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paper provides a summary of the study of the stability of repository excavations and 
potential mechanical degradation under the action of in situ, thermal, and seismic stresses 
during the first 10,000 years of repository performance. 

2. Site Geology and Geotechnical Characteristics of the Host Rock 

The proposed repository will be located in tuff that was deposited by a series of volcanic 
eruptions between 11 and 14 million years ago. The lithostratigraphy and geologic 
evolution of the Yucca Mountain site is described in Yucca Mountain Site Description 
(Bechtel SAIC Company 2004a). The water table at Yucca Mountain is approximately 
500 m to 800 m below the surface at the repository location. The deep water table and 
thick unsaturated zone result from the low infiltration rate of surface water due to low 
annual rainfall and high rates of evaporation and transpiration. 

Site-specific characteristics of the rock units of the Topopah Spring Tuff that constitute 
the host rock at the repository horizon are found in the geologic mapping of those units in 
both the main drift and ramps of the Exploratory Study Facility (ESF) and the Enhanced 
Characterization of the Repository Block (ECRB) Cross-Drift (Figure 1). The units that 
comprise the host rocks of the repository horizon are zones of the crystal-poor member of 
the Topopah Spring Tuff. The host rocks are shown schematically in Figure 2. In 
descending order (by depth), the repository horizon consists of the lower part of the upper 
lithophysal zone (Tptpul), the, middle nonlithophysal zone (Tptpmn), the lower 
lithophysal zone (Tptpll), and the lower nonlithophysal zone (Tptpln). The repository 
host rock units can be categorized into two general engineering classifications: 
nonlithophysal units (Tptpmn and Tptpln) and lithophysal units (Tptpul and Tptpll), 
based on the relative proportion of lithophysal cavities. According to current design, the 
entire repository is to be located in densely welded and crystallized volcanic tuff with 
approximately 85% of the repository in lithophysal tuff and 15% in nonlithophysal tuff. 
The nonlithophysal units are generally hard, strong, fractured rocks with matrix porosities 
of 10% or less. Fractures that formed during the cooling process are the primary 
structural features found in these units. In contrast, the lithophysal units have 
significantly fewer fractures of significant continuous length (i.e., trace length greater 
than 1 m), but have relatively uniformly distributed porosity in the form of lithophysal 
cavities. Lithophysal porosity in the Tptpul and Tptpll is generally on the order of less 
than 10% to about 30% by volume. The groundmass that makes up the rock matrix in the 
lithophysal units is mineralogically the same as the matrix of the nonlithophysal units, but 
is heavily fractured with small scale (lengths of less than 1 m) fractures in the Tptpll; 
however, it is relatively fracture-free in the Tptpul. 
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(primarily tridymite and cristobalite). The surfaces are rough on a small scale and, unlike 
the subvertical fractures, have cohesion as a result of the mineral filling. 

Rotary and direct shear tests were conducted on natural rock fractures from core samples 
in the repository host units. An average cohesion of 0.9 MPa and peak friction angle of 
41" was obtained from the rotary shear tests. The results from the direct shear tests are 

, divided into two groups: one represents the subvertical cooling joints and the other for the 
vapor-phase parting. The average cohesion and peak friction angle are 0.3 MPa and 34" 
for the cooling joints and 0.7 MPa and 44" for the vapor-phase parting. 

3. General Approach 

The nature of the fracture geometry governs the estimates of the stability and degradation 
of the nonlithophysal rock mass, particularly under the action of seismic shaking, as well 
as estimates of the support performance and level of required ground support. The blocks 
of nonlithophysal rock are significantly stronger than the in situ and thermally induced 
stresses, and thus the problem of modeling this material is essentially one of elastic 
blocks separated by fracture surfaces. Therefore, in modeling of the stability of the 
tunnels and the rockfall that may occur from the applied load, the fracture geometry and 
surface properties are of primary importance. Three-dimensional discontinuum numerical 
methods are required for correct representation of the degradation mechanism. The 
approach to modeling mechanical degradation and rockfall from combined in situ, 
thermal, and seismic loading in nonlithophysal rock is illustrated in Figure4. This 
approach involves modeling of emplacement drifts excavated within the stochastically 
defined, representative fractured rock mass volume, followed by application of in situ, 
thermal, and seismic load. A large number of parameter studies are conducted in which 
the tunnel location (and fracture geometry), rock fracture surface properties, and loading 
conditions are varied to derive a appropriate range of performance response (in terms of 
rockfall mass, volume, and opening shape) that is indicative of the possible geologic 
conditions at depth. Sensitivity study of the thermal properties and preclosure heat 
removal ratio (considering both 90% and 70% heat removal cases) is also included. 

The time to failure for intact nonlithophysal rock blocks due to stress corrosion shows 
significantly less time dependency than for the lithophysal rock based on the laboratory 
long-term testing data (Bechtel SAIC Company 2004b). Therefore, insignificant time- 
related fracture growth is expected in the intact rock blocks in nonlithophysal units. 
Contrary to the lithophysal rock, time-dependent strength degradation within the intact 
block is not considered for the nonlithophysal rock. 

Ground support is not considered in the mechanical degradation models in this study. 
The rock blocks predicted in this study are, therefore, blocks that fail in an unsupported 
opening. This modeling approach leads to a conservative prediction of unstable blocks 
for the time frame before the closure of the repository (Le., more blocks will be predicted 
to fail in the model that would otherwise be supported and remain stable with' ground 
support). During the postclosure period, ground support will degrade and eventually fail. 
Not including ground support in the rockfall models is realistic for the postclosure period. 
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Figure 4. Approach of Drift Degradation and Rockfall Analyses for Nonlithophysal Rock 

4. Development of Fracture Geometries for Nonlithophysal Rock 

The development of a stochastically defined fracture system, representative of the actual 
rock mass, is accomplished using the FracMan program (Dershowitz 1984). The existing 
fracture mapping database provides the basic input to the FracMan program, which 
develops sets of planar, circular fracture planes that conform to the statistical variability 
of the geometric characteristics of the input data. Statistical models are fitted to the 
various geometric characteristics of each fracture set in the database, followed by 
generation of representative fracture sets. These representative fractures are then back- 
checked against the statistical variability and geologic realism of the field data to achieve 
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an acceptable facsimile. Details of this process are described in Drift Degradation 
Analysis (Bechtel SAIC Company 2004b). A three-dimensional representative rock mass 
cube, 100 m on a side, is generated using FracMan and composed of the matrix blocks 
defined by approximately 90,000 fractures. Each fracture is described by its centroid 
coordinate, dip, dip direction, and radius. These geometric properties are used as direct 
inputs to the distinct element code 3DEC (Itasca Consulting Group 2002) for 
development of a block geometry within which emplacement drifts can be randomly 
excavated. 

The constructed FracMan fracture region is calibrated to the observed data for orientation 
and its dispersion, size and its distribution, and intensity (as measured by interfracture 
distance) and its distribution on a set-by-set basis. In addition, any biases due to 
sampling were effectively removed by using the same sampling style as the observed data 
collection when comparing the synthetic and the observed data sets. The detailed line 
survey data in the Tptpmn unit are used to condition FracMan to develop representative 
fracture trace lengths and spacings. Table 2 displays the mean orientation of the sets, a 
comparison of median fracture radius converted to diameter and median trace length, and 
intensity (median spacing) from FracMan and median spacing from the detailed line 
surveys. A direct comparison between actual full periphery geologic maps from the ESF 
to synthetic full periphery geologic maps from FracMan is given in Figure 5. This 
comparison ensures that the synthetic fracture geometries are not only quantitatively 
validated, but similar from a geological perspective as well. 

Table 2. Comparison of Data from Field Mapping and FracMan Output for the Tptpmn 

Median Inter-Fracture Median Trace 
Observed FracMan Length from Trace Length Distance (m) 

Set Orientation Orientation Full Periphery Median from 
(StrikelDip) (StrikelDip) Geologic FracMan (m) Observed FracMan Ma 

1 120184 125184 0.48 0.79 3.3 2.8 

2 2 15/88 214186 1.08 1.29 3.1 2.9 

3 302138 299143 3.40 3.16 3.6 3.7 

4 329114 327108 2.46 1.48 3.4 3.5 
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Because the fractures within the Tptpmn are nonpersistent in nature (with median trace 
lengths of approximately 3 m [Table 21, which is smaller than the 5.5-m tunnel diameter), 
many fractures are of insufficient length to form a regular block. An algorithm was 
developed for applying the FracMan fracture geometry to the 3DEC model. Previous 
versions of the 3DEC program were set up to only efficiently handle through-going joint 
planes. The new algorithm allows incomplete fractures to be cut within a block, or to 
terminate against other fractures, thus creating realistic fracture patterns within the rock 
mass. In other words, portions of a fracture plane could be assigned a standard Coulomb 
slip behavior, whereas others could be bonded to the opposing surface with the strength 
of the adjacent rock blocks, thereby creating fractures that have rock “bridges” along 
their surface. In this case, the rock bridge acts as a strong bond along the fracture 
surface, but can still fail in shear or tension if the stresses so dictate. In this manner, it is 
possible to represent a discontinuous fracture system, but one in which breakage of solid 
rock can occur. The resulting blocks within the 3DEC model are fully deformable as they 
are subdivided into tetrahedral finite difference zones with a linear elastic constitutive 
model. The 3DEC model uses a fully dynamic solution algorithm to solve the laws of 
motions for the blocks, subject to contact restraints with surrounding blocks. The 
gridpoints along the fracture surfaces act as contact points across which forces are 
transmitted, subject to shear and tensile yield conditions. 

Other enhancements added to 3DEC for rockfall modeling include: (a) implementation of 
the “free field” boundary to provide a “quiet” or “non-reflecting” boundary for dynamic 
inalysis with superposition of the P and S wave motions, and (b) partial density scaling 
for dynamic analysis. These enhancements enable an efficient solution for the dynamic 
simulation of the seismic wave propagation in three-dimensional media. 

5.1. Dynamic Analysis with Seismic Loads 

Input properties for the distinct block 3DEC model involve both the fracture and block 
(intact) properties. Table 3 lists the base case properties used in 3DEC. A linear elastic 
model is used for the block material, whereas Coulomb slip criterion is used to represent 
joint mechanical behavior. This approach is used to obtain a conservative @e., 
increased) estimate of the block volume. Breaking and spalling of the rock inside the 
blocks are expected considering the large amplitude of seismic waves for postclosure 
ground motions. Although the shallow-dipping vapor-phase parting consists of higher 
cohesive material, a single set ofjoint mechanical properties are used for the joint sets for 
conservatism (i.e., more rockfall will be produced). Coulomb slip criterion is also used 
for the intact bridges between adjacent frachres, where the intact cohesion and friction is 
assigned for the bridge strength. 

The initial state of stress was included at the model consolidation stage. The vertical 
component of in situ stress (the major principal stress) is approximated as 7 MPa 
considering an overburden depth of 300 m. The horizontal components of in situ stress 
(the minor and intermediate principal stresses) are simplified to be 3.5 MFa based on an 
average horizontal-to-vertical stress ratio of 0.5. The in situ stress for each emplacement 
drift will vary depending on the cover depth on top of the drift. The approximated values 
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I Joint cohesion (MPa) 

assigned for the in situ stress are adequate and the results are insensitive.judging the 
magnitude of the induced seismic and thermal stress. 

0.1 

Table 3. Base-Case Material Properties for 3DEC Analysis 

Joint strength properties Joint dilation ('), 0 

Joint normal stiffness, Kn (MPa/m) 5 x  io4  

I Joint friction (") I 41 I 

Joint shear stiffness, KS (MPa/m) 

Young's modulus (GPa) 

5 x i o 4  
33.0 

Intact rock deformation 
properties 

l'ohson's ratio 0.21 

Bulk modulus (GPa) 19.2 

Shear modulus (GPa) 13.6 

I I Cohesion (MPa) I 47.2 I 
Intact bridge strength I properties 

I 

42 Friction angle 
. .  

Tensile strength (MPa) 

Site-specific ground motions were developed for Yucca Mountain through use of a 
formal process of expert elicitation resulting in development of a Probabilistic Seismic 
Hazard Assessment (PSHA)2. Site-specific ground motion time histories for four levels 
of annual probability of exceedance, 1 x and 1 x lo-', were 
examined. 

1 x lo-', 1 x 

11.6 

A total of 15 sets of ground motion time histories were developed at the repository 
horizon for each annual postclosure hazard level. The multiple sets ensure a reasonable 
distribution of spectral shapes and time history duration. For each set of ground motions, 
two horizontal components (H1 and H2) and one vertical component (V) of acceleration, 
velocity, and displacement are supplied. The motions include the effects of the free 
surface reflections, and, thus, the 3DEC model does not need to account for them. Figure 
7 shows the H1 velocity time history for four annual hazard levels. In running the 3DEC 
simulation, the duration of the seismic time histories was truncated to a duration 
bracketed the 5% and 95% points in the energy buildup as measured by Arias Intensity 
(an estimate of energy delivered to the structures), as shown in Figure 7. The amplitude 

'The ground motion hazard determined in the PSHA expert elicitation is unbounded. Because the ground 
motion experts characterized aleatory variability in ground motion using unbounded lognormal 
distributions, as the PSHA calculations are extended to lower and lower annual probabilities of 
exceedence, the mean ground motions increase without bound, eventually reaching levels that are' not 
credible. An analysis was conducted to determine a bound to peak ground velocity (PGV) at the 
repository level based on the shear strain increments (relative to the in situ stress state) required to 
fracture the Tptpll rock (Bechtel SAIC Company 2005). The bound to PGV at the repository level has 
been shown, based on physical strain limitations of the lithophysal rock mass, to be approximately 4 
d s .  The unbound velocity time histories were used in this study for conservatism. 
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Table 4. Peak Ground Motion Parameters 

Annual Hazard 
Level 

I 

I x IO+ (Set I) 

I x (Set I) 

I x  IO-^ (Set I) 

Induced Stress 

H I  16.28 535.26 58.68 30.00 
H2 14.79 428.42 58.72 24.57 
v 13.15 298.44 36.86 28.25 

Nonreflecting vertical and upper model boundaries in 3DEC allow the wave to pass 
through the model, and free-field boundaries on the vertical sidewalls of the model 
prevent damping and distortion along the vertical sidewalls of the incoming wave. No 
material damping3, in addition to that supplied by sliding on fracture surfaces, is supplied 
to the model. Prior to use of the model for examination of drift degradation, seismic 
wave propagation of models without tunnels was run to ascertain that the wave passed 
through the model without significant distortion. 

A goal of these analyses is to provide an estimate of seismically induced rockfall that is 
derived from an adequate sampling of the variability of fracture geometries and ground 
motion time histories. A simple Latin Hypercube sampling scheme was used for the 
pairing of ground motion and fracture modeling region (Bechtel SAIC Company 2004~). 
A total of 50 sets of paired fracturing realizations @e., drift centroid locations) and 
ground motion data were made for each postclosure annual exceedance frequency. For 
each of these analyses, a base case of block and fracture material properties were used so 
that the variability of the rockfall response was then a function of the fracture geometry 
and ground motion variability only. The base case rock and fracture properties are given 
in Table 3. The adequacy of 50 analyses for representation of the variability of rockfall 
(at each exceedance level) was verified by calculation of the cumulative mean and 
standard deviation of rockfall parameters for successive analyses. The mean and standard 
deviation of rockfall mass does not change after approximately 30 runs. 

The results of the seismic analyses are presented in terms of rockfall impact and drift 
profile. The former provides inputs for the drip shield and waste package design and the 
later is for seepage consideration. Figure 8 shows typical blocks impacting the drip 
shield in the 3DEC dynamic simulation. The block representing the drip shield is 

30.3% of critical damping was used in a few analyses for numerical stability purposes. 
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5.3. Sensitivity Studies of the Input Parameters and Model Conditions 

5.3.1 Fracture Surface Property Variation and Fracture Strength Degradation 

The base-case joint properties, listed in Table 4, were based on the rotary shear tests of 
the cored rock specimens. Additional direct shear tests have been completed, and results 
from these tests are used to provide the range of shear strength variation tested in the 
sensitivity studies. With limited joint test results currently available and given the fact 
that the use of rotary shear devices in rock mechanics is not common, some of the 
parameters in the base case, such as cohesion and dilation angle, were scaled down from 
the testing results for conservatism, to allow for an investigation of parameter sensitivity 
on rockfall development. 

A range of joint properties, as shown in Table 6, was selected for the sensitivity study. 
The values for joint categories 1 to 3 were established based on the residual friction angle 
of 30” and three tiers of dilation angles. The dilation angles were selected within the 
range of reported test results. The results of these sensitivity studies show that the 
variation of joint mechanical properties is a secondary effect compared with the variation 
of fracture geometrical properties (i.e., fracture pattern). Results for the three categories 
are quite similar, irrespective of the variation of the mechanical properties used for each 
category. Joint category 4 is used to represent the degraded joint condition. The reduced 
joint strength parameters are estimated to be in the range of the residual, post-peak shear 
displacement state with joint cohesion reduced to zero and the joint friction angle reduced 
to 30”. Dilation angle is also conservatively presumed to be zero, considering that the 
asperities on fracture surfaces had been sheared off. The net result of these conservative 
assumptions is the potential for greater rockfall. The degraded joint strength and 
dilatational properties were applied in three 1 x lo-’ annual probability of exceedance 
seismic motion cases that represent the case with the greatest amount of rockfall, the 
median case, and the case producing no rockfall. The predicted number of detached rock 
blocks and the total rockfall volume show that only a slight increase in rockfall is 
predicted for the degraded state. Thus, potential time-related joint strength degradation 
has a minor impact on drift stability in nonlithophysal rock. 

Table 6. Four Categories of Joint Properties Used in the Sensitivity Study 

Joint Joint Joint Dilation Peak Friction Joint Shear Joint Normal 
Category Cohesion (Pa) Angle Angle Stiffness (Palm) Stiffness (Palm) 

1 1.0 io5 1.4 31.4 5.3 io9 7.2 x 10” 
2 1.0 i o 5  4.4 34.4 1.1 x 1o’O 9.4 x IO1’ 
3 1.0 io5 11 41 1.7 x IO1’ 1.2 x loll  

4 0 0 30 5.3 i o 9  7.2 x IO1’ 

5.3.2 Rock Bridge Strength 

Solid rock “bridges” between fractures were automatically generated as the extension of 
finite trace length fractures to form the distinct blocks in the 3DEC model. During a 
simulation, the stress conditions acting on these solid rock bridges are monitored, and 
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failure in shear or tension can occur. Rock bridge damage either in shear slip or tensile 
separation appears to have a strong relationship with peak ground velocity. In general, 
less than 1% of the bridge area is damaged when subjected to 1 x annual probability 
of exceedance ground motions, with about 5% bridge damage for 1 x ground 
motions, reaching to 20% bridge damage for 1 x ground motions. However, for 
certain large ground motions, much higher damage percentage is expected. Figure 14 
shows the correlation between the damage percentage and the peak ground velocity. 

70% - 

0 2 4 6 8 10 12 14 16 18 

Peak Ground Velocity (rnlsec) 

Figure 14. Correlation of Rock Bridge Damage Percentage and Peak Ground Velocity 

A range of bridge strength parameters, in terms of cohesion, friction angle, and tensile 
strength, was selected for the sensitivity study. This range of intact rock properties was 
derived from the results of triaxial testing of rock cores from the Tptpmn. A total of 3 
categories were included to cover the possible range of variation for bridge strength 
parameters and was subject to 1 x annual probability of exceedance motions. The 
joint strength parameters are used for category 1 to represent the extreme case where all 
the bridges are sheared-off to become fractures. The mean values of the intact Tptpmn 
strength parameters are used for category 2. The mean-plus-one standard deviation 
values determined from triaxial testing are assigned as the strength parameters for 
category 3. This category represents the upper bound for the rock bridge strength. The 
results show that within the range of variation for the intact strength parameters 
(categories 2 and 3), rock bridge strength parameters have an insignificant impact on 
rockfall prediction. However, if all rock bridges are sheared-off, as represented by 
category 1, a significant increase of rockfall volume occurs with smaller rock block size. 
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lithophysal tuff and potential mechanical degradation under the action of in situ, thermal, 
and seismic stresses during the first 10,000 years of repository performance. 

2. Site Geology and Geotechnical Characteristics of the Lithophysal Rock 

The entire repository is currently designed to be located in densely welded and 
crystallized volcanic tuff with approximately 15% of the repository in nonlithophysal tuff 
and 85% in lithophysal tuff. Lithophysal tuff contains hollow, bubble-like cavities 
composed of simple or concentric shells of finely crystalline alkali feldspar, quartz, and 
other minerals. The rock material in both the lithophysal and nonlithophysal tuffs consists 
of fine-grained intergrowths of alkali-feldspar, and Si02 polymorphs of quartz, and 
cristobalite. Although the mechanical and thermal properties of the rock material in these 
lithophysal and nonlithophysal tuffs is rather uniform throughout the repository horizon, 
the occurrence of lithophysal cavities results in very different internal structures and 
mechanical behaviors. Compared to lithophysal rocks, nonlithophysal rocks are slightly 
finer grained, more homogeneous with no lithophysae in several tens to hundreds of 
square meters of exposed rock, stronger, and fractured by four moderately to well- 
developed joint sets. In contrast, lithophysal rocks have porosity in the range of 2% and 
30% in the form of lithophysal cavities, are weaker, and have more small-scale fractures. 
Lithophysal rocks display fractures of similar orientation to the nonlithophysal, but with 
much more poorly developed fracture sets. 

Because a large portion of the repository is located in the lower lithophysal zone, a 
detailed study of the lithostratigraphic features in the lower lithophysal zone exposed in 
the Enhanced Characterization of the Repository Block (ECRB) Cross-Drift (see Figure 1 
in Part I of the paper) has been completed. The data document the distributions of size, 
shape, and abundance of lithophysal cavities, rims, spots, and lithic clasts. 

In addition to the variation along the tunnel in the abundance of features such as 
lithophysae, there are variations in the sizes, shapes, and distances between features. 
These types of variations are observed most easily with panel map data (Figure I), which 
have been converted into porosity variations as functions of distance along the 
exploratory cross-drift through the entire lower lithophysal zone (Tptpll) subunit (e.g., 
Figure 2). Lithophysal porosity varies in a bedded or stratiform fashion with layering 
orientation coincident with the dip of the Tptpll. For example, the areas of highest 
lithophysal porosity (i.e., greater than about 20%) lie in a thin band in the upper portion 
of the Tptpll unit, just below the contact with the middle nonlithophysal zone (Tptpmn). 
Here, the largest lithophysae are also found. The lowest levels of lithophysal porosity are 
found near the bottom of the Tptpll where it grades into the lower nonlithophysal subunit 
(Tptpln). This information provides direct input to mechanical degradation studies in the 
following ways. 

. Panel maps, porosity, and the size and shape variations of lithophysae provide the 
basis for numerical estimation of the impact of lithophysae on rock mass 
properties. 
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. Rock mass properties in the lithophysal rock are primarily a function of porosity, 
and variation in porosity assessed by direct panel mapping allows the variation in 
rock mass properties to be estimated. 

Lithophysal porosity has been shown to be the primary physical factor that governs the 
elastic and strength properties of the densely welded and crystallized tuff (Price 1983; 
Price and Bauer 1985). A series of large core (267-mm- to 290-mm-diameter) samplings 
of the upper and lower lithophysal units (Tptpul and Tptpll) were taken in the 
Exploratory Studies Facility (ESF) to obtain more representative samples of lithophysal 
rocks. The objective was to obtain samples that had a number (approximately 3 to 5 )  of 
lithophysae across a sample diameter. Drilling of such large core in this material is quite 
difficult due to the tendency of the core to break in shear when a large or poorly placed 
lithophysae is encountered. Figure 3 shows a series of these samples as prepared for 
laboratory compression testing. Approximately 20 samples were tested at varying 
environmental conditions, including air dried, saturated under vacuum, and at 200°C. 
Figure 4 plots the unconfined compressive strength and Young’s modulus as functions of 
the approximate levels of lithophysal porosity’. In these results, the unconfined 
compressive strength and Young’s Modulus are relatively insensitive to lithophysal 
porosity above approximately 20%, with rapid increase in both for lithophysal porosities 
below about 15%. As was shown previously via field measurement in the cross-drift 
(Figure 2), lithophysal porosity through the Tptpll averages approximately 15%, with a 
range from about 10% to 25%. The laboratory-scale unconfined compressive strength of 
the Tptpll can vary from as high as about 25 MPa to 30 MPa to as low as about 10 MPa, 
while the Young’s modulus can vary from 5 GPa to 20 GPa. 

’ Lithophysal porosity is approximate, as it was estimated from core surface measurements. 
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represented within the model to allow estimation of block dimensions, masses, and 
velocities. Lithophysal rock is characterized by lithophysal voids interconnected by 
intense fracturing. Fracture sets are not as clearly defined as in the nonlithophysal rock. 
In addition tdfracturing on different scales, the lithophysal rock mass is characterized by 
the presence of almost uniformly distributed holes (lithophysae) of varying size (from 
less than 1-cm to greater than 1-m in diameter). Lithophysae and fractures tend to create 
blocks with dimensions on the order of about 10 cm or less. The lithophysae account for 
up to about 30% of the rock mass volume. The size of the internal lithophysae structure 
and fracture spacing is much smaller than the drift size (Le., 5.5-m diameter). It is 
assumed that the lithophysal rock mass will break into relatively small block sizes 
controlled by the spacing of natural fractures when stressed beyond its strength limits. 
Therefore, as opposed to the 3DEC modeling of the nonlithophysal rock, the modeling of 
the lithophysal rock does not attempt to calculate the block sizes resulting from yield but 
considers them to be on the order of 0.1 m to 0.3 m (or smaller) in dimension. The 
models developed here are discontinuum models in which the rock mass is discretized 
into random block sizes with dimensions on the order of 0.1 m to 0.2 m. Use of a 
two-dimensional UDEC (Itasca Consulting Group 2002) modeling approach is justified 
for lithophysal rocks based on the lack of anisotropy in the rock mass and the fact that the 
block sizes created upon failure are small with respect to the size of the emplacement 
drift. 

The approach to modeling mechanical degradation and rockfall from combined in situ, 
thermal, and seismic loading in lithophysal rock is illustrated in Figure 5.  The standard 
approach in geotechnical engineering for solving problems of stability of underground 
excavations is through the use of models based on equivalent continuum mechanics. Such 
an approach is quite effective if the main interest is estimating stress redistribution 
around an opening or solving for tunnel wall displacements. However, the estimation of 
rockfall requires that the modeling technique and mechanical material model be capable 
of representing fracture and separation of the intact rock mass into individual blocks of 
material. Thus, the modeling technique must be based on use of a discontinuum 
numerical method (i.e., a method in which the rock is represented as blocks separated by 
fracture surfaces in which slip and separation of contacting rock blocks can be estimated). 

The development of a mechanical material model and estimate of property ranges for the 
lithophysal rock is based on use of the laboratory and in situ test data, geologic mapping, 
and supplemented by numerical model extrapolation using the PFC and UDEC 
discontinuum programs (Itasca Consulting Group 2002). Detailed description of the 
lithophysal material model is provided in the Section 4. 
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Figure 5. Approach of Drift Degradation and Rockfall Analyses for Lithophysal Rock 

4. Development of Rock Mass Material Model for Lithophysal Rock 

Typically, development of a mechanical material model for a rock mass is based on 
extensive laboratory testing of the rock core and determination of strength and moduli 
reduction factors via in situ mapping of rock quality, followed by validation against field 
measurement. Such an approach for lithophysal rock presents a number of challenges. It 
is difficult to conduct an extensive mechanical properties testing program on lithophysal 
rock due to the requirement to obtain and test large cores or to create large in situ samples 
by sawing or drilling. Additionally, direct determination of the true triaxial stress 
behavior of lithophysal samples is problematic, as pressure vessels to provide 
confinement to very large core samples typically are not available. It is also not possible 
to conduct testing on a wide range of lithophysae shapes and size distributions. Finally, 
empirical methods for rock-mass property estimation based on geotechnical classification 
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systems are not applicable to lithophysal rock due to lack of experience in excavation and 
laboratory testing of this particular type of rock mass. 

The database available for model development includes: (1) uniaxial and triaxial 
compression and indirect tensile strength testing of nonlithophysal rock; and (2) uniaxial 
compressive strength testing of a limited number of large-scale cores and in situ blocks of 
lithophysal tuff. To supplement the sampling and testing for lithophysal rock, an 
alternative strategy is also used here. Two discontinuum numerical modeling programs, 
PFC and UDEC (Itasca Consulting Group 2002), first are calibrated against the existing 
laboratory compressive strength data, demonstrating that a detailed understanding of the 
basic physical mechanisms of the rock mass behavior can be obtained without resorting 
to empiricism or complex constitutive modeling. These programs were chosen because 
of their ability to simulate the physics of deformation and fracture of a bonded granular 
matrix that contains void space of varying shape, size, and porosity. Using two different 
approaches provides a check to, and greater confidence in, the modeling. The UDEC 
program is used because it also allows grains that are nonspherical in shape and thus 
overcomes some simplifications used in the PFC approach; specifically, it allows greater 
flexibility in modeling failure mechanisms under triaxial compression. 

The models then are used to extend the laboratory data by conducting numerical 
experiments on simulated samples of lithophysal tuffs at various physical conditions of 
porosity, lithophysae shape and distribution, as well as various levels of confinement and 
applied stress. From this modeling, it is possible to understand the size scaling and 
variability issues introduced by lithophysae shape and distribution and their impact on 
rock mass properties and failure criteria. The material model developed from the 
combined laboratory testing and the PFC/UDEC extrapolation is embedded in a drift- 
scale UDEC model for examination of emplacement drift stability. 

4.1. Generalization of Lithophysal Rock Mass Properties into Rock Quality 
Categories 

In the lithophysal units, lithophysal porosity is the primary physical feature impacting 
rock quality conditions (and therefore rock mass strength and stiffness). As seen in 
Figure6, the laboratory data shows a range in unconfined compressive strength from 
approximately 10 MPa to 30 MPa with a corresponding range in Young’s modulus from 
approximately 5 GPa to 20 GPa. The estimated sample lithophysal porosity varies from 
approximately 10% to 30% over this range, or is approximately comparable to the range 
of in situ values defined from mapping in the cross-drift (Figure 2). Thus, the core 
sampling used for the laboratory testing spans approximately the same range of 
lithophysal porosity as observed throughout the cross-drift. 

. 

For convenience of analysis, the mechanical rock properties range, as shown in Figure 6 ,  
is subdivided into five rock quality “categories” that cover the entire range of large-core 
laboratory testing and in situ testing results. Table 1 presents these strength and moduli 
ranges derived by subdividing the laboratory data into five categories with an unconfined 
compressive strength increment of 5 MPa. The associated Young’s modulus for each 
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Table 1. Suggested Range of Mechanical Properties Selected for Base-Case Analyses 

Unconfined Estimated Young's Approximate Lithophysal 
Rock Quality Compressive Modulus Porosity From Laboratory Tests 

Category Strength (MPa) (GPa) (%I .: . 
1 . . I O  1.9 35 f 8 .4 

2 15 6.4 28 f 6 
3 20 10.8 21 * 4  
4 25 15.3 13*5 
5 30 19.7 7*7 

x 
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NOTES: Lithophysal porosity data are from cmsdrtft station 14444 to 23+26. Examples of approximate 
rock strength category levels taken from 1x3-rn panel maps: Category 3 (a) with lithophysal 
porosity of approximately 19%; Category 4 (b) with lithophysal pomity of 13.3%; and Category 5 
(c) with ltthophysal porosity of 8.5%. 

Figure 7. Distribution of Lithophpal Porosity and Estimated Rock Properties Categories for 
the Tptpll In the Enhanced Characterlratbn of the Repository Block Cross-Drift 
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4.2. Micro-Mechanical Models of the Lithophysal Rock Mass 

The PFC approach represents rock as a number of small, rigid, spherical grains that are 
either bonded together at their contacts with shear and tensile strengths or that interact by 
a grain-to-grain friction angle after the “contact bond” has been broken. The 
deformability of the contacts between particles is represented by normal and shear 
stiffnesses at the contact point. Porosity is developed naturally in the model by control of 
the shape and size of void space between chains of bonded grains. The contact properties 
and porosity distribution are referred to as “microstructural” properties. Thus, the input 
conditions necessary for the model are very simple: only contact strength and stiffness. 
However, as shown below, extremely rich constitutive behavior may develop naturally 
based on porosity and the few straightfonvard input properties and their variability 
throughout the rock. 

When load is applied to the grain assembly, forces are transmitted across contacts. If the 
shear or tensile strength of the contact is reached, failure will occur, and the adjacent 
particles are free to slide past one another, or to separate. In either case, a fracture is 
formed, and the forces must reorient in some fashion, thus redistributing loads. Realistic 
failure mechanisms may develop that can be compared to those observed in the 
laboratory. Calibration of the model against laboratory testing is necessary and is 
conducted via sensitivity studies in which the contact strength and stiffness values are 
varied and the macroscopic stress-strain response is compared to that monitored. 

The UDEC approach, although similar, is different specifically in that the grains may be 
of any arbitrary shape and in that the contacts between grains are not point-force contacts, 
but contacts across a plane. Additionally, the UDEC grains may be deformable rather 
than rigid. 

4.2.1. PFC Micro-Mechanical Model 

The PFC model has been calibrated against the large-core laboratory testing data. 
Sample numerical compression experiments were conducted for nonlithophysal and 
lithophysal tuffs using the same matrix properties derived by calibration of strength and 
modulus for a mid-range (approximately 15%) lithophysal void porosity (Figure 8). The 
nonlithophysal samples show a typical shear-failure mechanism, as evidenced by the 
coalescence of extension cracks to form major shear fractures. The model also shows 
highly linear (elastic) response just to the point of rock failure, followed by a brittle post- 
peak failure response due to the uniformity of bond strength set in the samples. This 
replicates the observed laboratory behavior of nonlithophysal samples as a result of the 
uniformity of the fine-grained, high silica content matrix. Simple circular holes with a 
uniform spatial distribution were added to the model, and the correspondence between 
laboratory-derived strengths, modulus and porosity was examined. The model showed 
good comparison with the general magnitude and trend of laboratory strength and 
modulus data (Figure 9). One conclusion of this initial work with the simplistic void 
porosity model is that the primary strength-decreasing effect of the lithophysae is due to 
the formation of tensile splitting between neighboring lithophysae under compressive 
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load. As porosity increases, the spacing between lithophysae decreases; thus, there is a 
greater propensity for tensile splitting at lower applied forces. The tensile-splitting 
mechanism results in an increasingly less brittle post-peak response with increasing 
porosity. Additionally, the same matrix strength provides a reasonable fit to both 
nonlithophysal and lithophysal laboratory data @e., the void porosity is the primary 
driver in the mechanical properties reduction, not mineralogical differences in lithophysal 
and nonlithophysal rocks). 

Further numerical testing was performed in which all of the actual lithophysal panel maps 
generated in the underground excavations (e.g., the cross-drift) were discretized and used 
as compression test “specimens” for the model (Bechtel SAIC Company 2004). As seen 
in Figure 8, the complex shape, size, and distribution of lithophysal voids result in the 
same general failure mode (tensile splitting between voids) and the same general trend of 
strength and modulus to void porosity (Figure 9). However, the variability tends to be 
greater primarily due to shape and distribution of voids. This is particularly true when 
the sample lithophysal porosity is lower (e.g., around 10% to 15%). A few large voids 
with uneven distribution through the sample can result in lower strength, whereas widely 
spaced voids in a finite sample size can result in higher strength than the same sample 
with uniformly distributed voids. The result of all strength testing on both the simplest, 
circular void cases and the more complex, realistic shapes can be summarized as follows. 

The PFC model shows that the mechanism for strength reduction from 
nonlithophysal to lithophysal rock results from tensile splitting of solid rock 
bridges between lithophysal voids. The smaller these rock bridges, the greater 
the strength reduction. 

The PFC model and laboratory data show reasonable agreement with respect to 
strength and modulus changes with lithophysal porosity. Strength and modulus 
show a generally logarithmic decrease with lithophysal porosity. 

Models with circular voids that are distributed uniformly through the rock mass 
show less scatter and a more uniform relation of mechanical properties to 
lithophysal porosity. 

0 Models with lithophysal voids with complex, irregular size and shape 
distribution show the same general trends as the circular void models, but with 
greater scatter of the strength or modulus. This scatter is greater for lower 
lithophysal void porosity, as might be expected, and may account partially for 
the obvious size effect observed in the laboratory and in situ scale testing. 

PFC model calibration shows that a viable tool has been developed to simulate the 
mechanical response of lithophysal tuff to applied stress. 
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4.2.2. UDEC Micromechanical Model 

The previous PFC calibration and analysis describe the basic comparison of the uniaxial 
compression behavior and modulus of lithophysal rocks. Triaxial laboratory experiments 
have not been conducted on representative lithophysal samples due to the size of the 
sample and the associated difficulties in obtaining pressure vessels and confining 
jacketing systems for samples with cavities. An understanding of the confining pressure 
response is necessary for assessing how the basic rock-mass failure parameters 
(rock-mass cohesion, angle of internal friction, and dilatancy) are affected by lithophysal 
porosity. Because of its more general particle-shape capability, UDEC, a discontinuum 
program similar in many respects to PFC, is used to investigate the effect of confinement 
on strength of lithophysal rock mass. The circular particle geometry employed by PFC 
simplifies the numerical algorithms, making it a good tool for conducting many 
parameter studies, as shown in the previous calibration studies. However, the particle 
geometry also restricts the ability to examine the effect of confinement and post-peak 
failure mechanisms in detail due to the dilational response of a circular particle model- 
this is not the case for the more general UDEC approach. 

A series of uniaxial and triaxial compression and extensional experiments is conducted 
on samples with circular lithophysal voids added randomly to create samples of 10.3%, 
17.8% and 23.8% porosity. Figure 10 shows a sample stress-strain response for the case 
of 17.8% lithophysal porosity, or the approximate average value obtained from panel 
maps in the cross-drift. The simulated stress-strain responses for tensile testing and 
compression at a number of confining pressures are shown. Adjacent to each of the 
stress-strain curves is a figure of the sample in the failed state. The addition of void 
volume results in failure due to fracturing between the voids in a fashion similar to that 
demonstrated previously for the PFC modeling. The general behavior is typical for brittle 
rock materials-increasing strength and conversion of the failure mode from axial 
splitting to shear failure as the confining pressure increases. The material response is 
elastic-brittle at low confinement and elastic-plastic at higher confining levels. 

4.3. Establishing Bounding Ranges for Rock-Mass Properties 

The calibrated PFC program is used as an extrapolation tool to examine the impact of 
lithophysae size, shape, porosity and distribution on mechanical properties of the rock 
mass. Parametric studies have been conducted with simple (e.g., circular) shapes of 
lithophysae, as well as actual complex shapes and distributions digitized from cross-drift 
panel maps. The results of these studies (shown in Figure 9) are used as a guide to 
understand the variability of mechanical properties for a given level of lithophysal 
porosity. Figure 11 shows the large-core laboratory mechanical-test data, plotted with the 
results of the PFC modeling studies that assume realistic lithophysae shapes and 
distributions from panel maps. As seen in this plot, approximate bounding estimates of 
the unconfined compressive strength and Young’s modulus have been drawn for the 
range of saturated and unsaturated laboratory data as well as the PFC extrapolations of 
lithophysal shape and porosity variability. The linear fit to the 290-mm core data, which 
is used as a base-case measure of the mechanical properties for room dry conditions, is 
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with the material model developed for the lithophysal rock, yet allows internal fracturing 
to form and blocks to loosen and detach as the evolving stress state dictates. In other 
words, the fractures are “invisible” to the model until yielding begins. 

Because the block boundaries can fail in tension and shear, they act as “potential 
fracture” locations should the stresses approach the fracture strength. It is important that 
the block assemblage contain blocks that are sufficiently small that the model does not 
dictate where and how fractures can form and propagate. The entire tunnel domain is 
discretized into small blocks (using Voronoi tessellations, Itasca Consulting Group 2002) 
that roughly are consistent with the maximum block size expected from rock-mass 
fracture spacings. The joints between blocks are considered to behave mechanically 
according to a linearly elastic-perfectly brittle plastic model. The elastic behavior of the 
joints is controlled by constant normal and shear stiffnesses. The possible failure modes 
of the rock mass are controlled by the strength of the joints. The joints can sustain a 
finite tensile stress, whereas a Coulomb slip condition governs the onset of slip, as a 
function of joint cohesion and friction angle. If a potential fracture develops, either in 
tension or shear, tensile strength and cohesion are set to zero, whereas the friction angle 
is set to the residual value. This model allows for the formation of fractures between 
blocks, separation and instability (under action of gravity) of portions of the rock mass 
around a drift. 

The blocks used in the UDEC model do not represent the actual internal structure of the 
lithophysal rock mass. They are a tool in the numerical model used to simulate the 
damage and fracturing of the rock mass @e., the potential fractures in this model do not 
correspond to actual features). Therefore, it is not possible to obtain directly the joint 
properties in the UDEC model from results of laboratory or field testing on samples of 
lithophysal rock. To ensure that an assembly of Voronoi blocks behaves as a lithophysal 
rock mass, it must be calibrated. Calibration is performed by numerical simulation of 
tests (e.g., unconfined compressive strength tests) that actually are conducted in the 
laboratory or the field and for which the test results are available. (The synthetic samples 
are “cored” from the model of drift stability, as illustrated in Figure 12.) During these 
tests, the Coulomb strength parameters (joint cohesion and tensile strength) and the joint 
stiffness values are fitted to achieve the measured modulus and compressive strength for 
each rock mass category. As seen in Figure 13, the calibration involves generating 
stress-strain curves for the equivalent material. Validation of the approach and the model 
was accomplished by analyzing the stability conditions of the existing excavations under 
in situ stresses as well as by analyzing spalling observed during thermal overdrive testing 
in the nonlithophysal rock in the drift-scale heater test (Bechtel SAIC Company 2004). 
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ground motion 12 (1.04 m / s  peak ground velocity in Hl), 4 (1.52 m / s  peak ground 
velocity in V), and 7 (3.33 m / s  peak ground velocity in V). 

The drift damage levels are plotted for each rock mass strength category as a function of 
peak ground velocity in Figure 19. The peak ground velocity is the highest value among 
the three components of H1, H2, and V. The analyses show that the damage is related to 
the magnitude of peak ground velocity, with significant variability at large peak ground 
velocity. Approximate linear upper and lower bounds are shown for each rock strength 
category, with a damage band shown that covers the range of variability. The variability 
in the response is a function of the ground motion, not the rock properties, since constant 
modulus and strength are assumed for a given category. This variability at large peak 
ground velocity can be explained by examining the damage as a function of the total 
energy in the waveform. A Fast Fourier Transform was used to perform an integration of 
each of the 15 velocity time histories (in terms of the velocity squared). The result of this 
integration is a spectral power density number that is proportional to the total kinetic 
energy (kinetic energy= %(mv2)) of the time history. The damage as a function of the 
velocity power spectral density for the ground motion component (either H1 or V, 
whichever has the maximum value of peak ground velocity) for each of the 45 analyses is 
plotted in Figure 20. This plot shows that the damage is linearly related to the kinetic 
energy associated with the velocity time history. Therefore, although the peak ground 
velocity is, in general, related to drift damage, the variability in that correlation is related 
to the total kinetic energy in the time history. 

Page 25,of 55 









m 
I 

to 

8 

Y 



Mech. Degrad. Emplace. Drifts YMP - Part 11: Lith Rock 

The drift damage mechanism consists primarily of stress-induced failure of the rock mass 
resulting from the stress change associated with the velocity time history. The in situ 
stress field has major vertical and minor horizontal stress components. The vertical 
compression or horizontal shear wave essentially results in a free field dynamic stress 
increase equivalent to (Itasca Consulting Group 2002): 

where: on,, = dynamic induced normal (n) or shear (s) stress component 
p = rock density 
Cp,s = speed of p-wave (p) or s-wave (s) propagation in rock medium 
Vn,s = peak normal (n) or shear (s) ground velocity 

These dynamic components are superimposed on the existing in situ stress field to cause 
additional stressing or relaxation of the rock mass surrounding the drift. The end result of 
this superposition is that the stress tensor changes, both in magnitude and orientation of 
the principal stresses, as the ground velocities oscillate over the duration of the strong 
ground motion. Superposition of in situ and dynamic stresses can cause tensile or shear 
failure of rock mass, resulting in development of an elliptic shape of the opening as the 
rock mass yields and rockfall occurs and falls along the sides of the drip shield. Shear 
failure is most likely to start at the springline, which is the location of the largest stresses 
under in situ stress conditions. The extent of shear failure and rockfall around the 
circumference of the tunnel, up and down from the springline, is due to both the general 
ratio of rock mass strength to stress, but also to the ratio of the vertical to horizontal peak 
ground velocity. The greater the horizontal component, the greater the rotation of the 
stress tensor, which results in greater inclination of the major principal stress. Generally, 
this shear failure mechanism occurs with the arrival of the peak ground velocities. 
Compressive stresses also appear responsible for some cases in which roof slabbing is 
observed where the rock mass strength and stiffness are larger (Le., category5). A 
second failure mechanism observed includes tensile failure of the rock mass resulting 
from the reversal of the ground motion and inducement of dynamic tensile straining in 
the rock mass @e., when seismically induced tensile stress exceeds in situ compressive 
stress and tensile strength, combined). 

In general, it appears that the rock mass failure and, thus, rockfall occurs simultaneously 
with the arrival of velocity peaks in the time histories. In a similar fashion, many authors 
recognize peak ground velocity as the primary contributing factor to dynamic rock mass 
failure in mine tunnels, slopes and dams (e.g., Newmark 1965). Currently, the shear or 
tensile failure mechanism results in a predicted creation of blocks resulting from fracture 
of the rock mass along the ubiquitous fracture network of the material. 

Although the damage levels appear to correlate somewhat better to the energy content of 
the time history, correlation to peak ground velocity provides a simpler method for 
interpretation of the results. An approximate relationship of damage level to peak ground 
velocity in terms of m3/m of drift length and physical interpretation can be roughly 
approximated as follows: 
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Damage level below 5 m3/m results in minor damage to rock particles filling the 
invert along the sides of the drip shield-a peak ground velocity below about 
1.5 m / s  (Figure 16). 

0 Damage level from 5 m3/m to 15 m3/m results in rock particles covering the sides 
of the drip shield approximately to the height of the drip shield and may cover 
the top of the drip shield - this corresponds to peak ground velocity values of 
approximately 1.5 m/s to 2 m/s (Figure 17). . 

0 Damage level above 15 m3/m causes complete collapse of the tunnel, this 
corresponds to peak ground velocity values of approximately 2 m / s  to 3 m/s 
(Figure 18). 

5.2.3. Analysis Results for the Postclosure Ground Motions with 1x10” Annual 
Exceedance Probability 

Ground motions with a probability of an annual occurrence of 1 x cause complete 
collapse of the emplacement drifts irrespective of the rock mass category and ground 
motion case. The 1 x annual probability of exceedance ground motion time histories 
are characterized by the peak ground velocity of the H1 component of 2.44m/s. The 
analyses of the 1 x lo-’ annual probability of exceedance ground motion showed 
extensive damage for peak ground velocity in excess of approximately 2 m / s ,  and 
therefore, similar damage is expected for all of the 1 x annual probability of 
exceedance ground motion cases. The rock mass failure mechanism, a combination of 
shear and tension failure, is similar to that described for the 1 x lo-’ annual provability of 
exceedance cases. As was discussed in the previous section, tunnel collapse occurs for 
peak ground velocity values in excess of approximately 2 m/s to 3 m/s.  

5.3. Thermal Consideration in Lithophysal Rock 

The UDEC model does not perform complete thermal-mechanical simulations. Instead, 
temperature fields calculated with the code NUFT are imported into UDEC (thermal 
calculation. Two cases of ventilation efficiency were considered: 90% and 70%. 
Stresses are calculated for each new temperature state based on the temperature 
increment (from the previous temperature state) and the coefficient of thermal expansion. 
For the considered cases, the same coefficient of thermal expansion as a function of 
temperature was used. To have gradual evolution of stresses during the simulated time, 
45 temperature fields (corresponding to different times after waste emplacements) were 
imported from NUFT to UDEC. The entire analysis was conducted considering that rock 
mass strength does not degrade with time. Any observed damage and rockfall are 
consequences of the thermally induced stresses only. The three cases of thermal 
calculation were considered for the drift stability analysis in lithophysal rock mass: 

0 Case 1-Base case (average thermal properties and 90% ventilation efficiency) 
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Case 2-Sensitivity calculation for thermal properties (thermal properties one 
standard deviation smaller than the average properties) 

0 Case 3-Sensitivity calculation for the heat removal ratio (average thermal 
properties and 70% ventilation efficiency). 

The simulation was conducted for the five mechanical properties categories of the rock 
mass. It is observed that the amount of thermally induced rockfall is generally small. 
The temperature and stress fields for rock mass category 1 with the base case thermal 
properties and 90% ventilation efficiency are shown in Figure 2 1. The figure shows the 
model state after 80 years and 10,000 years of heating. There is no significant rockfall or 
damage induced by heating. Conditions are similar for other rock mass categories. 
Elastic stress paths during 10,000 years of temperature variation were constructed for 
points in the wall and roof for evaluation. The elastic stress paths confirm the results of 
the UDEC lithophysal rockfall model. The rockfall simulations using temperatures from 
cases 2 and 3 of the thermal calculation do not show any increase in rockfall compared to 
the base case. 

Additional analyses were done to assess the effect of changing thermal stress in the rock 
mass around the repository after waste emplacement as an initial condition for seismic 
ground shaking. Using a similar approach as for the nonlithophysal rock, stress paths 
during the regulatory period of 10,000 years were recorded at a number of locations 
around the drift. Temperatures from the thermal calculations for the base case and the 
sensitivity calculation for the heat removal ratio (case 3) were considered. The critical 
state was qualitatively determined from those paths, based on locations of stress states 
along that path relative to the yield surface. The stress state after 80 years of heating was 
selected as critical based on locations of stress states along that path relative to the yield 
surface. The critical state was used as an initial condition for the seismic analysis. 
Because the ground motion with 1 x probability of annual exceedance results in 
complete drift collapse, it was not of particular interest to investigate the effect of that 
level of ground motion combined with thermally induced initial stresses. Instead, ground 
motions with 1 x lo4 and 1 x lo-’ probability of annual exceedance were considered. 

Seismic analysis after 80 years of heating for rock mass category 1 resulted in an 
increased rockfall compared to rockfall from the seismic shaking of the rock mass at an 
in situ stress state. Figure 22 presents the rockfall and fractures induced around a drift 
with 1 x annual probability of exceedance ground motion. Very little rockfall is 
induced in rock mass category 5 in the case of 70% ventilation efficiency. For the cases 
with 1 x loe5 annual probability of exceedance ground motions shaking, the results also 
show increase of rockfall with thermal consideration. 

The result of an increase in rockfall for lithophysal rock with thermal loading is in 
contradiction with the results of the same analysis for the nonlithophysal units. Thermal 
stresses in the case of nonlithophysal rock resulted in reduced rockfall. However, the 
mechanism of rockfall is completely different for these two cases. In the case of the 
nonlithophysal rock mass, rockfall is due to sliding of blocks along the preexisting joints, 
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and an increase in the initial stress increases confinement on the joints, thereby increasing 
their resistance to sliding. In the case of the lithophysal rock mass, ground motion with 
1 x lo4 probability of annual exceedance causes rockfall by shaking down already 
damaged rock mass around the drift. Therefore, the heating induces additional damage 
(compared to damage caused by drift excavation), which does not necessarily result in a 
rockfall under static loading conditions, but is shaken down by the 1 x annual 
probability of exceedance ground motion. 

I 
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5.42. Impact of Spatial Vrulabillty on Drift StabMty 

Rack mass strmgth pmperties for categories 1 to 5 were assigned to regions within the 
model based on the lithophyd porosity levels, achieving spatial variability in strength 
and moduli. This model was subjected to the 15 1 x IU5 mual probbifity of 
exceecbw p u n d  motions, and damage levels w m  d-4. The d t s  of the 
dynamic simulations, in terms of damage vefsus PGV, are show0 in Figure 19. The 
damage levels are appmxhateiy within tbe mge of that predicted for category 3 rock 
mass, as expeckd, because the mean lithophyd pomsity of the model falls within the 
range of the category 3 levels. This d y s i s  hdicata that the use of homogenous rock 
praperties that q m  the range of strength categories docs span the range of expected 
response, inchuiing mnsmtively assessed damage fbr the low-strength cak&orks. 

%?!a?- 

Undergrouad and surface excavations, which are *gned to be stable after excavation, 
degrade with time, and some eventually collapse completely. The primary reason for 
eventual yield and collapse is that a bard m k  mass, exposed to humidity and kinpaatwe 
of the atmosphm, moly undergo strength decay with time whm it is loaded to s t m a  
levels higher than about 500/0 to 6oo/o of its shmt-im strength. A key mechanism of 
failwe in brittle and crystalhe mks is development m the propagation of cracks parallel 
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to the greatest principal stress direction. Extensive studies over the last 40 years have 
demonstrated that the critical parameters that control crack growth are stress, 
temperature, and the partial pressure of water at the crack tip. A crack grows due to the 
hydration and breaking of silicon-oxygen bonds at the tip of the crack. The rate at which 
the crack grows is controlled by the diffusion of water to the crack tip. This mechanism 
is commonly termed stress corrosion cracking. Stress corrosion is considered the primary 
mechanism causing strength degradation of hard rocks (Potyondy and Cundall 2001). 
Experimental data on single crystals of quartz, as well as in rocks, have validated the 
mechanism (e.g.,Martin 1972; Kranz 1979). The rate of strength decay depends on, 
among other parameters, rock type (particularly the mineralogy and grain structure), 
stress state, relative humidity, and temperature. 

In brittle rocks subjected to a constant stress, a crack will propagate in a time-dependent 
way. The diffhsion of water to the crack tip controls the rate. Since the physical 
mechanism is hydration, there is a volume increase on the surface of the crack. 
Consequently, the propagation of water to the crack tip is controlled by diffusion along a 
crack surface where the aperture decreases and diffusivity decreases. This gives rise to a 
logarithmic time-dependent crack growth. The rate at which water diffuses to the crack 
tip decreases with time, the rate of crack growth slows down, and the observed 
deformation rate decreases. When the crack reaches a critical length, the rock fails. 
Furthermore, the lower the stress for a constant temperature, the longer the time to failure 
(Kranz 1980; Martin et al. 1997). 

The PFC stress corrosion model by Potyondy and Cundall (2001), developed for similar 
time-dependent predictions for the Canadian waste disposal research program, has been 
used in this study to establish a rock mass damage-time relationship. The PFC stress 
corrosion model is first calibrated to reproduce the static fatigue response of Lac de 
Bonnet (LdB) granite and interpolated for nonlithophysal rock. The model is then used 
to investigate the impact of lithophysal porosity on the rate of time dependence, resulting 
in the generation of a set of curves of time-to-failure versus applied stress level for 
various levels of lithophysal porosity. Details for the PFC stress corrosion model and 
examination of impact of lithophysal voids are provided in Appendix A. 

The rock mass damage-time relationship, developed from the PFC simulations, was used 
to generate estimates of drift degradation as a function of time for a range of rock mass 
strength categories. This relationship, illustrated in Figure 24, was embedded in the 
UDEC drift scale model to perform lithophysal rock stability calculations. It is assumed 
that the damage coefficients are related directly to the percentage loss of cohesion and 
tensile strength of these contacts; therefore, a damage coefficient of zero is no strength 
loss and a damage coefficient of 1 is 100% strength loss. 

Throughout the 10,000 years after closure, the emplacement drifts and surrounding rock 
mass will be subject to a heating and cooling cycle. The time-dependent strength 
degradation will be a function of the in situ stress concentrations around the drifts as well 
as the transient, thermally induced stress changes. The addition of thermal stresses 
around the excavation will accelerate the process of strength degradation and potential 
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The effect of a seismic event characterized by the 1 x probability of annual 
exceedance, combined with in situ and thermal stressing, was investigated for time- 
dependent degradation modes for categories 2 and 5 rock masses. The 1 x 
probability of annual exceedance seismic loading was chosen for this analysis as it may 
be considered that multiple events of this annual exceedance frequency could occur 
during the postclosure period. This work supplements previous seismic analyses in 
which thermal load was considered, but time-dependent strength loss was not. 

The time fi-ame when the combined in situ and thermally induced stress states reach their 
peak is at approximately 30 years after cessation of forced ventilation, or about 80 years 
after waste emplacement. However, when the time-dependent strength degradation is 
considered, the state when the maximum stresses are generated around the drift is not 
necessarily the critical state. The largest stresses occur relatively early during the 
regulatory period, and subsequently, the stresses decay gradually, returning to the state 
that existed prior to heating. At the same time the strength of the rock mass 
monotonically decreases as a function of time. In order to investigate the extreme effects 
of the combination of in situ and thermal stress and seismic ground motion on drift 
stability, dynamic analyses were carried out for the model states at 80 years and 
10,000 years after waste emplacement. 

The model geometry before and after the dynamic simulation is shown in Figures 27 and 
28 for seismic ground motion 80 years after emplacement, and in Figures 29 and 30 for 
seismic ground motion 10,000 years after emplacement. In all the cases, additional 
rockfall is predicted due to the ground motion, which essentially shakes down the 
already-damaged rock mass resulting from the in situ and thermal stressing. This 
increase in the rockfall due to the 1 x probability of annual exceedance seismic 
loading is greater than that predicted for in situ and thermal stressing alone, particularly 
for the category2 case. There is also greater rockfall in the case of an earthquake 
10,000 years, as opposed to 80 years, after waste emplacement. 
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lithophysal rock, whereas Categories 3 and 4 represent an approximate average 
condition. Category 5 represents the higher quality, lower porosity portions of the 
lithophysal rock. These categories provide a basis for parametric calculations. A 
material model that accounts for the lithophysal rock mass behavior is developed. 
The majority of analyses were conducted for these bounding ranges of properties; 
however, a lithophysal porosity spatial variability model was developed to 
examine directly the impact of in situ variability on seismic and time-dependent 
drift stability. 

Appropriate boundary conditions are provided for thermal and seismic loading. 

The rock mass is represented as an assembly of polygonal, elastic blocks in which 
the bond strength of the blocks is calibrated such that the overall mechanical 
behavior of the mass is consistent with the material model developed for the 
lithophysal rock. 

The discontinuum lithophysal rockfall model allows for the formation of 
stress-induced fractures between blocks (i.e., the formation of internal fracturing) 
separation and instability (under the action of gravity or seismic shaking) of the 
rock mass around the drift. 

The effect of long-term degradation of rock mass strength is considered, assuming 
a stress corrosion mechanism that is dependent on time and applied stress level. 
An estimate of the degradation of emplacement drifts was developed by 
incorporating a time-related rock mass shear and tensile strength reduction factor 
into the drift degradation numerical model. 

Site-specific ground motion time histories are included in the model. 

The results for the lithophysal rock are summarized as follows: 

. Degradation is primarily controlled by stress conditions. 

. Rock block size produced by degradation is controlled by the intense fracturing 
due to natural cooling of the lithophysal rock matrix as well as the spacing of 
lithophysae, and is unrelated to the more widely spaced, longer cooling fractures. 
The spacing of fractures in the lithophysal rock averages approximately 0.05 m, 
with a resulting small block side length when the rock is overstressed. 

. 1 x annual probability of exceedance ground motion results in minor drift 
damage due to rock failure. 

. The 1 x lo-’ annual probability of exceedance ground motions result in a range of 
responses from no damage to collapse based on the highly variable amplitude of 
the individual time histories. A reasonable relationship between damage level and 
peak ground velocity or kinetic energy in the motion has been established. 
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General collapse of the drifts occurs for peak ground velocity greater than about 
2 d s .  The, 1 x annual probability of exceedance ground motions result in 
predicted collapse of the drift, with fragmented rock particle sizes on the order of 
centimeters to decimeters. 

. Thermal and time-dependent effects alone are expected to result in relatively 
small amounts of rockfall. Only in the poorest quality of rock are significant 
time-dependent breakouts expected. Time-dependent degradation is not expected 
to result in total collapse of the emplacement drifts. 
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Appendix A 

The calibration of PFC stress corrosion model using the static fatigue data of granite and 
tuff are provided in this Appendix. Also included is the investigation of the impact of 
lithophysal porosity on the rate of time-dependence mechanical properties. 

A.1. Static-Fatigue Behavior of Granite and Tuff 

Martin et al. (1997) present static-fatigue results for a total of 16 specimens of welded 
(lithophysae poor) tuff from borehole NRG-7/7A at Yucca Mountain and from outcrop 
boulders. The specimens were 2: 1 aspect-ratio right-circular cylinders with a diameter of 
50.8 mm. Load application was rapid, with full load being reached in less than 
10 seconds. 

The seven borehole specimens were tested, drained, and vented to the atmosphere at a 
temperature of 225°C and a confining pressure of 10 MPa at differential stresses ranging 
from 40 MPa to 130 MPa. None of these specimens had failed after loading for times 
ranging from 2.5 x lo6 seconds to 5.9 x lo6 seconds. These results are not used since the 
applied stress at failure could not be determined. The nine outcrop specimens were tested 
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at a porewater pressure of 4.5 MPa, a temperature of 150°C, and a confining pressure of 
5 MPa at differential stresses ranging from 115 MPa to 150 MPa. The high pore pressure 
(i.e., 4.5 MPa) ensured that porewater remained in the liquid state even though the 
temperature is above the boiling point. Table A-1 summarizes the test results. The 
applied stress in the axial direction and the effective confining pressure are denoted by 01 
and Pc, respectively. The axial load at failure during a short-term test is denoted by of 
The stress difference maintained during a static-fatigue test conducted at a confining 
pressure of Pc is o = 01 - Pc. The stress difference at failure during a short-term test is o, 
= of- P,. 

To facilitate comparison between different data sets, static-fatigue curves were generated 
by plotting the logarithm of time-to-failure, tf, versus the driving-stress ratio given by 
o /oc= (o1 - Pc) / (of - Pc). Six of these specimens failed at times less than 2 x lo6 
seconds, while the remaining three specimens (BB-9392-H, -G, and -J) did not fail during 
the testing period. The times-to-failure for these six tests can be plotted versus applied 
load (Figure A-1); however, the peak strength must be estimated in order to plot them 
versus driving-stress ratio for comparison with data from the Lac du Bonnet granite 
(Schmidtke and Lajtai 1985; Lau et al. 2000). For these purposes, the peak strength of 
the tuff samples at an effective confinement of 0.5 MPa is estimated to be 151 MPa, to 
give a failure time of one second for a driving-stress ratio of unity.* 

Approximate linear relationships in semi-log space have been fit to the unconfined and 
confined granite and tuff data. The granite data shows a flatter slope, or faster time to 
failure than the tuff for similar ratios of the applied stress to unconfined compressive 
strength in this plot. This would be expected as the tuff is a fine-grained volcanic rock 
that shows very little hysteresis on unloading until brittle failure occurs. The granite, on 
the other hand, is composed of coarser mineral grain structure of several different 
minerals and exhibits permanent deformation at lower strain levels. 

The unconfined compressive strength values by Martin et al. (1997) for six saturated, 50.8-nun-diameter 
outcrop specimens tested at a strain rate of lO-’/s ranged from approximately 105 MPa to 200 MPa, 
with a mean of approximately 128 MPa for the five weakest specimens. 

2 
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A.2. PFC Corrosion Model Calibration and Examination of Impact of 
Lithophysal Voids 

The static fatigue data for welded tuff shown in Figure A-1 is for nonlithophysal samples. 
For the consideration of lithophysal rock, it is necessary to determine the impact of 
lithophysal voids on the static fatigue response (essentially, the slope of the best-fit lines 
in this figure). 

Since the matrix material of the nonlithophysal and lithophysal tuff is mineralogically 
and mechanically similar, an approach to estimate the impact of lithophysae on the 
time-dependency can be developed based on the existing static fatigue data. The PFC 
program is first calibrated to reproduce the static fatigue response of the nonlithophysal 
rock. Using the same matrix properties, lithophysal porosity is added and 
time-dependency extrapolated. This is a reasonable approach because the primary effect 
of lithophysae is to adjust the internal stress condition of the sample, which, in turn, 
impacts the time-to-failure. PFC automatically determines the internal stress 
redistribution and concentration in the sample and, thus, accounts for this primary effect. 

The PFC model for lithophysal tuff was described previously in Section 4.2.1. This PFC 
model (consisting of circular voids within a well-connected base material) has the same 
matrix material for which the stress-corrosion behavior is measured. The long-term 
behavior of the PFC material is characterized by performing a series of static-fatigue tests 
on the PFC lithophysal-tuff model. Recall that the PFC model consists of rigid, circular 
particles interconnected at their contact points. The macroscopic material behavior of the 
PFC model is governed by the strength and stiffness properties of the contact points. The 
PFC stress corrosion model uses the same construction and bonding characteristics as the 
model presented earlier, with the difference being that the bond strengths include time- 
related parameters consistent with a stress corrosion cracking mechanism. These 
time-dependent bond parameters (PI, P2, and &a) are determined via calibration of the 
PFC model to static fatigue time-to-failure test data. These parameters do not affect the 
short-term behavior. The properties of the PFC material are obtained by numerically 
testing 1 : 1 aspect-ratio specimens (Figure A-2) of one-meter diameter with void 
porosities of 0, 0.1, and 0.2 under static-fatigue conditions at confinements of 0.1 MPa 
and 5 MPa. 

Page 48 of 55 



T 

T 

D 

1 

Page 49 of 55 



II 



Mech. Degrad. Emplace. Drifts YMP - Part 11: Lith Rock 

(Eq. A-1) 

where (o/o,) is the ratio of the driving stress to the unconfined compressive strength of 
the material, and P, is the confining pressure of the test. The values of o;for times 0 < t 
< tfare found by stopping the static-fatigue test at the desired time and measuring the 
peak strength. 

- 

The strength degradation is quantified by means of a damage coefficient: 

D =  I -o*,/o, (Eq. A-2) 

where o*, = o>- Pc is the principal stress difference at failure. Substituting values from 
Equation 5-1 into this expression provides the following bounds for the damage 
coefficient: 

D(0) = 0 
D(tf) = 1 - (o/oc) (Eq. A-3) 

The time evolution of the damage coefficient for the nonlithophysal tuff material tested at 
a confinement of 0.1 MPa is shown in Figure A-5. These results were produced by 
performing 10 numerical compression tests conducted on damaged “samples” derived 
from four static-fatigue tests at driving stress ratios of 0.8, 0.6, 0.4, and 0.2. In other 
words, the PFC stress corrosion model spontaneously produces stress corrosion fracturing 
as the simulated static fatigue test is run. To determine the impact of this damage on the 
strength of the sample, the static fatigue simulations are stopped at various elapsed times 
and the damaged “sample” compressed to determine its peak strength. The loss of 
cohesive and tensile strength, expressed as a ratio of the original strength, is termed the 
damage coefficient. Most damage occurs during the final stages of a static-fatigue test; 
tests performed at lower driving-stress ratios produce an earlier (in terms of normalized 
times to failure) onset of damage. Damage evolution for lithophysal tuff follows a 
similar form, with the time factor determined from the time-to-failure behavior illustrated 
in Figure A-4. 
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AS. Static-FatIgae Carves jlnd the Evolution of Ihmage Due to Strength 
Degradation 

The static-fatigue data for Lac du Bonnet granite at 0 MPa aud 5 MPa confinanent a d  
tuffat 5 Mpa c o h t  and 4.5MPa pore pmsure we shown in FigumA-1. Each 

stress d o s  ranging h m  0 to 1. This is a e o m a t i v e  mxmaption, because the curves 
most likely apprmch infiinity at a &--stress ratio less d m  about 0.5. Three lines for 
the tuff data oue shown in Figure A-6. The blue line in the figure is the least-square h e m  
fit through the tuff data, while the magenta line (bat-fit-srt-throush-origia m e )  is the best 
fit for the tuE data for ummfhed compiessive strength (is , ,  failure at 1 s at the uait 
d r i v i ~  ratio of 1.0). Since the tuff data are very limitd and are for cdhd conditions 
(effwtive cmfming strew of 0.5 W a )  only, the data input to UDEC uses a simplified 
best-fit curve (mi b) termed rhe 'Tuff best-fit curve." The tuE best-fit c w e  will be 
updated as the ongoing test data become availabie. 

data set W# fit with a h g h t  lint% and the line wm ~trqwlated to m m m ~  $riving- 

Using the time-to-failure versus stress-~strmgth ratio (FigureA-6) and the damage 
coe,fficient evolution plot, a simplified, general damage evolution c w e  in terms of t h e  
can be developed and usmi directly in the UDEC program for drift stabirity modeling. 
Figure 24 preseats hetm relations for the tuffbeat-fit curve. This family of curves can be 
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