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ABSTRACT 

Geotechnical characterization data were developed in eleven holes, the North Ramp Geotechnical 
(NRG) boreholes, drilled along the 2800-m route of the North Ramp. The North Ramp is one of 
two inclined tunnels being excavated to the potential repository horizon for the Yucca Mountain 
Site Characterization Project. The primary purpose of the drilling program was to produce rock 

' properties data to support subsurface design. Specific data developed included lithologic and 
rock structural core logs, cross sections with stratigraphic and thermal-mechanical units, rock 
mechanics laboratory testing, and rock mass quality indices. These data are summarized in this 
report to address the major topics of geologic setting, geologic features of engineering and 
construction significance, anticipated ground conditions, and range of required ground support. 

Rock structural data and rock mass quality data have been summarized in 3-m (10-ft) intervals 
and grouped according to the thermal-mechanical units. The distribution of rock mass quality 
data in all NRG holes within each thermal-mechanical unit has been proposed to be representative 
of the variability to be encountered by the North Ramp as it cuts across each unit. 
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1.0 INTRODUCTION 

1.1 Purnose 

This report presents the results of geological and geotechnical characterization of the 

Miocene volcanic tuff rocks of the Timber Mountain and Paintbrush groups that the tunnel 

boring machine (TBM) will encounter during excavation of the Exploratory Studies Facility 

(ESF) North Ramp. The information in this report was developed to support the design of the 

ESF North Ramp. The ESF is being constructed by the U.S. Department of Energy (DOE) as 

part of the Yucca Mountain Project site characterization activities. The purpose of these 

activities is to evaluate the feasibility of locating a potential high-level nuclear waste repository 

on lands within and adjacent to the Nevada Test Site (NTS), Nye County, Nevada. This report 

was prepared as part of the Soil and Rock Properties Studies, W.B.S. 1.2.3.2.6.2 in accordance 

with Study Plan 8.3.1.14.2, Studies to Provide Soil and Rock Properties of Potential Locations of 

Surface and Subsurface Access Facilities (DOE, 1991). 

1.2 Backmound 

The North Ramp is one of two inclined tunnels currently planned to provide access to the 

potential repository horizon for the Yucca Mountain Site Characterization Project (YMP). In the 

current configuration (DOE, 1994a), the North Ramp will be excavated 2,800 m (9,186 ft) at a 

grade of -2.05% using a 7.6-m (25-ft) diameter TBM. Beyond this point, the Topopah Spring 

level (TSL) Main Drift will be excavated 3,150 m (10,334 ft) across the proposed repository 

block by the TBM. The South Ramp will then be excavated 1,830 m (6,004 ft) at a slope of 

2.63% to connect to the surface. Figure 1-1 shows a map of the conceptual controlled area of 

t h e m ,  the conceptual repository area, and the locations of the North Ramp, Main Drift, and 

south Ramp. 
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Figure 1-1. Plan Map of Conceptual Repository and Locations of the North Ramp, Main 
Drift, and South Ramp 
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The first phase of ESF construction, construction of the North Ramp portal and surface 

pad, was completed in 1994. To support the second phase, design and construction of the North 

Ramp to the potential repository horizon, 11 exploratory boreholes, the North Ramp Geologic 

(NRG) holes, were drilled to characterize the geology and rock engineering properties along the 

ramp alignment in accordance with the requirements of Study Plan 8.3.1.14.2. 

The holes were drilled using down-the-hole hammers in some intervals and the dry 

compressed-air coring technology developed for the YIvlP. Two inclined holes were drilled to 

penetrate fault structures, and 9 holes were drilled vertically. The depth of the holes varied, but 

was generally planned to penetrate just beyond the depth of the adjacent ramp. Holes were 

located next to the planned ramp alignment but were required to be a minimum of 15 m (49.2 ft) 

from the ramp centerline, as per the ESF Design Requirements, Rev. 0, DCN008 3.2.4L7 (DOE, 

1994b). 

Geologic cross sections showing the subsurface distribution of the welded and nonwelded 

tuffs and the thermomechanical (thermal-mechanical) units were prepared. Geologic cross 

sections for the eastern portion of the North Ramp (ramp stations O+OO m to 6+00 m) and of the 

full ramp are presented in this report. Figure 1-2 shows the location of the North Ramp, location 

of the boreholes, and positions of the cross sections. 

Geologic, geotechnical, and geophysical logs were generated on each hole, and rock 

mechanics testing was performed on core samples selected throughout each hole. Geologic 

logging consisted of detailed lithologic descriptions and stratigraphic identifications based on the 

nomenclature of Scott and Bonk (1984) and nomenclature revised for subsurface 
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Figure 1-2. Topographic Contour Map Showing the North Ramp Alignment and Locations of 
Geologic Cross Sections and Surface Map 



identification by the USGS'. A detailed log of rock structural features, including feature types, 

fracture characteristics, Rock Quality Designation (RQD), core recovery, weathering, hardness, 

and lithophysae and other void content was generated. Geophysics, including gamma, density, 

resistivity, and neutron logs were generated on each hole. In addition, borehole televiewer logs 

of the hole were run. Rock mechanics testing included measurements of density, porosity, 

uniaxial compressive strength (UCS), triaxial compressive strength, and Brazilian tensile 

strength. Schmidt hammer rebound hardness measurements were also generated on nominal 3-m 

(1 0-ft) intervals. 

The core logging data was used to develop estimates of rock mass quality using the " Q  

(Barton et al., 1974) and "RMR" systems (Bieniawski, 1979): Rock mass quality estimates were 

generated on even 3-m (10-ft) intervals throughout each hole. The estimates were presented in a 

log format for each hole so that they could be correlated with stratigraphy and thermomechanical 

(thermal-mechanical) units, and were also grouped by thermomechanical unit for use in design. 

The rock mass quality data and rock mechanics testing data were used to derive estimates 

of rock mass mechanical properties required for design analysis. The methodology proposed by 

Hardy and Bauer (1991) was utilized in generation of the rock mass mechanical properties. 

1.3 Scope 

This report presents the results of the geological and geotechnical investigations to 

support the design and construction of the ESF North Ramp between stations O+OO and 28+00 m. 

The primary focus of this report is the rock mass quality and rock mass mechanical properties 

Jeffrey K. Geslin, Thomas C. Moyer, and David C. Buesch, 1994 in press. Summary of 
Lithologic Logging of New and Existing Boreholes at Yucca Mountain, Nevada, August 1993 to 
February 1994, U.S. Geological Survey Open-File Report 94-342, US. Department of the 
Interior, Denver, Colorado. 
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along the North Ramp. Geologic cross sections are presented to provide the stratigraphic context 

for the rock properties data. A brief section describing the geology along the North Ramp is 

included. 

As the North Ramp4xploration was conducted, nonwelded, volcanic ash flows and falls 

of the Rainier Mesa formation were identified in the hanging wall of the Bow Ridge fault, as 

anticipated from earlier mapping (Scott and Bonk, 1984, and Gibson et al., 1992). Some of these 

tuffs were nonlithified (soil-like) and, since these intervals would be intersected by the North 

Ramp, additional detailed investigations were planned and conducted in FY 94. The results of 

these detailed investigations are presented in a separate report? 

A surface seismic survey was also conducted to support the detailed investigations of the 

nonlithified tuffs. The results of this work which support the North Ramp stratigraphic cross 

sections in the area of Exile Hill and Daylight Valley are included in this report. The complete 

results of the seismic study was presented in a separate r e ~ o r t . ~  

The soil and rock study plan includes site characterization studies and activities required 

for siting and designing the ESF, including both surface structures and subsurface access 

structures. Table 1-1 lists the individual studies within the study plan, their objectives, and the 

activities included in each study. The investigation activities conducted during the North Ramp 

geotechnical drilling program supported all three of the studies in Table 1-1. 

D.S. Kessel, C.E. Brechtel, G.M. Norris, M.M. Angell, and M. Riggins, 1994. 
“Geoengineering Characterization of Nonlithified Tuffs to be Encountered by the North Ramp 
West of the Bow Ridge Fault,” SLTR94-0001 Rev. 7, Yucca Mountain Site Characterization 
Project, Sandia National Laboratories, Albuquerque, New Mexico. 

2 

G.J. Elbring, 1994. High Resolution Shallow Seismic ReJection and Reffaction Studies 
at Exile Hill, Nye Counv, Nevada, SAND94-2374 (in preparation), Sandia National 
Laboratories, Albuquerque, New Mexico. 
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Table 1-1. Studies, Objectivt 

of  Surface and Su 
(8.3.1.14.2) - Stu 

0 b j ec tives 
Characterize soil and rock conditions 
that influence ESF construction. 

Activities 
Site Reconnaissance 
Preliminary and Detailed Exploration 

8.3.1.14.2.2 Laboratory Tests and 
Material Property 
Measurements 

Conduct laboratory tests and material 
property measurements on 
representative samples of soil and 
rock. 
Conduct field tests and 
characterization measurements to 
determine in situ physical, 
mechanical, and dynamic properties 
of soil and rock. 

Table 1-2 correlates study activities with specific investigations conducted during 

The objectives of each study are also geotechnical characterization for the North Ramp. 

summarized in the table. 

Physical Properties and Index 

Mechanical and Dynamic Laboratory 

Physical Property Field Tests and 

Mechanical Property Field Tests 
Geophysical Field Measurements 

Laboratory Tests 

Property Tests 

Characterization Measurements 

Table 1-2. Correlation of Study Areas and Activities with Specific Investigations 
Conducted in the Nonlithified Tuffs 

8.3.1.14.2.3 

Studv 

Field Tests and 
Characterization 
Measurements Study 

Exploration 
Program 

Drill NRG-1, -2A, -2B, -3, -4, 
-5, -6, and -7l7A. 

Laboratory 
Tests 
and 

Materials 
Property 

Measurements 

Determine depth, thickness, and continuity 
of strata and thermomechanical 
(thermal-mechanical) units intersected by 
North  ram^ cross section. 

Activitv 

Perform Schmidt Hammer 
measurements. 
Perform down-hole video logs. 

Preliminary 
and 

Detailed 
Exploration Preliminary estimates of rock strength and 

boreability. 
Provide visual estimate of rock quality, 
hcturing densitv. detect fiee water. 

Physical Property 
and Index 

Laboratow Tests 

Perform geophysical logging. 
Laboratory Measurements of 
Physical Properties- density, 
porosity, grain density. 
Laboratory Mechanical 
Property tests-uniaxial 
compressive strength, triaxial 
strength, elastic modulus, 
Poisson’s ratio, Brazilian 
tensile strength. 

Mechanical 
and 

Dynamic 
Laboratory 

Property Tests 

Stratigraphic correlations in new holes. 
Characterize bulk properties of rock for 
engineering designs of materials handling 
facilities; verify geophysical tool functions. 
Measure intact rock properties to provide 
basis for rock mass quality assessment and 
rock mass mechanical properties. 

Investigation I Obiective 
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Table 1-2. continued 

Study 

Field Tests 

Activity 
Physical Properly 
Field Tests and 
Characterization 
Measurements 

Characterization 
of 

Measurements 
Field Tests 

I IGeophysical Field 

Investigation . 
Rock Structural Logging 

Generate Rock Mass 
Classification-Q and Rh4R 

Generate Rock Mass 
Mechanical Property 
Estimates-Strength and 
Modulus 

I 0 bj ective 
Describe rock structural features to support 
develonment of rock mass aualitv indices. 
Provide basis for empirical design of tunnel 
support, provide basis for developing rock 
mass mechanical properties. 
Provide design parameters for numerical 
analysis of thermal and seismic loading. 

Locate faults covered by alluvium; constrain I Seismic Reflection and 
1 I Measurements I Refraction in Daylight Valley I fault displacements. 

1.4 Oualitv Assurance 

All core logging and rock testing data from the NRG boreholes were generated under 

Quality Assurance (QA) procedures governing the various technical organizations involved in 

the activities. Data collection and collation, supporting preparation of this report, was 

documented in scientific notebooks and analysis files in accordance with SNL Quality Assurance 

Implementing Procedures 20-2 and 2-4. These notebooks will be entered into the SNL 

participant data archive. All data presented in this report were generated under QA procedures 

unless otherwise noted. 

Nonqualified existing data and preliminary data been utilized in this report where 

qualified data do not exist or are not currently available. Table 1-3 has been developed to 

document these occurrences and to meet requirements of the DOE’S Quality Assurance 

Requirements and Description for maintenance of traceability. Throughout the text, some 

footnotes have been utilized to refer to information relevant to the North Ramp which is in 

preparation and represents preliminary data. Other footnotes refer to qualified data submitted to 

the project by Technical Data Information Form but not assigned accession numbers required for 

listing in the references. 
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Table 1-3. Non 
Data or I Data 

Presentation of 
thermomechanical units 
along North Ramp 

Interaction of 
predominant joint 
orientations with North 
Ramp orientation 

Monte Carlo simulation 
of rock mass quality 
parameter Jn 

Geologic Cross Section 
along North Ramp 

Basis for development is 
Figure 4-2. 

Lin et al. (1993b) and 
footnote 6, pg. 2-7- 
preliminary mapping 
data, North Ramp Starter 
Tunnel 
Lin et al. (1993b) and 
footnote 6, pg. 2-7- 
preliminary mapping 
data North Ramp Starter 
Tunnel 

Status' 
N 

Estimates of Range of Jn 
Parameter, pg. 7-16 

Estimates of Distribution 
of SRF Parameter, 
pg. 7-20 

Confining Pressure 
Effects on TSwl and 
TSw2 Rock Mechanics 
Lab Samples 

Borehole RF#8 

p 

p 

N 

N 

Monte Carlo simulation 
of rock mass quality 
parameter SRF 

Develop estimates of 
rock mass strength 

High Resolution Seismic 
Survey over Daylight 
Valley 

Footnote 6, pg. 2-7- 
preliminary mapping 
data North Ramp Starter 
Tunnel 
Used material constants 
derived from 
nonqualified lab test data 
described in Lin et al. 
(1993b). 

IThermomechanical 
'(Thermal-Mechanical) 
Units Cross Section 
Figure 4-7 
Recognized Fracture 
Patterns, Section 4.5.2 

N 

N 

P 

lualified and Prelim 

Application 
Presentation of 
lithostratigraphic units 
along North Ramp- 
Figure 4-2 

Corroborating data in 
Figure 4-3, Exile Hill 
Cross Section 
Development of 
Alternate Geologic 
Cross Section in Figure 
4-5 

nary Data and Assu 
Data 

Reference 
Basis of development is 
footnote 17 pg. 4-13, 
nonqualified geologic 
model of the North 
Ramp with NRG 
boreholes. 
Geology and Rock 
Structure Log RF #8 

Elbring (1 994) in 
footnote 3, pg. 1-6 

P-Preliminary data taken under approved QA program. 

1.5 Renort Orvanization 

This report is presented in two volumes: 

Volume I - Data Summary 

Volume II - NRG Corehole Data Appendices 

1-9 

iptions 

Effects 
Projection of geologic 
contacts between NRG 
holes, fault 
displacements, Tables 
2-1,2-2,4-3,4-4, and 
4-5. 
Projection of Tuff Unit 
"X" contact in Figure 
4-3. 
Projection of strata and 
faults under Daylight 
Valley, Figure 4-5. 
Tables 2-1,2-2,4-3,4-4, 
and 4-5. 
Table 4-4 

Section 2.4, Table 4-6 
and Figure 4-8 

Determination of Q 
indices 

Determination of Q 
indices 

rables 2-8,2-9,8-3,8-4, 
B-5, and 8-6, Figures 8-4 
md 8-5 



Volume I presents the collation and analysis of the data for the thermomechanical 

(thermal-mechancial) units and discusses the resulting rock mass quality and rock mass 

mechanical properties. The geotechnical data and logs for individual NRG holes are presented in 

Volume 11. 

Following this introduction in Volume I, Section 2.0 of the report presents the summary 

and conclusions. Section 3.0 discusses the methodology of development of the geotechnical 

data. A brief description of the geology along the North Ramp is presented in Section 4.0 to 

facilitate correlation of the data presented with the stratigraphic and thermomechanical 

(thermal-mechanical) units. 

The rock structural data is presented in Section 5.0. Rock mass quality estimates for each 

thermomechanical (thermal-mechanical) unit, derived from the data in Sections 5.0 and 6.0, are 

described in Section 7.0. Section 8.0 presents estimates of the rock mass mechanical properties. 

References are presented in Section 9.0. 

Four appendices are included in Volume I to provide a detailed description of the 

structural logging methodology (Appendix A) and the methodology used in developing the 

core-based estimates of Q and RMR (Appendix B). Appendix C contains rank-ordered tables of 

rock mass quality and Appendix D contains a comparison of rock mass quality indices from 

nonlithophysal and lithophysae-rich portions of the TCw and TSwl thermomechanical 

(thermal-mechanical) units. 
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2.0 GEOTECHNICAL SUMMARY 

2.1 Introduction 

The purpose of this section is to summarize the subsurface rock conditions anticipated in 

the North Ramp and the projected impact that these conditions may have on design. Since the 

method of excavation has been previously chosen to be mechanical excavation by tunnel boring 

machine (TBM), this'report focuses on the prediction of the rock mass characteristics and 

properties, and identification of the required range of ground support. The North Ramp will be 

excavated at -2.05% grade for a distance of 2800 m (9,186 ft) using a 7.6-m (25-ft) diameter 

TBM. Portal and starter tunnel facilities were completed in 1994 and the TBM was assembled 

by August 1994. Ntial start-up and shakedown of the TBM began in October 1994. 

Data in this report include previously existing studies at Yucca Mountain, including both 

surface mapping and drilling, but are primarily based upon information produced during drilling 

of the NRG-series boreholes along the ramp. Data collected in the NRG holes included 

lithologic and stratigraphic identification, rock structural logging, determination of rock quality 

indices RQD, Q and RMR, rock mechanics testing, and geophysical logs. Cross sections of the 

stratigraphic units along the ramp have been generated and faults have been projected to the ramp 

based upon surface mapping. The thermomechanical (thermal-mechanical) stratigraphy, 

proposed by Ortiz et al. (1984), was used to organize the rock mass properties into units with 

similar mechanical characteristics. 

2.2 Geolow and Maior Structural Features alona the North RamD 

The North Ramp will be constructed through a sequence of welded and nonwelded 

volcanic tuffs of the Miocene Paintbrush and Timber Mountain groups. These rocks include six 

different formation level ash-flow tuffs which were deposited in the sequence of the Topopah 
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Spring, Pah Canyon, Yucca Mountain, Tiva Canyon, and Rainier Mesa Formations. These 

~~~ 

Projected 
Ramp Station 

w** 
o+oo 
1-1-96 
2+09 

ash-flow formations are separated by thin bedded tuffs. The two thickest formations, the 

Projected 
Distance in 
Unit (m)** 

196 
13 

136 to 226 

Topopah Spring and Tiva Canyon, are predominantly welded and have relatively high intact-rock 

Tiva Canyon Tuff (Tpc)* 
Pre-Tiva Canyon Tuff Bedded Tuff (Tpbt4) 
Yucca Mountain Tuff (Tpy) 

strengths. The Pah Canyon, Yucca Mountain, and Rainier Mesa Formations are nonwelded tuffs 

3+45 to 4+35 455 to 545 
81-90 <lo 
9+00 20 

of relatively low intact strengths. The bedded tuffs lying between the ash-flow units are 

Pre-Yucca Mountain Tuff Bedded Tuff (Tpbt3) 
Pah Canyon Bedded Tuff (Tpbt) 
Pre-Pah Canyon Tuff Bedded Tuff 

characteristically thin units of nonwelded, relatively low strength rocks. A nonlithified (soil-like) 

9+20 25 
9+45 83 
10+28 34 

sequence of bedded tuffs OCCUTS between the Tiva Canyon and Rainier Mesa Formations. Site 

Crystal-rich nonlithophysal zone, crystal-rich vitric zone (Tptm) 
Crystal-rich upper nonlithophysal and crystal-poor upper lithophysal zones (Tpul) 
Crystal-poor middle nonlithophysal zone (Tptpmn) 

geology is discussed in Section 4.0 of the report and a cross section along the North Ramp 

10+62 754 
18+16 947 
27+63 37 

showing the stratigraphic units is presented in Figure 4-2. Ramp stations at the projected 

intersections of stratigraphic units are listed in Table 2-1. 

Table 2-1. Projected Ramp Station Coordinates at Stratigraphic Contacts Along North 
RamD Alimment Tunnel Centerline 

Stratigraphic Unit 

Tiva Canyon Tuff (Tpc) 
Rainier Mesa Tuff (Tmr) 
Tuff Unit “X” (Tpki) 

ITopopah Spring Tuff (Tpt): I I I 

*Range reflects uncertainty due to possible faults under Daylight Valley. Range given is where tunnel 
roof intersects contact. 
**Inclined distance along ramp, along centerline. 
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There are three known major geological features with proven and potential engineering 

and construction significance that are projected to be intersected by the North Ramp: 

+ The Bow Ridge Fault (1+96 m); 

A section of nonwelded, nonlithified (soil-like) tuffs immediately west of the 

Bow Ridge Fault (1+96 m to 2+71 m); and 

The Drill Hole Wash Fault (approximately 21t-04 m). + 

Another geologic feature with potential engineering and construction significance is currently 

suspected underneath surface alluvium in Daylight Valley on the basis of geophysical data. 

These features are discussed separately in the following material. 

2.2.1 Known Geologic Features of Engineering and Construction Sirmificance 

The Bow Ridge Fault is a N-S striking, steeply dipping, down-on-the-west fault that is 

projected to intersect the North Ramp at station 1+96 m. The location and character of this fault 

.has been well characterized by both surface trenching and by boreholes drilled in the area of the 

North Ramp. The dip separation on the fault is approximately 13W5 m and has juxtaposed very 

hard, welded rocks of the Tiva Canyon Formation in the footwall against very soft, nonlithified 

tuffs of the Rainier Mesa Formation and pre-Rainier Mesa Bedded Tuffs in the hanging wall. 

The gouge zone of broken and intermingled welded tuffs, nonwelded, and nonlithified tuf fs is 

projected to be approximately 2-4m wide in the ramp excavation. Although a zone with 

potential to conduct water from the surface exists, the presence of water in volumes large enough 

to impact construction was not detected. Figure 4-3, Section 4.0, shows a detailed cross section 

through the Bow Ridge Fault. 



Immediately west of the Bow Ridge Fault, the ramp will enter a section of very weak, 

nonlithified tuffs that has been locally preserved for a distance of 75 m. This feature was initially 

identified by drilling holes NRG-2, NRG-2A, and NRG-2B. Very detailed exploration and soil 

characterization was then conducted to support ramp design and the results are presented in a 

report! Although the nonlithified tuffs were projected to be cohesive, moisture contents in one 

portion were high and the potential for ruMing or sloughing ground conditions was indicated. 

This section of the ramp will require heavier support in the form of steel ring beams or other 

equivalent systems. A series of inspections of the nonlithified tuffs exposed in trench NRT- 1 and 

meetings with the TRW Management and Operations (M&O) and the constructor were held to 

directly communicate these observations. 

The ramp is projected to encounter the N-W trending Drill Hole Wash Fault at station 

21+04 m, a structure iderred to be of substantial width. No direct characterization data are 

available at the depth or at the location that the Norih Ramp will penetrate the fault. This fault 

exhibits right-lateral strike-slip movements of unknown magnitude that produce a dip separation 

estimated to be 10 m. The ramp is projected to penetrate the Topopah Spring, upper lithophysal 

zone in both hanging wall and footwall; thw, no major discontinuity in rock type is expected 

across the fault. Strike-slip faults in this area have been described as having breccia zones 20 m 

or greater in width (Scott et al., 1984). In other parts of Drill Hole Wash this structure is mapped 

as two splays up to 150 m (500 ft) apart. Buesch et conclude that the Drill Hole Wash Fault 

Kessel et al. 4 

D.C. Buesch, R.W. Spengler, T.C. Moyer, and J.K. Geslin, 1994 in press. Revised 
Stratigraphic Nomenclature and Macroscopic Identijkation of Lithostratigraphic Units of the 
Paintbrush Group Exposed at Yucca Mountain, Nevada, U.S. Geological Survey, Department of 
Interior. 
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is most likely a complex of interconnected faults in a zone 120-180 m (400-600 ft) wide. 

Although no data exist on'the fault zone at depth and the fault is generally covered by alluvium at 

the surface, borehole sampling is not currently planned. Review of core recovery in the 

stratigraphic unit indicates an average 35% lost core and 16% rubble. It is therefore not certain 

that coring through the fault would produce data showing a detectable difference with the 

surrounding rocks. The fault zone is expected to require heavier ground support, at least locally, 

in zones where the strike-slip movement has been concentrated. 

2.2.2 Potential Geological Features with Engineering and Construction Significance 

Seismic reflection data collected in Daylight Valley suggest the presence of at least two 

buried faults that may occur between ramp stations 3+50m and 4+00m. The seismic data 

indicate a small graben that drops the Tuff Unit 'x" down to the ramp elevation along the ramp 

to station 4+40 m. The resulting alternate geologic interpretation (presented in Figure 4-5, 

Section 4.0) projects the ramp encountering two additional normal fault zones with the tunnel 

roof continuously in Tuff Unit 'x" and pre-Tuff Unit " X  Bedded Tuff. The floor of the tunnel 

encounters two blocks of Tiva Canyon Formation at each fault zone. This mixed face geometry 

will be further complicated by the nonlithified pre-Tuff Unit "X' Bedded Tuff which will 

constitute a very soft layer 1.7 to 4.3 m thick between the Tuff Unit 'x" and Tiva Canyon. 

Heavy ground support similar to that required in the nonlithified tuffs just west of the Bow Ridge 

Fault may be required in this zone. 

Eight additional normal faults are anticipated along the ramp alignment (see Table 4-5, 

Section 4.0, for projected ramp stations) based upon surface mapping by Scott and Bonk (1984). 

Displacements are relatively small and gouge zones are expected to be small. Core data fiom 
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holes NRG-2 and -3, angle holes that penetrate the Bow Ridge normal fault and a normal fault 

shown on the Scott and Bonk (1984) surface map, respectively, did not indicate discernible rock 

Projected Ramp 
Station (m)** 

Thermomechanical (Thermal-Mechanical) Unit 

disturbance outside of the immediate fault zone. The Bow Ridge Fault zone was observed to be 

Projected Length of 
Tunnel in Unit (m)** 

2 4  m wide in trenches at Exile Hill. The fault zone was penetrated by NRG.3, based on surface 

Tiva Canyon Welded (TCw) 
Undifferentiated Overburden (UO)* 
Tiva Canvon Welded (TCw)* 

mapping, but could not be identified in the core. 

o+oo 196 
1 +96 149 to 239 

455 to 545 34-45 to 4+35 

2.3 Thermomechanical mhermal-Mechanical) StratimaDhv 

Upper Paintbrush Nonwelded (PTn) 
'Topopah Welded Unit, Lithophysae-rich, nonlithophysal subzones 
(TSwln) 
Topopah Welded Unit, Lithophysae-rich, lithophysal-bearing subzones 
( T S W l l )  
Topopah Welded Unit, Lithophysae-poor (TSw2) 

The rocks at Yucca Mountain have been grouped into thennomechanical 

8+90 172 
10+62 754 

18+16 947 

27+63 37 

(thermal-mechanical) units that exhibit generally similar physical and mechanical properties that 

are important to design. The North Ramp will pass through five thermomechanical 

(thermal-mechanical) units, as defined by Ortiz et al. (1984), which are illustrated in the cross 

section in Figure 4-7 and correlated with stratigraphy in Figure 4-6, Section 4.0. Table 2-2 lists 

the thermomechanical (thermal-mechanical) units of Ortiz et al. (1984) and the projected ramp 

station where each unit will be intersected. These thennomechanical (thermal-mechanical) units 

have been used as the basis to perform the geotechnical characterization to support design. The 

TCw and TSwl Units have been further subdivided into lithophysae-rich and nonlithophysal 

portions to investigate whether further structural differences exist. 

Table 2-2. Projection of Ramp Station Coordinates at Thermomechanical (Thermal- 
Mechanical) Unit Contacts 
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2.4 Orientations of Joints and Fractures 

Existing data from previously reported oriented coring (Lin et al., 1993b) and 

underground mapping data (preliminary non-QA) from the North Ramp Starter Tunnel (NRST)6 

indicate that the predominant joint orientations consist of two relatively orthogonal joint sets 

with dips ranging generally from 70" to 90". The predominant joints trend N17"W to N-E with 

steep dips generally to the west. This set intersects the North Ramp alignment at angles of 44" to 

60" which, combined with its steep dip, tends to reduce its structural impact. The other 

orthogonal set strikes N77"E to due east, but occurs much less fkequently. A N42"W set is more 

nearly parallel to the NorthRamp alignment, but it occurs relatively infrequently which 

minimizes its structural impact. 

A subhorizontal joint set is also identified in the data and may be associated with the 

horizontal foliation of the tuff beds. This set was observed in both the drilling data and tunnel 

mapping data. It was also observed to contribute to one localized roof instability in the NRST. 

A stereonet comparing the joint orientations to the NorthRamp alignment is shown in 

Figure 4-8, Section 4.0. 

No additional fracture orientation data was developed in the NRG drilling program. 

2.5 Hvdrolow 

The NRG drilling indicated generally dry conditions along the North Ramp alignment. 

Although little data exist on the fault intersections along the North Ramp, those sampled by holes 

NRG-2 and -3 did not indicate water in volumes large enough to impact construction at the fault 

M.F. Fahy and F.C. Beason, 1995 in press. "Geotechnical analysis for the Exploratory 
Studies Facility North Ramp Boxcut and Starter Tunnel," preliminary report prepared for the 
Department of Energy and Management and Operating Contractor Architecflngineer by the 
Bureau of Rec1amatiodU.S. Geological Survey, Volumes 1 and 2. 

6 
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intersections in the holes. Conditions in the other faults at depth along the North Ramp 

alignment are not known. Review of video logs of the NRG boreholes did not indicate any water 

inflow through the entire depth penetrated by the ranip. 

2.6 Rock Structure Data from the NRG Core 

Analysis of the condition of the core from the NRG drilling was performed to quanti@ the 

character of the rock. In general, the rock quality as indicated by RQD was low in the welded 

units due to extensive fracturing of the core and content of large cavities in the high lithophysal 

zones. Between the fractures, the intact welded rocks have generally high strength 

(57-179 MPa). In portions of the TSwl, the lithophysae and associated alteration produce lower 

strengths in the welded rocks. Rock quality as indicated by RQD was generally better in the 

weaker, nonwelded tuffs with less indicated fracturing. 

The amount of lost core and rubble in the NRG holes is high and increases with depth to 

the base of the Topopah Spring. This is attributed to the fracturing and the occurrence of 

lithophysae in same zones. Core condition within the nonwelded tuffs of the PTn unit and in the 

deeper nonwelded Calico Hills was generally better than the welded tuffs, even though the rocks 

were much weaker. 

Extensive lost core and rubble zones occurred in the NRG holes. Rubble zones, as a 

percent of total drilled length, ranged from 10.0% in the PTn to 16.6% in TSw2. The percent of 

lost core ranged from 13.3% of the total drilled length in the TCw to 32.6% in TSw2. The 

percentage of lost core and rubble increased with increased depth. Lithophysae-rich portions of 

the TCw and TSw2 had higher percentages of lost core (partly due to cavities larger than the 
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core) and rubble zones (partly due to inhomogeneity of the core) than the nonlithophysal 

Enhanced 
RQD 

Enhanced 
ROD 

portions . 

Mean 49 

Median 51 
Std.Dev. 24 

1.7 Mean 

The RQD was low for each of the thermomechanical (thermal-mechanical) units; mean, 

median, and standard deviations are compared in Table 2-3. The median values ranged fiom 

39% in the PTn to 8% in the TSw2. A conservative value of RQD was calculated by considering 

all types of breaks (natural, indeterminate, and coring induced), and these values were used in all 

calculations for rock mass quality. An enhanced-RQD was also calculated by filtering the effects 

of coring induced fiactures and is compared to the RQD in Table 2-3. Some difference in 

median RQD occurred in the TSwl unit between the lithophysae-rich and nonlithophysal 

portions, with the nonlithophysal portion having the higher RQD. 

difference, occurred in the TCw unit. 

A similar, but smaller 

Table 2-3. Comparison of RQD Data and Enhanced-RQD Data for the Thermo- 
mechanical (Thermal-Mechanical) Units - NRG Holes 

Median 

Relative Rating 

91-100 Excellent 

TCw 
LR 
26 

TSwl 
NL 
32 

TSwl 
LR 
18 

TSw2 
13 

PTn 
39 

22 39 30 14 8 76-90 I Good I 
1Std.Dev. I 20 21 28 26 18 17 51-75 I Fair I 

26-50 I Poor I 46 

49 
24 

1.8 

59 

66 
29 

1.5 

1.7 

58 

65 
30 

1.8 

2.2 

40 

38 
26 

2.2 

2.7 

31 

26 
23 

2.4 

3.3 

~~ 

0-1 I Extremely Poor 

RQD Median 2.2 

NL-Nonlithophysal; LR-Lithophysae Rich 

Fractures, identified during logging as coring induced, were a substantial part of the total 

and impacted the value of the RQD. The impact was assessed by calculating an enhanced-RQD, 

where coring-induced fiactures were filtered from the piece length calculation. Mean 
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enhanced-RQD values ranged from 1.51 (PTn) to 2.38 (TSw2) times greater than mean RQD 

values and are listed in Table 2-3. 

Between fractures, most of the rock exposed by the NRG holes was described as fresh (F) 

or slightly weathered (S) in the welded units. Twenty percent of the PTn core was described as 

moderately weathered. Estimations of rock hardness rated most of the core in the welded units as 

very hard to moderately hard. PTn was rated as soft to very soft rock. 

The majority of fractures logged in the NRG core were identified as coring induced, 

probably forming along subhorizontal planes of incipient weakness, with dip angles from 0-10'. 

Coring-induced fractures ranged from 42% of the total in the TCw nonlithophysal portion to 73% 

in the TSwl lithophysae-rich portion. 

When the coring-induced (type C) fractures were removed from the data and the density 

of fracturing was corrected for sampling bias, the steeply dipping fractures dominate the 

population. The fiacture frequency was estimated by applying the Terzaghi (1965) correction to 

account for the sampling bias due to the orientation of the borehole with respect to the fracture 

orientation. The resulting estimates of average fiacture frequency indicate predominantly 

near-vertical fractures (70-90") with frequencies that range from 7.9 m-' in the TCw to 22.6 m-' 

in the TSw2 (see Table 5-8, Section 5.0). This suggests that rock quality would be dominated by 

the near-vertical fractures and generates questions regarding the adequacy of using vertical 

boreholes which might not effectively sample the near-vertical structure. These questions were 

investigated by calculating RQD based on the total, corrected fracture frequency, and comparing 

those values to the median RQD determined by the core logging approach. This comparison, 

shown in Table 5-10, Section 5.0, showed that RQD determined by the core logging was in all 
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cases less than the RQD calculated using vertical fiacture fiequency and assuming 100% fracture 

continuity. RQD presented in this report was therefore judged to be a conservative indicator of 

rock conditions along the ramp alignment. 

The fractures identified as natural or indeterminate in origin were predominantly clean 

ranging between 53% and 85% of the fractures for the different thermomechanical 

(thermal-mechanical) units. Most infills were classed as surface sheens or thin coatings. The 

predominant infills were white crystalline or white non-crystalline materials. Very few clay 

infillings were observed. Fracture surfaces were generally described as planar or irregular with 

moderate roughness. 

In the three holes which penetrated normal faults, rock quality as indicated by RQD and 

fracture fiequency did not appear to be a function of fault-related fiacturing outside of the 

immediate zone of breccia and gouge development. Variations that were observed in core 

adjacent to the fault zones were more likely due.to changes in lithology and welding. Two of 

these holes (NRG-2 and NRG-2B) penetrated the Bow Ridge Fault, the third (NRG-3) penetrated 

a possible normal fault, with no offset indicated by the stratigraphic units. 

Lithophysal and other void contents averaged 1.74% and 0.3% for the lithophysae-rich 

and non-lithophysal portions of the TCw, respectively. In the TSwl unit, the lithophysae-rich 

portion averaged 5.4% and the nonlithophysal portion averaged 0.29%. These determinations are 

based on intact core and do not include lithophysae that exceed the core diameter. 
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2.7 Rock Mechanical Pronerties Tests 

Results of rock mechanics testing of NRG core indicated properties similar to previous 

test results at YMP (DOE, 1991). Mean values of the rock mechanical and physical properties 

Mean 
Standard Deviation 

are listed in Table 2-4. 

uo TCw PTn TSwl TSw2 

ND** 41 .O 27.2 46.5 47.2 
ND** 10.1 11.5 7.2 7.5 

(Tuff “X”) 

Table 2-4. Summary of Mean Values for Rock Mechanical and Physical Properties 
Testing - NRG Holes 

*No Data 

Schmidt hammer rebound hardness was measured on the NRG core in an attempt to 

supplement the uniaxial compression data. Table 2-5 compares the mean and standard deviation 

of the rebound number for each thermomechanical (thermal-mechanical) unit. Estimates of 

uniaxial compressive strength based upon a correlation with Schmidt hammer data gave 

reasonable predictions for the TCw and TSw2 unit, but overestimated strength in the PTn and 

TSwl units. 

2-12 



2.8 Rock Mass Oualitv Indices 

Rock mass quality indices Q and RMR were estimated for each 3-m (1043) interval of the 

NRG core logging data based upon the described condition of the core, the rock mechanics data, 

and structural features observed in surface mapping. The 3-m (10-fi) interval data were then 

grouped by thermomechanical (thermal-mechanical) unit and the statistical distribution of the 

data utilized to estimate the variation of ground conditions and the required ground support to be 

expected along the North Ramp. Certain parameters used to calculate the rock mass quality 

could not be generated directly for each interval and were therefore generated by Monte Carlo 

simulation based on the observed distribution of the parameter. Because of this simulation and 

because the drilling density along the ramp is low, no spatial correlation was assumed for the 

individual Q and RMR values derived from the drilling data. The distribution of the Q and RMR 

data within each thermomechanical (thermal-mechanical) unit was, however, projected to 

represent the variability that will be encountered as the North Ramp is excavated through the full 

vertical extent of each unit. Fault zones are not specifically represented in the rock quality 

estimates, but may be covered by the extreme lower range of the Q and RMR. The methodology 

used to produce the estimates is discussed in Section 7.0. 

2.8.1 RMR and 0 Data 

The rock mass quality index RMR was estimated for 3-m (104) intervals in all holes and 

was grouped by thermomechanical (thermal-mechanical) unit. The distribution of RMR7 in each 

thermomechanical (thermal-mechanical) unit was summarized . by generating values 

corresponding to five rock mass classes defined by frequencies of occurrence of 5%, 20%, 40%, 

70%, and 90%. Table 2-6 lists the range of values for each thermomechanical 

No adjustments made for joint orientation. 7 
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(thermal-mechanical) unit. Appendix C contains rank-ordered tables of the RMR data correlated 

Rock Mass 
Quality Category* 

1 
2 

with discrete values of the frequency of occurrence. 

Frequency of Old 
Occurrence (YO) UO (Tuff “X”) TCw PTn TSwl TSw2 

5 2.23 0.3 8 0.15 0.24 0.30 
20 7.50 0.68 0.28 0.87 0.65 

Table 2-6. RMR Ratings for the Five Rock Mass Quality Categories 

*Corresponds to category ranges proposed by Hardy and Bauer, 1991. 

3 
4 
5 

Relative 
Rating 

very good 81-1 00 

fair 4 1-60 
good 61-80 

40 10.98 2.08 0.66 1.73 1.91 
70 14.49 5.66 1.62 5.09 3.75 
90 24.29 9.14 3.74 12.00 8.44 

I Door I 21-40 I 

The range of RMR between all thennomechanical (thermal-mechanical) units is small 

with the rock classed as fair to good. This predilection of Rh4R for the fair rock category has 

been observed in other data (Kirsten, 1988), and it has therefore only been used here to estimate 

rock mass properties. 

The rock mass quality index Q, generated for 3-m (10-fi) intervals, is summarized for the 

five frequency of occurrences in Table 2-7 for each thennomechanical (thennal-mechanical) unit. 

Rank-ordered data is presented in Appendix C. 

*Corresponds to category ranges proposed by Hardy and Bauer, 199 1. 

2-14 



The range of Q values for the welded thermomechancial units indicate very poor to good 

rock mass quality. The nonwelded thermomechanical (thermal-mechanical) units, UO and PTn, 

range from extremely poor to good rock mass quality. 

The correlation of Q versus RMR values in the NRG holes were generally within the 

range suggested by Bieniawski (1 976). However, at Q values below 1 .O, the corresponding RMR 

values diverge from the published correlation with the corresponding values of RMR being 

higher that expected. This may be due to the fact that adjustment for joint orientation was not 

performed on the RMR because it is only used here to estimate rock mass properties. 

Q and RMR data from hole NRG-1 were compared to data generated from observations 

in the NRST (Section 7.4.2). Described intervals within the NRST were characterized by a range 

of Q and RMR (minimum-maximum). The NRG-1 data compared very well with the maximum 

range of the data. The minimum values in the NRST were affected by intermediate-scale vertical 

structureshroken zones containing weathered, crushed rock. These features were not sampled by 

the vertical borehole and did not allow characterization of the joint surface condition. In general, 

however, the minimum range of the NRST data was covered by the distribution of all borehole 

data for the welded units. 

The differences between rock mass quality indices in the lithophysae-rich and 

nonlithophysal portions of the TCw and TSwl were small in the lower rock mass categories 1-4. 

The observed differences were not judged sufficient to impact the North Ramp design and the 

lithophysae-rich and nonlithophysal portions of the TCw and TSwl were therefore grouped 

together. 



2.8.2 Proiected Range of Ground Support 

Specific design of the ground support for the North Ramp must be based upon the 

capabilities of the TBM equipment and must take the excavation and support installation 

features/limitations into account. The ground support indicated by the distribution of the 

core-based Q data and the ground support categories associated with the Q-based empirical 

design system (Barton et al., 1974) have been tabulated in Section 7.6, Table 7-12 to describe the 

range of support indicated and the projected proportion of the North Ramp requiring each level 

of support. The major conclusions derived are listed below in order of increasing support 

requirements : 

Very little of the North Ramp excavation in any of the thermomechanical 

(thermal-mechanical) units would qualify for “no support required.” A maximum 

of 5% of the Q data had values above the no-support-required boundary in any 

0 

thermomechanical (thermal-mechanical) unit. 

The majority of the North Ramp can be supported with combinations of rockbolts 

on spacings down to 1 m (3.28 ft) with wire mesh and up to 5 cm (2 in.) of 

shotcrete. Within the nonwelded UO unit, the Q data projects this to be the 

heaviest support required. In the welded units and PTn unit, the Q data projects 

this range of support to be suitable for all but 49% of the North Ramp. 

The remaining 21-26% of the Q data project bolts, wire mesh, and shotcrete up to 

12.5 cm (5 in.) thick. The indicated ground support categories also contain 

recommendations for cast-in-place concrete up to 50 cm (20 in.) thick; however, 

. 
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these very heavy support systems would be in response to squeezing ground 

conditions which are not anticipated. 

The lower 21-26% of the Q data indicate ground support consistent with that 

utilized in the NRST. 

Exceptions to these general ground support requirements are known to occur within the 

nonlithified tuff interval west of the Bow Ridge Fault and are anticipated to occur within the 

Drill Hole Wash Fault zone. However, within these zones, the capability of the TBM to install 

steel ring beams is projected to meet the requirements for heavier support. 

It is also anticipated that heavier support may be required in the UO (Tuff Unit “ X )  

interval underneath Daylight Valley (stations 3+50 m to 4+40 m). In this section of the North 

Ramp, nonlithified tuff of the pre-tuff unit “x” Bedded Tuff may be encountered three different 

times, if fault structures inferred from surface seismic data occur underneath the alluvium. 

There is currently no data available which indicates that the support capabilities of the 

TBM, as currently configured, are not sufficient to cover the full spectrum of requirements. 

2.9 Rock Mass Mechanical ProDerties Estimates 

Rock mass mechanical properties have been estimated based upon the methodology 

proposed by Hardy and Bauer (1991) which utilizes published empirical correlations with RMR. 

These estimates are developed to support numerical modeling to assess thermomechanical 

(thermal-mechanical) and seismic loading impacts on the North Ramp. 

The estimated rock mass strengths represent substantial reductions from the laboratory 

measurements of intact rock compressive strength. Table 2-8 compares the estimated rock mass 



strength for the highest rock mass category (90% frequency of occurrence) to laboratory strengths 

Thermo- Estimated 
Mechanical Unit Rock Mass Strength (MPa) 
TCw 15.89 
PTn 0.97 
TSwl 7.23 

and lists the ratio of rock mass strength to that measured in the lab. 

Intact Strength Ratio* of Rock 
Standard Mass to Intact Mean 

(MIPa) Deviation (MPa) Strength (%I 
125.1 94.9 12.7 

8.0 13.0 12.1 
56.9 ?n 1 12.7 

Table 2-8. Comparison of Rock Mass Strength Estimates to Intact Strength Data-Rock 
Mass Category 5 ( g o o / ,  frequency of occurrence) 

I 

I I --.- - -.- I 

TSw2 I 18.88 I 178.5 I 78.3 I 10.6 I 
*Rock Mass Strength f Intact Strength 

Rock mass strength based on the Mohr-Coulomb failure criteria were determined for the 

five rock mass categories and are listed in Table 2-9 for each thennomechanical 

(thennal-mechanical) unit. 

Table 2-9. Strength Parameters and Dilation Angles for the Mohr-Coulomb Failure 
Criterion for Rock Mass Classes 1-5 in Each Thermomechanical 
(Thermal-Mechanical) Unit 

**Based on nonqualified data reported by Lin et al. (1993b). 
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Rock mass elastic modulus, determined for each of the five rock mass classes, are listed 

in Table 2-1 0. 

UO (Tuff “X”) 
TCw 

Table 2-10. Estimated Rock Mass Elastic Modulus (GPa) 
Rock Mass Class 

4.30 
6.70 

Thermomechanical 
CThermal-Mechanical) Unit 

4.30 
8.92 

4.30 4.30 4.30 
13.33 2 1.20 27.71 

PTn 
8.78 
8.96 

I 2.50 
11.71 17.86 18.90 
12.55 17.1 1 23.51 

TSwl I 5.66 

UO (Tuff “X”) 
0.14 

TSw2 I 6.37 

TCw PTn TSwl TSw2 
0.20 0.20 0.30 0.2 1 

2 1 3 1 4 1 5  
2.50 I 2.50 I 2.50 I 2.50 

~~~ ~~ 

Recommended values of Poisson’s ratio for the each thermomechanical 

(thermal-mechanical) unit are listed in Table 2-1 1. 
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3.0 GEOLOGIC AND GEOTECHNICAL DATA DEVELOPMENT 

3.1 Introduction 

This section of the report describes the types of data collected in the North Ramp 

characterization program and the process used to produce the rock mass data used for design. 

Because the excavation method and route have been previously selected, design requirements 

focus primarily on the prediction of ground conditions for identification of the required ground 

support. Empirical design methods (Barton et al., 1974, and Bieniawski, 1979) based on rock 

mass quality were the basis of design support. 

A YMP repository drift design methodology (DDM) has been proposed previously by 

Hardy and Bauer (1991). This methodology includes the definition of the required design data to 

support both empirical design methods based on rock mass quality (for ambient rock 

temperature) and analyticdnumerical design methods based on rock mass mechanical properties 

(for thermal- and seismic-induced loading). The geotechnical data collection system 

implemented for the NRG holes was designed to produce rock structural data, the rock mass 

properties estimates data, and rock mass quality identified in the DDM. The data collection 

system was also structured to allow the flexibility to implement other design approaches if 

deemed appropriate by the Management and Operations (M&O) designers. 

Specific types of data collected on each of the NRG holes were: 

+ 

+ 

Detailed description of the rock structural characteristics in core; 

Detailed lithologic logs of the core with identification of stratigraphic and 

thermomechanical (thermal-mechanical) Units; 



Rock mechanical properties testing consisting of both laboratory measurements 

and Schmidt hammer rebound hardness logs; and 

Geophysical and borehole video logs. + 

The core logs were assembled in a system to produce estimates of rock mass quality using 

both the Q (Barton et al., 1974) and RMR (Bieniawski, 1979) systems. Figure 3-1 presents a 

schematic showing the process used to develop the rock mass quality data from core data. Core 

logging data, core testing data, and field mapping observations were used to develop rock mass 

quality. The rock mass quality (Q and RMR) data and the rock mechanics testing data were then 

used to produce estimates of the rock mass mechanical properties based on empirical 

correlations. The rock mass quality would be utilized directly in empirical design of rock support 

systems for the North Ramp construction. Rock mass mechanical properties based on RMR and 

rock mechanics testing would be used in numerical analyses for projecting the impacts of seismic 

and thermal loads. 

Eleven boreholes (NRG-1, -2, -2A, -2B, -2C, -2D, -3, -4, -5, -6, and -7) were drilled along 

the North Ramp. The average spacing was 400 m (see Figure 1-2, Section 1.0); four of the holes 

were drilled at the Bow Ridge fault. Drilling depths along the ramp grade varied and not all 

strata units were sampled by each hole. The North Ramp will be excavated at a -2.05% grade 

and cross cuts the subhorizontal stratigraphic units at a very low angle. The holes provide a 

sampling of the vertical variability in rock quality, and to a lesser extent, the horizontal 

variability. Variability has been characterized by grouping data from all holes for each of the 

thermomechanical (thermal-mechanical) units. This grouping' was done because previous studies 

8 See Section 4.0 for discussion of thermomechanical (thermal-mechanical) stratigraphy. 
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(Ortiz et al., 1984) at Yucca Mountain have concluded that the degree of welding and porosity of 

the tuff rocks is the aspect that most affects the physical and mechanical properties. Table 3-1 

lists the individual holes, their location, drill depths, and the thermomechanical 

(thermal-mechanical) units penetrated. The holes are listed with their full title in Table 3-1; 

however, they will be referred to by their NRG designation throughout the report. Two 

additional NRG holes, NRG-2C and -2D, were drilled in the North Ramp exploration, but were 

drilled to sample the nonlithified tuffs of the Rainier Mesa and pre-Rainier Mesa bedded tuffs 

locally preserved in the hanging wall of the Bow Ridge Fault. NRG-2C and -2D are not 

discussed here since no intact core was recovered. 

Table 3-1. Sun 
Locations (m) 

Hole 
I North I East 

UE25NRG-I I 233,284.14 I 173,678.08 

UE25 NRG-2B 233,408.08 173,498.70 

UE25 NRG-3** 233,556.02 173,224.85 
UE25 NRG-4 233, 808.89 172, 768.83 I 
USW NRGd 233,701.07 171,966.29 

USW NRG-7/7A 234,357.51 171,599.61 

maw of NRG Drill 

1 80.99 24.57-80.99 

100.43 0.67-100.43 I 

ng Program 
Stratigraphic 

Member 
Penetrated 

Tiva Canyon 
Rainier Mesa, 
Tiva Canyon 
Tuff "X", Tiva 
Canvon 
Rainier Mesa, 
Tuff 'X", Pah 
Canyon 
Tiva Canyon 
Tiva Canyon, 
Yucca Mtn., Pah 
Canyon, Topopah 
Spring 
Tiva Canyon, 
Yucca Mtn., Pah 
Canyon, Topopah 
Soring 
Tiva Canyon, 
Yucca Mtn., Pah 
Canyon, Topopah 
Spring 
Tiva Canyon, 
Yucca Mtn., Pah 
Canyon, Topopah 
Spring ' 

Thermomechani& 
(Thermal-Mechanical) 

Units Penetrated 
TCw 
UO, TCw 

UO, TCw 

UO, PTn 

r c w  
TCw, PTn, TSwl 

TCw, PTn, TSwl, TSw2 

TCw, PTn, TSwl, TSw2 

TCw, PTn, TSwl, TSw2, 
TSw3, CHnl 

*Azimuth 100.5", inclined 60.4" down fiom horizontal. 
**Azimuth 98.7", inclined 59.8" down fiom horizontal 
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Drilling records and core marking use units of feet and all rock structural and lithologic 

logging of the core was therefore performed using the units of feet. The presentations of the 

NRG Geologic and Rock Structural Logs, Rock Structure Data Summary Logs, Schmidt 

Hammer Rebound Hardness Logs, and Q and RMR Estimate Logs are therefore in the units of 

feet in Volume II. In this data summary report, SI units are used. 

The types of data that have been generated for the NRG core holes are described here to 

indicate the scope and variety of information that is available. All core produced in the NRG 

holes were either HQ or PQ in size and meet ASTM suggestion for the size of core used for 

determination of RQD (Kirkaldie, 1988). Although the primary objective 'of the data 

development was to support North Ramp design, there may be other potential uses for the 

information for site characterization or performance assessments. The information collected 

during lithologic logging is described in Section 3.2 and structural logging data is discussed in 

Section 3.3 The different forms of graphical presentation of the core log data are also described. 

Rock mechanics testing is discussed in Section 3.4. The process of combining the core log and 

rock testing data is presented in Section 3.5 and rock mass properties estimation is discussed in 

Section 3.6. 

3.2 Litholopic Lowinp of the Core 

Detailed lithologic logging of the core was performed to describe the character of the tuff 

rocks penetrated. Observations recorded include: 

mineralogic characteristics, 

degree of welding, 

+ lithophysal content, 
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+ 

+ 

extent of vapor-phase alteration, 

degree of argillization, 

degree of devitrification, 

color, and 

physical characteristics. 

These data are presented in a composite log with the rock structural data. An example of the 

composite log, Geology and Rock Structure (G&RS) Log, is presented as Figure 3-2. 

Stratigraphic identifications are also recorded in the G&RS Log. The borehole logging 

primarily used the nomenclature of Scott and Bonk (1984), which was based on extensive 

geologic mapping of Yucca Mountain and outcrop characteristics of the various units. The NRG 

drilling has proceeded in parallel with work by the USGS to develop a detailed nomenclature 

based on compositional and other lithologic distinctions that are identified in core.9 This report 

incorporates the new nomenclature, and both the Scott and Bonk (1984) and new USGS 

nomenclature are provided in the stratigraphic summaries for the individual NRG logs in Volume 

II. Geology and stratigraphy of the rocks along the ramp are discussed in Section 4.0. 

3.3 Rock Structural Lo& 

A detailed logging system was developed and employed to describe the structural 

condition of the core. Field logging was performed at the drill site by T&MSS Drilling 

Management Group personnel using Procedure YLP-SII2Q-SMF. The field log was then 

checked in detail against both video records of the core and the core using the instructions 

presented as Appendix A of this report. Data recorded in this log included: 

Geslin et al. 9 
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+ 

+ 

+ fracture characteristics-type of fracture, inclination, roughness, planarity, 

core run interval, run recovery, lost core and rubble zones; 

location of individual structural features-fractures and vugs; 

mineral infill type, infill thickness, moisture condition and healing; 

estimated rock hardness and weathering for the run interval; 

piece lengths greater than or equal to 100 mm (4 inches) in length; 

rock quality designation (RQD) calculated on the run interval; and 

percent lithophysal and any other void content for the run interval. 

These data were entered into computer files for input to the program WPLOG Version 4.60 

which produced the graphical display of the information (G&RS Log). WPLOG is a WindowsTM 

application generated to display core logging data produced for the NRG holes. Copies of the 

G&RS Log for each NRG hole are presented in Volume 11. 

+ 

+ 

+ 

+ 

The graphical display of the rock structural data is illustrated by Figure 3-2, which shows 

one page of the G&RS Log for hole NRG-7/7A. In this log, individual data are displayed with 

abbreviated notation versus depth in the hole. RQD is calculated on an even 3-m (10-ft) interval 

in addition to the run RQD. Total fractures and natural plus indeterminate fracture are summed 

for each interval and displayed in the log. The lithophysal content determined on the run 

intervals are used to calculate length-weighted averages for 3-m (1 0 4 )  intervals. 

The rock structural data were summarized on 3-m (10-ft) intervals in a second log called 

the Rock Structural Data Summary Log, an example of which is shown in Figure 3-3. Individual 

logs are presented in Volume 11. In this log, data on weathering, hardness, and fracture 

characteristics are sorted within each interval and displayed. The intervals are correlated with 
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Figure 3-3b. Example of the Rock Structural Summary Log 
Note: Normally Presented in 1 1" x 17" format. 
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both stratigraphic members and thermomechanical (thermal-mechanical) units. 

statistics are generated for the RQD parameter. 

Summary 

The sorted data in the Rock Structure Summary Log for 3-m (10-ft) intervals were used to 

summarize the structural characteristics of the different thermomechanical (thermal-mechanical) 

units. The distributions of the different parameters are discussed in Section 5.0. 

3.4 Rock Mechanical ProDerties Tests 

Rock mechanical properties were measured on NRG core samples selected throughout 

each hole on approximately 3-m (10-ft) intervals where core conditions allowed. The frequency 

of sampling was controlled by lost core and rubble zones, which were extensive in some parts of 

the holes. Sample selection was biased toward the better quality core because of the core 

condition, however, a conscious attempt was made to. include samples containing discrete 

structural flaws (healed fractures, vapor phase alteration, lithophysae). Results of the individual 

tests are presented in log form for each NRG hole in Volume II. Table 3-2 lists the number of 

tests by thermomechanical (thermal-mechanical) unit. 

Table 3-2. Numbers of Rock Mechanics Tests Performed on NRG Core for Each 
Thermomechanical (Thermal-Mechanical) Unit 
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The laboratory tests included measurements of:  

+ uniaxial compressive strength; 

+ 

+ Brazilian tensile strength; 

+ 

+ 

elastic modulus and Poisson’s ratio; 

triaxial compressive strength (confining pressures 5,  10 m a ) ;  and 

dry bulk density, porosity and average grain density. 

Experimental procedures utilized in the laboratory tests are described by Martin et al. (1 994). 

In addition to the laboratory tests, Schmidt Hammer Rebound Hardness was measured on 

nominal 3-m (10-fi) intervals in each hole. The Schmidt Hammer measurements were used to 

estimate uniaxial compressive strength using a correlation presented in Stacey and Page (1 986). 

Mechanical properties data are organized by thermomechanical (thermal-mechanical) unit 

in Section 6.0. 

3.5 Rock Mass Ouaiity 

Rock mass quality was determined for the 3-m (10-foot) intervals using both the Q 

system developed by Barton et al. (1 974) and the RMR system developed by Bieniawski (1 979). 

The rock mass quality indices were calculated from data summarized in the Rock Structure Data 

Summary Log and the rock mechanics testing data. Q and RMR values were displayed in a log 

format for each 3-m (1 0-fi) interval and are presented in Volume II. The methodology used to 

calculate Q and RMR from core log data is described in Appendix B of this report. 

The variability of rock mass quality indices are associated with the general rock 

conditions, excluding the fault zones. Fault zones have not been discretely sampled by the NRG 

holes, with the exception of NRG-2 and -2B which penetrated the Bow Ridge fault. 

Characteristics of the fault zones will be variable depending on the amount of displacement and 
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proximity to surface weathering. Although the range of Q and RMR data may cover fault 

conditions at the lower end, the data presented describes the rock between the faults. Figure 3-4 

presents an example of the Q and RMR estimates presented in spreadsheet format. In the 

calculation process, any spatial correlation that exists for the rock mass quality parameter may 

have been preserved in the RMR index because there was generally a direct association between 

the data in the 3-m (10-ft) interval and the resulting index. Two of the parameters used to 

calculate Q were not determined from the logging data, they were estimated based on surface 

mapping and underground mapping in the North Ramp Starter tunnel. For the Q index, the 

parameters Jn and SRF were generated for each interval by Monte Carlo simulation based on the 

observed frequency of occurrence in the mapping data or in rock strength in the case of the PTn 

and UO units. This approach was used to incorporate the observed variability into the Q index; 

however, it eliminated any spatial correlation of the Q estimate. 

The Q and RMR data from all NRG holes were grouped by thermomechanical 

(thermal-mechanical) unit to characterize the variability in Section 7.0. All data within each 

thermomechanical (thermal-mechanical) unit were rank ordered and the cumulative frequency of 

occurrence was calculated to define the distribution of rock mass quality within the unit. Five 

rock mass quality classes were then defined to characterize the credible variability using 

frequency of occurrences of 5%, 20%, 40%, 70%, and 90%. Other levels of confidence can be 

defined depending on the requirements of the design process by using the ranked frequency of 

occurrence tables in Appendix C. 
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YUCCA MOUNTAIN SITE CHAR\CTERIZATION PROJECT 
Gtimatcd Rock Mau Quality Indices Based on Core Log Dam 
Hole USW N R G - ~ ~ A  
Intmal- 770-1510 ft (234 7 4 6 0  3 m). TSw? Unli 

Figure 3-4. Example of the Q and RMR Estimate Log 
Note: Normally Presented in 11" x 17" Format 
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3.6 Rock Mass Mechanical ProDerties 

Estimates of the rock mass mechanical properties were calculated based on the rock mass 

quality and laboratory testing data and are presented in Section 8.0. The estimates correspond to 

the five rock mass quality classes defined by the frequency of occurrence of rock mass quality 

data and were developed for each thermomechanical (thermal-mechanical) unit. Published 

correlations between the RMR index and rock mass mechanical properties were utilized 

according to the approach proposed .by Hardy and Bauer (1991). The rock mass properties 

determined support the application of equivalent-continuum type analysis based upon 

Mohr-Coulomb failure criteria. The rock mass mechanical properties estimated are: 

+ Cohesion, 

+ Angle of internal fiiction, 

+ Dilation angle, 

+ Elastic modulus, 

+ Poisson's ratio, and 

+ Power law rock mass strength criteria. 
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4.0 GEOLOGY OF THE NORTH RAMP 

4.1 Introduction 

The purpose of this section is to provide the geologic and stratigraphic fiamework for the 

rocks encountered along the ESF North Ramp alignment. Geologic investigation of the 

alignment included lithologic analysis of core fiom NRG-series boreholes and analysis of 

geologic mapping done by Scott and Bonk (1984). Additionally, extensive work was done to 

characterize the nonlithified tuffs to be encountered by the ramp in the hanging wall of the Bow 

, 

Ridge fault and is presented in a separate report." 

The objective of the geologic investigation of the North Ramp alignment, using the 

NRG-series boreholes, was to generate data to: 

+ Develop geologic and thermomechanical (thermal-mechanical) cross sections 

along the ramp alignment; 

+ Confirm or modify the existing interpretations of major fault blocks; and 

Correlate rock structure data, rock mass quality data, and rock mass properties 

data with the thermomechanical (thermal-mechanical) and stratigraphic units. 

No additional surface mapping has been performed west of ramp station 6+00m and 

surface mapping by Scott and Bonk (1984) has not been verified by this study. 

4.2 StratimaDhv 

The ESF North Ramp alignment passes through rocks of the Miocene Paintbrush and 

Timber Mountain Groups. The stratigraphic units found along the alignment are part of a thick 

sequence of bedded and ash-flow tuffs which originated in eruptions of the Timber 

Kessel et al. IO 
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Mountain-Oasis Valley Caldera Complex to the north of Yucca Mountain between 1 1 and 14 

million years ago (Byers et al., 1976). The Paintbrush Group consists of five distinct ash-flow 

tuffs separated by thin bedded tuffs. These ash-flow tuffs are, from oldest to youngest, the 

Topopah Spring Tuff, the Pah Canyon Tuff, the Yucca Mountain Tuff, the Tiva Canyon Tuff, 

and Tuff Unit “X.” Of the Timber Mountain Group, the Rainier Mesa Tuff and a sequence of 

Pre-Rainier Mesa Tuff bedded tuffs are present along the alignment. 

This report uses recently developed stratigraphic nomenclature of the USGS.” A 

detailed stratigraphy of the Paintbrush Group has been evolving continuously since the inception 

of the project, and a variety of nomenclature has been used. Previously, the most widely used 

nomenclature was that of Scott and Bonk (1 984), who based their scheme on extensive geologic 

mapping of Yucca Mountain and outcrop characteristics of the various units. Recent work by the 

USGS has modified the stratigraphy by raising the Paintbrush and Timber Mountain Tuffs to 

group status and by assigning the Tuff Unit ‘‘X’ of Can (1 992) to the Paintbrush Group (Sawyer 

et al., 1994). Additionally, a detailed nomenclature based on compositional and other lithologic 

distinctions identified in core and less on outcrop data has been developed by the USGS.’* 

Core logging by SNL personnel, as part of this study, has used a nomenclature based 

primarily on that of Scott and Bonk (1984), but has adopted some of the descriptive 

nomenclature of the USGS as it has developed. Additionally, SNL personnel have used 

nomenclature for the sequence of locally preserved nonwelded tuff. between the Tiva Canyon 

and Rainier Mesa Tuffs developed by Carr (1992) and Angel1 (1994). Because of the greater 

Geslin et al. 

bid. 
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consistency of the recently developed USGS ~tratigraphy,'~ it has been adopted for this report and 

is used in the cross sections. However, the NRG borehole logs, presented in Volume I1 of this 

report, include a stratigraphic and thermomechanical (thermal-mechanical) units summary that 

correlates both the Scott and Bonk (1984) and the new USGS nomenclatures. 

A generalized correlation of the schemes of the USGS14 and of Scott and Bonk (1984) is 

shown in Table 4- 1. Major stratigraphic divisions are shown in bold type, and can be correlated 

across the columns. Subdivisions within the individual tuff units, however, cannot be directly 

correlated for all cases. Therefore, the various stratigraphic zones are simply listed side by side 

for this report. 

Stratigraphic and thermomechanical (thermal-mechanical) units that were sampled within 

the NRG-series boreholes by coring are summarized in Figure 4-1. This chart shows only which 

units were sampled and contains gaps where units were missing due to fault displacement or 

were not present. Thickness of the stratigraphic units encountered is given separately in 

Table 4-2. 

Description of the Stratigraphic units is presented first for the ash-flow tuKs from oldest 

. to youngest in Section 4.2.1. For ease of description, the intervening bedded tuffs are described 

separately, in Section 4.2.2. 

bid. 

bid. 
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Table 4-1. 
Lithostratigraphic Nomenclature of the Lithostratigraphic Nomenclature of the 

Paintbrush Tuff at Yucca Mountain 

Paintbrush Group Paintbrush Tuff 
Tuff Unit “X” 
Pre-Tuff Unit “X” Bedded Tuff 
Tiva Canyon Tuff Tiva Canyon Member 

crystal-rich member (quartz latite) 
vitric zone 

non- to partially welded subzone 
moderately welded subzone 
vitrophyre subzone 

subvitrophyre transition subzone 
pumice-poor subzone 
mixed pumice subzone 
crystal transition subzone 

crystal transition subzone 
crystal-poor. member (high-silica rhyolite) 

nonlithophysal zone 

lithophysal zone 

upper lithophysal zone 
spherulite-rich subzone 

middle nonlithophysal zone 
upper subzone 
lithophysae-bearing subzone 
lower subzone 

lower lithophysal zone 
lower nonlithophysal zone 

hackly subzone 
columnar subzone 

spherulitic pumice interval 
argillic pumice interval 
vitric pumice interval 

vitric zone 
vitrophyre subzone 
moderately welded subzone 
non- to partially welded subzone 

Tpcr 
Tpcrv 
Tpcrv3 
TpCN2 
Tpcrvl 
Tpcrn 
Tpcm4 
Tpcm3 
Tpcm2 
Tpcml 
Tpcrl 
Tpcrl 1 
TPCP 
Tpcpul 
Tpcpull 

Tpcpmn3 

Tpcpmn 1 
Tpcpll 
Tpcpln 
Tpcplnh 
Tpcplnc 
Tpcplnc3 
Tpcplnc2 
Tpcplncl 
TPCPV 
Tpcpv3 
Tpcpv2 
Tpcpvl 

TPCPmn 

T P C P M  

undifferentiated 
caprock zone 
upper cliff zone 
upper lithophysal zone 
clinkstone zone 

lower cliff zone 
gray clinkstone zone 
red clinkstone zone 
upper clinkstone zone 
lower clinkstone zone 
middle lithophysal zone 
rounded step zone 

lower lithophysal zone 
lower lithophysal & hackly zones undifferentiated 
hackly zone 
columnar zone 

cu 
ccr 
CUC 

CUI 

Cks 
clc 
cgks 
crks 
cuks 
cml 
clks 
crs 
Cl l  
chl 
ch 
cc 

Pre-Tiva Canyon Tuff Bedded Tuff Tpbt4 @Bedded Tuff bt 
* J e f i e y  K. Geslin, Thomas C. Moyer, and David C. Buesch, 1994 in press. Summary of Lithologic Logging of 
New and Existing Boreholes at Yucca Mountain, Nevada, August 1993 to February 1991, U.S. Geological 
Survey Open-File Report 94-342, U.S. Department of the Interior, Denver, Colorado. 
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Table 4-1. continued 
Lithostratigraphic Nomenclature of the 
Paintbrush Group at Yucca Mountain 

Lithostratigraphic Nomenclature of the 
Paintbrush Tuff at Yucca Mountain 

Nevada Nevada 

Yucca Mountain Tuff Yucca Mountain Member Ym 
undifferentiated ash-flow tuff Ym 

Ymu 
Ymm 
Yml 
bt Pre-Yucca Mountain Tuff Bedded Tuff 

Pah Canyon Tuff Pah Canyon Member PC 
undifferentiated ash-flow tuff PC 

PCU 
Pcm 
PCl 

Pre-Pah Canyon Tuff Bedded Tuff Tpbt2 @Bedded Tuff bt 
Topopah Spring Tuff Tpt- g{ Topapah Spring Member 

crystal-rich member (quartz latite) Tptr 
vitric zone T P m ,  

non- to partially welded subzone Tptrv3 
moderately welded subzone Tptrv2 
vitrophyre subzone Tptrv3 

nonlithophysal zone T P m  
lithophysal zone Tptrl 

crystal-rich lithophysal subzone Tptrl2 
crystal transition subzone Tptrl 1 

upper lithophysal zone Tptpul 
crystal-poor member (high-silica rhyolite) Tptp 

cavernous lithophysae subzone Tptpul2 
small lithophysae subzone Tptpul 1 

upper subzone Tptpmn3 

lower subzone Tptpmnl 

middle nonlithophysal zone TPtPmn 

lithophysae-bearing subzone T P t p d  

lower lithophysal zone Tptpll 
lower nonlithophysal zone Tptpln 

vitrophyre subzone Tptpv3 
moderately welded subzone Tptpv2 
non- to partially welded subzone Tptpvl 

vitric zone TPtPV 

undifferentiated 
caprock zone 
rounded zone 

red lithophysal zone 
thin lithophysal zone 

upper lithophysal zone 
lower lithophysal zone 
lithophysal zone 

nonlithophysal zone 
gray nonlithophysal zone 
orange zone 
brick zone 
orange brick zone 
orange brick lithophysal zone 
brownish-orange brick zone 

grayish-red lithophysal zone 
orangish-red lithophysal zone 
mottled lithophysal zone 

. purplish-brown lithophysal 
reddish brown brick zone 
brownish-orange lithophysal zone 

mottled zone 
vitrophyre zone 
partially welded zone 

tu 
tc 
tr 

ttl 
trl 
tu1 
tll 
tl 
hll 
tgnl 

tb 
tob 
tobl 
tbob 

to 

tgrl 
tor1 
tml 

trbb 
tbol 
tm 
tv 

tpbl 

tPW 
Pre-Topopah Spring Bedded Tuff Tpbtl Bedded Tuff bt  
* Ibid. 
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Table 4-2. Unit Thickness of NRG-Series Boreholes (meters) 

re-Tuff Unit "X" Bedded Tuff 
'iva Canyon Tuff 

crystal-rich member (quartz latite) Tpcr- 
vitric zone Tpcrv F 1.9 F 
nonlithophysal zone Tpcrn 6.4* F 27.3 F 26.4* 
lithophysal zone Tpcrl NP F NP F NP 

crystal-poor member (high-silica rhyolite) Tpcp- 

I (TPC- 1 

upper lithophysal zone 
middle nonlithophysal zone 
lower lithophysal zone 
lower nonlithophysal zone 
vitric zone 

're-Tiva Canyon Tuff Bedded Tuff 
'ucca Mountain Tuff 
're-Yucca Mountain Tuff Bedded Tuff 
'ah Canyon Tuff 
're-Pah Canyon Tuff Bedded Tuff 
'opopah Spring Tuff 

[Tpcpul I 23.6 I F I 1.3* I F I 28.2 I I I 1 
Tpcpmn I 12.8* F F I 16.2 I I I 
Tpcpll I F F I 16.3* I I 16.8* 1 

crvstal-rich member (auartz latile) 

nonlithophysal zone 
lithophysal zone 

iiiiddle nonlithopliysal zone 
lower lithophysal zone Tptpll 28.8* 88.4 107 
lower nonlithophysal zone l'ptpln 56.8 
vitric zone 'rptpv 23.8 

're-Topopah Spring Bedded Tuff Tpbtl I .5 
Iknotes thickness of unit Denetrated by borehole where both contacts are not present. Boreholes NRG-2 and NRG-3 drilled at 30° from vertical. Thicknesses 

given are adjusted to vertical. Remainder of boreholes drilled vertically. 
Boreholes not adjusted for strike and dip ofstratigraphic units. 

- . . . - . . - 

NP = llnit not present. 
F = Unit not present due to fault displacement. 



4.2.1 Ash-flow Tuffs 

Calico Hills Formation - 4.69 m (15.4 ft) of this unit was penetrated by one of the 

NRG-series boreholes, NRG-7/7A. At this location the unit is characterized by an upper 

pyroclastic flow deposit underlain by a fallout deposit. Both deposits are nonwelded and contain 

zeolitic alteration. 

Paintbrush Group 

Topopah SDring Tuff - The Topopah Spring Tuff is a multiple-flow, compound 

cooling unit, ash-flow tuff consisting of three eruptive pulses (Lipman et al., 

1966). This unit has been divided into a lower crystal-poor unit (high-silica 

rhyolite) and an upper crystal-rich unit (quartz latite).” Thickness for the unit is 

390.1 m (1280 ft) at NRG-7/7A. The unit is characterized by thin zones at the top 

and bottom where the nonwelded tuffs grade into moderately to densely welded 

vitrophyre zones. The thick middle portion of the flow is moderately to densely 

welded, devitrified, and commonly altered by vapor phase mineralization. 

Lithophysal cavities vary throughout and break the unit into a number of 

distinct zones which help define the thermomechanical (thermal-mechanical) 

stratigraphy for this unit and are discussed further in Section 4.4. The basal vitric 

zone is nonlithophysal, forming the lowermost zone. This is overlain by a 

sequence of mixed nonlithophysal and lithophysal zones, including the lower 

lithophysal zone and a lithophysal bearing subzone in the middle nonlithophysal 

zone. The proposed repository horizon is within the middle nonlithophysal zone 

which typically contains less than 2% lithophysal cavities by volume. The next 

bid. 1s 
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distinct lithophysal horizon includes the crystal-poor upper lithophysal zone and 

the crystal-rich lithophysal zone with cavities up to 10%-25% by volume. Within 

this interval, a lithophysae subzone occurs which is characterized by rubblized 

core and large oblate lithophysae which are commonly larger than the core 

diameter. Finally, the top portion of the unit contains the crystal-rich 

nonlithophysal zone and the crystal-rich vitric zone, which is largely 

nonlithophysal. 

Colors for the Topopah Spring Tuff matrix are highly variable and 

typically includes hues of very light gray, grayish orange-pink, light reddish gray, 

and grayish pink for the devitrified zones, and dark reddish-brown to grayish 

black for the vitrophyres. Phenocrysts range fi-om less than 3% for the lower 

crystal-poor member and up to 10%-12% phenocrysts of feldspars, quartz and 

biotite in the crystal-rich member. 

Pah Canyon and Yucca Mountain Tuffs - The Pah Canyon and Yucca Mountain 

Tuffs are both nonwelded ash flows that form a significant break in the otherwise 

moderately to densely welded Paintbrush Group. The Pah Canyon ranges in 

thickness from 0 to about 23 m (75.5 ft), and in color from grayish orange-pink to 

grayish orange. It generally contains several percent up to 15% phenocrysts of 

feldspar, biotite and clinopyroxene, up to 30% pumice clasts, and traces of 

volcanic lithics. The Yucca Mountain Tuff is fi-om 0 to 16 m (52.5 ft) in 

thickness and is characteristically a uniform, shard-rich tuff with very low 

percentages of phenocrysts and a medium light gray to grayish orange-pink color. 
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+ Tiva Canyon Tuff - The Tiva Canyon Tuff is a compound cooling unit, ash-flow 

tuff which forms the vast majority of surface outcrops at Yucca Mountain. None 

of the NRG-series boreholes penetrates the entire unit; however, a combination of 

the logs from NRG-2A and NRG-6 indicate a thickness of greater than 60 m 

(196.8 fi) along the ramp alignment. The Tiva Canyon Tuff is similar to the 

Topopah Spring Tuff in compositional zoning and post-emplacement alteration. 

With the exception of non- to partially welded tuffs found along the chilled 

margins, the unit is almost entirely densely welded and devitrified, and exhibits 

poorly to well developed eutaxitic foliation. The Tiva Canyon Tuff does have 

glass-shard-rich vitric zones along the margins, but does not exhibit the well 

developed vitrophyres found within the Topopah Spring Tuff. 

Colors for the Tiva Canyon Tuff matrix are variable and typically include 

hues of very light gray, grayish orange-pink, light reddish gray, and grayish pink. 

This unit contains a lower, crystal-poor, high-silica rhyolite zone characterized by 

less than 5% pumice clasts and less than 2% phenocrysts. Above this is an upper, 

crystal-rich, quartz latite zone with pumice clasts typically 10%-15% and 

phenocrysts of feldspar, clinopyroxene and biotite 100/0-12%. Lithophysae and 

spherulites are common within certain portions of the unit, particularly within an 

interval in the center of the flow including the lower lithophysal, middle 

nonlithophysal, and upper lithophysal zones of the crystal-poor member and the 

lithophysal zone of the crystal-rich member. 
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+ Tuff Unit “X” - Tuff Unit “X” is a nonwelded ash flow preserved locally in the 

hanging wall block of the Bow Ridge fault and buried beneath alluvium in 

Midway Valley (Carr, 1992). Exposures of this unit in excavations for the North 

Portal Duct Bank were examined by Angell (1994). This unit is generally well 

lithified, nonwelded, massively bedded, and poorly sorted. Color is typically very 

light yellowish gray, with vitric pumice comprising 30%-50% of the rock, and 

volcanic lithics 7%-10%. Accessory minerals include quartz, biotite, hornblende, 

and sphene. Zeolitic alteration is common and gives the rock its characteristic 

yellow hue, but is not found everywhere within the unit. 

Timber Mountain Group 

+ Rainier Mesa Tuff - The Rainier Mesa Tuff is a nonwelded ash-flow tuff locally 

preserved within the hanging wall block of the Bow Ridge fault along the ramp 

alignment. Limited surface outcrops of this unit are found along the west side of 

Exile Hill. 

An upper lithified and a lower nonlithified (soil-like) zone are 

distinguished largely by the degree of cementation. Unweathered color ranges 

from very light pinkish orange and grayish orange pink to very light gray, with the 

lighter tones predominating in the nonlithified zone. Lithologically, the zones are 

similar, with pumice fragments ranging from 4 to 20 mm, and phenocrysts of 

feldspars, quartz, and bronze biotite forming 15%-20% of the rock. A more 

detailed description of this unit is given by Angell (1 994). 



4.2.2 Bedded Tuffs 

Bedded tuffs are found separating all of the ash-flow units of the Paintbrush and Timber 

Mountain Groups. These tuffs are typically nonwelded and are nonlithified to moderately 

lithified. They range from 0-10 m (32.8 ft) in thickness and contain a variety of ash-flow and 

ash-fall deposits, with minor reworked tuffaceous sandstones. Five of these bedded tuffs are 

recognized within the Paintbrush Group, and an additional one is found at the base of the Rainier 

Mesa Tuff. The convention used in naming these units is to assign them to the overlying major 

ash-flow unit. For example, the lowermost Paintbrush Group bedded tuff underlies the Topopah 

Spring Tuff and is named the Pre-Topopah Spring Tuff Bedded Tuff (Tpbtl). The remainder of 

the units are, in ascending order, the Pre-Pah Canyon Tuff Bedded Tuff (TpbQ), the Pre-Yucca 

Mountain Tuff Bedded Tuff (Tpbt3), the Pre-Tiva Canyon Tuff Bedded Tuff (Tpbt4), the 

Pre-Tuff Unit “X7 Bedded Tuff (TpbtS), and within the Timber Mountain Group, the Pre-Rainier 

Mesa Tuff Bedded Tuff (Tmbt 1). 

In composition, the bedded tuffs vary considerably, ranging from very light gray to 

grayish orange in color, and having variable amounts and types of phenocrysts and volcanic 

lithics. Weakly-developed paleosol horizons are found in some areas, and a variety of ash-flow, 

ash-fall, and reworked subunits are observed to vary considerably over short lateral distances. 

Detailed descriptions of the nonlithified Pre-Tuff Unit “X” Bedded Tuffs and Pre-Rainier Mesa 

Tuff Bedded Tuffs is given by Angel1 (1994) and engineering characteristics of the nonlithified 

tuffs are reportedI6 to support design of the North Ramp. Further detailed research for these units 

on an area-wide basis is provided by Diehl and Chornack (1990). 

Kessel et al. 16 
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4.3 Geolopic Cross Sections 

Geologic cross sections were developed to project the stratigraphic and thermo- 

mechanical (thermal-mechanical) contacts along the ramp alignment. The cross sections were 

based on previous (Scott and Bonk, 1984) and on-going” site geologic studies by the USGS. 

NRG drilling was performed to verify stratigraphic depths in some, but not all, of the blocks 

between the identified faults. The holes were projected into the North Ramp cross sections along 

the strike of the stratigraphic units. Adjustments were made where the previous projections did 

not agree with the local drilling data. 

The geologic cross sections, based on drilling and surface mapping data, are presented h 

Section 4.3.1. In general, surface mapping was available to help constrain the fault locations and 

the amount of dip separation across faults. Some uncertainty was apparent in the area of 

Daylight Valley, immediately west of the Bow Ridge fault, where the alluvial cover masked 

potential, undetected faults whose presence was inferred by surface gravity data. A high 

resolution surface seismic study18 was therefore performed in an attempt to define the depth of 

alluvium and/or nonlithified tuffs and to detect any fault offsets. The interpretation of the 

seismic data suggests two additional faults with displacements sufficient to increase the distance 

that the North Ramp will be constructed through the nonwelded Tuff Unit “X” and the 

nonlithified Pre-Tuff Unit “X” Bedded Tuff. The seismic interpretation is discussed in 

Section 4.3.2. Projected stations where the North Ramp will intersect the various tuff units are 

discussed in Section 4.3.3. 

L.R. Hayes, 1993. Letter to J. Russell Dryer, Acting Project Manager, U.S. Department 
of Energy, re: 2-D Geologic Model of North Ramp, U.S. Geological Survey. 

18 Elbring. 
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4.3.1 Drilling and Surface MapDing Data 

The North Ramp of the Exploratory Studies Facility (ESF) at Yucca Mountain Will 

descend from the east side of the mountain through most of the Miocene Paintbrush Group. The 

location of the North Ramp and the NRG-series boreholes is shown in Figure 1-2, Section 1 .O. A 

geologic cross section based on borehole and surface mapping data showing the rocks to be 

penetrated is presented in Figure 4-2. Additionally, a geologic cross section through Exile Hill 

(ramp station O+OO to 6+00 m) is presented in Figure 4-3 which shows the area around the Bow 

Ridge fault zone and the North Portal at an enlarged scale. An alternative interpretation based on 

the seismic data is discussed in Section 4.3.2. 

The start of the ramp can be seen most clearly in Figure 4-3. The North Portal has been 

constructed in welded rock of the Tiva Canyon Tuff. The ramp will proceed through welded 

rocks of the Tiva Canyon TufT for 196 m where it will intersect the Bow Ridge fault zone. Based 

on the projection of borehole data, the ramp will then penetrate the lowermost nonwelded portion 

of the Rainier Mesa Tuff and continue down-section through a sequence of Pre-Rainier Mesa 

Bedded Tuffs. These tuffs are nonlithified and present an off-normal condition for ramp 

construction. Geologic and engineering characterization of the nonlithified tuff interval for ramp 

design is presented by Kessel et al.” The ramp then intersects Tuff Unit “X,” and the 

nonlithified Pre-Tuff Unit “X” Bedded Tuffs before re-entering the Tiva Canyon Tuff. 

Uncertainty about the length of the Tuff Unit “X” and Pre-Tuff Unit “X” in the section is 

discussed in Section 4.3.2. 

The continuation of the ramp can be seen in Figure 4-2. As the tunnel proceeds to the 

west, it will then continue down-section through most of the Paintbrush Group, encountering the 

Kessel et al. 19 
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Tiva Canyon, Yucca Mountain and Pah Canyon Tuffs, and ending in the crystal-poor middle 

nonlithophysal unit of the Topopah Spring Tuff where it intersects the Topopah Spring level 

main drift. The approximate ramp station coordinates at which the stratigraphic contacts are 

projected are listed in Table 4-3. The coordinates listed are where the contact crosses the ramp 

centerline and are not necessarily the first point of contact by the TBM bore. 

Table 4-3. Projected Ramp Station Coordinates at Stratigraphic Contacts Along North 
Ramp Alignment Tunnel Centerline 

Stratigraphic Unit 

*Range reflects uncertainty due to possible faults under Daylight Valley. Range given is where tunnel 
roof intersects contact. All other values listed are where ramp centerline intersects contact. 
**Horizontal distance along centerline. 

4.3.2 Seismic Interpretation in Davlight Valley 

Seismic refiaction and reflection lines were run in Daylight Valley to investigate 

uncertainties in the stratigraphy in the hanging wall block of the Bow Ridge fault and the 

potential for undetected structures beneath the alluvial cover. Description of the seismic work is 

presented by Elbring?' Three high-resolution seismic lines were run in close proximity to the 

ramp alignment as shown in Figure 4-4. The first line used both reflection and refraction 

Elbring. 
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techniques while the other two used reflection only. Lines one and two were perpendicular to the 

axis of the valley while the third was parallel. The refraction data could not be processed to 

show structure but was used to determine seismic velocities. The reflection data, on the other 

hand, showed a number of prominent features in lines one and two, including two interpreted 

faults and several east-dipping reflectors that parallel the strata. 

Line two of the study was located closest to the ramp alignment, crossing it near ramp 

station 3+00 m. The features identified2’ in the processed reflection section have been projected 

into Figure 4-3 for comparison to the geology. The two interpreted faults are located between 

stations 3+50 m and 4+00 m. The westemmost fault is interpreted to have down-to-the-west 

movement based on the offset of the middle reflector, while the other less prominent fault is 

interpreted to have a smaller amount of down-to-the-east displacement. The highest elevation 

reflector shown between stations 2+50m and 3+50m was interpreted to be the base of the 

alluvium. A middle reflector, broken by the faults, was interpreted to be the contact of the 

nonwelded Tuff Unit “X” and the welded Tiva Canyon upper nonlithophysal zone, and a third 

reflector was interpreted as the base of the upper nonlithophysal zone based on the mapped 

thickness of this unit. 

These seismic features cause some significant divergences from the interpretation of the 

geology between stations 3+50 and 5+00 m shown in Figure 4-3. An alternative cross section 

based on the seismic interpretation is shown in Figure 4-5 to illustrate these differences. The 

base of the alluvium and the base of Tuff Unit “X” are matched with core data from borehole 

RF #8 in line one. In the data from line two plotted onto Figure 4-3, however, the alluvium is 

shown to be nearly 15 m deeper fiom the seismic data than from what was observed in Trench 

21 Ibid. 
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NRT-1, and the base of Tuff Unit “X” is several meters higher than projected from borehole 

NRG-2A. Although it is possible that the alluvium could be thickened locally by channeling, it 

is more likely that this reflector is due at least in part to something other than this contact. As for 

the Tuff Unit “X” contact in this part of the section, the seismic data is unable to differentiate 

between the Tuff Unit “Xhedded tuff contact and the bedded t u m i v a  Canyon Tuff contact, a 

margin of error of approximately *5.2 m (17 ft). 

The interpretation of the faults and reflectors to the west of station 3+50 m is even more 

problematic. Elbring2 postulates approximately 12 to 15 m (40 to 50 ft) of down-to-the-west 

offset on the fault at 4+00 m, and approximately 1.5 m (5 ft) of down-to-the-east offset on the 

fault projected to 3+50 m, based on the disruption of this reflector. Figure 4-5 assumes the 

attitude of all three reflector segments to approximate that of the surrounding mapped units 

(approximately 15” to the east) and suggests that both faults are down to the west. 

The interpretation of the two reflector segments between 4+00 and 5+00 m as being the 

base of Tuff Unit “X” and the base of the Tiva Canyon Tuff upper nonlithophysal zone, 

respectively, runs into problems as well. Both of these horizons continue without apparent 

interruption across the small fault mapped by Scott and Bonk (1984) at 4+50m shown in 

Figure 4-3. No surficial evidence for this fault was found while mapping the NRG-3 vicinity as 

part of this study. Therefore, the fault required to explain the downdrop of Tuff Unit “X” is 

plotted along the terminations of the reflectors in Figure 4-5 and would require approximately 

25 m (80 ft) of down-to-the-east stratigraphic throw. No surface evidence for such a fault was 

found either, as the hill slope is covered by colluvium in this vicinity. 

Ibid. Q 22 



Projection of the base of the Tiva Canyon crystal-rich member to the fault at 4+50 m lines 

up with the westemmost reflector shown in Figure 4-3. A change in vapor phase alteration and 

lithophysal content can be observed across this contact, but it is unknown if this has an effect on 

seismic velocities. 

The existence of the faults as interpreted from the seismic lines is plausible based on 

models of deformation within the hanging wall blocks of listric normal faults. Notably, the 

existence of small faults and grabens is predicted as a mechanism to accommodate differential 

extension along curved fault surfaces by the models of Cloos (1968) and Hamblin (1965). The 

series of small displacement normal faults mapped within the Tiva Canyon Tuff to the west of 

Exile Hill (Scott and Bonk, 1984) and the small faults observed within Trench NRT-1 (Angell, 

1994) fall into this pattern. The position of the reflectors to the west of 4+00 m raise the 

possibility of a small graben dropping additional sections of Tuff Unit “X” down to the level of 

the North Ramp. The North Ramp would re-enter Tuff Unit “X” via fault contacts at stations 

3+55 and 3+90 rn after brief exposures of the depositional top of the Tiva Canyon Tuff in the 

tunnel walls. Using this scenario, the tunnel roof could possibly be within Tuff Unit “X” or the 

nonlithified Pre-Tuff Unit “X” bedded tuffs continuously from station 2+70 to 4+40m. This 

alternative would place the ramp in nonwelded rocks where the current interpretation places it in 

welded rocks of the Tiva Canyon Tuff. However, the nonlithified rocks of the Pre-Rainier Mesa 

Bedded Tuff, characterized by soil-like engineering properties, would not be encountered beyond 

station 4+40 m as previously projected. 

In general, both the seismic data and models of hanging wall deformation in listric normal 

fault zones suggest that the North Ramp will encounter additional faults and possibly small 
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grabens beneath the alluvium to the west of Exile Hill. Projection of borehole and surface data 

suggests that any displacement present is small, but does not provide a complete picture of the 

section of Daylight Valley covered by alluvium. 

4.3.3 Proiected Ramp Station Coordinates at’stratigraphic Contacts 

The NRG drilling program has generally verified the existing statigraphic interpretations 

long the North Ramp with minor local corrections required. Exceptions uncovered in the 

hanging wall of the Bow Ridge fault were primarily due to the character of the nonlithified 

portions of the Rainier Mesa and Pre-Rainier Mesa Bedded Tuff which have required alteration 

in ground support design. Some uncertainty exists in the stratigraphic interpretation under 

Daylight Valley, where the geophysical data suggests the presence of two undetected, normal 

faults with dip separations of up to 35 m. Table 4-3 lists the range in distance that the tunnel 

must be excavated in Tuff Unit ‘x“ and the nonlithified Pre-Tuff Unit “X” Bedded Tuff based 

on the different geologic interpretations in Figures 4-3 and 4-5. This uncertainty may impact the 

ground support requirements in that the North Ramp may encounter the relatively thin 

nonlithified materials in the Pre-Tuff “X” Bedded Tuff at additional locations. 

4.4 Thermomechanical mhermal-Mechanical) Stratipranhy 

The volcanic rocks at Yucca Mountain display a relatively narrow variance in 

composition. The aspects which most affect the physical and mechanical properties are the 

degree to which the individual particles in the deposits have been fused together or “welded” by 

post-emplacement heat and pressure and the degree of porosity. Repository design efforts are 

based on thermomechanical (thermal-mech+cal) units that are defined by similarities in rock 
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mass thermal and mechanical properties, which are largely a function of the degree of welding 

and porosity. 

The North Ramp will pass through five previously defined thermomechanical 

(thermal-mechanical) units (Ortiz et al., 1984) and l\TRG-series drill holes have penetrated seven. 

A chart correlating Yucca Mountain stratigraphy with the thermomechanical (thermal- 

mechanical) units is included in Figure 4-6, and a version of the full ramp cross section showing 

only thermomechanical (thermal-mechanical) units is presented in Figure 4-7. Within the welded 

units the variable which most affects the thermomechanical (thermal-mechanical) properties is 

the amount of lithophysal cavities and the effect this has on total porosity values. In this report, 

the high lithophysal and nonlithophysal subunits within the TCw and TSwl units are examined 

to assess whether rock structure and rock mass quality are different within these subunits. 

The thermomechanical (thermal-mechanical) units are based primarily on welded versus 

nonwelded rocks and secondarily, on the presence of lithophysal cavities. The degree of welding 

present within the rocks of the Paintbrush and Timber Mountain Groups ranges fiom nonwelded 

bedded tuffs that can be crumbled by hand to densely welded ash-flow tuffs. As the degree of 

welding may vary both vertically and laterally within an ash-flow unit, the thermomechanical 

(thermal-mechanical) unit boundaries reflect the boundaries between welded and nonwelded 

zones. Although the thermomechanical (thermal-mechanical) units generally correspond to the 

stratigraphic units, some variances do occur. For instance, the Upper Paintbrush nonwelded unit 

(PTn) was created to group the nonwelded ash-flows of the Yucca Mountain and Pah Canyon 

Tuffs together. However, this unit also contains nonwelded portions of the Topopah Spring and 
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Tiva Canyon Tuffs, units which are otherwise moderately to densely welded. Likewise, the 

uppermost nonwelded portions of the otherwise welded Tiva Canyon Tuff are assigned to the 

Undifferentiated Overburden unit (UO), as opposed to the Tiva Canyon welded unit (TCw). 

Of note to .the design of the ESF is the distinction between the upper two Topopah Spring 

welded units, TSwl and TSw2. These units are both within the densely welded, devitrified 

Topopah Spring Tuff, but reported to differ in that TSwl contains zones where void space from 

lithophysal cavities exceeds 10% by volume. TSw2, which contains the proposed repository 

horizon, also contains lithophysae bearing units. 

The stations where the North Ramp is projected to intersect the various 

thermomechanical (thermal-mechanical) units are listed as Table 4-4. Ramp stations listed are 

where the contact of the thermomechanical (thermal-mechanical) unit intersects the centerline of 

the TBM bore. The North Portal has been constructed in welded rocks of the Tiva Canyon Tuff 

(TCw). The North Ramp will proceed through the Bow Ridge fault, where it will encounter 

nonwelded tuffs of unit UO where uncertainty due to projected faults under Daylight Valley is 

indicated both in the length of UO in the tunnel and in the contact with TCw. The ramp will then 

continue to descend to progressively deeper levels back through the TCw into the PTn, TSwl, 

and finally TSw2 units. 



Projected Ramp 
Thermornechanical (Thermal-Mechanical) Unit Station (m)' 

Tiva Canyon Welded (TCw) o+oo 
Undifferentiated Overburden (UO)' 1196 
Tiva Canyon Welded (TCw)' 3+45 to 4+35 

Projected Length of 
Tunnel in Unit (m)* 

196 
149 to 239 
455 to 545 

I 947 
Topopah WeldedUnit, Lithophysae-rich, lithophysal-bearing subzones 
(TSw 11) 

Upper Paintbrush Nonwelded (PTn) 

(TSwln) 
Topopah Welded Unit, Lithophysae-rich, nonlithophysal subzones 

8+90 172 
10+62 754 

4.5 Maior Structural Features 

4.5.1 Faults Recognized Along North Ramp A l i m e n t  

Surface mapping by Scott and Bonk (1984) indicates the North Ramp will pass through 

two prominent fault zones, the Bow Ridge and Drill Hole Wash faults, and eight minor faults. 

Additionally, geophysical data suggests that minor faults may be present beneath the alluvium of 

Daylight Valley. The Bow Ridge fault is one of a number of north to north-northeast trending, 

high angle, west-dipping, normal faults that break Yucca Mountain into gently east-dipping 

blocks 1-4 km across. The Drill Hole Wash fault, on the other hand, is a northwest trending, 

right-lateral, down-to-the-west, oblique-slip fault. The structural block containing the ESF is 

3-4 km wide and is bounded on the west and east by the Solitario Canyon and Bow Ridge faults, 

respectively. Displacement on the Solitario Canyon fault, which is not crossed by the North 

Ramp alignment, reaches more than 400 m (Carr, 1934). 

Faults along the west sides of the major structural blocks at Yucca Mountain typically 

show highly brecciated zones as wide as 500 m, while the east margins of the blocks are 

characterized by abundant, sub-parallel, west-side-down, west-dipping normal faults described as 
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imbricate normal fault zones (Scott and Rosenbaum, 1986). Individual faults within these zones 

typically displace strata by only a few meters and the dip of strata between the faults 

progressively steepens eastward toward the margins of the broken zones. These fault zones 

increase in width toward the southern end of Yucca Mountain, which paleomagnetic and field 

mapping evidence shows to have rotated about 30" in a clockwise direction relative to the north 

end of the mountain (Spengler and Fox, 1989). A number of northwest-trending, right-lateral, 

strike-slip faults exist in the northern portions of Yucca Mountain, but the amount of 

displacement is probably minor as inferred from little or no offset of stratigraphic units 

(Can, 1984). 

The known and suspected faults to be encountered by the North Ramp are summarized in 

Table 4-5. With the exception of the Bow Ridge fault, attitudes are derived from surface 

mapping or geophysics and the ramp station intersections are, therefore, approximate. 

Table 4-5. Known Faults Projected to Encounter the North Ramp and Approximate 

*Along centerline. 
**Faults interpreted from seismic data. 
***Upper values given for alternate interpretation based on seismic data as shown in Figure 4-5. 
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The Bow Ridge fault, shown in Figure 4-3, is found on the west side of Exile Hill and 

shows normal, down-to-the-west dip slip movement estimated at 13@5 m at the base of the Tiva 

Canyon Tuff. A sequence of nonwelded ash flows and bedded tuffs including Tuff Unit “X” and 

Rainier Mesa Tuff have been down-faulted against welded tuffs of the Tiva Canyon Tuff at the 

level of the ramp. Boreholes NRG-2 and NRG-2B indicate that the dip on the Bow Ridge fault 

shallows with depth, supporting the interpretation of a curved or listric geometry. Reverse drag 

(a gradual steepening of stratal dips toward the fault plane) and a number of small synthetic and 

antithetic faults are observed in the nonlithified tuffs adjacent to the fault zone in Trench NRT-1. 

Furthermore, the gradual steepening of stratal dips towards the Bow Ridge fault is observed 

within the imbricate fault zone immediately to the west, and a pair of small faults are interpreted 

from seismic reflection data beneath the alluvium west of the Bow Ridge fault. These features 

are characteristic of hanging wall deformation near listric normal faults (Cloos, 1968; 

Hamblin, 1965). 

Faults numbered 1 through 8 in Table 4-5 and shown in Figure 4-2 west of the Bow 

Ridge fault are part of the imbricate fault zone described above. Displacement on these faults 

ranges from 1-12 m. Faults 1,3, and 4 are east-dipping with down-to-the-east displacement and 

an antithetic orientation to the Bow Ridge fault. The remainder of the faults are west-dipping 

with down-to-the-west displacement and progressively steepening dips with distance from the 

Bow Ridge fault. The faults labeled A and B in Table 4-5 are those interpreted from seismic 

reflection data and, if present, would fall into the same structural framework as the faults 

mentioned above. These faults may, at depth, terminate against the Bow Ridge fault, as 

predicted by the models of Cloos (1 968) and Hamblin (1965). ’ 
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Surface mapping of the NRG-3 vicinity as part of this study resulted in a different 

interpretation of this area from that of the USGS’ based on the mapping of Scott and Bonk 

(1 984). In particular, faults 1 and 2 were not found here due to colluvial cover, and fault 3 was 

found to have an opposite sense of displacement, as shown in Figure 4-3. Although no exposure 

of the fault plane was found, outcrops were found that placed rocks of the Tiva Canyon 

crystal-rich, crystal transition subzone (Tpcml) on the west against rocks of the Tiva Canyon 

crystal-rich, pumice-poor subzone (Tpcm3) on the east. Based on unit thicknesses derived from 

NRG-3 core, this accounts for approximately 25 m (80 fi) of stratigraphic throw. 

The Drill Hole Wash fault is projected to cross the North Ramp at station 21+04. This 

fault exhibits right-lateral strike-slip movement of an unknown displacement. However, the 

strike-slip component is likely small, as evidenced by little offset of stratigraphic units. Dip-slip 

displacement is estimated at less than 10 m down to the west from Figure 4-2. 

4.5.2 Recognized Fracture Patterns 

Analysis of fracture patterns has been performed on oriented core data from boreholes 

USW G-3, GU-3, and G-4 &in et al., 1993b) and on preliminary (non-QA) mapping data fiom 

the ESF North Ramp Starter Tunnel and related  excavation^?^ 

The oriented core data is summarized in Table 4-6, and is presented on the basis of 

geologic formation. Additionally, average fracture set data for the ESF North Ramp Starter 

Tunnel is presented in a stereonet plot in Figure 4-8. The following similarities in interpretation 

of the data are noted by the above authors. Both sources of data suggest up to three fracture sets 

dominated by a high-angle north-trending set. All of the recognized sets are characterized by 

23 Hayes. 

24 Fahy and Beason. 



high-angle dips. In addition to the high-angle sets, both sources of data show a handful of 

low-angle east-dipping fractures consistent with rock foliation. 

Geologic Formation 
Tiva Canyon Tuff 

Table 4-6. Fracture Orientations as Estimated for Oriented Core and Borehole Television 
Surveys" 

Topopah Spring Tuff 

NM Not measured by borehole television system. 
- No corresponding joint was observed. 
* From Lin et al., 1993a. 

The trend of the ESF North Ramp is plotted for comparative purposes on Figure 4-8. 

Note that the tunnel alignment will intersect the dominant north-trending fracture set and the 

subsidiary northeast-trending set at angles of approximately 45" or greater to the axis of the 

tunnel. The minor fracture set at N40"W to N50"W, however, will intersect the tunnel at angles 

of less than 20". Although this fracture set could conceivably cause some stability problems 

from fractures that are nearly parallel to the tunnel walls, the number of fractures in this subset 

are minor and the vast majority of fractures to be encountered by the North Ramp will be at 

angles greater than 45" to the axis of the tunnel. 
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Figure 4-8. Recognized Fracture Sets, ESF North Ramp Starter Tunnel" 

*Fahy and Beason. 
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5.0 ROCK STRUCTURE DATA 

5.1 Introduction 

This section of the report presents rock structural data developed fiom core logs of the 

NRG holes and other data sources that relate to North Ramp construction. All data summarized 

in this section for the NRG boreholes were qualified. Data from the NRG holes were 

summarized by grouping the 3-m (IO-ft) intervals fiom the Rock Structural Data Summary Logs 

by thermomechanical (thermal-mechanical) unit. Further subdivision was introduced within the 

TCw and TSwl units because both of these units include sections of lithophysae-rich (LR) and 

nonlithophysal (NL) tuffs. The lithophysae-rich sections have been isolated to test whether the 

structural characteristics indicate the need for subdivision. 

The rock structure data fiom the NRG holes are discussed under the subheadings of: 

+ 

+ 

+ 

Lost Core and Rubble Zones, 

Rock Quality Designation (RQD), 

Rock Weathering and Hardness, 

Fracture Type, 

Fracture Mineral Infill and Thickness, 

Fracture Surface Roughness and Planarity, and 

Fracture Frequency. 

Orientations of the identified fracture sets fiom surface mapping and previous oriented 

coring at Yucca Mountain are compared to the NRG data to project impacts during tunneling. 

The rock structure characteristics in the vicinity of fault zones penetrated by NRG-2 and NRG-3 
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are examined to evaluate the extent to which fault occurrence may impact rock quality in their 

vicinity. 

The core hole data for individual NRG holes are presented in Volume 11. Detailed 

instructions for describing the structural data during the core logging process are presented in 

Appendix A of Volume I. 

5.2 Core Recoverv 

The quantity of core recovered as both whole core and rubble, and the quantity of lost 

core are general indicators of both the quality of the rock and drilling technique. At the YMP, 

requirements to limit the introduction of water and chemical additives typical in core drilling 

have led to the development of compressed-air core drilling technology. The circulating media 

was high velocity, dry compressed air in all of the NRG holes with the exception of NRG-2C and 

-2D which were auger drilled. The impact of this new drilling technique on core quality is 

difficult to establish because of limited data for comparison. 

The proportions of whole core, lost core, and rubble are compared in Table 5-1 which 

lists total drilled length, whole core recovered, rubble zones, and lost core recovered for each 

thermomechanical (thermal-mechanical) unit. The percentages of each category normalized to 

the total cored length are also listed in Table 5-1 and are compared in Figure 5-1. The proportion 

of whole core in the TCw and PTn units was similar at around 70%, but decreased in the deeper 

TSwl and TSw2 units to 62.3% and 48.7%, respectively. The amount of lost core increases with 

increasing depth for all of the units, reaching 34.8% for the TSw2. The quantity of rubble is 

similar for all zones, ranging from 10% in the PTn to 16.5% in the TSw2. 
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Table 5-1. Summary of Core Recovery, Lost Core, and Rubble by Thermomechanical 

Comparison of the lithophysae-rich and nonlithophysal portions of the TCw and TSwl 

units indicate greater portions of lost core and rubble are associated with the lithophysae 

occurrence. 

In general, it appears that the compressed-air coring technique is not responsible for the 

large proportion of lost core and rubble observed in the welded M s .  The higher proportions of 

rubble and lost core observed in the TSwl and TSw2 units are attributed to their fractured nature 

and the presence of lithophysal voids. This is somewhat confirmed by the increase in rubble and 

lost core associated with the lithophysae-rich portions of the TCw and TSwl, and the fact that 

lost core in the weaker nonwelded rock of the PTn is lower than TSwl or TSw2. Core condition 

in the nonwelded rocks of the Calico Hills (CHnl) that underlie TSw2 is also much better than in 

the overlying welded units. 
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TCw Nonlithophysae Unit 
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Rubble 
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17% 

Figure 5-1. Pie Charts Showing Core Recovery, Lost Core and Rubble Zones as a Percentage of 
Total Drilling in Thennomechanical (Thermal-Mechanical) Units-NRG Holes 



5.3 ROD Data 

The rock quality 'designation index-RQD (Deere, 1963Fwas determined based on 

ASTM STP 984 Wrkaldie, 1988) which specifies its application on core, ranging from HQ to 

PQ (36.5 mm-85 mm) in diameter. All NRG core was either HQ or PQ size and meets the size 

requirements in ASTM STD 984. The highly fractured nature of much of the core from the NRG 

holes and the fact that fracturing is predominantly vertical and sampled by vertical boreholes has 

prompted a conservative approach to the calculation of the rock quality designation. The lack of 

mineral infillings and the existence of a subhorizontal fabric in some of the tuff rocks, similar to 

a foliation, makes identification of drilling induced features difficult. RQD was therefore 

calculated using equation 5-1 : 

1 Piece lengths 2 10.2 cm (4 inches) 
Interval length RQD (%) = 100 x (5-1) 

where all through-going structural features that were observed in the core were considered. Lost 

core and rubble zones do not contribute any piece lengths, but are included in the interval length. 

This approach is sanctioned by the ASTM STP 984 and by ISRM procedures (Brown, 1981) 

when difficulty in identification of natural features warrants a conservative approach. RQD was 

calculated both on the core run interval and on even 3.0-m (10-fi) intervals. 

The detailed logging approach employed in this work also allowed the calculation of 

RQD where the effects of fractures, which were judged by the core loggers to be drilling induced, 

could be filtered out. This parameter is labeled "enhanced"-RQD, where the term "enhanced" 

indicates that the value has been made greater than the core condition by the filtering all type C 

(drilling induced) fractures from the piece length determination. Type C fractures were generally 

subhorizontal, rough, and clean fractures. The enhanced-RQD was calculated to provide an 

estimate of the degree of conservatism that may have been incorporated in the RQD parameter. 
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Enhanced-RQD was not used in any of the subsequent estimation of rock mass quality using the 

9 1-1 00 

76-90 
5 1-75 
26-50 

1-25 
0-1 

core data. 

Excellent 

Good 
Fair 
Poor 

Very Poor 
Extremely Poor 

The mean, median, and standard deviation of RQD and enhanced-RQD and the ratio of 

Enhanced 
RDO 

RQD 

enhanced-RQD:RQD are compared in Table 5-2. Figures 5-2 and 5-3 show frequency 

Mean 1.7 1.8 1.5 1.8 2.2 2.4 

Median 2.0 2.2 1.7 2.2 2.7 3.3 

histograms and cumulative percent occurrence for RQD and enhanced-RQD, respectively. 

The relative rock quality indicated by the numerical values, based upon the RQD system 

(Deere, 1968), can be judged in the small table listing the relative rating in Table 5-2. On the 

basis of the RQD, the TCw and PTn units are poor quality rock and the TSwl and TSw2 are very 

poor quality rock. Locally, the nonlithophysal portion of the TSwl has higher quality and would 

be ranked as poor quality rock. The relative ratings are similar for both the mean and median 

values of RQD. 
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The ratio of mean enhanced-RQD to RQD ranges from 1.51 to 2.38, with the largest 

Weathering 
Class 

numerical impact associated with the units with lowest RQD. The effect of filtering the 

“drilling-induced’’ features is varied in the relative sense, producing no change in the poor rating 

of the TCw, but an increase of one class in both the PTn (fair from poor) and TSwl, TSw2 (poor 

Log Further 
Abbreviation Explanation 

from very poor). 

5.4 Rock Weatherina and Hardness 

Rock weathering and estimated hardness were described using the five and nine 

categories, listed in Tables 5-3 and 5-4, respectively. The parameters were described on a 

per-run basis; however, run intervals were not logged when the volume of lost core or condition 

decomposed 

of the rubble did not allow description. 

D I Grain separation and clay alteration complete. 

l fresh 
s 1 ightly weathered I 
moderately weathered 

intensely weathered 

F 

S 

M 

I 

Rock and fractures not oxidized or discolored, no separation of 
grains, change of texture or solutioning. 
Oxidized or discolored fractures and nearby rock, some dull 
feldspars, no separation of grains, minor leaching. 
Fractures and most of the rock oxidized or discolored, partial 
separation of grains, rusty or cloudy crystals, moderate leaching 
of soluble minerals. 

~~~~ ~~ ~ 

Fractures and rock totally oxidized or discolored, extensive clay 
alteration, leaching complete, extensive grain separation, rock is 
friable. 
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Hardness 
Class 

extremely hard 

Log Further 
Abbreviation Explanation 

1 Cannot be scratched, chipped only with repeated heavy hammer 
blows. 

very hard 
hard 
moderately hard 

The distribution of rock weathering is presented graphically as pie charts in Figure 5-4. 

Fresh (F) and slightly weathered (S) rock accounts for approximately 60% to 70% of the total 

length cored in the welded tuff units, TCw, TSwl, cmd TSw2. The PTn unit had 20% of the core 

length moderately weathered. 

The many competing technical requirements for analysis of the YMP core materials have 

placed limitations on the activities required to determine core hardness. Actual scratching of the 

core and further breakage by hammer blows have, therefore, not been performed and the hardness 

ratings described in Table 5-4 are subjectively estimated values. This estimation process was not 

judged to adversely impact data quality because extensive rock mechanics lab tests and Schmidt 

hammer rebound hardness measurements were being performed on the same core. 

2 
. 3  

4 

Cannot be scratched, broken only with repeated heavy hammer blows. 

Scratched with h e a 3  pressure, breaks with heavy hammer blow. 
Scratched with light-moderate pressure, breaks with moderate hammer 
blow. 
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moderately soft 

soft 

,very soft 
soil-like 
soil-like 

5 

6 

7 
8 cohesive 

9 non-cohesive 

Grooved (1 6th inch) with moderate heavy pressure, breaks with light 
hammer blow. 
Grooved easily with light pressure, scratched with fingernail, breaks 
with light-moderate manual pressure. 
Readily gouged with fingernail, breaks with light pressure. 



F=Fresh, S=Slightly Weathered, M=Moderately Weathered, I=Intensely Weathered, D=Decomposed 

TCw Nonlithophysae Unit TCw Lithophysae-Rich Unit 
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Figure 5-4. Distribution of the Weathering Parameters in Rock for Thennomechanical 
(Thermal-Mechanical) Units N R G  Holes 
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The distributions of estimated rock hardness are shown in pie charts presented in 

Figure 5-5 for the different thermomechanical (thermal-mechanical) units. Most of the rock in 

the welded tuff units were estimated to be in the very hard (2), hard (3) or moderately hard (4) 

categories with the highest percentage in the hard (3) category. The PTn unit rock is much softer 

than the welded tuffs, and approximately half of the core in the PTn unit was estimated to be in 

the soft (6) and very soft (7) categories. 

5.5 Lithonhvsae Content 

The surface area percentage of lithophysal and other cavities or voids observed on the 

surface of the core is estimated for each run interval using standard charts for estimating mineral 

contents in thin sections. The methodology for the estimation is described in Appendix A. Run 

interval estimates are then composited by length-weighted average on 3-m (1 0-ft) intervals in the 

Geology and Rock Structure Logs and Rock Structure Summary Logs in Volume II. This 

estimate does not account for lithophysae larger than the core, which are observed in the borehole 

video logs in some high lithophysal content zones. 

The distribution of estimated lithophysal content is shown as bar charts for each 

thermomechanical (thermal-mechanical) unit in Figure 5-6. Table 5-5 lists the mean value, 

median value, and sample standard deviation for each unit. 
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1 =Extremely Hard, 2=Very Hard, 3=Hard, 4=Moderately Hard, 5=Moderately Soft, 
6=Soft, 7=Very Soft, 8=Soil-Like, Cohesive, g=Soil-Like, Non-Cohesive 
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Figure 5-5. Pie Charts Showing Distribution of Estimated Hardness Rating as a Percentage of 
Total Drilling in Thermomechanical (Thermal-Mechanical) Units-NRG Holes 
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Thermomechanical (Thermal-Mechanical) Unit Mean (YO) Median (YO) 
TCW-NL 0.3 0 
TCW-LR 1.7 1 
PTn 0.0 ' 0 
TSwl-NL 0.3 0 
TSwl-LR 5.4 5 
TSw2 0.4 0 

5.6 Fracture Data 

The structural logging data for the NRG-series core holes contain extensive description of 

fractures and other structural features that occw in the core. The information recorded for each 

individual fracture can include: 

+ structural feature type, 

+ fracture inclination, 

+ fracture mineral infilling, 

+ fracture infilling thickness, 

+ fracture planarity, and 

+ fracture roughness. 

Detailed instructions for the description of the fracture characteristics are discussed in 

Appendix A. The distribution of each of these fracture characteristics is described in the 

following subsections. Prediction of fracture frequencies based on the recorded information is 

Standard Deviation (%) 
0.64 
1.74 

0.78 
3.67 
0.90 

- 

also described. 



5.6.1 Feature Tvpe 

Four categories of structural features that cross cut the core are described during logging 

of the core. 

N - natural fractures I - indeterminate (uncertain origin) fractures 
C - coring-induced fractures V - vug or void larger than core 

Figure 5-7 presents the distribution of feature types as bar charts with the percentage ,of 

total occurrence recorded above the bar. Fractures identified as coring induced have the largest 

proportion of occurrence in all units. The total nuniber of recorded features and the numbers of 

natural (N), coring-induced (C), and indeterminate (I) fractures are tabulated in Table 5-6. The 

coring-induced fractures in the PTn unit and the TSwl lithophysae-rich portion are 69.8% and 

73 .O% of the total fractures, respectively. 

Table 5-6. Distribution of Core Structural Features by Type and Thermomechanical 
(Thermal-Mechanical) Unit - NRG Holes 

Only the natural (N) and indeterminate (I) features have been considered in the following 

Sections 5.6.2 through 5.6.5. 
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5.6.2 Fracture Inclination 

The fracture inclination is measured as the angle between the plane normal to the core 

axis and the fracture plane (dip angle for vertical holes). All fractures with a non-zero 

inclinational angle were logged as either “N“ or “I” types. Drilling-induced (C) features 

generally had zero-degree inclinations. The NRG core holes were drilled vertically downward 

with the exceptions of NRG-2 and NRG-3 which were both inclined approximately 30” from 

vertical. Figure 5-8 presents the fracture inclination data as bar charts of the frequency of 

occurrence. Data from NRG-2 and NRG-3 are excluded from the presentation because the hole 

inclination makes the dip angle indeterminate. 

Sampling the inclination of fractures with a core hole introduces a bias in favor of 

fractures perpendicular to the drill hole axis. Figure 5-8 indicates the fractures with low dip 

angles occurred most frequently in all the units except TSw2. Terzaghi’s (1965) correction 

procedure was applied to the core hole data to correct for the sampling bias and estimate the true 

distribution of fracture inclination. The fracture frequencies presented in next subsection were 

calculated by applying this procedure. 

5.6.3 Calculated Fracture Freauencies 

The abundance of fractures in the rock mass can be quantitatively represented by the 

fracture frequency. Three types of fracture frequencies are calculated and presented in this 

section: the uncorrected linear fracture frequency along the drill hole axis, corrected linear 

fracture frequency for each joint set inclined in 10-degree intervals, and volumetric fracture 

frequency in a unit volume of rock. Procedures used for calculating these three types of fracture 

frequencies has been previously described by Lin et al. (1 993a). 
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Uncorrected linear fracture frequency along the drill hole axis was computed by dividing 

the total number of fractures by the length of whole core recovered in the unit (lost core and 

rubble excluded). Table 5-7 lists the total number of fractures, the length of core in each 

thermomechanical (thermal-mechanical) unit, and the linear fracture frequency (LLF-per linear 

foot and per linear meter) along the drill hole axis. The fracture frequency in the welded units is 

similar, ranging between 6.2 m-' and 8.25 m-', but decreased with increasing depth. Fracture 

frequency in the PTn unit is less than 50% of the values in the welded units. 

NG-Nonlithophysal; LR-Lithophysae Rich 
*less rubble zones and lost core 

The corrected linear fracture frequency is defined as the number of fractures that would 

exist for a unit length along a line perpendicular to the fracture plane. The corrected fracture 

frequency, Table 5-8, was calculated by summing the total number of fractures in 10" dip 

increments for the total whole core recovered in all holes and calculating percentage in each dip 

interval. Terzaghi's (1965) correction procedure, shown in equation 5-2, was then applied to 

adjust for the sampling bias caused by the angle between the core hole and each fracture plane. 

The correction factor is cut off at a value of 11.3 for the 80"-90" dip range. Table 5-8 lists the 

corrected linear fracture frequency for each therrhomechanical (thermal-mechanical) unit, 

determined by equation 5-2: 

5-20 



Table 5-8. *Corrected Fracture Frequency by Fracture Inclination (m-’) 

NL-Nonlithophysal; LR-Lithophysae Rich *Tenaghi’s correction applied. 

hc = h (  p(4) ) cos (90 - 0) (5-2) 

where h, = corrected fracture frequency (no. of fractures + whole core interval) for a dip interval 

(m-’), 

h = total uncorrected linear fracture frequency (m-I), 

P (@) = measured percentage of total fractures in the sampled dip interval, and 

@ = angle between the hole axis and the midpoint of the dip interval. 

The fracture frequency is based upon the length of core recovered as whole core and excludes 

lost core and rubble zones. 

The corrected fracture frequencies in Table 5-8 are in agreement with similar data from 

previous YMP drilling (Lin et al., 1993a) and mapping data indicate the predominance of near 

vertical fractures. The use of the Terzaghi correction has been questioned.because of the large 

correction that occurs for fractures parallel to the hole. Lin et al. (1993a) performed some 

statistical tests in an attempt to evaluate the use of the correction and reported very good 

agreement if fracture continuity is 100%. For lower values of fracture continuity, the Terzaghi 

correction was shown to underestimate the fracture frequency. The drilling data as corrected are 

therefore judged to accurately portray a relatively high density of near vertical fractures, 
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especially in the TSw2. However, since joint persistence (length) is not characterized by drilling, 

Thermomechanical (Thermal-Mechanical) Unit 
TCW-NL 26.56 
TCW-LR 18.27 
PTn 8.35 
TSwl-NL 19.3 1 
TSW 1 -LR 21.72 

Volume of Fracture Frequency 

TSw2 33.97 

the proportion of those fractures whose persistence and continuity will affect the excavation is 

not known. 

Volumetric fracture frequency, a nondirectional parameter without the sampling bias, is 

estimated from the number of fractures in a sphere with a diameter of 1 m. It is linearly 

proportional to the total sum of the corrected fracture frequencies for all 1 0-degree intervals. The 

computed volumetric fracture frequencies are presented in Table 5-9 and are in agreement with 

interpretations of previous YMP data (Lin et al., 1993a). 

RQD values have been calculated using expressions based on fracture frequency to assure 

that RQD values derived in the core logging are reasonable and have not been distorted by the 

use of vertical boreholes to sample the predominantly vertical structural fractures. The converted 

linear fracture frequency was calculated by summing all the dip intervals and used to calculate 

RQD using equation 5-3 proposed by Hudson and Priest (1 979): 

RQD = 100e-O-'h (0.1h-t 1.0) 

where h = average fracture frequency (m-'). 

(5-3) 

A second estimate was calculated based upon the volumetric fracture frequency listed in 

Table 2-9 using an expression proposed by Barton et al. (1 974) and presented in equation 5-4. 
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RQD= 115 - 3.3 JV (5-4) 
where Jv =joints per unit volume (m-3). 

Table 5-10 lists the results of the calculation for each thermomechanical 

(thermal-mechanical) interval and compares them to the median value of RQD from the core 

data. The calculated RQD agree well for both equations 5-3 and 5-4 with the exception of the 

TSw2 unit. At high values of volumetric fracture frequency, the RQD predicted by equation 5-4 

can become a negative value. The RQD data from core logging includes the effects of rubble 

zones and lost core intervals and is generally lower than the values calculated based on fracture 

frequency. There is no indication that the core-derived RQD data is producing an overestimate 

of conditions due to the use of vertical boreholes for characterization. 

Table 5-10. Comparison of Median RQD from Core to RQD Values Calculated Using 

*NL-Nonlithophysal; LR-Lithophysae Rich 
**Calculated by linear fracture frequency-Hudson and Priest (1979). 
***Calculated by volumetric fracture frequency-Barton et al. (1974). 

5.6.4 Fracture Infill Mineralization and Thickness 

Fourteen categories of infill mineralization and six categories of infill thickness were 

used to described the fracture infill. These categories and their log abbreviations are listed 

below: 
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Mineralization 
C - clean, 
WC - white, crystalline 
WN - white, non-crystalline 
BC - black crystalline 
BD - blackdendritic 
TD - browndendritic 
TC - tan crystalline 

Thickness 
C - clean, no filling 
S - very thin, surface sheen 
T - thin (up to 0.1 inch) 

SI - silica 
M N -  manganese 
CA - calcite 
CL - clay 
TN - tan, non-crystalline 
FE - iron 
BN - brown, non-crystalline 

M - moderately thick (0.1-0.4 inch) 
V - very thick (0.4-1.0 inch) 
E - extremely thick (>1 .O inch) 

Mill descriptions include both specific mineral types and generic descriptions based on 

physical characteristics. The generic descriptions are utilized because in many cases, several 

different minerals have a similar appearance, and often these minerals cannot be identified 

without laboratory analysis. 

Mill thickness, on the fractures not described as clean, were mostly limited to surface 

sheens or thin coatings. In any thennomechanical (thermal-mechanical) unit, the maximum 

number of fractures with infill thickness greater than a surface sheen was 16.8% of the total. 

The distribution of infill mineralization and thickness data from the NRG holes are 

presented in Figures 5-9 and 5-10, respectively. The distributions indicate that clean joint 

surfaces are predominant, ranging between 53.4% and 84.9% of the occurrences for the different 

thermomechanical (thermal-mechanical) units. Fractures with white crystalline (WC) and white 

non-crystalline (WN) infill also appear to be abundant and accounted for approximately 15% to 

25% of the total fractures. Clay infilling are scarce for all units. The observed fractures in the 

nonlithophysal portion of the TCw unit contained the highest percentage of clay infilling at 

approximately 4% of the total fractures. 

5-24 



1 .oo 
0.80 

0.60 

0.40 

0.20 

0.00 

I .oo 
0.80 

0.60 

0.40 

0.20 

0.00 

1 .oo 

0.80 

0.60 

0.40 

0.20 

0.00 

C=Clean, WC=White Crystalline, WN=White Noncrystalline, BC=Black Crystalline, BD=Black Dendritic, TD=Brown Dendritic 
TC=Tan Crystalline, TN=Tan Noncrystalline, CA=Calcite, SI=Silica, MN=Manganese, CL=Clay 

TCw Nonlithophysae Unit 

C WC WN BC BD TD TC CA SI MN CL TN FE BN 

Mineral Infilling 

PTn Unit 

_____________________I-I_ ___ 

--yJ% - - -- _ _  _I___.------.-- m"/. - - 
1.2% 0.0% 3.9% 0.0% 0.0% 0.0% 0.0% 0.9% 2.7% 0.0% 0.0% 

C WC WN BC BD TD TC CA SI MN CL TN FE BN 

Mineral Infilling 

m ,  y r ? ,  - A ,  

TSwl Lithophysae-Rich Unit 
14.9% 1 ____________--~____-___-_--- 

2.3% 0.3% 0.3% 0.0% 0.0% 0.0% 0.0% 0.0% 0.0% 0.5% 0.0% 0.3% 

C WC WN BC BD TD TC CA SI MN CL TN PE BN 

hlineral Infilling 

c 
9 a 
cp 
2 
h 

c 
9 a 
cp 

k 

e 
9 a 
LL 
H 

TCw Lithophysae-Rich Unit 

0.80 

0.60 

0.40 

0.20 

0.00 

1.00 , 
0.60 

0.40 

0.20 

0.00 
0.0% 0.3% 

C WC WN BC BD TD TC CA SI MN CL TN FE BN 

Mineral Infilling 

TSw2 Unit 

0.60 

0.40 

0.20 

0.00 
C WC WN BC BD TD TC CA SI MN CL TN FE BN 

hlincrrl Infilling 
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5.6.5 Fracture Planaritv and Roughness 

The abbreviations and corresponding descriptions of the fracture planarity and roughness 

are listed below: 

Planarity 
P - planar 
C -curved 

V - veryrough 
R - rough 
M - moderatelyrough 

Roughness 

S - stepped 
I - irregular 

S - smooth 
I - polished 

The distributions of fracture planarity and roughness are presented in Figures 5-11 and 

5-12, respectively. Most of the fractures have either a planar (P) or irregular (I) surface with 

moderate (M) roughness. This parameter describes the small-scale roughness of the fractures and 

indicates that the fractures would have generally higher fiction factors due to the requirement of 

fractures to dilate (open) to allow shear movement. 

5.7 Analvsis of Rock Structural Character where Boreholes Intersect Faults 

The character of the core in boreholes that have intersected faults is of interest in defining 

rock mass quality variation in the area of the fault. Three of the NRG-series boreholes penetrate 

faults: holes NRG-2 and -2B intersect the Bow Ridge Fault, and NRG-3 intersects a possible 

minor normal fault. 

NRG-2 was inclined 30" from vertical and drilled in the direction S80"E to penetrate 

nonwelded units of the Timber Mountain Group and welded units of the Tiva Canyon Tuff 

juxtaposed by the Bow Ridge Fault. At the elevation of the North Ramp, Pre-Rainier Mesa Tuff 
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Bedded Tuff is present in the hanging wall, downfaulted against the crystal-poor lower 

nonlithophysal zone of the Tiva Canyon Tuff in the footwall. 

Fracture frequency and RQD data for NRG-2 over 3-m (1 0-ft) intervals are summarized 

Borehole depths of in Figure 5-13 for the zones on both sides of the Bow Ridge Fault. 

0-39.63 m (0-130 fi) in the hanging wall are in nonlithified, nonwelded tuffs resulting in poor 

recoveries and rubblization of the core. Better recoveries, and correspondingly higher RQD and 

fracture frequency data, were recorded from 39.62 ni (130 fi) to the Bow Ridge Fault at 51.76 m 

(169.8 ft) in lithified, nonwelded tuffs. The interval ending at 51.82 m (170 ft) contains the Bow 

Ridge Fault Zone and is characterized by lack of recovery and rubble from 50.17 to 51.76 m 

(164.6 to 169.8 fi). This interval shows a slight decrease in fracture frequency, as would be 

expected with the unrecovered interval, but a slight increase in RQD. The intervals below the 

fault are in densely welded rocks of the Tiva Canyon and show a gradual increase in fracture 
\ 

frequency and a decrease in RQD with increasing distance from the fault. These trends are the 

opposite of what would be expected if fracturing was related to faulting, and suggest that the 

observed footwall rock quality may be more a function of stratigraphic variability. 

Borehole NRG-2B intersects a part of the Bow Ridge Fault that downfaulted the 

nonwelded Tuff Unit “X” against the Pre-Tiva Canyon Tuff Bedded Tuff of the Upper 

Paintbrush Nonwelded Unit. The Bow Ridge Fault is identified in this hole as a zone of altered 

and broken core with significant unrecovered intervals from 70.81-m (232.3-ft) to 79.25-m 

(260.0-ft) depth. The fracture frequency and RQD values shown in Figure 5-13 are low within 

the fault zone largely because of the unrecovered intervals. Other trends are an increase of 
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natural and indeterminate fractures and a decrease in RQD values in the footwall relative to the 

hanging wall. These trends are most likely attributed to the contrast in lithology across the fault. 

Borehole NRG-3 is another inclined hole at 30" from vertical drilled at N80E, and 

penetrates a possible normal fault with no apparent offset based on the stratigraphy. The fault 

was not recognized in lithologic logging, but was projected from surface mapping. 

Fracture frequency and RQD data vary throughout the interval as shown in Figure 5-13. 

The projection of the fault coincides with a zone of relatively little variation in fracture 

frequency, but with an increase in RQD values with depth. The presence of high RQD values 

without a decrease in fracturing suggests that these values are not related to fracturing due to 

faulting. Elsewhere in the hole, zones of low RQD coincide with intervals of rubble and 

unrecovered core. 

No regular trends are visible within the NRG data to indicate a significant increase in 

fracture frequency or rock damage in proximity to fault zones. Within the normal faults sampled 

by NRG drilling, modification of rock quality by faulting appears significant only within the 

faults with larger displacement such as the Bow Ridge Fault, and appears to be restricted to a 

localized zone of breccia, alteration, and gouge development. 

Fracture frequency and RQD data did not show significant changes near the fault 

penetrated by NRG-2 or the possible fault penetrated by NRG-3, at least within the resolution of 

the Geology and Rock Structure Log. 

The Drill Hole Wash Fault to be encountered at ramp station 21+04 m has not been 

sampled by NRG-series boreholes. Scott et al. (1984) describe some of the northwest-trending 

strike-slip faults in this part of Yucca Mountain as having breccia zones 20 or more meters wide. 
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The Drill Hole Wash Fault is concealed by alluvium along the ramp alignment. Buesch et al. 

(1 994) have mapped the fault as a single surface where it crosses the ramp alignment, but show it 

as two splays up to 150 m (500 ft) apart over much of Drill Hole Wash. This interpretation is 

based on numerous faults observed in core from UE25-A and -B series boreholes located within 

the wash. Such evidence leads Buesch et al.2' to conclude the Drill Hole Wash Fault is most 

likely a complex of interconnected faults in a fault zone 120 to 180 m (400 to 600 ft) wide over 

much of Drill Hole Wash. 

Consequently, the North Ramp may intersect a significant zone of faulting and 

brecciation at the Drill Hole Wash Fault. 

5.8 Correlation of Core Rock Structural Data with Downhole Video LOPS 

Downhole color video logs have been generated for the NRG boreholes which show the 

condition of the borehole walls after drilling has been completed. These provide a visual record 

of intervals of lost core and rubble that is unavailable from the examination of the core. The logs 

are obtained by running a cable-mounted video camera at a constant speed to the bottom of the 

hole and back while continuously recording the image. The camera has a wide-angle lens that is 

pointed directly down the hole and a shielded light source mounted in front of the lens. A digital 

readout of depth and orientation is superimposed upon the screen. 

The image produced shows borehole features as they approach or recede from the lens as 

the camera is lowered into or retrieved from the borehole. Perpendicular views of the borehole 

walls can be obtained by stopping the camera assembly in the hole and switching to a 

side-mounted black-and-white camera that can then be rotated through 360". While this 

Buesch et al. 25 

5-33 



technique can be used to investigate individual features more closely than is possible with the 

Category 
C 1 

C2 

C3 

C4 

downhole view, it necessitates that the researcher be present during logging to direct the operator. 

Criteria 
Excellent, typically symmetrical hole with a smooth surface; no hole enlargement; no to few 
lithophysae; no pronounced fractures; minor “pluckouts.” 
Good, typically symmetrical hole with a smooth surface; hole enlargement small or 
intermediate but infrequent; no to few fractures; uniform lithophysae can be present. 
Poor-typically a rough surface; hole enlargement is intermediate and frequent, but it is 
possible for hole to be symmetrical; lithophysae can be prevalent, large, and nonuniformly 
distributed; fractures are frequent. 
Extremely poor, typically a nonsymmetrical hole having an extremely irregular surface; 
hole enlargement is large; large lithophysae can be present; fractures are frequent and 
pronounced. 

A subjective method of rating the condition of the borehole walls has been devised by 

Fernandez et al. (1994). In this method, the downhole video is viewed and analyzed in regard to 

borehole symmetry, fracturing, enlargement, and lithophysal content as shown in Table 5-1 1. 

The rating scheme used assigns the borehole walls to one of four categories, C1 through C4. C1 

is the highest quality hole exhibiting a clean, symmetric bore with few irregularities. C4 is the 

lowest quality with extensive enlargement and asymmetry. 

assigned for each 3.05-m (10-ft) interval using the C1 through C4 standards. Images captured 

from the downhole videos showing examples for each of the four categories as observed in USW 

NRG-6 are presented in Figures 5-14 to 5-17. In addition to the four categories a number of 

additional descriptors based on the above categories have been recorded in a spreadsheet format. 

Six columns giving qualitative ratings of lithophysal content and borehole wall quality have been 

recorded as follows: 
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Figure 5-14. USW NRG-6,342-ft Depth, Class C1 Borehole 

Figure 5-15. USW NRG-6,460.8-ft Depth, Class C2 Borehole 
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Figure 5-16. USW NRG-6,973.4-ft Depth, Class C1 Borehole Showing Probable Cavernous 
Lithophysae in Bottom of Frame 
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LithoDhvsae: 
Frequency - No, not observed or indeterminate 

- Rare, several cavities observed over 10 foot interval 
- Occasional, several cavities observed per foot 
- Moderate, 5 to 10 per foot 
- Frequent, greater than 10 per foot 

Size . - Small, less than 0.1 foot 
- Medium, 0.1 to 0.2 foot 
- Large, 0.2 to 0.4 foot 
- Cavernous, greater than 0.4 foot 

- Spherical 

- Symmetric, displays consistent round bore 
- Intermediate, contains a mixture of symmetric and asymmetric 

- Asymmetric, oval or asymmetric bore generally associated with 

Shape - Oblate 

Borehole Wall Condition: 
Symmetry 

segments within interval 

hole enlargement 
Enlargement - No 

- Small, less than 1/4 borehole diameter 
- Intermediate, 1/4 to 112 borehole diameter 
- Large, greater than 1/2 borehole diameter 

- Occasional, several per 3.05-m (1 0-ft) interval 
- Intermediate, numerous small or occasional large features within 

- Continuous, entire 3.05-m (10-ft) interval enlarged 

An example of the comparison sheet of borehole wall quality ratings and structural data 

Frequency of - None 
“Plucko~ts” 
andor 
enlarged 3.05-m (1 0-ft) interval 
zones 

obtained from the core is shown in Figure 5-18 for the TSwl interval of USW NRG-6. These 

sheets have been prepared for NRG-4, -5, -6, and -7/7A and are included in Volume II of this 

report. The format used allows for direct comparison of downhole video data with the core data. 

For each 3.05-m (1 0-ft) interval, stratigraphic and thermomechanical (thermal-mechanical) units 

are given, as well as RQDs, percent (%) cavities, lost core and rubble, plus the video data 

described above. Charts are presented for visual comparison of borehole wall category with 

RQD values, lost core and rubble, and percent (%) cavities. 
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YUCCA MOUNTAIN SITE CIIARACTBRIZATION PROJECT 
Comparison of Downhole Video Data wid1 Core Data 
HOlc USW NRG-7nA 
Intcrval-290-770 fi (88.4-234.7 m). TSwl Unit 

MHCl l l I l .C  \ \ A U .  
CI c i  ca CI 

600 
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S M  
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880 

Figure 5-1 8. Correlation of 3-m (1 0-fi) RQD with Borehole Wall Conditions as Indicated by Downhole Video Logs-NRG-4 



The data for USW NRG-6 in Figure 5-18 show characteristics common to the other holes. 

In general, zones of good borehole quality (C1 or C2 rating) are more common in non- to 

moderately welded rocks with few or no lithophysal cavities, and zones of poor borehole quality 

(C3 or C4 rating) are typically found in densely welded rocks containing numerous fractures and 

lithophysae. Furthermore, zones of low RQD with high lost core and rubble values correlate 

with poor borehole wall quality, and zones of high RQD with good borehole wall quality. 

Additionally, intervals of core that are typified by lost core and rubble are observed to coincide in 

the video logs with sections of poor borehole quality showing large and fiequent breakouts and 

cavities. An exception to this trend is sometimes found in bedded tuffs, where zones of lost core 

may coincide with good borehole quality. This is probably due to the nonwelded, largely 

unfkactured bedded tuff forining a smooth bore, but the poorly lithified nature of the material 

resulting in poor recovery. 

Lithophysae are often difficult to identify with certainty fiom the videos, but where 

identified in abundance, do tend to correlate with zones of poor borehole quality. In general, 

cavities that lack evidence of controlling fiactures and angular breakouts are interpreted as being 

lithophysae, but coatings of dust and the oblique angle of the lens often make this difficult. 

Large or cavernous lithophysae can be confused with large breakouts. A cauliflower-like 

appearance of vapor phase mineralization within the lithophysal cavity can sometimes be seen 

with the video, and contrasted to angular breakouts that are largely fracture controlled. Overall, 

the lithophysae data may be useful for comparative purposes, and for identifying cavernous 

lithophysae in zones of lost core, but is not of sufficient quality for estimating percent volume of 

cavities. 



Hole enlargement is most frequently irregular and related to wall breakouts. Most 

sections of C3 or C4 rating are typified by large breakouts alternating with sections of little or no 

enlargement. Sections where the bore is continuously and uniformly enlarged are sometimes 

found within the bedded t u f f s  and are characterized by relatively small enlargements and C2 

ratings. 

Eutaxitic foliation was not positively identified in any of the video logs examined, and it 

appears unlikely that the logs would be of much use in orienting core. Some of the more 

prominent fractures, however, could be approximately oriented with the video. 
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6.0 ROCK MECHANICS LABORATORY TEST DATA 

6.1 Introduction 

Rock mechanics laboratory test data compiled in this summary report include: 

+ unconfined compressive strength, 

+ 

+ 

elastic modulus and Poisson's ratio, 

dry bulk density, porosity, average grain density, 

indirect tensile strength, and 

+ confined compressive strength. 

The laboratory test data fiom all NRG holes were combined and analyzed by thermomechanical 

(thermal-mechanical) unit. Rock mechanics test samples were selected throughout the length of 

the NRG boreholes. The sample selection was limited by the condition of the core and the 

extensive lost core and rubble zones that occurred in some portion of the holes. Uniaxial 

compression and Brazilian tensile tests of core strength were performed on 50.8-mm (2-inch) 

diameter samples. Confined compression tests were conducted on 25.4-mm (1 .O-inch) diameter 

samples that were drilled from larger samples. All strength test samples were saturated at a 

pressure of 10 MPa for one hour minimum. The pressure saturation was then followed by 

vacuum saturation cycles until the incremental weight gain was less than 0.05%. Samples were 

then tested at nominal saturation to eliminate variability associated with partial saturation. 

More detailed presentations of the rock mechanics laboratory data from the NRG holes 

are made by Martin et al. (1994), Martin et al. (1995), Boyd et al.26 27 These reports contain 

descriptions of the experimental procedures and more detailed processing of the results. 

26 P.J. Boyd, R.H. Price, J.S. Noel, and R.J. Martin III, 1994a. Bulk and Mechanical 
Properties of the Paintbrush Tuff Recovered @om Boreholes UE25 NRG-2, -2A, -2B, and -3: 
Data Reporr, SAND94-1902, in review, Sandia National Laboratories, Albuquerque, New 
Mexico. 
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Schmidt hammer rebound hardness measurements were also conducted on the NRG holes 

to produce early strength estimates and to supplement the rock mechanics test data. The 

measurements were performed following ISRM suggested methods (Brown, 198 1) and analysis 

of the results incorporates suggested improvements to the ISRM methods by Goktan and Ayday 

(1 993). Pieces of core were selected on nominal 3-m (1 0-ft) intervals down hole and clamped in 

a testing anvil weighing a minimum of 20 kg (44.1 lbs). A group of 20 rebound hardness 

measurements were then conducted. The data is presented in a log format in Volume 11. 

6.2 Unconfined ComDressive StrenPth 

The results of the unconfined compressive strength tests are presented in Table 6-1 by 

thermomechanical (thermal-mechanical) unit in the form of mean, standard deviation, and 

number of the tests. The data are tabulated for individual holes and for all holes. The mean and 

standard deviation for each thermomechanical (thermal-mechanical) unit are compared 

graphically in Figure 6-1. Overall the TSw2 unit has the highest mean unconfined compressive 

strength of 178 MPa while the PTn has the lowest of 8 MPa. The average strength of 169 MPa 

for lithophysae-rich TCw was increased by including six test results on small samples (average 

strength of 3 11 MPa) fiom a depth of 3.28 m (22.2 fi) of NRG-6 core hole. If these data are 

excluded, the average strength for the lithophysae-rich portion was reduced to 74 MPa. The 

strength of rock in the nonlithophysae portion of TCw is, in general, comparable to that of TSw2 

27 P.J. Boyd, P.J., R.H. Price, J.S. Noel, and R.J. Martin 111, 1994b. Bulk and Mechanical 
Properties of the Paintbrush Tuff Recoveredfiom Boreholes UE25 NRG-4 and -5: Data Report, 
SAND94-? (being drafted), Sandia National Laboratories, Albuquerque, New Mexico. 
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- Range 4.1 - 9.8 10.4 - 332.4 10.4 - 245.6 32.5 - 332.4 0.8-61.8 15.7 - 149.4 
- Mean 6.8 125.1 110.0 169.0 8.0 56.9 

- Sdev 1.8 94.9 79.0 123.0 13.0 30.1 

I-N I 6 I 56 I 40 I I5 I 24 I 55 I 46 I 9 I 53 

25.7 - 149.4 15.7 -95.8 3 I .6 - 312.4 
60.0 42.0 178.5 

29.0 29.0 78.3 

sdev = standard deviation, N = number of samples 
NL = Nonlithophysal, LR = Lithophysae Rich 
Shaded area = No tests conducted, thermomechanical unit not sampled by borehole. 
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Thermomechanlcal (Thermal-Mechanical) Units 

Figure 6- 1. Summary of Unconfined Compressive Strength Data-NRG Holes 



unit except in core hole NRG-2A where a group of low strength samples occurred. The results 

from NRG-2A are concentrated in the cap rock zone of TCw where the degree of welding is 

moderate and contrasts with the more densely welded portions of the TCw. The results for the 

TSwl unit are around 5M25 MPa regardless of lithophysae or nonlithophysae portion. 

6.3 Elastic Modulus and Poisson's Ratios 

The laboratory measurements of elastic modulus and Poisson's ratios are summarized in 

Tables 6-2 and 6-3 for each thermomechanical (thermal-mechanical) unit. The mean, standard 

deviation, and number of samples for test results obtained in each NRG hole and for all the NRG 

holes are presented in these two tables. The mean and standard deviation for elastic modulus and 

Poisson's ratios are shown graphically in Figures 6-2 and 6-3, respectively, as bar charts. The 

trend for the elastic modulus results is similar to that of the unconfined compressive strengths. 

The average elastic modulus of 32.3 GPa in unit TSw2 is the highest, while average elastic 

modulus of 2.5 GPa at unit PTn is the lowest. The average Poisson's ratio are consistently 

around 0.20 to 0.21 for all units except TSwl. 

6.4 Drv Bulk Densitv, Porositv. and Averape - Grain Densitv 

The mean, standard deviation, and number of samples for bulk density, porosity, and 

average grain density are listed in Tables 6-4 to 6-6 for each thermomechanical 

(thermal-mechanical) unit. The mean, standard deviation, and number of samples obtained in 

each NRG hole and for all NRG holes are included in the tables. The mean and standard 

deviation are presented graphically in Figures 6-4 to 6-6, for dry density, porosity, and average 

grain density. 
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F m 

- Sdev 0.8 10.9 12.1 1.6 3.2 6.8 6.4 8.0 1.5 

-N 6 62 38 24 24 55 46 9 33 

sdev = standard deviation, N = number of samples 
NL = Nonlithophysal, LR = Lithophysae Rich 
Shaded area = No tests conducted, thermomechanical unit not sampled by borehole. 



Table 6-3. Comparison of Mean and Standard Deviation of Poisson's Ratio - NRG Holes 

e 
4 

sdev = standard deviation, N = number of samples 
NL = Noniithophysal, LR = Lithophysae Rich 
Shaded area = No tests conducted, thermomechanical unit not sampled by borehole. 
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sdev = standard deviation, N = number of samples 
NL = Nonlithophysal, LR = Lithophysae Rich 
Shaded area = No tests conducted, thermomechanical unit not sampled by borehole. 



Table 6-6. Comparison of Mean and Standard Deviation of Average Grain Density (g/cc) - NRG Holes 

- Range 2.30 - 2.39 

- Mean 2.34 

- Sdev 0.03 
-N I 1  

2.44 - 2.61 2.44 - 2.61 2.49 - 2.55 2.24 - 2.65 2.40 - 2.60 2.40 - 2.60 2.50 - 2.55 2.37 - 2.61 

2.53 2.53 2.5 I 2.38 2.58 2.56 2.53 2.55 

0.03 0.03 0.02 0.08 0.03 0.03 0.01 0.04 

88 74 14 54 IO0 7a 22 86 

sdev = standard deviation, N = number of samples 
NL = Nonlithophysal, LR = Lithophysae Rich 
Shaded area = No tests conducted, thermomechanical unit not sampled by borehole. 

I 
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6.5 Indirect Tensile StrenPth 

Indirect tensile strengths were measured by conducting Brazilian tests. The results are 

summarized in Table 6-7 for each thermomechanical (thermal-mechanical) unit. The mean, 

standard deviation, and number of samples obtained in each NRG hole and for all NRG holes are 

included in the table. The mean and standard deviation are presented graphically in Figure 6-7. 

The trend of the indirect tensile strength results is similar to that of the unconfined compressive 

strength except that the highest average strength occurs in the TCw lithophysae-rich portion. 

6.6 Confined ComDressive Strenvth 

The confined compressive strengths for intact rock were obtained in triaxial tests with 

confining pressures of 0, 5, and 10 MPa. In order to conduct tests on common samples at 

different levels of confining pressure, specimens were prepared with diameters of 25.4 mm by 

coring from the available samples. The results include six sets of confined compressive strengths 

from common depths and are listed in Table 6-8. No results have been generated for unit PTn. 

Results for TCw, TSwl, and TSw2 units are presented in Figures 6-8, 6-9, and 6-10, 

respectively, as plots of confined compressive strength versus confining pressure. 

Least-square linear curve fits were performed on the data to develop estimates of the 

cohesion (C) and angle of internal friction ($) for the data. The best-fit lines are plotted on the 

Figures 6-8, 6-9, and 6-10, the results of the curve fits are listed in Table 6-9. The relationship 

between the linear equations shown in the figure and the Mohr-Coulomb parameters C and $ are 

given in Section 8.2.4. 
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Figure 6-8. Confined Compressive Strength Results for TCw Unit - NRG Hole 
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Figure 6-9. Confined Compressive Strength Results for TSwl Unit - NRG Holes 
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phermal-Mechanical) 

Unit 

TCw 
TSwl 
TSw2 

6.7 Schmidt Hammer Rebound Hardness 

The results of the Schmidt hammer measurements are summarized in Table 6-10 for each 

thermomechanical (thermal-mechanical) unit. The mean, standard deviation, and number of 

samples obtained in each core hole and for all NRG holes are presented in the table where 

outlying data points have been eliminated according to the methods suggested by Goktan and 

Ayday (1 993). The standard deviations are presented graphically in Figure 6-1 1. 

These tests were performed using the ISRM Suggested Method (Brown, 1981) on 

samples of core that had been left open to air dry conditions. This is in contrast to the rock 

mechanics lab samples which were tested at 100% saturation. Application of the Schmidt 

hammer to PTn samples was questionable because ISRM calls for limitation to “very soft” or 

“very hard” rocks. Subsequent application of the Schmidt hammer data to estimate compressive 

strength (page 7-5, Section 7.0) indicated that rocks in both PTn and TSwl fall outside the range 

of application. 

Axial Cohesion Angle of 
Strength o, N C Internal Friction 

W a )  W a )  4 (degrees) 
288.8 6.79 55.4 48.0 
70.5 6.24 14.1 46.0 
232.6 7.40 42.8 50.0 



e 
h, 
h, 

Table 6-10. Summary of Statistical Data for Schmidt Hammer Tests in Thermomechanical Units - NRG Holes 

sdev = standard deviation, N = number of samples 
NL = Nonlithophysal, LR = Lithophysae Rich 
Shaded area = No tests conducted, thermomechanical unit not sampled by borehole. 
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7.0 ROCK MASS QUALITY DATA 

7.1 Introduction 

This section of the report briefly discusses the methodology used to produce the estimates 

of rock mass quality indices RMR and Q from the core logging data and presents the resulting 

rock mass quality data. Each of the rock mass quality indices are calculated from parameters 

related to degree of jointing, interaction of joint orientations to form blocks, joint frictional 

strength, rock strength versus active stress, and hydrologic conditions. In this work, each 

parameter used to calculate Q or RMR has been assumed to be independent of the others. 

Parameters were determined directly from core log data for each 3-m (104) interval or were 

determined by Monte Carlo simulation from data distributions considered representative of the 

site. The approach to estimation of each parameter is described and the distribution of each 

parameter within each thermomechanical (thermal-mechanical) unit is presented. A detailed 

discussion of the methodology for determination of the parameters is presented in Appendix B. 

The rock mass quality variation described here represents the range of conditions of the 

rock mass between faults. There are up to 12 faults identified along the North Ramp. Most of 

the faults are normal faults with limited displacements and the extent of gouge zones is suspected 

to be small based upon the drilling of NRG-3 through a possible normal fault. The two 

exceptions are: 

Bow Ridge Fault-gouge zone sampled in NRG-2 and -2A and projected to be the 

2-4 m (6.6-13.1 I?) thick; and 

Drill Hole Wash Fault-not sampled by NRG drilling, however, currently 

projected to have an extensive broken zone. 
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These two fault zones constitute known structures with the potential to produce off-normal 

conditions requiring site-specific ground support design. 

Rock mass quality was not estimated for the nonlithified tuffs immediately west of the 

Bow Ridge Fault because their soil-like characteristics are outside of the range of the rock 

classification scheme. These materials were characterized in a separate study reported by 

Kessel et al.28 

The rock mass quality indices are estimated for each 3-m (10-ft) interval in the NRG 

holes and are presented in log form in Volume II of th is report. All parameters in the RMR index 

can be estimated directly from the Rock Structural Summary Log and rock mechanics testing 

data. Simulation of data values was only performed if a rock strength test result or a rock 

strength estimate from a Schmidt hammer test was not available for a particular interval, and a 

compression strength was then determined by Monte Carlo simulation of the testing data for the 

particular thermornechanical (thermal-mechanical) unit. 

Two of the six parameters required to calculate Q cannot be determined directly from the 

NRG core data-Joint Set Number (Jn) and Stress Reduction Factor (SFG). The values of these 

parameters were therefore estimated based on the results of surface mapping, preliminary 

(non-QA) mapping in the North Ramp Starter Tunnel (NRST), and oriented-core data from 

previous site drilling. 

The Q estimate was based on Monte Carlo simulation of values of Jn and SRF for each 

interval based on the frequency distribution of surface mapping data or strength-stress ratio as 

appropriate. Any spatial association was destroyed by the simulation; however, the data was 

presented in a log format along with the RMR index. Subsequent revision of Q estimates have 

28 Kessel et al. 
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produced different local values of Jn and SRF because of the Monte Carlo simulation; however, 

the distribution of all the data were very similar. 

Q and RMR estimates were grouped into thermomechanical (thermal-mechanical) units 

based on the Scott and Bonk (1984) nomenclature. The data were rank ordered and the 

cumulative frequency of occurrence was calculated for each ascending value. A range of rock 

mass quality classes, corresponding to frequency of occurrences of 5%, 20%, 40%, 70%, and 

90%, are listed for each thermomechanical (thermal-mechanical) unit. This approach provided a 

basis for the North Ramp design at different levels of confidence as discussed in the Drift Design 

Methodology of Hardy and Bauer (1 991). 

(7-1) 

7.2 Rock Mass Oualitv Indices for the Rock Mass Ratinp Svstem 

The calculation of RMR is defined by Bieniawski (1979) to consist of five parameters 

that consider the strength of the rock, the RQD, the joint spacing, the condition of joint surfaces 

and the groundwater environment. The calculation is shown in the following equation: 

RMR = C + IRQD + JS + JC + JW 

where RMR is a dimensionless number from 0 to 100 

C = the strength parameter, 

IRQD = the RQD parameter, 

JS = the joint spacing parameter, 

JC = the joint surface parameter, and 

Jw = the joint water parameter. 



The calculation procedure for each individual parameter and the results are discussed in 

the following subsection. No adjustments for joint orientation or effects of mining approach 

have been made to the RMR because its application is limited to estimation of rock mass 

mechanical properties in the drift design methodology. 

7.2.1 Strength Parameter (C) 

Both laboratory unconfined compressive strength data and Schmidt hammer rebound 

hardness data fiom the NRG holes were used to determine the intact rock strength parameter. In 

this approach to the determination of RMR, a strength test result was used for every 3-m (1 0-ft) 

interval. The rock mechanics testing could not meet this requirement because of the large 

portion of lost core and rubble and the Schmidt hammer measurements were therefore performed 

to supplement the database. Schmidt hammer measurements were conducted on air dry samples 

of the core, while the laboratory rock mechanics test samples were 100% saturated. A 

correlation between the Schmidt hammer rebound hardness and intact strength suggested by 

Stacey and Page (1986) and Brown (1981) was used to estimate the intact strength. Table 7-1 

compares the averaged uniaxial compressive strength data derived fiom both the laboratory tests 

and field Schmidt hammer rebound numbers. The comparison indicated that the average 

laboratory unconfined compressive strength for the PTn and TSwl units were much lower than 

that obtained fiom the correlation of Schmidt hammer data. In the TCw and TSw2 units, the 

strength derived fiom the Schmidt hammer data were approximately 75% of the unconfined 

compressive strength results. A conservative approach was taken which used the laboratory 

unconfined compressive strength data for the PTn and TSwl units and the Schmidt hammer data 

for the TCw and TSw2 units as the basis for estimating the strength parameter C. The 
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TM Unit TCw PTn TSwl 
Schmidt Hammer Data* 97.9 52.4 116.8 
Unconfined Compressive Strength 125.1 8.0 56.9 

mechanics laboratory testing data. The two approaches produced virtually no difference in the 

distribution of RMR values; however, locally interval RMR values were different. 

An alternative approach to strength estimation could be to use the correlation of strength 

with porosity proposed by Price (1986). However, this would require extensive porosity 

measurements or a high resolution geophysical log that was calibrated specifically against the site 

testing data. Point load testing could also be substituted for Schmidt hammer measurements. 

The strength parameter for each 3-m (10-ft) interval was estimated fiom data in the 

TSw2 
121.4 
178.5 

interval or Monte Carlo simulation was used for intervals without the data. The intact rock 

strength data (laboratory UCS for PTn and TSwl; Schmidt hammer for TCw and TSw2) for each 

thermomechanical (thermal-mechanical) unit were compiled as the data pool for Monte Carlo 

simulation of the missing strength data by the boot-strap procedure. 

The distributions of the strength parameter (C) are presented as histograms for each 

thermomechanical (thermal-mechanical) unit in Figure 7-1. As shown in the figure, the majority 

of the strength ratings for TCw and TSw2 units are 12 (strength between 100 to 250 MPa), 

approximately 50% of the ratings for TSwl unit are 7 (strength between 50 to 100 m a ) ,  and 

close to 95% of the ratings for PTn unit are less than 2 (strength less than 5 m a ) .  
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Figure 7-1. Histograms Showing the Distribution of the Strength Parameter (C) for the RMR 
System in the Thennomechanical (Thermal-Mechanical) Units-NRG Holes 
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7.2.2 Rock Quality Designation Rating (Ro D) 

RQD ratings were obtained using RQD values for each 3-m (10-ft) interval. Histograms 

showing the distribution of the RQD data were presented in Figure 5-2, Section 5.0. Histograms 

of the derived RQD ratings in RMR system are shown in Figure 7-2. The trend presented in 

RQD rating histograms is consistent with the RQD histograms in Section 5.0. The majority of 

intervals within the welded tuff units have RQD ratings of 3, whereas for the PTn unit, RQD 

ratings of 13 occurred most often. 

7.2.3 Spacing of Discontinuity (JS) 

The average spacings of discontinuities (fractures) were calculated directly by dividing 

the total number of fractures (types N, I, and C) identified in each 3-m (104) interval by the 

interval length. The JS ratings determined from the average spacing were believed to be a 

conservative approach because all core-induced, indeterminate, and natural fractures were 

included in the calculation. Figure 7-3 presents the histograms of the JS ratings for each of the 

thermomechanical (thermal-mechanical) unit. The JS rating of 8 (joint spacing between 60 to 

200 mm) appears to occur most frequently for all units. 

The JS rating resulting from the corrected linear fracture frequencies presented in 

Section 5.6.3, were compared to the JS rating used in determination of RMR to check for any 

bias introduced by using vertical boreholes to sample the predominantly vertical structure. The 

joint spacings for the dominant vertical joint orientations were calculated by summing the 

fracture frequencies for 80" and 90" dips and are listed with their corresponding JS ratings in 

Table 7-2. The distribution of JS ratings shown in Figure 7-3 generally compares well with the 
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JS rating derived from the corrected vertical fracture spacings as shown in Table 7-2 which lists 

the median value from the distributions. The JS rating of 10 derived from corrected spacing data 

for PTn unit is slightly higher than the central tendency of the histograms in Figure 7-3 and the 

TM Unit 
Mean total joint spacing (mm) 
Joint spacing 80"-90" dips (mm) 
JS Rating based on spacing 80"-90" dips (mm) 
Median value of JS Rating from Figure 7-3 

JS of 5 in TSw2 is slightly lower than the median value of the distribution used to determine 

RMR. The inclusion of core-induced and indeterminate fractures in the calculation of joint 

spacing rating produces spacing values similar to the corrected joint spacing. 

TCw PTn TSwl TSw2 
58 149 61 37 
97 270 86 44 
8 10 8 5 

7.3 7.8 7.4 6.9 

7.2.4 Condition of Joint CJC) 

The condition of joints was evaluated using the planarity and roughness of joint surface 

and joint infilling data from the core hole rock structure summaries for the NRG holes. A simple 

algorithm developed from a descriptive table by Laubscher (1990) was used to calculate the JC 

rating according to: 

JC = 30*a*b*c (7-2) 

where a is a factor related to planarity and roughness, b is a factor related to infilling mineral, and 

c is the factor related to infilling thickness. The values assigned for factors a, b, and c for 

different categories of fracture data are tabulated in Table 7-3. The value JC was calculated for 

each N and I type fracture in a 3-m (10-fi) interval and an average JC value was calculated for the 

interval by dividing by the number of fractures. 
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Table 7-3. Factors a, b, and c for JC Rating Calculation 

C S T 
1 1 1 

M V E 
0.05 0.30 0.30 

The histograms which present the distribution of JC ratings for all the 3-m (10-ft) 

intervals are shown in Figure 7-4. The JC rating of 25 OCCUTS most frequently and corresponds to 

the descriptions for “slightly rough surfaces, separation <1 mm, slightly weathered walls,” in 

Bieniawski (1 979). This is generally consistent with the fractures observed in the core. 

7.2.5 Groundwater 

The rock mass at or above the repository level is unsaturated and dry at Yucca Mountain 

site. A Jw rating of 15 was therefore assigned to all thermomechanical (thermal-mechanical) 

units. 

7.2.6 Distribution of Rock Mass Rating RMR) Values for the Thermomechanical (Thermal- 

Mechanical) Units 

The RMR rating for each 3-m (104) interval was calculated by summing the five 

parameters discussed in the preceding subsections. The values for the five parameters and the 

calculated RMR rating for every 3-m (1 0-ft) interval in each NRG-series core hole are presented 
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Figure 7-4. Histograms Showing the Distribution of the JC Rating for the RMR System in the 
Thermomechanical (Thermal-Mechanical) Units-NRG Holes 
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in Volume 11. The distribution of the RMR in 3-m (104) intervals is shown for each 

thermomechanical (thermal-mechanical) unit as histograms of the frequency of occurrence and 

cumulative percentage of occurrence in Figure 7-5. All the data were rank ordered and used to 

evaluate the cumulative frequency of occurrence to identify RMR ratings with different levels of 

confidence. Tables of the rank-ordered data are presented in Appendix C. The values of RMR 

for fiequencies of occurrence of 5%, 20%, 40%, 70%, and 90% that define the five rock mass 

very good 
good 
fair 
poor 

verypoor 

quality categories are listed in Table 7-4. 

8 1-1 00 
61-80 
41-60 
21-40 
a 0  

The RMR calculation system (Bieniawski, 1979) used in this study places heavy 

emphasis on the conditions of joints with 30 of the possible 100 points allocated to the JC 

parameter. The JC ratings of 25, calculated for most of the intervals in Section 7.2.4, combined 

with a Jw of 15 for the dry conditions, produces a minimum RMR rating for most of the intervals 

above 40 (fair rock category). In general, the RMR ranges from fair to good rock mass 

conditions throughout the five rock mass quality classes. 
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7.3 Rock Mass Oualitv Indices for the 0 Svstem 

The Q index, as defined by Barton et al. (1974), is calculated from six parameters: 

Q = (F) * (i) * (e) (7-3) 

where RQD = Rock Quality Designation (%) 

Jn = Joint Set Number 

Jr = Joint Roughness Number 

Ja = Joint Alteration Number 

SRF = Stress Reduction Factor 

Jw = Joint water factor 

The first term (RQD/Jn) describes the block size, the second term (Jr/Ja) describes interblock 

shear strength, and the third term describes the effect of the active stress. 

In this work, the parameters RQD, Jr, and Ja were determined from each 3-m (104) 

interval in the Rock Structure Summary Log. Because there is no direct way to determine the 

parameters Jn and SRF from core data, they were evaluated using Monte Carlo simulation based 

on surface mapping, mapping of the NRST by the U.S. Bureau of Reclamation, and oriented-core 

data from previous YMP drilling &in et al., 1993b). The determination of each parameter is 

described briefly in the following sections. 

7.3.1 Rock Ouality Designation ROD) 

RQD values described in Section 5.3 were used in the Q system. In the calculation of Q, 

RQD was set equal to 10% if it is less than 10% as per the procedures defined by Barton et al. 

(1974). The direct value was used in the calculation. Distributions of the RQD data were 

presented earlier in Figure 5-2, Section 5.0. 
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7.3.2 Joint Set Number (Jn) 

Joint set number cannot be readily determined from the NRG core logs. Fracture 

orientations based on oriented core data and borehole television observations from USW core 

holes have been studied in Lin et al. (1993b), who identified one to three joint sets in the welded 

tuff units. Fracture orientations from mapping of the NRST indicated two to three joint sets in 

processed stereonets. Based upon the mapping data, two joint sets (Jn = 4) to three joint sets 

(Jn = 9), was selected as the range of the Jn parameter. Since the probability of two sets or three 

sets is not available at this time, a uniform distribution of Jn between 4 to 9 was assumed and 

Monte Carlo simulation was used to generate Jn values for each 3-m (10-ft) interval. The 

simulation was conditioned by setting Jn equal to 9 if the proportion of lost core and rubble in an 

interval was equal to or greater than 70% to be conservative. However, there was no indicated 

correlation between lost core and rubble and the number of joint sets. 

The distribution of Jn values are presented in the histograms of Figure 7-6. As expected, 

the results are distributed in between 4 to 9 with the values of 9 (three joint sets) occurring most 

frequently because of the large number of intervals with high proportions of lost core and rubble. 

The distribution for the UO (Tuff “Xy) and PTn units are less uniform than the assumptions 

because of the limited number of trials due to relatively few 3-m (1 0-ft) intervals. 

7.3.3 Joint Roughness Number (Jr) 

Joint roughness number was related to the joint surface planarity and roughness described 

during logging of the fracture data. An additive process combining the planarity and roughness 

data was developed to match the descriptions for determining Jr (Barton et al., 1974). Table 7-5 

lists the two component values of Jr, Jrl defined by planarity and Jr2 by roughness. A Jr value 

was determined for each N or I type fracture as the sum of Jrl and Jr2. An average Jr was then 

calculated for the entire interval. 
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Figure 7-6. Histograms Showing the Distribution of Jn for the Q System in the 
Thermomechanical (Thermal-Mechanical) Units-NRG Holes . 
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Table 7-5. Algorithm Relating Jr (Jr = Jrl + Jr2) Values to Planarity and 

S 
. P  

. c  

Roughness Described in the Geology and Rock Structure Log 
Planarity Description I Jrl 1 Roughness Description I Jr2 

1 R 2 
0 M 2 
0 S 1 

P 

The distributions of Jr are presented as histograms in Figure 7-7. Most of the fractures 

roughness (Section 5.6.5), have either planar (P) or irregular (I) surfaces with moderate 

which agrees well with the range of Jr between 2 and 3. 

7.3.4 Joint Alteration (Ja) 

Joint alteration number was determined in the Q system for three categories of surface 

0.5 

contact: 

rock wall contact (tight, clean joints), 

rock wall contact before 10 cm shear (undulating joints, thin infilling), and 

no rock wall contact when sheared (thin infilling). 

The log descriptions of both the infilling thickness and mineral infilling type were used for 

determining Ja. The infilling thickness from the fracture data was used to indicate the state of 

surface contact. For each of the three contact categories, four or five sub:categories were 

possible (Barton et al., 1974) based on the infill mineral type. For the NRG data, only two 

sub-categories, clay infilling or non-clay infilling, were used to determine Ja. Table 7-6 lists the 

algorithm to determine Ja for different combinations of infilling thickness and mineral type. 
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In filling 
Thickness C S T M V E 
Abbreviations 
Infilling Non- Non- Non- Non- Non- Non- 
Mineral Clay Clay Clay Clay Clay Clay Clay Clay Clay Clay Clay Clay 

Ja Value 1 3 1 3 1 3 1 3 6 8 8 10 

Histograms of the distribution of Ja are presented in Figure 7-8 for each thermo- 

mechanical (thermal-mechanical) unit. The majority of Ja values in all the thermomechanical 

(thermal-mechanical) units range between 1 and 2 corresponding to a description of rock wall 

contact with “unaltered joint walls, surface staining only” or “slightly altered joint walls, clay 

free.” 

7.3.5 Joint Water Reduction Factor (Jw) 

The joint water reduction factor Jw is set to a value of 1 for “dry excavations” in all 

thermomechanical (thermal-mechanical) units. 

7.3.6 Stress Reduction Factor (SRF) 

The stress reduction factor SRF is defined by Barton et al. (1974) as a measure of 

+ weakness zones intersecting the excavation, which may cause loosening of the 

rock mass; 

competent rock, rock stress problems; and 

squeezing rock, plastic flow of incompetent rock. 

+ 

+ 

SRF for the welded tuff units was determined by Monte Carlo simulation for each 3-m (104) 

interval on the basis of conditions observed in the NRST. The distribution of SRF was derived 

from the U.S. Bureau of Reclamation’s Full Perimeter Geology Map2’ of the NRST. This map 

29 Non-QA data. 
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Figure 7-8. Histograms Showing the Distribution of Ja for the Q System in the 
Thermomechanical (Thermal-Mechanical) Units-NRG Holes 
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was subdivided into unit areas of 3 m (1 0 ft) in length along the tunnel axis. For each 3 m (1 0 ft) 

of tunnel length, 4 unit areas were examined consisting of each wall and 2 sections of roof from 

the tunnel centerline to each of the right and left spring line. The map was judged to contain unit 

areas with three types of conditions: unit areas that contained sheared zones of some thickness, 

unit areas that contained the notation of “intensely fractured,” and unit areas where joints were 

indicated, but the relatively density is judged to be consistent with competent rock conditions. 

The frequency distribution of these unit area types in the map and their corresponding description 

and SRF values are: 

+ Unit areas with shears, 9 out of 40 = 22.5%: use “multiple shear zones any depth” 

SRF = 7.5; 

Unit areas “intensely fractured,” 8 out of 40 = 20%: use “single shear zone” 

SRF = 5.0; and 

Unit areas with typical jointing: 23 out of 40 = 57.5%: use SRF = 1.0, ’competent 

rock, medium stress. 

+ 

+ 

Selection of the value SRF = 1 for unit areas with typical jointing was based on photographs 

presented by Barton et al. (1974) which also lists the various parameters used to calculate Q for 

the outcrop in each photograph. A density of jointing exposed in outcrops of TSwl and TSw2 at 

Fran Ridge also seemed consistent with a SRF value of 1.0 (ignoring the fact that the outcrop is 

exposed at the surface). 

SRF in the PTn was initially set equal to 1 as suggested by Lin et al. (1993b) because 

fracture frequency (Section 5.6.3) in the PTn is less than 50% of that in the welded units and 

because the ratio of vertical stress to compressive strength estimated in the RIB (DOE, 199 1) was 
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in the range of 9. Subsequent rock mechanics tests on PTn and UO samples from the NRG 

boreholes indicated much lower compressive strength than estimates in the RIB. SRF values for 

UO (Tuff Unit ‘cX’y) remained at 1.0 because of the relatively shallow depth of the ramp (30 m) 

where it penetrates the Tuff “X.” However, SRF values for the PTn were revised to reflect the 

lower compressive strength indicated by the testing. 

The “competent rock, rock stress problems” definitions in the Q system were used to 

evaluate SRF in PTn based upon the ratio of vertical stress to compressive strength for each 3-m 

(10-ft) interval. Interval estimates of uniaxial compressive strength were based on rock 

mechanics test data from the 3-m (lo-ft) interval, or a value was generated by Monte Carlo 

simulation from the distribution of all PTn test data. The maximum depth at which the North 

Ramp is projected to penetrate PTn was used as the vertical stress based on the mean dry bulk 

density of the TCw unit in Table 6-4 (2.14 g/cc). 

The distribution of SRF values are presented in Figure 7-9 as frequency histograms. The 

Monte Carlo simulation results agree with the input distributions for the welded units (TCw, 

TSwl, TSw2). Relatively high values of SRF in the PTn reflect the fact that vertical stresses are 

high with respect to the rock strength, and stress-induced failure of the tunnel walls is expected. 

The approach to estimating the SRF parameter produces an average value of 3.26 for the 

welded units, which may not be high enough given the corrected fracture density indicated for the 

TSwl and TSw2 units. An average SRF value of 5.0 may be more appropriate which 

corresponds to the description of “Loose open joints, heavily jointed or ‘sugar cube’, etc.” in the 

Barton et al. (1974) description. Because the SRF parameter is in the denominator of the 

equation to calculate Q, the impact of this difference would be to multiply by a factor of 0.3 1 for 
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Figure 7-9. Histograms Showing the Distribution of SRF for the Q System in the 
Thermomechanical (Thermal-Mechanical) Units-NRG Holes 

7-24 



the distribution used, as opposed to 0.20 for an average value of SRF = 5.0. This difference 

(1 1 %) has been compensated for by use of the conservative approach to RQD. 

7.3.7 Distribution of 0 Values for the Thermomechanical (Thermal-Mechanical) Units 

The values for the six parameters and the resulting Q indices for every 3-m (10-ft) 

interval are tabulated in log form for each NRG hole in Volume II. The data from all holes were 

grouped by thermomechanical (thermal-mechanical) unit and histograms showing the frequency 

of occurrence and cumulative percentage are presented in Figure 7-10. Rank-ordered data tables 

with cumulative frequency of occurrence are presented in Appendix C. Table7-7 lists the 

relative rock quality and percentage of the 3-m (10-ft) intervals that occur in each category for 

each thermomechanical (thermal-mechanical) unit. The welded units vary between very poor 

and good rock mass quality. The nonwelded units vary between extremely poor and good rock 

mass quality. The values of Q for the five levels of confidence (5%, 20%, 40%, 70%, and 90%) 

are listed in Table 7-8. 

7.4 Evaluation of RMR and 0 Results 

The Q and RMR values determined based on the NRG core logging data have been 

evaluated with respect to a correlation between RMR and Q reported by Bieniawski (1974) and 

by comparing them to ranges of Q and RMR developed from observations made during 

excavation of the NRST.3’ This evaluation was performed to confirm that the rock mass quality 

estimated using the core logging data was consistent with the reported correlations between the 

two indices from other published work and that the core-based estimates were reasonable when 

compared to assessments made in the NRST exposures. 

. 

C.E. Brechtel, S.C. Carlisle, and J. Pott, 1993. “Rock Mass Quality Estimation, North 
Ramp Starter Tunnel, Upper Bench,” SLTR93-7001, DTN:SNF28021693001.001, Sandia 
National Laboratories, Albuquerque, New Mexico. 

30 
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Table 7-7. Percentage of Occurrence for Relative Rock Mas: 
Q System - NRG Holes 

Rock Mass Frequency of Old 
QuaIity Occurrence (YO) UO fluff “X”) TCw PTn TSwl 

1 5 2.23 0.3 8 0.15 0.24 
2 20 7.50 0.68 0.28 0.87 
3 40 10.98 2.08 0.66 1.73 
4 70 14.49 5.66 1.62 5.09 
5 90 24.29 9.14 3.74 12.00 

S 

TSw2 
0.30 
0.65 
1.91 
3.75 
8.44 

Quality Estimated using the 

7.4.1 Correlation of RMR and 0 Results 

Bieniawski (1976) developed a correlation between the Q index and RMR with 90% 

confidence intervals bounding the relationship which was based on 111 case histories.. Q and 

RMR values estimated for the NRG-series core holes are compared to the correlation equations 

in Figures 7-1 1 to 7-15 for each thermomechnical (thermal-mechanical) unit. For all the welded 

tuff units, most of the data points with Q indices greater than 1 appear to be in the median to 

upper 90% confidence limit of the correlation equations. However, for intervals with Q indices 

less than 1, RMR ratings tend to exceed the upper 90% confidence limit. In the UO unit, the 

rock quality indices are within the median and lower 90% confidence limit of the correlation 

equations. 
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The comparison of the Q-RMR correlations to the previously published correlations in 

Figures 7-1 1 through 7-15 indicates trends similar to those reported by others. The deviations at 

low values of Q may be due to the fact that the RMR in this work has not been adjusted for joint 

orientations with respect to tunnel access. The joint orientation adjustment is not made when 

RMR is used in correlation with rock mass mechanical properties. 

7.4.2 Comparison of 0 and RMR Determined in the NRST to NRG Core-Based Data 

Observations of the tunnel walls during the excavation of the NRST were used to 

calculate Q and RMR for both the upper heading' and lower bench. The rock mass quality 

indices were calculated based upon the observed range of individual parameters in sections of the 

tunnel that varied in length from 3.96 m (13 ft) to 16.76 m (55 ft). The data were then presented 

as a minimum and maximum value based upon the assessment of the observed range in the 

individual parameters. 

The NRST data provide an opportunity to compare the core log derived Q and RMR to 

data from the tunnel exposures. The NRST was excavated in the Tiva Canyon Upper 

Lithophysal Zone (TCw thermomechanical (thermal-mechanical) unit) on the east face of Exile 

Hill. Borehole NRG-1 was drilled through the portal area of the NRST and provides a 

site-specific comparison to the NRST Q data in Table 7-9 and NRST RMR data in Table 7-10. 

The range and mean values of each parameter used to calculate Q (Table 7-9) are 

compared to the borehole data from NRG-1 to evaluate how well the core-based approach 

estimated the exposed conditions. The mean of the core-based data from NRG-1 agrees well 

with the mean of the maximum value of the NRST data, and the range and mean of the 

individual parameters were comparable with the exception of the joint alteration number (Ja) and 

bid. 31 
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Table 7-9. Comparison of the Range and Mean of Individual Parameters Used to 

*Dry conditions. 

Table 7-10. Comparison of the Range and Mean of Individual Parameters Used to 
Calculate RMR at the NRST and in IVRG-1 

*Dry conditions. 
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the RQD. The mean of the minimum values is one order of magnitude below the mean of the 

NRG-1 data, and the primary difference was in the joint alteration number (Ja), the stress 

reduction factor (SRF), and the RQD. 

A similar trend was observed in the NRST RMR data which are compared to the NRG-1 

data in Table 7-10. The NRG-1 mean RMR is very close to the mean value of the maximum 

RMRs determined in the tunnel. The NRG-1 data diverge fiom the mean of the minimum RMRs 

by 21.4. The major difference occurs in the joint condition parameter (JC), which is due to the 

fact that the vertical borehole did not sample the intermediate scale vertical faults or shears 

exposed in NRST. 

The differences in the observations are attributed to the existence of intermediate scale, 

near-vertical faults or shears in the NRST that were not sampled by the borehole because it was 

drilled vertically. The structures were of varying widths (up to 1 m) containing crushed, broken 

rock with substantial clay/mud. Their presence is due to the horst-like structure of Exile Hill, a 

local topographic high between the Midway Valley and Bow Ridge faults and the extensional 

stress state associated with faulting. The surface proximity has allowed more extensive 

weathering of rock in the shear structures. 

7.5 Comnarison of LithoDhvsae-Rich and NonlithoDhvsal Portions of the Welded Units 

Rock mass quality indices were estimated for the lithophysae-rich and nonlithophysal 

portions of the welded units TCw and TSwl. The results indicated little difference in rock mass 

quality as shown in Table 7-11. Further discussion is therefore focused only on 

thermomechanical (thermal-mechanical) units without further subdivision. The rock quality 

indices for lithophysae-rich and nonlithophysal portions of TCw and TSwl units are included in 

Appendix D. 



R M R 1  

7.6 Indicated Ground Conditions 

5 51 54 51 49 50 48 
2 20 56 59 54 53 52 53 
3 40 59 64 59 57 57 56 
4 70 67 68 65 62 61 63 
5 90 72 75 72 70 67 71 

The application of rock-mass-quality-based empirical design is appropriate for the North 

Ramp. An example of the design chart is shown in Figure 7-16. The case history data utilized to 

develop the design method is shown in the chart with a blocked-out area indicating the general 

range of Q data from the NRG drilling program. The case history data used to develop the 

Q-based empirical design method generally bracket a range in NRG Q values which indicates 

that conditions projected in the North Ramp are well bounded by the tunneling case history. The 

Q index data are correlated with ground conditions and ground support measures by Barton et al. 

(1974) using a log-log plot of Q versus a parameter “equivalent dimension.” Equivalent 

dimension is the span of the excavation (diameter) divided by a factor called “excavation support 

ratio” (ESR), which introduces a factor of safety. A value of 1.0 was used for the ESR in this 

work because a high factor of safety was required to meet project design goals and criteria. 
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ROCK MASS Q U M  Q = pp)x (+) x (kF) 
n a 

Range of Q Values for the Five 
Rock Mass Quality Categories 

Figure 7-16. Design Chart Used to Correlate Rock Mass Quality Q with Tunneling Case 
History Data (Barton et al., 1974) 
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The design chart is subdivided into ground support categories for use in empirical design 

of ground support. The distribution of Q data fiom the NRG drilling is correlated with the design 

charts in Figures 7-17 through 7-21 for each thermomechanical (thermal-mechanical) unit. The 

equivalent dimension for the North Ramp (7.62m) is also plotted to identify the support 

categories that are indicated by the data. 

The distribution of Q data is intended to identify the types of ground support required and 

the relative lengths of tunnel in each unit that will require the indicated support. Table 7-12 lists 

the thermomechanical (thermal-mechanical) units and the indicated ground support categories 

required. The cumulative frequency of occurrence at the maximum Q value for each support 

category is also listed. Ground support measures from the Q design tables (Barton et al., 1974) 

are also listed in the table. Table 7-12 was compiled to indicate the range of ground support 

measures that are consistent with the case history data used to develop the empirical design 

method. The specific support design will be developed by the M&O design team and will be 

based upon the many requirements of the Exploratory Studies Facility (ESF) and the construction 

technique. General guidelines for the North Ramp ground support can be derived from the data 

distributions and Table 7-12. Specific conclusions regarding the ground support are: 

0 Ground support requirements in the nonwelded UO (Tuff “X”) units would be 

relatively light. A substantial portion (up to 64%) of the tunnel in the UO (Tuff 

“X”) unit would be supported with spot bolting or pattern bolting on spacings up 

to 1.5 m (5 ft). 
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Rock Mass Quality (Q in UO (TufTUnit "X") - NRG Holes 
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Figure 7-17. Cumulative Frequency of Occurrence of Q in UO (Tuff "X") Compared to 
Ground Support Design Chart (after Barton et al., 1974) 
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Figure 7-18. Cumulative Frequency of Occurrence of Q in TCw Compared to Ground 
Support Design Chart (after Barton et al., 1974) 
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Figure 7-19. Cumulative Frequency of Occurrence of Q in PTn Compared to Ground 
Support Design Chart (after Barton et al., 1974) 
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Rock Mass Quality (Q in TSwl Unit - NRG Holes 

Rock Mass Quality Q = V)X (*) x (A) 
n 

Figure 7-20. Cumulative Frequency of Occurrence of Q in TSwl Compared to Ground 
Support Design Chart (after Barton et al., 1974) 
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Rock Mass Quality (Q) in TSw2 Unit - NRG Holes 
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RockMassQuality Q = w ) x ( ? ) x  n (A) 

Figure 7-21. Cumulative Frequency of Occurrence of Q in TSw2 Compared to Ground 
Support Design Chart (after Barton et al., 1974) 
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Proportion of 
Data Intervals Thermo- Ground Range of Q for 

Mechanical Support Ground Support in Support 
Unit Category . Category Category 

TSw2 31 0.1-0.4 V. Poor 14% 

27 0.4-1.0 V. Poor 13% 

22 1.0-4.0 Poor 46% 

18 4.0-5.5 Fair 8% 

17 5.5-10.0 Fair 11% 
13 10-26 Good 8% 

+ Heavier ground support would be required in the welded units and the PTn unit. 

Spot bolting or pattern bolting on relatively large spacings (1.5 m) would be 

limited to 8%-15% of the length of the tunnel in each of the TCw, TSwl, TSw2, 

and PTn units. 

Regular pattern bolting with mesh or shotcrete to restrain loose material is the 

indicated support system for the majority of the tunnel within the welded and PTn 

units (up to 70%). 

Heavy support in the form of pattern bolting with significant thickness of 

shotcrete is indicated for 26%-30% of the tunnel within the welded units and 

PTn. 

+ 

+ 

Although the support categories for the welded units and PTn unit for rock qualities 

below Q = 1.0 (support categories 27 and 31) do include cast concrete arches in the range of 

support measures, the conditions normally associated with their use are not projected to occur in 

the North Ramp outside of major fault zones. Cast concrete arches could be required in response 

Cumulative 
Frequency Of 

Maximum Q 
14% 

27% 

73% 

81% 

92% 
100% 

Range in Ground Support Measures* 
Occurrence at 

B(tg) 1 m + S(Mr) 5-12.5 cm to CCA(Sr) 
30-50 cm + B(tg) 1 m 
B(tg) 1 m + S(Mr) 7-5-10 cm to CCA 
20-40 cm + B(tg) 1 m 
B(utg) 1 m + CLM to B(utg) 1 m + S(Mr) 
2.5-5 cm 
B(tg) 1-1.5 m + CLM to B(utg) 1-1.5 m 
+ S 2-3 cm 
Sb(utg) to S 2-3 cm 
Sb(utg) to B(utg) 1.5-2.0 m + S 2-3 cm 
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to squeezing ground conditions or swelling clays; however, these conditions are not indicated by 

any of the existing data. The low values of Q for the PTn are due to its low strength (8 MPa) 

which, when compared to the maximum depth where the North Ramp penetrates PTn (135 m), 

suggests rock failure may cause slabbing of the tunnel walls. The extent of the slabbing would 

be expected to be limited because PTn has low strength and high porosity and should not be 

prone to brittle-type failure. Existing excavations at NTS in nonwelded M s  similar to PTn at 

similar and greater depths (for example, G tunnel) exhibited good stability. 

It is possible that very heavy support could be required locally within a large zone of fault 

gouge. This type of occurrence would only be anticipated within the Drill Hole Wash fault 

because no drilling data is available. Support pressure capabilities with the tunnel boring 

machine (TBM) are very high because of its ability to install steel ring beams, and there is no 

indication in the NRG data that the existing capacity is not sufficient to meet the range of 

conditions. Drill sampling of the other major fault on the North Ramp alignment (Bow Ridge 

Fault) indicated a gouge zone limited to 2-4 m (1 3.1 ft) in thickness. 

Comparison of the distribution of the core-derived Q data in the welded units to Q 

determined in the NRST indicated that the drilling-based estimates of Q cover the rock 

conditions associated with the minimum Q values (see Section 7.4) observed in the tunnel. The 

minimum Q values in the NRST were associated with intermediate scale, vertical fault or shear 

structures observed in the tunnel. These structures could not be characterized by vertical hole 

NRG- 1 which raises the question whether the predominantly vertical drilling has overestimated 

the rock conditions along the North Ramp. The interpretation of all of the drilling-derived Q 

data as a statistical distribution extends the data to cover the range of rock conditions indicated 
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by the NRST observations. The drilling-based Q data suggests that up to 49% of the tunnel 

length in the welded units and PTn unit would require ground support consistent with categories 

27 and 3 1. Ground support installed in the NRST was generally consistent with these categories 

and has been suitable for ambient conditions. The NRST support design32 called for 3 m (10 fi) 

untensioned Mly grouted rockbolts on a 1.5 m (5 fi) nominal spacing, with 152 mm (6 in.) of 

shotcrete (102 mm minimum) reinforced with 152 m x 152 mxn (6 in. x 6 in.) welded-wire 

fabric. Seismic design requirements dictate that the NRST have much heavier permanent support 

in the form of cast concrete. 

Although the vertical holes did not sample the intermediate-scale vertical structures 

effectively, it appears that the conservative approach to generation of the Q estimates has covered 

the likely variability outside of the major faults and known off-normal conditions. The rock 

conditions in the NRST may also be somewhat off-normal due to its close proximity to two 

major faults and its topographic relief and subsequent destressing and weathering. 

The intermediate-scale structures cause the minimum NRST values of Q to diverge from 

the borehole estimates. The borehole Q values are representative of the general variability of the 

rock mass between the intermediate scale structures and agree well with the maximum Q values 

developed in the NRST. 

32 Raytheon, 1994. "ESF Package lA, Starter Tunnel Rock Support, Section and Details," 
YMP Site Characterization Project, Rev. 3, February 16, 1994, BABEAB000-01717-2100- 
10 143-0 1. 
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8.0 ROCK MASS MECHANICAL PROPERTIES 

8.1 Jntroductioq 

Numerical analysis to support rock mechanics design of the North Ramp are required to 

address the impacts of seismic and thermomechanical (thermal-mechanical) loading. These 

analyses require mechanical properties at the rock mass scale which are known to be very 

different than laboratory mechanical properties, in strong, jointed rocks. These differences are 

termed “scale effects” and are attributed to the influence of size of the rock mass affected and 

jointing. Hardy and Bauer (1991) proposed a methodology to estimate rock mass mechanical 

properties based on empirical correlations with the rock mass quality index RMR. 

Appropriate rock mass strength criteria and mechanical models for representing the 

mechanical rock mass response of the tuff at Yucca Mountain recommended in the Drift Design 

Methodology by Hardy and Bauer (1991) were utilized. Empirical relationships, based on rock 

mass quality index RMR, were used in conjunction with data from the rock structure summary 

logs and the rock mechanical properties. 

The rock mass strengths in a form of power law relationship were derived based on both 

Hoek and Brown (1988) and Yudhbir et al. (1983) criteria. Design parameters for rock mass 

elastic modulus (Serafim and Periera, 1983), Poisson’s ratios, and Mob-Coulomb strength were 

developed for each thermomechanical (thermal-mechanical) unit. 

8.2 Pock Mass S t r e n d s  

Rock mass strengths based on the empirical strength criteria of Yudhbir et al. (1 983) and 

Hoek and Brown (1988) for the thermomechanical (thermal-mechanical) units are developed in 
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this subsection. The required information for obtaining the rock mass strengths include rock 

mass quality indices, intact rock uniaxial compressive strengths, and the triaxial compressive 

strength data. 

The procedures employed in these calculations follow the Drift Design Methodology 

(Hardy and Bauer, 1991) and utilize the RMR parameter calculated using the approach described 

in Bieniawski (1979). This is consistent with recommendations by Bieniawski (1979, p. 178). 

This index, RMR,,, is slightly different from the version utilized by Hoek and Brown (1988) and 

Yudhbir et al. (1983) which is based on the approach described by Bieniawski (1974). RMR,, 

has been estimated in this work to evaluate the impact of the difference in the two approaches. 

The resulting difference in the design RMR numbers is small and is discussed in the following 

sections. 

The rock mass strength criteria are generated for the five classes of rock mass quality 

based on fkequency of occurrence of 5%, 20%, 40%, 70% and 90%, which were presented in 

Section 7.2.6. Both the RMR,, and Q index are used to determine a composite or design value of 

RMR (RMR,), by using the correlation developed by Bieniawski (1974) between RMR and Q 

(shown in Figure 7-1 1) with the calculation in equation 8-1. 

ma = 9 Ln Q +44  (8-1) 

RMba is calculated, then the design RMR,, is determined as the average of RMkAL and 

RMq,. Table 8-1 lists the values of Q and w, and resulting design RM% for each 

thermomechanical (thennal-mechanical) unit. 
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Table 8-1. Tabulation of Q, w9, and Design RMRD Values for Rock Mass Classes 1-5 
in Each Thermomechanical (ThermaI-Mechanical) Unit 

I Rock Mass Oualitv Class I 
1 2 3 4 5 

Q 2.23 7.5 10.98 14.49 24.29 
51 62 66 68 73 

TSwl ,Q 0.24 0.87 1.73 5.09 12 
AL 31 43 49 59 66 

49 53 57 62 70 

*RMRCAL = 9 LNQ + 44; + m9) f 2 

The design values of used in the estimation of rock mass strength (Table 8-2) are 

compared to similar values produced using in Table 8-2. The differences are small, with 

the maximum difference being 4. This difference is smoothed by the procedure of considering 

the value of Q in determination of RMR,,. 
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Table 8-2. Comparison of RMR, Values Determined Using RMR,, and RMR,4 for Rock 
Mass Classes 1-5 in Each Thermomechanical ahermal-Mechanical) Unit 

8.2.1 Yudhbir Criterion 

The equation proposed by Yudhbir et al. (1 983) for calculation of rock mass strength is: 

where 0, = intact rock uniaxial compressive strength, 

q = the strength of the rock mass, 

0, = the confining stress, 

A = a dimensionless parameter dependent on the RMR, and 

a, B = rock material constants dependent on rock type. 

The value of A for the rock mass is obtained from the RMR by equation 8-3 from Yudhbir et al. 

(1 983). 

(8-3) A = e0.0765(RMR)-7.65 

The material constants B and a are constants related to the rock type and are determined by curve 

fitting of the confined compressive strength test results. 

The triaxial compression test data for NRG core were evaluated to develop the constants 

B and a for each of the thermomechanical (thermal-mechanical) units. The evaluation indicated 
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that sufficient triaxial test data fiom the NRG core were available for the TCw, TSwl, and TSw2 

units; however, the data scatter in the results produced concave-shaped curve fits in the TSwl 

and TSw2 rather than convex shapes. Existing nonqualified triaxial data fiom the TSwl and 

TSw2 units were available to compare to the NRG data from TSwl and TSw2. No triaxial test 

data were available from either the NRG core testing or existing data for the nonwelded UO or 

PTn units. 

The following approach was used to develop the B and a parameters because of the data 

limitations: 

TCw Unit: NRG triaxial test data were used to determine B and a using the 

method outlined in Hardy and Bauer (1991) and Lin et al. (1993b). 

UO and PTn Units: NRG uniaxial compression and Brazilian tensile strength 

tests were used to determine B and a with modifications of the method suggested 

by Hardy and Bauer (1991) and Lin et al. (1993b). 

TSwl and TSw2 Units: Values of B and a developed by Lin et al. (1993b) using 

existing but nonqualified test data were used. The existing data used by Lin et al. 

(1 993b) were similar to the NRG testing data. 

A modified method was used to produce the parameters B and a for the UO and PTn 

units. The data from uniaxial compressive strength and Brazilian tensile strength tests were used 

to develop a linear least-square curve fit of the form shown in equation 8-6. Using equation 8-6, 

data pairs were then calculated and a nonlinear curve fit used to estimate values of B and a. 

Examination of the data variability within the PTn unit indicated two distinct materials, the 

stronger Tiva Canyon nonwelded tuffs and Yucca Mountain tuffs (4-27 MPa) and the weaker 
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bedded tuffs and Pah Canyon tuff (0.8-9.8 MPa). B and a values were determined separately for 

Therrnomechanical 
(Thermal-Mechanical) Unit 

UO (Tuff“X”) 

these materials. Table 8-3 lists the value of the B and a for each unit. 

Table 8-3. Intact Rock Constants for the Rock Mass Strendh Criteria 
Yudhbir Criterion 

B a 
8.10 1 .oo 

TCw 
PTn Tiva Canyon, Yucca Mountain 

Bedded Tuffs, Pah Canyon 
TSwl* 
TSw2* 

2.50 0.64 
4.56 1 .oo 
6.10 1 .oo 

2.00* 0.65* 
2.00* 0.65* 

Hoek & Brown 
Criterion 

125.64 
mi 

18.50 
17.64 
150.97 
8.00* 
8.00* 

*Based on nonqualified data, Lin et al. (1993b). 

Predicted values of rock mass compressive strength for various levels of confining stress 

were then calculated using parameters A, By and a and equation 8-2. 

8.2.2 Hoek and Brown Criterion 

The Hoek and Brown (1988) rock mass strength criterion is shown in equation 8-4: 

01 = e 3  + Jme,03 + SO: 
where m = a constant that depends on the properties of the rock and 

(RMR-IOOR8) m = m,e 

(8-4) 

s = a constant that depends on the extent to which the rock is fractured. 

= e(Rh4R- 100)/9 

The parameter m, is the constant for intact rock determined by curve fitting of the confined 

compressive strength test data. The triaxial test data for NRG-6 at 6.76 m (22.2 fi) were utilized. 

for the TCw unit. The values of mi for TSwl and TSw2 units were derived from Lin et al. 

(1 993 b). Values for mi for PTn and UO (Tuff “X”) were based on UCS and tensile strength data 
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from NRG boreholes, using the identical approach as described for the Yudhbir criterion. The mi 

values used are listed in Table 8-3. 

8.2.3 Design Rock Mass Strengths 

The design rock mass strengths for each rock mass quality class were calculated by 

averaging the strengths determined from both Yudhbir et al. (1983) and Hoek and Brown (1988) 

criteria following the procedure of Hardy and Bauer (1991). 

A power law relationship of the form 

01 = A + Bo; (8-5) 
was employed to describe the nonlinear design rock mass strength. The parameters A, By and C 

were determined by curve fitting the strength envelopes using a least-square method. Table 8-4 

presents the results of the best fit. 

Figures 8-1 to 8-5 present the design rock mass strengths for all five rock quality 

categories for confining stresses of 0 to 3 MPa for each thermomechancial (thermal-mechanical) 

unit, respectively. The power law relationship for PTn was generated by averaging the rock mass 

strength results predicted for the two groups of Tiva Canyon nonwelded/Yucca Mountain tuff 

and bedded tuffs/Pah Canyon tuff. The mean intact compressive strength is plotted on each 

figure to illustrate the magnitude of the reduction that occurs in the rock mass criteria. 

8.2.4 Rock Mass Mohr-Coulomb Strength Parameters and Dilation Angles 

The Mohr-Coulomb strength parameters, including cohesion and angle of internal 

friction, and the dilation angle are commonly used to describe rock mass strength in numerical 

analysis. The strength parameters were developed from the least-square curve fits of strength 

data pairs (o,, 0,) produced using the power law criterion in Section 8.2.3, and are listed in 

Table 8-4. The linear relationship for strength (oJ and confining pressure (0,) in the form of 

equation 8-6: 
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Table 8-4. Power Law Constants* for Rock Mass Strength (MPa) 

Thermomechanical 
(Thermal-Mechanical) Unit 

uo A* 
(Tuff "X") B* 

C* 
TCw A 

I Rock Mass Class I 
1 2 3 4 5 

0.39 0.54 0.62 0.73 0.8 1 
10.12 10.81 11.12 11.44 11.66 
0.76 0.75 0.74 0.74 0.73 
3.37 4.57 7.04 11.60 15.89 

*Equation 8-5 
** Based on nonqualified data assumptions. 

is defined, where 

o, = uniaxial compressive strength and 

N = confinement factor. 

The parameters 0, and N were then used to generate a Mohr-Coulomb failure criterion relating 

the shear (2) and normal stress (0") on the plane of failure to cohesion and angle of internal 

friction: 

t = Co+o"tanQ 

where C, = cohesion and 

co=CTc/JE 
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@ = angle of internal friction 

PTn 

@ = 2 ( tan-qT - 45') 

dilation angle (degrees) 26 27 27 27 27 
cohesion (MPa) 0.3 0.3 0.3 0.4 0.5 

The least-square best fit was performed over the range of confining pressures from 0 to 3 MPa, 

TSwl* 

which is representative of the projected range in minimum principal stresses near the boundary of 

dilation angle (degrees) 20 20 21 21 22 
cohesion (MPa) 0.7 0.9 1 .o 1.3 1.9 

the excavations. Table 8-5 presents the resulting Mohr-Coulomb strength parameters. The 

non-associated flow rule, suggested by Michelis and Brown (1986), which uses a dilation angle 

equal to half the internal fiction angle, was considered suitable for the tuff (Hardy and Bauer, 

199 1) and the resulting values for dilation angles are also listed in Table 8-5. 

Table 8-5. Strength Parameters and Dilation Angles for the Mohr-Coulomb Failure 
Criterion for Rock Mass Classes 1-5 in Each Thermomechanical (Thermal- 
Mechanical) Unit 

Rock Mass Class 

I I friction angle (degrees) I 40 I 41 I 42 I 43 I 44 I 

*Based on nonqualified data reported by Lin et al. (1993b). 

The Mohr-Coulomb failure criteria for RMR,, versus RM%4 are compared in Table 8-6, 

which lists the cohesion term only because coefficient of internal friction and dilation angle are 

not affected. 
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The rock mass cohesion is compared to the value of intact material cohesion determined 

using the NRG test data listed in Table 6-9, Section 6.0. The comparison indicates that the 

difference between RMR,, and RMb4 produces maximum changes in cohesion of 0.7 MPa. 

These differences amount to a maximum difference of 24.1% of the rock mass cohesion; 

however, they are in the range of 2%-3% of the intact cohesion. Given the limited database for 

reducing intact strength to the rock mass scale, the indicated differences in Table 8-6 are judged 

to be well within the experimental uncertainty. Application of the Drift Methodology using 

R M q 9  values is sufficiently accurate for design purposes. 

Table 8-6. Comparison of Range of Rock Mass Cohesion (MPa) Using RMR,, and 
RMR,4 Approaches 

'Based on uniaxial compressive strength (Table 6-1, Section 6.0) and Brazilian tensile strength. 
%C- not calculated 
'Rock mass cohesion based on nonqualified data reported by Lin et al. (1993b). 

8.3 Rock Mass Elastic Modulus 

Serafim and Periera (1983) developed a correlation between the RMb9 and rock mass 

elastic modulus that was recommended for use by Hardy and Bauer (1991) and is shown in 

equation 8-8: 

where E is in GPa. 

8-15 



Since the equation does not incorporate the intact rock elastic modulus, the predicted rock 

UO (Tuff “X”) 
0.14 

mass elastic modulus can exceed the intact rock elastic modulus at high RMR,, values. An upper 

TCw PTn TSwl TSw2 
0.2 1 0.20 0.26 0.2 1 

bound limit of the rock mass modulus was therefore set equal to the intact rock modulus data. 

The calculated rock mass moduli based on averaged m, values presented in Section 7-4 are 

listed in Table 8-7. 

Table 8-7. Estimated Rock Mass Elastic Modulus (GPa) 
I 

Rock Mass Class I I 

8.4 Rock Mass Poisson’s Ratios 

Empirical relationships to estimate Poisson’s ratio fiom rock mass quality are not 

available. The mean values for intact rock Poisson’s ratios fiom the laboratory tests for each 

thermomechanical (thermal-mechanical) unit are listed in Table 6-3 were adopted as the rock 

mass Poisson’s ratios. Table 8-8 lists the results. No adjustments for rock mass class are 

recommended. 
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TECHNICAL PROCEDURE 

Geotechnical Logging of Core by Examination of Core and Video Records 

1.0 Scone 

This procedure applies to Yucca Mountain Project (YMP) Sandia National Laboratories’ 

(SNL) personnel and contractors who are engaged in the generation and analysis of geotechnical 

core logging data for the holes being drilled for engineering characterization of rock mass 

conditions along the path of the Exploratory Studies Facility (ESF). Field rock structural logging 

of the core, excluding sections that are quickly removed and sealed to maintain in situ moisture 

content, is being conducted at the rig site by personnel from the YMP T&MSS Drilling 

Management Group using Procedure WI-DS-00 1 “Field Logging, Handling an Documenting 

Borehole Samples.’’ The resulting log is a quality affecting (QA) record, however, it requires 

extensive checking and relogging. 

The purpose of this procedure is to provide a technically credible methodology to prepare 

QA records of geology and rock structural core logging data for the ESF design. 

2.0 Obiective 

A detailed geologic and rock structural (G&RS) core log will be generated for the ESF 

core holes to provide the basis for rock mass characterization. The G&RS log will include rock 

structural data, lithologic descriptions, and stratigraphic identifications based upon: 

copies of the T&MSS generated (QA) structural data, 

the core stored at the Y M P  Sample Management Facility (SMF), 

copies of video imagery of the core that are developed as QA records by the T&MSS 

personnel at the rig site, and 
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0 lithologic and stratigraphic descriptions of the core generated by SNL or USGS 

geologic personnel. 

3.0 Definitions 

Defined below are terms for specific application to YMP core logging. 

0 

- Core-Continuous cylindrical samples of rock taken by drilling with diamond coring 

equipment. 

Fracture-Any through-going break in the rock core that cuts the core centerline or 

impacts the core for a distance greater than or equal to the core diameter. 

Rubble Zone-Sections of core where rock is fragmented to the point where logging 

individual fractures is not feasible. This applies to zones of broken rock that cannot 

be reassembled and to highly fractured zones where the core breaks into pieces of 

0.20 ft or less upon removal from the core barrel. 

Lost Core-Gaps in the core record where the rock sample has been ground up 

during drilling or where an empty voidcavity exists. 

ROD-Rock Quality Designation: An index used to describe the integrity of the 

core, calculated by summing the length of intact pieces with length greater than or 

equal to 0.33 ft and dividing by an interval length. 

Core Run-An interval in the coring process representing the lowering of a core 

barrel into the hole, drilling, and then removing the core barrel and recovering the 

core at surface. 

Samples-Pieces of core removed for testing of rock characteristics. Tests may be 

either destructive or nondestructive, however, the core is no longer available to be 

logged. 
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4.0 Descrintion of Activities 

Logs of rock characteristics generated for core holes consist of quantitative 

measurements, semi-quantitative measurements, and qualitative descriptions. This procedure 

deals with collection of data being produced within the Y M P  Site Characterization and with 

compilation of the G&RS log to meet QA requirements. The data utilized for the log will 

include: 

lithologic and stratigraphic descriptions of the core (QA records developed under 

SNL Tp-0162) and USGS lithologic logs transferred by TDIF, 

field rock structural and lithologic logging of the core by the T&MSS Drilling 

Management Group (QA records), and 

videotape records of the core by the T&MSS Drilling Management Group (QA 

records). 

Procedure WI-DS-001 provides a methodology for field logging, handling, and 

Two documenting borehole samples and is being implemented by T&MSS personnel. 

constraints impact the field logging: 

0 a requirement to seal samples to prevent moisture loss within 5 minutes of removal 

from the core barrel prevents accurate description of some intervals of the core, and 

the quantity of core being generated may result in partial descriptions at the rig site. 0 

Although the field data is QA and the structural logging being performed is a technically 

acceptable record of rock structural data required for engineering characterization for 

construction planning, the field data requires extensive checking and relogging. This procedure 

is designed to provide a methodology to produce the final QA record by relogging the core using 

the high-resolution Super VHS video imagery (a QA record generated at the rig site) and the core 
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stored at the SMF. The original T&MSS field structural logging data will be used as the basis for 

the relogging. 

5.0 Eauinment Reauirements 

Equipment. required for the relogging using video imagery includes: 

a television monitor. 

Examination of the actual core at the SMF requires: 

. a measuring tape graduated in 0.1 ft, 

a Super VHS video cassette recorder (VCR) and 

a protractor, 

equipment for computer logging. 

a circumferential compass for HQ and PQ core, and 

6.0 Procedures 

All final records generated during the use of this procedure will be made using indelible 

black ink or will be photocopies. Field logging data will be in pencil on photocopies of the 

T&MSS field logs. 

Copies of the T&MSS field rock structural log will be obtained as the basis of generation 

of the QA G&RS log according to the following detailed procedure. Lithologic logs and 

stratigraphic identifications are developed using SNL Technical Procedure 0 162, "Geologic 

Description and Core Logging," or are supplied by USGS via TDIF. 
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6.1 General 

The T&MSS field structural logging will be checked and relogged using both the 

remaining core at the SMF and a copy of the QA video record. In the relogging process, the 

following activities will be performed on a run basis: 

Check the run interval. 

Check the length of the core recovered and calculate the percentage recovery. 

Check the location and length of lost core, rubble, and fractured zones. The fractured 

zone coding may be used to describe intervals where coring-induced fracturing 

results in fracture frequencies greater than or equal to 8 per I?, but where core can 

still be reconstructed. 

@ Check the piece lengths and record the pieces with lengths greater than or equal to 

0.33 ft. 

Calculate the run Rock Quality Designation (RQD). RQD is the summation of piece O 

len,oths greater or equal to 0.33 ft in a mi interval, divided by the run interval length, 

and expressed as a percentage, In this calculation, all fractures are considered except 

those that are handling-induced by removal from the core barrel and are identified as 

such by the T&MSS personnel by marking the core. 

x 100% Piece lengths 2 O.33ji 
Run RQD= Run Iength (ti) 

Check all fractures noted in the SMF log and identify all natural fractures for 

inspection in the core. 

Confirm the log at the sampled intervals using the video imagery. The sampled 

intervals are identified in the log or video as WC (Whole Core removed). The 

sampling instructions generally require whole pieces of core for testing. It will 
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typically be the case that the half of the fracture that allowed selection of the sample 

will remain in the core box. These bounding surfaces will be identified for later 

examination. 

The estimated percent lithophysal and other cavities will be recorded on a per-run 

basis by comparing cavities on the visible face of the core with charts designed for 

estimating the percent composition of rock constituents, as described in Section A.7. 

Direct observations of all natural fractures (remaining after sampling) in the core will also 

be performed. Fracture characteristics that will be recorded include: 

surface planarity, roughness, mineral infilling, infill thickness, healing, and moisture; 

and 

relative orientation of the fracture within SMF-indicated intervals where core can be 

fit together. 

The field structure log may be either completely regenerated or the existing T&MSS log 

may be checked and edited. Upon completion of the relogging process using a computerized 

format, field data files will be combined for each hole and will be identified as revision 0. Any 

succeeding modifications to these files will be noted by an ascending revision number. 

6.2 Structural Logginp Procedure 

Structural relogging will follow procedures outlined below. This procedure is, in general, 

compatible with those outlined in WI-DS-001 and is presented here. The logging procedures 

provided herein include standardized descriptions of core features and minimize the need for 

subjective and interpretive descriptions. 
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6.2.1 u i n g  Format 

Data will be recorded in the format of the logging form shown in Figure 1. Figure 2 

shows short-form instructions which are reproduced on the back of the form. Not all spaces on 

the form will be completed, depending on the nature of the feature being described. The same 

format is used by the “Hard Core” logging progrcam to create a data file suitable for further 

computer processing and plotting. A screen fiom “Hard Core” is shown in Figure 3. Data may 

be recorded by T&MSS personnel directly into a data file using “Hard Core” or may be recorded 

on the logging form. The field structural log may be checked by SNL personnel either by 

checking the data file using “Hard Core,” checking and entering the data from the logging form 

into “Hard Core” or by checking and annotating a copy of the field logging form. 

6.2.2 Structural Logging 

The structural logging procedure is described here. Some of the descriptions recorded by 

the field loggers will be modified during the checking. Because time constraints on the rig site 

often prevent complete description, it is the intent of this procedure to both check the field log 

and complete the description where necessary. 

Each major section of the logging form is discussed below. 

6.2.2.1 Header Information-Header information is completed for each sheet of the log to 

assure association of the information generated with the proper core hole. The categories are 

self-explanatory. In the relogging process, the authors of the field log and the checker are 

identified. The individual performing the SNL relogging to generate the first QA records is 

identified in the “checked by” column. These forms must be completed on each sheet of the log 

data. 
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INS'IXUCTIONS FOR PREPARATION OF STRUCTURAL LOG 
IIKADER INFORMATION 
b e h d s  ID Unqua designation @en to borehole Pagination 
FIMVTO Top and bO(t0m depvls M page  MI c d m s  3.7 
Cole s i l e  Core danxter (bgin new sheet il diameter changes) 

Drilling Suppoct Slall 
Checked By/Dale 

CO1,IIMN INFORMATION mote:  Column nmber in ( )I 
(I) NonorienlaSm Mads 
(2) aladtet I-x 

Depth below rvhwI relalive orientation could nol be carded. 
Enter 'r at top depth and 'X' at bollom depth d lly~s and hlervals 01 loss or removal. or zones d similar slruclural lealures. Never enler T 01 'X' M separate pages. 

Numbers asslgned lo sequential sheets and ldat numben d sheets a1 add hde 
Slgnalure(s) ol gedogisl(s) and dale(s) sheet completed 
Signe~~tedbyDSStaHmemberndduecllyraspwbleformmpleliondf~ 

(1043) Bracket V h e  

(14) Fradun Oiijn 

(27) udsture 

(28) UinenIzabbn 

Enter depth or lealure lo nearest 0.1 h; h a l e  most lraclures at nidpdnl. 
ldenlity d lealures bracketed in cdumn 2 

CR: Core Nn interval 
FL: Fracture lenrJlh (> 0.5 h) 

Each bracket has a numeric value: 
CR: Length d interval lo UK! nearest 
UC 0.1 It 
W C  

UC Unrecovered Inlerval 
RZ: Rubblezone 

VI: Percent lilhophysal cavities 
by linear measurement 

W C  Whole core removed 
FZ: Interval d similar fractures 

W Length thal Ihe fracture impads 
the core (parallel to core ads) 

Fdloving codes h h l e  wigin 01 break 01 fracture: 
N Natural-indcatsd by mharal coaling or evldence d weathering, slickensides, lack d lit between sides. 
I: IndelemJMlwriyn questionable, mlales so ha1 coatings possibly removed. 

V: Vug or large vdd. 
RekUon d feature IO olentalim stripes we between plane normal l o  core axis and pkns d Iradure, axis assumed vertical except In dwlaled hde. 
Sllbjeclive evaluation d resislance lo breahge: 

1: Extremely hard 2 Veryhard 3: Hard 
6: Soft 7: Verysdl 8: Sdl4ike, cohesive 

S&jeclive evaluation d rock degradation by mechanlcaVrhenjca1 agents: 

Fracture lrequency Will nol be logged stKs P will be calculated in the flnal SlNdUial and liuldoglc log. 

Denribas Ihe overatl shape d the lealure: 

Describes the local reliel d the sudace: 

F Fresh S: SSghUy weathered M: Moderately weathered 

DewiVm c! CGe Iu.9 w i  d3m.pk7 d l?k%-.%Jd Iaaluws 2C;o;Eiy IO alek WJjIes 

P: Planar C CUNed 

k Very rough-stepped, near-ncimal steps and rldges occur. 
M: Moderately rough-esperilies clearly visible, sudace has abrasive leet. 
P: PdishedJiiendded, extremely smoolh and shlny. 

C Clean, M filing 
V: Very Mck (0.4 - 1.0 hches) 

Desclibes the degree lo HNch fractures have been camenled by mineralinlilling: 
1: Tdal-Completely healed (Y cemented alleasl as hard as the rock matrix. 
P: Panial-Less lhan 50% healed or camenled. 

D: Fracture is Ugh1 or densely lined 

Describes Ihe Wduwss d mineral Wings  on Ihe lradure sudace: 
S: Very thh, sudace sheen 
E: Earemeh hi& greater lhan 1.0 Inches 

T: Thin (up to 0.1 inches) 

Used vdh CR bracket lo describe Misture h a r e  Nn hterval or used lodesnibe h a d u a l  Iraclure: 
P: Dry but waler llow appears F: Dry but evidence 01 prwlous nw, 

and com dry. possible. 
Describes Ihe hfiUing cn lraclure sudaces: 

C Clean W C  While. cmlal i ie WN: White. nonwstalime 

S: Stepped 

FZ: Number d lraclwss hthe hlerval 
excludrg the starting and endng 
fractures. 

Rz: Avernga madmrm damelsr d 
mbbb pleas ton cares^ 0.01 It 

C Coring hduceb-lresh, dean, SghUy lirjng breaks. 
H: Handling lnduced-dem*plbn no1 nemsraly. 
P: Fdialion plane due lo gravity IIaHenlng upon deposition. 

4 Moderately hard 
9: Sdl.liie, i ~ ~ c o h e ~ i v ~  

I: Intensely weathered 

5: Moderalctysdt 

D: Demposed 

I: Irregular 

tl Rwgh-brge angular asperities can bs wen. 
S: S m o o l h o  asperities, Mloolh to be 10udL 

M: Moderalelythlck(0.14.4 hehes) 

M: Moderate-More lhan 54% healed or cemented arid Ihe cunenthg mineral 
Is less hard than the whde r& 

S: Fracture liUby 01 core damp but W: Fracture shove evidente d IIM 
waterorcore sabraled M free waler. 

B C  Black crystalks - . -  
TC: Tan cryslalline BD: Black dendrik TD: ~rowidendrit ic. 

R s m d l ~  d core 0.33 It and lwer (lo nearest 0.01 h) between natural a d u  lndelardnata breaks, in same w a s  bollom break Length measuredbshveen rPldpdnis dlradure.  
G a n d o h w ~ i l i o n ~  of ndes d s p e d  OcQllrmes. 

Figure 2. Instructions for Preparation of Structural Log Coding Form 
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6.2.2.2 Column Information-The structural logging data is discussed using a column format. 

Non-Oriented Marks (Column 1): An erg" is placed in Column 1 to indicate points at 

which the relative orientation of the core can no longer be continued due to rubble 

that prevents reconstruction of the core, lost core, or fracture surfaces that cannot be 

fit together. 

0 Bracket (Column 2): Brackets identify intervals in the core record with a common 

feature (Le., core run interval, lost core zone, rubble zone, sample zone, etc.). A 

forward slash (“P’) is entered at the beginning depth and “X” is entered at the bottom 

depth. Bracket codes are described in Columns 8-9. 

DeDth (Columns 3-7): The downhole depth is entered to the nearest 0.1 ft. Fracture 

locations are measured to the vertical midpoint at the center of the core. 

Bracket Code (Columns 8-9): Intervals to be identified using a depth bracket and the 

0 

0 

alphanumeric descriptors are listed below. 

CR - Core Run interval. 
UC -Unrecovered Core or lost core zone. Note that lost core is always placed 

at the bottom of the core run to allow depth adjustment if part of the “lost 
core” is recovered in the next core nm. 

WC - Whole Core removed as a sample. 
VI 
FL 

- Void Interval (lithophysal and other cavities zone). 
-Fracture Length, used to note the length over which a fracture parallel to 

the core axis impacts the core. Note only if FL > 0.5 ft. 
RZ -Rubble Zone, sections of core where rock is fragmented to the point 

where logging individual fractures is not feasible. This applies to zones 
of broken rock that cannot be reassembled and to highly fractured zones 
where the core breaks into pieces of 0.20 ft or less upon removal from 
core barrel. 

FZ -Fracture Zone, an interval of similar fractures at relatively high density 
(8 per ft). 
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0 Bracket Value (Columns 10-13): Each bracket interval has an associated numerical 

value as listed below. 

CR - Run RQD as an integer number, right-justified in Columns 1 1 through 13. 
UC -, Length of the interval to the nearest 0.01 ft. 
WC .- Length of the interval to the nearest 0.01 ft. 
VI - Estimated percentage lithophysal cavities as an integer number, 

FL - Length that the fracture impacts the core (parallel to core axis). 
FZ -Number of fractures in the interval, excluding the starting and ending 

Rz - Estimated average diameter of rubble pieces to the nearest 0.01 ft. 

right-justified in Columns 1 1 through 13. 

fractures, as an integer number, right-justified in Columns 1 1 through 13. 

Fracture Origin or Tvpe (Column 14): Alphanumeric codes are used to identify the 

type of fracture according to four categories: 

N 

C 

I 

H 

V 
P 

-Natural fractures are indicated by mineral coatings, evidence of 
weathering, slickensides, lack of rematcwfit between sides or by surfaces 
that form an ellipse in the core. 

- Coring-induced fractures are generally normal to the axis of the core or 
may indicate some torquing of the core. They are typically clean, fiesh, 
and fit tightly back together. 

- Indeterminate fractures cannot clearly be identified as “N“ or “C.” This 
includes fiacture surfaces that have been shaped by drilling rotation. 

- Handling-induced fractures are formed in the core by removal from the 
core barrel or placement in the core box. These fractures are witnessed 
and, according to YLP-SII.2Q-SMFY are marked by the site personnel with 
lines parallel to the fracture on both sides of the core. “Hy fractures are 
typically not recorded in the log unless there is a specific reason. 

- Vug or large void. 
- Foliation plane due to gravity flattening upon deposition. 

0 Orientation (Column 15-17): Dip direction of ‘W’ or “I” type fractures or “P” 

foliation planes with respect to the up-down orientation lines (red and blue inked 

lines) on .the core. This orientation is reported as the down-dip azimuth measured 
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clockwise from the midpoint between the red and blue lines (to the nearest loo), as 

shown in Figure 4. 

0 a' 

Figure 4. Illustration of Dip Direction Orientation Conventions Utilized in Structural 
Logging 

@ Dip (Columns 18-1 9): In the log, the dip angle is defined as the angle between the 

plane normal to the core axis and the fracture plane. 

0 Rock Hardness (Column 20): Subjectively evaluated using the criteria and numeric 

codes presented below. YMP procedures do not allow scratching or breaking of the 

core as suggested by the criteria, hence the criteria can only be subjectively assessed 

using the numerical criteria. 

1 - Extremely hard: Cannot be scratched, chipped only with repeated heavy 
hammer blows. 

2 - Very hard: Cannot be scratched, broken only with repeated heavy hammer 
blows. 

3 - Hard: Scratched with heavy pressure, breaks with heavy hammer blow. 
4 - Moderately hard: Scratched with light-moderate pressure, breaks with 

5 - Moderately soft: Grooved (1 6th inch) with moderate heavy pressure, breaks 
moderate hammer blow. 

with light hammer blow. 
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6 - Soft: Grooved easily with light pressure, scratched with fingernail, breaks 

7 -Very soft: Readily gouged with fingernail, breaks with light manual 

8 - Soil-like, cohesive. 
9 - Soil-like, non-cohesive. 

with light-moderate manual pressure. 

pressure. 

-: Describes the character of rock weathering and is 

described using the alphanumeric codes described as follows: 

F - Fresh: Rock and fractures not oxidized or discolored, no separation of 

S - Slightly weathered: Oxidized or discolored fractures and nearby rock, some 

M - Moderately weathered: Fractures and most of rock oxidized or discolored, 

grains, change of texture or solutioning. 

dull feldspars, no separation of grains, minor leaching. 

partial separation of grains, crystals rusty or cloudy, moderate leaching of 
soluble minerals. 

extensive clay alteration, leaching complete, grain separation extensive, rock 
is friable. 

I - Intensely weathered: Fractures and rock totally oxidized or discolored, 

D - Decomposed: Grain separation and clay alteration complete. 

0 This will not be utilized since the graphics 

program that creates the G&RS log will calculate it. 

Piece Length (Column 23): Core pieces whose length is greater than or equal to 0.33 

ft is recorded on the line associated with the bottom breakkiacture. All fractures 

(type N, I, and C) in the core are considered to interrupt the piece length, except 

handling-induced fractures (H) that are clearly identified by black ink marks on both 

sides of the fracture. Piece length is measured from the midpoints of fractures. 

Fractures parallel to the core axis (dip = 90°) are interpreted to have broken the core 

along the length of the fracture and therefore cannot have a piece len,oth. 

A-15 



TP-233 
Revision 0 

Page 16 of 25 

Fracture Characteristics (Columns 24-29): Consists of planarity, roughness, filling, 

healing, moisture, and mineral infilling. Each of these characteristics is discussed 

below. 

Planarity (Column 24): Describes the overall shape of the feature and is subdivided 

into the four descriptions illustrated in Figure 5 which are: 

P - Planar 

S - Stepped 

PLANAR s 
C - Curved 

I - Irregular 

CURVE0 
CI 

Figure 5. Illustration of Planarity Classifications 

0 Rouyhness (Column 35): Describes the local relief of the surface and is subdivided 

into the six descriptions listed below and are illustrated in Figure 6. 

V - Very Rough: Stepped, near-normal steps, and ridges occur. 
R - Rough: Large angular asperities can be seen. 
&I - Moderately Rough: Asperities clearly visible, surface has an abrasive feel 

S - Smooth: No asperities, smooth to the touch. 
P - Polished: Slickensides, extremely smooth and shiny. 

to slightly rough; small asperities are visible and can be felt. 
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wny rough 
I 

smooth 
II - 

pollshod, sllckerulded 
UI c A 

pollshed, sllckrnslded 

modemtdy rough 
VI1 

smooth vln 

palhhd, s1lckrruld.d 
H 

PLANAR 

Figure 6. Illustration of Roughness Profiles and Nomenclature 

Infill Thickness (Column 26): Describes the thickness of mineral Millings on the 

fracture surface. Codes used in the description are listed below: 

C - clean, no filling; 
S - very thin, surface sheen; 
T - thin (up to 0.1 inch); 
M - moderately thick (0.1-0.4 inch); 
V - very thick (0.4-1.0 inch); and 
E - extremely thick (greater than 1.0 inch). 
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0 Healing (Column 27): Describes the degree to which fractures have been healed or 

recemented by mineral infilling and is subdivided into three categories: 

T - total, completely healed or cemented, at least as hard as the rock matrix. 
M - moderate, more than 50% healed or cemented and the cementing material is 

P - partial, less than 50% healed or cemented. 
less hard than the whole rock. 

If the fracture is totally separated, not healed or cemented, this descriptor is not 

0 

entered in the log. 

Moisture (Column 28): Used with core run (CR) bracket either to describe moisture 

in a core run interval or used to describe individual fractures. The moisture column 

describes any indication of moisture presence or potential of water flow and is 

subdivided into five categories: 

D - fracture is tight or densely filled and core dry, 
P - dry, but water flow appears possible, 
F - dry, but evidence of previous flow, 
S - fracture filling or core damp, but no free water, and 
W - fracture shows evidence of free water or core saturated. 

0 Mineralization (Column 29): Describes infilling on fkacture surfaces. Generic 

descriptors may be used or specific mineral idill codes: 

BC 
BD 
RD 
TC 
SI 
MN 
CA 

C or blank - clean; 
wc 
WN 

- white or clear, crystalline, includes calcite, zeolites or quartz; 
- white or clear, non-crystalline, includes opal and minerals too fine 

- black crystalline, includes specular hematite; 
- black dendritic, includes manganese oxides; 
- red-brown stains or rounded dendrites, includes iron oxides; 
- tan crystalline; 
- silica; 
- manganese; 
- calcite; 

grained to identify; 
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CL 
TN 

- clay; and 
- tan, non-crystalline. 

New Ail1 codes may be added as required. 

-: Remarks and notes about general observations or special 

occu&ences are recorded at the extreme right of the form. 

Run ROD: Run RQD is calculated using Equation A-I. The calculation should be 

entered in the remarks column at the base of the run in the record sheet, and the 

percent RQD for each row is entered as the bracket value in Columns 11-13. 

6.3 Lithologic Lo2ginq 

The lithologic and stratigraphic descriptions will be developed separately using SNL, 

Technical Procedure 0162, “Geologic Description and Core Logging,” or will be supplied by 

USGS via TDIF. 

6.4 Data Processing and Presentation 

The field structural and lithologic logs will be digitized for development of a unified 

graphical presentation of the data called the Geology and Rock Structural (G&RS) log. An 

example of the final log product is shown in Figures 7% 7b, and 7c, which includes: 

the log cover sheet containing the hole number, location, elevation, core size, and 

personnel involved in development of the various parts of the data; 

the legend explaining the alphanumeric characters presented in the log; and 

the graphical representation of the collected data. 

The graphical log contains the data that are pertinent to engineering characterization of 

design of the ESF. Some of the data collected are not contained in the graphical log, but are 

available in the digital record for further analysis as required. 
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EXPLANATION 
GEOLOGY AND ROCK STRUCTURE 

[-INON WELDED ~ Y ~ Y ~ Y ~ Y ~ Y ~ w H L D B D  m v V--V BEDDED TUFF  ASH-FLOW TUFF 
FRACTURE TYPE 

' Natural fractures arc indicated by miirerid coaliiigs, cvitleiice of weathering, slickensides, lack of ren~tclJfit between sides or by surfaces that form an ellipse in h e  core. 
Curing-induced fractures are generally nomial to the axis ofllie core or indicate sonie torquing of the core. "hey are typically clean, fresh and fit tightly back togeler. 
liidetcniiiiiate tiactures are those not clearly described as "N" or "C." This includes fracture surfuces t l n t  have been shaped by drilling rotation. 
Ilwdling-induced fractures are foniied in tlie core by removal fioin llie core barrel or placement in llie core box. These fractures arc witnessed and, according to 
BTP-SMF-008, arc niarkcd by the SMF personnel by lines parallel to the fracture on both sides of the core. "H" fractures are typically not recorded in h e  log unless fiere L 
specific reason. 
Vug or large void. 
Foliation plane due to gravity flattening upon deposition. 

I.0.W CORE AND l ~ ~ l l l l ~ l ~ E  IIARDNESS (Subjective estimate, YMP procedures do not allow core to be broken or scratched etc.) 
I Extrcniely Ilard-Cannot be scratched, chipped only with repeated heavy hammer blows. 
2 Very Hard-Cannot be scratched, broken only with repeated heavy hammer blows, 
3 [lard-Scratched with heavy pressure, breaks with heavy hammer blow. 
4 Moderately Ilard-Scratched with light-moderate pressure, breaks witti moderate hammer blow. 
5 Moderately Soft-Grooved (16th in.) with moderate heavy pressure, breaks with light hammer blow. 
6 SoR-Grooved easily with light pressure, scratched with fingernail, breaks with light-moderate manual pressure. 
7 Very SOH-Readily gouged with fingernail, breaks with light manual pressure. 

D<I LOST CORE 
1*20 x I ~ ~ ~ ~ ~ ~ ~ ~ ~ ~  
(with average niaxiiiiuiii iliiiiiieter of 
rulible pieces to nearest 0.01 ft; 
NM = not nieasiued) 

WEATIIF.RINC: 
F Fresli-Rock and fractures not oxidized or discolored, iio separation of grains, change of texture or solulioning. 
s Slightly Wehtlmed--Oxidked or discolored fractures and nearby rock, sonic dull feldspars, no separation of grains, ininor leaching. 
h l  Moderutely Weatltered-l:ractitres and inosl of rock oxidized or discolored, partial separation of grains, crystals rusty or cloudy, moderate leaching of soluble minerals. 
I Intensely Weathered-Fractures and rock totally oxidized or discolored, extensive clay alteration, leaching complete, grain separation extensive, rock is friable. 
D Deconiposed-Grain separation and clay alteration complete. 

LANARITY ROllCIlNESS INFILIJNC THICKNESS AND MINERALIZATION 
I'latiur V Very roiigli, stepped, iieur-iioriiiul steps and ridges occur. C Clean, no filling. C Clean CA Calcite 
Curved It Kuegli, large angular usperities cun be seen. S Very thin, siirface sheen WC White, crystalline SI Silica 
Stepped 
IfWPlar 

M Moderately roiigli, asperities clearly visible, surfuce has an abrasive T lliin (up to 0. I inches) WN White, non-crystalline MN Manganese 
feel; to sliglltly rough, sniall asperities are visible and can be fell. M Moderately thick (0. I - 0.4 inches) TD Rrown dendritic CL clay 

V Very thick (0.4 - 1 .O inches) TC Tan crystalline BC Black crystallint S Sniooth, no asperities, ~iiiootli to the ~OUCII.  
I' Polished, slickensidad, extremely smooth and sliiny. E Extremely thick, greater than 1.0 TN Tan, non-crystalline BD Black dendritic 

inches) 

UE25 NRG-5, itevision 1 Date: 8/12/94 

Figure 7b. Legend Explaining Alphanumeric Abbreviations Used in Geology and Rock Structure Log 
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Processing of the structural log data from the field data includes various steps to ensure 

accuracy of the record and consistency of the data: 

The field log data is entered into the computer. 

The computerized data is checked against the field log. 

Run RQDs are calculated and entered into the CR brackets. 

The percent .lithophysal and other cavities are estimated and checked, then entered 

into the log qs VI brackets. 

Data entered using “Hard Core” and checked by SNL personnel can proceed directly 

to the next step. 

Checking programs are run on the data to detect logging errors and ensure 

consistency with the plotting program. These include comparisons of recorded piece 

lengths, closure of bracket codes, recording of individual features with incompatible 

bracket codes, and calculation of run RQDs, fracture frequency, 10-ft RQD, and 

estimated percent lithophysals. 

7.0 

7.1 

Procedure for Determininu Percentape of LithoDhvsal Cavities in Drill Core 

Method 

The percent volume of core occupied by open lithophysal cavities or other voids is 

estimated with the aid of charts. The charts are held side-by-side with either photographs or 

video of the core or the core itself and the estimated value recorded. The values are then spot 

checked by graphically quantifying the percent area occupied by the lithophysal cavities in regard 

to the total area of the core segment in question. 
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7.2 Procedure 

View the entire core run in question. Concentrate on the sections of intact core and 

disregard rubble. Hold the charts side-by-side with the video and the core, and find the best 

match between the charts and the area occupied by cavities on the core. The chart used for this 

purpose is “Charts for estimating proportions of mottles and coarse fkagments,” MzinseZZ Soil 

Color Charts (Kollmorgn Instruments Corporation, 1992). 

Where the percent lithophysae lie between the range covered by the charts, estimate the 

value (for instance, where a core run shows a greater percentage than the 10% chart, but less then 

the 15% chart). 

Use the entire core run to estimate the value, if possible, but do not take into 

consideration any voids associated with fractures or zones of rubble. View the core run on the 

video, one-screen width at a time, and estimate the percentage, advancing through the entire core 

run in this manner. Then examine the core, if available, to confirm the estimates. Next, 

subjectively estimate the average percent lithophsae value for the entire core run and record this 

value. 

Estimates will be done on each core run and will be entered into the log as a bracketed 

void interval with the following bracket values. 

For runs with a measurable percentage of lithophysal voids greater than or equal to 

1%, the percentage will be entered as the bracket value. 

For runs with no observable lithophysal cavities or lithophysal-related vapor- phase 

alteration, “0” shall be entered. 

For runs with observable lithophysal cavities, but composed of excessively broken or 

rubblized core, or for runs with no recovery or broken beyond recognition, no void 
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interval entry will be made. These intervals will be denoted by “Not Measured” on 

the final log. 

For core with vapor-phase alteration, but very small or no cavities, enter “-1” to 

denote 4%. This designation may be applied to zones of rubble if enough intact 

rock exists to identify the alteration. 

7.3 Checking Procedure 

About 5% of the core runs will need to be checked by a quantitative graphical method 

using either core photographs or video as follows. 

First, the structural log will be compared to either the USGS or SNL lithologic log 

and examined for any inconsistencies in zones identified as lithophysal or 

nonlithophysal. 

Next, select a core run at random and locate several segments of core from the 

videotape or photographs that .appear to have representative lithophysal content for 

that m. Overlay the video screen or photograph with transparent graph paper. 

Outline both the core segment and the lithophysal cavities. Add up the total nodes 

(graph line intersections) contained within the area of the core segment. Then 

determine the number of nodes contained within the lithophysae outlines. 

The percent of area occupied by the lithophysal cavities can then be calculated by 

dividing the nodes contained within the lithophysal outlines by the total nodes contained within 

the core segment. This percentage is then compared to the estimated percentage and any 

significant deviations are noted. 
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APPENDIX B 

DEVELOPMENT OF ROCK MASS QUALITY ESTIMATES FROM CORE DATA 

B.l Jntroduction 

This appendix presents a brief explanation of the methodology used to develop rock mass 

quality estimates from core data generated for the North Ramp Geotechnical drilling program. 

Rock mass quality estimates are being generated fiom the core data to provide a basis for 

empirical design of the North Ramp excavations and to begin the process of establishing a 

database to support the design of the potential repository excavations. The collection of rock 

structural core logging data from the NRG holes was designed to support implementation of the 

Drift Design Methodology proposed by Hardy and Bauer (1 991). In that methodology, rock mass 

classification data provides the basis for both empirical design of drifts and estimation of rock 

mass mechanical properties required for thennomechanical (thermal-mechanical) analysis of the 

effects of waste emplacement. 

The approach to rock mass quality estimation presented here has been applied to holes 

NRG-1, -2, -2A, -3, -4, -5, -6, and -7/7A, and used to develop estimates of rock mass mechanical 

properties to support thermal and seismic analysis of the North Ramp by Sandia National 

Laboratories. 

Section B-2 of this report discusses the detailed rock structural core logging that is 

performed to provide the base data used for the estimates. Section B-3 presents the methodology 

used to calculates estimates of Q (Barton et al., 1974) and RMR (Bieniawski, 1979). 
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B.2 Data Used in Rock Mass Oualitv Estimation 

This section of the report describes the process of detailed rock structural logging of the 

NRG core and the summarization of the data into even 3-m (1 0-ft) intervals. In addition to the 

core data, rock mechanics testing data and Schmidt Hammer logs are used to develop strength 

indices. 

B.2.1 Detailed Rock Structural Logging Data 

Aspects of the rock structural logging that are used in the estimation of rock mass quality 

are discussed here. Detailed instructions have been developed to control the logging of rock 

structural features in the NRG core holes and are presented in Appendix A of this report. The 

logging is used to produce a computer generated graphical presentation of the information 

(Geologic and Rock Structural Log), an example of which is shown in Figure B-1. Structural 

features are labeled according to whether they are judged to be: 

* Natural fractures/joints (type N); 

0 

0 

Uncertain in origin, could be natural joints or drilling breaks (type I); 

Drilling-induced breaks (type C); or 

Vugs, natural cavities, large lithophysal voids (type V). 

In addition, for each feature the depth, inclination, surface roughness, infill thickness and 

mineral infill type are recorded. To facilitate the recording of this information, data is recorded 

0 

according to a structured descriptive code to insure consistency from hole to hole and between 

individuals logging the core. An explanation of the descriptive codes is presented in 

Appendix A. 
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The RQD is an index parameter, first introduced by Deere (1 963) used in both rock mass 

quality systems. RQD is determined by the following calculation. 

x 100 Piece lenglh L 4.0 inches 
Interval length RQD(%) = 

In the Geologic and Rock Structure Log, a parameter called Core RQD is calculated based on 

piece lengths as seen by the core logger without concern for the origin of the breaks or structural 

features. Hence, piece length could be bounded by one or other features listed previously (Types 

N, I, C and V). This approach was adopted to be conservative. The welded tuff rocks contain a 

foliation similar to bedding. Procedural discussions of RQD determination (Kirkaldie, 1988, and 

Brown, 1978) suggest that uncertainty in identification of coring breaks under these 

circumstances is justification of such a conservative approach. 

Another RQD parameter, called enhanced RQD, is also calculated where the effects of 

fractures that are identified as coring-induced breaks are filtered out of the piece lengths. The 

enhanced RQD is always greater in value than Core RQD. 

B.2.2 Rock Structural Summary Log 

The Rock Structural Summary Log form the basis for calculation of the Q and RMR 

estimates for each 3-m (1042) interval. Detailed data in the Geology and Rock Structure 

Summary Log is summarized on the 3-m (10-ft) intervals and presented graphically in the 

summary log as shown in Figure B-2. Data used in the rock mass quality calculation consists of 

Core RQD, fracture spacing, and the fracture characteristics which include surface roughness, 

planarity, infill type and infill thickness. 
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B.2.3 Rock Strength Testing and Schmidt Hammer Logs 

Rock mechanics testing was conducted on core samples from the NRG boreholes where 

possible. However, the generally broken condition of the core made it difficult to collect samples 

on a systematic basis. Schmidt Hammer rebound hardness logs were therefore generated to 

supplement the laboratory testing. Figure B-3 is an example of the Schmidt Hammer Log of 

rebound hardness. 

B.3 Calculation of Rock Mass Oualie 

The methodology used to calculate Q and RMR is presented in this section. Not all of the 

parameters used in the rock mass quality calculations are available from the core logs. These 

parameters are estimated from observations of surface outcrop and Monte Carlo techniques. 

The density of drilling along the North Ramp is too low for local estimation of rock mass 

conditions, and therefore the purpose of the Monte Carlo simulation of parameters is to attempt 

to develop overall distributions of the variability of rock mass quality within strata or 

thermomechanical (thermal-mechanical) units. The rock mass quality estimates are expected to 

reflect the global variability to be encountered by the North Ramp, not local conditions 

associated with the position of the NRG boreholes. Since the North Ramp cuts each 

thermomechanical (thermal-mechanical) unit at a shallow grade, the distribution of the rock mass 

quality predicted for each thermomechanical (thermal-mechanical) unit should indicate the range 

of conditions to be encountered, and the proportional lengths of the ramp requiring various types 

of ground support. 



SCHMIDT IIAMMEH TESCS 1 

Initial Calibration 66.5 66.5 67.0 67.5 69.5 70.0 70.5 71.0 72.0 73.5 
FinalCalibradon 65.0 68.0 68.0 68.0 68.5 68.5 68.5 70.5 70.5 72.0 

Avcrnge Cnlibrntion R c n d i n g : m  Concclion R c l o r : M  Test Date: 8/24/93 
SMF StnW R. Henron Anvil Stondnrd Volue:74.0 

u l n d i c a r e s  ourlying valres excluded in colculaling IheJinol Sclunidl Ilardness Vaktc. 

Figure B-3. Example of Schmidt Rebound Hardness Log 



The rock mass quality estimates produced by this methodology are representative of the 

range of general rock qualities and not representative of the conditions through and near faults. 

Surface mapping has identified 10 fault zones that may be intersected along the North Ramp 

alignment. 

B.3.1 Calculation of Rock Mass Ouality Q 

The Index Q, as is defined by Barton et al. (1974), is based on six parameters as follows. 

The first two parameters RQD/Jn describe the block size, the second two Jr and Ja describe 

surface characteristics of the fractures, and the last two describe the stress (SRF) and hydrologic 

conditions (Jw), respectively. 

where Q is a dimensionless rock mass quality ranging from 0.001 to 1000 

RQD = Rock Quality Designation (%) 

Jn = Joint Set Number 

Jr = Joint Roughness Number 

Ja = Joint Alteration Number 

SRF = Stress Reduction Factor 

Jw = Joint Water Factor. 

In this approach, the parameters RQD, Jr and Ja are determined for each 3-m (10 fi) 

interval in the Rock Structure Summary Log. The parameters Jn and SRF are evaluated using 

Monte Carlo simulation based on surface mapping and mapping of the North Ramp Starter 

Tunnel by the US Bureau of Reclamation. The tables proposed by Barton et al. (1974) to select 

the value of the parameters are presented in this appendix. The determination of each parameter 

is described in the following sections. 
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B.3.1.1 ROD: 

The Core RQD listed for the 3-m (104) interval in the Rock Structure Summary Log is 

used directly. If the Core RQD is less than lo%, it is set equal to 10% as per Barton et al. (1974). 

B.3.1.2 Jn: 

The range of the Joint Set Number was derived from stereonets of fractures mapped in 

outcrop and underground excavations at the North Ramp Starter Tunnel by the US Bureau of 

Reclamation. The stereonets were judged to indicate two predominant sets of joints with steep 

dips. Periodically, a third set with near-horizontal inclination was observed to occur. The joint 

set number was therefore assumed to be uniformly distributed between two joint sets (Jn = 4) and 

three joint sets (Jn = 9). Monte Carlo simulation was then performed using this distribution for 

each interval. 

B.3.1.3 Jr: 

The Joint Roughness parameter is defined by relating the planarity and roughness 

descriptors in the log to the numerical values defined in Barton et al. (1974). Here, we have 

combined a roughness parameter, Jrl, with planarity, Jr2, to get Jr, where Jr = Jrl + Jr2. The 

logic is defined below: 

where Jrl = 2 for roughness 

and 

Jrl = 1 for roughness 
Jrl = 0.5 forroughness 
Jr2 = 1 forplanaritycode 
Jr2 = 0 forplanaritycode 

S 
P 
1, s 
p7 c 

The descriptor codes are presented in Appendix A. 

very rough, rough, 
moderately rough 
smooth 

irregular, stepped 
planar or curved 

planar 

The total Jr for the interval is the 

average of the Jr numbers for all the fiactures in the interval. 
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B.3.1.4 Ja: 

The joint alteration parameter combines two joint core descriptors fiom the geology and 

rock structure log, the infill thickness and infill type. The joint alteration parameter, as presented 

by Barton et al. (1974), is calculated based on three categories: rock wall contact, rock wall 

contact before 10 cm of shear movement, and no rock wall contact when sheared. The infill 

thickness in the rock structure summary log is used as an indicator of these categories. Infill type 

is subdivided on the basis of clay infill and nonclay infill. The procedure used to set the Ja is: 

if infill thickness = C, S, or T 

if infill thickness = M 

if infill thickness = V or E 

if rock wall contact and no clay infill 

if rock wall contact with clay infill 

if rock wall contact 4 0  cm w/o clay 

if rock wall contact 4 0  cm w/clay 

if no rock wall contact w/o clay 

if no rock wall contact w/clay 

then rock wall contact assumed 

then rock wall contact before 10 cm 

then no rock wall contact 

Ja=  1 

J a = 3  

Ja= 6 

Ja= 8 

Ja= 8 

Ja =10 

A Ja is calculated for each fracture and the average Ja determined for the entire interval. The 

averaging is performed because the infills are not associated with fracture inclination, therefore 

there is no way to identify the fracture most likely to be unstable. In general, fractures observed 

in the core are clean or have minor nonclay infills. 



B.3.1.5 Jw: 

The North Ramp is to be excavated above the water table in the unsaturated zone. Jw 

was therefore set equal to 1 .O, representative of dry conditions. 

B.3.1.6 m: 
The parameter SRF is a measure of: (1) loosening load if the excavation is developed 

through shear zones or clay bearing rock, (2) magnitude of rock stress to rock strength if the 

excavation is developed through competent rock, or (3) squeezing or swelling load if the 

excavation is developed through plastic incompetent rock. For most of the North Ramp (with the 

exception of the nonlithified tu€f section in the Ranier Mesa), cases (1) and (2) apply. 

Stress Reduction Factor in the welded units was determined by Monte Carlo simulation 

for each 3-m (IO-ft) interval on the basis of conditions observed in the North Ramp Starter 

Tunnel. The distribution of SRF was derived from the preliminary copy of the U.S. Bureau of 

Reclamation’s Full Perimeter Geology Map of the Top Cut of the tunnel. This map was 

subdivided into unit areas of 3-m (10-ft) length along the tunnel axis. For each 3-m (10-fi) of 

tunnel length, 4 unit areas were examined consisting of each wall and 2 sections of roof from the 

tunnel centerline to each of the right and left spring line. The map was judged to contain unit 

areas with three types of conditions; unit areas that contained sheared zones of some thickness, 

unit areas that contained the notation of “intensely fractured,” and unit areas where joints were 

indicated but the relative density is judged to be consistent with competent rock conditions. The 

distribution of these unit area types in the map was the basis of the statistical distribution used to 

Monte Carlo the SW parameter and consisted of: 

Unit areas with shears: 9 out of 40 = 22.5 % frequency 
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Unit areas “intensely fractured:” 

Unit areas with jointing: 

8 out of 40 = 20% 

23 out of 40 = 57.5% 

For Unit areas wlshears use “multiple shear zones any depth” SRF = 7.5 

For Unit areas whntense fracturing use “single shear zone” SRF = 5.0 

For Unit areas with typical jointing use SRF = 1 .O 

The magnitude of rock strength to vertical stress was used to estimate SRF in the 

nonwelded units because of the indicated low fracture density. The strength was estimated for 

each 3-m (1 0 3 )  interval by Monte Carlo simulation using the existing rock mechanics laboratory 

testing data. For the UO (Tuff Unit “X”) unit, strength:stress ratio were such that SFR = 1 .O 

because of the shallow depth of the North Ramp (30 m) where it penetrates the Tuff “X” below 

Daylight Valley. Values of SRF in the PTn were calculated using the maximum depth that the 

unit was penetrated by the North Ramp (135 m), with the average dry bulk density for the TCw 

(2.14 g/cc) used to estimate the vertical stress at that depth. 

SRF was then set using the ratio of rock strength to vertical stress with the following 

values according to the table presented by Barton et al. (1974): 

+ low stress, near surface 
+ medium stress 
+ high stress 

mild rock burst 
heavy rock burst 

oJo, >200 
oJo, = 200-10 
oJo, = 10-5 
GJO, = 5-2.5 
oJo, = a . 5  

SRF = 2.5 
sRF= 1.0 
SRF = 0.5-2 
SRF = 5-10 
SRF = 10-20 

Values of SRF were linearly interpolated based on the strength:vertical stress ratio, with the 

exception that values of oJo, a.5 were assigned SRF = 15.0. 
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B.3.2 Calculation of RMR 

The calculation of RMR is defined by Bieniawski (1979) to consist of five parameters 

that consider the strength of the rock, the RQD, the joint spacing, the condition of the joint 

surfaces and the hydrologic regime. The calculation is shown in Equation B-3. 

RMR = C+IRQ,+JS+JC+Jw (B-3) 

where RMR is a dimensionless number from 0 to 100; 

C = the strength parameter; 

IRQD = the RQD parameter; 

JS = the joint spacing parcuneter; 

JC = the joint surface condition parameter; 

Jw = the joint water parameter. 

The table used to determine the value of the index parameters is presented in Appendix D. The 

individual parameter values are calculated using the following procedures: 

B.3.2.1 C: 

The strength parameter was generated using both the laboratory rock mechanics test data 

from the NRG holes and the Schmidt Rebound Hardness data. A comparison of the compressive 

strength predicted by Schmidt Rebound Hardness and the rock mechanics test data indicated that 

the Schmidt Rebound Hardness correlation with strength would provide a more conservative 

value of C for the TCw and the TSw2 units. The comparison indicated that the rock strength 

testing data would be the more conservative value for the PTn and TSwl units. For each 3-m 

(1 0-ft) interval, the data base was searched for a direct measurement (Schmidt Hammer for TCw 

and TSwl, Compressive Strength for PTn and TSwl). If a direct measurement was available for 
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the interval, it was used to determine the C parameter. If no direct measurement was available, a 

value was developed using Monte Carlo simulation and the distribution of the available 

measurements (Schmidt Hammer or Compressive Strength) within the particular thermo- 

mechanical (thermal-mechanical) unit. The correlation between Schmidt Rebound Hardness and 

compressive strength was obtained from Stacey and Page (1986) and is presented in 

Equation B-4. 

where UCS 

RN 

Log (UCS) = 0.021 165 (RN) + 1.0414 

= Unconfined Compressive Strength @Pa) 

= Schmidt Rebound Number. 

(B-4) 

The value of the C parameter for the derived strength was developed from the tables in 

Appendix D. 

B.3.2.2 lm: 

The Core RQD was used for each 3-m (10-ft) interval. The value of the parameter IRqD 

was then derived for the table in Appendix D. 

B.3.2.3. Js: 

Joint spacing was calculated for each 3-m (1 0-ft) interval using Equation B-5. 
1 Js = (NumberofjointsofN.1, C)/(3m(10f)-LC-Rubble) 

= Joint Spacing (ft) where JS 

(B-5) 

LC 

Rubble 

= length of lost core in 3-m (1 0-ft) interval 

= length of rubble zones in 3-m (1 0-ft) interval. 

The parameter JS was then determined based on the fracture spacing (m) from the rock structure 

summary log and the table in Appendix D. 
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B.3.2.4. Jc: 

Joint condition was evaluated based on the planarity and roughness, infrll type, and infill 

thickness using Equation B-6. 

JC = 30 x a x b x c 

where a = planarity and roughness factor 

b = infill mineral factor 

C = infill thickness factor 

The planarity and roughness factor (a) was determined using the separate planarity (al) and 

roughness (a2)  codes from the core logging. 

Factor a = a1 + a2, where 

a1 = 0.2 

a1 = 0.35 

a1 = 0.5 

a1 = O S  

and 

a2 = 0.45 

a2 = 0.45 

a2 = 0.45 

a2 = 0.4 

a2 = 0.35 

if planarity = p (planar) 

= c (curved) 

= s (stepped) 

= I (irregular) 

if roughness = V (veiy rough) 

= R (rough) 

= M (moderately rough) 

= S (smooth) 

= P (slickensides) 

The mineral infill factor (b) was determined using the following logic where, 

b =  1.0 if idill = C, WC, BC, BC, BD, TD, TC, or CA (see Appendix A) 
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b = 0.85 if infill = SI or MN (silica or manganese) 

b = 0.6 if Mill = WN, TN, CL (clay) 

The infill thickness factor (c) was determined using the following logic where, 

c = l  if thickness Cy S ,  or T (clean, very thin or thin) 

c = 0.45 

c = 0.30 

if thickness M (moderately thick) 

if thickness V or E (very thick, extremely thick) 

A JC was then calculated for each fiacture in the 3-m (1 0-fi) interval and the average JC assigned 

to the interval. Appendix D lists the description of these parameters. 

B.3.2.5 Jw: 

The Jw factor was set equal to 15 for all intervals assuming dry conditions due to the 

unsaturated state of the site. 

B.3.3 Computer Calculation of 0 and RMR 

A FORTRAN subroutine was developed to list the interval parameter values derived 

using the approach outlined in Sections B.3.1 and B.3.2 and calculate the indices Q and RMR. 

The subroutine in WPLOG produces an ASCII file of the individual parameters and the resulting 

calculated values of Q and Rh4R. This ASCII data is read into an EXCEL spreadsheet, an 

example of which is presented as Figure B-4. 

The resulting Q and RMR data were submitted to the Data Records Center in Technical 

Data Information Form No. (TDIF) 302271. 
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. APPENDIX C 

Table C-1. Rank-Ordered Rock Mass Quality Data for UO (Tuff “X”) 
Total of 15 Sets of Results - Sorted Indices 

Table C-2. Rank-Ordered Rock Mass Quality Data for TCw 
Total of 89 Sets of Results - Sorted Indices 
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Table C-2. continued 

24% 
25% 

0.78 56.26 10 
0.93 56.71 12 

45% 
46% 

2.3 1 61.27 22 
2.39 61.28 23 

c-2 

47% 
48% 
49% 
5 1% 

2.44 61.33 23 
2.88 61.59 23 
2.90 61.74 24 
3.1 1 62.19 24 



r 

Percentage Q RMR RQD 
52% 3.13 62.22 24 
53% 3.34 62.38 26 
54% 
55% 
56% 

~~ ~ 

3.52 63.33 26 
3.68 63.33 26 
3.75 63.50 27 

I 60% I 3.82 I 63.81 I 30 I 

57% 
58% 

----I 
_______ ~~ 

I 61% I 3.88 I 64.53 

3.78 63.53 28 
3.82 63.60 29 

I 62% I 4.25 I 64.70 I 32 I 
63% 
64% 

4.40 65.09 34 
4.44 65.59 35 

65% 
66% 
67% 

4.46 
~ ~ ~~ ~~~~~ 

4.84 65.99 38 
5.02 66.15 39 

65.80 

70% 
71% 
72% 

37 

~~ 

5.66 66.50 41 
5.76 66.50 43 
5.78 66.50 44 

73% 
74% 
75% 

I 69% I 5.33 I 66.3 1 I 39 I 

5.79 66.50 44 
6.00 67.30 44 
6.05 67.45 45 

76% 
78% 
79% 

6.32 68.00 45 
6.89 68.00 48 
7.35 68.25 48 

~~~ ~~~ 

81% 
82% 
83% 

I 80% I 7.37 I 69.8 1 I 50 I 
~ 

7.56 70.3 1 50 
7.84 70.69 51 
8.10 71 .OO 52 

~~ 

84% 
85% 
87% 
88% 
89% 
90% 

8.58 71.02 52 
8.59 71.10 52 
8.70 71.50 53 
8.86 71.50 58 
9.14 71.50 58 
10.33 71.50 60 
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Percentage 
91% 

I 92% I 16.30 I 74.22 I 62 I 

Q RMR RQD 
12.00 72.20 61 

93% 
94% 
96% 

~ ~ 

17.14 74.57 62 
18.06 74.70 62 
18.98 75.00 63 

Table C-3. Rank-Ordered Rock Mass Quality Data for PTn 
Total of 51 Sets of Results - Sorted Indices 

97% 
98% 
99% 
100% 

c-4 

23.14 76.25 70 
3 1.20 76.40 72 
3 5.29 76.50 74 
3 5.43 78.00 75 



Percentage Q 
43% 0.77 
45% 0.80 
47% 0.83 
49% 0.85 

RMR RQD 
55.81 27 
56.50 31 
56.63 32 
56.75 36 

51% 
53% 

I 59% I 1.27 I 60.54 I 50 

1.07 57.50 39 
1.20 60.20 48 

55% 
57% 

1.23 60.50 48 
1.24 60.50 49 

69% 

~ ~~ 

61% 
63% 

1.60 

1.43 61.00 50 
1.43 61.50 50 

63.50 

65% 
67% 

54 

1.44 62.50 51 
1.55 62.55 53 

71% 
73 yo 

I 75% I 1.90 I 65.00 - I 58 

1.62 64.50 56 
1.72 65.00 58 

I 76% I 2.04 I 65.50 I 58 
78% 
80% 

2.44 65.50 59 
2.67 65.50 61 

I 82% I 2.80 I 65.50 I 61 
84% 
86% 
88% 

2.87 66.50 66 
3.38 66.50 67 
3 -44 67.00 72 

90% 
92% 
94% 
96% 
98% 
100% 

c-5 

3.74 69.50 76 
4.80 69.50 84 
7.15 71.50 86 
8.18 72.00 87 

27.91 72.50 88 
45.3 1 76.00 90 



Table C-4. Rank-Ordered Rock M[ass Quality Data for TSwl 
Total of 127 Sets of Results - Sorted Indices 
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Table C-4. continued 
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Percentage 
54% 

I 55% I 3.20 I 59.39 I 21 

Q RMR RQD 
3.12 58.67 21 

56% 
57% 
57% , 

58% 

3.25 59.75 21 
3.30 59.75 22 
3.33 60.00 22 
3.35 60.07 22 

59% 
60% 

~~~ ~ ~ 

3.36 60.21 24 
3.47 60.29 24 

61% 3.75 60.29 25 
61% 
62% 
63% 
64% 

I 80% I 6.86 I 63.50 I 41 

3.79 60.90 26 
3.80 60.90 27 
3.80 61.00 27 
3.92 61.00 28 

74% 
75% 
76% 

C-8 

~~ 

5.71 61.67 36 
5.80 62.01 37 
6.00 62.07 37 

76% 
77% 

~~~ _ _ _ _ ~ ~ ~  

6.23 63.13 38 
6.25 63.25 38 

78% 
79% 

6.33 63.37 40 
6.34 63.50 40 

80% 
81% 

6.86 63.50 42 
7.00 64.00 42 



Percentage 
82% 

Q RMR RQD 
7.05 64.43 43 

83% 
83% 
84% 

I 87% I 11.00 I 68.00 I 55 I 

7.89 65.16 45 
8.44 65.50 45 
9.92 65.58 47 

85% 
86% 

10.00 65.69 48 
10.93 67.33 49 

87% 
88% 

I 93% I 18.12 I 70.22 I 71 I 

~ ~ ~ _ _ _ _ ~ ~  

11.30 68.50 57 
11.57 68.77 58 

89% 
90% 
91% 

11.63 69.46 58 
12.00 69.86 59 
14.03 69.93 63 

91% 
92% 

Table C-5. Rank-Ordered Rock Mass Quality Data for TSw2 

14.38 70.00 69 
14.39 70.00 70 

94% 
94% 
95% 

c-9 

19.54 70.62 73 
20.40 70.70 73 
22.00 70.93 74 

96% 
97% 
98% 

22.14 71 .OO 77 
29.00 71.14 78 
29.00 71.50 80 

98% 
99% 
100% 

29.33 72.50 80 
3 1.06 73.00 83 
31.13 74.00 87 

Percentage 
1% 
2% 
2% 
3% 
4% 
5% 

Q RMR RQD 
0.15 45.80 0 
0.24 49.12 0 
0.26 49.3 1 0 
0.26 50.07 0 
0.26 50.07 0 
0.29 50.07 0 



Table C-5. continued 
Percentage Q RMR RQD 

5% 0.30 51.14 0 
I 6% I 0.37 I 52.1 1 I 0 
I 7% I 0.38 I 53.00 I 0 

8% 0.38 53.00 0 
8% . 0.38 53.00 0 
9% 0.38 53.07 0 
10% 0.38 53.07 0 
11% 0.38 53.07 0 
11% 0.38 53.07 0 
12% 0.38 53.07 0 

21% 0.68 56.24 0 
22% 0.75 56.43 0 
23% 0.77 56.56 0 
24% 0.86 56.75 0 
24% 0.90 56.75 0 
25% 0.98 56.81 0 
26% 1 .oo 57.13 0 
27% 1 .oo 57.13 0 
27% 1.1 1 57.26 0 
28% 1.20 57.35 0 

I 29% I 1.20 I 57.50 I 0 
30% 1.20 57.91 0 
3 1% 1.32 57.97 0 
31% 1.36 58.00 0 
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Percentage Q 
32% 1.37 

RMR RQD 
58.07 0 

33% 
34% 
34% 

1.38 58.07 0 
1.43 58.07 0 
1.50 58.07 2 

35% 
36% 
37% 

1.73 58.07 3 
1.79 58.07 3 
1.80 58.07 3 

37% 
3 8% 
39% 

46% 

1.90 58.07 3 
1.91 58.07 4 
1.91 58.07 4 

1.91 

40% 
40% 

58.33 

~ ~~ ~~ 

1.91 58.07 4 
1.91 58.07 4 

5 

41% 
42% 
43% 

1.91 58.07 4 
1.91 58.07 5 
1.91 58.07 5 

44% 
44% 
45% 

1.91 58.07 5 
1.91 58.07 5 
1.91 58.07 5 

I 53% I 1.95 I 59.17 I 8 

47% 
47% 
48% 

~~~ 

1.91 58.43 5 
1.91 58.50 6 
1.91 58.50 6 

I 56% I 2.19 I 59.73 I 9 

49% 
50% 
50% 

1.91 58.53 6 
1.91 58.73 7 
1.91 58.86 8 
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51% 
52% 
53% 

1.91 58.99 8 
1.91 59.01 8 
1.91 59.03 8 

54% 2.14 
55% 2.14 

59.50 8 
59.66 9 

56% 
57% 
58% 

~~ 

2.20 60.33 9 
2.36 60.88 10 
2.37 61 .OO 10 



Table C-5. continued 
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Percentage Q 
85% 6.82 
86% 7.1 1 
87% 7.14 
88% 7.20 
89% 7.54 
89% 7.59 
90% 8.44 

RMR RQD 
66.50 30 
66.50 31 
66.50 32 
66.50 33 
66.50 33 
66.50 36 
66.50 37 

91% 
92% 

8.96 66.50 38 
9.67 66.50 39 

I 96% I 12.97 I 69.79 I 48 

_ _ ~ ~  

92% 
93% 
94% 

10.00 66.50 41 
10.16 67.03 42 
11.67 67.43 44 

I 98% I 14.00 I 71.50 I 70 

~~ 

95% 
95% 

12.60 68.50 46 
12.80 69.75 48 

C-13 

97% 
98% 

13.07 70.04 50 
13.80 70.45 58 

~ _ _ ~ _ _ _ ~  ~~ 

99% 
100% 

~ 18.58 71.50 76 
23.20 71.67 83 
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APPENDIXD 

ROCK MASS QUALITY INDICES FOR THE LITHOPHYSAE AND 
NONLITHOPHYSAL TUFF ROCK IN TCw AND TSwl UNITS 

Further subdivision was introduced with the TCw and TSwl units because both these 

units contain portions of lithophysae-rich and nonlithophysal tuff rock. The rock mass quality 

for both these portions has been estimated and investigated to determine if there is a need for 

subdivision in design. 

The process of obtaining the rock mass quality indices are described in Section 7. The 

estimated rock quality indices for lithophysae-rich and nonlithophysal tuff rock in TCw and 

TSwl units are tabulated in Tables D-1 to D-4 with five rock mass quality classes for frequencies 

of occurrence of 5%, 20%, 40%, 70%, and 90%. Comparison of these indices with the total 

grouping of the units presented in Section 7 shows minor difference for the subdivision and the 

combined total. Tables D-5 and D-6 are constructed to illustrate the comparison by listing the 

indices of the most probable rock mass class (class 3). Rock mass quality calculated in TCw 

lithophysae-rich rock appear to be slightly better than other sections, but still rank in the same 

rock quality category according to both Bieniawski's and Barton's classification. As for TSwl 

unit, the rock quality are almost identical for the subdivision and the combined total. 

Table D-1. Rock Quality Indices for TCw Nonlithophysal Tuff 
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1 2 I 3 4 5 

Table D-3. Rock Quality Indices for TSwl Nonlithouhvsal Tuff 

Q 
RMRCAL 
RM%9 
Design RMR 

I Rock Mass Quality Categorv 

0.45 0.78 2.44 6.0 12.0 
37 42 52 60 66 
54 59 64 68 75 
45 50 58 64 70 

Q 
W A L  

w 9  

Design RMR 

3 1 4  1 2 
0.28 0.95 
33 4.4 
48 53 
40 4.8 

5 

Q 
R M R C A L  

Design RMR 
@ -9 

20.4 
71 

1 2 3 4 5 
0.24 0.67 1.61 4.0 10.93 
31 40 48 56 66 
50 52 57 61 69 
41 46 52 59 67 

71 

Q 
-9 

Design RMR 

71 

TCw Total TCw-NL TCW-LR 
1.84 2.44 2.08 
59 64 59 
54 58 55 

Table D-4. Rock Quality Indices for TSwl Lithophysae-Rich Tuff 
Rock Mass Quality Category 

Q 
.-9 

Design RMR 

TSwl Total TSwl-NL TSwl-LR 
2.01 1.61 1.73 
56 57 57 
53 52 53 
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