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ABSTRACT

This paper synopsizes 14 analyses by 10 different investigators that
were performed to assess the preclosure (up to 100 yr) stability of
underground excavations for a potential nuclear waste repository located
at Yucca Mountain, Nevada. The analyses were primarily based on
thermomechanical models of the conceptual design of shafts and drifts.
The material properties, codes, and design configurations used in the
analyses varied over the seven years because of the acquisition of
additional data and refinement in codes and design. However, all the
analyses indicate that shafts and drifts can be constructed and will
remain stable with minimum ground support through decommissioning of the
repository. This information supports the feasibility of constructing a
safe Exploratory Shaft Facility and the expectation that it will remain
stable should repository construction and waste emplacement follow.
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1.0 INTRODUCTION

The purpose of this report is to synopsize stability analyses of the

repository shafts and drifts completed for the conceptual design of the

Yucca Mountain Project (YMP). The principle regulatory requirement for

performing the stability analyses stems from 10 CFR 60-133(e) (NRC, 1986)

stating that "Openings in the underground facility shall be designed (1)

so that operations can be carried out safely and the retrievability

option maintained and (2) to reduce the potential for deleterious rock

movement or fracturing of overlying or surrounding rock." Title 10, Part

960.5-2-9(d) of the Code of Federal Regulations states that "the site

shall be disqualified if the rock characteristics are such that the

activities associated with repository construction, operation or closure

are predicted to cause significant risk to the health and safety of

personnel, taking into account mitigating measures that use reasonably

available technology" (DOE, 1987).

The analyses synopsized here, although not specifically based on the

current Exploratory Shaft Facility (ESF) design, provide a preliminary

assessment of the stability of the ESF. An assessment can be made by

comparing the similarities of the shafts and openings of the ESF design

with the past analyses synopsized.

As depicted on Sandia National Laboratories (SNL) drawings R07048A/1

through 15 (ESF Repository Interface Control Drawings, dated March 1988),

the ESF consists of two 12-ft-diameter concrete-lined shafts (ES-1 and

ES-2) and drift(s) of repository size or smaller in the Upper

Demonstration Breakout Room (UDBR), the Main Test Level (MTL), and the

Calico Hills Drill Room (CHDR). ES-1 penetrates the Topopah Spring and

terminates in the underlying Calico Hills Member (recent updates to the

drawings show ES-1 terminating in the Topopah Spring). ES-2 terminates

in the Topopah Spring Member. The UDBR and MTL are constructed in the

TSwl and TSw2 units of the Topopah Spring Member, respectively. The CHDR

is constructed in the Calico Hills Formation. The synopses emphasize

analyses results pertinent to the stability of shafts and drifts con-

structed in the Topopah Spring and Calico Hills.
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Section 2.0 summarizes the results of the past thermomechanical

and empirical analyses of shafts (Section 2.1) and underground drifts

(Section 2.2). Details of the data, codes, models, design geometries,

and results can be found in Appendix A, which synopsizes each
*

analysis. The material properties, codes, and design configurations

used in these analyses span a 7-yr period, during which additional data

were acquired, codes were enhanced, and changes in design were made.

Elastic and plastic models, continuum joint models, and empirical

approaches were used to assess the stability of the excavations. In the

analyses discussed, the "matrix" or "intact" rock strength refers to the

laboratory test values of unconfined compressive strength; to obtain the

"rock mass" strength, these values were reduced by 50%, to account for

scale effects. The jointed rock models used the matrix or intact

properties together with properties of the joints. Elastic models used

the rock mass properties. Except as noted, the analyses did not model

the contributions of ground support, and seismic loading was not modeled

in any of the analyses.

Section 3.0 examines the design of the ESF and uses the results of

past analyses presented in Section 2.0 to conclude that the shafts and

drifts of the ESF should be stable over the operational life (up to

100 yr) of the repository.

*Data evolution over the period that the analyses were performed
resulted in several data sets used in the analyses that may not match the
current values in the Reference Information Base and Site Engineering
Properties Data Base.
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2.0 SUMMARIES OF COMPLETED ANALYSES

Results of the analyses performed for the conceptual design of the

repository shafts (Section 2.1) and drifts (Section 2.2) are summarized

below and are listed in chronological order. A detailed synopsis of each

analysis can be found in Appendix A. Table 2-1 shows the primary charac-

teristics modeled in each analysis.

2.1 Shafts

Hustrulid (1984a) (Synopsis 3) analyzed a concrete liner in a

circular shaft in the Calico Hills and lower units using both elastic and

plastic models. The Calico Hills Formation lies below the Topopah Spring

Member and is approximately five times weaker than the Topopah Spring

welded tuff (TSw2). A 10.8-MPa hydrostatic in situ stress was applied to

the shaft in the Calico Hills Formation. When the model took into

account rock mass properties, a failed zone of rock was likely to occur

in the Calico Hills Formation because of the in situ stresses. The

concrete liner thickness needed to prevent the failure of the rock mass

annulus around the shaft was calculated using a safety factor of 1.5. It

was determined that a 0.41-m-thick concrete liner was required if wet

conditions prevailed, and no liner was required for dry conditions.

Models used by Hustrulid in this analysis were shown to be

conservative based on a comparison he made between actual liner pressures

as measured in a conventionally sunk concrete-lined shaft at Mt. Taylor

(Grants, New Mexico) and predicted analytic values. He states that

considerable differences existed between the theoretical analysis and

actual field measurements because the theoretical analyses appeared to be

exceptionally conservative.

Hustrulid (1984b) (Synopsis 2) used a boundary element code to model

a shaft with a 12-ft finished diameter and a 1-ft concrete liner in the

Calico Hills Formation. These analyses modeled two conditions: (1) a

condition where the minimum horizontal principal stress of 5 MPa was

combined with a maximum principal stress of 10 MPa and (2) a condition
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Table 2-1

PRIMARY CHARACTERISTICS OF ANALYSES SYNOPSIZED

Synopsis*
Number Type of Opening

Shaft Drift
Geologic Formation

Calico Hills Topopah Spring
Loads Applied

In situ Thermal
Waste Emplacement

Horizontal Vertical
Model Assumed

Elastic Plastic Joint

1
2
3
4
5
6
7
8
9

10
11
12
13
14

x
X
X

x
x

K
x
K
K
K
K
K
K
x
x
K

x
x

X

K
x
K
K
x
K
K

x
K
K

K
K

x
x
K
K
K
K
K

x
K
K
K
K

X
K

x
X
X

X
X
X

X

empirical
X

X

X

x

K
K
K
K
x

K
K

K
K
K
K

X
X
X

x

x
X

X
X
X
X

* 1 W. Hustrulid, 1984a
2 W. Hustrulid, 1984b
3 C. St. John, 1987d
4 R. Johnson, 1981
5 J. Johnstone, R. Peters, and P.
6 J. Hill, 1985
7 B. Langkopf and P. Gnirk, 1986

8
9

10
11

Gnirk, 1984 12
13
14

B.
C.
R.
C.
C.
C.
B.

Ehgartner, 1986
St. John, 1987b
Thomas, 1987
St. John, 1987c
St. John, 1987a
St. John and S.
Ehgartner, 1987

Mitchell, 1987



where both principal stresses were 10 MPa. When the model took into

account rock mass properties, no failure was predicted to occur in the

rock mass where equal components of in situ horizontal stress were

assumed. With a ratio of 2 to 1 for the in situ horizontal stresses,

failure extended 2 ft into the rock mass at 900 to the direction of

maximum horizontal stress. It was concluded that major difficulties are

not expected in sinking a shaft in the Calico Hills Formation, and if

minor spalling of the walls occurs, rock bolts 5 to 6 ft in length would

easily restrain deterioration. Although not stated in the conclusions of

the report, improved conditions are expected in the Topopah Springs tuff

(TSw2) since it has a higher compressive strength and lower in situ

stresses.

St. John (1987d) (Synopsis 3) analyzed 6.5-m external-diameter,

concrete-lined, repository access shafts at two different locations at

repository depth (Topopah Spring Member). Elastic analyses were per-

formed for a shaft located (1) centrally in the repository within a

200-m-diameter shaft pillar and (2) 100 m from the edge of the reposi-

tory. The analyses were time dependent and considered the thermally

induced load up to 100 yr after waste emplacement. The thermal load was

based on an areal power density (APD) of 57 kW/acre. The STRES3D code

generated a three-dimensional stress field of the repository by super-

imposing both the in situ and thermally induced stresses. The stress

field then was imposed on the circular shaft using the SHAFT code to

calculate stresses for both the 0.5-m-thick concrete shaft liner and the

rock mass surrounding it. The alternative shaft locations at the center

and edge of the repository showed slight differences, but in neither

instance was the rock mass surrounding it predicted to be fractured

because of the in situ and thermally induced loading. The liner hoop

stresses were low in comparison to the compressive strength of typical

concrete. The concrete shaft liner was predicted to have approximately

4.3 MPa of tensile stress induced along its axis at the repository

horizon after waste emplacement. This stress could produce horizontal

cracks in the liner. However, it was concluded that no evidence exists

that such cracking would be detrimental to the performance (stability) of

the liner. The analysis assumed placement of the shaft in an elastic

continuum with no expansion joints in the liner along the shaft. The
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transfer of the induced tensile stress from the rock mass to the liner

will likely be moderate because of the presence of naturally occurring

and excavation-induced joints in the rock mass surrounding the shaft

liner.

2.2 Underground Drifts

Johnson (1981) (Synopsis 4) varied the APD for an unventilated

vertical emplacement scheme from 75 to 100 kW/acre to determine the

effects on rectangular drifts in the Topopah Spring and Calico Hills.

The ADINAT model and ADINA model, incorporating ubiquitous jointing, were

used for analyses of times up to 100 yr after waste emplacement.

Boundary compressive stresses at the crown and sidewall were 20 and 25

MPa 100 yr after emplacement of 75 kW/acre. An emplacement power density

of 100 kW/acre resulted in nearly the same level of stress at both loca-

tions. For both cases the only local intact failure that occurred was in

the corners of the drifts, and in neither case did it extend more than

1 m into the rock mass.

Johnstone et al. (1984) (Synopsis 5) analyzed rectangular

emplacement drifts in the Topopah Spring, Calico Hills, and lower

geologic units to establish the maximum APD for each of the formations.

The repository was assumed to be located in the formation analyzed. Non-

linear thermal analyses were performed using ADINAT and SPECTROM-41. The

APD of the repository was established as 57 kW/acre for the Topopah

Spring tuff. For the Calico Hills Formation an APD of 54 kW/acre was

determined as acceptable. The results of an analysis of an unventilated,

vertical-emplacement drift using the ubiquitous-joint model in ADINA and

SPECTROM-11 for times out to 100 yr were documented assuming average and

limiting properties. The limiting properties were taken as either plus

or minus two standard deviations from average values.

No matrix fracturing was predicted around the Topopah Spring drift

over the waste-emplacement period for either the average or limiting

property case. The corresponding minimum safety factors were approxi-

mately 1.5 and 3.0 for the limiting and average cases, respectively.

When average rock properties at 100 yr after waste emplacement were
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assumed, small regions of matrix fracturing occurred around the corners

of the Calico Hills drift. For limiting properties, matrix failure

extended approximately 1 m into the rock mass surrounding the drift.

Limited amounts of vertical joint slip were predicted in the sidewalls of

the drift both at and after waste emplacement. Analyses of G-tunnel

drifts using the ubiquitous-joint model predicted a slightly larger slip

region for the rock surrounding G-Tunnel than for the repository drifts,

but no joint displacement was evident in the drifts of G-Tunnel. It was

concluded that both the Topopah Spring and Calico Hills formations appear

acceptable with regard to drift stability. Drift analyses were docu-

mented not only for Topopah Spring and Calico Hills but also for the

underlying Bullfrog and Tram Members. The report concludes that, although

the rock strength and modulus varied by a factor of three over the four

units, all units appear acceptable with regard to stability of the

underground openings.

Hill (1985) (Synopsis 6) analyzed the structural stability of

a conceptual design of the ESF main test level in the Topopah Spring

Member. The results of this analysis are intended to aid drift instru-

mentation when the facility is actually constructed. The analysis

comprised two independent parts---a three-dimensional model of the ESF

and a two-dimensional parametric study of two drifts (rectangular and

arched shaped) separated by a pillar. Two different pillar widths were

analyzed--6 m and 2 m. The three-dimensional problem used a linear

elastic material model, and the two-dimensional problem used an elastic

and joint model in the ADINA code. Consistent parameters were used

for both the two- and three-dimensional studies to allow comparison of

results. The two-dimensional model considered both elastic and inelastic

(joint) behavior and found the results to be similar. With an

approximately 5-m drift and 6-m pillar, the elastic material model pre-

dicted a safety factor against intact rock failure of 4.5 near the drift

boundary and the jointed material model predicted a safety factor of 4.0.

Vertical stresses for the two material models were almost identical. The

two-dimensional analysis of the narrow pillar predicted the lowest safety

factor against intact rock failure as 3.0. The pillar width was only
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2 m, yet little interaction of stresses resulting from the two drifts

that created it was predicted to occur. A safety factor of 4.0 was found

in the three-dimensional analysis of the 2-m-wide pillar. A safe ESF

with no structural problems was concluded.

Langkopf and Gnirk (1986) (Synopsis 7) documented the results of

tunnel indexing or rock mass classification methods applied to Topopah

Spring and Calico Hills. Both the South African Council for Scientific

Industrial Research Classification System (CSIR) and Norwegian

Geotechnical Institute Classification System (NGI) methods were applied.

The result of the CSIR ratings for Topopah Spring rock mass range from 48

to 84, indicating very good to fair rock. The CSIR results for Calico

Hills range from 49 to 71, indicating good to fair rock. The result of

the NG1 ratings for the Topopah Spring range from a rock mass quality

(Q) of 53.3 to 1.46, indicating very good to poor rock. The NGI results

for Calico Hills ranged from 43.0 to 0.19, indicating very good to very

poor rock. The NGI system further qualifies the required support as

ranging from grouted rockbolts on a 1-m spacing with chain-link mesh and

shotcrete to a no-support requirement for the above range in Q values.

The classification systems are based on the results of many diversified

case studies, but a specific case to which anticipated repository excava-

tion conditions can be related is found in G-Tunnel. The NGl and CSIR

classification systems both rank the welded tuff in the Topopah Spring

Member and the Calico Hills Formation as almost exactly the same with the

Grouse Canyon tuff in G-tunnel. The G-Tunnel complex contains miles of

drifts in a tuff unit known as Tunnel Bed 5 of the Grouse Canyon tuff.

In this facility, drifts with widths up to 9.3 m have been stable for up

to 25 yr with minimal support (rock bolts and wire mesh).

Ehgartner (1986) (Synopsis 8) performed an elastic analysis of

arched drifts by varing the thermal and thermal/mechanical properties

of the Topopah Spring Member as a function of porosity in a thermo-

mechanical model (HEFF code) of the horizontal and vertical emplacement

drifts 100 yr after waste emplacement. An APD of 57 kW/acre was modeled.

It was concluded that, for TSw2 with expected ranges in porosity of 9.8

to 18.0%, both vertical and horizontal drifts were stable and drift
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temperatures not excessive. A safety factor of less than 1.0 occurs at

the crown of the horizontal emplacement drift, for porosities in excess

of 45%. A safety factor of less than 1.0 occurs at the crown of the

vertical emplacement drift for porosities greater than 21%.

St. John (1987b) (Synopsis 9) varied the shape of horizontal and

vertical emplacement drifts over various in situ stress fields, ranging

from uniaxial to hydrostatic, using rock mass properties from the Topopah

Spring Member. The elastic analyses used the boundary element code HEFF

and the elastic finite element code, BMINES. BMINES enabled rock bolts

to be included in the analyses. A damage region was modeled around the

drift to simulate the impact of blasting during excavation, and rock

bolts were inserted in the crown region. Comparison of the analyses show

that the rock bolts had an insignificant impact on reducing drift

stresses and deformation, as compared to the analyses of an unsupported

drift.

Thomas (1987) (Synopsis 10) performed two-dimensional analyses of

rectangular, unventilated, vertical emplacement drifts in both Topopah

Spring and Calico Hills for times up to 100 yr after waste emplacement,

using an APD of 57 kW/acre. Both average and limiting properties were

used in the ADINAT and JAC codes. Safety factor values against rock

matrix failure for the Topopah Spring Member varied from 4.5 at the crown

to 6.0 at the drift sidewalls of the excavation using average

properties. After 100 yr this value drops to 1.5 in the crown, the

lowest safety factor for the drift boundary. For the limiting properties

case, the safety factor for the crown drops from 3.0 at excavation time

to 1.5 after 100 yr of thermal loading. The safety factor in the

sidewall at 100 yr is 4.5 for the limiting case. For the Calico Hills

Formation the minimum safety factors against rock matrix failure over the

emplacement period are 1.5 for both average and limiting property

values. No potential for intact rock failure was noted in the drifts for

either the average or limiting properties case over the 100 yr analyzed

for either the Topopah Spring or Calico Hills.

St. John (1987c) (Synopsis 11) documented analyses of an

intersection of the emplacement drift with a panel access drift using an
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APD of 57 kW/acre. The three-dimensional elastic calculations used

STRES3D to generate the thermally induced stress field for the horizontal

emplacement scheme and ADINA to elastically analyze the unventilated

intersection located in the Topopah Spring Member. Drift shapes modeled

were of the arched design. Stresses in the crown of the intersection

reached approximately 23 MPa after 50 yr of waste emplacement. In this

elastic analysis, tensile stresses approaching 9 MPa were predicted in

the drift wall at the intersection. The tensile stresses dissipate 3 m

into the drift wall; however, these tensile stresses predicted in the

elastic model will likely be reduced in the field because of the presence

of existing horizontal fractures. It was concluded that the conditions

of the intersection immediately after excavation would be similar to

those in the access drift, that there should be no unusual rock support

problems, and that it is unlikely that the tunnel intersection will

experience adverse conditions in either emplacement option.

St. John (1987a) (Synopsis 12) reported the results of two-

dimensional finite and boundary element calculations for arched

emplacement drifts that include thermal effects out to 100 yr after waste

emplacement. The calculations are the most recent of the analyses per-

formed on the emplacement drifts. The thermal analyses were performed

using the finite element code DOT, and a second analysis used the

boundary element code HEFF. The HEFF code resulted in temperatures of

within +10C of those predicted by DOT. Both codes used constant thermal

and elastic properties. The model used an APD of 57 kW/acre. Both

vertical and horizontal emplacement drifts were analyzed using contin-

uously ventilated and unventilated drift conditions.

The stress results were obtained from the finite element code

VISCOT, which used an elastic constitutive model, and average rock mass

properties for the Topopah Spring Member. The highest stresses were

noted at Lhe drift crown 100 yr after waste emplacement. The magnitudes

of the principal stress in the drift crown ranged from 31 to 36 MPa for

the horizontal emplacement drift, depending on the drift ventilation

assumed. Higher stresses occurred for the unventilated drift condition.
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The vertical emplacement drift had crown stresses ranging from 13 to 54

MPa for the ventilated and unventilated conditions, respectively. The

minimum safety factor against rock mass failure for the vertical

emplacement drifts was 1.2. The minimum safety factor calculated for the

horizontal emplacement drift was 1.6. These safety factors were minimal

because they were based on stresses at a point on the drift boundary.

Stress magnitudes in this elastic analysis decreased for locations

removed from the drift. The safety factors increased in magnitude as

distance from the drift crown increased. The mass of rock making up the

crown area of the drift had an average safety factor much higher than the

boundary values at the crown. The safety factor for the drift could be

obtained by integrating or averaging the safety factor values over the

crown region. The crown region was chosen because it had the lowest

safety factor. For the crown region of the drifts, interpretation

resulted in an average safety factor that was equal to or greater than

3.0. The report predicts that both the horizontal and vertical

emplacement drifts will be stable to 100 yr after waste emplacement.

St. John and Mitchell (1987) (Synopsis 13) documented results of the

stability of the panel access drifts at various locations and standoff

distances from the emplaced waste in the Topopah Spring Member. The

elastic two-dimensional calculations used the HEFF code for analyses of

the unventilated horizontal emplacement scheme to 50 yr after waste

emplacement at 57 kW/acre. Arch-shaped drifts were analyzed at loca-

tions in the central part and outer edges of the repository. The hypo-

thetical repository was configured of four panels. Interpanel locations

were also considered. A near-hydrostatic in situ stress field was

assumed. The lowest safety factor, 1.3, was found at the crown of the

excavation. Although the results differed according to the locations of

the drifts, no rock mass stability problems were identified at any of the

potential locations.

Ehgartner 1987 (Synopsis 14) investigated specific parametric

sensitivities and calculated the probability of failure of a horizontal

emplacement drift using a probabilistic technique. Drift shapes were of

the arched design. The input parameters to the HEFF code were varied

both individually and jointly to determine the effect on the drift 50 yr
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after emplacement of waste at 57 kW/acre. The results indicated that

changes in rock strength and modulus in the Topopah Spring Member had a

greater effect on the safety factors of the drift rock than did the other

parameters that were varied, but in no case was the safety factor for

the rock mass less than 1.0 over the probable range of input variables.

Drift temperatures were relatively insensitive to the thermal input

variables. It was concluded that the horizontal emplacement drift would

tolerate the expected range in the thermal and thermal/mechanical proper-

ties. The probability of encountering poor ground conditions that might

need supplemental ground support for the horizontal emplacement drift is

approximately 20%.
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3.0 CONCLUSIONS

The analyses presented in Section 2.0 were performed for the con-

ceptual design of repository shafts (concrete lined) and drifts in the

Topopah Spring Member (TSwl and TSw2 units) and Calico Hills Formation.

Since the ESF is located in the same geologic formations with similar

concrete-lined shafts and repository-size or smaller drifts, it is

possible to make statements about the anticipated stability of the ESF

based on these analyses. However, the conclusions regarding the

stability of the ESF that follow are considered preliminary because

design-specific analyses that include seismic loading are required to

verify the adequacy of the ESF design.

Shafts analyses by Hustrulid (1984a,b) and St. John (1987d) predict

the preclosure (up to 100 yr) stability of concrete-lined shafts in the

Topopah Spring Member and Calico Hills Formation. The exploratory shafts

(ES-1 and ES-2) penetrate to similar depths, and, therefore, are expected

to be stable.

Drift analysis by Ehgartner (1986) predicts the preclosure stability

of waste emplacement drifts if such drifts were constructed in TSwl.

Because this analysis assumed waste emplacement in TSwl, the thermal

loads are in excess of those expected for the UDBR drift, which is

located above the waste emplacement level. Therefore, this room is

expected to be stable.

Drift analyses by St. John (1987a,b,c), Johnstone et al. (1984),

Ehgartner (1986 and 1987), Johnson (1981), Langkopf and Gnirk (1986), St.

John and Mitchell (1987), Thomas (1987), and Hill (1985) predict that

waste emplacement and panel access drifts constructed in TSw2, the

repository's waste emplacement horizon, will be stable during the

preclosure period. These analyses include thermal loads higher than

those expected in the MTL of the ESF because of the proximity of the

waste to the repository drifts; therefore, the MTL drifts of the ESF are

expected to be stable.
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Drift analyses by Johnstone et al. (1984), Langkopf and Gnirk

(1986), and Thomas (1987) predict the preclosure stability of waste

drifts constructed in the Calico Hills Formation. Two of the analyses

assumed waste emplacement in the Calico Hills; therefore, the calculated

loads are in excess of those actually expected for the CHDR drift, which

is expected to be stable.

Based on interpretation of the above analyses, shafts and drifts in

the Topopah Spring and Calico Hills units can be constructed and will re-

main stable through the decommissioning period of the repository. This

includes the presently planned shafts and drifts of the ESF that may

later become parts of the repository. Although these conclusions are

preliminary, the ranges of properties used in the analyses are large and

the conditions considered are, in many cases, more severe (in some cases,

much more severe), than those anticipated for the ESF drifts that become

part of the repository. Therefore, it is doubtful that analyses

performed using ESF-specific geometries and properties will alter these

conclusions.
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APPENDIX A

SYNOPSES OF THERMAL/MECHANICAL ANALYSES

This section comprises synopses of thermal/mechanical calculations

that were performed for underground design analyses. Calculations

synopsized here are those documented in SAND reports. The purpose of the

section is to provide an overview of the calculations, indicating the

codes and input data used and the results. In some cases, results were

interpreted. Interpretations were either obtained directly from the

reports or inferred from data and results in the analyses. The majority

of analyses address excavations within unit TSw2 of the Topopah Spring

Member and unit CHnv of the Calico Hills Formation. Results of analyses

for excavations in geologic media are clearly identified. Specific

values contained in the data sets listed in the following synopses of

SAND reports reflect refinements or updates in data made over the 7-yr

period during which the analyses were conducted. The most recent

analyses, as reported in the 1987 SAND documents, used referenced

repository data (SNL, 1987, Appendix 0), which were used in developing

the conceptual design of the repository. Earlier reports used data that

were available at that time. The variability in data among some of the

reports gives a perspective on the sensitivity of the results to data

changes. Even though data varied considerably in some cases, the

analyses predicted stable underground openings in all cases. The

synopses numbers and titles, authors, and date of publication are list

below.

Synopsis No. Reference

1 "Lining Considerations for a Circular Vertical Shaft in

Generic Tuff," W. Hustrulid, December 1984a.

2 "Preliminary Stability Analysis for the Exploratory

Shaft," W. Hustrulid, December 1984b.

3 "Interaction of Nuclear Waste Panels with Shafts and

Access Ramps for a Potential Repository at Yucca

Mountain," C. St. John, September 1987d.
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4 'Thermo-Mechanical Scoping Calculations for a High Level

Nuclear Waste Repository in Tuff," R. Johnson, October

1981.

5 "Unit Evaluation at Yucca Mountain, Nevada Test Site:

Summary Report and Recommendation," J. Johnstone,

R. Peters, and P. Gnirk, June 1984.

6 "Structural Analysis of the NNWSI Exploratory Shaft,"

J. Hill, June 1985.

7 "Rock-Mass Classification of Candidate Repository Units at

Yucca Mountain, Nye County, Nevada," B. Langkopf, P.

Cnirk, F'ebruary 1986.

8 "Effect of Porosity on Emplacement Drift Stability," B.

Ehgartner, October 1986.

9 "Investigative Study of the Underground Excavations for a

Nuclear Waste Repository in Tuff," C. St. John, July 1987b.

10 "Near Field Mechanical Calculations Using a Continuum

Jointed Rock Model in the JAC Code," R. Thomas, May 1987.

11 "Therinomechanical Analysis of Underground Excavations

in the Vicinity of a Nuclear Waste Isolation Panel,"

C. St. John, July 1987c.

12 "Reference Thermal and Thermal/Mechanical Analyses of

Drifts for Vertical and Horizontal Emplacement of Nuclear

Waste in a Repository in Tuff," C. St. John, May 1987a.

13 "Investigation of Excavation Stability in a Finite

Repository," C. St. John and S. Mitchell, May 1987.
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14 "Sensitivity Analyses of Underground Drift Temperature,

Stresses, and Safety Factors to Variation in the Rock Mass

Properties of Tuff for a Nuclear Waste Repository Located

at Yucca Mountain, Nevada," B. Ehgartner, May 1987.
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Synopsis 1: "Lining Considerations for a Circular Vertical Shaft in
Generic Tuff," W. Hustrulid, December 1984a.

Introduction:

This analysis considered the stability of a shaft liner and the sur-

rounding rock mass using both elastic and plastic approaches. A

homogeneous, isotropic rock medium and concrete liner were assumed.

As such, absolute dimensions were not important; rather, the effects

of relative size were considered. Shaft stability was considered for

three different geologic horizons--the Calico Hills, Bullfrog, and

Tram Members.

Codes:

No computer codes were required for this analysis. The analytic

equations were developed in the text along with the assumptions used

for both the elastic and plastic conditions.

.Data:

The data used are listed below.

LABORATORY VALUES OF ROCK STRENGTH

Matrix Cohesion Angle of Internal Friction(deg)
Formation (MPa) Wet Dry

Calico Hills 10 11 25
Bullfrog 12 25 35
Tram 12 25 35

Representative horizontal in situ stresses of each formation were

applied to the shaft. The horizontal components of in situ stress

were assumed equal at 10.8, 14.6, and 16.7 MPa, respectively, for

Calico Hills, Bullfrog, and Tram Formations. Thermally induced

stresses resulting from waste emplacement were not considered.

Results:

The analysis of the rock mass surrounding the shaft established an

"M" value or reduction factor for the laboratory strength for each

formation. In most rock, the laboratory strength values as determined
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from intact rock are higher than the in situ rock mass strength;

therefore, a reduction factor is applied. The laboratory strength

divided by the strength reduction factor (M) equals the in situ rock

mass strength. The amount of reduction necessary to realistically

evaluate the in situ values is imprecise; it can be estimated only

from past empirical approaches. The maximum reduction factor for no

failure to occur was computed instead of applying a reduction factor

to the laboratory values of the rock strength. The factors are

listed below for each formation and different water condition.

MAXIMUM VALUES OF M WITHOUT SHAFT WALL FAILURE

M Factor
Formation Wet Dry

Calico Hills 1.12 1.45
Bullfrog 1.44 1.68
Tram 1.25 1.47

Because actual M values are likely to be higher than the above

values, the presence of a failed zone (plastic) around the shaft is

expected. In order to prevent the development of a failed annular

region around the shaft, a liner may be necessary. The thickness of

the shaft liner depends on the water condition of the rock and the

strength reduction factor used. These values, assuming a safety

factor of 1.5, are listed below.

REQUIRED SHAFT LINING THICKNESS (m)

Strength Reduction Factors
Formation Condition M=1 M=2 M=3 M=4 M=5

Calico Hills wet 0 0.41 1.40 2.10 2.63
dry 0 0 0.12 0.47 0.72

Bullfrog wet 0 0 0.70 1.35 1.84
dry 0 0 0 0.30 0.56

Tram wet 0 0.30 1.52 2.48 3.24
dry 0 0 0.32 0.77 1.10
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Appendix 0 in the "Site Characterization Plan Conceptual Design

Report" (SCP-CDR) (SNL, 1987) uses an M factor of 2.0 for reducing

the laboratory values of intact rock properties to rock mass values.

The appendix also discusses the rationale used in deriving the

reduction factor. Applying the reduction factor of 2.0 to the above

results shows that the necessary liner thickness ranges from 0 to

0.4 m for the units that lie below the Topopah Spring Member.

Further, it is anticipated that a failed region of rock will surround

the shaft liner.
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Synopsis 2: "Preliminary Stability Analysis for the Exploratory Shaft,"
W. Hustrulid, December 1984b.

Introduction:

A boundary element code was used to evaluate the stability of the

rock mass around the exploratory shaft in the Calico Hills Formation.

This work was undertaken because the shaft is to go below the reposi-

tory horizon; consequently, the deeper, weaker Calico Hills was chosen

for analysis rather than the Topopah Spring Member. The Calico Hills

is approximately five times weaker than the Topopah Spring tuff unit

(TSw2). It is estimated that a shaft liner, 1 ft thick, is sufficient

for the exploratory shaft in the Calico Hills. A circular shaft with

a 14-ft external diameter was analyzed.

Codes:

The computer code used for the analysis is not mentioned in the

study, other than to say it was a boundary element code.

Data:

The data necessary for the boundary element analysis include knowl-

edge of the rock mass strength and in situ stress state.

The stress states and unconfined compressive strengths assumed for

the rock mass are given in the table below. The horizontal stress

ratio is the ratio between the two horizontal stresses applied to the

shaft. A ratio other than one represents a biaxial horizontal stress

field with orthogonal stress components.

CASE STUDIES USING BOUNDARY ELEMENT SIMULATION

Units (psi)
Horizontal Minimum Unconfined

Case Stress Ratio Horizontal Stress Compressive Strength

la 1 725 4553
2b 1 725 2276
3c 1 725 1138
4a 2 725 4553
5b 2 725 2276
6c 2 725 1138
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Case 'a' incorporates a reduction factor of 1 for the unconfined

laboratory rock strength, 'b' a reduction factor of 2, and 'c' a

reduction factor of 4. The friction angle of the rock mass was

assumed constant at 280 for all cases.

Results:

Cases 1, 2, and 4 show no development of a failure region in the rock

mass. Case 3 has a region of uniform annular failure that penetrates

the rock mass for a distance of 1 ft. Case 5 has two failure regions

develop at 90° to the direction of maximum horizontal stress. The

failure extends 2 ft into the rock mass. Case 6 has a similarly

oriented failure region, but it extends 4 ft into the rock mass and

is peripherally more extensive, indicating the possible need for some

rock reinforcement before the lining of the shaft. However, major

difficulties are not expected for sinking a shaft in the Calico Hills

Formation. Improved conditions are expected in the Topopah Spring

tuff (TSw2) since it has a higher compressive strength.
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Synopsis 3: "Interaction of Nuclear Waste Panels with Shafts and Access
Ramps for a Potential Repository at Yucca Mountain," C. St.
John, September 1987d.

Introduction:

The effects of thermally induced loads on a repository shaft and ramp

were considered; however, only the analysis pertaining to repository

shafts is discussed here. Two shaft locations were analyzed; in the

first, the vertical shaft was located at the repository center in a

200-m wide barrier pillar and in the second, 100 m beyond the edge of

the repository. The shafts had an external diameter of 6.5 m.

Analyses were performed for 0, 10, 50, and 100 yr after waste

emplacement assuming an APD of 57 kW/acre. Two alternative in situ

stress states were considered. One stress state used Poisson's ratio

to determine the horizontal in situ stress; the other used a

hydrostatic stress state at the repository level. In both cases the

vertical stress was derived from the weight of the overlying strata.

TSw2 properties were assumed for the thermomechanical model of the

rock mass.

Codes:

Three computer codes were used for the analyses. The thermal portion

of the work was performed by STRES3D, a three-dimensional semi-

analytic code using the analytic solution for temperature, dis-

placements, and stresses around constant or exponentially decaying,

point heat sources. STRES3D is documented in a user's guide and

manual (St. John and Christianson, 1980). Structural stability of

the ramp was analyzed using HEFF, a two-dimensional boundary element

code. This code is documented in a user's guide and manual (Brady,

1980). The structural code SHAFT used for shaft analyses enables the

stability of both the liner and rock mass to be analyzed. The

theoretical background for SHAFT is described by St. John and Van

Dillen (1983). Also used was LINED, a code for plane analysis of a

lined circular hole.
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Data:

The data are supplied below.

MATERIAL PROPERTIES

Property Value

For Tuff:
Thermal Conductivity (W/M*C) 1.85
Heat Capacity (MJ/m3oC) 2.17
Density (Kg/m 3) 2093
Uniaxial Compressive Strength (MPa) 75.3
Uniaxial Tensile Strength (MPa -6.5

For Concrete:
Modulus (GPa) 27.6
Poisson's Ratio 0.15
Uniaxial Compressive Strength 34.5
[MPa (5,000 psi)]
Uniaxial Tensile Strength (MPa) -3

Results:

The heating of the repository host rock results in an induced hori--

zontal stress of approximately 11 MPa at the repository level after

100 yr. A slight tensile stress of about 2 MPa is induced above the

repository. The orientation of the induced tensile stress changes

with location. The direction is vertical at the repository horizon

and horizontal near the ground surface. The induced thermal stresses

must be superimposed on the in situ stress state to form the total

stress state to which a shaft or ramp is subject. The vertical in

situ stress ranges from 0 at the surface to 6 MPa at repository level

(300 m below surface). The corresponding horizontal stress ranges

from 0 at the surface to 1.5 or 6.4 MPa depending on the case studied

(6.4 MPa is the hydrostatic in situ stress case at the MTL). The

potential for joint activation is determined by postprocessing the

results from the elastic rock mass stress state at 0, 10, 50, and 100

yr after waste emplacement for both in situ stress states

considered. Joint activation is limited to within 16 m of the ground

surface for the hydrostatic in situ stress case. The in situ stress

case, as determined by Poisson's ratio, shows a greater potential for

joint activation after waste emplacement. For this case, the joints
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are activated in the upper half of the repository overburden at and

after 50 yr.

The potential for rock failure and joint slip around the ramp was

analyzed at various locations along the ramp. For the ramp the lowest

safety factor for the intact rock is observed in the crown 100 yr

after waste emplacement. This safety factor of 2.5 is based on a

boundary stress of 31 MPa. Shafts were analyzed at two locations for

100 yr after waste emplacement. The shaft location at the center of

the repository experiences roughly twice the induced thermal load

as the outer shaft location. The maximum induced stress, both

compressive and tensile, on the shaft at the center of the repository

is approximately 4 MPa. Failure of the rock mass surrounding the

shafts is unlikely for both stress states and locations examined.

Also, the state of stress in shaft liners was evaluated using a

simple model accounting for interaction between the rock mass and the

liner after thermal loading of the repository. A shaft with a 5.5-m

external diameter and a 0.5-m concrete liner, in the horizontal cross

section, shows no sign of failure. However, horizontal annular

cracking occurs for the inner shaft location because of induced

vertical tensile stress (4.3 MPa) that exceeds the tensile strength

of the concrete (3 MPa). The induced tensile stress at the outer

shaft location is less than the strength of the concrete. However,

there is no evidence to suggest that such cracking would be

detrimental to the performance of a liner.

A-l1



Synopsis 4: "Thermo-Mechanical Scoping Calculations for a High Level
Nuclear Waste Repository in Tuff," R. Johnson, October 1981.

Introduction:

The temperature, vertical stress, and horizontal stress contours were

determined at 0, 1, 5, 10, 50, and 100 yr after emplacement of waste

in a vertical emplacement drift. Vertical joint slip and dilation

were also analyzed for the rock mass surrounding the drift. The 5-m

wide by 5-m high drift was rectangular shaped with rounded corners.

The drift had a 3-m standoff to the emplaced waste in a 6-m-deep

borehole. Drift spacing was 25 m. Both ground-water boiling and

no-boil conditions were analyzed for two different APDs (75 and

100 kW/acre) for the emplaced waste. A reduced modulus of elasticity

was used because it is more likely to result in an intact rock

failure. However, the lower modulus results in a smaller region of

joint motion in the sidewalls of the drift. The drift depth was

800 m, and the horizontal in situ stress was 65% of the vertical in

situ stress as determined by the depth and density of the overburden.

Codes:

ADINAT (Bathe, 1978b) and ADINA (Bathe, 1978a) incorporating the

ubiquitious-joint material model were used for the analyses.

Data:

The material properties used in this analysis are reproduced below.

MATERiAL PROPERTIES FOR ROCK AND JOINT BEHAVIOR

Property Value

Young's Modulus (GPa) 2.0
Poisson's Ratio 0.25
Shear Modulus (GPa) 8.0
Coefficient of Expansion (per 0C)

for Temperature <1000 C 7.5E-6
for Temperature >100*C 10.3E-6

Friction Coefficient 0.93
Cohesion (MPa) 8.5
Joint Friction Coefficient 0.70

A-12



MATERIAL PROPERTIES FOR ROCK AND JOINT BEHAVIOR
(concluded)

Property Value

Joint Cohesion (MPa) 0.01
Joint Orientation Vertical
Joint Angle Dispersion Coefficient l.OE+6
Conductivity (J/Yr-m-oC) 7.57E+7
Specific Heat (J/m3-°C) 3.64E+6

Results:

Temperature of the drift for the 75-kW/acre loading peaks at 980C

approximately 50 yr after waste emplacement. The lO0-kW/acre loading

causes the temperature to peak at nearly the same time, but the value

is higher--1070C. The latter temperature assumes an unventilated

drift condition by approximating the radiative and convective proper-

ties of air with an equivalent thermal conductivity. Boundary

compressive stresses at the crown and sidewall are 20 and 25 MPa,

respectively, 100 yr after emplacement of 75 kW/acre of high-level

waste. The higher loading of 100 kW/acre results in nearly the same

stress levels for the drift, i.e., an increase of only 1 to 2 MPa in

boundary stresses over the lower thermal loading of the drifts. For

both cases the only intact rock failure occurs locally in the corners

of the drifts, and in neither case does it extend more than 1 m into

the rock mass. Joint activation extends 4 m into the sidewalls of

the drift at 100 yr with a mixture of joint opening and slippage.

Little difference is found between the boiling and no-boiling

conditions for both loading densities.
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Synopsis 5: "Unit Evaluation at Yucca Mountain, Nevada Test Site:
Summary Report and Recommendation," J. Johnstone, R.
Peters, and P. Gnirk, June 1984.

Introduction:

Thermal and mechanical analyses were conducted on units within the

Topopah Spring, Calico Hills, Bullfrog, and Tram Members. To analyze

the vertical emplacement drift, the row of canisters in a drift was

approximated by a continuous heat source. An unventilated rectan-

gular drift with round corners was assumed for these analyses. The

drift standoff to the waste was 4.17 m. The borehole length was 8.0 m

and drift spacing was 25 m. The drifts were 4.5 m wide by 6.5 m

high. A jointed rock mass model was used with an APD of 57 kW/acre

for the Topopah Spring and 54 kW/acre for the Calico Hills. All

geologic units were found acceptable with respect to opening

stability. The drift in the Topopah Spring Member was found to be

more stable than the drifts in the other units considered. This fact

weighed in the selection of the Topopah Spring tuff for the

repository horizon. Many of the results presented (specifically

ubiquitous-joint analyses) are documented in "Unit Evaluation at

Yucca Mountain, Nevada Test Site: Near Field Thermal and Mechanical

Calculations Using the SANDIA-ADINA Code" (Johnson and Bauer, 1987).

Codes:

Thermal calculations were performed by two different codes, ADINAT

and SPECTROM-41. The mechanical calculations containing ubiquitous

vertical joints used both Sandia-ADINA and SPECTROM-ll. All calcula-

tions were two-dimensional, planar, isotropic, and homogeneous.

ADINAT is documented in Bathe (1978b); its companion code, ADINA, is

documented in Bathe (1978a). The User's Manual for SPECTROM-41 is

documented in Svalstad (1981), and its companion code, SPECTROM-11,

is documented in Yamada (1981).

Data:

Data properties used in the above analyses were drawn from several

different references. The average and limiting property values for

Topopah Spring and Calico Hills are listed. The limiting property
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values were chosen to maximize rock damage on a room and pillar scale by

using a reasonable bound for the range of data values.

Results:

Joint motion is limited at excavation time to the corners of the

drift, but after 100 yr the slip region extends approximately 3 m

into the sidewalls for the average property analysis. When the

limiting properties are used, the same progression occurs but the

joint slip region extends 4 to 5 m into the drift walls. The lowest

safety factor against intact rock failure at any time is located in

the roof of the excavation. With the use of average properties, the

safety factor decreases from approximately 6.0 to 3.0 because of the

induced thermal loading on the drift after 50 yr. If the limiting

rock properties are used, the safety factor in the roof decreases

from 4.5 to 1.5 over 50 yr. In both cases the drift is stable. The

only sign of instability results in the limiting properties case

100 yr after waste emplacement. A slight failure of intact rock is

noted at the rounded corners of the excavation. The rock failure, as

evidenced by a safety factor of less than 1.0, extends only 0.2 m

into the drift boundary. This localized instability is considered

inconsequential to the overall stability of the drift. No failure is

evidenced at any time when average properties are used.

Temperature contours of the unventilated drift were plotted by

Johnson and Bauer (1987) for both limiting and average properties

from which estimates of the drift floor temperatures were taken. The

results are presented below for the vertical emplacement drift at

optimized gross thermal loading (57 kW/acre).
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AVERAGE AND LIMITING PROPERTIES

Topopah Spring Calico Hills

Property Average Value Limiting Value Average Value Limiting Value

Temperature Ranges (0C)

saturated <100 <100 <100 <100

transition 100-125 100-125 100-125 100-150

dry >125 >125 >150 >180

Conductivity (W/m-*C)

saturated 1.8 1.5 1.3 1.2
transition 1.7 1.45 1.1 1.0
dry 1.6 1.4 0.9 0.8

Heat Capacity (cal/cm3 -*C)

saturated 0.52 0.53 0.65 0.67

transition 2.47 3.15 3.93 4.44

dry 0.42 0.40 0.32 0.29

Thermal Expansion (1/°C IOE-6)

32-2000 C/32--1000 C 10.7 14.1 6.7 -0.4

200-350*C/100-1500C 31.8 53.6 -56.0 -115.0

350-4000 C/150-3000C 15.5 23.1 -4.5 -9.3

Initial Temperature (0C) 26 29 30 34

Modulus of Elasticity (MPa) 26.7 18.2 8.1 6.3

Poisson's Ratio 0.14 0.16 0.16 0.14

Unconfined Compressive Strength (MPa) 91 63 29 22
Vertical In Situ Stress (MPa) 8.6 11.3 10.3 15.4
Ratio of Horizontal to Vertical

In Situ Stress 0.96 0.96 0.87 0.87

Matrix Cohesion (MPa) 28.5 20.7 10.9 9.0

Angle of Friction (degrees) 26 23.4 15.9 12.3

Matrix Tensile Strength (MPa) 12.8 9.4 0.1 0.1

Joint Cohesion (MPa) 1 0 0.4 0

Coefficient of Sliding Friction 0.8 0.8 0.55 0.55

Joint Tensile Strength (MPa) 0.1 0.1 0 0



TEMPERATURE AT DRIFT FLOOR (OC)

Time
(yr) Average Property Limiting Property
0 26 29
5 65 69
10 70 73
20 93 94
50 97 99

100 100 101

The results of the thermomechanical analysis for the Topopah Spring

(vertical) emplacement drift compared well with those performed for

the Grouse Canyon tuff in G--Tunnel. These calculations were compared

at the time of excavation because G-Tunnel is not subject to thermal

loading. G-Tunnel is a stable excavation, and the parallel that

stable openings should be expected in Yucca Mountain (i.e., localized

regions of joint slip have not caused problems in G-Tunnel opera-

tions) is drawn because of their similar properties and predicted

response.
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Synopsis 6: "Structural Analysis of the NNWSI Exploratory Shaft," J.
Hill, June 1985.

Introduction:

This analysis was performed to predict rock stability conditions in

the ESF (TSw2). The results of this analysis were intended to aid

drift instrumentation when the facility is actually constructed. The

analysis comprised two independent parts--a three-dimensional model

of the ESF and a two-dimensional parametric study of two drifts

separated by a pillar of two different widths. The three--dimensional

problem used a linear elastic material model, and the two-dimensional

problem incorporated jointing. The same codes and consistent

parameters were used for both the two- and three-dimensional studies

to allow comparison of results. The drifts were approximately 5 m by

5 m square or arch shaped.

Codes:

The analysis executed the ADINA code on the Sandia CRAY-. machine for

both the two- and three-dimensional analysis. This code is refer-

enced in "ADINA--A Finite Element Program for Automatic Dynamic

Incremental Nonlinear Analysis," (Bathe, 1978a).

Data:

The material properties used in the analysis are listed below.

MATERIAL PROPERTIES

Mechanical Property
Young's Modulus (GPa)
Poisson's Ratio
Grain Density (g/cm3)
Unconfined Compressive Strength (MPa)
Matrix Internal Friction
Matrix Tensile Strength (MPa)
Joint Friction Coefficient
Joint Cohesion (MPa)
Joint Tensile Strength (MPa)
Horizontal In Situ Stress--inplane (MPa)
Vertical In Situ Stress (MPa)
Horizontal In Situ Stress--outplane (MPa)
Joint Angle

Value
26 . 7
0.14
2.55

91.1
0.488

-12.8
0.8
1.0

-0. 1
1.87
9.47
2.62

Vertical
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Results:

The two-dimensional model considered both elastic and inelastic

(joint) behavior and found the results to be similar. With an

approximate 5-m drift and 6-m pillar, the elastic material model

shows a safety factor against intact rock failure of 4.5 near the

drift boundary. The jointed model had a safety factor of 4.0.

Vertical stresses for the two material models are almost identical.

The two-dimensional analysis on the narrow pillar shows the lowest

safety factor against intact rock failure as 3.0. A similar safety

factor of 4.0 is found in the three-dimensional analysis. On the

basis of these analyses no structural problems are anticipated in the

ESF.
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Synopsis 7: "Rock-Mass Classification of Candidate Repository Units at
Yucca Mountain, Nye County, Nevada," B. Langkopf and
P. Gnirk, February 1986.

Introduction:

A set of analyses using two empirical methods for classifying rock

mass was performed on core extracted from the nonlithophysal portion

of the Topopah Spring Member. The purpose was to evaluate numerically

the rock mass conditions of the emplacement horizon and compare the

ratings to those established by case studies performed on many other

mines and tunnels. The comparison led to general estimates of the

rock quality. More specifically, the comparisons helped in the

development of unsupported standup time for a certain opening width

and requirements for ground support. A specific comparison to the

case study of G-Tunnel was made because the rock characteristics in

G-tunnel are similar to the rock characteristics expected at Yucca

Mountain.

Codes:

No computer codes were required for the two empirical approaches.

The two approaches used were the NGI Tunnel Quality Index (Barton

et al., 1974) and the CS1R Geomechanics Classifications (Bieniawski,

1976) methods.

Data:

Two methods for classifying rock mass were used to predict the

stability of underground openings. The NGI Tunnel Quality Index and

CSIR Geomechanics Classification methods consider the unconfined

compressive strength, rock quality designation (RQD), joint proper-

ties, ground water conditions, and in situ stress of the emplacement

horizon. These parameters were quantified and related to tunnel or

drift conditions for a large data base of case studies in all types

of rock. One case study with very similar parameters to Unit TSw2 of

the Topopah Spring Member was found at the G-Tunnel complex. Excava-

tion dimensions, overburden loads, saturation, degree and nature of

fracturing, and thermomechanical properties are similar. G-Tunnel is

found in the same geologic medium (tuff). The history of G--Tunnel
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encompasses more than 20 yr and 3,500 m of drifting (most of which is

in nonwelded tuff). The comparison between G-Tunnel drifts and the

drifts at Yucca Mountain is specific while the rock mass classifica-

tion methods yield a conclusion based on a much broader scope.

The specific parameters called for in the NGI classification system

are the RQD, number of joint sets, joint roughness number, joint

alteration number, joint water reduction factor, and stress reduction

factor. Values for these parameters depend on qualitative

descriptions of the joint system and conditions to which they are

exposed, as well as on quantitative descriptions of the strength,

overburden stress, and the RQD of the rock. The RQD is determined by

the amount of fractured core removed from a drill hole. The CSIR

classification system uses the strength of the rock, RQD, condition

of the joints (roughness, continuity), ground-water conditions, and

joint orientation to qualify the competency of the rock mass and to

estimate standup times for unsupported excavation spans. The data

requirements are similar for both classification systems and are

listed below for the TSw2 horizon within the Topopah Spring Member

and C-Tunnel's stronger unit, the Grouse Canyon tuff.

ROCK CLASSIFICATION PROPERTlES

Property Topopah Spring Tuff Grouse Canyon Tuff

Unconfined Compres-
sive Strength (MPa) 171 110

Overburden Stress (MPa) 8.6 7.1

Rock Quality
Designation (RQD) 57 44

Joint Sets (random) 2-3 2-3

Joint Frequency 9.0 3.75
(joints/m)

Joint Alteration Unaltered wall sur- Unaltered wall sur-
face staining only face staining only
to low friction to slight altered
clay coat wall
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ROCK CLASSIFICATION PROPERTIES
(concluded)

Property Topopah Spring Tuff Grouse Canyon Tuff

Joint Roughness Discontinuous joints Discontinuous joints
to smooth, undulating to smooth, undulating

Joint Condition Very rough surfaces, Very rough surfaces,
not continuous, no not continuous, no
separation, hard separation, hard
joint wall rock to joint wall rock to
slightly rough sur- slightly rough sur-
faces, separation faces, separation
1 mm 1 mm

Joint Orientation Very favorable to Very favorable to
very unfavorable very unfavorable

Water (<5 L/min) Dry excavation or Dry excavation or
minor inflow minor inflow

Results:

The results are given for TSw2. The CSIR rates the rock strength

as high, based solely on knowledge of the unconfined compressive

strength. Another important result of the classifications derives

from the RQD values. Both the CSIR and NCI rate the rock as fair,

based on RQD. When the other factors of the CSIR classification

method are considered, the rock mass is rated from very good to fair,

the average being good rock. The NGI classifies the rock from very

good to poor rock with the average case being good rock. The related

support requirements vary as well. The CSlR gives an average standup

time of 466 days for an unsupported span of 6.1 m. The range in

standup time for a span of that size is estimated at 3 to 930 days.

The NGI classification system estimates the maximum unsupported roof

span from 2.3 to 9.9 m, with the average being 6.0 m. The NGI system

further qualifies the required support as ranging from grouted

rockbolts on a 3-ft spacing with chain-link mesh and shotcrete to a

no-support requirement.
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The NGI and CSIR classification systems both indicate that the welded

Topopah Spring tuff and the Grouse Canyon tuff are similar. This

resemblance results from the similarities in not only the geologic

media but also the in situ stress states. An underground facility

(G-Tunnel complex), containing miles of drifts, exists in the Grouse

Canyon tuff as well as the weaker, less jointed Tunnel Bed 5. The

comparison is made with the stronger unit, but stable drift condi-

tions are reported in both the strong and weak units. The drifts of

G-Tunnel, which span up to 30 ft in some cases, are stable with

minimal support. The observations at G-Tunnel aid in predicting

stability of the repository drifts. The thermally induced stresses

are not explicitly represented in the rock mass classification

schemes, nor have they been accounted for in large-scale tests at

G-Tunnel; numerical modeling is valuable in estimating these time-

dependent excavation stresses.
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Synopsis 8: "Effect of Porosity on Emplacement Drift Stability,"
Ehgartner, October 1986.

Introduction:

The purpose of this analysis was to estimate the effects of porosity

change on the strength, stress, and temperature of the horizontal

and vertical emplacement drifts 100 yr after waste emplacement. The

emplacement drifts were modeled using the thermoelastic code HEFF and

systematically varying the porosity-dependent properties. The model-

ing was performed at 100 yr after completion of waste emplacement

because temperatures and stresses are highest at that time at the

crown and floor locations (St. John, 1987a). The results from

thermomechanical modeling of the drifts were examined for three

specific drift boundary locations--the crown, midwall, and midfloor.

The maximum and minimum principal stresses at the drift boundary occur

in the crown and midwall, respectively. Consequently, the crown

location was evaluated for potential compressive failure, and the

midwall was evaluated for potential tensile failure. The temperature

of the drift floor was of interest from an operations viewpoint. The

problem geometries, material properties, thermal loadings, and as-

sumptions used in the modeling of the emplacement drifts were the

same as those defined in the reference drift calculations (St. John,

1987d) except where the noted effects of porosity were included. In

the horizontal emplacement, the drifts were 5.99 m wide and 3.96 m

high. The waste standoff distance was 35.8 m and borehole length was

207.87 m. In the vertical emplacement, the drifts were 4.88 m wide

and 6.71 m high. The waste standoff distance was 3.048 m and borehole

length was 7.62 m. Drift spacing was 426.72 and 34.14 m for

horizontal and vertical emplacement, respectively. Porosity values

discussed in this report reflected the functional or total porosity

of the rock.

Codes:

HEFF, a two-dimensional boundary element code, was used to perform

the analyses. This code is documented in a user's guide and manual

(Brady, 1980).
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Data:

Data used in this study varied the porosity over a range of 10 to

50%. Porosity affects several thermomechanical material properties,

which determine the stress state surrounding an excavation after waste

emplacement. Porosity has been correlated to unconfined compressive

strength, angle of internal friction, cohesion, tensile strength,

Poisson's ratio, elastic modulus, thermal conductivity, and heat

capacity by means of best fit equations to laboratory data (Price,

1983; Price and Bauer, 1985). Of the strength parameters, the

internal friction angle and cohesion are not required for determining

the safety factor against rock mass failure because the results are

examined only at the boundary of the drift. At the drift boundary

the safety factor is assumed to be equal to the unconfined compres-

sive strength of the rock mass divided by the stress. The relation-

ships used in the following analyses are presented below:

log q = 0.606 - 1.851og n

T = 0.12q

log E = 1.932 - 3.023n

K = 2.82exp(l-n) 0.607exp(0.8n) 0.042exp(0.2n)

Cp = 2.14 + 1.20n

log u = -1.879 + 0.6761og n

where

q = unconfined compressive strength (MPa);

n = effective porosity, expressed as a fraction;

T = tensile strength (MPa);

E = modulus of elasticity (GPa);

K = thermal conductivity (W/m-k);
3

Cp = heat capacity (J/cm -k); and

u = Poisson's ratio.
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The values for unconfined compressive strength and modulus of

elasticity were divided by a factor of two to obtain the rock mass

properties (SNL, 1987, Appendix 0). The HEFF code inputs for modulus

of elasticity, heat capacity, thermal conductivity, and Poisson's

ratio for various porosity levels were obtained from application of

the porosity equations above. The values used are shown in the

following table.

CODE INPUT

Thermal
Porosity Modulus Heat Ca acity Condition Poisson's

(%) (GPa) (J/cm -k) (w/m-k) Ratio

10 21.31 2.260 2.293 0.101
15 15.05 2.320 2.067 0.133
20 10.63 2.380 1.864 0.161
25 7.503 2.440 1.681 0.188
30 5.298 2.500 1.515 0.212
35 3.741 2.560 1.366 0.235
40 2.642 2.620 1.232 0.258
45 1.865 2.680 1.111 0.279
50 1.317 2.740 1.002 0.300.

Porosity values were modeled to establish a trend. The calculated

porosity-dependent properties are within the limits to which the

porosity equations are applicable.

Results:

The results of the code runs are reported in tabular form. The

following table presents the stresses and temperatures calculated by

HEFF as well as the compressive strength calculated by using the

porosity equation. The designators H and V refer to output for the

horizontal and vertical emplacement drifts, respectively.
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CODE OUTPUT

Crown Stress Wall Stress Floor Temp Compressive
Porosity (MPa) (MPa) (0C) Strength

(%) H V H V H V (MPa)

10 36.90 58.80 -3.13 -1.20 57.17 109.1 143.0
15 29.42 47.30 0.015 0.684 57.37 114.8 67.5
20 23.52 38.15 2.62 2.24 57.46 120.9 39.67
25 18.93 30.97 4.74 3.50 57.36 127.4 26.25
30 15.35 25.31 6.46 4.53 57.09 134.3 18.74
35 12.59 20.90 7.84 5.34 56.62 141.6 14.09
40 10.47 17.49 8.92 5.98 55.97 149.3 11.0
45 8.83 14.83 9.79 6.48 55.09 157.5 8.85
50 7.59 12.78 10.48 6.88 54.00 166.2 7.28

In both horizontal and vertical cases, the strength and stress

decrease as porosity increases. However, the strength decreases at

a faster rate than the crown stress does and results in lowered safety

factors for increased porosities. The safety factor for the vertical

emplacement drift drops below 1.0 for porosities greater than 21%.

The safety factor represents that of the rock mass. Porosities

greater than 45% result in a safety factor of less than 1.0 at the

crown for the horizontal emplacement drift. Conditions at midwall

improve as porosity increases. The wall stresses become less tensile

until a state of compression is achieved at the wall for porosities

above 15%. In no case does the tensile stress exceed the tensile

strength of the rock. However, the compressive wall stresses at

porosities greater than 43% exceed the compressive strength of the

wall rock for the horizontal emplacement drift.

Little change is noted in the horizontal drift temperature; however,

the floor of the vertical emplacement drift experiences large

temperature increases as the porosity increases. The temperature

increases an average of 1.40C for each percent increase of porosity

for the vertical emplacement drift.

The porosity value is 13.9% for the TSw2 unit with a standard

deviation of 4.1% (SNL, 1987, Appendix 0). This expected value
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range in porosities does not result in drift instability or excessive

drift temperature.

The low lithophysal layers within TSwl have an expected porosity of

14%, which implies stable drifts. The high lithophysal layers within

TSwl have an expected porosity of 35%. For these layers, the hori-

zontal emplacement drift would be stable; however, the crown stresses

of the vertical emplacement drift would exceed the rock mass strength.

Safety factors of slightly less than 1.0 imply the possibility of

localized failure of the crown rock, not of the drift itself. It was

concluded that emplacement drifts can satisfactorily withstand the

thermal loading of a repository constructed in a rock mass of higher-

than-expected porosities.
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Synopsis 9: "Investigative Study of the Underground Excavations for a
Nuclear Waste Repository in Tuff," C. St. John, July 1987b.

Introduction:

In this parametric study, three drift shapes (arched, rectangular,

and a shape that resembles the current emplacement drift design) were

analyzed for both horizontal and vertical waste emplacements using

boundary and finite element methods. The study included the effects

of in situ stress and rockbolting. Because the analyses were per-

formed at excavation time only, the effect of the thermally induced

stresses was not considered. In the first analysis, the effect of

ground support was assessed by creating a blast-induced fractured

region around the excavation and installing fully grouted rock bolts.

The second analysis provided an understanding of the extent to which

excavation dimensions and shapes influence the deformation and stress

around the emplacement drifts immediately after excavation. All

analyses were linear elastic, and joint motion was estimated by post-

processing the results of the elastic analyses.

Codes:

Two computer codes were used for the analyses of the drifts--HEFF

(Brady, 1980) and BMINES. BMINES is a computer program for analytic

modeling of rock/structure interaction (Agbabian Associates, 1981).

Data:

The properties used in the second analysis of alternative drift

shapes are consistent with those of Appendix 0 of the SCP-CDR (SNL,

1987). The first analysis, which considered the effects of rock

bolting, used data other than those listed in Appendix 0 of the

SCP-CDR. Therefore, the properties used in the first analyses are

listed below.
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MATERIAL PROPERTIES

Property Value

In Situ Stress Gradient (MPa/m) 0.023
Modulus of Elasticity (GPa) 26.7
Modulus of Damaged Zone (GPa) 5.54
Poisson's Ratio 0.14
Uniaxial Compressive Strength (MPa) 91.1
Internal Friction Angle 260
Tensile Strength (MPa) 12.8

Results:

The span or width of the horizontal emplacement drift was varied (18,

20, and 23 ft) for each shape considered. The crown or roof stresses

for all three of the drift shapes increase (or become more compres-

sive) as the spans decrease for each in situ stress state considered.

The crown or roof stresses increase for all drift shapes and spans as

the ratio of horizontal to vertical in situ stress increases. In all

the cases considered, the maximum compressive stresses do not exceed

12 MPa in the drift roof; however, a tensile stress of approximately

6 MPa in the roof is predicted for each drift shape where the

horizontal in situ stress is 0 MPa.

The height of the vertical emplacement drift was varied (15, 18, and

22 ft) for each drift shape considered. Generally, as the height of

the drift increases, the stresses in the crown become more compres-

sive. As in the horizontal emplacement drifts, the stresses in the

crown of the vertical emplacement drift are more tensile with the

lower ratios of horizontal to vertical in situ stress. For all the

cases analyzed, the maximum crown stresses are approximately 15 MPa,

while the minimum stress levels in the crown are near 6 MPa tensile

for most drift shapes and heights.

The second part of the study concludes by stating that, of the three

shapes investigated, the one currently being used for the design

results in the most moderate stresses, displacements, and number of

regions in which the matrix or joint strengths are exceeded. The

analyses of different drift dimensions show that the response of the
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rock mass is relatively insensitive to the drift height and more

sensitive to excavation span. Of the alternative in situ stress

states, the one with the lowest horizontal stress provides the least

favorable response.

The first part of the study found the axial stress developed in the

roof bolts to be approximately 50% of the bolt strength when the

damaged region around the excavation resulting from blasting was

considered. The bolting has an insignificant impact on the drift

closure.
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Synopsis 10: "Near Field Mechanical Calculations Using a Continuum
Jointed Rock Model in the JAC Code," R. Thomas, May 1987.

Introduction:

This analysis aided in the selection of the TSw2 unit within the

Topopah Spring Member as the emplacement horizon. Two-dimensional

analyses of vertical emplacement drifts in both the Calico Hills and

Topopah Spring Members were performed at times up to 100 yr after

waste emplacement using an APD of 57 kW/acre. The drift was

rectangular with rounded corners. The drift size was 5 m wide by 7 m

high. The waste standoff was 4.17 m and drift spacing was 25 m.

Because the TSw2 is the selected disposal horizon, discussion will

focus on results obtained from its analyses; however, it should be

noted that the Calico Hills emplacement drift was stable up to 100 yr

after waste emplacement.

Codes:

The thermal portion of the problem was solved using ADINA (Bathe,

1978a), and the mechanical portion of the analysis used JAC. JAC is

"A Two-Dimensional Finite Element Computer Program for the Nonlinear

Quasistatic Response of Solids with the Conjugate Gradient Method"

(Biffle, 1984). The code incorporated a compliant joint model for a

single set of joints in the tuff. The jointed rock model is described

in "A Material Constitutive Model for Jointed Rock Mass Behavior"

(Thomas, 1980).

Data:

Thermal input data for the analysis were the same as those used in

the unit evaluation study (Johnstone et al., 1984). The analyses

parallel each other but differ in the mechanical code and joint model

used. The thermal and mechanical properties used in the analyses are

listed below. Both average and limiting values are listed. The

limiting property values were chosen to maximize rock damage on a

room and pillar scale by using a reasonable bound for the range of

data values.
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AVERAGE AND LIMITING PROPERTIES FOR THE TOPOPAH SPRING

Property Average Value Limiting Value

Temperature Ranges (0C)
saturated <100 <100
transition 100-125 100-125
dry >125 >125

Conductivity (W/m-0C)
saturated 1.8 1.5
transition 1.7 1.45
dry 1.6 1.40

Heat Capacity (cal/cm3-0C)
saturated 0.52 0.53
transition 2.47 3.15
dry 0.42 0.40

Thermal Expansion (1/0C 10E-6)
32-2000C 10.7 14.1
200-3500C 31.8 53.6
350-4000C 15.5 23.1

Initial Temperature (*C) 26 29
Modulus of Elasticity (GPa) 26.7 18.2
Poisson's Ratio 0.14 0.16
Vertical In Situ Stress (MPa) 8.6 11.3
Horizontal/Vertical

In Situ Stress 0.96 0.96
Rock Cohesion (MPa) 28.5 20.7
Internal Friction (degrees) 26.0 23.4
Joint Orientation Vertical Vertical
Joint Spacing (m) 0.5 0.5
Joint Cohesion (MPa) 1.0 0.0
Joint Friction Angle (degrees) 38.7 38.7

Results:

Safety factor plots, made to determine regions of intact rock failure

and joint slip about the drift, show that the time-dependent thermal

loading tends to decrease the safety factor values for intact rock

and joints. For the average property case, the safety factors of

intact rock vary from 4.5 at the crown to 6.0 at the sidewalls at

excavation time. After 100 yr this value drops to 1.5 in the crown,

the lowest safety factor for the drift boundary. Similarly, for the

limiting properties case the safety factor at the crown drops from

3.0 at excavation time to 1.5 after 100 yr of thermal loading. The
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safety factor in the sidewall at 100 yr is 4.5 for the limiting

properties case. Joint slip, although isolated to the sidewalls of

the drift, becomes more extensive with time. Joint activation after

excavation is localized to the immediate corners of the drift; how-

ever, after 100 yr the joint activation area extends 3 m into the

drift sidewalls for the average property case. The limiting property

conditions results in an initial 2.5-m region of joint activation at

the time of excavation and extends 5.5 m into the drift pillar or

sidewalls 100 yr after waste emplacement. No potential for intact

rock failure is noted in either the average or limiting properties

case over the 100 yr analyzed.
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Synopsis 11: "Thermomechanical Analysis of Underground Excavations in
the Vicinity of a Nuclear Waste Isolation Panel," C. St.
John, July 1987c.

Introduction:

This analysis considered the stability of the main access drifts, the

emplacement drifts, and the intersection of the two drifts. Both

spent fuel and defense high-level waste emplaced at 57 kW/acre were

considered in the analysis of the drifts. Both horizontal and ver-

tical emplacement drifts were analyzed at emplacement time, 10, 25,

and 50 yr later. The geometry of the horizontal emplacement scheme

using alcoves was considered as well. For the alcove, the size was

27 ft wide and 14.5 ft high and waste standoff was 25 m. The nominal

drift size was 15 ft wide and 14.5 ft high. For the vertical em-

placement, drifts were 15 ft wide and 25 ft high. The main repository

drifts were modeled as single units and as interactive teams with the

neighboring mains. The intersection of the waste emplacement drift

and the main access drift was modeled in both two and three dimensions

using superposition. Horizontal and vertical loads were applied

separately to the intersection geometry to determine their individual

effects. With this information, the influence of any stress field

can be determined for the intersection by superimposing the composite

effects of the applied stresses. Applied thermal stress fields for

0, 10, 25, and 50 yr after waste emplacement were determined from

thermomechanical analyses of a horizontal emplacement repository.

Codes:

All analyses were linearly elastic. The two-dimensional analyses of

the drifts and intersections used HEFF (Brady, 1980). The three-

dimensional analyses of the intersection used a 1981 updated version

of ADlNA (Bathe, 1978a). Stress fields for the horizontal emplacement

panels were determined by STRES3D (St. John and Christianson, 1980)

for use in the superpositioning of stresses on the intersection.

Data:

The material and joint properties used in the analysis are listed

below.
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THERMOMECHANICAL PROPERTIES

Property Value

Thermal Conductivity (W/m*C) 1.8
Heat Capacity (W-yr/m3oC) 0.06923
Density (kg/m3) 2253
Poisson's Ratio 0.14
Elastic Modulus (GPa) 26.7
Coefficient of Thermal Expansion (per *C) 10.7E-6
Vertical In Situ Stress (MPa) 7.5
Horizontal In Situ Stress (MPa) 7.2
Uniaxial Strength (MPa) 91.2
Matrix Cohesion (MPa) 28.5
Friction Angle (degrees) 26
Joint Cohesion (MPa) 1.0
Joint Friction Angle (degrees) 39
Joint Orientation Vertical

Results:

Thermally induced stresses increase both the vertical and horizontal

in situ stresses to 16.4 MPa 50 yr after waste emplacement. The

horizontal and vertical stresses are both 12.8 MPa after 25 yr as a

result of horizontal waste emplacement. These stress levels corre-

spond to a region of joint slip and localized rock breakage at the

sidewalls of, the excavation but have a safety factor of approximately

1.5 for the crown of the main access drift. Although the analyses

were completed for both spent fuel and commercial high-level waste,

there is little difference between the resulting stresses on the

drift. Little if any difference is noted between the model of the

single drift and the model including its neighboring drift. The

modeling of the intersection between the drifts resulted in stress

concentrations similar to the modeling of the single respository main

drift. The three-dimensional geometry results in an approximately

10% increase in stress over the two-dimensional model. Safety factors

for the rock surrounding both the horizontal and vertical emplacement

drifts are similar. Both cases show the safety factor near the roof

to be between 1.5 and 2.0 after 25 yr of waste emplacement. Joint

activation occurs in the drift sidewalls of both types of emplacement

drifts. The joint activation region generally extends less than 2 m

into the drift walls. Safety factor plots for the horizontal em-

placement alcove show equal or slightly increased stability for the
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rock mass surrounding it. This stability probably results from the

elliptical shape of the alcove being oriented favorably to the

principal stress.
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Synopsis 12: "Reference Thermal and Thermal/Mechanical Analyses of
Drifts for Vertical and Horizontal Emplacement of Nuclear
Waste in a Repository in Tuff," C. St. John, May 1987a.

Introduction:

This analysis reflects the current properties and geometries of the

emplacement drift. Both horizontal and vertical emplacement drifts

were modeled under ventilated and unventilated conditions at 0, 10,

35, and 100 yr after waste emplacement at 57 kW/acre. The horizontal

emplacement drifts were 5.99 m wide and 3.96 m high and waste standoff

was 35.8 m. For vertical emplacement the drifts were 4.88 m wide and

6.71 m high and waste standoff was 3.048 m. Drift spacing was

426.72 m and 34.14 m for horizontal and vertical emplacements,

respectively. Two different codes were used with the same thermal

and mechanical model parameters to increase confidence in the results.

Codes:

HEFF (Brady, 1980), a boundary element code, was used to compare

results with the finite element code VISCOT (ONWI, 1983b). A two-

dimensional elastic plane strain model with homogeneous, isotropic

material properties was used. The thermal companion code used was

DOT. DOT is "A Nonlinear Heat Transfer Code for Analysis of Two-

Dimensional Planar and Axisynumetric Representations of Structures"

(ONWI, 1983a).

Data:

Material properties used are referenced in Appendix 0 of the SCP-CDR

(SNL, 1987). Material properties (rock mass) used in the analysis

were particular to unit TSw2 and are listed below.

THERMOMECHANICAL PROPERTIES

Property Value

Thermal Conductivity (K) 2.18 W/mC
Heat Capacity (cp) 2.07 * 106 J/m3K
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THERMOMECHANICAL PROPERTIES
(concluded)

Property Value

Thermal Diffusivity * (K)
Density (p)
Poisson's Ratio Cv)
Elastic Modulus (E)
Coefficient of Thermal Expansion (a)
Uniaxial Strength (ac)
Matrix Tensile Strength (IT)
Intact Friction Angle C¢)
Cohesion (Cj)
Friction Angle (4J)

*Thermal Diffusivity = Thermal Conductivity
Heat Capacity

33.235 m2/yr
2340.0 kg/m3

0.2
15.1 GPa
10.7 * 10-6 K-1

75.4 MPa
-9.0 MPa
29.20
1.0 MPa

38.6°

Results:

Average temperatures in the unventilated drifts 100 yr after waste

emplacement rise from the in situ value of 230 to 109'C for the

vertical emplacement drifts and from 23° to 58 0C for the horizontal

emplacement drifts.

In the horizontal emplacement drift, the increased temperature in the

rock mass raises the induced horizontal stress from the in situ value

of 3.82 to 14.5 or 13.0 MPa (unventilated and ventilated drifts,

respectively) but slightly decreases the in situ vertical stress of

6.95 MPa 100 yr after waste emplacement. These levels of induced

stress on the horizontal emplacement drift result in a crown stress

of 36.15 MPa and 30.88 MPa at 100 yr for the unventilated and

ventilated conditions, respectively. Corresponding midwall stresses

are -5.17 MPa and -8.81 MPa (tensile) for the unventilated and

ventilated conditions.

The effects of ventilation are more pronounced on the vertical

emplacement drift. Crown stresses are 54.28 MPa and 11.60 MPa for

the unventilated and ventilated conditions. Here, induced horizontal

stress from the increased temperature of the rock mass was 18.0 and
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6.0 Mpa for unventilated and ventilated drift, respectively. Midwall

stresses for these two conditions are --3.84 MPa (tensile) and 5.78 MPa

respectively.

No intact rock failure is observed in the drifts for either of the

boundary conditions. Safety factor values in the crown of the

vertical emplacement drift range from a low of 1.2 for the unventi-

lated drift to 3.9 for the ventilated condition 100 yr after waste

emplacement. The initial safety factor value at excavation time is

7.2 in the crown. The horizontal emplacement drift has a safety

factor of 10.4 in the crown at emplacement time. This value

decreases to 1.6 and 1.8 for the unventilated and ventilated condi-

tions, respectively. Joint slip regions appear in the sidewalls of

the drifts at excavation time but are limited in extent. The slip

region for the vertical joints progresses into the rock mass 2 m from

the sidewalls 100 yr after waste emplacement for both drift types.

Consideration of both the safety factor values for the intact rock

and the potential for joint slip results in the conclusion that the

drifts will be stable for the mining and emplacement conditions

analyzed.

A-40



Synopsis 13: "Investigation of Excavation Stability in a Finite
Repository," C. St. John and S. Mitchell, May 1987.

Introduction:

This analysis studied the effects of a finite-size repository. Prior

repository-scale analyses usually placed reflection boundaries between

repository panels. The effect was to model a repository infinite in

size or areal extent. In this study, discrete linear heat sources

were placed at realistic locations to model a four-panel-wide reposi-

tory with waste emplaced at 57 kW/acre. The edge effects of the

repository on drift stability were analyzed for the first time.

Codes:

The computer code HEFF (Brady, 1980) was used in the analysis.

Data:

Data used in the study for unit TSw2 are referenced in Appendix 0 of

the SCP-CDR (SNL, 1987) and are listed below. The analysis used two

different in situ stress states. The recommended stress state derived

from the Poisson's ratio and one that reflects a nearly hydrostatic

stress state given by St. John (1987c) were used for this analysis.

A horseshoe-shaped drift was located at five possible positions for

purposes of the analysis. The drifts were assumed to be located

within a central shaft pillar, within a small pillar between adjacent

panels, or at the repository perimeter. The drift size was 5.5 m

wide and 4.4 m high, and waste standoff distances varied at 25, 50,

and 100 m. Drift spacing was 428.2 m. The data for this analysis

are listed below.

DATA FOR THERMOMECHANICAL ANALYSES OF EMPLACEMENT DRIFTS

Property Value

Specific Gravity 2.34 g/cc
Young's Modulus 15.1 GPa
Poisson's Ratio 0.2
Thermal Conductivity

(25° to 100'C) 2.07 W/m * K
Thermal Capacitance 2.25 J/cm3 K
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DATA FOR THERMAL AND THERMAL/MECHANICAL
ANALYSES OF EMPLACEMENT DRIFTS

(concluded)

Property Value

Thermal Expansion (*106)
(250to 200'C) 10.7/*C

Horiz./Vert. In Situ Stress 0.55
Ground Surface Temperature 16.0C
Temperature Gradient 0.02390C/m
Unconfined Compressive

Strength of Rock 75.4 MPa
Tensile Strength -9.0 MPa
Angle of Internal Friction 29.20
Joint Cohesion 1.0 MPa
Joint Coefficient of Friction 0.8 (38.70)

Joint Angle 900 (vertical)

(frequently assumed value)

Results:

Differences in stress states and safety factors for the rock mass

occur after waste emplacement because of the two alternative in situ

stress states used in the analysis, but the differences are minor.

The lowest safety factors occur after waste emplacement when the

induced thermal stresses act on the drift openings. The drift

located between the outer panels, analyzed at 50 yr, has the lowest

safety factor. Fifty years after emplacement was the latest time

analyzed; trends indicate that later times, if analyzed, may show

lower safety factors. The lowest safety factor, 1.3, is found at the

crown of the excavation. Localized joint slip conditions exist for

all the drifts analyzed. The extent of joint slippage is incon-

sequential to the drift stability. Vertical joint slip occurs in the

drift sidewalls. Joint slip is a postprocessed option and therefore

represents only the potential for joint slip. Horizontal joint slip

was also considered. This potential joint slip occurs in the roof

and floor of the excavation. Several three-dimensional joint orien-

tations were considered. The largest region of joint slip is

associated with the vertical joints oriented parallel to the drift

axis. The basic conclusion of the study was that, although some

differences occur in drift stability because of either drift location
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or the effect of the finite size of the repository, all drifts are

found stable for both a finite- and infinite-size repository for up

to 50 yr.



Synopsis 14: "Sensitivity Analyses of Underground Drift Temperature,
Stresses, and Safety Factors to Variation in the Rock Mass
Properties of Tuff for a Nuclear Waste Repository Located
at Yucca Mountain, Nevada," B. Ehgartner, May 1987.

Introduction:

This analysis determined the sensitivity of horizontal emplacement

drift temperatures, stresses, and safety factors to changes in the

elastic rock mass properties of TSw2. The drift size was 5.49 m wide

and 3.96 m high with an arched shape. The two-dimensional model

represented waste emplaced at 57 kW/acre. Two boundary locations,

the crown and sidewall of the drift, were examined at 50 yr for

stress changes resulting from property changes. In some instances,

it was inappropriate to examine the sensitivity of stress levels,

such as for the postprocessing parameters. In these cases, the

changes in safety factors were examined. The sensitivity of tempera-

ture to the purely thermal properties was also investigated.

Codes:

The computer program HEFF (Brady, 1980) was used for the analyses.

HEFF is a boundary element code for linear elastic analysis using

decaying heat sources.

Data:

Data used for the analysis are referenced in Appendix 0 of the SCP--CDR

(SNL, 1987). Also required for the analysis were the standard devia-

tions for the rock mass properties. The standard deviations were

obtained through statistical analysis of data from the Topopah Spring

Member. The parameters that were varied and their corresponding

standard deviations are listed below.

PARAMETER DATA

Parameter Varied Average Value Standard Deviation

Density of Rock (g/cm3) 2.34 0.07
Compressive Strength (MPa) 75.4 44.0
Elastic Modulus (GPa) 15.1 5.1
Poisson's Ratio 0.2 0.04
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PARAMETER DATA
(concluded)

Parameter Varied Average Value Standard Deviation

Tensile Strength (MPa)
Thermal Conductivity (W/m-0C)
Rock Friction Angle (degrees)
Thermal Capacitance (J/cm3°C)
Geothermal Gradient (0C/m)
Joint Cohesion (MPa)
Joint Friction Angle (degrees)
Thermal Expansion (per 0C)

9
2.07

29.2
2.25
0.0239
1.0

38. 7
10.7E-6

1.3
0.46
3.2
0.11
0.0093
0.38
4 .25
1. 6E-6

Results:

The sensitivity of a model response (temperature, stress, or safety

factor) is defined as the average change in model response divided by

change in parameter. The model response was recorded at the drift

crown, midwall, and midfloor. A positive sensitivity would indicate

that, as the numerical value of the parameter increases, the model

response increases as well. A negative slope would indicate that, as

the parameter increases, the model response decreases. The varied

parameters, the sensitivities, and the locations of the recorded

model response are tabulated below.

PARAMETERS AND RESULTS

Parameter Varied Sensitivity Response, Location

Rock Density (g/cm3)
Rock Density (g/cm3)
Compressive Strength (MPa)
Elastic Modulus (GPa)
Elastic Modulus (GPa)
Poisson's Ratio
Poisson's Ratio
Tensile Strength (MPa)
Thermal Conductivity (W/m-OC)
Thermal Conductivity (W/m-0C)
Thermal Conductivity (W/m-0C)
Rock Friction Angle (degrees)
Thermal Capacitance (J/cm3-°C)
Thermal Capacitance (J/cm3-°C)
Thermal Capacitance (J/cm3 -°C)
Geothermal Gradient (OC/m)

-5.28
1.50
0.018

- 1.05
1.66

-2.15
31.5
0.36
2.39
3. 15

-2.82
- .025

-2.20
-4.04

3.69
301

Stress (MPa), midwall
Stress (MPa), crown
Rock S.F., crown
Stress (MPa), midwall
Stress (MPa), crown
Stress (MPa), midwall
Stress (MPa), crown
Rock S.F., midwall
Temperature (*C), midwall
Stress (MPa), midwall
Stress (MPa), crown
Rock S.F., crown
Temperature (*C), midfloor
Stress (MPa), midwall
Stress (MPa), crown
Temperature (OC), midfloor
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PARAMETER AND RESULTS
(concluded)

Parameter Varied Sensitivity Response, Location

Joint Cohesion (MPa) 0.368 Joint S.F., midwall
Joint Friction Angle (degrees) 1.65 Joint S.F., crown
Thermal Expansion (1OE-6 1/0C) -1.49 Stress (MPa), midwall
Thermal Expansion (1OE-6 1/*C) 2.34 Stress (MPa), crown
Hor/Ver In Situ Stress Ratio -5.64 Stress (MPa), midwall
Hor/Ver In Situ Stress Ratio 18.06 Stress (MPa), crown

The conclusion is that drift temperatures are relatively insensitive

to the thermal properties. The horizontal emplacement drift can

tolerate the expected range in thermal and thermal/mechanical

properties. The probability of encountering poor ground conditions

that may require supplemental ground support for the horizontal

emplacement drift is approximately 20%.



APPENDIX B

YUCCA MOUNTAIN PROJECT REFERENCE INFORMATION BASE
AND SITE ENGINEERING PROPERTIES DATA BASE

Information from the Reference Information Base
Used in this Report

This report required no information from the Reference Information Base.

Candidate Information
for the

Reference Information Base

This report contains no candidate information for the Reference Infor-
mation Base.

Candidate Information
for the

Site Engineering Properties Data Base

This report contains no candidate information for the Site Engineering
Properties Data Base.
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