Description

After closure, the temperature will still be elevated, and the complex THM
processes will continue over a long period of time. Because the Stage 2 drift
excavation has caused mechanical and hydrogeological gradients (which are
maintained because the drift is not fully backfilled) and the Stage 8 temperature
increase has caused thermal gradients (which also will continue for a long period
of time), all of the ingredients are present for the continued operation of a variety
of coupled mechanisms, which will lead to drift instability in due course. As the
drifts cool, there is a potential for water flow into the drifts.

Panel Observations

The heat gradient (AT), water wa;ze as a

heat source

pressure gradient (AP), and rock stress
gradient (Ac) are maintained.

The THM coupled mechanisms and

pathways of mechanisms will

continue to operate over a long period
of time.

Panel Conclusions

A variety of rock fracture-degrading mechanisms

will be driven by the steep AT, AP, and Ac gradients for a long period of time.
This is likely to lead inevitably to the collapse of some of the drifis.
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Table 3-12. Phase IV—Postclosure, e
Stage 10—Random Seismic Events

Phase/Stage Description

During any of the previously described stages, but especially during the postclosure
phase of long-term heating and progressive degradation of the near-field rock mass in the
EDZ, there can be repeated seismic events at random intervals. In general, underground
structures are not susceptible to damage by seismic waves because of the relatively small
structure size (e.g., tunnel diameter) relative to the long seismic wavelengths. However,
in the case of the radioactive waste repository, there are three additional factors:

e The EDZ may well be large due to the succession of degradation processes.

 There can be interaction between the repository drifts, so the structure is effectively
larger.

 The time period is very long so that, on average, larger seismic disturbances will be
experienced than during the 120-year design life of a conventional rock engineering
structure.

Panel Observations

Compressional and transverse seismic

waves from distant natural sources will l-';::f 'Eoffrfe
damage the already vulnerable long-

term EDZ and could be the final

collapse trigger.

Panel Conclusions

Repeated seismic loadings at random intervals will aggravate the instability of the already
significantly degraded EDZ regions of the drifts following the Stage 9 long-time-period
operation of the mechanisms driven by the AT, AP, and Ac gradients. The seismic events
could well be the trigger that causes final collapse of the drifts.

H
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Table 3-13. Conclusions Linked to Stages 0 Through 10

g on

0 The rock mass is susceptible to structurally controlled failure

1 Site investigation, such as drilling, is not likely to have a significantly
detrimental effect on rock stability

2 Excavation is a major perturbation creating stress and water pressure
gradients and humidity changes

3 The TBM cutting action can pluck out blocks, further degrading the
drift periphery |

4 The TBM gripper pads exert and release high loads on the EDZ, which
can cause further damage

5 Other TBM and support activities also can cause further disturbance to
the EDZ ‘

6 Ventilation and humidity changes can drive rock degradation
mechanisms (e.g., nonwelded tuffs of high water content will shrink and
crack; rewetting and cycling of humidity has deleterious effects,
particularly on clay-rich rock)

7 Emplacement of the waste is not likely to produce any significant extra
disturbance

8 The temperature increase caused by the emplaced waste is a major
driving gradient

9 Continued THM mechanisms operating over a long period of time will
degrade the rock; cooling and the return flow of water upon cooling will
affect stability

10 | Any seismic events will aggravate the EDZ conditions and instability
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3.1.3 Overall Drift Stability Conclusions —

The main rock failure mechanism is rock blocks falling into the drifts. Some areas
of the drifts will need to be supported for safety in the preemplacement period. All
drifts are likely to collapse in the fullness of time because of the severity of the
THM-driving gradients after emplacement, as described in Stage 8. The larger
they are, the sooner this will occur. Corrosion-protected rock bolt and wire mesh
support will sustain the integrity of the drifts during the 100- to 300-year period,
but in the longer term, this support will be degraded, and seismic events could be
the final EDZ collapse perturbation.

3.2 Anticipated Excavation Degradation Modes

Based on initial observations and an assessment of the existing excavations, it

appears that a predominant degradation mode is the ravelling of small pieces of

rock around the boundary of the drifts. The depth of failure is assessed to be 1
limited (a few meters or less), but the extent needs to be determined by appropriate ”
models taking into account long-term rock mass strength, temperature, and seismic
loading.

It is important to determine the consequence of ravelling during the various
excavation and thermal loading stages on the drift stability. Changes in stress
state, temperature, and water conditions around the excavation are the key issues
that need to be evaluated to improve the understanding of the degradation mode.
This includes a recognition and understanding of the influence of the rock
discontinuities on the degradation mode and development of the EDZ.

Example modeling exercises are presented in Appendixes D and E. Appendix E
illustrates an approach to guide the interpretation of the anticipated degradation
modes and quantify factors affecting the development of a damage zone and
potential for drift instability. Numerical analyses can simulate all of the —

m
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- chronological stages described in Section 3.1. For illustrative purposes, this
exercise focuses on three perturbations to the drift:

e Excavation, EDZ 1 (Stage 2)
o Temperature increase and reduction in rock strength (Stage 8)
e Seismic loading during thermal heating (Stage 10)

Rock properties used in these three analyses are defined as RMQ 5 values for the
TSw2 unit [2]. Based on these analyses, the panel has drawn the following
conclusions concerning excavation degradation:

e The predominant degradation modes identified from these simulations are
localized differential slip of joints followed by shear failure of the rock blocks.
This appears to result in ravelling of the rock structure around the drift. Each of
the three stages evaluated appears to contribute to this degradation process. The
progressive change in the excavation damage zone can be seen from the plots in
Appendix E by comparing Figure E-5 (excavation), Figures E-11 and E-13
(thermal loading and reduction of joint strength), and Figure E-17 (seismic
loading).

» The example simulations suggest that joint orientation may have a significant
influence on the development of an excavation damage zone around the
emplacement drift. Joints oriented at low angles (i.e., low dip angles) appear to
contribute more to degradation of the rock mass during the thermal loading
stage.

o The extent of the localized joint slip appears to be limited to less than one drift
diameter for these simulations. It should be possible to confirm the extent of
thermally induced joint displacements from field tests. Observations from the
single heater test [3] suggest that localized slip occurred during the heating
phase for that test. It is recommended that the acoustic emission monitoring,

——————————————————————————————————
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which is employed in the ongoing drift-scale test, be utilized to ascertain
locations of rock damage during the thermal loading/unloading cycle.

* Continuum analyses based on a Mohr-Coulomb failure criterion may
overpredict the thermally induced stresses around the drift. (The calculated
thermal stresses presented during the Drift Stability Workshop appear to be too
high.) It is reccommended that the effect of jointing be considered in the
calculations of design loads for drift support. Continuum analysis with a
ubiquitous joint model or discontinuum analysis, such as UDEC, may be more
appropriate. The influence of the joint structure on the thermal loading of the
support should be confirmed from field testing (e.g., the concrete liner
monitoring in the drift-scale test).

» The simulations indicate that, during the heating phase, stresses will increase at
the crown and invert of the drift and decrease at the springline. This stress
change may be expected to reverse upon cooling. A seismic excitation during o |
the heating phase may, therefore, have a more pronounced effect on damage to
the drift walls as a result of the reduced stresses.

* These analyses do not support the application of key block modeling to evaluate
potential excavation degradation. The key block approach does not examine
subsequent behavior of a system of blocks or redistribution of loads. The
ravelling degradation may progress as a consequence of stress and/or
temperature changes and other factors, which cannot be directly represented in
a key block model.

* An alternate modeling approach that can represent progressive ravelling is a
distinct element method known as the Particle Flow Code (PFC). PFC
currently is being used to simulate development of excavation damage around
the test tunnel of the mine-by experiment at the Underground Research
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-Laboratory in Canada [3]. PFC can simulate both time- and temperature-
dependent strength degradation and material ravelling.
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4.0 GROUND SUPPORT
4.1 Support Design Considerations
The panel members based their evaluation on design considerations taken
primarily from the Ground Support Alternatives Evaluation for Emplacement
Drifts [4], Sections 3.1 and 3.2, and Emplacement Drift Preclosure Environment
[5], Section 4.2. A complete and concise description of the Ground Control-
Related Design Requirements was presented by Daniel G. McKenzie, III. This
description formed the major immediate guidance for the workshop participants.
The major design considerations assessed by the panel members include:

e Access maintenance for 100, 150, or 300 years.

e The need to control or prevent rock fall and the distinction between rock fall
control and drift stability control.

e Ease of installation and compatibility with TBM excavation.
¢ Acceptability of “some” maintenance.

* Loading conditions to be accounted for in design, including in situ loads,
- thermally induced loads, operational loads, construction loads, and seismic
loads.

* Emplacement drift environment (i.e., temperature, radiation, humidity) needs.

e Constructibility and cost.

4-1
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The panel agrees that every effort should be made to collect all relevant -
information from currently accessible excavations and apply it to the design of the
ground support system for the emplacement drifts. This includes, in particular,
identification of the type and extent of localized failures around the Exploratory
Studies Facility, Cross Drift, and especially the heated drift test. Similarly, it
appears that very few (if any) of the interpretative results from the large-scale
heated block test have been integrated as input for the thermo-mechanical analyses
of the ground support systems. It is anticipated that the thermal stresses in the
heater test will be significantly less than anticipated in service due to different
boundary conditions. This will need to be evaluated by analysis. The panel
members believe that integration of the experimental results into the ground

support analyses is likely to lead to more realistic analyses.

One of the major recommendations from the panel members is that empirically
based support selection and design approaches should be customized for the site-
specific conditions at Yucca Mountain. Information already available for such
formation-specific rock mass classifications includes observed conditions in the
excavations, extensive measurements (especially of convergence, multiple point
borehole extensometer [MPBX] anchor displacements, and steel set strains/loads),
and exhaustive geological mapping. Notably questionable is whether the influence
of lithophysae can be realistically accounted for within the conventional (i.e., RMR
and Q) classification schemes. It is recommended that consideration be given to
develop a site-specific classification/design scheme that includes explicitly the
influence of lithophysae.

Limited observations by the panel members suggest that the main failure modes
during excavation of the Cross Drift are likely to be limited local overbreak (most
likely associated with joints near the springline or haunches) that run roughly

parallel to the tunnel or drift and indicate a potential for progressive failure. These
types of failures should be readily controllable with rock bolts and wire mesh. It
would be helpful to provide a firmer basis for this recommendation by performing —

|

E
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“~— more detailed mapping of overbreak and overbreak mechanisms. It is especially
important that the heated drift be inspected in detail with regard to failures induced
or enhanced by heating. Based on the current conditions of the excavations
inspected, it is reasonable to conclude that ground control requirements are fairly
modest and that anticipated failures are likely to be minor.

Cross Drift construction has confirmed that initial support requirements are
minimal. Only light initial support (rock bolts/mesh/straps) is required for
personnel protection. It also is concluded that ground conditions are favorable for
rapid installation of concrete segments, although the capacity of the segment is not
required for initial support. Thus, there are a number of support options, which are
compatible with the initial support, that could be considered for preclosure support.
A single-pass, double-pass, or supplemented support system could be considered.

A clear definition of the required function of any rock reinforcement and/or
support is needed. Is the support/reinforcement tequired to maintain drift stability

" and/or prevent rock fall onto the waste packages? A separate consideration of the
two functions may result in designs that most appropriately and efficiently meet
the respective functions.

4.2 Concrete Segment Supports

The panel members have reservations about the proposed ground support system
that incorporates soft inclusions in the joints of a liner consisting of precast
concrete segments. The panel does not believe that such soft inclusions are needed
(or are desirable), and in fact, they may be detrimental and could introduce a
hazard, notably during a strong seismic event. Of concern is the inability of the
compressible material in the joints to perform for repeated cooling and heating
cycles. These conclusions are based, in part, on the recognition of the interaction
between rock and segments and on the panel’s reservations about the analyses—in

—
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particular, the thermo-mechanical analysis that was presented of the interaction
between the segmented liner and the surrounding ground.

It is recognized that compressible packing can be placed between segments in a
segmental concrete liner to reduce the stiffness of the ring. However, if possible, it
would be preferable not to use this packing to prevent inevitable irreversible
compression during heating that causes loosening of the segments when cooled,
either by blast cooling or long-term cooling.

Estimates provided in the Viability Assessment design for thermal stresses
developed in concrete liners appear high for the following reasons:

¢ Recent drift-scale and borehole heater tests in the TSw2 show a lower in situ
coefficient of thermal expansion than was measured in the laboratory samples.
In situ values are 1/3 to 1/2 of those from the laboratory measurements.

* Stiffness of higher-quality rock (Class 5) has been assumed in Viability
Assessment analyses to be equal to intact rock. Even in the higher-quality rock,
stiffnesses over significant areas should be less, perhaps in the range of 20 to
40 percent of the laboratory values. Lower stiffnesses are expected near the
excavation walls.

Creep of concrete and reduction of long-term modulus will reduce stresses below
those assumed in the analysis presented to the panel.

Analysis of the lining should be in the form of moment-thrust and moment-
curvature relations, using experience with ultimate capacity of the concrete tunnel
lining. Local elastic stresses do not control behavior.

Initial elastic stresses have been applied to linings, in some cases reducing stresses
by 60 percent. In most cases, the linings will not be installed close enough to the —

%
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~— face for these stresses to develop in the lining. Most of the loading will be related
to lining expansion and grouting. Some additional stress can develop due to
mining parallel tunnels.

Several conditions need to be met for long-term performance of concrete linings
that are not fully evaluated by numerical work. These conditions include:

* Recognize that cracking and collapse of the lining is most likely where the
lining is not in good contact with surrounding rock.

* Design and install segments to minimize construction damage.

* Design the lining so rebar is not close to the face of the concrete (even though
calculated moment capacity is higher). Damage to reinforced concrete linings
is often related to spalling concrete from reinforcement close to the face.
Differential thermal expansion between steel and concrete could exacerbate the
problem.

* Investigate deleterious reactions between shotcrete or concrete and the welded
tuffs.

An issue that needs to be addressed from a ground control point of view
(i-e., distinct from any chemical waste isolation considerations), is the question of
interaction between cement/concrete and welded tuffs. This question is especially
acute for all cementitious materials to be placed green in direct contact with the
welded tuffs (i.e., shotcrete, cast-in-place concrete, grout for precast concrete
segments, and rock bolts). The potential for alkali-silica reactions under these
conditions may exist and would seem to deserve some attention when these ground
control methods are evaluated. Presumably, such deleterious interactions are far
less likely for precast concrete segments, although they deserve some attention in
~this regard (e.g., rationale as to why such interactions are not likely). Any

\
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cementitious grouts to be injected behind such segments (or any other liner type or—
along the rock bolts) should be assessed in terms of their deterioration potential as
a result of interactions with the host rock.

An issue that needs to be addressed for precast concrete segments is the differential
thermal expansion of steel reinforcement and concrete. Presumably, no
reinforcement is planned for the cast-in-place concrete liner option, and hence, this
issue does not arise. Conversely, it might need to be addressed for steel arches or
channels embedded in shotcrete or cast-in-place concrete. Alkali-free shotcrete
should be used if shotcrete is used in constructing the drifts.

4.3 Rock Bolt and Wire Mesh Supports

Based on the current understanding of the most likely failure modes

(i.e., overbreak and gradual progressive ravelling, probably of a quite localized
nature), the workshop participants agree that a combination of rock bolts and wire l
mesh should form a fully adequate support system. Given the required longevity
of this support/reinforcement system, it is recommended that a fairly heavy wire
mesh be installed (e.g., noticeably heavier than the wire mesh currently used). A
heavier wire mesh installed tightly against the rock will form a stiffer system that
will minimize ravelling and should prevent excessive debonding of the rock bolts

as a result of progressive rock deterioration. A heavier wire mesh will provide

more strength and corrosion resistance.

One of the considerable advantages of the rock bolt/wire mesh reinforcement
scheme is that it will allow regular inspection of the excavations and will ensure
that the system is amenable to subsidiary strengthening when and as needed. By
allowing for regular inspections, the system allows a direct determination of failure
modes (if any), as well as observation of groundwater conditions.
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“— A major concern with rock bolt and wire mesh is longevity, or corrosion of the
components. The panel members agree that a life expectancy of 100 years, with
some need for repair and maintenance, appears reasonable if the humidity remains
low. There is considerable experience with rock bolts in the mining industry for
about 80 years and in the construction industry for about 50 years. It is difficult to
extrapolate too strongly from this experience since conditions in conventional
mining and construction applications usually are far worse with regard to
groundwater flow and water chemistry, but far less aggressive in terms of
temperature.

Degradation mechanisms for rock bolt/wire mesh reinforcement are likely to
include steel corrosion and may include grout deterioration for grouted bolts. Steel
corrosion will be affected significantly by steel type, steel corrosion protection (if
any), stress levels in the steel, temperature, and humidity and may be affected by
host rock geochemistry and water chemistry if water contact occurs. Assuming
that reasonable assurance can be provided to ensure that the steel components

" (e.g., rock bolts, wire mesh) will remain essentially dry, 100-year survival seems
reasonable. On the other hand, in locations where extensive contact with water
could occur (e.g., local condensation, resaturation, water flow toward the
excavations), deterioration of steel components could be relatively fast. The issue
of heterogeneity with respect to waste emplacement (especially waste-induced
temperatures) and resulting groundwater flow is important with regard to
support/reinforcement longevity, as well as many other aspects of repository
performance. Given the importance of stress levels with regard to potential
corrosion, it would be desirable to assess, in more detail, the anticipated stress
levels to which bolts are likely to be subjected. To some extent, such an
assessment can be based on the convergence and MPBX displacement data already
available, and especially on the basis of the data to be obtained in the heated drift
test. Thermo-mechanical analyses of the bolt-grout (when used)-rock interaction
could provide further insight into anticipated strain and stress levels.

-
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Consideration might be given to the use of stainless steel bolts, although this
certainly would result in a significant cost increase.

Posttest recovery of rock bolts and wire mesh from the heated drift test is strongly
recommended. Posttest study of these components will provide better insight into
what corrosion effects (if any) actually have taken place and a more rational basis
for predicting the longevity of these components, or for selecting appropriate
materials and/or protective measures, such as coating, that may enhance longevity.

4.4 Heterogeneity, Heat, and Water

A major consideration that needs to be reflected more explicitly in support system
selection and design is the heterogeneity of the overall repository system. The
overall system heterogeneity arises from several components of the system—waste
emplacement, rock heterogeneity, and groundwater variability. Differences in
emplaced waste are likely to result in significant differences in thermal output at |
different locations along the emplacement drifts. It is not clear whether the o
resulting variation in temperatures along the emplacement drifts has been
determined, but it certainly does not appear that resulting temperature variations af
any) have been taken into account in support system selection and thermo-
mechanical analyses. Of particular concern in this regard would be the potential
impact on rock and support deterioration. Similarly, variations in water content

and, superimposed on these, differences in temperatures may result in highly
heterogeneous water (or steam) flows around the emplacement drifts. It does not
appear that these heterogeneities have been considered explicitly in support

selection and design. It would appear desirable to account for such heterogeneity
(especially with regard to humidity) in future longevity, durability, corrosion, or
degradation studies of any support system.

4-8



Panel Report on the Drift Stability Workskop February 1999
%

— If shotcrete is used as a local support (rather than a continuous structural arch), its
performance during thermal loading may not be adequate. The potential for
cracking, spalling, and separation from the rock surface needs to be investigated.

4.5 Summary of Recommendations

The phenomena that should drive ground support selection and design are the
anticipated failure modes around the emplacement drifis and the support/ground
interaction mechanisms that will allow failures to be controlled within acceptable
limits. As currently observed and understood, the most likely failure mechanisms
are highly localized overbreak resulting from breakage along the joints that are
roughly parallel to the excavations or from gradual weakening of the rock. Rock
bolts and wire mesh—possibly locally supplemented with straps, mats, channels,
or arches—will provide the necessary strength and stiffness to control such failures
over a period of 100 to 150 years.

“Rock bolts and wire mesh provide the necessary flexibility to adopt a flexible
design that supports construction. Results from the heated drift, in particular, will
indicate whether the tested rock bolt support plan is adequate, inadequate, or
excessive and whether appropriate adjustments need to be made. Continued
observations of all accessible excavations until emplacement drift construction
starts will provide the most valuable and relevant information to continue updating
designs. Rock bolts and wire mesh provide the flexibility to make adjustments
based on observations until the time when waste emplacement is started. Remote
installation of rock bolts is practical today and may be considered as a design
option to reinforce emplacement drifts subsequent to waste emplacement if
inspections prove the need for such further reinforcement.

To facilitate support installation in the drifts, a single-pass support design capable
of handling most ground conditions encountered in the Cross Drift is preferred.
- The rock bolt and wire mesh support design will meet this requirement.

%ﬁ_ﬁ_
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Degradation mechanisms most likely are corrosion of the steel rock bolts and wire ™

mesh. In difficult ground conditions, overloading and resulting excessive
deformation of wire mesh and rock bolts may occur. Progressive ravelling of rock
between bolts ultimately could result in loss of bolt anchorage and is perceived as
the most likely degradation mechanism to result in loss of support effectiveness.
For that reason, a sufficiently heavy wire mesh is recommended to minimize the
risk of such ravelling. For grouted rock bolts, grout deterioration over time may
result in degradation of the reinforcement system.

One certain effect of elevated temperature is that it will cause differential thermal
expansion of the rock bolts and host rock. This interaction deserves analysis,
preferably to be confirmed by observations and measurements (e.g., in the heated
drift test). At issue is whether the differential expansion might result in bolt
debonding and increase rock bolt stress levels excessively.

A second effect of increasing the temperature is the acceleration of all chemical |
reactions (e.g., steel corrosion reactions, cement/water/steam/rock interactions).

The effects of drift diameter on rock bolt/wire mesh support requirements are
likely to be modest. It does not appear, at present, that the observed failures are
directly proportional to the drift size. Most failures appear to be far more localized
(i.e., do not affect the entire drift span). It is probable that the bolt length should be
about proportional to the drift diameter (e.g., 1/3 to 1/2 of the diameter). However,
bolt spacing is fairly independent of drift diameter and is more likely to be
determined to ensure that the wire mesh can safely bridge the bolts (i.e., maintain
sufficient strength between the bolts to carry any rock load that may develop and
maintain sufficient stiffness to minimize progressive rock failure).

Water mobility may have a major influence on drift stability and, in particular, on
rock bolt and wire mesh longevity. Thermally induced water mobility could
induce instabilities, especially if it results in relatively high water (or steam) pore —

%
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~— pressures or fluid pressures along the joints. Water mobility could enhance rock
bolt and wire mesh longevity if it can be used to ensure that bolts and wire mesh
will remain dry. Conversely, water mobility could result in severe and rapid
degradation of the rock bolts and wire mesh if it results in extended exposure of the
bolts and mesh to hot water, especially if corrosive, or steam. Water or steam
(especially at high temperatures) presumably could induce rock corrosion
fractures, thus increasing the support requirements. Conversely, water movement,
particularly from higher-temperature to lower-temperature regions, could result in
mineral precipitation and rock mass strengthening. The same precipitation
mechanism, by decreasing rock mass permeability, could allow buildup of higher
fluid pressure, thus reducing drift stability.

Ventilation is another potential variable that deserves consideration. Air humidity,
temperature, and variations (or cycling thereof) may affect rock stability and the
rock bolts, but especially wire mesh longevity. The panel recognizes that this issue
already has been addressed in considerable detail in Reference 5. An explicit

" expansion of this study to also address rock bolt/wire mesh support would seem
desirable.

Radiation effects on steel presumably are well known, and the discussion in
Reference 5, Section 7.4.4.2, applies to rock bolts and wire mesh, especially bolts
given that they are almost entirely embedded in the rock.

Many of the preceding comments apply, with fairly minor modifications, to
alternative support systems.

Steel sets or steel liners are emplaced entirely inside the drifts. Hence, they are far
more exposed to radiation, air humidity changes within the drifts, and temperature
changes inside the drift. The steel sets or steel liners are less susceptible to water
mobility at some distance, even small, inside the rock mass. They may be less
__affected by differential thermal strains than rock bolts because they are in less

E
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intimate contact with the rock. ‘They will make direct observations of the rock
behavior (especially of rock deterioration) far more difficult, at least until failure
becomes massive. Repair and maintenance is relatively easy prior to waste
emplacement, but is likely to be far more difficult subsequent to waste
emplacement unless it can be accomplished by remotely controlled rock
reinforcement installation.

Concrete and shotcrete liners are susceptible to far different and more complex
degradation mechanisms than steel support components. This is especially true for
cementitious materials emplaced green in direct contact with the welded tuffs

(1.e., shotcrete, cast-in-place concrete, and cementitious grouts). Under these
conditions, chemical interactions among concrete, host rock, and water or steam (f
expected to be present) deserve analysis, as does the effect of radiation.

Increased temperatures will accelerate all reactions, as well as softening and
weakening the support materials. Concrete is far less likely to be affected by wat(
mobility than steel support components, assuming it is cured for a reasonable
(modest) amount of time prior to waste emplacement.

Concrete linings will prevent direct observation of rock behavior unless there are
unexpected massive failures or, for expanded concrete segments, limited
observation of the rock in the gap can be made. Repair of concrete liners is likely
to be difficult, unless it can be accomplished by remotely controlled rock bolt or
shotcrete installation.

Although there is an expected life of the supports, the allowable factors of safety
and acceptable levels of failure probability are not specified. The probabilistic
analysis could be used to evaluate the probability of failure and safety margin of
the support design.

4-12
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5.0 CONCLUDING REMARKS

The Drift Stability Workshop panel appreciates the opportunity to participate in the
ongoing effort to establish appropriate ground support for the emplacement drifts.
We hope that our findings, suggestions, and recommendations will contribute to
that effort going forward. Specifically, we would like to note the following:

* The existing designs for the stability and support of the emplacement drifts, as
described, were found to be feasible.

* Because of the size of the YMP, interaction among various project groups was
limited and could be improved.

e The current research and testing approach used by the YMP will be useful in
determining whether the life of the drift supports can be extended beyond the
planned retrieval period.

In closure, we note that 300 years is a very long time in terms of predicting the
stability of the drifts and the longevity of stabilization measures (or, for that matter,
institutional stability). It would seem appropriate and prudent to significantly
reduce this preclosure time frame (e. g., to the original retrieval period of

50 years).
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DRIFT STABILITY WORKSHOP
- AGENDA

December 9, 1998—Yucca Mountain Site
09:30-09:45  Introduction (Department of Energy—I15 minutes)

09:45-10:15  Repository Horizon Description (Elayer—30 minutes)
‘ e Topography/Groundwater
e Geologic History/Faulting
e RHH Stratigraphy

10:15-11:00  Layout Design (Saunders—45 minutes)
e Layout Description, Opening Types
e Construction Schedule
e Operation, Closure

11:00-11:30  Lunch (30 minutes)
11:30-03:00  Yucca Mountain Site Tour (Boyle—3 hours, 30 minutes)
December 10, 1998—Las Vegas, Nevada

08:00-08:15 Ihtroduction (Harrington—15 minutes)
¢ Purpose and Scope

08:15-09:30  Repository Design Drivers (McKenzie—1 hour, 15 minutes)
e Service Life
e Performance Confirmation

Retrievability

Geologic Mapping
5
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December 10, 1998—Las Vegas, Nevada (Continued) —

09:30-10:30  Exploratory Studies Facility Ground Support and Performance
(1 hour)

e Ground Support Design (Bonabian)

» Design Confirmation (Kicker/Bonabian)
e Tunnel Performance (Lin)

e Ground Support Performance (Lin)

10:30-10:45  Break (15 minutes)

10:45-11:15  Probabilistic Key Block Analysis (Kicker/Nieder-Westermann—
30 minutes)
e Fracture Mapping
¢ Key Block Analysis

11:15-12:00  Rock and Materials Behavior (Datta—45 minutes)
e Drift-Scale Test and Laboratory Results
e Rock Mechanical and Thermal Properties
e Geochemical and Hydrological Degradation

12:00-01:00  Lunch (1 hour)

01:00-01:30  Design Approach (Nolting—30 minutes)
e Viability Assessment Reference Design
e Design Analyses

01:30-02:00  Thermo-Mechanical Analysis (Sun—30 minutes)
e Key Inputs
e Models Using ANSYS and FLAC

¢ Results With and Without Support
%
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- December 10, 1998—Las Vegas, Nevada (Concluded)

02:00-02:30  Seismic Analysis (Duan—30 minutes)
e Key Inputs
e Models Using FLAC and UDEC
e Results With and Without Support

02:30-03:00  Alternative Design Studies (McKenzie—30 minutes)
e Thermal Loadings
e Dirift Configurations
e Other

December 11, 1998—Las Vegas, Nevada

08:00-04:00  Panel Deliberations and Conclusions (8 hours)
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DEPTH OF FAILURE IN BRITTLE ROCK
(P. K. KAISER)

This appendix deals with stress-induced failure only. Structural-controlled failures
or key block-type failures need to be assessed separately.

D.1 Background

Brittle failure processes near excavations in moderately jointed rock and the design
of rock support for these ground control conditions have been the focus of research
at the Geomechanics Research Centre over the last decade. F indings relevant to
the stability assessment and support design for the drifts at the Yucca Mountain
Site Characterization Project can be found in several publications [1-8]. This
research has demonstrated that the depth of brittle failure can be estimated by the
use of an empirical relationship (Equations 1.1 or 1.2 in Table D-1) or by the use _
of special Hoek and Brown parameters for brittle rock [8]. Table D-1 summarizes

‘the development of the brittle failure criteria adopted here. The depth of failure is
defined as the depth measured from the excavated tunnel boundary to the point
where rock mass disintegration by spalling stops (i.e., to the point where the rock
mass is self-supporting under static conditions).

It is important to note that the special Hoek and Brown parameters (m=0;

s =0.112) for brittle rock [8] are not intended for use as rock mass failure criteria,
but rather to estimate the depth of failure from linear elastic analyses. In other
words, these parameters can be used to estimate the extent of rock mass
disintegration.

This approach is adopted in the following sections to provide a preliminary
assessment of the anticipated depth of failure for the emplacement drifts. These
analyses also are presented for comparison with the results in the Viability
Assessment documents provided for review to the panel members. The results

%ﬁ
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presented here are based on simplistic assumptions (summarized below) and need J
to be verified by more detailed, possibly coupled, analyses. The results are
presented here to support the conclusions contained in the panel’s report.

Table D-1. Summary of Criteria to Predict Brittle Failure
and the Depth of Failure Around Tunnels

....... - “v'vhen :

nitiate

Spailmg i cﬂ/dc > 0:2 [9] Ortlepp et al. (1972)
SFR = (30;-03)/6.> 0.8 [10] Wieseman (1979)
Stable (c1/6.<0.1) [11] Hoek and Brown (1980)

Minor spalling (c1/c. = 0.2)
Severe spalling (o1/c. = 0.3)

Extension strain € > g [12] Stacey (1981)

m = 0 — approach [1] Kaiser (1994)

FLAC modelling with strain-dependent [2] Vasak and Kaiser (1995)
cohesion and friction-strength components I

_C{Ji=134(361—_°'3_)

—-0.57(20.05) [4] Kaiser et al. (1995) Eqn(1.1)
a o,
Y 1558979 45 1(£0.1) [8] Martin et al. (1998) Eqn (1.2)
a <
m=0;s=0112 ' [8] Martin et al. (1998)

Note: o refers to the unconfined rock strength (UCS) determined from laboratory tests, and o;
and o3 refer to the far-field stresses.

D.2 Assumptibns

The scope and mandate of the workshop did not allow for a detailed analysis, but
some typical scenarios are briefly considered to assess the performance of a

circular tunnel in a far-field stress state affected by in situ, thermal, and dynamic
stresses. For this purpose, three far-field stress states are superimposed—in situ

stress state with a low stress ratio (K = 0.3), thermal stress field induced by an

overall temperature increase of 150°C, and pseudo-static stress state due to _ ,]
dynamic loading. For the thermal loading conditions, it is assumed that the rock is\/

ﬁ
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- laterally constrained, but free to deform in the vertical direction (zero thermal
vertical stress). The pseudo-static stress field with simultaneous loading and
unloading in the principal stress directions is calculated from the design peak
ground motion [4]. The results from the three scenarios are presented below.

D.2.1 Scenario 1—Approximation of Viability Assessment
Assumptions

This scenario assumes parameters similar to those presented in the Viability
Assessment documents. The thermal stresses were calculated for 150°C at a
thermal expansion of 5*107® and for a low rock mass modulus of E = 5 GPa. Such
a low modulus is inconsistent with published data and was increased for

Scenario 2. The seismic loading was calculated to approximate conditions created
by a low frequency wave with parts per volume (ppv) = 160 millimeters per second
(mm/s). The values for this scenario are presented in Table D-2.

o Table D-2. Scenario 1 Values

In Situ 10
Thermal 0 3.75 3.75
Seismic +13 + 1.3 (opposite t0 Gyesticar) Ignored

D.2.2 Scenario 2—Anticipated Condition With Representative Thermal
Loading

For this scenario, a higher rock mass modulus of E = 25 GPa is assumed. This
modulus is more representative for calculating the overall state of stress. While it
may be too high for the damaged rock mass in the immediate vicinity of a drift, it
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is considered to be apprbpriate for far-field stress calculations.] The values for
this scenario are presented in Table D-3.

Table D-3. Scenario 2 Values

— T Cllsil ,3 K -

Thermal 0 18.75 18.75
Seismic +13 + 1.3 (opposite t0 Cverticar) Ignored

D.2.3 Scenario 3—Anticipated Worst Case With Both Extreme
Thermal and Dynamic Loading

This scenario assumes the maximum ppv = 450 mm/s. The values for this scenario
are presented in Table D-4.

Table D-4. Scenario 3 Values

In Situ 10 3 | 3
Thermal 0 18.75 18.75
Seismic +3.65 + 3.65 (opposite to Gyerical) Ignored

D.3 Depth of Stress-Induced Failure Based on Empirical Model

It is important to note that the calculations presented here do not consider nonlinear
behavior and stress redistribution effects due to yielding or coupled processes.
Furthermore, the influence of the intermediate thermal stress is ignored.

Equation 1.2 was used to produce the results presented in the plots of UCS versus
depth of failure for each scenario.

|

1 The rock mass modulus back-calculated from convergence measurements is ignored because iv—
is assumed to be dominated by near-wall loosening.
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D.3.1 Scenario 1—Approximation of Viability Assessment
Assumptions

Figure D-1 shows that failure is only to be anticipated for conditions where the
long-term strength of the rock drops below 70 MPa. For situations with UCS
values below this threshold, the depth of failure would be expected to grow
rapidly. The thermal stresses (with E = 5 GPa) have a beneficial effect and lower
the critical UCS value by about 10 MPa. The dynamic loading basically
compensates for this beneficial thermal effect, bringing the maximum loading back
to the current in situ condition. In all cases, the excavation-induced stresses are
highest at the springline_, and sidewall failure would be expected. However, due to
the predominantly vertical jointing, wedge-like failures in the haunches are to be
expected.

D.3.2 Scenario 2—Anticipated Condition With Representative Thermal
Loading ‘

Because of the higher horizontal thermal stresses assumed in this scenario

(Figure D-2), failure is shifted to the roof. The critical UCS is predicted at

140 MPa under in situ and thermal loading and at 150 MPa under dynamic loading.

The effect of the seismic loading is predicted to deepen the failure by about

0.2 meters.

D.3.3 Scenario 3—Anticipated Worst Case With Both Extreme
Thermal and Dynamic Loading

All other factors being identical to those in Figure D-2, Figure D-3 illustrates that
the effect of the maximum seismic loading (ppv = 450 mm/s) is predicted to
deepen the failure by about 0.5 meters and to cause stress-induced failure for UCS
less than 170 MPa.-
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_D.4 Influence of Time and Rock Mass Damage

Three ranges of UCS values are shown in Figures D-1 through D-3. The first (full
squares) represents the reported UCS for the Topopah Spring Welded Tuff 2
(TSw2) average, middle nonlithophysal zone (Tptpmn), lower lithophysal zone
(Tptpll), and lower nonlithophysal zone (Tptpln) rock strata, respectively.

The second (open squares) represents an assumed long-term strength of 80 percent
of the laboratory peak strength (not verifiable by the data obtained). Based on
published results on similar rock types, it is reasonable to assume at least a

20 percent strength reduction for long-term applications.

The third (full diamonds) range, with a 50 percent strength reduction, represents
the anticipated long-term strength of the damaged rock mass in the excavation
disturbed zone (EDZ). Again, based on published observations of rock mass
disturbance, it is not unreasonable to assume that the rock immediately around the

tunnel will be significantly damaged by the actions of the tunnel boring machine,

influence of humidity changes, and other factors that reduce rock mass strength.

It follows from Figure D-1 (Scenario 1) that only the EDZ should be failing and, if
so, only to a very limited extent and only in the weakest rock strata (i.e., Tptpmn
and Tptpll).

From Figure D-2, it can be concluded that no failure should be anticipated under in
situ conditions in the short- or long-term. However, with thermal loading, failure
of the roof must be anticipated in all strata if the long-term strength is 80 percent of
the short-term strength. The depth of stress-induced failure is anticipated to be less
than 1 meter (+ 0.2 meters due to dynamic loading) in the weakest strata

(i.e., Tptpmn) and 0.1 meter (0 to 0.3 meters with dynamic loading) on average in
the TSw2 zone.

D-11



Panel Report on the Drift Stability Workshop February 1999
E

As was stated above, the effect of the most extreme seismic loads, due to —
ppv =450 mm/s, is expected to deepen the failure by 0.5 meters (Figure D-3).

Even if the rock mass would retain its short-term strength, failure to about 1 meter
depth would have to be anticipated. In the weakest rock and with the assumed
average long-term strength, failure to a depth of 1.5 meters is predicted.

If the rock mass were damaged to 50 percent of its laboratory strength, failure
would have to be anticipated in the roof of the tunnel to the full extent of the EDZ.

D.5 Depth of Failure Based on the m = 0 Concept

The m = 0 concept is applicable to moderately jointed rock masses with
nonpersistent joints that do not intersect the tunnel wall.

The FEM/BEM code PHASES (University of Toronto) was used to verify the

above results, and several cases were analyzed with m =0 and s = 0.112.

Scenarios 2 and 3 were analyzed with a UCS of 100 MPa to represent the lower —
end of the anticipated long-term strength.

Under in situ stress conditions, no stress-induced failure is predicted with a
strength factor exceeding 1.5, even in the most highly stressed region (i.e., at the
springline). This is consistent with conditions observed underground during the
site visit.

With thermal stresses, as per Scenario 2, Figure D-4 shows that failure will occur
in the roof and that a depth of failure of less than 1 meter should be expected. The

axial stress (o), which is parallel to the tunnel, has little effect (compare
Figures 4[a] and 4[b]).
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Figure D-4. In Situ Stress Plus Thermal Loading
(Scenario 2 Without Seismic Loading)
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With seismic loading, the depth of failure is deepened by about 0.5 to 1 meters
(compare Figure D-4 and D-5), but the depth of failure is still limited and localized
in the roof. In both cases, the walls are stable with strength factors exceeding
2 to 3.

PHASES A HYBRID STRESS ANALYSIS PACKAGE

FIFLD STHESS
1 = 6.36
3 = 25.4
3 = 9@
T = 15.1
& tenaian
' K Shear

CHRRFENT OR{GIN
X Dom 3 i
1.63024

. $CALE

Figure D-5. In Situ Stress Plus Thermal and
Seismic Loading (Scenario 3)

.D.6 Conclusions \

The simplified analyses presented here suggest that stress-induced failure in the
roof of the tunnels must be anticipated. The depth of failure will be limited (to less
than about one-half of a tunnel radius) even if significant rock mass strength
degradation occurs with time. Only in situations where the unconfined
compressive strength is less than about 80 MPa are deeper failure zones to be
expected.
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_ Hence, some support will be required to control the ground. However, because of
this limited depth of failure, the rock loads from this stress-induced failure will be
limited. Moderate support efforts will be adequate to stabilize these tunnels.

PN

D.7 References

[1] Kaiser, P. K., Observational Modelling Approach for Design of Underground
Excavations, Keynote Address at SANGORM °94, The Application of
Numerical Modelling in Geotechnical Engineering, South African National
Group on Rock Mechanics, Pretoria, pp. 1-7, 1994.

[2] Vasak, P. and P. K. Kaiser, Tunnel Stability Assessment During Rock Bursts,
Proceedings of the CAMI '95 Third Canadian Conference on Computer
Applications in the Mineral Industry, Montreal, Quebec, pp. 238-247, 1995.

[3] Hoek, E., P. K. Kaiser, and W. F. Bawden, Rock Support for Underground
- Excavations in Hard Rock, A. A. Balkema, Rotterdam, 215 p., 1995.

[4] Kaiser, P. K., D. R. McCreath, and D. D. Tannant, Canadian Rock Burst
Support Handbook, Geomechanics Research Centre, Laurentian University,
Sudbury, Canada, 314 p., 1996. Also published as Kaiser, P. K., D. R.
McCreath, and D. D. Tannant, Rock Burst Support, in Canadian Rock Burst
Research Program 1990-1995, Volume 2, 324 p., 1997 (Published by
CAMIRO, Sudbury). |

[5] Martin, C. D., P. K. Kaiser, and J. A. Alcott, Predicting the Depth of Stress-
Induced Failure Around Underground Excavations in Brittle Rocks, 49th

Canadian Geotechnical Conference, St. John’s, Volume 1, pp. 105-114,
1996.

D-15



Panel Report on the Drift Stability Workshop February 1999
m

[6] Kaiser, P. K. and D. D. Tannant, Use of Shotcrete to Control Rock Mass
Failure, International Symposium on Rock Support, Lillehammer, Norway,
1997.

S

[7] Martin, C. D., P. K. Kaiser, and G. Maybee, A Failure Criterion for the
Stability of Drifts and Pillars, CIM-AGM, Montreal, 8 p. (CD), 1998.

[8] Martin, C. D., P. K. Kaiser, and D. R. McCreath, Hoek and Brown
Parameters for Predicting the Depth of Stress-Induced Failure Around
Tunnels, Canadian Geotechnical Journal, 1998.

[9] Ortlepp, W.D., R. C. O’Ferral, and J. W. Wilson, Support Methods in
Tunnels, Association of Mine Managers of South Africa, Paper and
Discussion, pp. 167-195, 1972.

[10] Wieseman, N., Factors Affecting the Design and Condition of Mine Tunnels
Research Report 45/79, Chamber of Mines of South Africa, Pretoria, South
Africa, 1979.

[11] Hoek, E. and E. T. Brown, Underground Excavations in Rock, The
Institution of Mining and Metallurgy, London, 1980.

[12] Stacey, T. R., A Simple Extension Strain Criterion for Fracture of Brittle

Rock, International Journal of Rock Mechanics and Mining Science and
Geomechanics Abstracts, Volume 18, pp. 467474, 1981.

D-16



Panel Report on the Drift Stability Workshop _ February 1999
, e

APPENDIX E

NUMERICAL SIMULATION OF DRIFT STABILITY

E-1



Panel R on the Drift Stability We February 1999
‘

— NUMERICAL SIMULATION OF DRIFT STABILITY
(ROGER HART)

Numerical analyses can help guide our interpretation and understanding of the
phenomena that affect the degradation of an excavation. Numerical simulations of
the various stages of the emplacement drift can provide insight into the behavior of
the host rock and the potential mechanisms affecting degradation. Also, by
comparing results of the numerical analyses to field observations and testing, it is
possible to assess the capability of the material behavior models used in the
numerical simulations to represent the rock and drift response.

This appendix presents a series of example simulations that illustrate an approach

using numerical analyses to improve our understanding of the behavior of the

emplacement drifts and surrounding host rock. The purpose of these simulations is

to identify potential degradation modes of the rock around the emplacement drift.

The analyses attempt to quantify the extent of the degradation zone and suggest
~— potential mechanisms that affect the degradation mode. |

E.1 Modeling Approach

Numerical analyses can simulate the chronological phases of the emplacement drift
from the initial development of the in situ stresses in the host rock through the
periods of thermal loading and long-time postclosure. Even though site-specific
data may be limited, analyses may still be performed to provide insight into the
behavior of the system. An example of this modeling approach is illustrated for
three stages of the emplacement drift:

e Stage 1—Excavation of the drift.

 Stage 2—Heating the drift by increasing the temperature at the drift wall for a
period of 50 years.

%
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o Stage 3—Application of a seismic excitation to the drift after 50 years of
heating.

The response of the model at each stage is evaluated to quantify the amount of -
degradation that may occur for an unsupported excavation. The degradation is
represented in two ways in the model—the change in the stress state in the host
rock around the drift, and the change in the zone of failed material within the host
rock. These variables may be used to indicate the effect of degradation on the
excavation damage zone.

The simulations include both continuum (FLAC) and discontinuum (UDEC)
analyses. It is often useful to begin with a continuum model of the problem
conditions and compare these results to those from a discontinuum model. The
different modeling methods may identify different mechanisms that affect material
behavior.

E.2 Model Assumptions

Two models are constructed to simulate the behavior of the emplacement drift.
The models are illustrated in Figure E-1, along with the assumed geometry for the
emplacement drift. For the FLAC model, quarter symmetry is prescribed for the
grid, with the left and right boundaries and the bottom boundary defining lines of
symmetry. For the UDEC model, the full emplacement drift is represented, with
the left and right boundaries as symmetry lines. The top boundary of the FLAC
model and the top and bottom boundaries of the UDEC model are located

100 meters from the drift centerline. This location is sufficiently far from the drift
to minimize the effects of these boundaries on the model results for the example
analyses.

E4
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Figure E-1. FLAC and UDEC Models for Simulation
of Emplacement Drift Stability
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Note that for the chosen boundary conditions, both models represent an infinite ~——

line of circular tunnels. The model conditions are reasonable provided that
nonlinear behavior of the material does not extend to the boundaries. Also, the
models are fairly coarse representations and are not intended for detailed
simulations of drift response. They are considered reasonable to illustrate potential
mechanisms.

The example simulations are based on material parameters used in the Repository
Ground Support Analysis for the Viability Assessment [1]. These parameters are
summarized in Table E-1. The properties described as RMQ 5 material in

Table 4-7 of Reference 1 are used to define the rock mass deformability and
strength, the thermal properties from Table 4-3, and the joint properties from
Table 4-12. Some simplifications were made (e.g., the normal and shear stiffness
values for the joints are an order of magnitude higher than those reported in
Reference 1). With this assumption, the equivalent rock mass modulus for the
UDEC model is comparable to the elastic modulus for the FLAC model. In
addition, constant (rather than time-dependent) thermal conductivity and thermal
expansion coefficients are assumed. Dilatancy is not described in Reference 1, so
a dilation angle of zero is assumed for the rock mass and joints. These
simplifications are not considered to significantly affect the model results.

An in situ stress state with the vertical stress (o) equal to 10 MPa and horizontal
stress (o) equal to 3 MPa is assumed at the emplacement drift horizon.
Gravitational loading also is applied for the UDEC simulations to help identify
loosening of blocks around the drift.

The temperature change is modeled for the heating stage by applying a thermal

flux boundary condition to the drift wall that simulates an increase in temperature
of approximately 145°C within 50 years.

E-6
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Table E-1. Parameters for Drift Stability Simulations

Mass density (kg/m”) 2,235
Young’s modulus (GPa) 32.61
Poisson’s ratio 0.21
Bulk modulus (GPa) 18.74
Sh dul

46

Friction angle (degrees)
Unconfined compression strength (MPa) 25.74
Dilation angle

Tensile strength (MP

Conductivity (W/m-K) 2.06
Specific heat (J/kg-K) 958
Heat capacity (J/m>-K) 2.14E-6
Linear thermal expansion (/C) 1.0E-5

Cohesion‘ Ma)

0.07
Friction angle (degrees) 56
Dilation angle (degrees) 0
Tensile strength (MPa) 0
Normal stiffness (GPa/m) 500.0
Shear stiffness (GPa/m) 500.0
Joint set 1 dip (degrees) 85
Joint set 1 spacing (m) 0.5
Joint set 2 dip (degrees) 15
Joint set 2 spacing (m) 1.0




Panel Rgrt on the ;ﬂ; Smbﬂ Worksg Feb& 1999

|

The mechanical behavior of the jointed rock is represented in four different ways —
in the example simulations:

 The rock is modeled as an elastic material using the rock mass elastic properties
from Table E-1. The properties are assigned to the grid material in the FLAC
simulations and to the blocks in the UDEC simulations. Normal and shear
stiffness properties for the joints in Table E-1 also are used in the UDEC
simulations.

* The rock is modeled as an elastic-perfectly plastic material in which failure is
defined by a Mohr-Coulomb yield criterion and nonassociated plastic flow rule

(zero dilation). The rock mass strength properties listed in Table E-1 are used
in the Mohr-Coulomb model.

o The influence of jointing in the rock is simulated with a ubiquitous-joint
(continuum) material model. The ubiquitous-joint model combines the Mohr- 4
Coulomb model with a directional failure model that accounts for the presence -
of an orientation of weakness (weak plane) in the material. Material failure
may occur either within the solid (defined by the Mohr-Coulomb criterion) or
along the weak plane (defined by a Coulomb-slip criterion). The rock mass
strength properties in Table E-1 are used for the Mohr-Coulomb component,
and the joint strength properties (cohesion, friction angle, dilation angle, and
tensile strength) are used to define the weakness plane strength.

* The influence of jointing is simulated by defining discrete joints in the UDEC
- simulation at the joint orientation and spacing listed in Table E-1. The behavior
of these joints is represented by a Coulomb-slip criterion and the joint stiffness
and strength properties given in Table E-1. The intact rock blocks are
prescribed as an elastic-plastic material with failure defined by the Mohr-
Coulomb criterion.

%ﬁ_—“
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~— These material models are applied in seven simulations of the drift stability. The
simulation cases and the assigned material models for each case are listed in
Table E-2. The ubiquitous-joint model is used in the FLAC simulations (Cases F3
and F4). Note that, because of the symmetry condition chosen for the FLAC
analyses, only vertical jointing (8; = 90°) and horizontal jointing (6; = 0°) are
considered. The joint friction angle of 56° given in Reference 1 was found to be
too high to permit slip for the cases with the ubiquitous-joint mode] at these
orientations, so the friction value was reduced to 40°.

Table E-2. Numerical Simulations

F1 | FLAC—elastic material

F2 | FLAC—Mohr-Coulomb material

F3 | FLAC—ubiquitous-joint material with 8; = 90° and p; = 40°

F4 | FLAC—ubiquitous-joint material with 6; = 0° and 0; = 40°

Ul | UDEC—elastic blocks and joints

U2 | UDEC—Mohr-Coulomb blocks and joints with @; = 56°

~— U3 | UDEC—Mohr-Coulomb blocks and joints with @i degrading from 56° to 40°

E.3 Example Simulation Stages
E.3.1 Stage 1—Excavation of the Drift

For the specified in situ stress state, the excavation of a circular tunnel in an elastic
medium produces peak (tangential) stresses at the springline of the tunnel. Plots of
the principal stresses for the FLAC model (Case F1) in Figure E-2 and for the
UDEC model (Case U1) in Figure E-3 indicate this stress concentration.! Note
that the maximum principal stresses for both cases are reasonably close to the
analytical peak stress (27 MPa) based on the prescribed conditions. The difference
in values can be attributed to the course zoning in the models.

- Tensile stresses are defined as positive in the FLAC and UDEC simulations. The maximum
stress value shown in the FLAC legend is an absolute value.

E_E“—_h
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Figure E-2. Principal Stresses in FLAC Model at Stage 1 (Case F1)
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If Mohr-Coulomb material (Case F2) or ubiquitous-joint material with §;=0°  —

(Case F4) is assigned, the results are the same as for the elastic case; no material
failure is calculated. If ubiquitous-joint material with 6; = 90° (Case F3) is
prescribed, a failed region develops defined mainly by zones in which slip along
ubiquitous joints has occurred, as shown in Figure E-4.

The UDEC simulation (Case U2) produces results for the failure region similar to
those for Case F3. In UDEC, slip along the joints is identified by thick lines that
are plotted along joint segments where the shear failure limit is reached.

Figure E-5 plots slipped joints for Case U2. The slipped-joint region is
comparable to that produced with the ubiquitous-joint model in Case F3. Both
models suggest that slip along the vertical joints near the drift haunches may be
responsible for degradation of the rock around the drift.

E.3.2 Stage 2—Heating of the Drift

Before conducting the numerical simulations of drift heating, it is useful to perform

an analytical calculation to estimate the peak stress that can develop due to
temperature change. The tangential stress (i.e., maximum principal stress) at the
wall of a circular tunnel in an elastic medium is calculated as a function of
temperature change from Equation 1:

co=aEAT/(1-v) 1)

where o is the linear thermal expansion coefficient, E is the elastic modulus, v is
Poisson’s ratio for the rock, and AT is the temperature change. Equation 1 applies
for the steady-state solution of the heating of a single circular hole in an infinite
elastic medium. If we input the properties in Table E-1, the maximum tangential
stress at the tunnel wall induced by a temperature change of 145°C is 60 MPa.

E-12
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Figure E-4. Principal Stresses and Failed Zones in FLAC Model at Stage 1 (Case F3)
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~— The FLAC model (Case F1) and UDEC model (Case U1) both produce a
maximum principal stress after 50 years of heating that is approximately double
the value given by Equation 1. The principal stress plots for the two cases in
Figures E-6 and E-7 indicate that this maximum stress is located at the crown and
invert of the drift. The difference between these results and those from Equation 1
indicates the influence of the infinite line of heated drifts on the development of
thermal stresses. Also, the orientation of the maximum principal stress around the
drift has changed from vertical for Stage 1 to horizontal for Stage 2.

Figures E-8 and E-9 illustrate the change in the stress state and failure zone after
50 years of heating if the material is allowed to fail. For the FLAC model
(Case F2) with Mohr-Coulomb material, there is a slight reduction in the maximum
principal stress and a limited zone of failed material around the drift (Figure E-8).
If ubiquitous-joint material with 6; = 90° (Case F3) is assigned, the results are
similar. For the case of ubiquitous-joint material with ©; = 0° (Case F4), there is a
significant drop in the maximum principal stress at the crown of the drift and a

“— more extensive failure zone. Figure E-9 shows the extent of the failure zone
(primarily slip along ubiquitous joints). This figure also shows that the maximum
principal stress is located farther above the crown. The maximum principal stress
at the zone immediately above the crown has dropped to a value of 46 MPa, and
the maximum stress at three zones above the crown has increased to 72 MPa.

The UDEC simulations show a similar type of response as that for the FLAC
simulations with the ubiquitous-joint material. For Case U2 with the joint friction
equal to 56°, the maximum principal stress at the crown is reduced somewhat (to
approximately 77 MPa), and the maximum principal stress in the model (89 MPa)
is located farther above the crown (see Figure E-10). Some failure develops
around the drift and extends less than a tunnel radius into the rock (see

Figure E-11).
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Figure E-11. Failed Blocks and Slipped Joints in UDEC Model at Stage 2 (Case U2)
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If the strength of the joints degrades, an additional change in the stress state and ~—
failure region is calculated. This is shown for Case U3 by the principal stress plot

in Figure E-12 and the failure region plot in Figure E-13. In this case, the

maximum principal stress in the zone immediately above the crown drops to

49 MPa, and the failure region extends farther from the drift wall with more slip
occurring along the low-angle joints (compare Figure E-13 to Figure E-11).

The influence of the temperature change on the stresses in the crown of the drift is
summarized by the plot in Figure E-14 of maximum principal stress () versus
minimum principal stress (o3) in the crown zone. This plot illustrates the reduction
in maximum principal stress that may occur due to the presence of jointing in the
rock. The results of these simulations, as indicated in Figure E-14, also suggest
that the low-angle joints are more susceptible to slip during the heating phase.

A possible mechanism for the drop in peak stress and the slip along low-angle

joints is proposed by the conceptual model shown in Figure E-15. The tangential
stress in the crown (og) increases due to the temperature change. This increase in -
stress produces an increase in shear stress along low-angle joints. The shear stress
increases until the joint slip limit is reached. The normal stress acting on the joint
(on) also is limited by the slip condition. The maximum value for the tangential

stress is now reduced because the Mohr-Coulomb limit is a function of the

difference between the tangential stress and radial stress (co;), and the radial stress
corresponds to the normal stress (o,) along the joint.

E.3.3 Stage 3—Application of Seismic Excitation

After 50 years of heating, the UDEC model (Case U3) is subjected to a seismic
excitation. The seismic load is simulated by a sinusoidal velocity wave applied in

the horizontal direction to the base of the model. The input wave has a peak

velocity of 45 centimeters/second, a frequency of 10 hertz, and is applied for a

period of 1 second. Viscous boundaries are assigned to the sides and top of the
UDEC model to minimize wave reflections. —

M
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- The results after 1 second of shaking are shown in Figures E-16 and E-17. The

damage is primarily confined to the sides of the drift. This apparently is due to the
reduced stresses at the springline as a result of the thermal loading, as shown in
Figure E-16. The failed region is extended somewhat from the seismic
perturbation, as seen by comparing Figure E-17 to Figure E-13.

E.4 References
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