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ABSTRACT

The excavation of a nuclear waste repository at Yucca Mountain, Nevada
requires access through shafts and ramps from the ground surface to the repos-
itory horizon. To evaluate the need and performance of the sealing subsystem,
it is necessary to predict the modifications in the rock immediately surround-
ing the shaft. The purpose of this study is to develop a model of permeabil-
lty changes as a function of radial distance from a shaft. The model is based
upon analyses which consider modification in rock mass permeability resulting
from stress redistribution and blast damage due to excavation around a shaft.
Elastic and elastoplastic stress analyses are performed to estimate the stress
distributions after excavation for a wide range of rock properties and in situ
stress conditions. Changes in stress are related to changes in rock mass
permeability using stress-permeability relations for fractures obtained from
laboratory and field testing. The effects of blast damage are estimated from
case histories. The analyses indicate that rock mass permeability is expected
to decline rapidly to the undisturbed value with greater permeability changes
occurring at or near the shaft wall. For several conditions evaluated, the
equivalent permeability of the modified permeability zone, averaged over an
annulus one radius wide around the shaft, ranges from 15 to 80 times the
undisturbed rock mass permeability.
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SUMMARY

The development and operation of an underground repository in tuff at YuccaMountain will require access to the repository horizon through a number ofvertical shafts. As part of the Nevada Nuclear Waste Storage InvestigationsProject (NNWSI), Sandia National Laboratories (SNL) is conducting studies todetermine whether shafts can become pathways that compromise radioactive wasteisolation by providing a means for water to enter the repository. Concep-tually, water- or air-flow through a sealed shaft could occur through threezones as follows: 1) the seal material placed within the original opening, 2)the interface between the seal material .and the host rock, and 3) a zonesurrounding the original opening in which the permeability might be modifiedby the excavation process. The purpose of this report is to provide a modelof the modified permeability zone that can be used in future analyses of theperformance of the repository. The report specifically considers modificationof permeability in fractured, welded tuff of the Topopah Spring unit, whichwill be the major stratigraphic unit encountered in the shafts at YuccaMountain.

It is postulated in the report that the dominant processes which may lead tomodification of permeability are stress redistribution and damage by blastingdue to excavation. It should be noted that while care might be taken to limitdamage due to blasting by selection of an alternate method of excavation, theeffects of stress redistribution will occur regardless of the excavationmethod used. The redistribution of stresses around an opening in fracturedtuft might affect the permeability of the rock mass in two ways; namely, 1) bythe fracturing of originally intact rock due to excessive compressive or ten-sile stresses, and 2) by the opening or closing of preexisting fractures dueto changes in the normal stresses acting across the fractures, or to shearingalong the fractures. The potential for fracturing of intact rock is evaluatedby means of a simple analysis for the case of a circular shaft excavated in ahomogeneous, isotropic and linearly elastic medium. This analysis shows thatthe maximum tensile or compressive stresses at the shaft wall at repositorydepth should not exceed approximately 10 percent of the reported mean valuesfor tensile and unconfined compressive strength of intact rock. The analysisshows that fracturing of intact rock, due to stress concentrations around ashaft at repository depth, is unlikely, even allowing for variation from themean reported strength values and potential anisotropy in the stress field.Whereas stress redistribution around a shaft should not lead to fracturing ofintact rock (which could in turn lead to increased permeability), the effectsof stress changes across fractures may have a significant effect on permea-bility, This arises because the rock mass is densely fractured and becausethe permeability of fractures is sensitive to the stress applied across thefractures.

It is currently planned that three of the four shafts at Yucca Mountain willbe excavated by blasting. It is expected that blasting will, to some degree,damage the remaining rock adjacent to the excavation wall by creation of newcracks and extending or widening of preexisting cracks. This damage may leadto increases in permeability in the zone in which new fractures are created.
It is postulated that the significant mechanisms for modifying permeability infractured, welded tuff are 1) opening or closing of fractures in response tostress changes, and 2) creating new fractures or causing the opening of
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pre-existing fractures by blasting. The approach for developing the modified
permeability zone model includes the following five steps:

1. Calculate stress changes around a shaft by using an
appropriate closed-form solution for elastic or elasto-
plastic analysis of a circular shaft located in a
uniform stress field (Section 3.0).

2. Obtain relationships from published laboratory and
field testing results which describe the effects of
stress on the permeability of single fractures and
fractured rock (Section 4.0).

3. Calculate rock mass permeability as a function of radi-
us away from the shaft, based on the calculated
stresses and the stress-permeability relationships
obtained from testing (Section 5.0).

4. Estimate permeability changes due to blasting from
evaluation of case histories which indicate the depth
of damage, and estimate the probable increase in
fracture frequency in the damaged zone (Section 6.0).

5. Combine the results derived from performing steps 3 and
4 to obtain the combined effects of stress redistribu-
tion and blasting (Section 7.0).

For the sake of simplification, the analyses are based on general assumptions
that are described in detail in the text (Section 2.0).

Analyses are conducted for shaft depths of 100 m and 310 m. The 100-m depth
is representative of the upper part of the Topopah Spring unit, whereas 310 m
is the depth at which the Exploratory Shaft intersects the repository horizon.
Analyses are conducted to represent a range of expected rock conditions at
each of these depths as follows:

* A lower-bound estimate of the increase in rock mass
permeability Is obtained by considering an upper bound
for the expected rock mass strength properties, a lower
bound for the expected in situ stresses, and a lower
bound for the sensitivity of permeability to stress as
indicated by laboratory and field testing.

* An expected estimate of the probable increase in rock
mass permeability is obtained using the expected mean
values for strength and in situ stresses and values for
the mean sensitivity of permeability to stress.

* An upper bound estimate of the increase in rock mass
permeability is obtained by using values for lower-
bound strength properties, upper-bound in situ
stresses, and the upper-bound sensitivity Of
permeability due to stress.
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In these analyses, the intact rock compressive strength varies from 110 to 230
MPa, with an expected value of 171 MPa. Values for the rock mass quality, as
indicated by the Rock Mass Rating, vary from 148 to 84, with an expected value
of 65. Values for the in situ stress varies from 0.25 to 1.0 times the weight
of overburden with an expected value of,0.6 times the weight of overburden.
Depending upon these properties,-a wide range of rock mass behavior is. predic-
ted. At both depths, the combination of lower-bound rock mass strength and
upper-bound in'situ stress results in inelastic behavior adjacent to the shaft
wall; whereas for the other cases analyzed, the predicted behavior is elastic.
This difference in rock mass response is significant with respect to the
effects on rock mass permeability. Under elastic conditions (using values for
the lower-bound sensitivity of permeability to stress'), the maximum increase
in rock mass permeability resulting from redistribution of stress at the shaft
wall is less than an order of magnitude. Given the potential resolution of in
situ permeability measurements and potential variability in the rock mass,
such a zone of increased permeability may not be measurable. On the other
hand, inelastic deformation (combined with values for the upper-bound sensiti-
vity of permeability to stress) results in predicted changes in rock mass
permeability at the shaft wall as high as two orders of magnitude.

Estimates of the effects of blasting on rock mass permeability are based
initially on a review of case histories which indicate the extent of blast
damage around underground openings. Because these case histories indicate
only the width of'the damaged zone and not the permeability, it is necessary
to base the estimates of increased permeability on assumptions regarding the
increased fracture frequency within the damaged zone. Case histories suggest
that the width of blast damage may vary from approximately 0.3 m, for cases in
which controlled blasting methods such as smooth blasting are-used, to approx-
imately 2.0 m, for cases in which conventional blasting methods are used. For
purposes of estimating increases in rock mass permeability due to blasting, it
is assumed that blasting will be controlled and results in a three-fold
increase in fracture frequency within a zone extending 0.5 m from the shaft
wall. In a second upper bound blast damage model, it is assumed that the
annulus extends 1.0 m from the shaft wall.

-The results Of the stress redistribution' and blast damage analyses are
combined to form a series of models for the modified permeability zone repre-
senting a range of rock mass properties and in situ stress conditions. These
models are most easily compared by considering an equivalent rock mass permea-
billty of the modified permeability zone, which is averaged over an annulus
one radius wide around the shaft and normalized to the permeability of the
undamaged rock (Table 4). For the expected conditions at 310 m depth (i.e.,
considering mean values'for rock mass strength, in situ stress, and stress
permeability'sensitivity, and a 0.5-meter wide blast-damaged zone), the equiv-
alent rock mass permeability averaged over an annulus one radius wide is 20
times the permeability of the undamaged rock mass. For the upper bound condi-
tion at 310 m depth (considering low values for rock mass'strength, a high
value for in situ stress, high stress-permeability sensitivity,-and a one
meter wide blast damaged zone), the equivalent rock mass permeability is 80
times the undisturbed permeability.
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1.0 INTRODUCTION

The work described in this report was performed for Sandia National Laboratories
(SNL) as a part of the NNWSI project. SNL is one of the principal organiza-
tions participating in the project, which is managed by the U.S. Department of
Energy's Nevada Operations Office (DOE-NVO). The project is a part of the
DOE's program to safely dispose of the radioactive waste from nuclear power
plants.

The DOE has determined that the safest and most feasible method currently
known for the disposal of such wastes is to emplace them in mined geologic
repositories. The NNWSI project is conducting detailed studies of an area on
and adjacent to the Nevada Test Site (NTS) in southern Nevada to determine its
feasibility as a site for the development of a repository.

The technical criteria developed by the Nuclear Regulatory Commission (NRC)
for disposal of high-level radioactive wastes in geologic repositories include
the general design criterion that "seals for shafts and boreholes shall be
designed so that following permanent closure they do not become pathways that
compromise the geologic repository's ability to meet the performance objec-
tives . . ." (NRC, 1983, 160.134). SNL is currently conducting studies to
determine whether shafts and boreholes can become pathways for radionuolide
migration or influence radionuclide release by providing a means for water to
enter the repository.

Conceptually, water or air flow through a sealed shaft could occur through
three zones: 1) the seal materials placed within the original opening; 2) the
interface between the seal materials and the host rock; and 3) a zone sur-
rounding the original opening in which the permeability might be modified
(i.e., increased or reduced) by the excavation process. The specific purpose
of this report is to provide a model of the modified permeability zone which
can be used in future analyses of the performance of the repository. These
future analyses will demonstrate whether the modified permeability zone is
significant with respect to performance and whether it is necessary to control
the degree of disturbance around the shaft by appropriate selection of excava-
tion methods. The technical method used for developing the modified permea-
bility zone model is described in Section 2.0 and is based on an approach used
previously for a shaft in basalt (Kelsall et al., 1982, 1984).

Elastic and elastoplastic stress analyses are presented in Section 3.0 for a
range of expected underground conditions. These conditions include the range
of rock mass strength and the state of in situ stress. In Section 4.0, con-
stitutive relationships between stress on fractures and rock mass permeability
are presented from theoretical considerations, laboratory investigations on
single fractures in welded and nonwelded tuff, and field permeability tests on
single fractures in welded tuff. Comparisons are made between field and
laboratory measurements and bounds for stress permeability measurements are
selected.

In Section 5.0, an evaluation of permeability changes resulting from stress
relief is performed by combining the stress analysis in Section 3.0 with the
constitutive relationships in Section 4.0. Analyses are conducted for depths
in a shaft of 100 m and 310 m. The 100-m depth is selected to be representa-
tive of the upper part of the Topopah Spring unit, whereas 310 m is the depth

4
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at which the Exploratory Shaft intersects the repository horizon. Analyses
are conducted to represent a range of expected rock conditions at each of
these depths as follows:

* A lower-bound estimate of the increase in rock mass
permeability is obtained by considering an upper bound
for the expected rock mass strength properties, a lower
bound for the expected in situ stresses, and a lower
bound for the sensitivity of permeability to stress as
indicated by laboratory and field testing.

* A "likely" estimate for the increase in rock mass
permeability is obtained using the expected mean values

- for strength and in situ stresses and the mean
sensitivity of permeability to stress.

* An upper bound estimate of the increase in rock mass
permeability is obtained using lower-bound strength
properties, upper-bound in situ stresses, and the
upper-bound sensitivity of permeability due to stress.

An evaluation of permeability changes resulting from blasting is presented in
Section 6.0 by review of pertinent case histories and a prediction of the
extent of blast damage using some measures to control blasting. Section 7.0
combines the results of stress-induced damage and blast-induced damage in a
single modified permeability zone model over a range of different depths and
conditions. -

5



2.0 TECHNICAL APPROACH AND KETHODS OF ANALYSES

This chapter presents the technical approach and methods of analysis for the
evaluation of the modified permeability zone. Fundamental assumptions made in
the analysis are presented. Consideration is given, first, toward defining
the objectives of the study in terms of the expected site conditions. A
discussion of potential mechanisms for modifying rock mass permeability is
then presented. The final section describes the specific methodology used for
developing the modified permeability zone model.

2.1 SITE CONDITIONS
The repository is to be developed in the Topopah Spring welded tuft unit
(TSw2) at an approximate depth of 310 m. The proposed repository lies in the
unsaturated zone 200 m to 400 a above the ground-water table (Fernandez et
al., 1987). The repository would be accessed by a series of ramps and shafts
on the northeast boundary with mains driven to the southwest.

The major shafts accessing the repository include the Exploratory Shaft (4.4 m
excavated diameter) and adjacent Escape Shaft (2.4 m excavated diameter), the
Men and Materials Shaft (6.9 X excavated diameter) and the Emplacement Exhaust
Shaft (6.9 m excavated diameter). These shafts, as illustrated in Figure 1
will penetrate through the Tiva Canyon welded tuff, Yucca Mountain and Pah
Canyon nonwelded tuft, and Topopah Spring welded tuft units. In addition, the
Exploratory Shaft will penetrate to the top af the Calico Hills (CHn1) unit.

Figure 1 shows that the shafts are excavated mainly through the Topopah Spring
and Tiva Canyon welded tuft units. It is thus appropriate to develop a modi-
fied permeability zone model for welded tuft. The response of the Yucca
Mountain and Pah Canyon nonwelded units is less significant because their
thickness is small relative to that of the welded units. The response of the )
Calico Hills nonwelded unit is not considered here, but may be considered in
future design analyses, if necessary. It is noted that only the Exploratory
Shaft will penetrate partially into the unit.

Both the Topopah Spring and Tiva Canyon welded tufts are characterized as
"densely fractured" (Sinnock et al., 1984, p. 8). Scott et al. (1983, p. 318)
estimate a fracture density of 20 to 40 per unit .3, and Langkopf and Gnirk
(1986, p. 66) estimate a fracture frequency of 2 to 16 per meter corresponding
to a spacing of 6 to 50 cm. Fracture orientations are evaluated by Langkopf
and Gnirk (1986, p. 40-47) based on the mapping of surface exposures of Tiva
Canyon, and the mapping of the welded portion of the Grouse Canyon Member in
the G-tunnel complex at Rainier Mesa.

Figure 2 shows the range of fracture spacing obtained from Langkopf and Gnirk
(1986) for welded tuff, drawn to scale in relation to the planned diameter of
the Exploratory Shaft. The figure is intended to show that the fracture
spacing is small relative to the shaft diameter. Considering a representative
volume of rock adjacent to the shaft, it is to be expected that the geomechan-
ical response to excavation will be influenced by rock mass properties (which

Thermal/mechanical stratigraphy nomenclature from Ortiz et al. (1985, Figure
3-1).
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take into account the effect of fractures) rather than by the properties of
the intact rock., Similarly, the permeability of the rock mass will be influ-
enced by fractures, as well as, by the rock matrix. (This discussion applies
specifically to welded tuft and may be less applicable .to nonwelded units in
which the typical fracture spacing is 80 cm to 200 cm (Langkopf and Gnirk,
1986, p. 661.) The fracture orientations shown in Figure 2 are schematic;
actual fracture patterns in welded tuft are expected to range from two sets
plus random to three sets plus random (Langkopf and Gnirk, 1986, p. 48).

The potential for water flow through fractured welded tuft is governed by
properties of the rock mass (i.e., intrinsic permeability) and by the degree
of saturation. As described by Sinnock et al. (1984, p. 16), two types of
hydraulic conductivity,'matrix and fracture, are-pertinent to understanding
water flow through the unsaturated zone. Ifithe ground-water flux exceeds the
the'product of the matrix conductivity multiplied by the gradient, saturation
occurs and water flows through the fractures -at a rate governed by the rock
mass hydraulic conductivity. For Tiva Canyon and Topopah Spring welded tpff,
the rock mass hydraulic conductivity is expected to vary from 10- to 10-7
cm/s (Scott et al., 1983, p. 299). If the ground-water flux is less than the
matrix conductivity times the gradient, the rock mass is not saturated, and
flow will be relatively slow through the high effective porosity of the matrix
at a rate limited by the hydraulic conductivity of the matrix. From Sinnock
et-al. (1984,'p. 11), the saturated matrix hydraulic conductivity for Tiva
Canyon and Topopah Spring welded tuff is 2.5!to 3.5 x 10- cm/s.

Because of the combined effects of low average rainfall and permeability and
capillary barriers between stratigraphic units, the flux through most of the
Topopah Spring welded tuft is probably restricted to a value equal to or less
than the matrix conductivity; i.e., about 1 mm/year (Montazer and Wilson,
1984, p. 51). -For these expected conditions, it would be appropriate to con-
sider only how excavation could-result in modification of the matrix conduc-
tivity. It is possible, however, that the shafts could act as preferential
pathways for water flow. For example, extreme rainfall could lead to local
flooding in surface washes and flood waters could be directed into the shafts
(Fernandez etsal., 1987). Under these conditions, local saturation could
occur around a shaft, resulting in fracture flow. For these conditions, it is
appropriate to consider how rock mass conductivity might be modified by
excavation.

In the remainder of this report, reference is made to rock mass permeability.
This term implies a property of the rock mass (i.e., intrinsic permeability)
which is independent of the fluid permeant. The modified permeability zone
model which is developed can be applied to water flow (in saturated condi-
tions)'or' air flow (in unsaturated conditions) through fractures.

2.2 MECHANISMS FOR MODIFYING PERMEABILITY ADJACENT TO A SHAFT
In general terms, three processes may contribute to the formation of a
modified permeability zone around an underground opening as follows:

* Stress redistribution,

* Damage (i.e., fracturing or loosening) by the excava-
tion process, especially if blasting is used, and

* Weathering or ground-water/rock interaction.

9



Emphasis is placed in this report on the evaluation of the effects of mechani-
cal disturbance around a shaft, i.e., the effects of stress redistribution and
blasting due to excavation on the permeability of the rock mass surrounding
the shaft. It is the authors' Judgment that weathering and chemical effects
of ground-water/rock interaction are relatively insignificant mechanisms for
modifying permeability. Generally, it is believed that dissolution does not
occur in the Topopah Spring tuff at low temperatures (USDOE, 1986, p. 6-254).
This report gives no further attention to changes in permeability due to
chemical processes.

As discussed in the following sections, the relative importance of stress
redistribution and blast damage will depend on factors such as intact rock
strength, spacing and properties of fractures in the rock mass, rock strength,
in situ stress state, depth, shape of the opening and excavation method. It
is noted that stress redistribution will occur around all shafts, although the
manifestation will vary depending upon the same factors listed above. Hence,
some degree of modification of permeability may occur around all shafts, and
not only around those that are excavated by blasting.

2.2.1 Effects Of Stress Redistribution
It is postulated that the redistribution of stresses around an opening in tuff
might affect the permeability of the rock mass in one of two ways, as follows:

* By the fracturing of originally intact rock due to
excessive compressive or tensile stresses.

* By opening or closing of pre-existing fractures due to
changes in the normal stresses acting across the frac-
tures, or shear stresses along the fractures. )

The potential for fracturing of intact rock is evaluated by means of a simple
analysis for the case of a circular shaft excavated in a homogeneous, isotro-
pic, and linearly elastic medium (Figure 3). At any point, the tangential
stress is given by the Kirsch solution (Jaeger and Cook, 1976, p. 251) as:

p1 (1 + 2 p1 2 (1+ ) cos 20 (2-1)
2 ~~r r

where
(re a tangential stress,
p1, P2 2 maximum and minimum far-field (undisturbed) in situ

stresses,
a - radius of the shaft, and
r, * a polar coordinates (Figure 3).

For the case where r z a (i.e., considering points on the shaft wall where the
maximum tangential stress will occur in an elastic medium), Equation (2-1)
reduces to

(PI + P2) - 2 cos 2O (P1 -P 2). (2-2)
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Bauer et al. (1985) evaluated the in situ stresses at Yucca Mountain by the
finite element method, and compared the results to hydrofracturing measure-
ments made in boreholes. The finite element method was used for evaluating
gravitational effects, and indicated that the ratio of horizontal to vertical
stress (KOI) might range from 0.2 to 0.4, due to variation in topographic
relief at Yucca Mountain and variations in elastic properties between welded
and nonwelded units. The K values from hydrofracturing measurements, as
reported by Bauer et al. (1q85), ranged from 0.4 to 0.8, indicating that
tectonic or residual stress may contribute to horizontal stress. It was
suggested that a working range of 0.3 <Ko <0.8 is consistent with regional
tectonics, field measurements and finite element calculations.

For a bounding calculation using Equation 2-2, the minimum horizontal stress
(P 2 ) is set equal to 0.25 times the vertical stress and the maximum horizontal
stress (P1) is set equal to the vertical stress, which is calculated on the
basis of the weight of overburden as

Ov = ogh (2-3)

where
Ov 2 vertical stress,
o mass density (_ 2250 kg/m 3, Nimick et al., 1984, p. 4)
g = acceleration constant, and
h - depth.

For a-depth of 310 m (the depth at which the repository intersects the
Exploratory Shaft), the calculated vertical stress is 6.84 MPa (about 990
psi). Substituting P1 : 6.84 MPa and P2 a 0.25 x 6.84 = 1.7 MPa in Equation
2-2, the tangential stress around the opening is calculated as a function, of
the angle 3:

a (deg) tangential stress (MPa)
0 -1.72 (tension)
20 +0.68
40 +6.77
60 +13.69
80 +18.20
90 +18.82

These stresses may be compared with the strength values for Topopah Spring
(TSw2) tuff given by Nimick et al. (1984, p. 2). The maximum tensile stress,
as calculated, -is 1.72 MPa, whereas the mean intact rock tensile strength is
16.9 MPa. The maximum compressive stress, as calculated, is 18.9 MPa, whereas
the mean intact rock compressive strength is 171 MPa. These comparisons
indicate that fracturing of intact rock due to stress concentrations around a
shaft at 310 m depth is unlikely, even allowing for variations from the mean
reported strength values.

Whereas stress redistribution around a shaft should not lead to fracturing of
intact rock (which could in turn lead to increased permeability), the effects
of stress changes across fractures may have a significant effect on permeabil-
ity. This arises because the rock mass is densely fractured and because the
permeability of fractures is sensitive to the stress applied across the frac-
tures (Section 4.0). Conceptually, permeability should be increased where

12



normal stresses are reduced across fractures or shear stresses are increased,
while permeability should be reduced where normal stresses are increased.

2.2.2 Effects of Blasting
It is currently planned that three of the four shafts at Yucca Mountain will
be excavated by blasting. It is conceivable to expect that blasting may
damage the remaining rock adjacent to the excavation wall by creating new
cracks and extending or widening of pre-existing cracks. It is known from
underground construction practice (e.g., Hoek and Brown, 1980, Chapter 10)
that the visible degree of damage can be limited (if necessary) by the use of
"controlled" methods such as smooth blasting,

Several investigators have described the mechanics of blasting in rock
(Langefors and Kihlstrom, 1978, Chapter 1; Hoek and Brown, 1980, Chapter 10;
Brady and Brown, 1985, Chapter 17). It is generally recognized that three
zones form near the explosion hole (Figure 4). The first zone is comprised of
a crushed annulus which is formed by intergranular cracking, the collapse of
voids, differential compression of the rock matrix, and other modes of micro-
scopic deformation. Outside this zone is the blast fractured zone where a
pattern of-radial cracks form. Fracturing in this zone may be due to the
quasi-static gas pressure that sets up tensile tangential stresses outside the
crushed annulus over a period of short duration, or by crack propagation where
gas pressure actually enters the radial fractures and extends them over a
period of time much longer in duration. Outside this zone is an extended
seismic zone where the blast wave travels at sonic velocity characteristic of
the rock and the peak particle velocity attenuates rapidly with distance.
Tensile or shear failure of the rock may occur where compressive waves are
reflected in part off of free surfaces (open fractures or void space) near
existing fractures, and in part are refracted to the surrounding rock.

In actual rock masses, the extent and pattern of fracturing will be influenced
by rock properties such as strength, anisotropy, pre-existing cracks in the
rock mass and in situ stress. Cracking is also influenced by the blasting
method and by the charge weight of explosives. Perimeter blasting is the
process by which controlled methods are used in order to limit the number and
extent of new cracks in the completed excavation. Two techniques are avail-
able for controlled perimeter blasting; these include pre-splitting and smooth
blasting. Smooth blasting, which is common in tunnel and shaft excavations,
involves drilling a number of closely spaced parallel boreholes along the
final excavation surface, placing low-density charges in these holes, and
detonating all of the perimeter charges simultaneously (by the use of milli-
second delays) after the remainder of the production blastholes (i.e., those
holes inside the perimeter holes) in the face have been detonated. The effect
is to cause preferential crack growth along the line between the boreholes,
producing a relatively smooth excavation contour. Because relatively low
charge weights can be used in the perimeter holes, the damage to the rock
beyond the perimeter can be limited.

Figure 5 is an idealization of the different-results obtained with conven-
tional and smooth blasting methods. As noted above, the actual results of
blasting may be influenced by rock properties and blasting methods, and by how
well the blasting is executed. For example, smooth blasting requires more
accurate drilling of the perimeter holes. The extent of blast damage around
shafts and tunnels, as indicated by case histories, is further reviewed in
Section 6.0.

13
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FIGURE 5. COPARISON OF FRACTURE PATTERNS RESULTING FROM SMOOTH BLASTING AND
CONVENTICNAL BLASTING
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2.3 METHODOLOGY FOR DEVELOPING THE MODIFIED PERMEABILITY ZONE MODEL
It is postulated that the significant mechanisms for modifying permeability in
fractured, welded tuff are 1) the opening or closing of fractures in response
to stress changes, and 2) creating new fractures or the opening of old frac-
tures by blasting. The approach for developing the modified permeability zone
model includes the following five steps which are described in detail in
subsequent sections:

1. Calculate stress changes around a shaft by using an
appropriate closed-form solution for elastic or elasto-
plastic analysis of a circular shaft located in a
uniform stress field (Section 3.0).

2. Obtain relationships from published laboratory and
field testing results which describe the effects Of
stress on the permeability of single fractures and
fractured rock (Section 4.0).

3. Calculate rock mass permeability as a function of
radius away from the shaft based on the calculated
stresses and the stress-permeability relationships
obtained from testing (Section 5.0).

4. Estimate permeability changes due to blasting from
evaluation of case histories which indicate the depth
of damage and estimate the probable increase in
fracture frequency in the damaged zone (Section 6.0).

5. Combine the results derived from performing steps 3 and
4 to obtain the combined effects of stress redistribu- )
tion and blasting (Section 7.0).

In order to perform the analysis, it is necessary to consider a simplified
representation of the fracture system and the stress regime in the rock mass,
as described below. The discussion and subsequent analysis refer mostly to
Topopah Spring tuff; but they are also representative of Tiva Canyon tuff,
which has similar hydrologic and mechanical properties (Scott et al., 1983, p.
300; Sinnock et al., 1984, p. 12).

It has been noted (Section 2.1) that the Topopah Spring welded tuff is densely
fractured and that several fracture sets (i.e., with different orientations)
are present. Prior to excavation, each fracture is subjected to normal and
shear stress, depending on its orientation relative to the direction of the
principal in situ stresses. After excavation, these stresses will change in
the zone adjacent to. the excavation; depending on such factors as the shape
and proximity of the opening, in situ stress state, rock mass strength, and
the orientation of a fracture, the stresses across an individual fracture
could be reduced or increased (see Section 3.1). In the interest of simpli-
fication, three assumptions form the basis for modified permeability zone
analysis, as follows:

1. Prior to excavation, the in situ stress state is iso-
tropic and the normal stress acting across each
fracture is equal to the average far-field value.
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2. Stresses existing around the opening after excavation
are calculated by using closed-form solutions as normal
principal stresses acting in the radial and tangential
(or hoop) directions; shear stresses are ignored.

3. The stress acting across each fracture after excavation
is the calculated radial stress at the appropriate
location relative to the shaft wall. (Note that the
radial stress is always less than the tangential stress
in an isotropic stress field.)

These assumptions are conservative for the isotropic state of stress (i.e.,
they tend to over-predict increases in permeability) in that stress increases
across some fractures are ignored and each fracture is, in effect, assumed to
be perpendicular to the direction of maximum stress relief. Conversely, the
simplified analysis does not account for the effects of shearing along frac-
tures. On balance, it is the authors' judgment that the model is a reasonable
representation of permeability changes in fractured welded tuff.

It should be noted that the actual spacings, orientations and continuity of
fractures in the rock mass need not be considered, because the model predicts
the change in rock mass permeability relative to the undisturbed case. As a
result of the assumptions described above, the modified permeability zone will
extend equally in all directions around a circular shaft (assuming an isotro-
pic stress field). If one or two fracture sets are, in fact, dominant in the
rock mass, the extent of the zone in which permeability is increased will be
greater where fractures are oriented, approximately, tangential to the shaft
wall (Kelsall, 1982, p. 41-42).
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3.0 STRESS ANALYSIS FOR A SHAFT IN WELDED TUFF

The first stage in developing the modified permeability zone model involves
calculating the stress distribution around a shaft excavated in welded tuff.
The calculated stresses will be used in Section 5.0 to estimate changes in
rock mass permeability.

3.1 GENERAL DESCRIPTION OF ROCK MASS RESPONSE TO SHAFT EXCAVATION
When a shaft is excavated, there is a redistribution of the original in situ
stresses around the opening. The nature of this redistribution depends upon
the original in situ stresses (as affected by depth), on the shape of the
opening, and on rock strength and deformability properties. Relatively strong
and stiff rocks, when confined at shallow depths, in general behave essenti-
ally elastically whereby deformations are theoretically reversible and produce
no failure. At greater depths, the same rock might respond with proportion-
ately greater deformation due to slippage along fractures. In this case also,
there is no significant failure of intact rock material, but deformations in
the plastic zone adjacent to the opening may be nonreversible. The extent of
the plastic zone depends upon the rock mass strength and the in situ state of
stress. At progressively greater depths, the in situ stress is generally
larger and the plastic zone extends further from the shaft if rock mass
strength is uniform with depth. However, in a layered stratigraphy, as dis-
cussed subsequently in this report, the type and extent of disturbance might
vary from one layer to another, with greater disturbance observed in weaker
materials.

The distinction between the elastic and plastic zones around an underground
opening is important with respect to stress distributions and the resultant
effects on fracture permeability. In the case of elastic deformations adja-
cent to an opening, the radial stress is reduced to zero at the shaft or
tunnel wall, whereas the tangential stress is increased relative to the undis-
turbed or far-field value. In this case, it is expected that the permeability
of fractures tangential to the opening (perpendicular to the radial stress)
should be increased, whereas the permeability of radial fractures should be
reduced. In the case of plastic deformations adjacent to an opening, both the
radial and tangential stresses are reduced close to the wall in the plastic
zone so that the permeability of both tangential and radial fractures should
be increased.

3.2 ROCK MASS STRENGTH
Rigorous analysis of stress changes and deformation in a jointed rock mass
requires consideration of the strength of the rock mass, as affected by
discontinuities as well as by intact rock. Rock mass strength has not been
measured directly in welded tuff and comparative methods are required for
obtaining estimates. According to Bieniawski (1984, p. 81) two methods seem
to be particularly promising, those proposed by Hoek and Brown (1980) and
Protodyakonov (1964). Both of these approaches are used in Appendix A to
obtain rock mass strength parameters for welded tuff (with emphasis placed on
the method proposed by Hoek and Brown). The remainder of this section
presents a summary of the Hoek and Brown method and its results.

Hoek and Brown's (1980, p. -175) criterion for the strength of discontinuous
rock masses is expressed as
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u au FM

where
au z unconfined compressive strength of intact rock,

m, a c rock mass strength constants dependent upon rock quality, and
at, a3 z major and minor principal stresses at failure.

Hoek and Brown (1980, pp. 133-182) provide a detailed discussion of the fac-
tors that influence rock mass strength, and provide methods for estimating the
m and s constants from laboratory testing and field investigations. The
laboratory testing includes performing triaxial compression tests on samples
of intact rock over the range of confining pressures expected in the field.
The field investigations include rock mass classification, either by the
Geomechanics Classification System (RHR System, Bieniawski, 1984, p. 112) or
the Q System (Barton et al., 1974; p. 189).

Rock mass failure envelopes are presented in Figures 6 and 7 for the Topopah
Spring nonlithophysal welded unit (TSw2) and the Calico Hills unit (CHnM).
These envelopes are derived from Equation 3-1 and data presented in Table 1.
The rock mass strength constants are derived from the RMR as described in
detail in Appendix A and as summarized in this table. The three envelopes in
Figure 6 for the Topopah Spring tuff include the following cases:

Case 1: An upper bound estimate corresponding to the
upper bound RMR (84) and the mean unconfined compressive
strength plus one standard deviation.

Case 2: 'An expected estimate corresponding to the mean
RMR (65) and the mean unconfined compressive strength.

Case 3: A lower bound estimate corresponding to the lower
bound RMR (48) and the mean unconfined compressive
strength minus one standard deviation (110 MPa).

The two envelopes in Figure 7 for the Calico Hills tuff include the following
cases:

Case 4:, An upper bound estimate corresponding to the
upper bound'RMR (71) and the mean unconfined compressive
strength plus one standard deviation (36 HPa).

Case 5: A lower bound estimate corresponding to the lower
bound RMR (49) and the mean unconfined compressive
strength minus one standard deviation (18 MPa).

The range of failure strength or maximum principal stress at failure under
confining stress is from the lower bound envelope to the upper bound envelope
as shown in the figures. The magnitude of the range of failure strength
increases with increased confining pressure for welded and nonwelded tuff.
For comparison, failure envelopes based upon data from Nimick et al. (1984, p.
4) are shown for welded tuff (TSwl and TSw2) and nonwelded tuff (PTn) in
Figures 6 and 7 respectively.
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TABLE 1

PROPERTIES OF WELDED AND HOWELDED SUFF USED IV ST1ESS ANALYSES

UNCONFINED
ROCK MASS (a) COMPRESSIVE

UNIT ESTIMATE CLASSIFICATION Rh(a) STRENGTH (Hpa)(b) *(c) 5(c)

Topopah Spring High I, Very Good 84 230 6.0 0.079

(TSw2) Expected II, Good 65 171 1.4 3.9 x 10-3

Low III, Fair 48 110 0.084 2.60 x 10-4

Calico Hills High II, Good 71 36 0.78 0.01

(CHni) Low II1, Fair 49 18 0.046 3.0 x 10-4

(a)Classification and rock mass rating are presented by Langkopf and Gnirk (1986, p. 90).
(b)Kean values for compressive strength from Nimiok et al. (1984, p. 2). The ranges of unconfined compressive

strength (t 1S.D.) for intact rook are obtained from Table 2-7 of the SCP (Sandia National Laboratories, 1985).
()See Section 3.2 and Appendix A for definition and method or computing m and a constants.
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The data in Table 1 and the failure envelopes in Figure 6 refer to peak rock
mass strength, which is the maximum stress at failure that the rock can sUs-
tain under given conditions. After its peak strength has been exceeded, a
rock mass may still be able to sustain load; after significant strain, this
load capacity may reduce to a minimum, known as the residual strength (Brady
and Brown, 1985, p. 87). Determination of the extent of the plastic or
inelastic zone and the stress distributions within the inelastic zone requires
estimates of residual strength, as well as peak rock strength properties.
Barton et al. (1985, pp. 127-128) have performed modeling studies of the
stress-displacement relationships for welded tuff. These studies indicate
that there is little difference between peak and residual shearing stress at
confining stresses less than 10 MPa. In contrast, the estimated rock mass
strength relationships in Figure 6 shows a wide variation in peak strength due
to rock mass quality. For purposes of analysis, it is assumed that residual
rock mass strength is equal to peak rock mass strength, and that evaluation of
the upper and lower estimates of peak rock mass strength shown in Figure 6
provides a reasonable bound to differences in peak and residual strength.

3.3 ROCK MASS DEFORMABILITY
The rock mass deformability, or modulus, is used for calculating displacements
at the shaft wall. These displacements are not used for determining changes
in permeability, but are useful for comparing plastic and elastic behavior.
When the shaft is excavated, the measured displacements can be compared
against the calculated values to provide an indication of whether inelastic
deformations are occurring. Nimick et al. (1984, p. 4) report that the rock
mass modulus of deformation for welded tuff (TSw2) is estimated to be 15.1
GPa.

3.4 IN SITU STRESS
Under perfect confinement, where no horizontal displacement occurs, the ratio )
of horizontal to vertical stress is given by (Jaeger and Cook, 1976, p. 369)

K0 1 (3-2)

where
K0 : ratio of horizontal to vertical stress, and
v = Poisson's ratio.

Considering a rock mass Poisson's ratio of 0.2 (Nimick et al., 1984, p. 4),
the value of Ko is 0.25.

As reported in Section 2.2.1 there is evidence from field and analytical
studies that the So ratio at Yucca Mountain may be higher than 0.25. To cover
a range of conditions which may occur at depth, the analyses in this report
consider both an upper and lower bound estimate for the far-field horizontal
stress. For an upper-bound estimate, the far-field horizontal stress is set
equal to the vertical stress. For a lower bound estimate, the far-field hori-
zontal stress is set equal to 0.25 times the vertical stress. In both cases,
the horizontal stresses are assumed to be equal in all directions, and the
vertical stress is calculated on the basis of the weight of overburden, by
using Equation 2-3. The weight of the overlying strata is calculated using
the weight density of the Topopah Spring, i.e., 2250 kg/mi (Nimick et al.,
1984, p. 4). Because the nonwelded tuff and alluvium above the Topopah Spring
unit exhibit a lower density, the effect of using the above relation is to
slightly overestimate vertical stress at depth.
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3.5 ELASTIC ANALYSIS
Analysis of stresses and displacements within the elastic zone is based upon
the Kirsch solution (Jaeger and Cook, 1976, p. 251). For an elastic material
that is unsupported, the solution is

or p (1 - a2/r2), and (3-3)

' a p (1 + a2/r2) (3-4)

where
r _ radius at point of stress calculation,
a : radius of shaft,
,r= radial stress,
ae -tangential stress, and
p : far-field hydrostatic stress.

In this analysis, the far-field hydrostatic stress is the isotropic horizontal
stress, calculated as described in Section 3.4. The solution predicts that
the radial stress at the shaft is equal to zero. The tangential stress at the
shaft is twice the far-fLeld hydrostatic stress. These equations are used for
elastic analysis of stress distribution around a shaft. If the tangential
boundary stress (ae) exceeds the unconfined compressive strength of the rock
mass (au)t failure is predicted and elastoplastic analysis is applicable.

3.6 ELASTOPLASTIC ANALYSIS
Hoek and Brown (1980, p. 250) present an elastoplastic solution based upon the
failure criterion in Equation 3-1 for the ultimate and residual strength of
the rock mass. Hoek and Brown express the elastic stresses as

Zr P (P - are) Cre/r)2, and (3-5)

:P + (p -are) (re/r)2, (3-6)

where
re z radius to the elastoplastic boundary,

are z constant, and
p a far-field stress.

The radius re represents the extent of plastic deformation and is calculated
as follows:-

re : a exp IN 1 2/m r/u (Yur0Pi + s u), (37)

where 2 2
I r/(mrau) [(MrauP + 5 r~u - mrau 0)]

mr 5r z residual strength parameters (note that in this analysis,
the residual strength properties (Mr, sr) are equal to the
peak strength properties (m, s), as discussed in Section
3.2), c set

-au z unconfined compressive strength,
Pi 2 internal support stress, and
' M = [(M/4)2 + mp/a * si W - (m/8)
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The constant are is given by

re = p - Ma . (3-8)

The radial and tangential stresses in the plastic zone, where the rock mass
exhibits residual (in the present case, peak) strength, are given by

ar = (mraU/4) Eln (Wa)] 2+ fln(r/) (mroupi + rau 2)1 + pi, and (3-9)

aa 5 ar + (mrauOr + rau20. (3-10)

The displacement analysis that follows assumes that the stress distribution
and radius re to the elastoplastic boundary are determined according to the
relations presented above. Let ea be the average plastic volumetric strain
associated with the passage from the original state to the failed state. By
comparing volumes (per unit length of shaft) of the plastic zone before and
after failure, the following expression is obtained

x (re2 - r2) [(re e) - (r + u)2 (1 - eav) (3-11)

where
re = radius to elastoplastic boundary,
ue = displacement at elastoplastic boundary,
r : radius,
u - displacement at radius r,

eav = average volumetric plastic strain, (see Hoek, and Brown, 1980,
pp. 251-252).
The value of ue is determined by the following formula:

e (E E (a fl4 re e

E - rock mass deformation modulus,
V _ rock mass Poisson's ratio, and all other parameters are as

previously defined.

Equation 3-11 is a quadratic equation in which u can be solved. The elastic
displacement (ue) is readily determined at the elastoplastic boundary by
substituting elastic stresses into the equation presented above. The
displacement in the plastic zone becomes

[-2a + (2a)2 - 4Ta (3-12)U ~~~2

where -er. 2 2 av

T - a + 2(a4)u _ e (3-13)
-eavJ a \1 eaJe a

The relationship in Equation 3-8 has been used for predicting the development
of an inelastic or plastic zone in welded and nonwelded tuff near a shaft.
Table 2 summarizes the input parameters used in the analyses for welded tuff
and indicates whether the rock mass response was entirely elastic or partly
plastic. In these analyses the range of intact rock compressive strength is
plus and minus one standard deviation of the mean value of 171 MPa for TSw2
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TABLE 2

ELASTOPLASTIC STRESS ANALYSESRESULTS OF FOR WELDED TUFF

ANALYSIS DEPTH (m) au (MPa) RMR 'RESPONSE

1 100 0.25 230 84 Elastic

2(a) 100 0.6 - 171 65 Elastic
3 100 1.0 110 48 Plastic/Elastic

4 310 0.25 230 84 Elastic
5(a) 310 0.6 171 65 Elastic

6 310 1.0 110 48 Plastic/Elastic
6 .1 4

oh K Horizontal-in situ stress

a: a Vertical in situ stress (assumed equal to the
overburden.)

au I Unconfined compressive strength of intact rocd
RMR s Rock mass rating

(a)These analyses correspond with expected strength
insitu stress.

weight of

C

properties and level of
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tuff, as reported by Nimick et al. (1984, p. 2). The standard deviation is
obtained from Table 2-7 of the draft Site Characterization Report (Sandia,
1985). The range of RMR is that quoted by Langkopf and Gnirk (1986, p. 90)
for Topopah Spring tuft.

It can be seen that the analyses predict a completely elastic response for
both expected properties (analyses 2 and 5) and upper bound properties
(analyses 1 and 4). With the combination of lower bound properties and higher
in situ stress, however, plastic behavior is observed at the 100 m depth, as
well as at 310 m. The stress distributions obtained from these analyses
(analyses 3 and 6) are illustrated in Figure 8. For a depth of 310 m in an
unsupported shaft, the plastic zone might extend out three to four radii when
a high horizontal to vertical stress ratio (1.0) is considered. Figure 9
shows the extent of the plastic zone as a function of depth through the
several welded and nonwelded tuff units.

The induced displacements under high horizontal stress (aH = av) at the repos-
itory level in the Topopah Spring unit (TSw2) are shown in Figure 10. The
elastic solution corresponds to the high estimate of rock mass strength pro-
perties, whereas the elastoplastic solution corresponds to the low estimate of
rock mass strength properties. The figure indicates that the peak displace-
ment for the plastic case is, approximately, one order of magnitude higher
than the peak displacement in the elastic case. The form of these curves is
similar to that observed in large cavities at the Nevada Test Site, as
presented by Cording et al. (1971).

The results indicate that a wide variation in rock mass behavior might be
observed depending on depth, in situ stress and rock properties. Because rock
strength may vary with depth (due to variations in porosity and fracture spac-
ing) the rock mass behavior may vary even within a lithologic unit. For the
welded units, the expected response is elastic in nonlithophysal zones, but
plastic response may occur in lithophysal zones or in intensely fractured
zones where strength is lower. Plastic behavior is expected for the nonwelded
Calico Hills tuft near the base of the shaft because of the low strength
(which is similar to the lower bound for welded tuft as shown in Figure 6).
For the nonwelded Paintbrush unit overlying the Topopah Spring the behavior
may be elastic or plastic depending on rock mass strength and in situ
stresses. Formation of a plastic zone may be limited, however, if the shaft
liner is placed as quickly as possible after excavation. The effects of rock
support in limiting inelastic deformation have not been considered in the
analyses in this report.
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4.0 CONSTITUTIVE RELATIONSHIPS BETWEEN
STRESS ON FRACTURES AND ROCK MASS PERMEABILITY

The technical approach used for predicting changes in rock mass permeability
around an underground opening requires knowledge of the relationship between
permeability and stress. Ideally, this relationship would be obtained from
large-scale field tests in which rock mass permeability would be measured as a
function of changing stress levels. Because no such field tests have been
performed and such tests might be impractical, it is necessary to use measure-
ments made in the laboratory or field on single fractures and extrapolate for
determining the effects of stress on rock mass permeability. Section 4.1,
below, presents a discussion of the theoretical basis for this extrapolation.
Data obtained from laboratory and field tests on single fractures are then
reviewed in Sections 4.2 and 4.3 respectively. Finally in this chapter,
stress-permeability relationships for single fractures obtained from testing
are compared and used for obtaining upper and lower bounds on the expected
stress-permeability relationship for the rock mass.

4.1 THEORETICAL BASIS FOR OBTAINING A ROCK MASS STRESS-PERMEABILITY RELATION-
SHIP FROM TESTS ON SINGLE FRACTURES

The hydraulic conductivity of a single fracture may be related to the equiva-
lent smooth-wall fracture aperture by the following relationship (Witherspoon
et al., 1980, p. 1,016):

K = Rb2 (4-1)
1 2v'

where
K - fracture hydraulic conductivity,
g : gravitational acceleration.
b = smooth-wall aperture, and
v = kinematic viscosity.

From Freeze and Cherry (1979, p. 27), the intrinsic permeability is related to
the hydraulic conductivity by the relation

K _ Alp,(4-2)
J1A

where
k - intrinsic permeability,
o - density, and
u = dynamic viscosity.

Equation (4-1) can now be rewritten in terms of the intrinsic permeability,
kf, of a single fracture 2

k : b (4-3)

From Freeze and Cherry (1979, p. 74), the intrinsic rock mass permeability,
km, in the direction of a parallel array of fractures is given by:

Nb3
k Nb= (4-4)
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where
N fracture frequency (i.e., fractures per unit distance'

perpendicular to the orientation).

It can be seen from Equations (4-3) and (4-4) that the permeability of both a
single fracture and a rock mass can be related to the fracture aperture. If
the fracture aperture is measured from a test on a single fracture, the rock
mass permeability in the direction of a parallel array of fractures with
similar apertures can be calculated, providing that the fracture frequency is
known. Similarly, if the aperture is measured over a range of stress, the
change in rock mass permeability over the same range of stress can be calcu-
lated by substituting in Equation (4-4)

km,1 , b I 3
ik z b 3 = ( b2 ) i (4-5)

22

where
- z1 5rock mass permeability with effective stress a, acting

across the fractures,
k : rock mass permeability with effective stress 02 acting

across the fractures,
b1 : smooth-wall aperture at effective stress a,, and
b2 : smooth-wall aperture at effective stress 02.

It will be noted that the change in rock mass permeability is independent of
the fracture frequency, given the assumption that the frequency does not
change in response to stress changes.

The basis for calculating fracture aperture from flow tests onzsingle frac-
tures and termed the "cubic law" (Witherspoon et al., 1980, p. 1,016) is the
equation

Q 5 Cb3 (4-6)

where
Q z flow rate,
Lh a head difference,
b = equivalent smooth-wall fracture aperture, and
C x constant related to the geometry of the flow regime, and the

properties of the fluid.

The validity of the cubic law to natural, nonplanar fractures is the subject
of much continuing research. This research has included laboratory testing,
field testing..of jointed blocks, and phenomenological modeling. Recent
reviews of the subject are given by Witherspoon et al. (1980) and Witherspoon
(1981). Generally, this work has suggested that the cubic law is valid
providing that it is based on 'a real aperture, which takes into account the
roughness'and tortuosity of the fracture. The permeability-stress relation is
then determined by a number of factors which influence the fracture stiffness,
including fracture roughness, fracture wall compressive strength, and the ini-
tial aperture. It follows that the relationship will differ according to the
rock type, roughness and weathering of the fracture surface, and any infil-
lings that are present. The relationship may also depend on the stress
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history of the fracture, and on whether displacements are purely normal or
whether shearing occurs. There may be a scale effect, also, related to the
fracture roughness.

It is not the purpose of this study to present a detailed evaluation of the
validity of the cubic law. For purposes of the analyses presented below, it
is proposed that Equation (4-6) can be used for obtaining estimates of frac-
ture apertures from laboratory or field tests on single fractures. Equation
(4-4) can then be used to obtain values for intrinsic rock mass permeability,
and Equation (4-5) can be used to obtain the ratio of permeabilities at
different stress levels.

4.2 LABORATORY STUDIES OF SINGLE FRACTURES IN WELDED AND NONWELDED TUFF
Laboratory investigations about the influence of effective confining stress on
fracture permeability have been made by Peters et al. (1984, pp. 50-55). Five
core samples, each with a single fracture with various aperture and roughness
characteristics, were recovered and prepared for testing in a constant flow
rate permeameter. Each sample was jacketed and placed in a pressure vessel,
which allowed independent application of pore pressure and the external
confining pressure. A description of the experimental apparatus, sample
preparation, and data reduction methods is provided by Peters et al.

The experimental method included raising the confining pressure and pore
pressure to 3.5 and 3.0 MPa respectively. The pore pressure was then held
constant and the confining pressure was varied in the range of 3.5 to 15.0
HPa. To simplify analyses of data from Peters et al., only the unloading
cycle from the peak confining pressure will be considered on the basis that
this is the process (i.e., unloading) that occurs in the field adjacent to an
excavation. It is assumed that the effects of loading a sample prior to
unloading will return the sample to undisturbed levels of consolidation.

The fracture permeability versus confining pressure data for the five samples
are plotted in Figure 11. Fracture permeabilities are inversely proportional
to effective normal stress. In each case, the fracture permeabilities
approach an asymptotic value, but this value differs widely for the several
samples. In other words, the several samples are characterized by different
equivalent, smooth-wall apertures at maximum closure. Peters et al. (1984,
Tables A.8 - A.I1) calculated that the equivalent smooth-wall aperture at
maximum closure changed from about 3 um to about 38 nm.

The fracture permeability versus confining stress relationships also indicate
different changes in relative permeability, i.e., the ratio of permeability at
zero normal stress to the permeability at high effective normal stress. This
is more clearly illustrated in Figure 12, where fracture permeabilities are
normalized to their asymptotic values at high effective confining stress. The
differences in the relative permeability curves may be partly attributable to
fracture roughness. For example, Sample G4-IF is described as a "rough frac-
ture with poorly matched surfaces." Fracture closure under high stress is
incomplete, and the relative fracture permeability curves shows little depen-
dence on stress. In contrast, Sample G4-3F is described as a "very planar
fracture with well-matched surfaces." Relative permeability is more dependent
on stress, suggesting more complete aperture closure under stress. These
results are consistent with conclusions drawn by Barton et al. (1985, p. 139),
that smooth joints close more completely under applied normal stress than
rough joints.
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4.3 FIELD STUDIES OF SINGLE FRACTURES IN WELDED TUFF
Field permeability tests were conducted in the G-Tunnel Heated Block Test
(Zimmerman et al., 1985, pp. 755-756). The tests were performed by injecting
water under pressure into a packed-off section of a central borehole, which
intersects a near-vertical fracture, and monitoring the flow rate in two
observation boreholes. The cubic law was then used for calculating the equi-
valent smooth-wall fracture aperture (Hardin et al., 1982, p. 148). During
the test, the fracture was subjected to a complex load-path history that
included relief of the in situ stress by slot creation, and subsequent loading
and unloading by cycling the flatjack pressure. A summary of the results for
two flow paths is presented in Figures 13 and 14 respectively. The two flow
paths are identified as paths 21 and 23, and represent the flow of water from
a central injection hole 2 to the observation hole 1 or hole 3, respectively.
The effective stress is calculated as the difference between the applied total
stress from the flatjacks and the water pressure between the packers. Both
relationships indicate that fracture permeability is inversely related to
normal stress. It is also interesting to note that fracture permeability
shows little or no stress-dependence when the effective normal stress exceeds
the pre-existing stress of about 3 MPa. The results indicate hysteresis, with
path 21 showing a higher stress dependence than path 23. For this reason,
path 21 is considered in comparisons between field and laboratory results in
the following section.

4.4 STRESS-PERMEABILITY RELATIONSHIPS
The combined results from laboratory and field tests provide a basis for
bounding the relative fracture permeability versus normal stress relation-
ship. The combined results are shown in Figure 14. These data include

* Two laboratory tests (Samples G4-3F and G4-1F) that
showed the least and most change in fracture permea-
bility across the stress change which was used in the
tests.

* Field test data from the G-Tunnel Block Test. Note
that the data plotted involves the initial unloading
due to slot creation, and unloading on a subsequent
load cycle.

The comparison shows that the field test data fall within the bounds defined
by the available laboratory test data. The results also show that permeabil-
ity is relatively insensitive to stress changes above a stress level of 3 to 4
MPa. The bounds obtained from Figure 15 can be used to calculate correspond-
ing bounds for rock mass permeability as a function of stress by using the
theory described in Section 4.1. The calculated relationships (Figure 16)
show rock mast permeability normalized to permeability at a stress level of 12
MPa which was the maximum stress level used in laboratory tests in Peters et
al. (1984) (Section 4.2).
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5.0 EVALUATION OF PERMEABILITY CHANGES RESULTING FROM STRESS RELIEF

The rock mass stress-permeability relationships developed in Section 4.0 may
be used with the stress distributions calculated in Section 3.0 to predict
changes in the rock mass permeability near a shaft. In the analyses presented
in this section, the expected change in relative rock mass permeability is
calculated for Topopah Spring welded tuff (TSw2) at depths of 100 m and 310
m. This expected change corresponds to the expected values for rock mass
strength, in situ stress, and stress-permeability sensitivity. An upper bound
change in permeability is also calculated for a combination of lowest rock
mass strength, highest in situ stress, and greatest sensitivity of
permeability to stress change.

5.1 SUMMARY OF INPUT PARAMETERS
The parameters and conditions used in the calculations are given below. Rock
strength parameters and in situ stress conditions are obtained from Table 2.
Stress-permeability relationships are obtained from Figure 15.

* Upper Bound Change

- Intact rock unconfined compressive strength = 110
MPa.

- Rock Mass Rating (RMR) = 48.

- Ratio of horizontal to vertical stress - 1.0.

- Upper bound rock mass stress-permeability
relationship (Figure 16).

* Expected Change

- Intact rock unconfined compressive strength = 171
MPa.

- Rock Mass Rating = 65.

- Ratio of horizontal to vertical stress _ 0.6.

- Approximately the mean of the rock mass stress-
permeability relationship from Figure 16 (see
below).

Permeability has not been calculated for the conditions of upper bound
strength and lower bound in situ stress (analyses I and 4 in Table 2).
Essentially, the results would be the same as those for the expected condi-
tions because the rock response is elastic for both expected and upper bound
properties.

The initial stress condition is defined by two equal principal stresses acting
in a plane, normal to the shaft axis. In a sense, this isotropic model is a
hydrostatic stress condition, although the stress in the direction of the
penetration axis is ignored. Also, the effects of pore pressures and temper-
ature changes are currently ignored. In the four analyses conducted, the
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undisturbed isotropic stress varies from about 1.3 MPa (i.e., 0.25 times the
vertical stress at 100 m depth) to about 7 MPa (i.e., equal to the vertical
stress at 310 m depth). In order to obtain stress-permeability relationships
for each analysis, it is necessary to normalize permeability to the appropri-
ate undisturbed stress level (so that the relative undisturbed permeability
value in each case equals one). Figure 17 shows the relationships actually
used in each of the four analyses, obtained from the general stress-
permeability relationship previously presented in Figure 16. For the upper
bound analyses, the relationships are obtained by straight-line extrapolation
between the undisturbed stress value and the maximum predicted relative perme-
ability value determined at zero stress. The value for relative permeability
at zero stress for the expected condition is obtained from the G-Tunnel field
test (Path 21, Figure 15).

5.2 RESULTS
For the expected conditions, the rock mass response to excavation is elastic
at depths of 100 m and 310 m (Table 2). The tangential stress is increased
(by a factor of two at the excavation surface) and the radial stress is
reduced to zero at the surface. Permeability should be increased along
tangential fractures orientated perpendicularly to the radial stress and
conversely reduced along radial fractures orientated perpendicularly to the
tangential stress. For the case of upper bound change with reduced rock mass
strength and higher in situ stresses, the rock mass response to excavation is
inelastic, and both the radial and tangential stresses are reduced, resulting
in an increase in permeability along all fractures.

The predicted upper bound and expected changes in rock mass permeability at
the two depths are presented in Figure 18. To provide a conservative estimate
and to simplify the analysis, the effects of increased stress across radial
fractures in the elastic zone are ignored. This is a reasonable simplifica-
tion, given the nonlinear stress-permeability relation for fractures (Section
2.3). From Figure 14, it can be seen that an increase in stress levels above
4 to 6 MPa has a relatively minor effect on permeability compared with the
effect that would result from reducing stress. Thus, changes in axial rock
mass permeability would be dominantly influenced by radial stress relief.

The results indicate a difference in the effects of stress relief depending
largely on rock mass strength and in situ stress conditions. Under expected
conditions (with the expected change in relative permeability from Figure 17),
the maximum increase in rock mass permeability (occurring at the shaft wall)
is about one order of magnitude. Given the potential resolution of in situ
permeability measurements and potential variability in the rock mass, such a
zone of increased permeability may not be measurable. On the other hand, the
elastoplastic solution (with the upper bound change in permeability from
Figure 17) indicates changes as high as two orders of magnitude at the excava-
tion surface. In this case, the zone in which permeability is increased by at
least one order of magnitude extends out about one radii from the shaft wall.

For the case of predicted inelastic behavior, it is noted that the degree of
stress relief might be reduced in practice by the application of support
(e.g., rock bolts, shotcrete or concrete liner) at the time of excavation.
Rock support would probably have little effect on deformations in the elastic
zone.
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6.0 EVALUATION OF PERMEABILITY CHANGES RESULTING FROM BLASTING

Excavation of a shaft by blasting might result in increased permeability in a
damaged zone adjacent to the shaft wall. This chapter reviews evidence from
field case histories regarding the extent of blast damage and its effects on
rock mass permeability. Unfortunately, we have found few case histories in
which the permeability of the blast-damaged zone was measured directly. As
shown in Section 6.1, case histories are useful for providing evidence of the
extent of blast damage, as indicated by increased fracturing. The extent of
blast damage can also be estimated by means of general relationships between
explosives charge weight and the particle velocity required to produce frac-
turing (Section 6.2). The possible increases in permeability and the extent
of the blast damage zone for welded tuff are presented in Section 6.3.

6.1 REVIEW OF CASE HISTORIES
Appendix B contains a bibliography of about 60 references that relate directly
or indirectly to blast damage around shafts or tunnels. Table 3 summarizes 14
case histories in which the extent of damage or disturbance around an opening
was measured. As indicated in the table, in a majority of these cases no
attempt was made to distinguish between blast damage and disturbance due to
stress relief. The most relevant case histories are reviewed in the following
sections.

6.1.1 Colorado School of Mines Test Mine (Montazer and Hustrulid, 1983; El
Rabaa et al., 1982; Montazer et al., 1982; Hustrulid et al., 1980;
Sperry et al., 1984)

The Colorado School of Mines (CSM) has established a mining technology
research facility at the Edgar Mine located at Idaho Springs, Colorado. A
mining technology research program sponsored by the Office of Nuclear Waste )
Isolation (ONWI) was directed specifically toward evaluating the structural
damage caused by various types of blasting and toward measuring permeability
in the damaged zone. ONWI also sponsored a heated block test conducted at the
same site.

The damaged zone and heated block tests were conducted in an experimental room
excavated specifically for the tests. The room is 5 m wide, 3 m high and 30 m
long, and was excavated using ten different blasting patterns. Variations of
a Swedish smooth-wall technique were used for seven rounds and variations of
the Livingstone blasting method, developed in the U.S., were used for the
other three. The rock cover above the experimental room is about 100 m, and
the room is located above the water table.

The principal rock type in the experimental room is banded, biotite gneiss,
which is intruded and recrystallized by granitic migmatites and pegmatites.
Fracture patterns htve been mapped in detail in the experimental room and in
adjacent drifts and raises. At least ten structural trends have been recog-
nized, but there are three main fracture sets, each dipping steeply or verti-
cal. In the heated block, fracture spacing varies from 60 to 100 cm for the
three major sets.

The damaged zone evaluation was made by using boreholes drilled from the
tunnel. Three 30-m long holes were drilled parallel to the tunnel axis and a
pattern of 6.5- and 7.0-m long radial holes was drilled at each of six differ-
ent blast round locations. The techniques used for damaged zone assessment
include:
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TAME3 I
CASE HLMTRIES OF MA.ST 0131hZ MEASURE IN TUNNEW

(
ROCl BULSTING INEL DEPSI OF KEASUREMEtEN

SITE TYPE METHOD DIMENS IONS DAMACE METHOD C COMMENTS REFERENCES

Colorado School
of Mines
(Edgar Mine)
Colorado

Stripa mine
Sweden

Blotite
gneiss

Granite

* Smaothwall

Smoothwall

5. x 3m

4m x 18

0.5. Borehole logging,
"rows-hole perme-
ability (packer
tests), borehole
deformation

0.3. Doreholes

Depth of blast damage
not well documented but
in agreement with theo-
retical calculations

Fracture lengths ranged
from 0.1-1.0m, with an
average length of 0.3m;
permeability of blast
damaged zone not
measured

Montazer and
Hustrulid,
1983

Anderson and
Halen, 1978

A'

(Rainier Mesa
Nevada Test
Site

Zeolitized
tuft

Conventional 3m (1.7m (?) Air permeability - Blast damage not well
distinguished from
stress effects

Miller et
al., 1974

Rolla
Experimental
Nine

Dolomite Various 2.5 x 2.2. 0.3-2.5. Seismic refraction Depth of damage varies
according to method of
blasting used; blast
damage not distinguished
from stress relief

Worsey, 1985

Test Drift Basalt Conventional 5. -2. Crows-hole seismic Blast damage seen most
clearly In vertical
travel direction in
drift wall, effects of
stress relief seen in
horizontal direction

Kin et al.,
194



TAULS 3
DAmaG IW~sJ IV TLWELS (Cont inued)CiSg UISTOWES OkV BLAST

ROCK BLASTING TUMNEL DEPWTHI OF MEASUUIW"
SITE 2YKP KLMOD DINEMSSIONS DAI4AGE METMOD COKNEWTlS 2kEFESEMCES

(

Ontario,
Canada

Limestone Preaplit -8. -la TV camera In bore-
Woaes In crown

Separate Zones of
moderate cracking and
hairline cracks; depth
of damage varies with
charge weight

Lukaj c,

0

Saimogo, Japan

Creatmore Nine

Sandatone/ Conventional
shale

5.1. up to 1.3m Seismic retraction Comparison of blasting
with excavation by TM1;
difficult to separate
Wlast damage from stress
relief

The borehole jacking
method was used to
determine the rock mass
deformation modulus

lishida
et al.,
1982

Heuze and
Goodman,
1974

Marble Conventional 30-70ft 4-5ft Seismic retraction,
borehole Jack,
borehole logging

Churibill
Falls,
Cana"

Gneisa Controlled
perimeter

2.1 x 2.41 (<l Plate load test Moat damage within 0.3m Benson
et al.,
1970

Straight Creek, Granitel
Colorado gneiss/

schlat

Conventional 4m "few ft" Seismic refraction Blast damage depth
estimated within overall
low velocity layer
extending 1-Sm

Blasting and stress
relief effects not
specifically
distinguished

Scott
et al.,
1968

PlIchon,
1980

Belledonne,
France

Granite Conventional 5.9. -1. Seismic refraction
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CASE HISrORIS OF BLAS DAMi"AGEMAURED IN TUMNNES (Continued)

ROCK BLASTING TUNNEL DEPTH OF MEASUREMENT
- SITE . TYPE METHD DIMENSIONS DAMAGE METHOD COMOENTS REFERENCES

Mine Shale Conventional 0.5-1 Seismic retraction Uiasting and stress
relief effects not
specifically
distinguished

Brizzolarl
1981

.A
-4

Rame Tunnel,
Yugo""ia

Dolomite Conventional 5. (1. Cross-hole welail a Blasting and stress
. relief effects not

specifically
distinguished

Kujundlc,
et al.,
1970

(
T1rlough Hill, Granite
Ireland

Conventional 2.5. 0.5-2.5m Cross-hole seismic Blasting and stress
relief effects not
specifically
distinguished

O'Donoghue
and

O;Flaherty,
t974



* Core logging,

* Borescope and/or TV logging,

* Cross-hole ultrasonic measurements,

* Single-packer, air-injection permeability measurements,

* Guarded-packer, water-injection permeability measure-
ments, and

* Borehole deformation measurements using the CSM Cell
and the Goodman Jack.

Other tests in the mine included roof-to-floor and wall-to-wall convergence
measurements using convergence meters and tape extensometers, and in situ
stress measurements using the CSIRO and USBM gages, as well as the heated
block test noted above. The results from the CSM studies permit the following
conclusions to be drawn:

* The blast-damaged zone is estimated at about 0.5 m wide
(Montazer et al., 1982, Figure 6).

* Tangential stresses close to the excavation are approx-
imately 6 MPa; the total width of the zone of stress
increase is about 9 m, i.e., 1.8 times the tunnel
width.

* Radial permeability (as measured in boreholes parallel )
to the tunnel axis) is reduced by I to 2 orders of
magnitude within about 2 m from the tunnel face.

* Axial permeabilities (as measured in the radial bore-
holes) close to the tunnel walls are typically several
orders of magnitude greater than the radial permeabil-
ities; these results may be affected by communication
between the packed-off zone and the tunnel face and by
leakage around the packers which were difficult to seal
close to the tunnel face.

Generally, the results from the permeability tests tend to confirm the
predictions for an elastic stress distribution given in Section 5.0 that axial
permeabilities should increase and radial permeabilities decrease close to an
excavation. _

6.1.2. Stripa Mine, Sweden (Wilson et al., 1983; Kelsall et al., 1982, 1984;
Witherspoon et al., 1981; Anderson and Halen, 1978; Nelson and Wilson,
1980)

Evidence regarding changes in permeability around a tunnel in granitic rock
was obtained from the macropermeability test conducted at Stripa, Sweden.
This test was designed to.measure the permeability of a large volume of low-
permeability fractured rock by monitoring water inflow into a 33-m long
section of a tunnel. Water inflow was monitored as the net moisture pick-up
of the ventilation system inside a sealed portion of the tunnel. Hydraulic



gradients around the tunnel were determined by monitoring groundwater pres-
sures in piezometers which were installed in a total of 90 isolated intervals
in 15 radial boreholes drilled from the tunnel. The tunnel was excavated by
using smooth-blasting techniques at a depth of about 340 m. The major rock
type in the tunnel is a medium-grained granite, which is intruded by pegmatite
and aplite dikes. Two major joint sets strike obliquely to the tunnel axis.
Fracture frequency measured in holes drilled from the tunnel was, on the
average, 4.5 joints/M in inclined holes and 2.9 joints/m in vertical holes.

Nelson and Wilson (1980) calculated an average value for rock mass hydraulic
conductivity from the observed gradient (the slope of the head-distance plot)
and the water inflow monitored in -the tunnel. If the weighted average line
shown in Figure 19 is projected to the drift wall, it indicates a higher water
head than can exist in practice. This indicates that there is a zone, approxi-
mately 2.5 m thick, adjacent to the walls of the-drift, in which the hydraulic
conductivity is reduced by a factor of approximately three relative to the
far-field value. Kelsall et al. (1982) presented an analysis to show that
this reduction of permeability is consistent with that predicted to occur in
response to an increase in the tangential stress around the opening (using the
same approach as is used in this report).

The macropermeability test gave no evidence of increases of permeability due
to blasting, other than by showing that the blast-damaged zone could not
extend more than about 2 m from the wall. Other damaged zone assessments at
Stripa were made by direct inspection of fractures produced by blasting and by
borehole logging. A detailed inspection of the smooth-blasted tunnel walls
showed that about 10 percent of the outer ring holes had wavy fractures along
their length. The fractures were caused by blasting; their length ranged from
0.1 to 1.0 m. The extent of these fractures perpendicular to the tunnel walls
was investigated by drilling a number of short core holes each intended to
follow a particular fracture. The average extent of fractures was found to be
about 0.3 m.

6.1.3. Nevada Test Site (Miller et al., 1974; Cording et al., 1971)
An air-injection method was used by the U.S. Geological Survey to study the
intensity of fracturing around a 3-m (10-foot) diameter tunnel in volcanic
rocks at the Nevada Test Site (Tunnel u12g.10 at Rainier Mesa), excavated by
conventional blasting methods. Injection tests were run at 0.3-m intervals in
17 boreholes drilled from the tunnel. Characteristically, the flow rates
obtained were either very low (indicating no fractures present) or relatively
high (indicating fractures present in the test interval), with 90 percent of
the high flow rates recorded within 1.7 m of the tunnel face (Miller et al.,
1974, Figure 7) and 62 percent recorded within about 1 m. Observations in the
tunnel revealed many induced fractures attributed to blasting or stresses
exceeding the rock strength. These induced -fractures were probably respon-
sible for the marked increase in permeability within 1.7 m of the tunnel face.
The opening of pre-existing fractures in response to stress relief might be
expected to produce a more gradational increase in permeability.

A second case history from the Nevada Test Site does not provide direct
evidence of blast damage, but does illustrate a range of rock mass response
for different rock properties similar to that predicted in Section 3.0.
Figure 20 shows typical displacement-depth profiles obtained from two large
cavities excavated in tuff (Cording et al., 1971). The tuff is described as
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low strength and high quality, suggesting a nonwelded tuff with widely spaced
joints. Three types of displacement are clearly distinguishable by the exten-
someter data. Comparisons made by Cording et al. between measured displace-
ments and those predicted from elastic theory indicate a low-modulus loosened
zone about 1 to 2 m thick. Other measurements indicated a shallow slabbing
zone extending several meters from the excavation, or deep seated movements
extending nearly 10 meters from the excavation. These measurements confirm
that a thick loosened zone can develop under elastoplastic conditions. As
discussed previously in Section 3.6, and as illustrated in Figure 9, the
radial displacements at the excavation surface for the elastoplastic case can
be an order of magnitude higher than the displacements for the elastic case.

6.1.4. Rolla Experimental Mine (Worsey, 1985)
This study was designed specifically to investigate the degree of damage
associated with various blasting methods. An 8 ft x 7 ft experimental heading
was driven 7 rounds (-15 m) using fracture control, presplitting, smooth-
walling and bulk blasting methods. The drift is excavated in dolomite but the
degree of fracturing is not reported. The depth of damage was measured by
seismic refraction. The minimum depth of rib damage was achieved by fracture
control, followed by presplitting, smooth-wall and bulk blasting (Figure 21).
The depth ranged from <0.3 m to >2.5 m for 38 mm ANFO loaded holes. It is
noted that no attempt was made by Worsey to distinguish blast effects from
stress relief effects.

6.1.5. Tunnel in Basalt (King et al., 1984)
Cross-hole seismic velocities were measured in vertical, horizontal, and
diagonal directions between boreholes drilled in the wall of the tunnel. The
reference does not describe the site, but it is believed to be the Near
Surface Test Facility at Hanford (Basalt Waste Isolation Project) excavated by
conventional blasting. A low-velocity zone, attributed to blast damage, )
appears in vertical travel paths and is about 2 m thick (Figure 22). The
horizontal travel paths show a wider low-velocity zone which presumably cor-
responds to stress relief in the radial (horizontal) direction across vertical
joints.

6.1.6. U.S. Bureau of Mines (USBM) Studies (Siskind et al., 1973; Olson et
al., 1973; Siskind and Fumanti, 1974; Hocking and St. John, 1979)

The USBM conducted experiments to measure the extent of blast damage around
single-shot holes in shale (Siskind et al., 19T73) and granite (Olson et al.,
1973). Although these experiments may not relate directly to tunnel or shaft
excavation, they do illustrate general trends. In the granite tests, the
radius of the damaged zone, estimated from core logging and sonic velocities,
was found to increase with increased explosive charge, from about 0.25 m for a
0.25 kg charge to 0.77 m for a 2.0 kg charge. Examination of thin sections
revealed microfractures extending beyond the damaged zone limit indicated by
core logging and velocities. In the shale tests, the extent of the damaged
zone was found to be related to the charge and to the type of explosive.
Approximate radii of the damaged zone for explosive loadings of about 1 kg/m
ranged from 1 to 1.3 m for high-energy dynamite to 0.3 to 0.5 m for low-energy
ANFO.

Subsequently, the USBM examined the fracturing produced in the vicinity of
large-diameter production blastholes in granite (Siskind and Fumanti, 1974).
Damage was assessed by testing cores recovered from the vicinity of the blast-
hole. Properties that were measured included porosity, permeability, tensile
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and compressive strength, Young's modulus, and acoustic pulse velocity. The
results for a 165-mm diameter hole charged with ANFO indicated that the rock
was highly fractured to a radius of O.65 m'(8 blasthole radii), and partly
fractured to-a radius of 1.14 m (14 blasthole radii). No damage was detected
beyond 1.14-m radius.'

Hocking and St. John (1979) summarized the USBM work and derived a general
conclusion that the diameter of blast-damage zones for a high-energy explosive
in hard rock such as granite should range from 15 to 20 charge diameters. For
a low-energy explosive, used as a decoupled explosive in smooth blasting, the
damaged zone should be only 5 to 10 charge diameters. Figure 5 (Section
2.2.2) shows a'comparison between smooth-blasting and conventional blasting
based on these values. For 35-mm diameter perimeter holes, as used at Stripa
(Section 6.1.2), the predicted damage zone would extend about 175 to 350 mm.
This is in excellent agreement with the observed 0.3-r thick damaged zone.

6.2 BLAST DAMAGE EXTENT BASED UPON CHARGE DENSITY
A general relationship between blast damage and charge density for tunnel
blasting conditions has been developed from Swedish experience in granitic
rocks by Holmberg and Persson (1980, p. A-37). Figure 23 shows a series of
correlations between peak particle velocity and radial distance from the
charge for varying charge densities normalized for explosives with the weight
strength of ANFO. The potential extent of the damaged zone is indicated by
the range of peak particle velocity associated with incipient rock fracture.
In the excavation of the shafts, it is assumed that some necessary blasting
controls will be used to limit overbreak. These might include the use of
perimeter holes that are smaller in diameter than the main holes, or perhaps
the perimeter holes contain smaller diameter charges that are decoupled from
the surrounding rock. If the charge density of the perimeter holes is assumed
to range from 0.45 to 0.5 kg/m of ANFO and the critical particle velocity at
incipient rock fracture is 1,000 mm/see, the expected extent of the blast
damaged zone in Figure 23 would be 0.5 m. If a lower peak particle velocity
is selected (700 mm/sec), the extent of the blast damaged zone would be
greater than 0.5-m.

The range of particle-velocities at incipient rock fracture (700-1,000 mm/see)
in the above analysis is based upon experimental data for granitic rock types.
Such rock types!exhibit higher strength and stiffness than welded tuff.
Welded tuff can sustain comparable or higher tensile strain following blast
detonation. The above calculations are applicable to estimating the extent of
the blast damaged zone in welded tuff for the assumed range of charge density
in the perimeter holes.

A comparison can be made of the tensile strain at failure between g anite and
welded tuff. The tensile strain at failure for welded tuff is 5x10 as
approximated by the tensile strength (16.9 MPa) divided by the Young's Modulus
(31.1 GPa). Note that intact rock properties for welded tuff are taken from
Nimick et al., 1984, p. 2. If Stript Granite is considered (Swan, 1978), the
tensile strain at failure is a 2x10 as approximated by the tensile strength
(15 MPa) divided by the Young's Modulus (75.4 GPa).
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Figure 23 provides a general guideline for estimating the extent of the blast
damaged zone in hard, competent rocks when blasting parameters are known. The
trends shown by Figure 23 are supported by several case histories. The data
suggest that blast effects are dependent on charge density, and independent of
excavation size.

6.3 PERMEABILITY CHANGES AND EXTENT OF BLAST DAMAGE IN WELDED TUFF
Rock mass permeability changes associated with blast damage may be estimated
from the increase in fracture frequency that is anticipated within the blast
damaged zone. Based upon Holmberg and Persson's work on the relationship of
peak particle velocity to charge density (Section 6.2) and several case
histories (Section 6.1) for controlled blasting, it will be assumed that
increases in fracture frequency will be contained within 0.5 m of the wall.
It is further assumed for the expected case that any intensely fractured zone
which might extend a small distance from the perimeter holes would be removed
as overbreak, treated, or subsequently removed if seals were to be emplaced.

For the upper bound case, it is assumed that the increase in fracture
frequency will occur within 1 m of the wall. It is noted that the upper bound
extent corresponds approximately to the maximum depth of disturbance measured
in dolomite by Worsey (1985) in Figure 21 in which some blasting methods juch
as fracture control, presplitting, or smooth-wall blasting were utilized.

Blasting is assumed to create new fractures so that the fracture frequency
increases by a factor of three in the blast damaged zone. The newly created
fractures are assumed to have similar characteristics to the pre-existing
fractures. This includes a similar relationship of changes in permeability
due to changes in stress. Therefore, the permeability in the blast damaged
zone thus increases by a factor of three due to an increase in fracture )
frequency over the increase that occurs due to stress relief.

Because the changes in fracture frequency associated with blasting have not
been well documented, the model for estimating permeability changes associated
with blasting must be regarded as preliminary. Also, the assumption that
fractures created by blasting have similar characteristics to natural frac-
tures is at present unsubstantiated. It should be noted that the relative
changes in permeability resulting from blasting may be greater in unfractured
rocks such as nonwelded tuff, if fracturing were to occur by blasting, than in
fractured rock in which many fractures already exist. However, because non-
welded tuff is more ductile i.e., Young's Modulus equal to 4.8 GPa (Nimick et
al., 1984 p. 2) than welded tuff, it might sustain greater strain and be less
susceptible to fracturing.

A similar comparison can be made of the tensile strain at failure between
dolomite, and welded tuff. If Lockport dolomite is considered [as reported_4y
Goodman (1980, p. 58, and p. 177)], the tensile strain at failure is 1.Ox10
as approximated by the tensile strength (3.0 MPa) divided by the Young's
Modulus (51 GPa). Welded tuff can therefore sustain comparable or somewhat
higher strains than dolomite.
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7.0 MODEL OF THE MODIFIED PERMEABILITY ZONE

The results of the modeling and analyses described in previous sections are
the basis for developing a model of the modified permeability zone in welded
tuff. Figure 24 shows the model developed for the expected conditions at the
310 m depth. In this case the strength properties, rock quality, and in situ
stress are as defined for Analysis 5 in Table 2 (i.e., a c 1 7! MPa, RMR z 65,

- 0.6 a ). The stress permeability relation is intermediate between the
upper and Yower bounds shown in Figure 16 (i.e., the probable estimate shown
in Figure 17). The model in Figure 24 also shows the estimated effects of
blast damage based on a blast-damaged zone extending 0.5 m from the shaft wall
as described in Section 6.3. Permeability is increased by three times over
the increase in permeability due to stress relief in an annulus 0.5 m wide
around the shaft. It is assumed that any highly fractured zone immediately
from the shaft wall will be removed.

The relative contributions of blast damage and stress effects for the
exploratory shaft are shown in Table 4, which also summarizes the results of
analyses for several conditions and depths of 100 m and 310 m. These include
stress redistribution effects without blast damage for elastic and elasto-
plastic cases, the expected case of elastic deformations with 0.5 m blast and
the upper bound case of elastoplastic deformations with a 1 m wide blast dam-
aged zone. The effective rock mass permeability of the modified permeability
zone is an equivalent value averaged over an annulus one radius wide around
the shaft and normalized to the undamaged rock.

The results reported in Table 4 apply to the exploratory shaft. The effects
of stress redistribution scale to the radius of the excavation, while the
effects of blast damage, as discussed previously, are independent of shaft
radius. The equivalent conductivities for the larger diameter Men and Mater-
ials or the Emplacement Exhaust shafts would be smaller than the values given
in Table 4 while the converse is true for the smaller diameter Escape Shaft.
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TABLE 4 V

EQUIVALENT PERMEABILITY OF K MODIFIED
PERMEABILITY ZONE a

DEPTH STRESS REDISTRIBUTION EXPECTED (b) UPPER BOUND (c)
WITHOUT BLAST DAMAGE CASE CASE

ELASTIC ELASTOPLASTIC

100 15 20 - 20 40

310 15 40 20 80

(a)Equivalent permeability is averaged over an annulus 1 radius wide
around the 4.4 m (14.5 ft) diameter exploratory shaft.

(b)tii is based upon an elastic analysis with expected strength, insitu
stress, sensitivity of permeability to stress, and a 0.5 m wide blast
damage zone.

(c)This is based upon an elastoplastic analysis with lower bound strength,
upper bound insitu stress, greatest sensitivity of permeability to stress,
and a 1.0 m wide blast damage zone.
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APPENDIX A
ROCK MASS STRENGTH

A-1 HOEK AND BROWN'S EMPIRICAL STRENGTH CRITERION
Hoek and Brown (1980, P. 175) proposed a criterion for the strength of
discontinuous rock masses. Laboratory and in situ strength data were compiled
and interpreted according to the empirical relation

u a St (A-1)

where
° z unconfined compressive strength of intact rock,
ms Z constants depending on rock quality, and

a1, a3 major and minor principal stresses at failure;

or alternatively
n ~ A(an a atn)B, (A-2)

where
Otn tensile strength normalized to uniaxial compressive

strength,
A, B : constants depending on rock quality, and

tno an : shear and normal stress on the failure plane
normalized to uniaxial compressive strength.

Hoek and Brown (1980, pp. 133-182) provide a detailed discussion of the
factors that influence rock mass strength and propose a method for estimating
rock mass strength from laboratory testing and field investigations of rock
mass quality. The laboratory testing involves triaxial compression testing of
intact rock over the range of confining pressures expected in the field. The
test data are then analyzed statistically to obtain the m constant (Equation
A-1) for intact rock (Section A-1.1). The field investigations involve rock
mass classification, either by the Geomechanics Classification System (RMR
System; Bieniawski, 1984, p. 112) or the Q System (Barton et al., 1974,
p. 189). The results obtained are input to empirical relationships to obtain
m and s constants for the rock mass (Section A-1.3).

The method proposed by Hoek and Brown has been applied to the Topopah Spring
nonlithophysal welded unit and the Calico Hills unit (units TSw2 and CHnO) for
which laboratory and field data are available. The analysis presented below
provides upper and lower bound estimates to the expected rock mass strength
for welded and nonwelded tuff.

A-1.1 Anatysis of Intact Rock Strength Data
A series of laboratory unconfined and confined compression tests was conducted
on welded and nonwelded tuff under a variety of experimental conditions
(Price, 1983, p. 6). These conditions included the sample saturation and
drainage, as well as temperature and loading rate. The experimental results
indicated that degree of saturation and drainage conditions have a significant
effect on strength. Elevated temperatures (200eC) were also found to be sig-
nificant; however the temperatures in the modified permeability zone are not
expected to be high (i.e., <900C), and effects of temperature are not included
in the following analysis.
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The tests on Topopah Spring (TSw2) and Calico Hills (CHnl) tuffs were conduc-
ted under oven-dry, room-dry, and saturated-drained conditions. Several tests
on the Calico Hills unit were conducted under saturated-undrained conditions.
The test results for welded tuff (Price, 1983, p. 10) reflect a narrow range
of cohesion (10.2 to 17.5 MPa) and a broad range of friction angles (250 to
67°). The tests indicate higher friction angles for dry conditions, lower
friction angles under saturated-drained conditions, and the lowest values for
saturated-undrained conditions. Although these trends are similar to those
observed when testing soil or crushed rock, the changes are thought to reflect
chemical alteration of the silicates in the tuff (Price, 1983, p. 13).

Price's test data have been analyzed to obtain the m constant (Equation A-1)
for intact rock. For comparison, two methods were used. The first method,
described by Hoek and Brown (1980, Appendix 5), used a linear regression anal-
ysis to obtain the constant m for intact rock and the unconfined compressive
strength. Equation A-1 is rewritten for intact rock (s - 1) as

a1 = a3 +miu C u 2 (A-3)

where
m - constant for intact rock, and
other terms are as defined previously.

This method was applied to the triaxial compression test data given by Price
under the assumption that tests conducted under dry conditions would provide
data for an upper bound estimate of the constant mlu whereas a lower bound
estimate would be provided by the test data obtained under saturated, drained
conditions. By this method, the upper bound mi value for Topopah Spring tuft
(TSw2) was 133. This value appears to be very high in comparison to published
m values of <29.2 by Hoek and Brown (1980, pp. 141-142), and a quoted range
ol mi values from 5 to 30 by Priest and Brown (1983, p. A-4).

The second method for calculating the mi value is based on the ratio of
tensile to compressive strength for intact rock (s - 1) under unconfined
conditions (Hoek and Brown, 1980, p. 177) is

-lI/ z at/au a 1/2 (mi - FJm TI2(A14
-1/R- ataU z1/2 ug ~Jzi+ 43f (A-4)

where
at : tensile strength (a <0),
a s unconfined compressive strength, and

= absolute value ot the ratio of unconfined compressive strength
to tensile strength.

The above equation may be solved for R, and the following relationship
obtained:

mi - R - 1/R. (A-5)

For dry conditions, using a tensile strength of 16.9 HPa for Topopah Spring
tuff (Nimick et al., 1985, p. 2), the calculated mi value is 13.5, which falls
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in the range between 5 and 30. The values of mi used in the analysis are
shown in Table A-1.

A-1.2 Assessment of Rock Mass Quality
The rock mass quality for the welded, nonlithophysal Topopah Spring unit
(TSw2) and the nonwelded Calico Hills unit (CHn1) was assessed by using the
values for Rock Mass Rating (RMR) and Q Systems provided by Langkopf and Gnirk
(1986, p. 19-86). The following is a brief summary of the rock mass quality
obtained by means of the RMR method:

Topopah Spring Unit

- Unconfined Compressive Strength - The unconfined
compressive strength ranged from 110 to 230 MPa;
this results in the RMR strength rating that ranges
from 7 to 15.

- Rock Quality Designation (RQD) - The average RQD
obtained from data for several exploratory boreholes
ranged from 35 to 80; this results in an RMR/RQD
rating-that ranges from 8 to 17.

Joint Frequency - The joint frequency values after
accounting for bias from sampling near vertical
fractures in vertical holes ranged from 2 to 16
fractures per meter; this results in the RMR joint
spacing rating that ranges from 10 to 20.

Joint Condition - A description of the rock mass
condition upon which the lower bound estimate is
based,-including slightly rough surfaces, separa-
tion(s) of less than 1 mm, and hard joint wall rock.
The upper bound estimate rating is based on very
rough surfaces, noncontinuous, nonseparated, hard
joint wall rock.

Ground-water Condition - The-excavation which is
above the ground-water table, is considered dry, and
is assigned the highest ground-water RMR of 10.

* Calico Hills Unit

- Unconfined Compressive Strength - The unconfined
compressive strength ranged from 18 to 36 KPa; this
results in an RMR strength rating that ranges from 2
to 4.

- RQD - The average RQD obtained from data for several
exploratory boreholes ranged from 85 to 99; this
results in an RHR RQD rating that ranges from 17 to
20.

- Joint Frequency - The joint frequency, after
accounting for bias from sampling in vertical
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TABLE A-1

PROPERTIES OF WELDED AND NONWELDED TUFF USED IN STRESS ANALYSES

UNCONFINED
I ROCK MASS (a) COMPRESSIVE

UNIT ESTIMATE CLASSIFICATION RMR(a) STRENGTH (HPa)(b) pi ,(c) 5(c)

Topopah Spring High 1, Very Good 84 230 13.5 6.0 0.079

(TSw2) Expected II, Good 65 171 13.5 1.4 3.9 x 10-3

Low III, Fair 48 110 2.8 0.084 2.60 x 10-4

Calico Hills High II, Good 71 36 4.8 0.78 0.01

(CHn1) Low III, Fair 49 18 1.4 0.046 3.0 x 10-4

(a)Classification and rock mass rating are presented by Langkopf and Gnirk (1986, p. 90).
(b)Kean values for compressive strength from Nimick et al. (1984, p. 2). The ranges of unconfined compressive

strength (I 1S.D.) for intact rock were obtained from a draft version of the Site Characterization Plan (SCP).
The current value for unconfined compressive strength for TSw 2 (see text, page 8) is 166 t 65 MPa (U.S. DOE,
1987, Table 2-7, p. 2-42).

(c)See text for definition and method of computing m and a constants.

an
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boreholes, ranged from 0.5 to 1.2 fractures per
meter; this results in an RMR joint spacing rating
that ranges from 20 to 25.

- Joint Condition - A description of the condition
upon which the estimate is based includes slightly
rough surfaces, separation of less than 1 mm, soft-
joint wall rock. This condition results in an RMR
joint condition rating of 12.

- Ground-water Condition - The excavation is above the
ground-water table, is considered dry, and is
assigned the highest ground-water RMR of 10.

In the analysis presented by Langkopf and Gnirk, the RMR rating adjustment for
joint orientation ranged from 0, for a favorable orientation, to -12 for a
very unfavorable orientation. These limits were also adopted herein for a
shaft excavated through welded and nonwelded units; a favorable orientation
was adopted for an upper-bound estimate and unfavorable orientation was
adopted for a lower-bound estimate.

The RMR rating for the Topopah Spring welded unit ranged from 48 to 84 with a
corresponding rock mass assessment of very good to fair rock conditions. The
RMR rating for the Calico Hills nonwelded unit ranged from 49 to 71 with a
corresponding description of from good to fair rock conditions. The Topopah
Spring unit exhibits a greater degree of variability reflecting, principally,
variations in the RQD and joint spacing indices.

A-1.3 Scaling of Peak Rock Mass Strength
Priest and Brown (1983, p. A-4) present empirical relations which scale the m
and s constants as functions of the RMR as follows

m m mi exp U(RMR - 95)/13.4], and (A-6)

s - exp [(RMR - 100)/6.31,

where all terms are as defined previously.

These relations are used for estimating the range of rock mass strength in
confined compression for welded and nonwelded tuff. The empirical strength
constants are summarized in Table A-2, and failure envelopes are illustrated
in Figure 6. For welded tuff, values are given for the expected properties
(corresponding to strength properties given by Nimick et al. (1984)1 and for
upper and lower bounds. The upper bound corresponds to the unconfined com-
pressive Strength plus one standard deviation and to the upper bound RMR. The
lower bound corresponds to the strength minus one standard deviation and to
the lower bound RMR. The discussion in Section A-1.5 highlights the
assumptions and limitations of using the empirical strength criterion.

A-1.4 Scaling of Residual Rock Mass Strength
Determination of the extent of the plastic or inelastic zone and the stress
distributions within the inelastic zone requires estimates of residual
strength, as well as ultimate or peak rock strength properties. Barton et al.
(1985, pp. 127-128) have performed modeling studies of the stress-displacement
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TABLE A-2

COAP*RISON OF THE CALCULATED AND RECOMMENDED EMPIRICAL
STRENGTH PARAMETER, m VALUES

Rock type Rock quality RMR Calculated m(a) Recommended m(b)

Welded Tuff Intact
(Dry) 13.5 17.0

(Saturated) 2.8

Very Good
Rock Mass 85 6.0 8.5

Fair
Rock Mass 44 0.084 0.34

Nonwelded Tuft Intact
(Dry) 4.8 17.0

(Saturated) 1.4

Good
Rock Mass 65 0.78 1.7

Fair
Rock Mass 44 0.046 0.34

(a)These values are used in analyses in this report - from Table A-1.
(b)These values are recommended for fine-grained igneous rocks by Hoek and Brown

(1980, p. 176).
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relationships for welded tuft. These studies indicate that there is little
difference between peak and residual shearing stress at confining stresses
less than 10 MPa. In contrast, the estimated rock mass strength relationships
in Figure 3-11 show a wide variation in peak or ultimate strength due to rock
mass quality. For purposes of analysis, it is assumed that residual rock mass
strength is equal to peak rock mass strength, and that evaluation of the upper
and lower estimates of peak rock mass strength provides a reasonable bound to
differences in peak and residual strength.

A-1.5 Assumptions and Limitations
Although the approach adopted by Hoek and Brown provides a promising method
for assessing rock mass strength of fractured rock, several assumptions and
limitations should be noted. The scaling relationship presented by Priest and
Brown (1983) is based upon a comprehensive set of strength data for Paguna
andesite. Tests were performed on samples of intact rock, on undisturbed core
samples and samples with various degrees of weathering. These samples were
classified according to the RMR system, and except for the samples of intact
rock,'the RMR values ranged from 8 to 46. The range of RMR values (40 to 90)
for welded and nonwelded tuff reflects unweathered Joints encountered at depth
and is somewhat higher than the range for Paguna andesite except for the
samples of intact rock and undisturbed core (RMR : 46). Thus, the scaling
relationships developed by Priest and Brown in this analysis may reflect a
different range of conditions than those that will be encountered for shafts
excavated in tuff.

The empirical strength criterion presented by Hoek and Brown is for the
brittle failure of rock. The authors established a limitation that rock
specimens should be tested and strength data evaluated under the test condi-
tion that the major principal stress, °,1 should be at least twice as great as
the confining stress a In conducting their own analysis, Hoek and Brown
evaluated test conditions in which the major principal stress was at least 3.4
times greater than the confining stress; this value corresponds to the transi-
tion from the brittle to ductile behavior. The condition of a, 203 is
easily satisfied for the higher-strength Topopah Spring (TSw2) tuft. 3 In the
case of the lower-strength nonwelded Calico Hills tuff (CHw1), the condition
is again satisfied, but test conditions were closer to the conditions in which
ductile behavior would be in evidence.

The empirical strength criterion for fractured rock (Equation A-1) assumes
that strength is isotropic or that no single discontinuity orientation affects
strength. As stated'by Hoek and Brown, this condition is satisfied for random
jointing or where the discontinuities are grouped in four or more sets.
Langkopf and Gnirk (1986, p. 48) have considered fracture orientation sets as
mapped from surface outcrops by Scott et al. (1983) at Yucca Mountain, and as
determined from oriented core and mapped surface fractures in drifts in Grouse
Canyon welded tuff within the G Tunnel complex. Analysis of these data indi-
cated that the Topopah Spring unit (TSw2) would have either two sets plus
random joints or three sets'plus random joints. In contrast, the joint spac-
ing in the nonwelded tuff of the Calico Hills (CHn1) is such that the rock is
characterized as massive with no or few joints. Thus, the effects of shearing

-'on isolated discontinuities may result in strength anisotropy in nonwelded
tuft.
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The discussion presented above suggests that the Hoek and Brown empirical
strength criterion is applicable to welded tuff, and marginally applicable to
nonwelded tuft. This evaluation is also borne out by a comparison of m and s
constants as recommended by Hoek and Brown for fine-grained, polyminerallic,
igneous crystalline rocks and the constants presented in Table A-1. Hoek and
Brown (1980, p. 176) recommend that for

* An intact rock, the recommended values are m = 17.0 and
3 = 1.0,

* A very good quality rock (RMR * 85), the recommended
values are m a 8.5 and s = 0.1,

* A good quality rock (RMR - 65), the recommended values
are m = 1.7 and S = 0.004, and

* A fair quality rock (RMR - 44), the recommended values
are m a 0.34 and s = 0.0001.

Comparisons of calculated and recommended m values are made in Table A-2.
Under dry conditions, the calculated m value for welded tuff is comparable to
the recommended value. Under saturateA drained conditions the calculated
value is less and, as pointed out earlier, may reflect chemical alteration.
It is interesting to note that Hoek and Brown (1980, p. 154) indicate a reduc-
tion in uniaxial compressive strength with no effect on the m value when water
is present in the pores. In the case of nonwelded tuft, the calculated m
values are less, which reflects ductile behavior in this lower strength
material.

A-2 PROTODYAKONOY'S EMPIRICAL STRENGTH CRITERION
Protodyakonov proposed a strength-size relationship of the following form:

d d/b + m
d d/b= + t'(A-7)

where
ad 2 strength of a cubical specimen with side length d,

= in situ rock mass strength,
= distance between discontinuities in the rock mass, and

m 2 constant dependent on intact strength as given below.

Intact Strenxth Loading in Compression
>75 MPa 2(m<5
(75 MPa 5<m(10

A range of unconfined compressive strength may be determined for welded tuft
(TSw2) and nonwelded tuff (CHnM). This range is shown on Figures 6 and 7 and
indicates that the Hoek rid Brown criterion predicts lower unconfined strength
for welded tuff than pret zted by the above relation. There is, however, a
general correspondence between the unconfined compressive strengths obtained
by the two methods.
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