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NOTE: The Document Identifier (DI) for this analysis has been changed to adopt the 

new CII system. The original DI for this analysis was: 
BABEABOOO-01717-0200-00006. Revision 00 and 01 were developed and approved 

under the original DI. The new DI is: BABEE0000-01717-0200-00001 which is 

adopted in this analysis. The new DI will start with Revision 00. The history of 

changes for the revisions under the original DI are presented below in addition to the 
description of changes for this revision of the design analysis.  

00 17 (DI: BABEABOOO-01717-0200-00006 REV 00) Approved but not issued.  

01 17 (DI: BABEABOOO-01717-0200-00006 REV 01) The following changes were made to 

the analysis: Revised QA Classification statement (Section 2.0); Placed TB V-011 on 

design inputs based on RMR values (Sections 5.0, 10.6, 10.6.1, 10.6.4, and Reference 
8.9); Referenced a new document for design criteria (Section 6.0); Added References 

8.11, 8.12, 8.13 (Section 8); Editorial changes were made in the analysis; Figure 1 
and Reference 8.10 were updated.  

00 61 (DI: BABEEOOOO.01717-0200-00001 REV 00) Title of the analysis was changed; 

Analysis was reformatted to match QAP-3-9 REV 05, Attachment I new format; 
TBV-01I was removed from the analysis; TBD-146 and TBD-147 were added to the 

analysis; Design criteria (Section 4.2) was added to the analysis; References 5.4, 
5.10, 5.11, 5.13, 5.15, 5.16, 5.17, and 5.18 were added to the analysis; Section 7.5 
(Analytical Methods) was added to the analysis; Figures 4 - 34 were added; Tables 2 

and 3 were added; Attachment I was added; Editorial corrections were made in the 

analysis; Section 6.0 (use of computer software) was added to the analysis; References 
8.5, 8.12, and 8.13 from Revision 01 of the design analysis were removed.  

olB 147 Analysis was revised to incorporate design of the RBT alcoves (alcoves #3 and 4) into 
the analysis. TBV-069-DD and TBV-071-DD were added to the analysis. Figures 35 
- 1I0 were added to the analysis. Tables 4, 5, and 6 were added to the analysis.  
Section 2.0 was rewritten to incorporate Classification analysis (Reference 5.19) into 

the analysis. Transition zone for the ESF alcoves were defined and added to the 
analysis. Input files, for the computer analysis in support of alcoves #3 and 4 design, 

were added to Attachment I. Editorial corrections were made throughout the analysis.  
References 5.5, 5.7and 5.9 were deleted. References 5.5, 5.7, 5.9, and 5.19 - 5.25 were 

added to the analysis. Criteria 4.2.20 - 4.2.22 were added to the analysis. Attachment 

II was added to the analysis.

87 IROV. 02=19SI
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1.0 PURPOSE 

The main purpose and objective of this study is to analyze the stability of the Exploratory Studies 
Facility (ESF) alcoves. The ESF alcoves include refuge chambers, electrical alcoves, and test 
alcoves. The test alcoves are constructed to perform the Radial Borehole Tests (RBT) and 
Hydraulic Properties of Major Faults (HPMF) tests. The RBT test alcoves will be located at the 
thermomechanical unit contacts while the HPMF test alcoves will be located near the major 
faults. Empirical and analytical methods will be used to evaluate the opening stability and 
recommend ground support components for the test alcoves, electrical alcoves, and refuge 
chambers. The Bow Ridge Fault test alcove (alcove #2) and the two RBT alcoves (alcoves #3 
and 4) are analyzed in this report and a reinforcement system is recommended. Alcove #3 will 
be located to provide access to TCw/PTn contact. Alcove #4 will be located to allow testing of 
the PTn/TSwl contact. The remainder of the ESF alcoves will be analyzed as more information 
about their locations and functions become available (TBV-198-DD). In situ, thermal, and 
seismic loads are considered in the analysis (TBV-193-ESF applies to presently available seismic 

I loads; TBD-146-ESF and TBD-147-ESF apply to thermal loads). TBV-069-DD applies to the 
I rock mass mechanical properties used for the TSwI unit in this analysis (see Section 4.1).  

Testing constraints (Reference 5.8) on the use of specific ground support components such as 
I cementitious grout have been considered in the design. The layout and configuration of the Bow 

Ridge Fault test alcoves based on constraints provided by the testers in References 5.10 is 
I presented in this analysis. The layout and configuration of the RBT alcoves based on constraints 
I provided by the testers in Reference 5.10 is presented in this analysis.  

2.0 QUALITY ASSURANCE 

The quality assurance classification for ground support items discussed in this report are 
presented in Reference 5.19. The permanent function ground support installed in ESF openings 
is classified as QA-l and QA-5 in Reference 5.19. The temporary function ground support does 
not require classification (Reference 5.19). The ground support installed in the transition zone 
in alcoves #2, 3, and 4 are determined to be QA-l and QA-5 in Reference 5.19. The transition 
zone is defined as the area extending into the alcove where permanent function ground support 
is installed to supplement tunnel ground support. For ESF alcoves a 20 m zone extending into 
the rock measured perpendicular from the ramp centerline is conservatively defined as transition 
zone (see Section 7.1). Therefore, for alcoves #2, 3, and 4 the transition zone is conservatively 
defined as the area into the alcove equivalent to the 20 m zone measured perpendicular from the 
ramp centerline. This provides a transition zone into the alcove, measured from the right rib, to 
be greater than two ramp diameters. Therefore, the permanent function ground support installed 
in the transition zone is considered to be QA-1 and QA-5. The ground support installed beyond 
the transition zone is not classified QA 1-7 (i.e. QA classification: None) in Reference 5.19. The 
alcove layout is not classified QA 1-7 (i.e. QA classification: NONE) by QA classification 
analysis of test support areas (Reference 5.22).
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3.0 METHOD 

I The empirical and analytical methods are used in this report. Application of these methods in 
the design of the ESF alcoves are presented in detail in Section 7.0.  

4.0 DESIGN INPUTS 

4.1 DESIGN PARAMETERS 

The testing interface requirements for test alcove ground support system is provided in 
References 5.8, 5.20, and 5.21.  

I In this report, the rock mechanical properties data from testing North Ramp Geology (NRG) drill 
cores have been used to perform the analyses. The following rock mass property values, 
category 3, (for description of rock mass categories refer to Reference 5.6) for TCw unit have 

I been used in performing the computer analysis for Bow Ridge Fault Test alcove: 

Poisson's Ratio = 0.2 (Source: NRG drilling program, Reference 5.9) 
Modulus of elasticity = 13.33 GPa (Source: NRG drilling program, Reference 5.9) 
Density = 2115 Kg/m3 (Source: NRG drilling program, Reference 5.17) 
Cohesion = 1.7 MPa (Source: NRG drilling program, Reference 5.9) 
Angle of Friction = 540 (Source: NRG drilling program, Reference 5.9) 

I Tensile Strength = 1.10 MPa (Source: calculated as [2c'cos( / (l+sino)] where c is 
I cohesion and 0 is friction angle, derived from Reference 5.7)

The following rock mass property values (category 1) for TCw unit have been used in performing 
the computer analysis for alcove #3: 

Poisson's Ratio = 0.2 (Source: NRG drilling program, Reference 5.9) 
Modulus of elasticity = 6.70 GPa (Source: NRG drilling program, Reference 5.9) 
Density = 2115 Kg/m3 (Source: NRG drilling program, Reference 5.17) 
Cohesion = 1.2 MPa (Source: NRG drilling program, Reference 5.9) 
Angle of Friction - 530 (Source: NRG drilling program, Reference 5.9) 
Tensile Strength = 0.80 MPa (Source: calculated as [2c*cos4 / (l+siný)] where c is 
cohesion and ý is friction angle, derived from Reference 5.7) 

The following rock mass property values (category 1) for PTn unit have been used in performing 
the computer analysis for alcoves #3, and 4:
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Poisson's Ratio = 0.2 (Source: NRG drilling program, Reference 5.23) 
Modulus of elasticity = 2.50 GPa (Source: NRG drilling program, Reference 5.23) 
Density = 1268 Kg/mr (Source: NRG drilling program, Reference 5.17) 
Cohesion = 0.3 MPa (Source: NRG drilling program, Reference 5.23) 
Angle of Friction = 400 (Source: NRG drilling program, Reference 5.23) 
Tensile Strength = 0.28 MPa (Source: calculated as [2c*cosý / (I+siný)] where c is 
cohesion and ý is friction angle, derived from Reference 5.7) 

I The following rock mass property values (category 1) for TSwl unit have been used in 
I performing the computer analysis for alcove #4: 

Poisson's Ratio = 0.3 (Source: NRG drilling program, Reference 5.9) 
Modulus of elasticity = 5.66 GPa (Source: NRG drilling program, Reference 5.9) 
Density = 2207 Kg/mr (Source: NRG drilling program, Reference 5.17) 
Cohesion = 0.7 MPa (TBV-069-DD) (Source: NRG drilling program, Reference 5.24) 
Angle of Friction = 41" (TBV-069-DD) (Source: NRG drilling program, Reference 5.24) 
Tensile Strength = 0.638 MPa (TBV-069-DD) (Source: calculated as [2c*cos4 / (l+siný)] 
where c is cohesion and ý is friction angle, derived from Reference 5.7) 

Seismic criteria is used from Reference 5.15. Mean peak horizontal and vertical acceleration of 
0.37g is used in the analysis (TBV-193-ESF). Ground support components are designed for the 
best available seismic requirement from Reference 5.15. A seismic input wave with a frequency 
of 10 Hz and duration of 0.1 seconds is used in the dynamic analysis. This analysis (all 
parameters used for seismic analysis) needs to be re-evaluated once the seismic criteria for ESF 
is finalized and more data is available (removal of TBV-193). The ground support designed here 
does not preclude the option to supplement the installed ground support to satisfy more stringent 
seismic criteria (higher mean peak accelerations and velocities).  

I The Quality (Q) and average Rock Mass Rating (RMR) values for TCw and TSwl units from 
I Reference 5.23 (YMP Central Records Facility: Technical Data Information Form (TDIF) No.  
I 304414) are used as design inputs in this analysis. The Q and RMR values for PTn unit from 
I Reference 5.23, TDIF 304415 are used as design inputs. These values were obtained based on 

information from boreholes UE25 NRG-1, -2, -2A, -3, -4, -5; USW NRG-6, and 7/7A.  

For TCw unit Q ratings of 0.38, 0.68, 2.08, 5.66, and 9.14 are used for rock mass quality 
categories of I through 5, respectively (Reference 5.9).  

For TCw unit average RMR ratings of 43, 48, 55, 63, and 68 are used for rock mass quality 
categories of I through 5, respectively (Reference 5.9).  

I For PTn unit Q ratings of 0.15, 0.28, 0.66, 1.62, and 3.74 are used for rock mass quality 
I categories of I through 5, respectively (Reference 5.23).
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I For PTn unit average RMR ratings of 36, 42, 47, 56, and 63 are used for rock mass quality 
categories of I through 5, respectively (Reference 5.23).  

I For TSwl unit Q ratings of 0.24, 0.87, 1.73, 5.09, and 12 are used for rock mass quality 
I categories of I through 5, respectively (Reference 5.9).  

I For TSwl unit average RMR ratings of 40, 48, 53, 60, and 68 are used for rock mass quality 
I categories of I through 5, respectively (Reference 5.9).  

To estimate the stand-up time and ground support system for the Bow Ridge Fault test alcove 
I the Q and average RMR rating values corresponding to category 3 is used. Category 3 values 

are used in the analysis because it is best representative of the TCw thermomechanical unit at 
I the alcove #2 location.  

I To estimate the stand-up time and ground support system for alcoves #3 and 4 the Q and RMR 
I rating values corresponding to category 1 is used. This is a conservative approach because the 
I locations of the alcoves #3 and 4 have not been identified at this time.  

The Bow Ridge Fault test alcove layout including opening dimensions are provided in Reference 
5.11. In addition the final location, size, and orientation of the Bow Ridge Fault test alcove must 
be determined (Section 7.3) such that it accommodates the requirements and constraints of the 
testers as provided in Reference 5.10. The References 5.11 and 5.10 are used as inputs to 
determine the layout of the Bow Ridge Fault test alcove (Section 7.3).  

I A 7.62 m in diameter Tunnel Boring Machine is being used to excavate the ESF Main Loop (TS 
I North Ramp, TS Main Drift, and TS South Ramp). A circular opening of 7.62 m in diameter 

is used to simulate ESF Main Loop opening in this analysis.  

4.2 CRITERIA 

The following design criteria were developed to respond to ESFDR (Reference 5.15) 
requirements that specifically apply to this design analysis. ESFDR requirements are cited for 
each criteria statement.  

4.2.1 Drill core test results from ESF drill core testing are used as design inputs in analyzing 
the ESF test alcoves and in the design of the ground support system and layout. The 
parameters used in the analysis along with their sources are presented in Section 4.1.  
(ESFDR 3.2.1.C) 

I 4.2.2 Constructibility and maintainability issues relative to the design of the alcoves # 2, 3, and 
I 4 are considered in the design of the ground support components. (ESFDR 3.2. .E)
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4.2.3 Permanent function ground support system components are determined to be QA-I and 
QA-5 and on the Q-list as described in Reference 5.19. These items are designed and 
constructed to repository QA requirements to the extent which is known at this time. The 
permanent function ground support designed for ESF will not detract from eventually 
meeting the final repository requirements. The ESF permanent function ground support 
is designed such that it could be supplemented or upgraded if required. (ESFDR 3.2.1.H, 
3.2.1.H.lb, 3.2.1.H.1c, 3.2.1.9.2.A.3) 

I 4.2.4 The seismic loading (TBV-193-ESF) conditions (to the extent known at this time) are 
I considered in the design of the ESF alcoves ground support system. Thermal loading 
I (TBD-147-ESF)(TBD-146-ESF) conditions are To Be Determined and are deferred until 

thermal stresses are determined. The ESF seismic design basis are presented in Appendix 
A.5 of the ESFDR. (ESFDR 3.2.l.H.2a, 3.2.1.N, 3.2.1.N.1, 3.2.1.N.2, 3.2.1.N.2a, 
3.2.1.10.1, 3.2.1.10.1.A, 3.2.1.10.1..B, 3.2.1.10.1.1, 3.2.2.4.T.3, 3.2.2.4.U.6b, 3.2.2.4.V, 
3.2.2.4.V.1, 3.2.2.4.V.2, 3.2.2.4.V.3, 3.2.2.4.V.4, 3.2.9.4.A.1, Appendix A.4, Appendix 
A.5) 

1 4.2.5 Ground support components will be instrumented and monitored as appropriate. The data 
collected will allow evaluation of the continued functioning of the ground support system.  
(ESFDR 3.2.1 .H.2.d, 3.2.1.1.2, 3.2.1 .M.2, 3.2.1.4.C) 

4.2.6 Geotechnical design parameters will be confirmed by implementation of design validation 
activities. Geologic mapping, instrumentation and monitoring during ESF construction 
will be used to confirm the geological design parameters. (ESFDR 3.2.1 .J.9) 

4.2.7 Ground support system components will consist of industry standard items and readily 
available technology. The ESF alcove openings will be supported using methods and 
materials based upon currently available construction technology. The need for specific 
type of ground support is determined using combination of analysis (empirical and 

I analytical) and observation and monitoring during construction. The ground support 
system for ESF alcoves is designed such that it provides flexibility to accommodate 
specific site conditions identified through in situ monitoring, testing, or excavation.  
Similar type and size ground support components are selected to minimize number of 
standard tools required for installation and maintenance. (ESFDR 3.2.1.K, 3.2.1.18, 
3.2.1.19.2.B, 3.2.1.26.1.B.1, 3.2.1.26.1.B.2, 3.2.2.4.1.5, 3.2.2.4.P, 3.2.2.4.T.6, 3.2.2.5.C, 
3.2.9.4.E) 

4.2.8 The use of concrete and cementitious materials in or near ESF alcove areas is coordinated 
and communicated with Test Coordination Office (TCO). The use of such materials in 
or near testing areas is avoided or limited to the extent acceptable by TCO. (ESFDR 
3.2.1.4.B.2, 3.2.2.4.2.D)
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4.2.9 The testing, repository design, and other affected participating organizations interfaces are 
handled during the normal course of design activities. The interfaces are formalized as 
these organizations are participants in inter-discipline or external reviews of the design 

[ documents. (ESFDR 3.2. I.H, 3.2.1 .H. I a, 3.2.1 .Z, 3.2.1 .Z. 1, 3.2.1 .Z.2, 3.2.1.4.H, 3.2.1.6.E, 
I 3.2.1.6.F, 3.2.1.9.4.C.1) 

4.2.10 The ground support system for ESF alcoves is designed such that it provides access to 
I routine maintenance. The ground support system for ESF alcoves is designed by 

considering following maintainability issues to the extent practical: accommodation of 
initial equipment installation and facility operation; use of easily maintainable and durable 
materials; life cycle costs in selection of components; provisions of maintenance 
instructions and as-built drawings. (ESFDR 3.2.1.9.3.A, 3.2.1.9.3.C.1, 3.2.1.9.3.C.la, 
3.2.1.9.3.C.lb, 3.2.1.9.3.C.1e, 3.2.1.9.3.C.1f, 3.2.1.9.3.G, 3.2.1.26.1, 3.2.2.4.T.1, 
3.2.2.4.U.6d) 

4.2.11 ESF permanent function ground support system is designed considering a 100-year 
maintainable life. (ESFDR 3.2.1.9.4.B.5, 3.2.1.9.4.C.2, 3.2.1.9.4.C.3, 3.2.2.4.Q, 3.2.2.4.R, 
3.2.2.4.R. 1) 

4.2.12 The ground support system for ESF alcoves is designed such that the work place is free 
from recognized hazards and it complies with occupational safety standards and Mine 
Safety and Health Administration requirements. (ESFDR 3.2. l.W, 3.2. .AB, 3.2.1.19. l.A, 
3.2.1.19.1.B, 3.2.1.19.2.A, 3.2.2.4.1, 3.2.2.4.1.1, 3.2.2.4.J.1) 

4.2.13 The ground support system for ESF alcoves will be designed to meet the needs of site 
characterization testing and performance confirmation programs. (ESFDR 3.2.1.D, 
3.2.1.1.1, 3.2.1.1.4, 3.2.1.K, 3.2.1.M, 3.2.1.M.1, 3.2.1.AA.4, 3.2.1.AA.5, 3.2.1.AA.6, 
3.2.1.4.H, 3.2.1.6, 3.2.1.9.3.C.l.a, 3.2.2.4.C, 3.2.2.4.C.1, 3.2.2.4.C.3, 3.2.2.4.C.4, 
3.2.2.4.C. 10, 3.2.2.4.D, 3.2.2.4.D. 12, 3.2.2.4.D. 1 5.a, 3.2.2.4.D. 17, 3.2.2.4.P, 3.2.2.4.T.6, 
3.2.9.A, 3.2.9.4.D, 3.2.9.4.D.1, 3.2.9.4.D.3, 3.2.9.4.D.4) 

I 4.2.14 The ESF alcoves are designed to meet drainage requirements. (ESFDR 3.2.2.4.D.4, 
I 3.2.2.4.0.3) 

4.2.15 The design of the ESF alcoves does not preclude compliance with applicable safety 
standards from 10 CFR 60,29 CFR 1910, 29 CFR 1926, 30 CFR 57, 8 CCR 8400 et seq., 

I and DOE Order 5480.4. (ESFDR 3.2.1.H.2e, 3.2.1.W, 3.2.1.19.2.E.1, 3.2.1.19.2.E.2, 
3.2.1.19.2.E.3, 3.2.1.19.3, 3.2.1.19.3.B, 3.2.1.28.A, 3.2.1.28.C) 

4.2.16 The ground support items incorporate use of noncombustible material to the extend 
practical. (ESFDR 3.2.1..H.2, 3.2.1.H.2.c, 3.2.1.H.2.c.i, 3.2.1.H.2.c.ii, 3.2.1.4.E.1)
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4.2.17 Applicable sections of DOE Order 6430. 1A are used in the design of the items discussed 
in this analysis. (ESFDR 3.2.1.Q, 3.2.1.17.B) 

4.2.18 All coordinates used in the ESF alcoves design are in accordance with Nevada State Plane 
Coordinate system. (ESFDR 3.2.2.C) 

4.2.19 Applicable requirements from Appendix B of the ESFDR are considered in the design of 
I the alcoves #2, 3, and 4. For the layout of the alcoves the TCO requirements from 
I References 5.8, 5.10, 5.21, and 5.22 are used. (ESFDR 3.2.2.4.C, 3.2.2.4.C.3, 3.2.2.4.C.4, 
I B.2.6.3.A.2, B.2.6.3.B.2, B.2.6.3.G, B.2.12.3.A, B.2.12.3.G, B.2.12.4.B) 

I 4.2.20 Computer analyses are performed and documented in accordance with the applicable 
I M&O Software Quality Assurance procedures. (ESFDR 3.2.1.25.7) 

I 4.2.21 ESF alcove ground support is designed using empirical and analytical methods and by 
I monitoring and observation during and after construction to reduce the potential for rock 
I movement at the test alcove and alcove/ramp intersection. (ESFDR 3.2.2.4.T, 3.2.2.4.T.2) 

4.2.22 QA records generated by the ESF alcove ground support design will be handled in 
I accordance with appropriate QA procedures. (ESFDR 3.2.1.25.1.A, 3.2.1.25.6.B) 

4.3 ASSUMPTIONS 

4.3.1 The duration of the seismic events vary for different events, a value of 0.5 seconds is 
assumed and used in this analysis. Three frequency values of 5, 10, and 20 Hz are 
assumed and used in the analysis. These assumptions are made based on the Originator's 
experience and both parameters will be re-evaluated at the time of the removal of the 
TBV-193-ESF. These parameters are used throughout the seismic analysis of the alcove 
openings.  

4.3.2 Initial stresses used in the computer models at the alcove locations are estimated based 
on gravitational stresses induced by the weight of the overburden as explained in detail 
in Sections 7.6.1.1 and 7.6.1.3. The depth of the centerline of the ramp at alcove #2 
location is assumed to be 48 m (TCw unit as overburden) in the computer model (TBV
071-DD). The depth of the centerline of the ramp at alcove #3 location is assumed to be 
93.5 m (TCw unit as overburden) in the computer model (TBV-07 I-DD). The depth of 
the centerline of the ramp at alcove #4 location is assumed to be 146 m (98.5 m TCw 
unit plus 47.5 m PTn as overburden) in the computer model (TBV-071-DD). The basis 
for these assumptions are the overburden estimates from geologic section presented in 
Figure 1 (TBV-071-DD). The horizontal to vertical in situ stress ratios of 0.25 and 0.5 
are used in this analysis. The basis for these ratios are explained in detail in Sections
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7.6.1.1 and 7.6.1.3. The initial stresses will be measured in the field and these values will 
be evaluated at the time of the removal of the TBV. It should be noted that the changes 
to the overburden estimates in the order of few meters will not affect the outcome of the 
computer analysis results. This TBV will not be carried to the output documents because 
its final resolution will not have any impact on the output documents. The initial stresses 
are used throughout the computer analysis.  

4.4 CODES AND STANDARDS 

N/A 
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6.0 USE OF COMPUTER SOFTWARE 

Fast Lagrangian Analysis of Continua in 3 Dimensions (FLAC3D) Version 1.01 Scientific and 
Engineering Software is used in this analysis. The computer analysis was run on a 486-based 
computer. FLAC3D was qualified for use for quality affecting work in accordance with M&O 
software procedures and the CSCI number is B00000000-01717-1200-30017 REV 00. The 
software was obtained from the Software Configuration Manager in accordance with the 
applicable M&O procedures. FLAC3D is a three-dimensional computer program which is 
appropriate for the applications used in this analysis. The software was used within the range 
of validation as specified in software qualification documentation. The input files are presented 
in Attachment I. The outputs are presented and described in Section 7.6.  

3-Dimensional Distinct Element Code (3DEC) Version 1.5 Scientific and Engineering Software 
is used in this analysis. The computer analysis was run on a 486-based computer. 3DEC was 
qualified for use for quality affecting work in accordance with M&O software procedures and 
the CSCI number is BOOOOOOOO-01717-1200-30013 REV 00. The software was obtained from 
the Software Configuration Manager in accordance with the applicable M&O procedures. 3DEC 
is a three-dimensional computer program which is appropriate for the applications used in this 
analysis. The software was used within the range of validation as specified in software 

I qualification documentation. The input files are presented in Attachment I. The outputs are 
presented and described in Section 7.6.
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7.0 DESIGN ANALYSIS 

7.1 INTRODUCTION 

I The ESF alcove design effort will include empirical and analytical methods coupled with 
monitoring and inspection during construction. This report addresses the application of the 

I empirical and analytical methods in the design of the alcoves # 2, 3, and 4. The analyses 
performed in this report, include computer simulation of the excavation of the TS North Ramp 

I opening followed by the alcove excavations in a gravity-stressed rock medium. These analyses 
are complemented with a rock mass classification study to aid in the design of a ground support 
system for the alcove opening and the alcove/ramp intersection. The thermal loading conditions 
are not addressed in this report because the potential repository thermal loads are yet to be 

I determined at this time (TBD-146-ESF and TBD-147-ESF). The alcove and alcove/ramp 
intersection ground support need to be re-evaluated when thermal loading conditions are 
determined. From the review of the results of Reference 5.14 it is concluded that because of the 

I location of the alcoves # 2, 3, and 4 with respect to the potential repository horizon it is not 
I likely that thermal loads will be a factor in the stability of the alcoves # 2, 3, and 4 during the 

life of the repository. The seismic loads are considered in this analysis to determine the stress 
distribution and potential failure zones during an event. In summary, the results of computer 
analyses and the rock mass classification study are incorporated to establish the final ground 
support system recommendations. The final design will be complemented by a monitoring and 
inspection program during construction. Adjustments to the ground support system will be made 
during construction as required due to field conditions.  

The Bow Ridge Fault test alcove will be excavated using controlled drill and blast method. The 
size of the test alcove is dictated by the testing requirements and as established in References 5.8 
and 5.10 and as presented in Reference 5.11. The opening shape is determined such that it would 
minimize stress concentrations around the opening. The location of the test alcove was 
determined during an on-site meeting with centerline being approximately at station 01+71.96 
im along right rib (Reference 5.10). The final designed location of the alcove (centerline station) 

I is determined in this analysis and is shown in Figure 33. It should be noted that the location 
I shown in Figure 33 is the designed location and is slightly different from the approximate 
I location as was presented in Reference 5.10.  

The rock properties and geologic conditions at the alcove location is required to perform the 
analysis. In this report the rock mass quality estimates from NRG drilling program is used to 
provide a basis for empirical design of the test alcove. Rock mass quality estimates are generated 
from the NRG drill core data and the results are presented in References 5.9 and 5.23, 5.24. The 
results of the drilling investigation are used to classify the rock at the alcove location and to 
estimate a ground support system based on a empirical design approach. Modified Q ratings are 
used to estimate the ground support system for the alcoves ard TS North Ramp intersection. The
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rock mass mechanical properties from NRG drilling program are used in the application of the 
analytical methods.  

For ESF alcoves a 20 m zone extending into the rock measured perpendicular from the ramp 
centerline is conservatively defined as transition zone. Therefore, for alcoves #2, 3, and 4 the 
transition zone is conservatively defined as the area into the alcove equivalent to the 20 m zone 
measured perpendicular from the ramp centerline. This provides a transition zone into the alcove, 
measured from the right rib, to be greater than two ramp diameters. Hocking (Reference 5.25) 
performed computer analysis of different tunnel intersections and determined that the zone of 
influence tunnel intersections is twice the diameter of the tunnel. "It is interesting to note that 
at two diameters removed from the center of the intersection the boundary stresses are 
approximately the same as the plain strain case," (Reference 5.25). Similar conclusions were 
reached for the T shape intersections.  

The ground support systems for ESF alcoves and alcove/ramp intersections are designed using 
both empirical and analytical methods incorporating site data. The alcoves and alcove/ramp 
intersections will be supported, and in situ testing and monitoring during and after construction 
will be used to reduce the potential for deleterious rock movement. The designed ground support 
system allows flexibility to the constructor (with A/E concurrence) to modify the ground support 
system recommendations during construction to address the changes in the ground conditions.  
Any rock movement detected in the field will be dealt with swiftly to reduce potential for 
deleterious rock movement at the ESF alcoves and alcove/ramp intersections.  

I 7.2 TS NORTH RAMP GEOLOGY AND 
I ESF ALCOVE LOCATIONS 

The geological cross section along the TS North Ramp is presented in Figure 1 (Reference 5.12).  
I The TS North Ramp alignment and the approximate location of the Bow Ridge Fault Test alcove 
I and RBT alcoves are shown in Figure 1. This cross section is used only for reference purposes 

in this analysis.  

7.3 ALCOVE LAYOUT 

I 7.3.1 BOW RIDGE FAULT TEST ALCOVE LAYOUT 

The layout of the Bow Ridge Fault test alcove is provided in Reference 5.11. The Note 2 in 
Reference II indicates that the actual alcove location, final depth, orientation and configuration 
will be determined in the field based upon geologic information and written criteria provided by 
the testers prior to alcove construction. An on-site meeting was held on February 28, 1995 to
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select a final location for the Bow Ridge Fault test alcove. The decision on the location of the 
alcove and configuration criteria from the testers were documented and submitted to the A/E by 
TCO (Reference 5.10). The nominal alcove centerline was determined to be at station 01+71.96 
im (steel set # 94) along right rib (Reference 5.10). This approximate location was selected such 
that it would: 1) address the testing requirements, and 2) provide a stable and safe intersection 

I by considering the geologic conditions. The exact location of the alcove is designed in this 
I analysis after considering all applicable requirements and field conditions and is presented in 
I Figure 33. The layout of the alcove and additional details are presented in Figures 33 and 34.  

The orientation of the alcove is configured to meet the "configuration criteria" as set by the 
testers in Reference 5.10. The final depth of the alcove will be determined in the field based 
on geologic conditions and will be documented by the TCO but the alcove depth must be at least 
nominally 48 m to accommodate TCO requirements of the drillhole distances from the ramp (see 
Figure 33). The access drift to the alcove is a 3.7 m by 3.7 m horseshoe-shaped opening from 
Reference 5.11. The drill room size is based on drilling three holes, with each hole located at 
the apex of equilateral triangle 5 m on a side (Reference 5.8). The drill room size is determined 
to be 7 m (depth) by 7 m (height) by 6 m (width) to accommodate for the drilling equipment to 
be used (Reference 5.18). The access drift and drill room cross sections are shown in Figure 34 
with the B line being defined as the minimum excavation dimension and the C line being defined 
as the designed excavation dimension (B line to C line of 150 mm typical). The access drift to 
drill room transition allows flexibility for either gradual or abrupt transition. The final decision 
will be made in the field during construction based on the geologic conditions and the choice of 
the ground support to be installed. The construction tolerance for the alcove is set such that the 
maximum deviation from the horizontal alignment does not exceed 500 mm. The elevation of 
the alcove floor is a nominal 300 mm above the top of the rail in the North Ramp to facilitate 

I alcove excavation. The slope of the alcove is set to be +1+ 0.5 % nominal to facilitate drainage.  
The orientation is set to meet the requirements of Reference 5.10 and the TS North Ramp 
azimuth from Figure 1. Additional details are provided as notes in Figures 33 and 34.  

I 7.3.2 LAYOUT FOR ALCOVES # 3 AND 4 (RBT ALCOVES) 

The layout for Radial Borehole Test alcoves # 3 and 4 is shown on Figure 35. The actual alcove 
location, final depth, orientation, and configuration will be determined in the field based on 
geologic conditions and testers needs. The "performance criteria" for RBT alcoves #3 and #4 
are found in References 5.20 and 5.21. The final depth of the alcoves will be determined in the 
field based on geologic conditions and will be documented by the TCO, but the alcove depth 
must be sufficient so that the straight-line distance from any borehole to the nearest point along 
the North Ramp right rib will be no less than two ramp diameters (16 m), Reference 5.21. The 
size of the alcoves will be determined based on ground conditions. The access drift to the alcove 
will be horseshoe-shaped. The approximate alcove dimensions may vary from a 3.7 m by 3.7 
m to a 6 m (width) by 4.4 m (height) opening (see Figure 35). Constructed dimensions will be 
based on the specific ground conditions and will be determined by the A/E and the constructor
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in the field. The larger size opening (6 m by 4.4 m) will accommodate the TCO office space 
requirement. If the excavation of the 6 m by 4.4 m opening is determined to be not practical due 
to field conditions, the TCO office space could be provided by excavating a niche in the alcove 
beyond the transition zone (Reference 5.20). The drill room size is determined to be 5 m (depth) 
by 7 m (height) by 6 m (width) to accommodate for the drilling equipment to be used (Reference 
5.18). The access drift and drill room cross sections are shown in Figure 35 with the B line 
being defined as the minimum excavation dimension and the C line being defined as the designed 
excavation dimension (B line to C line of 150 mm typical). The access drift to drill room 
transition allows flexibility for either gradual or abrupt transition. The size of the drift to the 
drill room, and the drill room itself, may be altered if ground conditions warrant a change. The 
final decision will be made in the field during construction based on the geologic conditions and 
the choice of the ground support to be installed. The drill room is required to be located on the 
contact plane. The alcove is intended to be driven at a nominal +1+0.5 percent to facilitate 
drainage, however, the alcove may deviate up or down to follow the contact. Any water 
encountered from drilling, dust control or other sources can be handled with a pump if the final 
orientation does not allow natural drainage. Construction tolerances for horizontal alignment will 
be established and shown on the alcove drawing(s) based on TCO requirements. The alcoves 
will follow geologic formations and a great deal of flexibility is needed to meet that requirement.  

I The alcoves will be excavated using standard mining techniques involving mechanical excavators 
or drill and blast techniques. Ground support installation will be closely coordinated with the 

I TCO to ensure that the testing requirements will not be affected by the ground support 
I installation. Additional details are provided in Figure 35.  

7.4 EMPIRICAL METHODS 

The empirical approach relies on rock mass classification systems. Generally, these systems 
allow the rock properties and geologic conditions shown in samples taken from boreholes and 
certain outcrops at the planned site to be compared with similar information compiled and 
categorized from existing underground facilities. Based on this comparison, support requirements 
and stand-up time can be estimated.  

Two common classification systems are recommended in Drift Design Methodology report for 
the Yucca Mountain Site Characterization project (Reference 5.6). These two classification 
systems are the South African Council for Scientific and Industrial Research (CSIR) 
Geomechanics classification system developed by Bieniawski (1976), and the Norwegian 
Geotechnical Institute (NGI) classification system developed by Barton et al. (1974). The 
Geomechanics classification and the NGI system are empirical methods for the selection of 
modem tunnel reinforcement measures such as rock bolts, wire mesh, and shotcrete. These two 

I classification systems are used to provide basis for the empirical design of the ESF alcoves and 
I the alcove/ramp intersections.
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The Geomechanics classification system is used to establish the stand-up time for the alcove 
excavation. The NGI classification system is used to estimate a ground support system for the 

I ESF alcoves and the modified Q ratings are used to identify the ground support system for the 
I alcove/ramp intersections.  

7.4.1 GEOMECHANICS ROCK MASS CLASSIFICATION SYSTEM 

The Geomechanics classification system or the Rock Mass Rating (RMR) system was developed 
by Bieniawski (1976). This engineering classification of rock masses, especially evolved for rock 
engineering applications, utilizes six parameters. These parameters not only are measurable in 
the field but can also be obtained from borings. The strength of intact rock material, rating of 
Rock Quality Designator (RQD), spacing of joints, condition of joints, groundwater condition, 
and rating adjustment for orientation of joints are the six parameters included in the 
Geomechanics rock mass classification system. Joints are the major factor in this classification 
system; four of the six parameters (RQD, spacing of joints, condition of joints, and orientation 
of joints) are related to joint characteristics.  

A detailed description of the Geomechanics classification system is presented in References 5.2 
and 5.3. The Geomechanics classification are used to estimate the stand-up time for the Bow 
Ridge Fault test alcove from Figure 2.  

7.4.2 NGI ROCK MASS CLASSIFICATION SYSTEM 

The NGI rock mass classification or the rock mass quality Q system, developed in Norway in 
1974 by Barton, Lien, and Lunde, enables the design of rock support in tunnels and large 
underground chambers. The six parameters in the NGI system include (1) RQD; (2) Joint Set 
Number (J.); (3) Joint Roughness Number (J,); (4) Joint Alteration Number (J.); (5) Joint Water 
Reduction Factor (JJ); and (6) Stress Reduction Factor (SRF). The parameters are combined in 
the following way: 

Q = (RQD/J.) (J/Ja) (JJSRF) (l) 

where Q is the final classification value. The three pairs of parameters in Equation 1 are 
approximations of block size (RQD/J.), interblock shear strength (J/J.), and active stress 
(JJSRF).  

In the NGI system, the excavation span width and the rock mass quality index (Q) are the 
decisive parameters for placing an excavation in a given category (Figure 3). However, there is 
an important user requirement for different degrees of safety. The Excavation Support Ratio 
(ESR), which reduces the effective span (Figure 3), reflects construction practice in that the
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degree of safety and support demanded by an excavation is determined by the purpose, presence 
of machinery, personnel, etc. Increased safety can be selected by reducing the ESR value. For 
example, a value of ESR=I.6 for important permanent mine openings and a value of ESR=I for 
power station chambers, major road tunnels, and portals ensure a high factor of safety. Most of 
the 38 numbered "support boxes" shown in Figure 3 contain case records. The support 
recommendations for cases that plot in these boxes are listed in Table 1 (Reference 5.1).  

The value of ESR=I is used in the analysis performed for the design of the ESF alcoves. For 
the intersection design Barton (1974) recommends to increase the Joint Set Number (J.) by a 
factor of 3. Thus the modified Q rating for the intersections is determined by dividing the Q 
rating value by a factor of 3.  

7.5 STAND-UP TIME AND GROUND SUPPORT ESTIMATES 

In this Section the stand-up time based on average RMR ratings and the estimated ground support 
[ system for the alcoves # 2, 3, and 4 based on Q ratings is presented. The ground support system 
I for the alcoves and TS North Ramp intersection is estimated in this Section.  

The Bow Ridge fault test alcove is located in Tiva Canyon member (TCw). The Bow Ridge 
fault test alcove is a 3.7 m wideby 3.7 m high with extended arched roof. For TCw unit the Q 
and average RMR values are presented in Table 2. The corresponding stand-up time (based on 
average RMR value) and support category (based on Q value) for a 3.7 m by 3.7 m opening are 
provided in Table 3. The Category 3 RMR and Q rating values corresponding to TCw unit are 
55 and 2.08 respectively. The estimated stand-up time corresponding to average RMR rating 
range for an unsupported opening with 3.7 m span is approximately 1,500 hours (Figure 2).  
From Figure 3, for Q value of 2.08 the ground support category of 21 is obtained for test alcove 
opening of 3.7 m span. Attachment II is used in conjunction with Table 1 to determine the 
applicable ground support components. The parameters under the Q system from Attachment II 
are used to determine the conditional factors. For category 21, (RQD/J,<I2.5 and J/Ja>0.75) 
untensioned grouted bolts on 1 m spacing is recommended from Table 1. For category 21, 

1 (RQD/J,<12.5 and J/J,<0.75) 25 to 50 mm of shotcrete is recommended from Table 1. The use 
of the grouted rock bolts are prohibited inside the test alcove (Reference 5.19), therefore, the 
shotcrete application is recommended as the permanent function ground support for the test 
alcove. The use of shotcrete application instead of grouted rock bolts represents a more 
conservative option in this case. The shotcrete application cannot take place until the mapping 
is completed and the TCO approval is obtained. Therefore, for temporary support, it is 
recommended that friction type rock bolts (e.g. Super Swellex) of minimum 2 m in length in a 
1 m square pattern and 150 mm x 150 mm welded wire fabric be installed inside the test alcove 
to provide safety for mapping and other testing activities. Then, 150 mm nominal (100 mm 
minimum) of shotcrete should be applied to the test alcove after the completion of mapping and 
after obtaining approval from the TCO. Timing of the shotcrete application will primarily depend
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on the field conditions and will be at the discretion of the constructor and only will take place 
after obtaining TCO approval.  

I The drill room in alcove #2 is beyond the transition zone (Figure 33), therefore, the ground 
I support is QA:None. For the drill room (alcove # 2) by considering a roof span of 7 m 

(conservatively for a 6 m by 7 m opening), a stand-up time of 400 hours is estimated (Figure 2).  
From Figure 3, for Q value of 2.08 the ground support category of 22 is obtained for drill room 

I opening of 7 m span. For category 22, (RQD/J<" I0 and J/J;>1.0) a 25 to 50 mm of shotcrete 
is recommended using Table 1 in conjunction with Attachment II. Because of the similar 

I constraints as mentioned above, it is recommended that friction type rock bolts (e.g. Supper 
I Swellex) of nominal 3 m in length in a 1 m square pattern with 150 mm x 150 mm welded wire 
I fabric to be installed in the drill room portion of the alcove for temporary support to be followed 

by a nominal 150 mm (minimum 100 mm) of shotcrete application (only after approval from 
TCO). The ground support recommendation for the drill room will also apply to test alcove areas 
where the height or width is greater than 4.5 m nominal (in transition area from alcove drift to 

I test room, Figures 33 and 34). For temporary ground support, the constructor may be required 
I to use other available means of support such as steel sets if necessary due to the field conditions.  
I The ground support recommendations by the constructor for the temporary support must be 
I approved by the A/E.  

The ground support for the Bow Ridge fault and TS North Ramp intersection is estimated after 
reducing the Q rating value by a factor of 3 (Q=2.08/3=0.69). For a 7.62 m roof span and a Q 
value of 0.69, ground support category of 27 is recommended from Figure 3. For category 27, 
untensioned grouted bolts in a I m square pattern and 50 to 75 mm of welded wire fabric 
reinforced shotcrete is recommended (fiber reinforced shotcrete may be used instead of welded 
wire fabric reinforced shotcrete). Additional bolts will be added around the test alcove opening 
prior to the excavation of the alcove to provide extra support. The details of the bolting pattern 
around the test alcove opening will be provided in alcove drawing.  

The alcove #3 will be located near the TCw/PTn contact. For TCw unit the Q and average RMR 
values are presented in Table 2. The Q and average RMR values for PTn and TSwl units are 
presented in Tables 4 and 5 respectively. The corresponding stand-up time (based on average 
RMR value) and support category (based on Q value) for a 3.7 m by 3.7 m and a 6 m by 4.4 m 
openings in a PTn unit are provided in Table 6. Category I Q and RMR values for PTn unit are 
lower than the Q and RMR values for both TCw and TSwl units. Therefore, for conservatism, 
category I Q and RMR values for PTn unit are used to estimate the ground support 
recommendations and stand-up time for alcoves #3 and 4. The estimated stand-up time 
corresponding to average RMR rating range for an unsupported opening with 3.7 m and 6 m span 
is approximately 8 and 0 hours respectively (Figure 2). This indicates that if the opening is 
located in a category 1 type rock, the full face excavation may not be feasible for a 6 m opening.  

From Figure 3, for Q value of 0.15 the ground support category of 30 is obtained for test alcove
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opening of 3.7 m span. The selection of specific ground support components are made using 
Table I in conjunction with the information from Attachment II. For category 30, (RQD/J,>5) 
tensioned grouted bolts in 1 m spacing plus 25 mm to 50 mm of shotcrete is recommended in 
Table 1. From the same Table for RQD/J.<5, mesh reinforced shotcrete of 50 mm to 75 mm is 
recommended. Because the grouted bolts are not permitted in the alcove the use of mesh 
reinforced shotcrete will be recommended for the 3.7 m size alcove. From Table I it can be seen 
that this is a more conservative choice from the two options.  

For alcove opening of 6 m span ground support category of 31 is obtained from Figure 3. For 
category 31, (RQD/J•>4) tensioned grouted bolts in 1 m spacing plus 50 mm to 125 mm of 
mesh reinforced shotcrete is recommended in Table 1. From the same Table for RQD/J44Ž>I.5, 
mesh reinforced shotcrete of 75 mm to 250 mm is recommended. Because the grouted bolts are 
not permitted in the alcove the use of mesh reinforced shotcrete will be recommended for the 6 
m size alcove. From Table 1 it can be seen that this is a more conservative choice from the two 
options. Because the shotcrete application may not be allowed by the TCO until mapping is 
completed, the constructor may use other means for temporary support. Temporary ground 
support components may include rockbolts, welded wire fabric, or steel sets. The choice of 
temporary support system will have to be approved by the A/E prior to installation.  

Based on the above discussion, for alcoves #3 and 4 a 150 mm nominal (100 mm minimum) of 
mesh reinforced shotcrete is recommended as the permanent function ground support to be 
applied in the transition zone. It is also recommended that the shotcrete application be continued 
beyond the transition zone for long term support. The ground support installed beyond transition 
zone will have QA:None classification. The shotcrete application in the alcoves #3 and 4 will 
take place after the completion of mapping and after obtaining approval from the TCO. The 
method of installation of welded wire fabric will be recommended by the constructor and 
approved by A/E. Timing of the shotcrete application will primarily depend on the field 
conditions and will be at the discretion of the constructor and only will take place after obtaining 
TCO approval.  

The ground support for alcove #3 and TS North Ramp intersection is estimated after reducing 
the Q rating value by a factor of 3 (Q=0. 15/3=0.05). For a 7.62 m roof span and a Q value of 
0.05, ground support category of 34 is recommended from Figure 3. For category 34, (RQD/J,>:2 
and J/J.J0.25) tensioned grouted bolts in a 1 m square pattern and 50 to 75 mm of welded wire 
fabric reinforced shotcrete is recommended. Because the PTn unit does not lend itself to 
tensioned grouted bolts (not strong enough to set the mechanical anchor), therefore, Supper 
Swellex bolts may be used instead in the intersection in conjunction with 150 mm nominal (100 
mm minimum of welded wire fabric reinforced shotcrete. At least one row of additional rock 
bolts (1 m spacing) may be added around the test alcove opening, above the spring line of the 
alcove, prior to the excavation of the alcove to provide extra support. The details of the bolting 
pattern around the test alcove opening will be provided in alcove drawing(s).

It I I !
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The alcove #4 will be located near the PTn/TSwl contact. Category I Q and RMR values for 
PTn unit are used to estimate the ground support recommendations and Stand-up time for alcove 
#4. The ground support recommendation for alcove #4 and TS North Ramp intersection is 
identical to alcove #3 because the Q value is the same. It should also be noted that the Q value 
used to obtain these estimates represent category I rock mass properties which have the most 
conservative values.  

7.6 ANALYTICAL METHODS 

I The application of the analytical methods in determining the stability of the alcoves #2, 3, and 
I 4 and alcove/ramp intersections is addressed in this section.  

In designing ESF alcoves, stresses resulting from three sources must be considered: in situ, 
thermal, and seismic. In situ stresses are present before the excavation and will be altered in the 
vicinity of the opening during construction. Thermal stresses will occur after the waste 
emplacement, and the timing and magnitude of the temperature induced loads at any particular 
location in ESF is primarily dependent upon its position relative to the potential repository.  
Seismic induced stress magnitudes and duration are a function of the intensity of the earthquake 
or Underground Nuclear Explosions (UNE), the distance from the event to the ESF alcoves, and 
the direction and size of the seismic wave relative to the alcove.  

The excavation of the alcove from the North Ramp tunnel presents a three-dimensional problem.  
Two three-dimensional computer software, FLAC3D and 3DEC, are used to evaluate the stability 

I of the ramp at the Bow Ridge Fault test alcove location and alcove/ramp intersection. For 
I alcoves #3 and 4, 3DEC software is used to analyze the alcoves and the alcove/ramp intersection.  

3DEC is a three-dimensional computer software based on the distinct element method for 
discontinuum modeling. 3DEC simulates the response of discontinuous media, such as jointed 
rock mass, subjected to static or dynamic loading. FLAC3D is another ideal analysis tool for 
solution of three-dimensional problems in geotechnical engineering. This computer software 
simulates the behavior of three-dimensional structures built of soil, rock and other materials that 
undergo plastic flow when their yield limits are reached. Materials are represented by polyhedral 
elements within a three-dimensional grid that is adjusted to fit the shape of the object to be 
modeled. A complete description of the FLAC3D software and its capabilities are provided in 
Reference 5.13. The 3DEC software description and modeling capabilities are provided in 
Reference 5.16.  

I For Bow Ridge Fault test alcove, FLAC3D was used to perform analysis considering in situ and 
seismic (quasi-static) loading. 3DEC was used in analyzing the alcoves #2, 3, and 4 and the 

I alcove/ramp intersections subjected to in situ and seismic (dynamic) loading conditions. For 
alcove #2, the FLAC3D model represents a right angle intersection while the 3DEC model 
represents the alcove/ramp intersection at about 600 angle. The reason for two different
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intersection angles are to bound the analysis such that it would be representative of an alcove to 
ramp intersection from 60W+±100 to 900 angles. The alcove will be oriented to meet the 
requirements of the testers in accordance with Reference 5.10.  

The alcoves #3 and 4 are analyzed at 450 and 900 angles. The exact orientation of the alcoves 
#3 and-4 will be determined in the field and may vary from 450 to 900. The 450 intersection 
provides the minimum desirable pillar size between the ramp and the alcove. The 900 
intersection is the preferred angle. Any angle from 450 to 90' is acceptable and is bounded by 
this analysis.  

7.6.1 IN SITU DESIGN LOAD ANALYSIS 

I 7.6.1.1 FLAC3D ANALYSIS OF ALCOVE #2 

In order to evaluate the effects of ramp and then alcove excavations, a three-dimensional model 
representing the rock at Bow Ridge Fault test alcove location was built. Far field mesh 
boundaries were set about six tunnel diameters away from the tunnel centerline to eliminate the 
effects of the boundary conditions on the numerical results. Next, the boundary and initial 
conditions were set and the model was run to equilibrium. Then, the TS North ramp was 
excavated and the model was run to reach new equilibrium state. At this stage, the state of the 
stress due to the tunnel excavation was determined. Finally, the Bow Ridge Fault test alcove was 
excavated at right angle to the ramp and model was run to equilibrium. The results in terms of 
stress, displacement, failure zone, and safety factors were evaluated and presented in this report.  
Several sets of vertical convergence monitoring stations were set in the model to evaluate the 
displacement behavior during computer mining simulation.  

FLAC3D model was constructed by using the built-in element library. The North Ramp tunnel 
is circular while the alcove is horseshoe-shaped. Limited by the availability of tunnel intersection 
element types, a model simulating the intersection of two horseshoe-shaped tunnels was built to 
perform the analyses. Since the TS North Ramp is circular and the alcove is horseshoe-shaped, 
the model analyzed in this report will provide more conservative results than the actual. Because 
of the symmetry with respect to the alcove centerline only half of the alcove and alcove/ramp 
intersection is modeled. Far field mesh boundaries are set about six tunnel diameters away from 
the tunnel centerline, far enough to eliminate the effect of boundary conditions on the numerical 
results. Figures 4 and 5 show the mesh used in FLAC3D analysis. Close-up of the alcove/ramp 
intersection grid is shown in Figure 6.  

The boundary conditions are set with the bottom of the model fixed in vertical direction. The 
top of the model was set to represent a free surface. The centerline of the ramp is set to 
approximately 48 m from the surface at the alcove location (from Figure 1). The roller boundary 
is set at the alcove side and the remaining three sides are set as stress boundaries.

11 1 1 .
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For the in situ loading condition, the Mohr-Coulomb failure criterion is used to capture the post
elastic rock behavior. The in situ stress field is gravitational, with the vertical and horizontal 
stresses approximated as follows (TBV-071-DD): 

e., = -pgh (2) 

h-I = Kca',, (3) 

0 02 = ° K-", (4) 

where p, g, and h are average density of the rock mass, gravity acceleration, and the depth below 
the surface. The coefficient, KI, is the ratio of horizontal to vertical stress, and subscripts v, h-i 
and h-2 represent the vertical and two horizontal directions respectively. In this analyses, a value 
of 0.25 was adopted for Ko. which was inferred from the expression u /(1-u) where u = 0.2 is 
the Poisson's ratio of the rock mass (cah_,=[u /(1-u)]a0r , predicted from linear elasticity theory).  
Any higher values (i.e., as long as Ko. I) will help the rock as additional confinement. The K.  
value used in the analysis is believed to be more realistic representative of the actual conditions.  
For alcoves #3 and 4, K. value of 0.5 will also be considered in the analysis.  

The mesh refinement in the vicinity of tunnel, alcove and their intersection is shown in Figure 
6. Safety factors and displacement magnitudes after the alcove excavation are demonstrated in 
forms of contour plots in Figures 7 and 8. The lowest factor of safety is about 3.88 and the 
maximum displacement is approximately 0.67 mm. Vertical closures at three different 
monitoring stations were registered in the model. The first station was placed 5 m from the 
centerline intersection in the TS North Ramp while the other two stations were located 5 and 10 
m into the alcove measured from the ramp centerline. The vertical closure at the ramp station 
measured to be approximately 1.05 mm after the ramp excavation and increased to 1.18 mm after 
the alcove excavation (Figure 9). Two monitoring stations 5 m and 10 m into the alcove, 
measured from ramp centerline, registered approximate vertical convergence of 0.12 and 0.05 
mm respectively after the ramp excavation, and 0.84 mm and 0.62 mm after the alcove 
excavation (Figure 10). It can be seen that the monitoring station in the alcove which is near the 
alcove/ramp registered higher closure than the one further from the intersection as expected. The 
closure for all three stations are shown to be very small as expected because of the high degree 
of the competence of the rock mass in the alcove vicinity.  

Finally, the results of the analysis for in situ loading conditions show that the rock will remain 
within the elastic range of deformation for both ramp and then for the alcove excavations. There 
are no potential failure zones detected. Thus, the ground support installed at the alcove/ramp 
intersection and the alcove will serve as a reinforcement system to further enhance the stability.
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I 7.6.1.2 3DEC ANALYSIS OF ALCOVE #2 

The 3DEC model represents a circular tunnel with a horseshoe-shaped alcove intersecting at 
about 600 angle. Figure 11 shows the mesh used in 3DEC analysis with Figure 12 representing 
the alcove and ramp in the model. The analysis were performed in similar steps to FLAC3D 
analysis for in situ loading conditions. The results are very similar to the FLAC3D results 
indicating that the orientating of the alcove with respect to the ramp from 900 to 600 did not 
affect the results. A vertical closure monitoring station was placed in the ramp 5 m away from 
the intersection (similar position to the station in FLAC3D model). The reading at this station 
is presented in Figure 13 indicating vertical closure of about 1 mm after ramp and alcove 
excavation which compares well with the FLAC3D result (Figure 9). A second monitoring 
station was placed at about 5 m into the alcove form the tunnel intersection. A closure of 0.25 
mm after ramp excavation and 0.89 mm after alcove excavation is registered (Figure 14)- which 
compares well with 0.84 mm measured in FLAC3D analysis (Figure 10). Displacement vectors 
for various cross sections (refer to dip and dip directions on the Figures) at the alcove/ramp 
intersection are presented in Figures 15 through 19. As shown the maximum displacement is 
measured to be about 0.5 mm. 3DEC analysis indicate that the rock surrounding the alcove and 
alcove ramp intersection will remain within the elastic range of deformation.  

I 7.6.1.3 3DEC ANALYSIS OF ALCOVES #3 AND 4 

The analysis for alcoves #3 and 4 are performed considering a 6 m by 4.4 m opening. This is 
the largest dimensions for the alcoves as presented in Figure 35. This analysis represents a 
conservative approach by considering the largest opening. The 3.7 m by 3.7 m alcove opening 
will provide much more stable opening. The analysis were performed for category I rock mass 
properties representing the worst predicted ground conditions. A three dimensional model was 
built to analyze the alcoves #3 and 4 (Figure 36). Three-dimensional numerical model 
representing alcove and the TS North Ramp for 450 and 900 are presented in Figures 39 and 40 
respectively. Series of vertical closure monitoring stations are placed in the model (Figures 37 
and 38). For alcove #3, the model encompasses a vertical distance of 90 m, with the upper 45.5 
m rock being TCw unit and the lower 44.5 m rock being PTn unit. The alcove cuts through the 
TCw/PTn interface. For alcove #4 the top of the model represents PTn unit and the bottom is 
the TSwl unit. The far field boundaries are set far enough (over six tunnel diameters) to 
minimize boundary influence on numerical results. Displacement components normal to the 
boundary are fixed to represent the far-field static boundary conditions while non-reflecting 
viscous boundaries are adapted to prevent the outward propagating wave from reentering the 
model from the model boundaries when the model is subjected to the seismic loading. In situ 
gravitational stress field is applied to the model as initial stresses with a horizontal to vertical 
stress ratio of 0.25 and 0.5.  

I For alcove #3, the results of the analysis for 900 intersection considering in situ loading
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conditions are presented in Figures 41 through 54. Figure 41 indicates that the excavation of the 
alcove has a minimal effect on the ramp opening. Station at the intersection (3,4) registers about 
1.2 min of additional closure due to the alcove excavation but as we move away from the 
intersection (station 5,6), the closure is much less than 1 mm (Horizontal to vertical in situ stress 
ratio of 0.5, Ko=0.5). Figure 42 indicates that the additional closure at station (11,12) is 
approximately 6 mm and decreases as we move inside the alcove. These results show that the 
excavation of alcove has little impact in the stability of the ramp opening. It should be noted 
that these analysis take no credit for the ground support already installed in the ramp prior to 
alcove excavation. Failure indicators around the ramp, alcove, and alcove/ramp intersection are 
presented in Figures 43 through 47. Plasticity zones are indicated at the intersection specially 
in the PTn unit. But these zones are localized and can be easily supported by conventional 
support measures such as rock bolt installation or shotcrete application. Figures 48 through 54 
represents the similar results for the horizontal to vertical in situ stress ratio of 0.25. Figures 55 
through 61 show the results of the analysis for 450 intersection for alcove #3. For Ko=0.5 and 
45* alcove/ramp intersection the additional closure due to the alcove excavation at stations (3,4) 
and (5,6) are approximately 1.2 mm and much less than 1 mm respectively (Figure 55). This 
indicates that the results are almost identical to 900 intersection case (Figure 41).  

For alcove #4, the results of the analysis considering in situ loading conditions are presented in 
Figures 62 through 77. The analysis are performed for 45' intersection. The results of alcove 
#3 indicate that the 450 angle intersection is the least favorable compared to the 900 case.  
Therefore, for alcove #4 only the 450 intersection was analyzed which also bounds the 900 case.  
In alcove 4 the PTn unit represents the material on top of the model. For horizontal to vertical 
in situ stress ratio of 0.5 (K.=0.5), the closure plots are presented in Figures 62 and 63 indicating 
approximately 10 mm closure at station (11,12), 9.2 mm closure at station (13,14), 10.5 mm 
closure at station (3,4), and 9.5 mm closure at station (5,6). Plasticity indicators around the 
ramp, alcove and alcove/ramp intersection are presented in Figures 64 through 69. Plasticity 
zones are again concentrated in the PTn unit part of the model. Again as we move away from 
the intersection the plasticity zones decrease both in the ramp and in the alcove. Figures 70 
through 77 shows the results of the analysis for horizontal to vertical in situ stress ratios of 0.25.  
As expected the plasticity zones extend slightly deeper into the rock for this case because of the 
lower confinement support from the surrounding rock. It should be reminded again that these 
analysis do not take any credit to the ground support installed in the ramp prior to alcove 
excavation. The prism-shaped pillar between tunnel and alcove is subjected to higher vertical 
stress concentration and less lateral confinement. A near perpendicular alcove/ramp intersection 
would eliminate pillar stability concerns.  

The plasticity zones indicate the potential regions for safety concern. These area must be 
supported to ensure safety and stability of the opening. These analysis were performed for a 6 
m by 4.4 m opening. If the alcove is determined to be a 3.7 m by 3.7 m opening, it would 
provide a more inherently stable opening than the one analyzed. It should also be reminded that 
the analysis performed here incorporated category I rock mass properties representing the most

11 1 1
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conservative values. The results of the analysis strongly indicate that the alcove excavation has 

little impact to the ramp opening (e.g. see Figure 9). The monitoring stations (closure stations 
in the model) inside the alcove indicate decrease in closure measurements as we move into the 
alcove. This is only due to the fact that the influence of the alcove/ramp intersection in alcove 
stability is decreased as we move into the alcove (e.g. see Figure 10). These results strongly 
indicate that consideration of the transition zone for the alcove as being extended 20 m into the 
rock, measured perpendicular from the ramp centerline, is very reasonable and conservative.  

I 7.6.2 SEISMIC ANALYSIS OF ALCOVE #2 (TBV-193-ESF) 

NOTE: All parameters used in this section and next two sub-sections will be re-evaluated at the 
time of the removal of TBV-193-ESF.  

Ground motion associated with UNEs and earthquakes are considered in the design of the Bow 
Ridge Fault test alcove and the alcove/ramp intersection. Both quasi-static and dynamic analysis 
are performed in the design. The quasi-static and dynamic analysis were performed on the 
unsupported alcove/ramp intersection and the alcove. The seismic loads are superimposed on the 
in situ loads in the analysis.  

In contrast to the surface structures, underground structures such as tunnels are constrained by 
the surrounding medium and it is unlikely for the tunnel to move independently of the 
surrounding rock. The underground structures display significantly greater degrees of redundancy 
due to the support from the ground compared to surface structures, which are generally 
unsupported above their foundation. Therefore, for underground structures such as tunnels the 
surrounding rock acts as a support during a seismic event. Case history studies of the 
underground openings which have been subjected to seismic activities are generally used in 
practice to provide a basis for the ground support design. Seventy-one cases of observed damage 
to rock tunnels from the earthquake movements were compared to calculate peak surface motions 
to determine damage thresholds by Dowding (Reference 5.4). The tunnels were built between 
late 1800s and the 1960s and thus represent a wide variety of construction methods. It is shown 
that peak surface accelerations which cause heavy damage to surface structures, cause only minor 
damage to tunnels. For surface accelerations up to 0.19g no damage was experienced even for 
unsupported openings. Minor damage (new cracks and minimal rock fall) was observed for 
surface accelerations above 0.25g and below 0.5g. No collapse was observed due to ground 
shaking effect alone up to a surface acceleration of 0.5g.  

The design philosophy for the ESF alcoves and alcove/ramp intersections is to design the 
structure with adequate strength capacity under static loading conditions and then check the 
design in terms of its strength when earthquake effects are considered. If the stresses due to 
seismic loads exceed the strength of the surrounding rock, inelastic deformation will develop.  
Quasi-static and dynamic analysis were performed to check the response of the surrounding rock
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and to estimate the potential damaged zone(s) around the alcove opening.  

I 7.6.2.1 QUASI-STATIC ANALYSIS (TBV-193-ESF) 

The basis of quasi-static methodology is that the size of the structure (in this case 7.62 m in 
diameter ramp and 3.7 m in height and width alcove) is much smaller than the predominate wave 
length of the seismic event (- 240 m, Reference 5.17). The shock or distortion caused by an 
earthquake to an underground opening is generally small because the earthquake-induced wave 
length and the amplitude of earthquake displacement are generally large. Therefore, the 
application of a static load corresponding to the peak dynamic load would lead to a rational 
approximation to the actual dynamic response. The quasi-static analyses were performed for 
unsupported alcove and alcove/ramp intersection. The maximum horizontal and vertical 
components of acceleration of 0.37g was used in the analysis (Reference 5.15).  

This value was applied in both horizontal and vertical directions. The loading approach is to 
superimpose a boundary pressure of 0.37*W/Ai to the existing boundary stresses in the horizontal 
direction And to add ± 0.37g to the gravity acceleration in the vertical direction where W is the 
weight of model block and Ai is the boundary area for Face i.  

A close examination of rock zones in the vicinity of tunnel and alcove intersection region for 
both seismic loading cases indicated that there were little adverse impact on stability measured 
in term of values of factors of safety. The minimum safety factor is 3.88 under the in situ stress 
field, is 5.19 when the gravity acceleration was reduced by 37% (Figure 20), and is 3.03 when 
the gravity acceleration was increased by 37% (Figure 21). The vertical closure measurements 
at the ramp monitoring station for ±0.37g vertical loads are presented in Figures 22 and 23 
respectively. As expected when the gravity is decreased by 0.37g (vertical uplift) both points on 
the monitoring station are moved upward with point at the floor moving 3.4 mm, and the point 
at the ceiling being lifted 2.4 mm when the seismic wave passes through (Figure 23). For the 
case when the vertical loads are added to the system in downward direction, the ceiling point 
moves down 1 mm and the monitoring point at the floor registers 1.4 mm downward motion 
(Figure 22). Consequently, the closure at the ramp monitoring location is not significant and 
more importantly the ramp remains within the elastic range of deformation for all cases 
examined. The closure measurements for alcove monitoring locations are presented in Figures 
24 through 27. For all cases examined, the rock surrounding the alcove and alcove/ramp 
intersection remains within the elastic range of deformation.  

7.6.2.2 DYNAMIC ANALYSIS (TBV-193-ESF) 

Based on the discussions presented in previous Sections, the quasi-static analysis is reasonable 
approach for seismic analysis of the ramp and the alcove. Nevertheless, the following dynamic
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analysis is performed to provide additional assurance to the design of the alcove and alcove/ramp 
intersection. The parameters used in this analysis will be re-evaluated at the time of the removal 
of the TBV-193-ESF and once the seismic design parameters for ESF and the potential repository 
are determined.  

3DEC computer software was used in the dynamic analysis presented in this report. After the 
completion of the in situ loading computations, the dynamic boundary condition were added to 
the model and about 4.5 second dynamic loading condition was simulated. The model boundary 
conditions were reconfigured to meet the dynamic requirements while still satisfying the previous 
static equilibrium requirements. Two side surfaces defined by Z = -20 m and Z = 20 m were 
fixed for the normal velocity component, and the other two side surfaces defined by X = -48 m 
and X = 48 m were fixed for the velocity in the vertical direction to ensure the propagation of 
the planar shear wave. The bottom of the model defined by Y = -48 was made non-reflecting 
by setting viscous conditions in both vertical and horizontal directions and top of the model 
remained a free surface. A shear stress wave sinusoidal in shape was applied to the bottom of 
the model. The maximum velocity used was 0.23 m/sec. The amplitude of dynamic shear stress 
is 1.56 MPa obtained by using (from Reference 5.16, Vol. II, Section E.6) 

= 2 (p C) Vs, with C. = (G/p)"2 , and V. = 0.23 m/sec 

where C., Vs, G, and p are the speed of s-wave propagation through medium, input shear 
velocity, block shear modulus, and density respectively. For a seismic event the frequency 
generally ranges from less than 1 Hz to around 10 Hz. The duration of the seismic events vary 
for different events, 0.5 seconds is used in this analysis. A frequency value of 10 Hz used in the 
analysis.  

After about 4.5 seconds of dynamic loading, the velocities became zero as shown in Figures 28 
and 29. The Figures record the velocity history at crown and floor points in tunnel and alcove 
respectively. The monitored points are 5 m away from the alcove/ramp intersection center.  
Stress monitoring point at the intersection crown shows that normal stress components changed 
slightly and became stabilized rapidly, as illustrated in Figure 30. Rock near the entrance of 
alcove experienced earlier shear and tensile over-stressing but became elastic, as shown in Figure 
31. Figure 32 shows the principal stress vectors and values. In conclusion, the rock mass still 
remains within the elastic range of deformation and ground support installed around at the alcove 
and alcove/ramp intersection will provide additional support and safety during a seismic event.  

I 7.6.3 SEISMIC ANALYSIS OF ALCOVES #3 AND 4 (TBV-193-ESF) 

I Dynamic analysis of alcoves #3 and 4 is performed using the methodology described for alcove 
I #2. Dynamic loading induced by a potential earthquake is accounted for by applying a shear 
I stress wave from the bottom of model. The amplitude of this wave is derived by knowing the

11 1 1
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shear modulus, mass density and maximum allowed particle velocity for the rock formation in 
which excavation is made. Frequencies of 5, 10 and 20 Hz and a duration time of 0.5 seconds 
were used in the analysis. As a result, three simulation runs are made, each with a different 
wave frequency.  

Figures 78 through 112 show the failure states surrounding the tunnel and alcove near the 
intersection under the dynamic loading. Those results correspond to Ko = 0.5 and category 1 
rock mass properties. Dynamic load in term of shear stress wave was applied to the model after 
the in situ stress field has been applied. It can be seen from those figures that no additional 
instability zones are caused by seismic load in comparison with static loading results. The 
outputs indicate that the change in frequency causes almost no impact to the results as expected.  

I 7.6.4 THERMAL LOADS (TBD-146-ESF & TBD-147-ESF) 

Thermally induced stresses are generated by the thermal expansion of the rock mass due to the 
thermal energy released from the waste. Thermal stresses at any location depend on the 
proximity and timing of waste emplacement, the waste heat generation, the age of the waste, and 
the thermomechanical properties of the rock mass. The thermal loads are dependent on the 
overall potential repository layout design and are a design variable.  

Thermal loads on the ESF openings are primarily sensitive to the Areal Power Density (APD) 
and thermomechanical characteristics. The APD is a parameter which defines the average rate 
at which heat is generated by the nuclear waste per unit plan area of the repository. The rate of 
heat generation by the waste decreases continuously with time in a manner characteristic of the 
composition of the waste. The choice of APD for a potential repository will dictate, to a great 
extent, the layout and design of the repository. Details of the potential repository design are not 
known and the APD value has not been finalized. Furthermore, thermal stresses will not occur 
during ESF construction and operation. Nevertheless, the access ramp must be designed to 
accommodate where necessary thermally induced loads during the life of the potential repository.  
Thermal stresses at different locations along the TS North Ramp were calculated for two different 
APD equivalent values of 80 and 100 kW/acre using far-field thermal analysis (Reference 5.14).  
From the far-field thermal analysis it is concluded that thermal stresses on the TS North Ramp 
will not be significant for up to 100 years of potential repository operations. Because of the 
location of the alcoves #2, 3, and 4 with respect to the potential repository horizon it is not likely 
that thermal loads will be a factor for the alcove stability during the life of the repository 
(Reference 5.14).  

Finally, it should be added that the alcoves #2, 3, and 4 ground support design will not affect the 
long term thermal performance of the potential repository. If the site is found to be suitable and 
after the APD values have been set for the potential repository, ground support system can be 
supplemented (if required) to accommodate for additional loads.
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8.0 CONCLUSIONS 

Empirical and analytical methods are applied to estimate ground support recommendations for 
the alcoves #2, 3, 4, and alcove/ramp intersections and to evaluate stability of the alcoves and 
alcove/ramp intersections subjected to in situ and seismic loading conditions. The Bow Ridge 
Fault test alcove location was selected during a site visit and it was placed in a competent rock 
to provide stability during alcove excavation (Reference 5.10). The results of the in situ loading 
analysis show that the alcove and alcove/ramp intersection will remain within the elastic range 
of deformation. Monitoring stations were placed in different locations within the model to 
determine the expected closure during alcove excavation. Two monitoring stations 5 m and 10 
m into the alcove, measured from ramp centerline, registered approximate vertical convergence 
of 0.12 and 0.05 mm respectively after the ramp excavation, and 0.84 mm and 0.62 mm after 
the alcove excavation (Figure 10). The lowest factor of safety is about 3.88 and the maximum 
displacement is approximately 0.67 mm (Figures 7 and 8). The quasi-static and dynamic analysis 
were performed to evaluate the effects of the seismic loading conditions. The alcove and 
alcove/ramp intersection remained within the elastic range of deformation for these analysis.  
Only a small zone of elastic but previously plastic condition was detected at the crown and the 
floor of the alcove at the ramp intersection during dynamic loading condition (Figure 31).  
Therefore, the overall analysis indicate that the opening will be stable for in situ and seismic 
loading conditions. The reinforcement system recommended based on empirical analysis will 
provide additional assurance to the stability of the alcove and the alcove/ramp intersection. It 
should also be noted that these analyses were performed for unsupported openings and by 
combining in situ and seismic loads. Installation of the pattern bolts, welded wire fabric, and 
occasional shotcrete application will be sufficient to stabilize the alcove and alcove/ramp 
intersection and minimize damage during momentary seismic wave passage through the ramp 
opening.  

Transition zone for the ESF alcoves is conservatively determined to be 20 m measured 
perpendicular from the centerline of the ramp into the rock at the alcove location (approximately 
two ramp diameters measured perpendicular from the rib at the alcove side). Permanent function 
ground support installed in the transition zone is determined to be QA-l and QA-5 in Reference 
5.19. The ground support installed beyond the transition zone is considered classification non 
Q (QA: None).  

After considering the testing constraints a ground support system for the Bow Ridge Fault test 
I alcove is determined. For temporary support, friction type rock bolts (i.e. Super Swellex rock 
I bolts) instead of grouted bolts will be installed inside the test alcove to satisfy the testing 

requirements. Application of shotcrete in the test alcove will take place only after obtaining 
approval from the TCO. It is recommended that Super Swellex rock bolts of minimum 2 m in 
length in a I m square pattern and 150 mm x 150 mm welded wire fabric to be installed in the 
alcove for temporary support. The length of the rock bolts is recommended to be increased to
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3 m if the height or the width of the alcove exceeds 4.5 m (up to nominal 8.0 in). For permanent 
function ground support, a nominal 150 mm (minimum 100 mm) of welded wire fabric reinforced 
shotcrete is recommended to be applied in the transition zone only after obtaining TCO 
concurrence. The welded wire fabric reinforced shotcrete is the only permanent function ground 
support for the transition zone in the Bow Ridge Fault test alcove. It is also recommended that 
the application of the 150 mm nominal (100 mm minimum) welded wire fabric reinforced 
shotcrete to be continued beyond the transition zone to the end of the alcove for long term 
support (ground support beyond transition zone is classified as QA: None). The temporary 
function ground support installed beyond the transition zone will be determined in the field by 
the constructor and approved by the A/E. The ground support for the Bow Ridge fault and TS 
North Ramp intersection is recommended to include 3 m long grouted rock bolts in a I m square 
pattern and 50 to 75 mm of welded wire fabric (or fiber) reinforced shotcrete. In order to 
maximize stability during the first crucial rounds of alcove excavation, it is recommended that 
at least one row of rock bolts (3 m in length) to be installed around the alcove opening in I m 
square spacing from the perimeter in addition to the pattern rock bolts installed in the ramp at 
the alcove location. The details of the ground support recommendations will be presented in the 
alcove ground support drawing(s) and applicable specifications.  

Two three dimensional models were built to analyze the stability of alcoves #3 and 4 considering 
a 450 and a 900 intersection. For alcoves #3 and 4 the location has not been finalized and for this 
reason category I rock mass properties were used to consider the least favorable ground 
conditions. The opening size of 6 m by 4.4 m was considered in the analysis. The actual size 
may be smaller based on field condition if determined by the A/E representative in the field and 
the constructor. If a smaller opening is used the analysis is bound by the calculations in this 
report. The smaller opening would be inherently more stable than the one analyzed here. Based 
on empirical calculations for the alcove/ramp intersections at alcoves #3 and 4 rock bolts on I 
m spacing and 150 mm nominal (100 mm minimum) of welded wire fabric reinforced shotcrete 
is recommended. In the location of the alcoves #3 and 4 (PTn unit), installation of anchored 
bolts are not practical because the rock strength is not sufficient to set the anchors. Therefore, 
friction bolts are recommended. Super Swellex rock bolts of 3 in in length are recommended 
to be used in the alcove/ramp intersection. The permanent function ground support for the 
transition zone in the alcove is determined to be a 150 mm nominal (100 mm minimum) of 
welded wire fabric reinforced shotcrete. Constructor may install rock bolts or other means of 
support (e.g. steel sets) as temporary function ground support during construction only after A/E 
approval. It is recommended that the application of the 150 mm nominal (100 mm minimum) 
welded wire fabric reinforced shotcrete be continued beyond the transition zone to the end of the 
alcove for long term support (ground support beyond transition zone is classified as QA:None).  
In order to maximize stability during the first crucial rounds of alcove excavation, it is 
recommended that at least one row of rock bolts (3 m in length) to be installed around the alcove 
opening in I m square spacing from the perimeter in addition to the pattern rock bolts installed 
in the ramp at the alcoves #3 and 4 locations. The shotcrete application in entire alcove is only 
allowed after obtaining the TCO approval.
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The parameters used in the application of the seismic loads will be re-evaluated at the time of 
I the removal of the TBV-193-ESF. The thermal loading conditions are not addressed in this 

report because the potential repository thermal loads are yet to be determined at this time (TBD
I 146-ESF and TBD-147-ESF). The alcove and alcove/ramp intersection ground support need to 
I be re-evaluated when thermal loading conditions are determined. Because of the locations of the 
I alcoves #2, 3, and 4 with respect to the potential repository horizon it is not likely that thermal 

loads will be a factor for the alcove stability during the life of the repository (Reference 5.14).  

Finally, observation and monitoring during and after construction are considered essential to 
verify rock properties and opening performance, and to implement ground support modifications 
if required.  

The layout of the Bow Ridge Fault test alcove is primarily designed based on testing 
I requirements (Reference 5.10) and is presented in Figures 33 and 34. The location shown in 
I Figure 33 is the designed location and is slightly different from the approximate location as was 
I presented in Reference 5.10.  

9.0 ATTACHMENTS 

I ATTACHMENT I: Input Files for Computer Analysis Pages: 1-1 to 1-38 
I ATTACHMENT II: Estimated Rock Mass Quality Indices (Reference 5.5) Pages 11-I to 11-7
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In Figure 1 (Table Continues on Next Two Pages).  
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Estimates of Q and RMR Values for TCw Unit

Stand-up Time and Rock Support Categories for 
the Bow Ridge Fault Test Alcove

11 1

TABLE2

TABLE 3

TCw UNIT ROCK MASS QUALITY CATEGORY 

1 2 3 4 5 

Q 0.38 0.68 2.08 5.66 9.14 

AVERAGE RMR 43 48 55 63 68

TCw UNIT ROCK MASS QUALITY CATEGORY 

1 2 3 4 5 

STAND-UP TIME (HOURS) 59 230 1500 9000 30,000 
USING FIGURE 2 _ 

SUPPORT CATEGORY 30 25 21 No-Support No-Support 
USING FIGURE 3 1 Required Required
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Estimates of Q and RMR Values for PTn Unit

Estimates of Q and RMR Values for TSwl Unit

Stand-up Time and Rock Support Categories for Alcoves #3 and #4

It I

TABLE 4

TABLE 5

PTn UNIT ROCK MASS QUALITY CATEGORY 

1 2 3 4 5 

Q 0.15. 0.28 0.66 1.62 3.74 

AVERAGE RMR 36 42 47 56 63

TSwl UNIT ROCK MASS QUALITY CATEGORY 

1 2 3 4 5 

Q 0.24 0.87 1.73 5.09 12 

AVERAGE RMR 40 48 53 60 68

TABLE 6

PTn UNIT ROCK MASS QUALITY CATEGORY 

1 2 3 4 5 

STAND-UP TIME (HOURS) 8 50 200 1500 9000 
(3.7 m x 3.7 m) 
USING FIGURE 2 

STAND-UP TIME (HOURS) 0 20 70 700 4000 
(6 m x 4.4 m) 
USING FIGURE 2 

SUPPORT CATEGORY 30 30 25 21 21 
(3.7 m x 3.7 m) 
USING FIGURE 3 

SUPPORT CATEGORY 31 31 26 22 21 
(6 m x 4.4 m) 
USING FIGURE 3
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FIGURE 2. Geomechanics Classification of Rock Masses; 
Output for Tunneling and Mining. The Symbols 
Indicate Case Histories. (Bieniawski, 1976)
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ROCK MASS QUALITY

FIGURE 3. Rock Support Category Is Given by the Box Number 
(1 to 38); Refer to Table 1. (Barton et al., 1974)

bn 

ad 

oj 

0 

<0 

0•

(RQD JE) Jw 
37 is S-F

ft 

0

I •



FLA4 C3D 1.01 .,Job I i,,e: Bow Ridge Fault lest Alcove Seismic Analysis 

Step 8000 Perspective 2 
14:47:49 Wed Mar 29 1995 

Rotation: & 
X: 340.00 
Y: 0.00 
Z: 40.00 

Center: 
X: 2.400e+01 
Y: 6.400e-04 
Z: 2.210e-03 

Eye Dist: 4.829e+02 IN 

Size: (5.401e+01, 5.863e+01) 

AxesH 

Surfacc 
Axes 

Linestyle o 

Figure 4. Surface plot of the 3- q )i.  
Dimensional mesh used in FLAC3D 
analysis. Grid dimensions are in 
meters.  

-e o 

AM,

CRWMS M & O

A



191

Step 8000 Perspective- --- -s.---
14:47:59 W ed Mar 29 1995 , .:" .-- -

,= - - _- _: .  

Rotation: ' , "- --- g 
X: 340.00 , , ..- .. . . ....,. ....  
Y : 0 .0 0- ,/.... .. -. " .  

Y O O, ,I ,~ . -. .. = -'- F.  
Z : 4 0 .0 0 -- I s ' / "- . - -:" r .  

C e n te r: ' : : • i " xi 
X : 2 .400e+ 0 1 .. ' / ,,.. . , .  Y : 6 .4 0 0 e -0 4 I - I - " • •"'" " " -I I , , U Z : 2.2 1 0Oe-0 3 t . . l' 

Eye Dist: 4.829e+02 ,.,, / .b 
Size: (5.401e+01, 5.863e+01) ..-. / i , 

.- " " 

"Lin stye S . ,.,-" Ii 

Axes Linestyle 
••" " 

Sketch .-. "", 

A xes..-[.,- , Linestylo 
'.e".I ,,. 

Figure 5. Sketch plot of the 3- t. I 4 I ' ' Dimensional mesh used in FLAC3D .5- \i,.  I -. . ." . , ,I/ " 
analysis. Grid dimensions are in I, 

meters' 
tI 

I... 
-- ! .

ICRWMS M & 0



Rotation: 
X: 342.35 
Y: 15.33 
Z: 108.98 

Center: 
X: 2.055e+01 
Y: -2.816e+00 
Z: -3.883e+00 

Eye Dist: 5.371e+02 
Size: ( 1.255e+01, 1.363e+01)

irface

Figure 6.  
intersect 
analysis.  
meters.

Close-up of the alcove/ramp 
ion grid used in FLAC3D 

Grid dimensions are in

ICRWMS M & O

C' 

C, 

-l 

I 
-J 
-S 
6 

I 
0 

Oq 
C, 

0



FLAC3D 1.01
Step 3500 
14:48:46 Wed

Perspective 
Mar 29 1995

Rotation: 
X: 22.35 
Y: 15.33 
Z: 108.98 

Center: 
X: 1.805e+01 
Y: -4.852e-01 
Z: 1.054e+O1 

Eye Dist: 5.371e+02 
Size: ( 1.255e+01, 1.363e+01)

Contour of Density 
1 3.8843e+OOto 

4.0000e+OOto 
6.0000e+OOto 
8.0000e+OOto 1 
1.0000e+01 to 1 

Interval = 2.0e+00

1.0000e+O0 
6.0000e+00 
3.OOOOe+00 
1.0000e+01 
1.1022e+01

Sketch 

Figure 7. Contour plot of the safety 
factors at alcove/ramp intersection 
for FLAC3I) analysis consideri.ng in 
situ loads only.
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Figure 8. Contour plot of the o 

displacement magnitudes at alcove/ 
ramp intersection for FLAC3D analysis , 
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Step 3500 
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Job Title: Bow age I Faun Test Alcove Analysis under In-Situ Stress Field
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Figure 9. Vertical closure at ramp station, measured 5 meters from intersection centerline, 
after the ramp and then alcove excavations for in situ loading condition (FLAC3D 
analysis). Vertical closure is measured in meters and shown along vertical axis.  
Horizontal axis shows the number of numerical cycles.
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FLA C3L 
Step 3500 
18:10:17 Sun Mar 12 1995
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Vertical closure at alcove stations, measured 5 (curve A) and 10 (curve B) meters 
from intersection centerline, after the ramp and then alcove excavations for in situ 
loading condition (FLAC3D analysis). Vertical closure is measured in meters and 
shown along vertical axis. Horizontal axis shows the number of numerical cycles.
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Figure 11. Plot of the 3-Dimensional 
mesh used in 3DEC analysis. Grid 
dimensions are in meters.
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Figure 12. Plot of the 3-Dimensional representation of the Bow Ridge Fault 
test alcove and the ramp used in 3DEC analysis.
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AlcOve 2: Static Analysis - Vertical Closure In Tunnel
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Figure 13. Vertical closure at ramp station, measured 5 meters from. intersection centerline, 
after the ramp and then alcove excavations for in situ loading condition (3DEC 
analysis). Vertical closure is measured in meters and shown along vertical axis.  
Horizontal axis shows the number of numerical cycles.
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Alcove 2: Static Analysis - Vertical Closure In Alcove
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Vertical closure at alcove station, measured 5 meters from intersection centerlinfe, 
after the ramp and then alcove excavations for in situ loading condition (3DEC 
analysis). Vertical closure is measured in meters and shown along vertical axis.  
Horizontal axis shows the number of numerical cycles.
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Displacement vectors measured in meters at alcove/ramp intersection.
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Alcove 2: Static Analysis - Displacement Vectors in Section @ 130 Deg. _ 
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Figure 16. Displacement vectors measured in meters at alcove/ramp intersection.  
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Displacement vectors measured in meters at alcove/ramp intersection.
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Displacement vectors measured in meters at alcove/ramp intersection.
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Displacement vectors measured in meters at alcove/ramp intersection.
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Fi.gure 20. Contour plot of the safety 
factors at alcove/rmp intersection 
for FLAC3D anal.ysis considering in 
situ and seismic loads when vertical.  
londs are decreased by 377.  
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Fipgure 21. Contour plot or the safety 
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FLA C3D 1.01 
Step 8000 
17:47:49 Sun Mar 12 1995 

History 
Z.Olsplacement Gp 304 
Unestyle --------- I ------------------

-1.8689-03 <-!. -6.247e-10 
Z-Displacement Gp 2786 
Lhnestye ----------------------------------------

-3.6209-04 <-> 6.701e-04 

Vs.  
Step Number 

1.000e+01 -c-> 8.0000+03 
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Vertical closure at ramp station, measured 5 meters from intersection centerline, 

after the ramp and then alcove excavations for in situ and seismic loading 

conditions when vertical loads are increased by 37% (FLAC3D analysis). Vertical 
closure is measured in meters and shown along vertical axis. Horizontal axis 
shows the number of numerical cycles.

Figure 22.
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FLAC3D 1.01 
Step 8000 
17:28:38 Sun Mar 12 1995 

H-istory 
Z-Displacement Gp 304 
Unestye ----------------------------

-5.110o-04 <-> 2.879e-03 
Z-Displacement Gp 2786 
U nestyle ----------------------------------------

-3.1209-06 <-> 2.9999-03 

Vs.  
Step Number 

1.000e+01 <.> 8.0000+03 
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Job Titll9: Dow Ridge Fault Test Alcove Seismic Anrlls 
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Vertical closure at ramp station, measured 5 meters from intersection centerline, 
after the ramp and then alcove excavations for in situ and seismic loading 
conditions when vertical loads are decreased by 37% (FLAC3D analysis).  
Vertical closure is measured in meters and shown along vertical axis. Horizontal 
axis shows the number of numerical cycles.

Figure 23.
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FLAC3D 1.01 
Step 8000 
17:29:32 Sun Mar 12 1995 

History 

Z-Dlsplacement Gp 307 
Unestyle -------------------.. . --------

-3.7430-04 <-> 2.762@-03 
Z-Displacement Gp 4718 
Llnesys ----------------------------------------

-2.445@-06 <-> 3.022e-03 

Vs.  

Stop Number 
1.0000+01 <-> 8.000e+03 
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Vertical closure at alcove station, measured 5 meters from intersection centerline, 
after the ramp and then alcove excavations for in situ and seismic loading 
conditions when vertical loads are decreased by 37% (FLAC3D analysis).  
Vertical closure is measured in meters and shown along vertical axis. Horizontal' 
axis shows the number of numerical cycles.

Figure 24. I 
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FLAC3D 1.01 
Step 8000 
17:48:13 Sun Mar 12 1995 

History 
Z-Displacement Gp 307 
Unesty. t -o ----------------------- -

-1.754-03 <->. 3.530e-08 
Z-Displacement Gp 4718 

lnesty e ----------------------------------------

-6.200e-04 <-> 4.634e-04 

Vs.  
Stop Number 

1.000e+01 c-> 8.000e+03 
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Job I Tie: Uow Ridge Fault Test Alcove Seismic Analysis
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Vertical closure at alcove station, measured 5 meters from intersection centerline, 
after the ramp and then alcove excavations for in situ and seismic loading 
conditions when vertical loads are increased by 37% (FLAC3D analysis). Vertical 
closure is measured in meters and shown along vertical axis. Horizontal axis 
shows the number of numerical cycles.
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FLAC3D 1.01 
Stop 8000 
17:33:07 Sun Mar 12 1995

History 
Z.Dlsplacement Gp 275 
UInestyle --------- v ------------------

-2.6470-04 -> 2.797@-03 
Z.Olsplacement Gp 4714 
L •es ......... ... ... ... ... ...  

-2.040&-06 <-> 2.977"-03 

Vs.  

Stop Number 
1.0000401 <-> 8.0000+03 
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Vertical closure at alcove station, measured 10 meters from intersection centerline, 

after the ramp and then alcove excavations for in situ and seismic loading 
conditions when vertical loads are decreased by 37% (FLAC3D analysis).  
Vertical closure is measured in meters and shown along vertical axis. Horizontal 
axis shows the number of numerical cycles.
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FLAC3D 1.01 
Step 8000 
17:48:25 Sun Mar 12 1995

History 
Z-Dlsptacement Gp 275 
Unesty ---------------------------

-1.6220-M3 ->1 3.756e-08 
Z-Displacement Gp 4714 
U nestyle ----------------------------------------

-7.481e-04 <-> 3.544e-04 

Vs.  

Step Number 
1.000e+01 <-> 8.000o+03 
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Job Title: Bow Ridge Fault Test Alcove Seismic Analysis 
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Vertical closure at alcove station, measured 10 meters from intersection centerline, 
after the ramp and then alcove excavations for in situ and seismic loading 
conditions when vertical loads are increased by 37% (FLAC3D analysis). Vertical 
closure is measured in meters and shown along vertical axis. Horizontal axis 
shows the number of numerical cycles.
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Alov 2: D naic Analysis - Vertical Velocity Response In Tunnel
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3DEC (Version 1.50)
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Figure 2Y Vertical velocity response of rock mass at crown and invert points in ramp section 5 meters from the ramp/alcove intersection when the input seismic stress wave lasts 0.5 seconds. Horizontal axis shows time in seconds and vertical axis indicates 
velocity in mn/s.
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Alcove 2: Dynamic Analysis - Vertical Velocity response In Alcove
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Vertical velocity response of rock mass. at crown and invert points in alcove section 
5 meters from the ramp/alcove intersection when the input seismic stress wave lasts 
0.5 seconds. Horizontal axis shows time in seconds and vertical axis indicates 
velocity in rn/s.
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Alcove 2: Dynamic Analysis - SXX, SYY and SZZ Responses at Intersection
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Normal stress component reponses at crown point of the alcove/ramp intersection 
when the input seismic stress wave lasts 0.5 seconds. Horizontal axis shows time 
in seconds and vertical axis indicates stresses in MPa.
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Dynamic failure modes near the alcove/ramp intersection when the input 
seismic stress wave lasts 0.5 seconds.
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Figure 32. Maximum and minimum stress vector plots near the alcove/ramp intersection when the input seismic stress wave lasts 0.5 seconds.
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Fig. 36 An isometric view of the 3DEC model for Alcove 3.
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A PLAN VIEW OF TUNNEL AND ALCOVE INTERSECTION AT SPRINGLINE LEVEL 

3DEC (Version 1.50)
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Fig. 3'1 A plan view of the intersection of tunnel and alcove; Odd and even numbers indicate 
the closure monitoring points on roof and invert of either tunnel or alcove 
respectively.  
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0 Fig. 3S A plan view of the intersection of tunnel and alcove; Odd and even numbers indicate 
the closure monitoring points on roof and invert of either tunnel or alcove 
respectively. -%j



45 DEGREE INTERSECTION BETWEEN TUNNEL AND ALCOVE 4
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Fig. 31 Mesh refinement for 450 alcove/ramp intersection.
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90 DEGREE INTERSECTION BETWEEN TUNNEL AND ALCOVE
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Fig. qO Mesh refinement for 900 alcove/ramp intersection.
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yve 3: Mohr-Coulomb Model, In-Situ Stress Loading, Category 1, Ko=0.5 n 
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Fig. ql Vertical closure histories in tunnel for 900 intersection: points 3 and 4 at intersection; 
points 5 and 6 at tunnel section 5 m away from the intersection; the model is under 
the in situ stress loading with Ko = 0.5. "4



Alcove 3: Mohr-Coulomb Model, In-Situ Stress Loading, Category 1, Ko=0.5
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Fig. 42 Vertical closure histories in alcovefor 900 intersection: points 11 and 12 at 

intersection; points 13 and 14 at alcove sections 5 m and 10 m away from the 

intersection respectively; the model is under the in situ stress loading with Ko = 0.5.  
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e 3: Mohr-Coulomb Model, In-Situ Stress Loading, Category 1, Ko=0.5 W 
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Fig. '(3 Failure indicators for Alcove 3 model at the intersection under the in situ stress 
loading with Ko = 0.5 and Category I properties (900 intersection).
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ve 3: Mohr-Coulomb Model, In-Situ Stress Loading, Category 1, Ko=0.5 
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Fig. 4q Failure indicators for Alcove 3 model at tunnel section 3.81 m away from the 

intersection under the in situ stress loading with Ko = 0.5 and Category 1 properties 
(900 intersection).
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Alcove 3: Mohr-Coulomb Model, In-Situ Stress Loading, Category 1, Ko=0.5 
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Fig. '1 Failure indicators for Alcove 3 model at alcove section 5.0 m away from the 
intersection under the in situ stress loading with Ko = 0.5 and Category I properties 
(900 intersection).
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Alcove 3: Mohr-Coulomb Model, In-Situ Stress Loading, Category 1, Ko--0.5
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Fig. 41 Failure indicators for Alcove 3 model at alcove section 10.0 m away from the 
intersection under the in situ stress loading with Ko = 0.5 and Category 1 properties 
(900 intersection).  
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Fig. 49 Vertical closure histories in tunnel for 900 intersection: points 3 
points 5 and 6 at tunnel section 5 m away from the intersection; 
the in situ stress loading with Ko = 0.25.
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Alcove 3: Mohr-Coulomb Model, In-Situ Stress Loading, Category 1, Ko=-0.25
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Fig. 4 1 Vertical closure histories in alcove for 900 intersection: points 11 and 12 at 
intersection; points 13 and 14 at alcove sections 5 m and 10 m away from the 
intersection respectively; the model is under the in situ stress loading with Ko = 0.25.  
Closure is measured in meters.
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13: Mohr-Coulomb Model, In-Situ Stress Loading, Category 1, Ko=0.25__ 
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Fig. SD Failure indicators for Alcove 3 model at the intersection under the in situ stress 
loading with Ko = 0.25 and Category 1 properties (900 intersection).
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0 Fig. l Failure indicators for Alcove 3 model at tunnel section 3.81 m away from the 
intersection under the in situ stress loading with Ko = 0.25 and Category I properties 
(900 intersection). "4



S3: Mohr-Coulomb Model, In-Situ Stress Loading, Category 1, Ko=0.25 0 = ,n 
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0 Fig. SZ Failure indicators for Alcove 3 model at tunnel section 7.62 m away from the intersection under the in situ stress loading with Ko = 0.25 and Category I properties "I 
(900 intersection).



Alcove 3: Mohr-Coulomb Model, In-Situ Stress Loading, Category 1, Ko=0.25
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Fig. 53 Failure indicators for Alcove 3 model at alcove section 5.0 m away from the 
intersection under the in situ stress loading with Ko = 0.25 and Category 1 properties 
(900 intersection).
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Alcove 3: Mohr-Coulomb Model, In-Situ Stress Loading, Category 1, Ko=0.25
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,,4)Fig.Sq' Failure indicators for Alcove 3 model at alcove section 10.0 m away from the 
intersection under the in situ stress loading with Ko = 0.25 and Category 1 properties 
(900 intersection).
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0 Fig. S5 Vertical closure histories in tunnel for 450 intersection: points 3 and 4 at intersection; points 5 and 6 at tunnel section 5 m away from the intersection; the model is under 
the in situ stress loading with Ko = 0.5.
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0 Fig. S 6 Failure indicators for Alcove 3 model at the intersection under the in situ stress 
loading with Ko = 0.5 and Category 1 properties (450 intersection).
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Fig. SI Failure indicators for Alcove 3 model at tunel section 3.81 mn away from the 
intersection under the in situ stress loading with Ko = 0.5 and Category I properties " (45* intersection).
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Fig. 59 Failure indicators for Alcove 3 model at tunnel section 7.62 m away from the 

intersection under the in situ stress loading with Ko = 0.5 and Category I properties 
(450 intersection).
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Fig. S1 Failure indicators for Alcove 3 model at alcove section 5.0 m away from the 

intersection under the in situ stress loading with Ko = 0.5 and Category 1 properties 
(450 intersection).
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Fig. 60 Failure indicators for Alcove 3 model at alcove section 10.0 m away from the 
intersection under the in situ stress loading with Ko = 0.5 and Category I properties 
(450 intersection).
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Fig. 61 Failure indicators for Alcove 3 model at alcove section 15.0 m away from the 

intersection under the in situ stress loading with Ko = 0.5 and Category 1 properties --z 
(450 intersection). j
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Fig. Ut Vertical closure histories in tunnel for 450 intersection: points 3 and 4 at intersection; 
points 5 and 6 at tunnel section 5 m away from the intersection; the model is under 
the in situ stress loading with Ko = 0.5. Closure is measured in meters.
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Alcove 4: Mohr-Coulomb Model, In-Situ Stress Loading, Category 1, Ko=0.5. M 
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Fig. 43 Vertical closure histories in alcovefor 450 intersection: points 11 and 12 at 

intersection; points 13 and 14 at alcove sections 5 m and 10 m away from the N4 
intersection respectively; the model is under the in situ stress loading with Ko = 0.5.  
Closure is measured in meters. & .
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Fig. 6q Failure indicators for Alcove 4 model at the intersection under the in situ stress 
loading with Ko = 0.5 and Category I properties (450 intersection). "•
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Fig. 6 Failure indicators for Alcove 4 model at tunnel section 3.81 m away from te 
intersection under the in situ stress loading with Ko = 0.5 and Category 1 propeties
(450 intersection).  
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Fig. •4 Failure indicators for Alcove 4 model at tunnel section 7.62 m away from the0 intersection under the in situ stress loading wh Ko = 0.5 ad Categoy 1 properties 
(450 intersection).
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0 Fig. 41 Failure indicators for Alcove 4 model at alcove section 5.0 m away from the 
intersection under the in situ stress loading with Ko = 0.5 and Category 1 properties 
(450 intersection).
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Fig. 6• Failure indicators for Alcove 4 model at alcove section 10.0 m away from the 
intersection under the in situ stress loading with Ko = 0.5 and Category 1 properties .  (450 intersection). "
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Fig.64 Failure indicators for Alcove 4 model at alcove section 15.0 m away from the 
intersection under the in situ stress loading with Ko = 0.5 and Category 1 properties 

( i r i (450 intersection).



Alcove 4: Mohr-Coulomb Model, In-Situ Stress Loading, Category 1, Ko=0.25
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Fig. '0 Vertical closure histories in tunnel for 450 intersection: points 3 and 4 at intersection; 
points 5 and 6 at tunnel section 5 m away from the intersection; the model is under 
the in situ stress loading with Ko = 0.25. Closure is measured in meters.
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Alcove 4: Mohr-Coulomb Model, In-Situ Stress Loading, Category 1, Ko--0.25
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Fig.1l Vertical closure histories in alcovefor 450 intersection: points 11 and 12 at 
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Fig.72 Failure indicators for Alcove 4 model at the intersection under the in situ stress 
loading with Ko = 0.25 and Category I properties (45* intersection).
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0 Fig. 13 Failure indicators for Alcove 4 model at tunnel section 3.81 m away from the intersection under the in situ stress loading with Ko = 0.25 and Category 1 properties (450 intersection).
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0 Fig.g1 Failure indicators for Alcove 4 model at tunnel section 7.62 mn away from the intersection under the in situ stress loading with Ko = 0.25 and Category I properties (450 intersection).
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0 Fig. IS Failure indicators for Alcove 4 model at alcove section 5.0 m away from the 
intersection under the in situ stress loading with Ko = 0.25 and Category 1 properties 
(450 intersection).



8 4: Mohr-Coulomb Model, In-Situ Stress Loading, Category 1, Ko=0.25 
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0 Fig.16 Failure indicators for Alcove 4 model at alcove section 10.0 m away from the 
intersection under the in situ stress loading with Ko = 0.25 and Category 1 properties (450 intersection).
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0 Fig.VI Failure indicators fr Alcove 4 model a alcove section 15.0 m away from the 

intersection under the in situ stress loading with Ko = 0.25 and Category 1 properties (450 intersection). "



ir-Coulomb Model, Category 1 Ko=0.25, Seismic Loading, Freq.=5Hz 

3DEC (Version 1.50) 
bz1 

Cross section plot: 

23-Jun-95 9:19 

geometric scale 

0 5E+00 

X XFailure indicators 

* current shear 
# tensile failure 
+ shear and tensile 
x elastic prev shear 
o elastic prey tens 
elas. strs omitted C 

xXX xx X dip= 90.00 above 
dd = 180.00 
center O.OOOE+O0 

0.OOOE+00 
2.500E+00 

cut-pl. 0.OOOE+00 
mag = 10.00 
cycle 10500 

CRWMS M & 0 

0 

Fig.18 Failure indicators for Alcove 3 model at the intersection after having applied a seismic 
shear stress wave characterized by 5 Hz frequency and 0.5 second duration time.
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Fig. P/ Failure indicators for Alcove 3 model at tunnel section 3.81 m away from the 
intersection after having applied a seismic shear stress wave characterized by 5 Hz 
frequency and 0.5 second duration time.
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e 3 Mohr-Coulomb Model, Category 1 Ko=0.25, Seismic Loading, Freq.=5Hz _ 
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Fig. 80 Failure indicators for Alcove 3 model at tunnel section 7.62 m away from the 
intersection after having applied a seismic shear stress wave characterized by 5 Hz 
frequency and 0.5 second duration time.



Alcove 3: Mohr-Coulomb Model, Category 1 Ko=0.25, Seismic Loading, Freq.=5Hz
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Fig. 9' Failure indicators for Alcove 3 model at alcove section 5.0 m away from the 
intersection after having applied a seismic shear stress wave characterized by 5 Hz 
frequency and 0.5 second duration time.
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Alcove 3: Mohr-Coulomb Model, Category 1 Ko=0.25, Seismic Loading, Freq.=5Hz
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Fig. F2 Failure indicators for Alcove 3 model at alcove section 10.0 m away from the 
intersection after having applied a seismic shear stress wave characterized by 5 Hz 
frequency and 0.5 second duration time.
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0 Fig.93 Failure indicators for Alcove 3 model at the intersection after having applied a seismic 
shear stress wave characterized by 10 Hz frequency and 0.5 second duration time.
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Fig.6'l Failure indicators for Alcove 3 model at tunnel section 3.81 m away from the 
intersection after having applied a seismic shear stress wave characterized by 10 Hz 
frequency and 0.5 second duration time.
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Fig. 95 Failure indicators for Alcove 3 model at tunnel section 7.62 m away from the 

intersection after having applied a seismic shear stress wave characterized by 10 Hz 
frequency and 0.5 second duration time. "J
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Alcove 3: Mohr-Coulomb Model, Category 1, Ko=0.25, Seismic Loading, Freq.=lOHz 
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0 Fig. F4 Failure indicators for Alcove 3 model at alcove section 5.0 m away from the 
intersection after having applied a'seismic shear stress wave characterized by 10 Hz 4% 
frequency and 0.5 second duration time.
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0 Fig. V7 Failure indicators for Alcove 3 model at alcove section 10.0 m away from the intersection after having applied a seismic shear stress wave characterized by 10 Hz -" frequency and 0.5 second duration time.
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Fig. 60 Failure indicators for Alcove 3 model at the intersection after having applied a seismic o 
shear stress wave characterized by 20 Hz frequency and 0.5 second duration time. '*



Fig. 84 Failure indicators for Alcove 3 model at tunnel section 3.81 m away from the intersection after having applied a seismic shear stress wave characterized by 20 Hz frequency and 0.5 second duration time.
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0 Fig. 'I Failure indicators for Alcove 3 model at tunnel section 7.62 m away from the 
intersection after having applied a seismic shear stress wave characterized by 20 Hz 
frequency and 0.5 second duration time.
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0 Fig.',) Failure indicators for Alcove 3 model at alcove section 10.0 m away from the intersection after having applied a seismic shear stress wave characterized by 20 Hz frequency and 0.5 second duration time.
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Fig.13 Failure indicators for Alcove 4 model at the intersection after having applied a seismic 'O 

shear stress wave characterized by 5 Hz frequency and 0.5 second duration time.
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Fig.qq Failure indicators fr Alcove 4 model at tunnel section 3.81 m away fom the 
intersection after having applied a seismic shear strss wave characterized by 5 Hz 
requency and 0.5 second duration time.
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Fig.qS Failure indicators for Alcove 4 model at tunnel section 7.62 m away from the o 
intersection after having applied a seismic shear stress wave characterized by 5 Hz 
frequency and 0.5 second duration time.
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0 Fig.Al Failure indicators for Alcove 4 model at alcove section 5.0 m away from the 
intersection after having applied a seismic shear stress wave characterized by 5 Hz 
frequency and 0.5 second duration time.
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Fig•17 Failure indicators fr Alcove 4 model at alcove section 10.0 m away from te 
intersection after having applied a seismic shear stress wave chaacterized by 5 Hz 

equency and 0.5 second duration time. ",i
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ATTACHMENT I 

I-1 Input file for 3DEC Static Analysis 

* .- ----- -------

* alcove s.dat 

* A 3DEC MODEL FOR THE TEST ALCOVE 
* LOCATED AT BOW RIDGE FAULT 
, 

STATIC ANALYSIS 
-- - - - ------ - ------------

* Cartesian Coordinate System 
* X-axis: horizontal and perpendicular to the tunnel 
* Y-axis: Vertical (+) upwards 
* Z-axis:" horizontal and parallel to the tunnel 
, 

* The tunnel has a diameter of 7.62m and the alcove 
* has a radius of 1.85m above the spring line and 
* is square shaped below the spring line.  

new 
poly tu rad 3.81 len -20 20 nx I nt 2 nr 6 rat 11.62 rmul 1.5 dip 0 dd 0 org 0 0 0 
mark region 1 

mark cy 0 0 -20 0 0 20 0 3.81 region 2 

* cut a horseshoe-shaped alcove * 

hide region 2 
hide dip 90 dd 90 org 0 0 0 below 

jset dip 0 dd 0 n 1 org 0 -3.03 0 *floor 
hide dip 0 dd 0 org 0 -3.03 0 below 

jset dip 90 dd 330 n 1 org -0.925 0 1.602 * hanging wall 
hide dip 90 dd 330 org -0.925 0 1.602 above 

jset dip 90 dd 150 n I org 0.925 0 -1.602 * footwall 
hide dip 90 dd 150 org 0.925 0 -1.602 above

I I 1 4 1 ý
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jset dip 90 dd 60 org 14.72 0 8.5 
hide dip 90 dd 60 org 14.72 0 8.5 above

Page: 1-2 of 1-38

* end

jset dip 72 dd 330 n I org 
hide dip 72 dd 330 org 

jset dip 54 dd 330 n 1 org 
hide dip 54 dd 330 org 

jsetdip0dd0nl org 0 
hide dip 0 dd 0 org 0 

jset dip 54 dd 150 n I org 
hide dip 54 dd 150 org 

jset dip 72 dd 150 n 1 org 
hide dip 72 dd 150 org

-0.925 -1.18 1.602 * roof seg. 1 
-0.925 -1.18 1.602 above 

-0.748 -0.093 1.296 * roof seg. 2 
-0.748 -0.093 1.296 above 

0.580 * roof seg. 3 
0.58 0 above 

0.748 -0.093 -1.296 * roof seg. 4 
0.748 -0.093 -1.296 above 

0.925 -1.18 -1.602 * roof seg. 5 
0.925 -1.18 -1.602 above

mark region 3 
seek 
*4**'****** **'** *4'*'** *** 

* reg 1 rock 
* reg 2 main tunnel 

* reg 3 alcove 

* Zoning 

gen region 3 edge I 
gen cy 0 0 -20 0 0 20 3.81 5 edge 2.5 
gen cy 0 0 -20 0 0 20 5 7 edge 5 
gen region 1 edge 10 
gen region 2 edge 10 
say zone l.sav 

"* Assign material properties to the model.  
"* There are no physical joints presented in the model.  
"* The joint properties listed are for the cut planes 
"* during the model construction.  

seek mat I 
change cons 2

. I! ý q I ý
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pro jmat 1 kn 3e 1 ks lel I coh le9 ten le9 fric 2 
pro mat 1 ymod 13.33e9 prat 0.2 density 2115 bcoh 1.7e6 phi 54 bten 1.10e6 

* Assign the boundary conditions 
, 

bound -48.5 -47.5 -48.5 48.5 -20.5 20.5 xvel 0 
bound 47.5 48.5 -48.5 48.5 -20.5 20.5 xvel 0 
bound -48.5 48.5 -48.5 -47.5 -20.5 20.5 yvel 0 
* bound -48.5 48.5 47.5 48.5 -20.5 20.5 *free 
bound -48.5 48.5 -48.5 48.5 -20.5 -19.5 zvel 0 
bound -48.5 48.5 -48.5 48.5 19.5 20.5 zvel 0 

gravity 0 -9.81 0 
, 

* in situ stresses 

insitu st -0.25e6 -le6 -0.25e6 0 0 0 ygrad 5.2083e3 2.083e4 5.2083e3 0 0 0 

damp auto 
mscale on 
his unbal 
his damp 
his ydisp 0 4.00 0 * tunnel crown at intersection 
his ydisp 0 -4.00 0 * tunnel floor at intersection 
his ydisp 0 4.00 -5.0 * tunnel crown 5m away from intersection 
his ydisp 0 -4.00 -5.0 * tunnel floor 5m away from intersection 
his ydisp 0 4.00 5.0 * tunnel crown 5m away from intersection 
his ydisp 0 -4.00 5.0 * tunnel floor 5m away from intersection 
his ydisp 2.165 0.58 1.25 * alcove crown 2.5m away from intersection 
his ydisp 2.165 -3.03 1.25 * alcove floor 2.5m away from intersection 
his ydisp 4.330 0.58 2.50 * alcove crown 5m away from intersection 
his ydisp 4.330 -3.03 2.50 * alcove crown 5m away from intersection 
his ydisp 8.660 0.58 5.00 * alcove crown lOin away from intersection 
his ydisp 8.660 -3.03 5.00 * alcove crown lOin away from intersection 

"* Cycling for the initial equlibrium state under 
"* gravitation loading 

cycl 1000 
sav pre_ex2.sav 

* Excavate the tunnel

1. 1 II • i 11 1
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ex region 2 
cycl 2000 
sav tun ex2.sav 

* 

* Excavate the alcove 

ex region 3 
cycl 3000 
sav alc ex2.sav 
ret

1-2 Input file for 3DEC Seismic Analysis 

* alcove d.dat 

* A 3DEC MODEL FOR THE TEST ALCOVE 
* LOCATED AT BOW RIDGE FAULT 
, 

* DYNAMIC ANALYSIS 

* Cartesian Coordinate System 
* X-axis: horizontal and perpendicular to the tunnel 
* Y-axis: Vertical (+) upwards 
* Z-axis: horizontal and parallel to the tunnel 

* The tunnel has a diameter of 7.62m and the alcove 
* has a radius of 1.85m above the spring line and 
* is square shaped below the spring line.

new 
poly tu rad 3.81 len -20 20 nx 1 nt 2 nr 6 rat 
mark region I 

mark cy 0 0 -20 0 0 20 0 3.81 region 2 

* cut a horseshoe-shaped alcove * 

hide region 2 
hide dip 90 dd 90 org 0 0 0 below

11.62 rmul 1.5 dip 0 dd 0 org 0 0 0

I I 1 4 1 1
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jset dip 0 dd 0 n 1 org 0 -3.03 0 
hide dip 0 dd 0 org 0 -3.03 0 below

*floor

jset dip 90 dd 330 n I org -0.925 0 1.602 * hanging wall 
hide dip 90 dd 330 org -0.925 0 1.602 above 

jset dip 90 dd 150 n 1 org 0.925 0 -1.602 * footwall 
hide dip 90 dd 150 org 0.925 0 -1.602 above 

jset dip 90 dd 60 org 14.72 0 8.5 * end 
hide dip 90 dd 60 org 14.72 0 8.5 above 

jset dip 72 dd 330 n I org -0.925 -1.18 1.602 * roof seg. I 
hide dip 72 dd 330 org -0.925 -1.18 1.602 above 

jset dip 54 dd 330 n 1 org -0.748 -0.093 1.296 * roof seg. 2 
hide dip 54 dd 330 org -0.748 -0.093 1.296 above 

jset dip 0 dd 0 n I org 0 0.580 *roof seg. 3 
hide dip 0 dd 0 org 0 0.58 0 above

jset dip 54 dd 150 n 1 org 
hide dip 54 dd 150 org 

jset dip 72 dd 150 n 1 org 
hide dip 72 dd 150 org

0.748 -0.093 -1.296 * roof seg. 4 
0.748 -0.093 -1.296 above 

0.925 -1.18 -1.602 * roof seg. 5 
0.925 -1.18 -1.602 above

mark region 3 
seek 
* ******* *** **** ***** ** 

* reg 1 rock 
* reg 2 main tunnel 
* reg 3 alcove 
€* ** *•******* ******** ** 

* Zoning 

gen region 3 edge I 
gen cy 0 0 -20 0 0 20 3.81 5 edge 2.5 
gen cy 0 0 -20 0 0 20 5 7 edge 5 
gen region I edge 10 
gen region 2 edge 10

I I 1 11 i I
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say zone_1.sav 

* Assign material properties to the model.  

* There are no physical joints presented in the model.  
* The joint properties listed are for the cut planes 
* during the model construction.  

seek mat I 
change cons 2 
pro jmat 1 kn 3e II ks 1el I coh Ie9 ten 1e9 fric 2 
pro mat I ymod 13.33e9 prat 0.2 density 2115 bcoh 1.7e6 phi 54 bten 1.1 0e6 

* Assign the boundary conditions 

bound -48.5 -47.5 48.5 48.5 -20.5 20.5 xvel 0 
bound 47.5 48.5 -48.5 48.5 -20.5 20.5 xvel 0 
bound 48.5 48.5 -48.5 47.5 -20.5 20.5 yvel 0 

* bound -48.5 48.5 47.5 48.5 -20.5 20.5 *free 
bound -48.5 48.5 -48.5 48.5 -20.5 -19.5 zvel 0 
bound -48.5 48.5 -48.5 48.5 19.5 20.5 zvel 0 
gravity 0 -9.81 0 

* in situ stresses 

insitu st -0.25e6 -Ie6 -0.25e6 0 0 0 ygrad 5.2083e3 2.083e4 5.2083e3 0 0 0

damp auto 
mscale on 
his unbal 
his damp 
his ydisp 0 4.00 0 
his ydisp 0 -4.00 0 
his ydisp 0 4.00 -5.0 
his ydisp 0 -4.00 -5.0 
his ydisp 0 4.00 5.0 
his ydisp 0 -4.00 5.0 
his ydisp 2.165 0.58 1.25 
his ydisp 2.165 -3.03 1.25 
his ydisp 4.330 0.58 2.50 
his ydisp 4.330 -3.03 2.50 
his ydisp 8.660 0.58 5.00 
his ydisp 8.660 -3.03 5.00

* tunnel crown at intersection

* 

* 

* 

*

tunnel floor at intersection 
tunnel crown 5m away from intersection 
tunnel floor 5m away from intersection 
tunnel crown 5m away from intersection 
tunnel floor 5m away from intersection 
* alcove crown 2.5m away from intersection 
* alcove floor 2.5m away from intersection 
* alcove crown 5m away from intersection 
* alcove crown 5m away from intersection 
* alcove crown 10m away from intersection 
* alcove crown 10m away from intersection
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* Cycling for the initial equlibrium state under 
* gravitation loading 
, 

cycl 1000 
sav preex2.sav 
, 

* Excavate the tunnel 

ex region 2 
cycl 2000 
say tun ex2.sav 

* Excavate the alcove 

ex region 3 
cycl 3000 
sav alc-ex2.sav 

new 

res alc ex2.sav 
reset time hist 
reset disp jdisp 

* Specify the history monitoring points 

his unbal 
his damp 
his yvel 0 -4.00 0 
his yvel 0 4.00 -5.0 
his yvel 0 -4.00 -5.0 
his yvel 0 4.00 5.0 
his yvel 0 -4.00 5.0 
his yvel 2.165 0.58 1.25 
his yvel 2.165 -3.03 1.25 
his yvel 4.330 0.58 2.50 
his yvel 4.330 -3.03 2.50 
his ydisp 0 -4.00 0 
his ydisp 0 4.00 -5.0 
his ydisp 0 -4.00 -5.0 
his ydisp 0 4.00 5.0

I! I 1 I ! Ii 1 11 1 1
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his ydisp 0 -4.00 5.0 
his ydisp 2.165 0.58 1.25 
his ydisp 2.165 -3.03 1.25 
his ydisp 4.330 0.58 2.50 
his ydisp 4.330 -3.03 2.50 
his syy 4.330 0.58 2.50 
his sxx 4.330 0.58 2.50 
his szz 4.330 0.58 2.50 
, 

* Free the static boundary conditions for dynamic conditions 
, 

free -48.5 -47.5 -48.5 48.5 -20.5 20.5 xvel 
free 47.5 48.5 -48.5 48.5 -20.5 20.5 xvel 
free -48.5 48.5 -48.5 -47.5 -20.5 20.5 yvel 
free -48.5 48.5 -48.5 48.5 -20.5 -19.5 zvel 
free -48.5 48.5 -48.5 48.5 19.5 20.5 zvel 

* Establishing dynamic boundary and loading conditions 

* A seismic planar shear wave propagating the vertical direction 
* from the bottom boundary of the model.  

* Fix the yvelocity on plane yz at x = -48m 

bound -48.5 -47.5 -48.5 48.5 -20.5 20.5 mat=l 
bound -48.5 -47.5 -48.5 48.5 -20.5 20.5 yvel 0 

* Fix the yvelocity on plane yz at x = 48m 

bound 47.5 48.5 -48.5 48.5 -20.5 20.5 mat=l 
bound 47.5 48.5 -48.5 48.5 -20.5 20.5 yvel 0 

* Set viscous boundary conditions 

bound -48.5 48.5 -48.5 -47.5 -20.5 20.5 mat=l 
bound -48.5 48.5 -48.5 -47.5 -20.5 20.5 xvisc yvisc 

* Fix zvelocity on plane xy at z = -20m and z = 20m 
bound -48.5 48.5 -48.5 48.5 -20.5 -19.5 zvel 0 
bound -48.5 48.5 -48.5 48.5 19.5 20.5 zvel 0 

* Apply the shear stress according to SXY = 2*(dens*sqrt(G/dens))*V 
* while dens = 2115 kg/m**3, G=E/(2(1+v)) and V = 23cm/sec based on ESFDR.  
* E = 13.33 GPa and v = 0.2.

I I I 11 ! 1" I t
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bound -48.5 48.5 -48.5 -47.5 -20.5 20.5 stress 0 0 0 1.57e6 0 0 

* Apply the shear stress multiplier in form of sinusoidal function with 
I * frequency = 10 Hz and the duration time = 0.5 sec 

I bound his sin (10. 0.5) 
cycl 2000 
say d2000.sav 
cycl 2000 
sav d4000.sav 
cycl 4000 
say d8000.sav 
cycl 8000 
say d 16000.sav 
ret 

1-3 Input file for FLAC3D Static Analysis 

alcoves.dat tunnel and alcove are represented 
by horseshoe shapes.  

;BOW RIDGE FAULT TEST ALCOVE 
;Static Analysis: In situ stress field loadings 

def mesh rad 
ratl=l.250 
bc id = 1 

end 
mesh rad 

pl set rotation 350 0 45 

Mesh Generation 
Positive X-axis conincides with the main tunnel axis 
Positive Y-axis conincides with the alcove axis 
Positive Z-axis is vertical and upwards 

Generating Quadrant 1: (+X, +Y, +Z) 

gen zon cylint p0 0 0 0 pl 48 0 0 p2 0 48 0 p3 0 0 48 &

"B I fI I
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dim 3.81 3.81 3.81 3.81 3.81 3.81 3.81 & 
size 8 8 8 12 4 ratio ratl ratl 1 ratl fill 

Generating Quadrant 5: (+X, +Y, -Z) 
gen zon tunint p1 0 48 0 p2 48 0 0 p3 0 0 -48 & 

dim 3.81 3.81 3.81 3.81 3.81 3.81 3.81 & 
size 8 8 4 4 12 rat ratl ratl 11 ratl fill 

Generating Quadrant 4: (+X, -Y, +Z) 
gen zon radcyl p0 0 0 0 p1 0 -48 0 p2 48 0 0 p3 0 0 48 & 

dim 3.81 3.81 3.81 3.81 & 
size 4 8 8 12 ratio I ratl 1 ratl 1 fill 

Generating Quadrant 8: (+X, -Y, -Z) 
gen zon radtun p0 0 0 0 p1 0 0 -48 p2 48 0 0 p3 0 -48 0 & 

p8 0 0 -3.81 p9 0 -3.81 0 dim 3.81 3.81 3.81 3.81 & 
size 4 8 4 12 rat I ratl 1 ratl fill 

Assigning material properties 
mod mo 
pro bulk 7.41e9 she 5.55e9 fric 54 coh 1.7e6 ten 1.10e6 

set gravity 0 0 -9.81 

ini density 2115 

Establishing displacement boundary conditions 
fix x range x -0.1 +0.1 
fix z range z -48.1 -47.9 

; Assigning in situ stresses to the model 
ini szz -1.00e6 grad 0 0 20750 range z -48.1 +48.1 
ini sxx -0.25e6 grad 0 0 5187.5 range z -48.1 +48.1 
ini syy -0.25e6 grad 0 0 5187.5 range z -48.1 +48.1 

; Establishing stress boundary conditions 
app sxx -0.25e6 grad 0 0 5187.5 range x 47.9 +48.1 
app syy -0.25e6 grad 0 0 5187.5 range y 47.9 +48.1 
app syy -0.25e6 grad 0 0 5187.5 range y -48.1 -47.9 

his unbal 
his gp zdisp 0 0 3.81
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his gp zdisp 0 0 -3.81 
his gp zdisp 0 5 1.92 
his gp zdisp 0 5 -1.92 
his gp zdisp 0 10 1.91 
his gp zdisp 0 10 -1.92 

step 500 
sav h5OO.sav 
ini xd 0 yd 0 zd 0 

m n range cy endl 0 0 0 end2 48 0 0 rad 3.81 
m n range name rampn x 0 48 y -3.81 3.81 z -3.81 0 
step 1500 
sav h2000.sav 

m n range cy endl 0 0 0 end2 0 17 0 rad 1.92 
m n range name alcove x 0 1.92 y 0 17 z -1.92 0 
step 1500 
sav h3500.sav 
ret 

1-4 Input file for FLAC3D Quasi-Static Analysis 

alcoveq.dat tunnel and alcove are represented 
by horseshoe shapes.  

; BOW RIDGE FAULT TEST ALCOVE 
Quasi-static Analysis: earthquake-induced vertical acceleration 

added to the gravity acceleration.  

def meshrad 
ratl=1.250 
bc id = I 

end 
mesh rad 

pl set rotation 350 0 45 

- Mesh Generation

I I ý 11
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Positive X-axis conincides with the main tunnel axis 
Positive Y-axis conincides with the alcove axis 
Positive Z-axis is vertical and upwards 

Generating Quadrant 1: (+X, +Y, +Z) 

gen zon cylint p0000 p1 48 00 p2 0480 p3 0048 & 
dim 3.81 3.81 3.81 3.81 3.81 3.81 3.81 & 
size 8 8 8 12 4 ratio ratl ratl 1 ratl fill 

Generating Quadrant 5: (+X, +Y, -Z) 
gen zon tunint pl 0 48 0 p2 48 0 0 p3 0 0 -48 & 

dim 3.81 3.81 3.81 3.81 3.81 3.81 3.81 & 
size 8 8 4 4 12 rat ratl ratl 1 1 ratl fill 

Generating Quadrant 4: (+X, -Y, +Z) 
gen zon radcyl p0 0 0 0 pl 0 -48 0 p2 48 0 0 p3 0 0 48 & 

dim 3.81 3.81 3.81 3.81 & 
size 4 8 8 12 ratio 1 ratl I ratl I fill 

Generating Quadrant 8: (+X, -Y, -Z) 
gen zon radtun p0 0 0 0 p1 0 0 -48 p2 48 0 0 p3 0 -48 0 & 

p8 0 0 -3.81 p9 0 -3.81 0 dim 3.81 3.81 3.81 3.81 & 
size 4 8 4 12 rat 1 ratl I ratl fill 

Assigning material properties 
mod mo 
pro bulk 7.41e9 she 5.55e9 fric 54 coh 1.7e6 ten 1.10e6 

set gravity 0 0 -9.81 

ini density 2115 

Establishing displacement boundary conditions 
fix x range x -0.1 +0.1 
fix z range z -48.1 -47.9 

Assigning in situ stresses to the model 
ini szz -l.00e6 grad 0 0 20750 range z -48.1 +48.1 
ini sxx -0.25e6 grad 0 0 5187.5 range z -48.1 +48.1 
ini syy -0.25e6 grad 0 0 5187.5 range z -48.1 +48.1
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; Establishing stress boundary conditions 
app sxx -0.25e6 grad 0 0 5187.5 range x 47.9 
app syy -0.25e6 grad 0 0 5187.5 range y 47.9 
app syy -0.25e6 grad 0 0 5187.5 range y -48.1

his unbal 
his gp zdisp 0 
his gp zdisp 0 
his gp zdisp 0 
his gp zdisp 0 
his gp zdisp 0 
his gp zdisp 0
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+48.1 
+48.1 
-47.9

0 3.81 
0 -3.81 
5 1.92 
5 -1.92 
10 1.91 
10-1.92

step 500 
sav h500.sav 
ini xd 0 yd 0 zd 0 

in n range cy endl 0 0 0 end2 48 0 0 rad 3.81 
in n range name rampn x 0 48 y -3.81 3.81 z -3.81 0 
step 1500 
sav h2000.sav 

in n range cy endl 0 0 0 end2 0 17 0 rad 1.92 
i n range name alcove x 0 1.92 y 0 17 z -1.92 0 
step 1500 
sav h3500.sav 

new 

res h3500.sav 
ini dens 2115 
def quake 

blk wt = 96*96*48*2115*0.37*9.81 
fgcxx = -blkwt/(96*96) 
fg_yy = -blk_wt/(96*48) 
sxxo=fg-xx 
syyo=fg_yy 

command 
app sxx add sxxo range x 47.9 +48.1 
app syy add syyo range y 47.9 +48.1 
app syy add syyo range y -48.1 -47.9 

end-command

I I 1 II" 1 1 1 "
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end 
quake 
set large 
set gray 0 0 -13.44 
step 3500 
say h7000_u.sav 

new 

alcoveq.dat tunnel and alcove are represented 
by horseshoe shapes.  

Quasi-static Analysis: earthquake-induced vertical acceleration 
subtracted from the gravity acceleration.  

res h3500.sav 
ini dens 2115 
def quake 

blk wt = 96*96*48*2115*0.37*9.81 
fgxx = -blk_wt/(96*96) 
fgyy = -bik_wt/(96*48) 
sxxo=fg_xx 
syyo=fgyY 

command 
app sxx add sxxo range x 47.9 +48.1 
app syy add syyo range y 47.9 +48.1 
app syy add syyo range y -48.1 -47.9 

end command 
end 
quake 
set large 
set grav 0 0 -6.18 
step 3500 
sav h7000_d.sav 
ret

11 1 1 I I 1 11 1 1
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I1-5 Input files for 3DEC Analysis 

* a90clkl.dat 

* A 3DEC MODEL FOR THE TEST ALCOVE 

* Alcove 3: Mohr-Coulomb Model, In-Situ Stress Loading, Category 1, Ko=0.5 
* STATIC ANALYSIS 
-'---------------------------I' 

* Cartesian Coordinate System 
* X-axis: horizontal and perpendicular to the tunnel 
* Y-axis: Vertical (+) upwards 
* Z-axis: horizontal and parallel to the tunnel 

* The tunnel has a diameter of 7.62m and the alcove 
* is horseshoe shaped with a lower rectangle (6m wide x 3m high) 
* and and an upper circular arch 1.5m high.  

* The arch radius is defined by r= (s**2 + h**2)/(2*h)=3.75 m 
* where s=half the width and h=arch height 

new 
poly tu rad 3.81 len -20 20 nx I nt 2 nr 6 rat 10.811 rmul 1.5 dip 0 dd 0 org 0 0 0 
mark region I 

mark cy 0 0 -20 0 0 20 0 3.81 region 2 

* cut a horseshoe-shaped alcove* 

hide region 2 
hide dip 90 dd 90 org 0 0 0 below 

I jset dip 0 dd 0 n 1 org 0 -3.00 0 * floor 
hide dip 0 dd 0 org 0 -3.00 0 below 

I jset dip 90 dd 0 n 1 org 0 0 3.00 * hanging wall 
hide dip 90 dd 0 org 0 0 3.00 above 

I jset dip 90 dd 180 n 1 org 0 0 -3.00 * footwall 
I hide dip 90 dd 180 org 0 0 -3.00 above

I I I 1 1It I I
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I jset dip 90 dd 90 org 20 0 0 * alcove end wall; 27m long.  
hide dip 90 dd 90 org 27 0 0 above 

* The roof arch is approximated by three arch segments of equal length.  
* The angle emcompassed by the arch is 2*asin(3/3.75)=106.26 degrees.  
* Therefore, each subarch segment has an angle of 106.26/3 = 35.42 degrees.  

jset dip 36.87 dd 0 n I org 0 0 3. * roof seg. I 
hide dip 36.87 dd 0 org 0 0 3. above 

I jset dip 0 dd 0 n I org 0. 1.320 *roof seg. 2 
hide dip 0 dd 0 org 0. 1.32 0 above 

I jset dip 36.87 dd 180 n I org 0 0 -3. * roof seg. 3 
hide dip 36.87 dd 180 org 0 0 -3. above 

mark region 3 

seek 
hide reg 2 
hide reg 3 

1 jset dip 0 dd 0 n I org 0 -0.5 0 
hide dip 0 dd 0 org 0 -0.5 0 above 
mark region 4 
hide 
seek reg 2 

1 jset dip 0 dd 0 n I org 0 -0.5 0 
hide dip 0 dd 0 org 0 -0.5 0 above 
mark region 5 
hide 
seek reg 3 

1 jset dip 0 dd 0 n I org 0 -0.5 0 
hide dip 0 dd 0 org 0 -0.5 0 above 
mark region 6 
seek 

* reg I rock above the interface 
* reg 2 main tunnel above the interface 
* reg 3 alcove above the interface 
* reg 4 rock below the interface 
* reg 5 tunnel below the interface 
* reg 6 alcove below the interface

I I 1
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* Zoning 
, n 
gen region 3 edge I 

Igen region 6 edge 1 

gen cy 0 0 -20 0 0 20 3.81 5 edge 2 
gen cy 0 0 -20 0 0 20 5 7 edge 2 
gency00-200020711edge2 
gen cy 0 0 -20 0 0 20 11 17 edge 3 
,I 
gen region 1 edge 10 
gen region 4 edge 10 

Igen region 2 edge 10 

gen region 5 edge 10 

*sav zone90.sav 

* Assign material properties to the model.  
* There are no physical joints presented in the model.  
* The joint properties listed are for the cut planes 
* during the model construction.  
cI 
change reg 1 mat 1 
change reg 2 mat 1 
change reg 3 mat 1 
change reg 5 mat 2 

change reg 6 mat 2 
1* 

seek mat I 
change cons 2 

1 pro jmat I kn 3el ks lel I coh le9 ten le9 fric 2 
pro mat 1 ymod 6.7e9 prat 0.2 density 2115 bcoh 1.2e6 phi 53 bten 0.80e6 
seek mat 2 
change cons 2 
pro mat 2 ymod 2.5e9 prat 0.2 density 1268 bcoh 0.3e6 phi 40 bten 0.280e6 

* Assign the boundary conditions

I I I 1It I• I
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bound -45.5 -44.5 -45.5 
bound 44.5 45.5 -45.5 
bound -45.5 45.5 -45.5 
bound -45.5 45.5 44.5 
bound -45.5 45.5 -45.5 
bound -45.5 45.5 -45.5 
gravity 0 -9.81 0

45.5 -20.5 
45.5 -20.5 

-44.5 -20.5 
45.5 -20.5 
45.5 -20.5 
45.5 19.5

20.5 xvel 0 
20.5 xvel 0 
20.5 yvel 0 
20.5 yvel 0 

-19.5 zvel 0 
20.5 zvel 0

* in situ stresses 

insitu mat I st -0.97e6 -1.94e6 -0.97e6 0 0 0 & 
ygrad 1.0375e4 2.075e4 1.0375e4 0 0 0 

insitu mat 2 st -0.97e6 -1.94e6 -0.97e6 0 0 0 & 
ygrad 0.622e4 i.244e4 0.622e4 0 0 0 

damp auto 
mscale on 
his unbal 
his damp 
his ydisp 0 4.00 0 * tunnel crown at intersection 
his ydisp 0 -4.00 0 * tunnel floor at intersection 
his ydisp 0 4.00 -5.0 * tunnel crown 5m away from intersection 
his ydisp 0 -4.00 -5.0 * tunnel floor 5m away from intersection 
his ydisp 0 4.00 5.0 * tunnel crown 5m away from intersection 
his ydisp 0 -4.00 5.0 * tunnel floor 5m away from intersection 
his ydisp 2.5 1.32 0 * alcove crown 2.5m away from intersection 
his ydisp 2.5 -3. 0 * alcove floor 2.5m away from intersection 
his ydisp 5.0 1.32 0 * alcove crown 5m away from intersection 
his ydisp 5.0 -3.0 0 * alcove crown 5m away from intersection 
his ydisp 10. 1.32 0 * alcove crown 1Om away from intersection 
his ydisp 10. -3.0 0 * alcove crown l0m away from intersection 
, 

* Cycling for the initial equlibrium state under 
* gravitation loading 

cycl 500 
*sav z90_pre.sav 

* Excavate the tunnel 

ex region 2
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ex region 5 
cycl 2000 
sav a90tclkl.sav 

* Excavate the alcove 

ex region 3 
ex region 6 

cycl 3000 
sav a90aclkl.sav 

* a90clk2.dat 

* A 3DEC MODEL FOR THE TEST ALCOVE 

* Alcove 3: Mohr-Coulomb Model, In-Situ Stress Loading, Category 1, Ko--0.25 
* STATIC ANALYSIS 

I ------------------ -------- -----------

* Cartesian Coordinate System 
* X-axis: horizontal and perpendicular to the tunnel 
* Y-axis: Vertical (+) upwards 
* Z-axis: horizontal and parallel to the tunnel 

* The tunnel has a diameter of 7.62m and the alcove 
* is horseshoe shaped with a lower rectangle (6m wide x 3m high) 
* and and an upper circular arch 1 .5m high.  

* The arch radius is defined by r= (s**2 + h**2)/(2*h)=3.75 m 
* where s=half the width and h=arch height 

new 
poly tu rad 3.81 len -20 20 nx 1 nt 2 nr 6 rat 10.8 11 rmul 1.5 dip 0 dd 0 org 0 0 0 
mark region 1 

mark cy 0 0 -20 0 0 20 0 3.81 region 2 

* cut a horseshoe-shaped alcove * 

hide region 2

I I I I 111 1 1
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hide dip 90 dd 90 org 0 0 0 below 

I jset dip 0 dd 0 n I org 0 -3.00 0 * floor 
hide dip 0 dd 0 org 0 -3.00 0 below 

I jset dip 90 dd 0 n 1 org 0 0 3.00 * hanging wall 
hide dip 90 dd 0 org 0 0 3.00 above 

I jset dip 90 dd 180 n I org 0 0 -3.00 * footwall 
hide dip 90 dd 180 org 0 0 -3.00 above 

jset dip 90 dd 90 org 20 0 0 * alcove end wall; 27m long.  
hide dip 90 dd 90 org 27 0 0 above 

* The roof arch is approximated by three arch segments of equal length.  
* The angle emcompassed by the arch is 2*asin(3/3.75)-106.26 degrees.  
* Therefore, each subarch segment has an angle of 106.26/3 = 35.42 degrees.  

jset dip 36.87 dd 0 n I org 0 0 3. * roof seg. I 
hide dip 36.87 dd 0 org 0 0 3. above 

jset dip 0 dd 0 n I org 0. 1.32 0 *roof seg. 2 
hide dip 0 dd 0 org 0. 1.32 0 above 

I jset dip 36.87 dd 180 n 1 org 0 0 -3. * roof seg. 3 
hide dip 36.87 dd 180 org 0 0 -3. above 

mark region 3 

seek 
hide reg 2 
hide reg 3 

1 jset dip 0 dd 0 n I org 0 -0.5 0 
hide dip 0 dd 0 org 0 -0.5 0 above 
mark region 4 
hide 
seek reg 2 

1 jset dip 0 dd 0 n I org 0 -0.5 0 
hide dip 0 dd 0 org 0 -0.5 0 above 
mark region 5 
hide 
seek reg 3

I I
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1 jset dip 0 dd 0 n I org 0 -0.5 0 
hide dip 0 dd 0 org 0 -0.5 0 above 
mark region 6 
seek I**************************************** 
* reg 1 rock above the interface 
* reg 2 main tunnel above the interface 
* reg 3 alcove above the interface 
* reg 4 rock below the interface 
* reg 5 tunnel below the interface 
* reg 6 alcove below the interface 

* Zoning 
gen region 3 edge I 
gen region 6 edge 1 

gen cy 0 0 -20 0 0 20 3.81 5 edge 2 
gen cy 0 0 -20 0 0 20 5 7 edge 2 
gen cy 0 0 -20 0 0 20 7 11 edge 2 
gen cy 0 0 -20 0 0 20 11 17 edge 3 
gen region I edge 10 
gen region 4 edge 10 

gen region 2 edge 10 

gen region 5 edge 10 

*sav zone90.sav 

* Assign material properties to the model.  
* There are no physical joints presented in the model.  

I * The joint properties listed are for the cut planes 
* during the model construction.  
change reg I mat I 
change reg 2 mat I 
change reg 3 mat I 
change reg 4 mat 2 
change reg 5 mat 2 
change reg 6 mat 2

I - I I,
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seek mat I 
change cons 2 
pro jmat 1 kn 3ell ks ]ell coh le9 ten le9 fric 2 
pro mat I ymod 6.7e9 prat 0.2 density 2115 bcoh 1.2e6 phi 53 bten 0.80e6 
seek mat 2 
change cons 2 
pro mat 2 ymod 2.5e9 prat 0.2 density 1268 bcoh 0.3e6 phi 40 bten 0.280e6 

* Assign the boundary conditions 
, 

bound -45.5 -44.5 -45.5 45.5 -20.5 20.5 xvel 0 
bound 44.5 45.5 -45.5 45.5 -20.5 20.5 xvel 0 
bound -45.5 45.5 -45.5 -44.5 -20.5 20.5 yvel 0 
bound -45.5 45.5 44.5 45.5 -20.5 20.5 yvel 0 
bound -45.5 45.5 -45.5 45.5 -20.5 -19.5 zvel 0 
bound -45.5 45.5 -45.5 45.5 19.5 20.5 zvel 0 

gravity 0 -9.81 0 

* in situ stresses 

insitu mat 1 st -0.485e6 -1.94e6 -0.485e6 0 0 0 & 
ygrad 0.51875e4 2.075e4 0.51875e4 0 0 0 

insitu mat 2 st -0.485e6 -1.94e6 -0.485e6 0 0 0 & 
ygrad 0.31 le4 1.244e4 0.311e4 0 0 0 

damp auto 
mscale on 
his unbal 
his damp 
his ydisp 0 4.00 0 * tunnel crown at intersection 
his ydisp 0 -4.00 0 * tunnel floor at intersection 
his ydisp 0 4.00 -5.0 * tunnel crown 5m away from intersection 
his ydisp 0 -4.00 -5.0 * tunnel floor 5m away from intersection 
his ydisp 0 4.00 5.0 * tunnel crown 5m away from intersection 
his ydisp 0 -4.00 5.0 * tunnel floor 5m away from intersection 
his ydisp 2.5 1.32 0 * alcove crown 2.5m away from intersection 
his ydisp 2.5 -3. 0 * alcove floor 2.5m away from intersection 
his ydisp 5.0 1.32 0 * alcove crown 5m away from intersection 
his ydisp 5.0 -3.0 0 * alcove crown 5m away from intersection 
his ydisp 10. 1.32 0 * alcove crown 10m away from intersection
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his ydisp 10. -3.0 0 * alcove crown 10m away from intersection 

* Cycling for the initial equlibrium state under 
* gravitation loading 

cycl 500 
• sa z90_pre.sav 

• Excavate the tunnel 
e g 
ex region 2 
ex region 5 

cycl 1000 
sav a90tclk2.sav 

• Excavate the alcove 

ex region 3 
ex region 6 

cycl 2000 
sav a90aclk2.sav 

I****************************************************************************** 

• Seismic Loading * 

• Alcove 3: Mohr-Coulomb Model, Category 1, Ko=0.5, Seismic Loading, Freq.=IOHz * 
I****************************************************************************** 

call a90clkl.dat 
call a90_d.dat 

* Apply the shear stress multiplier in form of sinusoidal function with 
* frequency = 10 Hz and the duration time = 0.5 sec 

bound his sin (10. 0.5) 
cycle 5000 
sav a90cIflO.sav 

new

"B I I I f i 1 11 1
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* Seismic Loading * 

* Alcove 3: Mohr-Coulomb Model, Category 1, Ko=0.5, Seismic Loading, Freq.=5 Hz * 
I** *****************€*************•* *******************************•************** 

call a90cIkl.dat 
call a90_d.dat 

* Apply the shear stress multiplier in form of sinusoidal function with 
* frequency = 5 Hz and the duration time = 0.5 sec 

bound his sin (5. 0.5) 
cycle 5000 
say a90clIf05.sav 

new 

* Seismic Loading * 

* Alcove 3: Mohr-Coulomb Model, Category 1, Ko=0.5, Seismic Loading, Freq.=20Hz * 

call a90clkl.dat 
call a90_d.dat 

* Apply the shear stress multiplier in form of sinusoidal function with 
* frequency = 20 Hz and the duration time = 0.5 sec 

bound his sin (20. 0.5) 
cycle 5000 
say a90c I f20.sav 
ret 

* a90_d.dat 

* A 3DEC MODEL FOR THE TEST ALCOVE

"I II ! I !11 1 1
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* DYNAMIC ANALYSIS 
----- --- - - - - -- -

reset time hist 
reset disp jdisp 

* Specify the history monitoring points 

his unbal 
his damp 
his ydisp 0 4.00 0 * tunnel crown at intersection 
his ydisp 0 -4.00 0 * tunnel floor at intersection 
his ydisp 0 4.00 -5.0 * tunnel crown 5m away from intersection 
his ydisp 0 -4.00 -5.0 * tunnel floor 5m away from intersection 
his ydisp 0 4.00 5.0 * tunnel crown 5m away from intersection 
his ydisp 0 -4.00 5.0 * tunnel floor 5m away from intersection 
his ydisp 2.5 1.32 0 * alcove crown 2.5m away from intersection 
his ydisp 2.5 -3. 0 * alcove floor 2.5m away from intersection 
his ydisp 5.0 1.32 0 * alcove crown 5m away from intersection 
his ydisp 5.0 -3.0 0 * alcove crown 5m away from intersection 
his ydisp 10. 1.32 0 * alcove crown 10m away from intersection 
his ydisp 10. -3.0 0 * alcove crown 10m away from intersection 
his syy 5 1.5 0 
his sxx 5 1.5 0 
his szz 5 1.5 0 
his sxy -45 -45 0 
hissxy 0-450 
his sxy 45 -45 0 
his sxy -45 45 0 
hissxy 0 450 
his sxy 45 45 0 

* Free the static boundary conditions for dynamic conditions

free -45.5 
free 44.5 
free -45.5 
free -45.5 
free -45.5 
free -45.5

-44.5 -45.5 
45.5 -45.5 
45.5 -45.5 
45.5 44.5 
45.5 -45.5 
45.5 -45.5

45.5 -20.5 
45.5 -20.5 

-44.5 -20.5 
45.5 -20.5 
45.5 -20.5 
45.5 19.5

20.5 xvel 
20.5 xvel 
20.5 yvel 
20.5 yvel 

-19.5 zvel 
20.5 zvel

* Establishing dynamic boundary and loading conditions

I I I I '11 1
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* A seismic planar shear wave propagating the vertical direction 
* from the bottom boundary of the model.  

bound -45.5 -44.5 -45.5 45.5 -20.5 20.5 yvel 0 

* Fix the yvelocity on plane yz at x = 45m 

bound 44.5 45.5 -45.5 45.5 -20.5 20.5 yvel 0

* Set viscous boundary conditions 
bound -45.5 45.5 -45.5 -44.5 -20.5 
bound -45.5 45.5 -45.5 -44.5 -20.5 

* Set viscous boundary conditions 

bound -45.5 45.5 44.5 45.5 -20.5 
bound -45.5 45.5 44.5 45.5 -20.5

20.5 mat=2 
20.5 xvisc yvisc 

20.5 mat=l 
20.5 xvisc yvisc

* Fix zvelocity on plane xy at z = -20m and z = 20m 
bound -45.5 45.5 -45.5 45.5 -20.5 -19.5 zvel 0 
bound -45.5 45.5 -45.5 45.5 19.5 20.5 zvel 0 

* Apply the shear stress according to SXY = 2*(dens*sqrt(G/dens))*V 
* while dens = 1268 kg/m**3, G=EI(2(I+v)) and V = 23cm/sec based on ESFDR.  
* E = 2.5 GPa and v = 0.2.  

bound -45.5 45.5 -45.5 -44.5 -20.5 20.5 stress 0 0 0 0.528e6 0 0

1-6 Input files for 3DEC Analysis

* a45clkl.dat 

* A 3DEC MODEL FOR THE TEST ALCOVE 

* Alcove 4: Mohr-Coulomb Model, In-Situ Stress Loading, Category 1, Ko=0.5 
* STATIC ANALYSIS 

* Cartesian Coordinate System 
* X-axis: horizontal and perpendicular to the tunnel
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* Y-axis: Vertical (+) upwards 
* Z-axis: horizontal and parallel to the tunnel 

* The tunnel has a diameter of 7.62m and the alcove 
* is horseshoe shaped with a lower rectangle (6m wide x 3m high) 
* and and an upper circular arch l.5m high.  

* The arch radius is defined by r= (s**2 + h**2)/(2*h)=3.75 m 
* where s=half the width and h=arch height 

new 
poly tu rad 3.81 len -20 30 nx 1 nt 2 nr 6 rat 10.811 rmul 1.5 dip 0 dd 0 org 0 0 0 
mark region 1 

mark cy 0 0 -20 0 0 30 0 3.81 region 2 

* cut a horseshoe-shaped alcove * 

hide region 2 
hide dip 90 dd 90 org 0 0 0 below 

I jset dip 0 dd 0 n 1 org 0 -3.00 0 * floor 
hide dip 0 dd 0 org 0 -3.00 0 below 

Ijset dip 90 dd 315 n I org -2.12 0 2.12 * hanging wall 
hide dip 90 dd 315 org -2.12 0 2.12 above 

I jset dip 90 dd 135 n I org 2.12 0 -2.12 * footwall 
hide dip 90 dd 135 org 2.12 0 -2.12 above 

I jset dip 90 dd 45 org 14.14 0 14.14 * alcove end wall; 20m long.  
hide dip 90 dd 45 org 14.14 0 14.14 above 

* The roof arch is approximated by three arch segments of equal length.  
* The angle emcompassed by the arch is 2*asin(3/3.75)=106.26 degrees.  
* Therefore, each subarch segment has an angle of 106.26/3 = 35.42 degrees.  

I jset dip 36.87 dd 315 n 1 org -2.12 0 2.12 * roof seg. I 
hide dip 36.87 dd 315 org -2.12 0 2.12 above 

I jset dip 0 dd 0 n I org 0. 1.320 *roof seg. 2 
1 hide dip 0 dd 0 org 0. 1.32 0 above
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1 jset dip 36.87 dd 135 n 1 org 2.12 0 -2.12 * roof seg. 3 
hide dip 36.87 dd 135 org 2.12 0 -2.12 above 

mark region 3 

seek 
hide reg 2 
hide reg 3 

1 jset dip 0 dd 0 n I org 0 -0.5 0 
hide dip 0 dd 0 org 0 -1.0 above 
mark region 4 
hide 
seek reg 2 

1 jsetdipOdd0nl orgO-1.0 
hide dip 0 dd 0 org 0 -1.0 above 
mark region 5 
hide 
seek reg 3 

1 jsetdipOdd0nl org0-l.0 
hide dip 0 dd 0 org 0 -1. 0 above 
mark region 6 
seek 

I**************************************** 
* reg I rock above the interface 
* reg 2 main tunnel above the interface 
* reg 3 alcove above the interface 
* reg 4 rock below the interface 
* reg 5 tunnel below the interface 
* reg 6 alcove below the interface 

I****€************************************** 

• Zoning 
,3 
gen region 3 edge 1.  Igen region 6 edge 1.  

gen cy 0 0 -20 0 0 30 3.81 5 edge 2 
gen cy 0 0 -20 0 0 30 5 7 edge 2 
gen cy 00-2000307 11 edge 2 
gencyO0-20003011 17edge3 

gen region I edge 10

I II 1
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gen region 4 edge 10 
gen region 2 edge 10 
gen region 5 edge 10 

*sav zone90.sav 

* Assign material properties to the model.  

* There are no physical joints presented in the model.  
* The joint properties listed are for the cut planes 
* during the model construction.  
, 

change reg 2 mat I 
change reg 2 mat 1 
change reg 3 mat 2 
change reg 4 mat 2 
change reg 5 mat 2 
change reg 6 mat 2 
, 

seek mat I 
change cons 2 
pro jmat 1 kn 3e II ks lel I coh 1e9 ten Ie9 fric 2 
pro mat 1 ymod 2.5e9 prat 0.2 density 1268 bcoh 0.3e6 phi 40 bten 0.280e6 
seek mat 2 
change cons 2 
pro mat 2 ymod 5.66e9 prat 0.3 density 2207 bcoh 0.7e6 phi 41 bten 0.638e6 

* Assign the boundary conditions

bound -45.5 -44.5 -45.5 
bound 44.5 45.5 -45.5 
bound -45.5 45.5 -45.5 
bound -45.5 45.5 44.5 
bound -45.5 45.5 -45.5 
bound -45.5 45.5 -45.5 
gravity 0 -9.81 0

45.5 -20.5 30.5 xvel 0 
45.5 -20.5 30.5 xvel 0 

-44.5 -20.5 30.5 yvel 0 
45.5 -20.5 30.5 yvel 0 
45.5 -20.5 -19.5 zvel 0 
45.5 29.5 30.5 zvel 0

* in situ stresses 

insitu mat I st -1.3175e6 -2.635e6 -1.3175e6 0 0 0 & 
ygrad 0.622e4 1.244e4 0.622e4 0 0 0

II 1 TI IIt I
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insitu mat 2 st -1.3175e6 -2.635e6 -1.3175e6 0 0 0 & 
ygrad 1.0825e4 2.165e4 1.0825e4 0 0 0

damp auto 
mscale on 
his unbal 
his damp 
his ydisp 0 4.00 0 
his ydisp 0 -4.00 0 
his ydisp 0 4.00 -5.0 
his ydisp 0 -4.00 -5.0 
his ydisp 0 4.00 10.0 
his ydisp 0 -4.00 10.0 
his ydisp 2.7 1.32 2.7 
his ydisp 2.7 -3. 2.7 
his ydisp 3.54 1.32 3.54 
his ydisp 3.54 -3.0 3.54 
his ydisp 7.07 1.32 7.07 
his ydisp 7.07 -3.0 7.07

* tunnel crown at intersection 
* tunnel floor at intersection 
* tunnel crown 5m away from intersection 
* tunnel floor 5m away from intersection 

* tunnel crown 5m away from intersection 
* tunnel floor 5m away from intersection 

* alcove crown 2.5m away from intersection 
* alcove floor 2.5m away from intersection 

* alcove crown 5m away from intersection 
* alcove crown 5m away from intersection 
* alcove crown 10m away from intersection 
* alcove crown 10m away from intersection

* Cycling for the initial equlibrium state under 
* gravitation loading 

cycl 500 
sav z90_pre.sav 

* Excavate the tunnel 

ex region 2 
ex region 5 

cycl 2000 
sav a45tclkl.sav 

* Excavate the alcove 

ex region 3 
ex region 6 
cycl 3000 
sav a45aclkl.sav

It I t I! I j 11
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* a45clk2.dat 

* A 3DEC MODEL FOR THE TEST ALCOVE 

* Alcove 4: Mohr-Coulomb Model, In-Situ Stress Loading, Category 1, Ko=0.25 
* STATIC ANALYSIS 

* Cartesian Coordinate System 
* X-axis: horizontal and perpendicular to the tunnel 
* Y-axis: Vertical (+) upwards 
* Z-axis: horizontal and parallel to the tunnel 

* The tunnel has a diameter of 7.62m and the alcove 
* is horseshoe shaped with a lower rectangle (6m wide x 3m high) 
* and and an upper circular arch 1.5m high.  

* The arch radius is defined by r= (s**2 + h**2)/(2*h)=3.75 m 
* where s=half the width and h=arch height 

new 
poly tu rad 3.81 len -20 30 nx I nt 2 nr 6 rat 10.811 rmul 1.5 dip 0 dd 0 org 0 0 0 
mark region 1 

mark cy 0 0 -20 0 0 30 0 3.81 region 2 

* cut a horseshoe-shaped alcove * 
I* ************* ******** *********** 

hide region 2 
hide dip 90 dd 90 org 0 0 0 below 

I jset dip 0 dd 0 n I org 0 -3.00 0 * floor 
hide dip 0 dd 0 org 0 -3.00 0 below 

I jset dip 90 dd 315 n I org -2.12 0 2.12 * hanging wall 
hide dip 90 dd 315 org -2.12 0 2.12 above 

I jset dip 90 dd 135 n 1 org, 2.12 0 -2.12 * footwall 
hide dip 90 dd 135 org 2.12 0 -2.12 above 

I jset dip 90 dd 45 org 14.14 0 14.14 * alcove end wall; 20m long.
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hide dip 90 dd 45 org 14.14 0 14.14 above 

* The roof arch is approximated by three arch segments of equal length.  
* The angle emcompassed by the arch is 2*asin(3/3.75)=106.26 degrees.  
* Therefore, each subarch segment has an angle of 106.26/3 = 35.42 degrees.  

I jset dip 36.87 dd 315 n I org -2.12 0 2.12 * roof seg. I 
hide dip 36.87 dd 315 org -2.12 0 2.12 above 

I jset dip 0 dd 0 n I org 0. 1.320 *roof seg. 2 
hide dip 0 dd 0 org 0. 1.32 0 above 

I jset dip 36.87 dd 135 n I org 2.12 0 -2.12 * roof seg. 3 
hide dip 36.87 dd 135 org 2.12 0 -2.12 above 

mark region 3 

seek 
hide reg 2 
hide reg 3 

1 jset dip 0 dd 0 n I org 0 -0.5 0 
hide dip 0 dd 0 org 0 -1.0 above 
mark region 4 
hide 
seek reg 2 

1 jsetdip0ddOn I orgO-1.0 
hide dip 0 dd 0 org 0 -1.0 above 
mark region 5 
hide 
seek reg 3 
jsetdipOddOn I orgO-1.0 
hide dip 0 dd 0 org 0 -1.0 above 
mark region 6 
seek 

* reg I rock above the interface 
* reg 2 main tunnel above the interface 
* reg 3 alcove above the interface 
* reg 4 rock below the interface 
* reg 5 tunnel below the interface 
* reg 6 alcove below the interface

i f f I I
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* Zoning 

gen region 3 edge 1.  
gen region 6 edge 1.  
, 

gen cy 0 0 -20 0 0 30 
gen cy 0 0 -20 0 0 30 
gen cy 0 0 -20 0 0 30 
gen cy 0 0 -20 0 0 30

gen region 1 edge 
gen region 4 edge 
gen region 2 edge 
gen region 5 edge

3.81 5 edge 2 
5 7 edge 2 
7 11 edge 2 
11 17 edge 3

10 
10 

10 
10

*sav zone90.sav 

"* Assign material properties to the model.  
"* There are no physical joints presented in the model.  
"* The joint properties listed are for the cut planes 
"* during the model construction.  

change reg I mat I 
change reg 2 mat I 
change reg 3 mat I 
change reg 4 mat 2 
change reg 5 mat 2 
change reg 6 mat 2 

seek mat 1 
change cons 2 
pro jmat 1 kn 3e II ks lell cob le9 ten Ie9 fric 2 
pro mat 1 ymod 2.5e9 prat 0.2 density 1268 bcoh 0.3e6 phi 40 bten 0.280e6 
seek mat 2 
change cons 2 
pro mat 2 ymod 5.66e9 prat 0.3 density 2207 bcoh 0.7e6 phi 41 bten 0.638e6 

* Assign the boundary conditions
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bound -45.5 -44.5 -45.5 45.5 -20.5 30.5 xvel 0 
bound 44.5 45.5 -45.5 45.5 -20.5 30.5 xvel 0 
bound -45.5 45.5 -45.5 -44.5 -20.5 30.5 yvel 0 
bound -45.5 45.5 44.5 45.5 -20.5 30.5 yvel 0 
bound -45.5 45.5 -45.5 45.5 -20.5 -19.5 zvel 0 
bound -45.5 45.5 -45.5 45.5 29.5 30.5 zvel 0 
gravity 0 -9.81 0 

* in situ stresses 

insitu mat I st -0.659e6 -2.635e6 -0.659e6 0 0 0 & 
ygrad 0.311e4 1.244e4 0.311 e4 0 0 0 

insitu mat 2 st -0.569e6 -2.635e6 -0.659e6 0 0 0 & 
ygrad 0.541e4 2.165e4 0.541e4 0 0 0 

damp auto 
rmscale on 
his unbal 
his damp 
his ydisp 0 4.00 0 * tunnel crown at intersection 
his ydisp 0 -4.00 0 * tunnel floor at intersection 
his ydisp 0 4.00 -5.0 * tunnel crown 5m away from intersection 
his ydisp 0 -4.00 -5.0 * tunnel floor 5m away from intersection 
his ydisp 0 4.00 5.0 * tunnel crown 5m away from intersection 
his ydisp 0 -4.00 5.0 * tunnel floor 5m away from intersection 
his ydisp 2.7 1.32 2.7 alcove crown 2.5m away from intersection 
his ydisp 2.7 -3. 2.7 * alcove floor 2.5m away from intersection 
his ydisp 3.54 1.32 3.54 * alcove crown 5m away from intersection 
his ydisp 3.54 -3.0 3.54 * alcove crown 5m away from intersection 
his ydisp 7.07 1.32 7.07 * alcove crown 10m away from intersection 
his ydisp 7.07 -3.0 7.07 * alcove crown 10m away from intersection 

* Cycling for the initial equlibrium state under 
* gravitation loading 

1* 

cycl 500 
*sav z90_pre.sav 

* Excavate the tunnel 

ex region 2
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ex region 5 
cycl 2000 
*say a45tclk2.sav 

* Excavate the alcove 

ex region 3 
ex region 6 

cyc1 3000 
sav a45aclk2.sav 
ret 

I************************************ ****************************************** 

* Seismic Loading * 

* Alcov 4: Mohr-Coulomb Model, Category 1, Ko=0.5, Seismic Loading, Freq.=0Hz 

call a45clkl.dat 
call a45_d.dat 

* Apply the shear stress multiplier in form of sinusoidal function with 
* frequency = 10 Hz and the duration time = 0.5 sec 

bound his sin (10. 0.5) 
cycle 5000 
sav a45cIfl0.sav 

new I*************************** ***********************€***********€***************** 

* Seismic Loading * 
1* * 

* Alcove 4: Mohr-Coulomb Model, Category 1, Ko=0.5, Seismic Loading, Freq.=5 Hz * 
I************************************************************€****************** 

call a45clkl.dat 
call a45_d.dat 

* Apply the shear stress multiplier in form of sinusoidal furiction with
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* frequency = 5 Hz and the duration time = 0.5 sec 

bound his sin (5. 0.5) 
cycle 5000 
say a45clfD5.sav 

new 

* Seismic Loading *
*

* Alcove 4: Mohr-Coulomb Model, Category 1, Ko=0.5, Seismic Loading, Freq.=20Hz * 

call a45clkl.dat 
call a45_d.dat 

* Apply the shear stress multiplier in form of sinusoidal function with 
* frequency = 20 Hz and the duration time = 0.5 sec 

bound his sin (20. 0.5) 
cycle 5000 
say a45clf20.sav 
ret 

* a45_d.dat 
* 

* A 3DEC MODEL FOR THE TEST ALCOVE 

* DYNAMIC ANALYSIS 

reset time hist 
reset disp jdisp

* Specify the history 

his unbal 
his damp 
his ydisp 0 4.00 0

monitoring points 

* tunnel crown at intersection

If 1 1 1

*

I 1 11 11I
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his ydisp 0 -4.00 0 * tunnel floor at intersection 
his ydisp 0 4.00 -5.0 * tunnel crown 5m away from intersection 
his ydisp 0 -4.00 -5.0 * tunnel floor 5m away from intersection 
his ydisp 0 4.00 5.0 * tunnel crown 5m away from intersection 
his ydisp 0 -4.00 5.0 * tunnel floor 5m away from intersection 
his ydisp 2.7 1.32 2.7 * alcove crown 3.81m away from intersection 
his ydisp 2.7 -3. 2.7 * alcove floor 3.81m away from intersection 
his ydisp 3.54 1.32 3.54 * alcove crown 5m away from intersection 
his ydisp 3.54 -3.0 3.54 * alcove crown 5m away from intersection 
his ydisp 7.07 1.32 7.07 * alcove crown 10m away from intersection 
his ydisp 7.07 -3.0 7.07 * alcove crown 10m away from intersection 
his syy 5 1.5 0 
his sxx 5 1.5 0 
his szz 5 1.5 0 
his sxy -45 -45 0 
hissxy 0-450 
his sxy 45 -45 0 
his sxy -45 45 0 
hissxy 0 450 
his sxy 45 45 0 

• Free the static boundary conditions for dynamic conditions

free -45.5 -44.5 -45.5 
free 44.5 45.5 -45.5 
free -45.5 45.5 -45.5 
free -45.5 45.5 44.5 
free -45.5 45.5 -45.5 
free -45.5 45.5 -45.5

45.5 -20.5 30.5 xvel 
45.5 -20.5 30.5 xvel 

-44.5 -20.5 30.5 yvel 
45.5 -20.5 30.5 yvel 
45.5 -20.5 -19.5 zvel 
45.5 29.5 30.5 zvel

* Establishing dynamic boundary and loading conditions 

* A seismic planar shear wave propagating the vertical direction 
* from the bottom boundary of the model.  
, 

* Fix the yvelocity on plane yz at x = -45m 

bound -45.5 -44.5 -45.5 45.5 -20.5 30.5 yvel 0 

* Fix the yvelocity on plane yz at x = 45m 

bound 44.5 45.5 -45.5 45.5 -20.5 30.5 yvel 0 

* Set viscous boundary conditions

I II I !I I if I¸
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bound -45.5 45.5 -45.5 -44.5 -20.5 30.5 mat=2 
bound -45.5 45.5 -45.5 -44.5 -20.5 30.5 xvisc yvisc 

* Set viscous boundary conditions 
bound -45.5 45.5 44.5 45.5 -20.5 30.5 mat=
bound -45.5 45.5 44.5 45.5 -20.5 30.5 xvisc yvisc 

Fix z velocity on plane xy at z = -20m and z = 30m 
bound -45.5 45.5 -45.5 45.5 -20.5 -19.5 zvel 0 
bound -45.5 45.5 -45.5 45.5 29.5 30.5 zvel 0 

* Apply the shear stress according to SXY = 2*(dens*sqrt(G/dens))*V 
* while dens = 2207 kg/m**3, G=E/(2(I+v)) and V = 16.1cm/sec based on ESFDR.  
* E = 5.66 GPa and v = 0.3.  

bound -45.5 45.5 -45.5 -44.5 -20.5 30.5 stress 0 0 0 0.706e6 0 0

11 11•
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ATTACHMENT II 

Estimated rock mass quality indices based on NRG core log data (Reference 5.5) are presented 
in this Attachment. The average RQD/Jn and J/Ja from this Attachment are used in this analysis.

*

I I I I



YUCCA MOUNTAIN SITE CHARACTERIZATION PROJECT 
Estimated Rock Mass Quality Indices Based on NRG Core Log Data 

BOIIR END STRATI- TIIERMO- Q CLASSIFICATION SYSTEM RMR CLASSIFICATION SYSTEMIEM 
HOLE DEPTH GRAPHIC MECIIANICAL Bartbn et (t (1974- Dleniawski (1979) i 

(feet) ZONE UNIT IRQD** (%) Jn* Jr Ja Jw SRF* QA C RQD-I JS JC J RM RDn"Jr
NRG-2 290 T.C. C.P. Vitric PTn 2 7.00 2.17 1.83 1.00 15.00 1;0'l:i 1 3 5 19.8 15 .43.3 0.29 1.19 

NRG-2B 270 B.T. PTn 0 6.00 2.42 1.33 LOG0 7.02 :i43 2 3 8 23.9 15 .51.9 0.00 1.82 
NRO.2B 280 B.T. PTn 9 6.00 2.77 1.00 1.00 15.00 0.31V- 2 3 8 26.4 15 4 1.50 2.77 Eb 
NRG-213 290 B.T. PTn 6 7.00 2.15 1.00 1.00 15.00 0.21 1 3 3 24.9 15 51.9 0.86 2.15 1 rri 
NRG-2B 300 P.C. Tuff PTn 12 6.00 2.79 1.00 LOO1 15.00 0.37 1 3 8 27.6 15 5346. 2.00 2.79 
NRG.2B 310 P.C. Tuff PTn 16 5.00 2.55 1.00 1.00 15.00 P'0.54• 2 3 8 26.6 15 5:4.6 3.20 2.55 
NRG-2B 320 P.C. Tuff PTn 20 9.00 3.00 1.00 1.00 8.36 ;.0.90 2 3 3 28.5 15 56.5 2.22 3.00 0 
NRO-4 390 P.C. Tuff PTn 4 6.00 3.00 1.00 1.00 15.00 :0.33 1 3 5 28.5 15 -52.5 0.67 3.00 r'i 
NRO-4 400 P.C. Tuff PTn 0 9.00 2.77 1.38 1.00 8.36 0.27l 2 3 5 25.4 15 50.4 0.00 2.01 
NRG4 410 P.C. Tuff PTn 0 9.00 2.77 1.33 1.00 0.60 ý-,3.74 • 4 3 5 25.4 i5 "52.4 0.00 2.01 C1 
NRG-4 420 P.C. Tuff Frn 21 9.00 2.77 1.38 1.00 15.00 0.311 1 3 3 25.4 1 .52.4 2.33 2.01 0 C/ 
NRO-4 430 P.C.Tuff PTn 84 6.00 3.00 1.00 1.00 15.00 2.80 I 17 3 23.5 15 69.5 14.00 3.00 0 " 
NRG-4 440 P.C. 'ruff PTn 90 5.00 4.00 1.00 1.00 15.00 :4.80, 1 20 10 30.0 15 76.0 13.00 4.00 
NRG04 450 P.C.Tuff PTn 24 5.00 2.60 1.00 1.00 15,00 '0.83: I 3 8 24.9 1 51.9 4.30 2.60 0 NRO-4 460 P.C. Tuff PTn 88 5.00 4.00 1.00 1.00 9.84 .:7.15 2 17 3 30.0 15 72.0 17.60 4.00 
NRO-4 470 B.T. PTn 58 5,00 2.00 6.33 1.00 15.00 ..0.23 1 13 8 3.1 15 .45.1 11.60 0.29 
NRG4 430 T.S.C.R.Vjtji PTn 36 5.00 3.00 1.00 1.00 15.00 1A.44 1 3 8 23.5 15 60.5 7.20 3.00 

Average: 28 6.47 2.81 1.48 1.00 12.60 1.45 2 7 7 25.44 15 55.91 5.07 2.48 >5 

NRG-2 180 T.C. C.P. Nonlith. TCw 75 6.00 2.00 1.36 1.00 5.00 i;3.683 7 17 8 20.5 15 67.5 12.50 1.47 W 
NRO-2 190 T.C.C.P. Nonlith. TCw 60 7.00 2.00 1.00 1.00 1.00 147.14 12 13 3 20.3 15 63.3 3.57 2.00 
NRO-2 200 T.C.C.P. Nonlith. TCw 62 7.00 2.14 1.00 1.00 1.00 '18.93 12 13 8 22.3 15 70.3 8.86 2.14 
NRG-2 210 T.C.C.P. Nonlith. TCw 29 7.00 2.05 2.00 1.00 1.00 r4.25 12 8 8 13.0 15 61.0 4.14 1.03 Idi 
NRG-2 220 T.C.C.P. Nonfith. TCw 4 5.00 1.93 1.27 1.00 5.00 !0.61 12 3 5 13.6 15 i53.6 0.80 1.52 
NRO-2 230 T.C. C.P. Nonlith. TCw 16 7.00 1.33 1.06 1.00 5.00 :-0.59: 7 3 8 13.7 15 51.7 2.29 1.25 2 
NRG-2 240 T.C.C.P. Nonlith. TCw 39 7.00 1.21 1.06 1.00 1.00 :'6.321 12 a 8 13.3 1 :61.3 5.57 1.14 
NRG-2 250 T.C.C.P. Nonlith. TCw 23 3.00 1.12 1.12 1.00 1.00 12.38:: 12 3 8 18.2 15 56.2- 2.38 1.00 
NRG-2 260 T.C.C.P. Nonlith. TCw 32 7.00 2.00 1.00 1.00 1.00 .9.14!: 12 3 3 21.5 15 64.5 4.57 2.00 
NRG-2 270 T.C.C.P. Nonlith. TCw 37 9.00 1.37 1.16 1.00 .00 4.84: 7 8 8 13.7 15 56.7 4.11 1.18 
NRG-2 230 T.C.C.P. Nonlith. TCw 28 6.00 2.55 1.90 1.00 5.00 :'1.25- 7 3 8 23.3 15 61.3 4.67 1.34 

NRG-2A 170 T.C. C.R. Nonlith. TCw 14 8.00 2.13 1.56 1.00 1.00 2.39 4 3 8 20.8 15 50.8 1.75 1.37 
NRO-2A 130 T.C. C.R. Nonlith. TCw 21 8.00 2.65 1.70 1.00 7.50 :..0.55 4 3 8 21.6 15 516 2.63 1.56 
NRO-2A 190 T.C. C.R. Nonlith. TCw 0 9.00 2.38 1.41 1.00 5.00 :4'.45] 2 3 5 26.3 15 51.3 0.00 2.04 IV 
NRG-2A 200 T.C.C.R. Nonlith. TCw 10 3.00 3.00 1.00 1.00 1.00 i.75 2 3 5 28.5 15 .53.5 1.25 3.00 to NRG-2A 210 T.C.C.R. Nonfith. TCw 38 5.00 2.25 2.1! 1.00 1.00 1.10] 7 8 8 17.4 15 55.4 7.60 1.07 NRO-2A 220 T.C. C.R. Noolith. TCw 39 4.00 2.222.36 1.00 5.00 il.84"'4 3 3 15.7 15 50.7 97'5 0.94 NRG-2A 230 T.C. C.R. Nonlith. TCw 61 7.00 1.50 1.67 1.00 1.00 ..54413 3 13.0 IS 53.0 8.71 0.90 = 

NRG-2A 240 T.C.C.R. Nonlith. TCw 44 6.00 3001.00 1.00 5.00 W4.407 28.5 15 66.5 7.33 3.00 
NRG-2A 250 T.C. C.R. Litli. TCw 10 9.00 2.38 1,13 1.00 7.50 0.31 4 3 8 24.0 15 54.0 I.1 211 

",,4



O..... END STA.TI- TERMO- Q CLASSIFICATION SYSTEM RMR CLASSIFICATION SYSTEMN HOLE DEPTH GRAPHIC MECHANICAL Botibn et aL 1974 Bleniawmkj 1979 •n~o o•,• NIT "(feet) ZONE UNIT RQD** (%) Jna Jr Ii Jw SRF' C RQD-I JS JC JW RMR RQD/Jn JrIJa NRG-2A 260 T.C.C.R. Lith. TCw 8 . .00 2.50.1 10. 0 1.00 1.00 3.13, 7 3 5 24.0 15 54.0 1.00 2.50 t M NRO-3 10 T.C.C.R.NInitIL TCw 0 4.00 3.00 1.00 1.00 5.00 7 3 5 28.5 IS 58.5 0.00 3.00 P NRO.3 20 T.C.C.% ,onlith TCw 14 6.00 3.00 1.00 1.00 7.50 0.93 4 3 5 23.5 IS 5. 2 3.00 NRG-3 30 T.C. CR. Nonlith. TCw 22 6.00 3.00 1.00 1.00 5.00 i2.20 -4 3 3 23.5 IS 5 "3.6 3.0 0 NRO-3 40 T.C.C.R. Nonlith. TCw 23 8.00 2.89 2.92 1.00 7.50 *.38 4 3 3 22.7 15 '52.7: 2.2 0.99 .  NRO-3 50 T.C.C.R. Nonlith. Tdw 58 7.00 3.00 1.00 1.00 7.50 .90: 7 13 8 23.5 15 .71.5 7.25 3.00 S 0 NRG-3 60 T.C. C.R. Nonlith. TCw 53 7.00 2.94 1.00 1.00 5.00 46 12 13 < 23.3 15 7 7.57 2.94 N R O -3 70 T .C .C .R . N onlith . T C w 0 9 .0 2 .m 1.87 1.00 7.50 i .2 6: 12 3 5 2 1.7 1 .5 8 . 0 . -0 .34.  NRO.3 s0 T.C.C.R. Nonlith. TCw 0 9.00 2.51 1.87 1.00 1.00 ' 4 3 2 15 5 0 NRG-3 90 T.C.C.R. Nonlith. TCw 15 4.00 2.75 1.00 1.00 7.50 138 12 3 5 27.4 I 62.4 - 3.75 2.7 NRO.3 100 T.C.C.R.Nonlith. TCw 20 9.00 2.36 2.57 1.00 5.00 0.50 12 3 3 21.4 15 19.4 2.22 1.11 NRO-3 110 T.C. C.R. U. Lith. TCw 0 9.00 2.51 1.87 1.00 1.00 1 240749 12 3 5 23.7 I9 -'5.7 0.00 1.3 W . 1- 312371o5.: 00 . 13 ~ NRG-3 120 T.C C.___U._____ 2 6.00 2.33 1.42 1.00 5.00 76 12 3 S 27.2 15 "62.2 0 2.03 NRG-3 130 T.C.C.P.U. LiIL TCw 16 9.00 3.00 1.00 1.00 1.00 3 12 3 8 29.5 I 66.5 1.79 3.00 08 cn NRG-3 140 T.C.C.P.VU.Lith. TCw 23 9.00 2.33 1.00 1.00 .3 66.3 2 .54 233 

,R°.3 150 T.C. C.P. U. Ut. TCw 50 8.00•• 2.9 C 3 1.00 1.00 1.00 18.06 7 13 3 23.0 15 71.06 6.25 2.39 NRG-3 160 T.C.C.P.U. Lith. TCw 19 5.00 2.91 1.50 1.00 1.00 7',37:1 12 3 3 25.5 15 63.5 3.80 1.94 20 0 NRG-3 170 T.C. C.P.U. lith. TOw 4 7.00 3.00 1.55 1.00 5.00 10.55A 7 3 5 25.4 15 55.4 0.57 1.94 ,NRG-3 190 T.C.C.P.U. Lith. TOw 0 5.00 2.96 1.55 1.00 1.00 3.32 12 3 5 26.1 15 61.1 0.00 1.91 NRG-3 190 T.C. C.P.U. Liih. TCw 15 7.00 2.74 1.14 1.00 7.500,69 12 3 3 27.1 IS 65.1 2.14 2.40 
NRG-3 200 T.C.C.P.U. Lith. TCw 24 6.00 3.00 1.16 1.00 1.00 10.33 12 3 8 22.0 I :66.0 4.00 2.59 NRG-3 210 T.C. C.P. M. Nonith. TCw 6 4.00 3.00 1.00 1.00 7.50 1.00 12 3 3 23.5 1 66.5 1.50 3.00 C> NRG-3 220 T.C. C.P. M. Nonlith. TOw 24 3.00 3.00 1.56 1.00 1.00 1574 12 3 8 25.3 15 63.3 3.00 1.92 NRG.3 230 T.C.C.P.M. Nonlith. TCw 14 4.00 2.91 1.11 1.00 1.00 c:n378 12 3 8 27.6 15 65.6 3.50 2.53 
NRG-3 240 T.C. C.P. M. Nonlith. TCw 0 7.00 .f71 1.00 1.00 !.00 7W20 7 3 5 27.7 15 57.7 0.00 2.71 (n NRO-3 250 T.C.C.P. M. lit TCw 0 7.00 2.92 1.15 1.00 7.50 :!'0.48: 7 3 3 27.3 15 '60.3 0.00 2.54 NRG-3 260 T.C.C.P. M.Nonlith. TCw 26 4.00 2.91 1.00 1.00 5.00 qJ.79:* 12 3 3 22.0 15 71.0 65.0 2.91 NRG-3 270 T.C. C.P. M. NonLith. TCw 52 5.00 300 1.00 1.00 1.00 131.20 7 13 8 23.5 15 .71.5 10.40 3.00 0 NRG.3 230 T.C. C. P. L ith. Tc-w 0 9.00 2.51 1.27 1.00 1.00 .49 12 3 5 23.7 15 -53.7. 0.00 1.34 NRO-3 290 T.C. C.P. L ILidi. TCW 12 6.00 1-2.9-2 1.00 1.00 7.50 087 12- 3 8 23.2 I5 66.2 2.00 2.92 NRO.3 300 T.C. C.P. Llz. LiLT~w 50 9.00 12.93 1.00 1.00 f. 00 '16.30 12 13 3 23.4 13 -76.4: 5.56 2.93 NRG-3 310 T.C.C.P. LLibh. TCw 5 5.00 3.00 1.00 1.00 1.00 !'6.00,; 12 3 3 28.5 15 66.5 1.00 3.00 NRG-3 320 T.C.C.P. L Lith. TCw 5 9.00 2.51 1.87 1.00 1.00 ::.1:49: 12 3 5 23.7 15 53.7. 0.56 1.34 NRG-3 330 T.C.C.P. L. Lith. TCw 4 9.00 2.80 1.00 1.00 1.00 73.l1 12 3 5 23.5 15 63.5 0.44 2.80 Average: 22 6.94 2.56 1.35 1.00 3.36 J'4.783! 9 6 7 24.56 15 61.19 3.44 2.09 
NRG-4 490 T.S.C.R. Vitic TSwl 16 4.00 1.50 1.00 1.00 1.00 ";'6.00• 2 3 2 21.3 15 49.3. 400 .50 NRG-4 500 T.S.C.R. Nonlith. TSwl 0 6.00 1.20 1.00 1.00 5.00 0'.0 40I 12 3 2 17.3 15 55.3. 0.00 1.20 (m NRG-4 510 T.S.C.R. Nonlith. TSwl 34 7.00 1.74 1.00 1.00 1.00 A!8.44* 12 8 8 20.4 15 63.4 4.86 1.74 NRO-4 520 T.S. CR. Nonlidh. TSwl 12 7.00 1.31 1.12 1.00 1.00 2.01.0 7 3 3 18.8 15 .:151.9 1.71 1.17 ' NRG-4 530 T.S.C.R. Nonlith. TSwl 45 5.00 209 1.31 1.00 1.00 14.39 7 8 8 21.4 15 59.4 9.00 1.60 NRO-4 540 T.S.C.RI Nonlith. TSwl 49 4.00 2.42 !.1. 1 .00 5.00 '.J 4! 7 8 8 23.4 I .61.4 12.25 2.10 0 NRG-4 550 T.S. C.R. Nonlith. TSwl 80 6.00 2.20 1.00 1.00 1.00 :29.33 7 17 3 23.7 I : 70.7 , 13 33 2.20 
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BOIIR END STRATI- TIIERMO- Q CLASSIFICATION SYSTEM RMR CLASSIFICATION SYSTEM 
llOLE DEPTH! GRAPHIC MECHANICAL Brtlbn etal. (1974) Ileniawski (1979) 

(feet) ZONE UNIT RQD (%) Jn' Jr Ja Jw SIIFN Q C RQD-1 JS JC JW I RMR RQD/Jn JrlJa 
NRG-4 560 T.S. C.R. Nonlith. TSwl 9 9.00 2.50 1.73 1.00 1.00 I! 7 3 8 23.7 15 56.7 1.00 1.45 
NRG-4 570 T.S. C.L Nonlith. TSwI 0 9.00 2.50 1.73 1.00 7.50 21•• 7 3 5 23.7 13 53.7 0.00 3.45 
NRG-4 580 T.S. C.R. Nonlith. TSwI 0 9.00 2.50 1.73 1.00 -7.50 ii0.21", 7 3 5 23.7 15 53.7 0.00 [.45 
NRG-4 590 T.S. C.R. Nonlith. TSwI 57 6.00 2.00 1.00 3.00 5.00 ;,:3.80;: 4 13 a 23.3 15 63.3 9.50 2.00 
NRG-4 600 T.S.C.R. Nonlith. TSwl 83 83.00 1.00 1000 1.00 1O31.13: 4 17 8 23.5 $5 :72.5' 10.38 3.00 
NRG-4 610 T.S.C.R. Nonlith. TSwl 74 4.00 2.00 1.00 7.50 ::'2.47. 4 13 3 13.6 15 53.6 13.50 1.00 
NRG-4 620 T.S.C.R. Nonlith. TSwl 47 9.00 1.00 1.00 1.00 100 . i-5.22:' 4 8 3 13.0 15 53.0 5.22 1.00 
NRG-4 630 T.S.C.R. Nonlijh. TSwl 37 3.00 3.00 1.25 1.00 5.00 2.22 4 3 8 27.1 15 62.1 4.63 2.40 
NRG4 640 T.S. C.R. Nonlith. TSwl 0 9.00 2.00 1.50 1.00 1.00 i1.4S 7 3 3 22.6 15 55.6 0.00 1.33 
NRG-4 650 T.S. C.R. Nonlith. TSwl 0 4.00 2.00 3.00 1.00 1.00 .'1 -.67. 4 3 5 14.7 15 41.7 0.00 0.67 
NRG-4 660 T.S. C.R. Nonlith. TSwI 21 6.00 2.00 3.00 1.00 [.00 1*33T 4 3 3 17.1 15 -47.1 3.50 0.67 
NR0-4 670 T.S.C.R. LitIL TSwI 28 9.00 3.00 1.00 1.00 5.00 •.7 2 8 3 23.5 15 61.5 3.11 3.00 
NR0-4 630 T.S. C.R. Lith. TSwl 0 6.00 2.00 1.00 1.00 1.00 3.33 7 3 8 24.0 15 57.0 0.00 2.00 
NR0-4 690 T.S.C.R.I.uth. TSwI 0 9.00 2.50 1.73 1.00 3.00 1.61;: 4 3 S 23.7 15 50.7 0.00 1.45 
NRO-4 700 T.S. C.R. I.idt. TSwi 24 4.00 4.00 1.00 1.00 7.50 1.120 4 3 8 30.0 15 .60.0 6.00 4.00 
NRG-4 710 T.S. C.R. Lith. TSwl 0 9.00 2.50 1.73 1.00 1.00 :i1.61;. 12 3 5 23.7 15 58.7 0.00 1.45 
NRG-4 720 T.S.C.P.U. Lith. TSwI 5 9.00 2.50 1.73 1.00 1.00 .613 4 3 5 23.7 15 50.7 0.56 1.45 
NRG-5 700 T.S. C.P.U. Lith. TSwl 0 9.00 2.50 1.73 1.00 7.50 `0.21' 7 3 5 23.7 I5 53.7 0.00 1.45 
NRG-5 710 T.S. C.P.U. litLh. TSwI 0 9.00 2.50 1.73 1.00 3.00 :1.64 2 3 5 23.7 15 48.7 0.00 1.45 
NRG-5 720 T.S. C.P. U. Lith. TSwl 4 9.00 2.50 1.73 3.00 5.00 0'.:32; 7 3 5 23.7 15 '.53.7 0.44 1.45 
NRG-5 730 T.S. C.P. U. Lith. TSwl 0 9.00 2.50 1.73 1.00 1.00 :1:61.. 2 3 5 23.7 15 43.7 0.00 1.45 
NRG-5 740 T.S.C.P.U. Lith. TSwl 0 9.00 2.50 1.73 3.00 7.50 ::0.21',- 4 3 5 23.7 15 50.7 0.00 1.45 
NRG-5 750 T.S.C.P.U. Lith. TSwl 0 9.00 2.50 3.73 1.00 1.00 IT.6[ 7 3 5 23.7 15 .53.7 0.00 1.45 
NRG-5 760 T.S. C.P.U. Lith. TSwI 0 9.00 2.50 1.73 3.00 0 '•1 .6 . 4 3 5 23.7 15 50.7 0.00 1.45 
NRC-5 770 T.S.C.P.U.l.ith. TSwl 0 9.00 2.50 1.73 1.00 1.00 :;:1.61 *: 7 3 5 23.7 15 537 0.00 1.45 
NRG-5 780 T.S. C.P.U. Lith. TSwl 12 9.00 2.50 1.73 1.00 5.00 1,0*39: 4 3 8 23.7 15 53.7 1.33 1.45 
NRG-5 790 T.S.C.P.U. Lith. TSwl 45 4.00 2.82 1.00 1.00 5.00 :6.34. 12 3 3 27.0 15 70.0. 11.25 2.82 
NRG-5 300 T.S. C.P.U. Lith. TSwl 33 5.00 2.96 1.00 1.00 1.00 19.54 4 3 5 23.3 15 60.3 6.60 2.96 

Average: 20 7.31 2.34 1.49 1.00 3.03 4.75 6 6 7 23.11 15 56.14 3.63 1.72 

NRG-5 810 T.S. C.P.M. Nonlith. TSw2 22 6.00 2.66 1.00 1.00 5.00 1.95 7 3 5 25.7 15 55.7 3.67 2.66 
NRC-5 820 T.S.C.P.M. Nonlith. TSw2 41 7.00 2.21 1.00 [.00 1.00 12.97. 12 8 8 24.4 15 67.4 5.86 2.21 
NRC-5 830 T.S. C.P. M. Nonlith. TSw2 10 6.00 1.81 1.00 1.00 7.50 :'0.40 12 3 3 22.3 15 60.3- 3.67 1.81 
NRC-5 840 T.S.C.P.M. Nonlidt. TSw2 27 7.00 1.67 1.25 1.00 7.50 0.0383' 4 3 8 19.1 15 49.1 3.36 1.34 
NRO-5 850 T.S. C.P. M. NonlihL. TSW2 46 3.00 2.06 1.00 3.00 5.00 :4.37; 12 a 3 24.0 15 67.0 5.75 2.06 
NRG-5 860 T.S. C.P. M. Nonlith. TSw2 27 6.00 1.69 .1.00 3.00 1.00 .. 59 312 8 8 21.4 15 64.4 4.50 3.69 
NRC-5 870 T.S. C.P. M. Nonlith. TSW2 38 4.00 2.00 1.00 1.00 7.50 12A0: 32 3 8 23.3 15 66.3 9.00 2.00 
NRC-5 830 T.S.C.P.M. Nonlith. TSW2 21 7.00 2.26 :1.00 1.00 1.00 •'6.79.' 12 3 8 23.1 15 61.1 3.00 2.26 
NRC-5 890 T.S.C.P.M. Nonlith. TSw2 33 8.00 2.05 1.13 3.00 3.00 :7.14' 7 21.0 1 5 1159.0 4.33 3.74 
NRC-5 900 T.S. C.P. M. Nonlith. TSw2 42 5.00 2.16 1.30 1.00 3.00 14.00 12 8 8 20.7 15 63.7 3.40 1.66 
NRG-5 910 T.S.C.P. L Lith. TSW2 0 7.00 2.00 1.33 3.00 3.00 i2.14 7 3 5 23.3 35 51.1 0.00 1.50 
NRG-5 920 T.S.C.P. L Lith. TSw2 5 9.00 2.57 1.21 3.00 1.00 ?•37 32 3 3 25.0 35 .63.0 0.56 2.321 
NRC-5 930 T.S.C.P. L it. TSw2 10 7.00 2.67 3.00 1.00 1.00 :3.31•.1;1 12 3 3 27.0 15 65.0 1.43 2.67
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BO1HR END STRATI- TIIERMO- Q CLASSIFICATION SYSTEM RMR CLASSIFICATION SYSTEM " 
HOLE DEPTH GRAPHIC MECIHANICAL Bartbn et aL (1974) Bleniawski (1979) -- " 

(feet) ZONE UNIT RQD *6%) Jnl Jr Ja Jw SRF* Q C RQD-I JS JC JW RMR RQDIJn Jr/Ja 
NRG-5 940 T.S. C.P.L Lith. TSw2 9 6.00 2.25 1.00 1.00 7.50 0.50" 12 3 8 22.9 15 60.9 1.50 2.25 1: C/" 
NRG-5 950 T.S.C.P. L Lith. TSw2 8 5.00 2.92 1.00 1.00 1.00 5.85'$, 12 3 5 28.2 15 63.2 1.60 2.92 -" 

NRG-5 960 T.S.C.P. 1. Lith. TSw2 0 5.00 2.75 1.08 1.00 1.00 5.08 12 3 5 26.2 15 61.2 0.00 2.55 C 
NRG-5 970 T.S. C.P. L Lith. TSw2 0 9.00 2.10 1.22 1.00 5.00 5:0.38 12 3 S 23.1 15 58.1 0.00 1.72 
NRG-5 980 T.S.C.P. L Lith. TSw2 6 4.00 2.09 1.62 1.00 1.00 '3.24 12 3 8 21.0 15 59.0 1.50 1.29 
NRG-5 990 T.S.C.P. L Lith. TSw2 20 7.00 2.36 2.17 1.00 1.00 3.12 12 3 8 200 I5 58.0 2.86 1.09 7-l 

NRG-6 720 T.S. C.P. M. Nonlith. ' TSw2 0 5.00 2.58 1.00 1.00 1.00 .,:5.17J1 7 3 5 26.3 15 56.8 0.00 2.58 m 
NRG-6 730 T.S. C.P. M. Nonlith. TSw2 11 8.00 2.07 1.29 1.00 1.00 !ý'2.20 1 7 3 8 23.4 15 :56.4 1.38 1.60 Q 
NRG-6 740 T.S. C.P.M. Nonlith. TSw2 5 6.00 2.21 1.35 1.00 5.00 10.557 12 3 5 24.7 15 59.7 0.83 1.64 
NRO-6 750 T.S.C.P.M. Nonlith. TSw2 16 5.00 2.22 1.00 1.00 1.00 7.17 I 7 3 8 25.3 15 58.3 3.20 2.22 
NRG-6 760 T.S. C.P. M. Nonlith. TSw2 0 6.00 2.33 1.00 1.00 .030 3-89 4 3 10 27.5 15 59.5 0.00 2.33 m-r 
NRG-6 770 T.S. C.P. M. Nonlith. TSw2 0 5.00 2.71 1.00 1.00 1.00 •3':415* 12 3 8 27.6 15 65.6 0.00 2.71 m 
NRG-6 730 T.S.C.P.M. Nonlith. TSw2 30 5.00 3.00 2.50 1.00 1.00 ,i!T201 12 8 8 22.4 15 65.4 6.00 1.20 0 
NRG-6 790 T.S. C.P. M. Nonlith TSw2 32 7.00 2.80 1.00 1.00 1.00 .;12.90 12 8 8 27.5 15 70.5 4.57 2.80 0 Cl) 

NRG-6 800 T.S.C.P. M. Nonlith. TSw2 0 6.00 3.00 1.00 1.00 5.00 1l.00. 12 3 3 28.5 15 66.5 0.00 3.00 
NRO-6 810 T.S. C.P. M. Nonlith. TSw2 14 2.00 3.00 1.00 1.00 1.00 i5.25 , 12 3 2 28.5 15 166.5 .75 3.00 
NRG-6 820 T.S.C.P. LLith. TSw2 4 9.00 2.10 1.22 1.00 1.00 1.91 12 3 5 23.1 15 58.1 0.44 1.72 0 0 
NRO-6 830 T.S. C.P. L 1.itl,. TSw2 0 6.00 3.00 1.00 1.00 7.50 -:.0.67: 7 3 3 28.5 15 61.5 0.00 3.00 
NRG-6 840 T.S. C.P. L Lith. TSw2 0 5.00 3.00 1.00 1.00 1.00 6.00: 12 3 8 28.5 15 66.5 0.00 3.00 5 
NRG-6 250 T.S. C.P. L Lidt. TSw2 6 8.00 3.00 1.00 1.00 1.00 3.75 12 3 8 28.5 15 66.5 0.75 3.00 CD 
NRG-6 860 T.S. C.P. L Lith. TSw2 0 5.00 3.00 1.22 1.00 5.00 ':.0.982:: 12 3 8 27.2 15 65.2' 0.00 2.46 Oz 
NRG-6 870 T.S.C.P.L Lith. TSW2 0 6.00 3.00 2.33 1.00 1.00 2U14 12 3 8 21.7 15 :59.7 0.00 1.29 0 t"' 
NRG-6 880 T.S.C.P. L Lith. TSw2 0 4.00 3.00 1.00 1.00 5.00 i1.'50"! 12 3 5 28:5 IS 63.5 0.00 .00 
NRG-6 890 T.S. C.P. L Lidi. TSw2 0 6.00 3.00 1.00 1.00 1.00 5.00 12 3 8 28.5 15 ::66.5 0.00 3.00 
NRO-6 900 T.S. C.P. L Lith. TSw2 5 8.00 3.00 1.00 1.00 1.00 ý3,751` 12 3 8 28.15 ! 66.5 0.63 3.00 1 C' 
NRO-6 910 T.S. C.P. L Lith. TSW2 27 4.00 2.80 1.50 1.00 1.00 a!2l.0 12 8 8 26.8 15 69.8 6.75 1.87 hi 
NRG-6 920 T.S.C.P.L Lith. TSw2 6 6.00 3.00 1.00 1.00 1.00 15.00 12 3 2 28.5 15 66.5 1.00 3.00 
NRG-6 930 T.S. C.P. L Lith. TSw2 0 8.00 3.00 1.00 1.00 5.00 •.0.751.1 12 3 8 28.5 15 66.5: 0.00 3.00 0 
NRO.6 940 T.S.C.P.LLith. TSw2 0 7.00 3.00 1.00 1.00 5.00 4,0.86' 12 3 8 23.5 15 66.5. 0.00 3.00 
NRG-6 950 T.S. C.P.L Lith. TSw2 5 5.00 3.00 1.00 1.00 5.00 1.20: 12 3 3 28.5 15 66.5 1.00 3.00 
NRG.6 960 T.S.C.P. L Lith. TSw2 39 8.00 3.00 1.00 1.00 7.50 ':::1.95 12 8 8 28.5 15 71.5: 4.88 3.00 
NRG-6 970 T.S.C.P. L Lith. TSw2 12 6.00 3.00 1.00 1.00 5.00 '1120 12 3 8 28.5 15 66.5. 2,00 3.00 
NRU-6 980 T.S. C.P. L Lith. TSw2 24 7.00 3.00 1.00 1.00 7.50 :137ý 12 3 8 28.5 15 :,66.5: 3.43 3.00 
NRG.6 990 T.S. C.P. L Lith. TSw2 26 4.00 2.94 1.00 1.00 7.50 .2.55' 12 8 8 28.5 15 '71.5 6.50 2.94 
NRO-6 1000 T.S.C.P. L Lith. TSw2 5 5.00 3.00 1.00 1.00 5.00 .;:.20': 12 3 8 28.5 15 :66.5 1.00 3.00 
NRG-6 1010 T.S. C.P. L. Lith. TSw2 20 6.00 3.00 1.00 1.00 1.00 1I0.00 12 3 8 28.5 1 66.5 3.33 3.00 
NRG-6 1020 T.S. C.P. I .ith. TSw2 23 5.00 3.00 1.00 1.00 1.00 '13.80 12 3 8 22.5 1 . 66.5: 4.60 3.00 
NRG-6 1030 T.S.C.P. L Lith. TSW2 0 9.00 2.10 1.22 1.00 1.00 1.l91t: 12 3 5 23.1 15 ;.58.1 0.00 1.72 
NRG-6 1040 T.S.C.P.L. Lith. TSw2 0 9.00 2.10 1.22 1.00 5.00 :0.38t. 7 3 5 23.1 15 153.1' 0.00 1.72 
NRG-6 1050 T.S.C.P. L Lih.. TSw2 0 9.00 2.10 1.22 1.00 7.50 :0.26. 12 3 8 23.1 15 61.1 0.00 1.72 
NRG-6 1060 T.S. C.P. L Lidt. TSw2 4 8.00 3.00 1.00 1.00 7.50 :0.50: 4 3 8 28.5 15 58.5 0.50 3.00 t 
NRG-6 1070 T.S.C.P. LI.ith. TSw2 5 7.00 3.00 1.00 1.00 1.00 .114.290 7 3 8 28.5 15 161.5 0.71 3.00 o 
NRG.6 1080 T.S.C.P. I-Lith. TSw2 9 6.00 3.00 1.00 1.00 5.00 r,100' 4 3 8 23.5 15 58.5 1.50 3.00 ,



BOHIR END STRATI- TIIERMO- Q CLASSIFICATION SYSTEM RMR CLASSIFICATION SYSTEM HOLE DEPTH GRAPHIC MECIIANICAL _ artbn e mll (1974) Bieniawski (1979) (feet) ZONE UNIT RQD(%) Jn* Jr Ja Jw SRF Q• C RQD-I JS JC IJW RMR RQD/Jn Jr/lJa 
NRG.6 1090 T.S. C.P. L Ath. TSW2 30 5.00 2.50 1.78 1.00 11.00 i . 4 8 8 234 15 A. 600 140 
NRG-6 1100 T.S. C.P. LLith. TSW2 5 5.00 2.00 1.00 1.00 7.50 ) .53 12 3 8 27.8 15 62 1.00 2.00 

NRG-7'7A 780 T.S. M. Nonlith. TSw2 4 6.00 1.44 1.00 1.00 5.00 (Ii42 12 3 5 19.7 15 57 0.67 1.44 
NRG-7/7A 790 T.S. M. Nonlith. TSw2 0 9.00 2.10 1.22 1.00 1.00 -- 9j 7 3 5 23.1 53.1 000 1.72 
NRG-7/7A 800 T.S. M. Nonlit.. TSw2 10 4.00 1.39 1.00 1.00 7.50 1.63 32 3 5 21.2 15 5is 2.50 1.9 
NRG-7/7A 810 T.S. M. NonliLh. TSw2 48 7.00 1.65 1.11 1.00 1.00 106 32 8 8 19.8 is %2. 6.86 1.49 NRO-7/7A 820 T.S.M. Nonlith. TSw2 18 4.00 1.00 1.00 3.00 5.00 0.9 12 3 5 13.0 I5 50 4.50 1.00 
NRO-7/7A 830 T.S. M. Nonlith. TSw2 12 5.00 [.13 !.00 1.00 1.00 .2.7( 12 3 5 12.2 15 V53.1:2 2.40 1.13 
NRO-7/TA 840 T.S. M. Nonlith. TSW2 25 5.00 1.67 1.00 1.00 7.50 LII 12 8 8 21.5 15 ýý,6`i4:$3,:.. 5.00 1.67 
NRG-7/TA 850 T.S.M. Nonith. TSw2 2 9.00 2.10 1.22 1[00 1.00 II 32 3 5 23.1 15 53.1 022 1.72 
NRG-7fTA 860 T.S. M. Nonlith. TSW2 29 6.00 1.43 1.00 1.00 5.00 332 12 8 8 19.7 15 627 4.33 1.43 
NRO-7i7A 870 T.S.M. Nonlith. TSw2 17 4.00 1.20 1.00 1.00 7.50 (3.:. 12 3 8 13.1 1 5 1 4.25 1.20 
NRO-7/TA 830 T.S. M. Nonlidh. TSw2 10 .7.00 1.25 1.00 1.00 1.00 L79 7 3 5 19.3 15 43 1.43 125 
NRG-7/7A 890 T.S. C.P. L Lith. TSw2 8 9.00 2.10 1.22 1.00 .00 2 3 23.1" .1.. 09 I72 
NRO.7/7A 900 T.S. C.P. L lid,. Tsw 0 7.00 1.60 1.27 1.00 1.00 LO 2 3 5 13.4 15 3"_ 0.00 1.26 NRG-77A 910 T.S. C.. L Lith. TSW2 0 9.00 2.10 1.22 1.00 1.00 1. 7 3 23.1 15 .533 0.00 1.72 
NRG-7/7A 920 T.S. C.P. L Lidt. TSw2 0 9.00 2.10 1.22 1.00 1.00 7I 7 3 8 23.3 i56. 0.00 1.72 
NRG-7f7A 930 T.S. C.P. L Lidh. TSw2 0 9.00 2.10 1.22 1.00 1.00 . 12 32 3 5 23.1 I•5 5. 0.00 1.72 
NRO-7/7A 940 T.S.C.P. L Ligh. TSw2 0 9.00 2.10 1.22 1.00 1.00 3.91 7 3 8 23.1 15 5.3 0.00 3.72 
NRG-7/TA 950 T.S. C.P. L.ith. TSw2 0 9.00 2.10 3.22 1.00 5.00 i2 12 3 5 23.1 15 8,3 0.00 1.72 
NRO-7n7A 960 T.S. C.P. L L.ith. TSw2 7 8.00 3.79 1.00 1.00 7.50 J.30 2 3 5 20.6 15 1..6 088 I.79 
NRO-717A 970 T.S. C.P. L Lidt. TSw2 3 5.00 1.92 1.00 1.00 5.00 0.71. 12 3 5 22.1 15 571 0.60 1.92 
NRG-7/7A 980 T.S. C.P. L ith. TSw2 19 6.00 2.35 1.00 1.00 1.00 x.i2 12 3 8 23.4 15 3il:111ý 017 21.5 
NRG-7rTA 970 T.S.C.P. L Lith. TSw2 28 5.00 1.60 1.00 1.00 1.00 8,96 12 3 8 19.8 1s5 W 0.60 1.60 NRO-757A 1000 T.S.C.P. L Lith. TSw2 0 9.00 2.10 3.22 1.00 5.00 0.38 32 3 5 23.3 IS SI 000 172 
NRO-7i7A 1010 T.S.C.P.L Lith. TSw2 9 3.00 1.73 1.00 1.00 7.50 0 19 32 3 8 20.9 15 p8 1.13 1.73 
NR0-7/7A 1020 T.S. C.P. L A1h. TSw2 0 9.00 2.10 1.22 1.00 1.00 19 12 3 5 23.1 15 18.1 000 I.72 NRG-7/7A 1030 T.S.C.P. LLith. TSw2 0 9.00 2.10 1.22 1.00 1.00 : .12 3 5 23.1 15 533 0.00 1.72 
NRO-7/7A 1040 T.S.C.P. LLith. TSw2 0 9.00 2.10 1.22 1.00 1.00 I 12 3 5 23.1 15 .I 0.00 1.72 
NRG-7/TA 1050 T.$. C.P. LLith. TSw2 3 9.00 1.56 1.00 1.00 100 7.1' 12 3 5 20.3 15 .5.3 0.33 1.56 NRO-717A 1060 T.S.C.P. L Lith. TSw2 3 9.00 2.10 1.22 1.00 1.00 391 4 3 S 23.1 15 .50.: 033 372 
NRG-7/TA 1070 T.S.C.P. L lJth. TSw2 0 9.00 2.10 1.22 1.00 1.00 1L9i 32 3 5 23.1 1S5 21 0.00 1.72 
NRG-7/TA 1080 T.S.C.P. L Lid,. TSw2 0 9.00 1.60 1.00 1.00 7.50 0.24 12 3 5 22.5 15 ,75 0.00 1.60 
NRG-7/7A 1090 T.S. C.P. L LItL TSw2 0 9.00 2.10 1.22 1.00 1.00 I.93 7 3 5 23.1 15 33 0.00 1.72 
NRG-717A 3100 T.S. C.P. LLith. TSw2 4 9.00 2.20 1.29 1.00 1.00 1.10 32 3 15 22.4 15 .74 0.44 1.71 
NRG-7/7A 1110 T.S.C.P. L Lith. TSw2 0 9.00 2.10 1.22 1.00 7.50 Q;i6 12 3 5 23.1 i15 31 0.00 1.72 
NRO-7/7A 1120 T.S. C.P. L li.i TSw2 0 9.00 2.10 1.22 1.00 5.00 W 3W 12 3 5 23.1 15 •81 0.00 3.72 
NRG-7/7A 3130 T.S.C.P. LLith. TSw2 3 9.00 2.10 3.22 3.00 1.00 1S. 12 3 5 23.1 E15 533 0.33 1.72 
NRG-7/TA 1140 T.S.C.P. L Litb. TSw2 0 9.00 2.10 1.22 1.00 5.00 O.3. 4 3 5 23.1 15 51 0.00 1.72 
NRO-7/7A 1150 T.S.C.P. L lith. TSw2 0 9.00 1.00 1.00 1.00 7.50 0.15 32 3 5 13.0 !S 53 0.00 1.00 
NRG-7nTA 1160 T.S. C.P. L Lith. TSw2 0 7.00 2.33 1.20 1.00 7.50 0.3 12 3 5 22.3 15 57, 0.00 1.94 
IDfl'7fPlA %VIIIA I O t b I I... ., . . ..- -

I 13;� 12 13 1 5 I 23.01 15 0.00 1.72
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___-7_A 1180 T.S.C.P. L Lith. TSw2 0 7.0 1.001 1.00 1.00 1.00
! JL I•L/ | .ill. ik...r.L.. I•IUI_ I •WL |1 IilllI "] Ill I =17 I P.•l 127 3 1 1 23.1 15 0.00 ! .72



BOHR END STRATI- THIERMO- Q CLASSIFICATION SYSTEM RMR CLASSIFICATION SYSTEM 
HOLE DEPTH GRAPHIC MECANI&ICAL Barn ML (197,IQ Be~m 1979) 

-reer ZONE UNIT RQD*(%) Jn* Jr I .7 Jw ISRF C RO JS JC JW SRMR RQD/Jn Jr/la NRG-7nA 1190 T.S.C.P. LLith. TSw2 16 9.00 1.33 1.00 1.00 1.00 7 3 8 20.5 is 1.7 .33 
NRO-77A 1200 T.S. C.P. L LAIL TSw2 0 9.00 2.10 1.22 1.00 1.00 12 3 5 23.1 15 .3 39 0.00 1.72 
NRO-7/A 1210 T.S.C.P.LLith. TSw2 0 9.00 2.10 1.22 1.00 1.00 12 3 5 23.1 15 13.0 0.00 1.72 
NRO-7fA 1220 T.S. QP. L LWh. TSw2 0 9.00 2.10 1.22 1.00 1.00 1 12 3 8 23.1 i11,6114 0.00 1.72 
NRO.71A 1230 T.S. C.P. L Lidh. TSw2 15 9.00 2.10 1.22 1.00 I1.0 12 3 8 23.1 15 ` 1.67 1 1.72 
NRO.7/A 1240 T.S.C.P. LNoIlith. TSw2 18 9.00 2.10 1.22 1.00 1.00 12 3 8 23.1 15 W$ 2.00 1.72 
NRO-7nA 1250 T.S. C.P. L, Nojith. TSw2 12 5.00 1.00 1.00 1.00 1.0 12 3 8 i 2.40 .00 
NRO7nA 1260 T.S. C.P. L NonliLh. TSw2 44 7.00 1.57 1.71 1.00 1.00 I12 3 1.4 15 i6.29 0.92 
NRO.7/A 1270 T.S. C.P. L Nonlith. TSw2 38 5.00 1.56 1.22 1.00 1.00 IMM 12 a 8 313.3 i1 liiVk 7.60 1.23 
NRO-7nA 1280 T.S.C.P. L Noulith. TSw2 31 7.00 1.13 1.00 1.00 1.00 12 8 8 13.2 15 4.43 1.13 
NRO-7nA 1290 T.S.C.P. L Nondith. TSw2 33 6.00 !.20 1.00 1.00 W 5.00 8 8 1 13.3 15 4it 5.50 1.20 
NRO-7ftA 1300 T.S.C.P. L Nonlith. TSw2 13 6.00 1.13 1.00 1.00 1.00 12 3 3 13.3 15 0 '6 3l 2.17 1.15 
NRO-7/7A 1310 T.S. C.P. L Nonlith TSW2 a 8.00 1.09 1.00 1.00 10 12 3 8 181 15 6! 12 1.00 109 
NRO.7nA 1320 T.S. C.P. L Nonlith. TSw2 25 7.00 1.33 1.00 1.00 1.00 61 12 3 3 19.1 15 - 1 3.57 1.33 
NRO-7fA 1330 T.S.C.P. L Nonldih. TSW2 8 3.00 1.75 1.00 1.00 1.00 1 3 5 22.1 15 .73111 1.00 1.73 
NRO-7iA 1340 T.S. C.P. L Nonlith. TSw2 4 9.00 2.10 1.22 1.00 1.00 4 3 3 23.1 15 0.44 1.72 
NRO-7nA 1350 T.S.C.P. L Nontith. TSw2 20 7.00 1.64 1.00 1.00 1.00 12 3 8 20.7 15 2.86 1.64 - -- "------

NRO-717A 2360 T.S.C.P.LNonlith. TSw2 11 5.00 1.36 1.00 1.00 1.00 12 3 3 19.9 I5 2.20 1.36 NRO.7nA 1370 T.S. C.P. L Nonlith. TSw2 21 5.00 1.21 1.00 1.00 1.00 4IO 4 7 3 3 19.1 . I 7 -2114 4.20 1.21 
NRO-7/A 1330 T.S. C.P. L Nonlith. TSw2 11 5.00 1.44 2.00 1.00 1.00 I311SJ 12 3 8 22.2 15 IS9.1% 2.20 1.44 
NRO.7fA 1390 T.S. C.P. L Nonlith. TSw2 8 5.00 1.35 1.00 1.00 1.00 12 3 5 2.4 15 1!514- 1.60 1.35 
NRO.7nA 1400 T.S. C.P. L Nonlith, TSw2 15 9.00 1.44 1.00 1.00 1.00 140l2 3 a 20.5 15 1.67 1.44 
NRO-7nA :1410 T.S. C.P. L Nonlith. TSw2 50 8.00 .2.09 1.00 1.00 1.0 43M 12 13 22.0 15 6.25 2.09 

Averag11 6.99 2.14 1 1.14 1.00 2.3 4 7 123.36 15 W 1.89 1.93

In*, SRF* - tnetal vshm gterated by Monte Carlo simuilation to calculte Q*.  
RW**: If'RQD i Icn than 10. t value 10 isused in *A calculation ofQ*mD per Baton at a. (1974 

Bn.sonN, X. Lien, &A. Lnkdc. 2 nec"ingClmuification ofRock Mmue for the DePin ofTunnel Suppem," 
Rnok Medanics. 6:119-236 (Spinger Vefaa, 1974)1 
BiW dwkL LT. 'The Ocomedumics Cslificaion in Rock fnuinerim Applicatiosm., .roccedir 4th Intemrntionl 
Conges an Rock Medtanics. Montresuoc Switmland. 2:41-46 (A. A Balkan.. 1979n.

Q 
Jn: Joint Set Numbet 
Jr: ughnesNumber 
Js: Jointermaion Number 
1w: oint Wo s Reductin Factor 
SRF: eductien Facto

RMR 
C: Sranh kdex 
RQD-I: RQD Index 
JS: Joint Spacing Index 
JC: Discontinuity Condition 

:ndex 
3W: Groundwater Index

Strotigphic Ablraatiom:

T.C.  
Y.MV 
P.C.  
T.S.  
B.T.

Q-(RQDIJnXJrhI*XJwrPnF) RMR IC + RQD-I + JS + JC +'W
Tiva Canyon Member 
Yucca Mountain Member 
Pih Canyon Member 
Topopah Spring Member 
Bedded Tuff

C.R.  
C.P.

Crystal-Rich U. Upper 
Crystal.Poor M. Middle 

L Lower

mo 

io 

WCL 

0I

0 
-I 

-J
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DI: BABEEOOOO-01717-0200-00006 Rev. OOB 

Title: Test, Inspection and Material Dedication Analysis: Shotcrete, Rockbolts and 
Accessories Page: 3 of 26 

1. PURPOSE 

The purpose of this analysis is to develop testing and inspection criteria for shotcrete, rockbolts 
and accessories for material dedication of commercial grade items and for construction 
acceptance testing of the installed quality affecting items.  

2. QUALITY ASSURANCE 

The quality assurance classification for ground support and lining items discussed in this analysis 

are presented in the QA Classification Analysis. (Ref. 5.2) The permanent function ground 
support and linings installed in the ESF and associated alcove openings located in the transition 
zone are classified QA-1 and QA-5.  

3. METHOD 

The analytical method is used in this study.  

4. DESIGN INPUTS 

4.1 Design Parameters 

4.1.1 Identification of support and failure modes for Rockbolts and Shotcrete use in 
Ground Support and Lining of the ESF . (Ref. 5.7 )(TBV) 

0 Rockbolts are subject to shear stress.  
* Rockbolts are subject to axial loading.  
0 5000 psi (f') @ 28 day shotcrete (at design thickness) will satisfy axial, shear 

and moment forces.  
* Williams B7X rockbolt, 3m length and minimum yield strength of 267 kN, meet 

ASTM A 615 bar deformation, 51mm hole size.  
* Atlas Copco Super Swellex rockbolts, 3m length, meet or exceed yield strength 

of 110 kn.  
0 Mechanical anchor, groutable (with subsequent grouting), tensioned rockbolts and 

accessories.  
0 Shotcrete as structural support in alcoves (5000 psi (f,') @ 28 days) 
* Cementitious grout used for encapsulation and anchorage of the rockbolts 

(minimum compressive strength of 3000 psi).  
* Shotcrete strength is important where shotcrete is used as a sealant to enhance 

durability of the rock mass (5000 psi (f,') @ 28 days).  
* Welded wire fabric (WWF) installed with friction bolts (pins) to retain small, 

surface rock fragments.  
* Channels are installed to ensure a fight fit of the WWF to the exposed rock 

surface.  

Prelznminazy Draft
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DI: BABEEOOOO-01717-0200-00006 Rev. OOB 
Title: Test, Inspection and Material Dedication Analysis: Shotcrete, Rockbolts and 

Accessories Page: 4 of 26 

0 Friction bolts (pins) are installed with WWF to retain occasional small blocks or 
rock slabs that could work free of the rock structure.  

4.1.2 Manufacturer published information.  

The following manufacturer's published information on rockbolts is unqualified 
data but will be qualified if dedicated in accordance with this analysis. (Section 
7.4.1) 

Williams Hollow-Core All Thread B7X rockbolt (Ref. 5.6) 
Nominal Diameter 1-1/8 inch, Net Area .68 in2, Yield Strength 60,000 
lbs, Yield stress 91 ksi 

Super Swellex rockbolt.  
Min. breaking load - 200 kN (Ref 5.18) 
Non destructive pull test maximum load 17 tonnes (17,000 kg) (Ref 5.19) 

4.2 Criteria 

4.2.1 The minimum receipt requirement to be satisfied by a material dedication 
program to accept commercial grade items is: 

1. Damage was not sustained during shipment.  

2. The item received was the item ordered.  

3. Inspection or testing is accomplished, to the extent determined by the 
purchaser, to ensure conformance with the manufacturer's published 
requirements.  

4. Documentation, as applicable to the item, was received and is acceptable.  

The engineering function of the purchaser is to identify the critical characteristic 
of an item for the particular design application and to specify inspection and 
testing necessary to assure the critical characteristic is met.  
[ESFDR 3.2.1.21 Al] [QARD 7.2.12.D(Ref. 5.1)] 

4.2.2 Ground support and linings shall comply with 30CFR Chapter I part 57 §57.3203
57.3360 and 20 CFR 1926.800 (o) to the extent these documents address design 
issues. Personnel safety is the responsibility of the constructor. Nevada State 
regulation cite the above Federal regulations. California Tunnel Safety Orders are 

Prellminary Draft
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DI: BABEEOOOO-01717-0200-00006 Rev. OOB 
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no longer required per DOE Memorandum 1-369048. (Ref. 5.14) No local 
regulations for ground support and linings were identified.  
[ESFDR3.2.1.G] [ESFDR 3.2.1 H.2e] [ESFDR 3.2.1W] [ESFDR3.2.1AB] 
[ESFDR 3.2.1.19.1 .BJ [ESFDR 3.2.1.19.2.A] [ESFDR 3.2.1.19.2.E1] 
[ESFDR 3.2.1.19.2.E2] [ESFDR 3.2.1.19.2.E31 [ESFDR 3.2.1.19.31 
[ESFDR 3.2.1.19.3.BJ [ESFDR 3.2.1.28.C] 

4.2.3 Ground support and linings shall comply with identified codes and standards cited 
in Section 4.4.  
[ESFDR 3.2.IT][ESFDR 3.2.1.17 B][ESFDR 3.2.2.4.2A][ESFDR 3.2.2.4.2B] 

4.2.4 QA-1 & QA-5 ground support and lining materials require storage and 
identification controls to allow tracing of the materials installed in the ESF to the 
verification of quality for the items.  
[ESFDR 3.2.1.21 A1][ESFDR 3.2.1.21 A21 

4.2.5 The testing and inspection information relating to "Linings and Ground Support" 

may support the performance confirmation program for QA-1 & QA-5 items.  
This includes verification of material quality from the material dedication of 
commercial grade items and installation quality through construction acceptance 
testing. The testing and inspection must be performed in accordance with the 
QARD. All the documentation of ground support are QA records and are 
available for performance confirmation. The extent that performance 
confirmation will be used in the testing and inspection information has yet to be 
evaluated.  
[ESFDR 3.2.1 H2d][ESFDR 3.2.1 II][ESFDR 3.2.1 J1][ESFDR 3.2.1 J5] 
[ESFDR 3.2.1 J81[ESFDR 3.2.1JIOI[ESFDR 3.2.1Jll][ESFDR 3.2.1K] 
[ESFDR.2.1.17A][ESFDR3.2.1.25.5][ESFDRB.2.34.3.D][ESFDRB.2.34.3.G] 
[ESFDR B.2.34.4.B] 

4.2.6 The testing and inspection criteria for lining and ground support are derived by 
determining the physical characteristics that are essential to assuring the System, 
Structures and Components (SSC) perform their intended QA-1 & QA-5 function.  
[ESFDR 3.2.lHlb][ESFDR 3.2.1 Hlc][ESFDR 3.2.1. H2][ESFDR 3.2.1H2a] 
[ESFDR 3.2. lH2b] [ESFDR 3.2. 1H2c][ESFDR 3.2. 1H2ci] [ESFDR 3.2. 1H2cii] 

4.2.7 The Classification Analysis (Ref. 5.2) has determined that permanent ground 
support items are QA-I and QA-5. QA controls and requirements include; a) use 
of qualified materials or dedication of commercial grade material b).receipt 
inspection and verification of representative materials c) 100% verification of 
placement d) selected installation testing and e) ground support work performed 
shall be documented as QA records.  
[ESFDR 3.2.1 N1][ESFDR 3.2.1 N2][ESFDR 3.2.1 AA6]
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4.2.8 Systems, Structures and Components (SSC) that are Classified QA-1 and QA-5 
must meet the. quality requirements of the applicable sections of the Quality 
Assurance Requirements Document (QARD), including procurement of qualified 
items and the procurement and dedication testing of commercial grade items.  
[ESFDR 3.2.1.17.A][ESFDR 3.2.1.21.A2][ESFDR 3.2.1.21 A3] 

4.3 Assumptions 

Not Used.  

4.4 Codes and Standards 

4.4.1 AMERICAN SOCIETY OF TESTING AND MATERIALS (ASTM):

ASTM F 432-94 

ASTM C 42-94 

ASTM C 109-94 

ASTM A 185-94 

ASTM C 845-90 

ASTM A 82-94

Standard Specification for Roof and Rock Bolts and 
Accessories 

Standard Test Method for Obtaining and Testing 
Drilled Cores and Sawed Beams of Concrete 

Standard Test Method for Compressive Strength of 
Hydraulic Cement Mortars (using 2-in. or 50 -mm 
cube specimens) 

Standard Specification for Steel, Welded Wire 
Fabric, Plain, for Concrete Reinforcement 

Standard Specification for Expansive Hydraulic 
Cement 

Standard Specification for Steel Wire, Plain, for 
Concrete Reinforcement

Prel"idma"y Draft
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4.412 AMERICAN CONCRETE INSTITUTE (ACI: 

ACI SP-2-92 Manual of Concrete Inspection 

ACI 506R-90 Guide to Shotcrete 

ACI 506.2-90 Specification for Materials, Proportioning, and 
Application of Shotcrete 

4.4.3 INTERNATIONAL SOCIETY FOR ROCK MECHANICS (ISRM): 

Suggested Methods Rock Characterization Testing & Monitoring 
for Rockbolt Testing Pergamon Press, 1981 pp 161-168.  
Final Draft: March 1974 

5. REFERENCES 

5.1 Quality Assurance Requirements and Description (QARD) DOE/RW-0333P, 
Revision 3.  

5.2 QA Classification Analysis of Ground Support Systems (CI:BABEEOOOO) 
BABEEOOOO-01717-2200-00001 REV 00.  

5.3 Design Plan, YMP/93-06 Rev. 01, ICN - 1, Appendix F, Section 4.0, Inspection and 
Testing.  

5.4 NRC Generic Letter 91-05, April 9, 1991, Licensee Commercial-Grade Procurement and 
Dedication Programs.  

5.5 NRC Generic Letter 89-02, March 21, 1989, Actions to Improve the Detection of 
Counterfeit and Fraudulently Marketed Products.  

5.6 Williams Catalog No. 392. p 8. Williams Form Engineering Corporation, PO Box 7389 
Grand Rapids, Michigan 49510.  

5.7 ESF Ground Support Design Analysis. DI: BABEEOOOO-01717-0200-00002 REV 00 
(TBV) 

5.8 Exploratory Studies Facility Design Requirements (ESFDR) YMP/CM-0091 Rev. 1 
/ICN-2.  

5.9 Proposed Revision of: Specification for Materials, Proportioning, and Application of 
Shotcrete (ACI 506.2)*. ACI Materials Journal, Vol. 91 No. 1 January-February 1994.  
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5.10 Specifications 8-SP-40-06080/DC-7738 (including amendments 1-7 effective 05-02-88), 
Contract No. 8-CC-40A06080, Syar Tunnel, Diamond Fork Power System, Central Utah 
Project, Utah, United States Department of the Interior Bureau of Reclamation.  

5.11 Guideline for the Utilization of Commercial Grade Items in Nuclear Safety Related 
Applications (NCIG-07), Electric Power Research Institute NP-5652, June 1988.  

5.12 Guideline for the Utilization of Sampling Plans for Commercial Grade Item Acceptance, 

Electric Power Research Institute NP-7218, June 1992.  

5.13 Not Used.  

5.14 United States Government, Department of Energy, Memorandum 1-369048, "Approval 
Of Yucca Mountain Site Characterization Project (YMP) Exemption From California 
Tunnel Safety Orders" Dated March 22, 1995.  

5.15 MGDS Design Guidelines Manual,Chapter 7. Specifications Preparation, DI: 

BOOOOOOOO-01717-3500-00001 REV. 01 

5.16 Atlas Copco publication MCT No. 9851 6086 01 "Extending the Traditional Role of 
Rock Reinforcement" Dr. S. D. McKinnon (Reprint from Construction Industry 
International, August 1990) 

5.17 Rockbolt and Accessories. YMP-025-1-SP09 Rev. 03 Specification Section 02165.  

5.18 Atlas Copco publication MCT No. 9851 1619 01a "Specification Swellex rock bolts 
Super Swellex".  

5.19 Atlas Copco publication MCT No. 9852 0435 01b "Operators Instruction for Swellex 
Pull-Test Equipment, PTEE.  

5.20 Atlas Copco publication MCT No. 9851 1744 Ola "Swellex Face Plate Specifications'.  

6. COMPUTER PROGRAMS 

Not used.  
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7. DESIGN ANALYSIS 

7.1 BACKGROUND 

The position of the M&O Architect/Engineer (A/E) is that commercial grade items for use in 
work that are important to safety or waste isolation shall be qualified by a material dedication 
program, as incorporated into the specifications.  

The NRC has published several generic letters which explain its interpretation and position on 
effective material dedication programs of commercial grade items (the NRC Generic Letters are 
not ESF program requirements but cover the topic of concern.) These letters clearly state that 
procurement is both a purchasing and an engineering function. The engineering function is 
essential for any material dedication program to identify the critical characteristic of an item for 
the particular design application and to specify inspection and testing necessary to assure the 
critical characteristics are met.  

The M&O satisfies the NRC Generic Letter concerns and ESF programmatic requirements by: 

0 Preparing a material dedication analysis to identify critical characteristics and the 
testing and inspection requirements for the intended application.  

0 Incorporating inspection and testing requirements into the appropriate specification to 
ensure that the critical characteristics are met.  

7.1.1 NRC Generic Letter 91-05, Licensee Commercial Grade Procurement and 
Dedication Programs, (Ref. 5.4) explains that certain key activities, including engineering 
involvement, are required to achieve the successful implementation of licensees' 
programs for commercial grade dedication, with respect to critical characteristics.  

7.1.2 NRC Generic Letter 89-02, Actions to Improve the Detection of Counterfeit and 
Fraudulently Marketed Products: (Ref. 5.5 ) 

"Appropriate engineering involvement is warranted during the procurement and 
product acceptance processes, including testing for products used in nuclear 
power plants. Inadequate engineering involvement has been a common weakness 
in licensees' procurement programs, particularly when commercial-grade 
procurement was involved. Involvement of a licensee's engineering staff in an 
effective procurement process would normally include (1) development of 
specifications to be used for the procurement of products to be used in the plant, 
(2) determination of the critical characteristics of the selected products that are 
to be verified during product acceptance, (3) determination of specific testing 
requirements applicable to the selected products, and (4) evaluation of test results.  
The extent of necessary engineering involvement is dependent on the nature and 
use of the products involved." 

Preliminary Draft:
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7.1.3 Design Plan (YMP/93-06), Appendix F (Ref. 5.3 ) The design organization is 
responsible to prepare an Inspection and Test (I&T) Plan to supplement the Title II 
design for the construction of the engineered products. The design plan allows for the 
I&T plan to be an integral part of the specification, provided that the QARD 
requirements are complete. The material dedication program criteria for each of the 
commercial-grade items will be incorporated into the appropriate construction and 
procurement specification.  

7.1.4 QARD, Section 7.2.12, (Ref. 5.1 ) established that commercial grade items may 
require special acceptance inspection and testing to ensure conformance with the 
manufacturer's published requirements. The acceptance inspection and testing produce 
objective evidence which provides reasonable assurance that a commercial grade item 
received, is the item specified (Ref 5.11). The extent of the testing and inspection is 
determined by the M&O A/E.  

7.2 DEFINITION 

In "Guideline for the Utilization of Commercial Grade Items in Nuclear Safety Related 
Applications"(Ref. 5.11 ), critical characteristics are defined as: "Identifiable and measurable 
attributes/variables of a commercial grade item, which once selected to be verified, provide 
reasonable assurance that the item received is the item specified." This is the definition utilized 
in the analysis.  

"The term 'critical characteristics' is not contained in Appendix B [of Part 50 of Title 10 of the 
Code of Federal Regulations (10 CFR)] and has no special regulatory significance beyond its use 
and definition in various industry guides and standards. The NRC first used the term 'critical 
characteristics' in GL 89-02 ( Ref. 5.5) as 'constituting those characteristics which needed to be 
identified and verified during product acceptance as part of the procurement process.'"(Ref. 5.4) 
In this analysis, the identification and selection of the critical characteristics (attributes/variables) 
of commercial grade items that are to be verified, consists of any property or physical 
characteristic considered essential to assuring the System, Structure or Component (SSC) 
performs it intended function.  

Material Dedication - The acceptance/dedication of commercial grade items to be used in safety
related applications as part of the procurement process. (Ref. 5.11) 

Construction acceptance testing - The post installation testing to criteria in sufficient detail to 
permit acceptance of the installed item. (Ref. 5.15) 

Inspection Lot - A collection of units of production from which a sample is to be drawn and 
inspected and may differ from a collection of units designated as a lot for other purposes (e.g.  
production or heat number, shipment, etc.) (Ref. 5.11) 

Preliminaxy" Daft
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General receipt inspection, special inspection and special tests - General receipt inspection of a 
commercial grade item is to ensure "The item received was the item ordered" and that "damage 
was not sustained during shipiment". [Special] "Inspection and testing is accomplished, to the 
extent determined by the purchaser, to ensure conformance that the manufacturer's published 
requirements are met". QARD 7.2.12.D (Ref. 5.1) 

7.3 SAMPLE PLAN SELECTION 

The sampling methods considered appropriate for dedication of commercial grade items covered 
by this analysis are testing and inspection of statistical samples of the items. QARD Section 
10.2.4 (Ref. 5.1) requires that when statistical sampling is used to verify the acceptability of a 
group of items, the statistical sampling method shall be based on recognized standard practice.  
For purposes of this analysis, "recognized standard practice' is interpreted to mean development 
of sampling plans based upon methods outlined by the Electric Power Research Institute (EPRI) 
for acceptance of Commercial Grade items (Ref. 5.12). The approach utilizes statistical sampling 
population and develops rationale for the selection of overall sampling plans. Sample plan work 
sheets are included as attachments.  

The selection of sampling plans should consider applicable selection factors (Ref 5.12 ) such as 
lot formation, complexity of items, acceptance history, performance history, cost effectiveness 
of tests or inspections and correlations between critical characteristics.  

The EPRI guideline implies that non-qualified information from the commercial grade suppliers 
should be used to aid in establishing the inspection lot size. The guidelines states: "The 
confidence in the homogeneity of the lot is directly related to how the lot is formed." 
Therefore, the use of production traceability of lots, such as, heat number, production number 
or batch number; production line item lots from a single product manufacturer; production line 
item lots from multiple product manufacturers and multiple production line item lots from single 
product manufacturers are typically used in establishing lot formation. (Ref. 5.12) 

7.4 ROCKBOLTS AND ACCESSORIES 

7.4.1 Design Basis 

The rockbolt design utilizes empirical methods based upon geotechnical parameters, 
specifically Rock Mass Quality (Q) and the size of the opening. The empirical method 
(Ref 5.7) TBV recommended rockbolt configurations (length, size, type and pattern) and 
shotcrete configuration (thickness and strength). These ground support configurations 
were further analyzed to determine if the recommended configuration provided 
satisfactory ground support stability. The finite difference stability analysis employed 
rockbolt published information for the Williams B7X rockbolt and the Atlas Copco Super 
Swellex rockbolt as a basis for the parameter used in the models. (Ref. 5.7)(TBV) 

PZrelminaxy Dxaft:
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The input parameters (Section 4.1.1) used in the design analysis are to be used as 
minimum values. Since procurement of these items are based upon competitive bid from 

various manufacturers, the published rock bolt parameters will be a minimum 

performance, criteria carried down to the specifications and drawings. Testing to the 
manufacturer's published information, as required by the QARD (Ref. 5.1), will 
conservatively bound the input parameters and qualifies the manufacturer's published 
information used as input to this analysis. (Section 4.1.2) 

The design analysis ( Ref. 5.7) TBV distinguishes between structural and surficial ground 
support as follows: 

"The ground support design addresses two distinct ground control functions. The 
primary function is the structural support of the rock. The secondary function is the 

control of the surficial rock degradation around the opening. The distinction between 
types of function becomes important in areas where the natural rock is left exposed 
between the support system components." 

Although the surficial rock degradation control has been classified as QA-1 and QA-5, 
its principal function is to address maintenance and personnel safety issues and is not part 
of the reinforced rock structure. For example, the welded wire fabric (WWF) and 
items used to secure WWF are not considered to be primary structural reinforcing 
systems and are considered non-structural systems (Ref. 5.7) TBV. The identification 
of essential function characteristics and the degree in which the items require special 
testing and inspection will reflect the relative importance of the SSC, as used in the 
design.  

7.4.2 Critical Characteristics 

7.4.2.1 Reinforced Rock as a Structure 

The intended function of rockbolting is to achieve a stable, functioning opening 
by creating a reinforced rock structure. The reinforced rock structure is 
comprised of both a natural system (the rock) and the engineered system (the 
rockbolts). The physical and mechanical properties of the rockbolt systems are 
prescribed by the engineer, while the natural system properties vary by location 
and are uncertain. The rock mass can be classified into support range categories 
on which to select and adjust appropriate ground support but require actual local 
in-situ observation (Ref. 5.7 )TBV.  

Effective and efficient rock reinforcement depends on; (1) effective rockbolt 
installation to achieve design load capacity, and (2) appropriate location and 
installation density of the bolting pattern. This second identified factor entails 
standard mining practices of "in the field" location adjustments and/or additional 
installation of rockbolts to address the local rock mass structure and practical 
limitations of the installation equipment (Ref. 5.7) TBV.

11 1I
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The effectiveness of rock bolt reinforcement can be verified by; (1) various post 
installation testings and verification of the materials to ensure effectiveness of the 
component installation, (2) inspection to ensure appropriate rockbolt density and 
location at the site specific location and (3) post installation analysis utilizing (1) 
and (2) above and verified on the basis of geotechnical instrumentation.(Ref. 5.7) 
TBV.  

7.4.2.2 Rockbolt System and Components 

The principal critical characteristic for rockbolts is effective installation to achieve 
the design load anchorage capacity. This characteristic is for the rockbolt when 
used as a system, including the bolt, the rock, and the grout if used (Ref. 5.7) 
TBV.  

7.4.2.3 Groutable Mechanical Anchor Rockbolt 

The groutable mechanical anchor rockbolt system is a two part system. The first 
stage is tensioning the bolt, via the mechanical anchor, to provide immediate 
support. This is an interim step directed primarily at satisfying the concern for 
personnel safety. The second stage is the full grouting of the installed rockbolt to 
provide permanent support by anchoring the full length of the rockbolt to the 
borehole. The mechanical anchor and the tensioning procedure are not critical 
characteristics to the permanent functioning of the bolt system. (Ref. 5.7) (TBV) 
The grout provides anchorage for the full length of the rockbolts and provides 
corrosion protection to enhance durability. The anchorage for the grouted 
rockbolts is tested by applying a proof load to a representative sample to assure 
adequate capacity of the installed rockbolts. (Ref. 5.7) (TBV) 

The tensile strength of the rockbolt (and coupler if used), as used in the design, 
is to react to rock mass loads transferred to the bolts. Therefore, tensile strength 
is a critical characteristic for all of the rockbolts. The tensile strength is also 
important to resist shearing movement, which is a known failure mode identified 
in the stability analysis (Ref. 5.7 )(TBV). Pre-installation dedication testing of 
the rockbolts in accordance with ASTM F 432 is considered appropriate.  

The design analysis (Ref. 5.7) TBV does not account for bearing plate 
contribution to the structural ground support and evaluates only the 
bolt/grout/rock interaction. The bolt end protruding from the rock and the plate 
and nut only provide support to the surface of the opening, since the structural 
rock bolt system addresses all but the joint/fracture controlled surficial failure 
modes (Ref. 5.7) TBV after the grout has been installed. The surficial systems 
are consider to be non-structural and do not have applied loads. Conservatism 
would suggest that since the accessories are installed (plate, nut, beveled washers) 
these items should be specified to meet ASTM F 432. Items that meet ASTM F 
432 are intended for applications where structural loads are applied, and 
therefore, will exceed the strength requirements for surficial failure modes.  
Certificates of Conformance to ASTM F 432 should be requested with the
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procurement of the rock bolts. For this design application, the plates, nut and 
washers do not require any special testing, inspection, verification or normal 
receipt inspection, acceptance of the items is adequate.  

The anchorage capacity of the grouted rockbolt depends on the grout compressive 
strength, rockbolt and rock interface. Rockbolt bars should meet the deformed bar 
requirement of ASTM A 615. The drill hole diameter is important to determine 
grout annulus (Ref. 5.7) TBV. Grout return to the hole collar, as observed by 
grout extruding from behind the rock bolt plate, is important to ensure complete 
encapsulation and should be performed in accordance with the manufacturer's 
recommendations. Workmanship criteria, of grout return and hole size, should 
either be incorporated into the installation specification under the field QC/QA 
section or be part of the installation procedures. Installation to approved QA 
procedures, which are prepared in accordance with the manufacturer's 
recommendations, is sufficient to ensure these critical workmanship 
characteristics.  

7.4.2.4 Swellex Rockbolts 

The Super Swellex rockbolts are a friction type fixture. The Swellex tube is 
expanded by hydraulic pressure. After the hydraulic pressure is released, a 
residual stress from the expansion of the rockbolt remains to provide frictional 
anchorage capacity. (Ref. 5.16) 

The anchorage capacity of the Swellex rockbolt depends on the coefficient of 
friction of the bolt and rock interface and the residual stress over the contact area.  
The residual stress is a function of the elastic properties of the rock, drill hole 
diameter (which controls the physical configuration of the bolt walls at installation 
pressure) and the elastic properties of the bolt material. (Ref. 5.16) Since the 
engineer does not control the friction and elastic properties of the rock, anchorage 
pull tests are required to determine the adequacy of rockbolt capacity for the 
thermal-mechanical unit. Requiring workmanship characteristics of the drill hole 
diameter and the installation pressure are needed to ensure adequate anchorage 
capacity for any rock type and should be within the manufacturer's recommended 
limits. Installation to approved QA procedures, which are prepared in accordance 
with the manufacture's recommendations, is sufficient to ensure these critical 
workmanship characteristics.  

The tensile strength of the rockbolt, as used in the design, reacts to rock mass 
loads transferred to the bolts. Therefore, tensile strength is a critical characteristic 
for all of the rockbolts. The tensile strength is also important to resist shearing 
movements, which is a known failure mode identified in the stability analysis 
(Ref. 5.7 )(TBV). Pre-installation dedication testing of the rockbolts in 
accordance with the manufacturer's published information is considered 
appropriate. Pre-installation testing of the collar bushing of the rockbolt is not 
necessary, since it is not critical to the interaction of the bolt tube with the rock.  
However, the test involves gripping the collar bushing of the Swellex rockbolt,
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and therefore, the collar is tested as part of the rockbolt.  

The design analysis (Ref. 5.7) TBV does not account for bearing plate 
contribution to the structural ground support, thereby, evaluating the bolt/rock 
interaction alone. After the Swellex has been installed, the plate only provides 
support to the surface of the rock, since, the structural rock bolt system addresses 
all failure modes except the joint/fracture controlled surficial failure mode(Ref.  
5.7) TBV. The surficial systems are considered to be non-structural and do not 
have applied loads. Conservatism would suggest that since the plate is used in 
conjunction with the bolt, the plate should meet the manufacturer's published 
specifications. The Swellex face is not a bearing plate designed for a tensioned 
mechanical rockbolt, and therefore, the load deflection criteria for bearing plates 
in ASTM F 432 is not applicable. The manufacturer's specifications for face 
plates are intended for applications where structural loads are applied, and 
therefore, will exceed the strength requirements for surficial failure modes (Ref.  
5.20). Swellex rockbolts are manufactured to the applicable sections of ASTM 
F432 relating to friction fixtures. Certificates of Conformance to ASTM F 432 
should be requested with the procurement of the rock bolts.  

Expansion limiters are portions of pipe used to constrict portions of the rockbolt 
and are used to prevent damage around the collar of the drill hole from hydraulic 
pressure during installation. They can also limit the anchorage length of the 
rockbolt to determine anchorage capacity. Expansion limiters are installation aids 
and do not have a permanent ground support function. Therefore, they are not 
considered Q material and do not require testing or inspection.  

7.4.3 Test and Inspections 

Testing Criteria (material dedication only) - Based upon the critical characteristics, 
commercial grade material can be qualified for use in this application through dedication 
testing (see attachment I) as follows: 

7.4.3.1 Testing of Grouted Rockbolt and Accessories 

A. Post-installation testing of the rockbolt system (rockbolt, grout and 
rock) shall be performed by pull testing in accordance with Part I 
of the cited ISRM standard (Section 4.4.3). Non-destructive test 
loads and allowable displacements will be determined by 
destructive pull testing on the thermomechanical field tests. Test 
population shall be 18 per first 100 rockbolts and 5%, thereafter.  
Eighteen per first 100 rockbolts meets EPRI normal test 
population. Once a successful acceptance history is established, 
5% of rockbolts, thereafter, will provide adequate acceptance 
criteria. The 5% is an example of standard industry practice 
rockbolt testing, e.g., U.S. Government in Specifications for the 
Syar Tunnel Project (Ref. 5.10 )required pullout tests on 1 of

I f - 1
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every 20 bolts installed. The selection of the pull testing should be 
random, however, the A/E field representative should require extra 
pull out tests on suspected off normal conditions. Where failures 
have occurred, disposition using YMP administrative procedures 
for non-conformance will be required.  

B. Rockbolt bar and couplers shall be destructively tested in 
accordance with requirements of ASTM F 432, Section 9.4 and 
Section 10.1 through 10.2.1.2. Acceptance of tests shall be based 
on meeting manufacturer's minimum published strength 
requirement (Ref. 5.1). The actual test sample population 
suggested in the manufacturing specification for rockbolts and 
accessories (ASTM F 432) is one sample per heat lot (lots greater 
than 30 tons require two samples). Since rockbolts are used as 
structural members to reinforce the rock, and are not fasteners, 
testing of rockbolts and accessories will conservatively be one 
sample per one hundred items. Where the heat lot information is 
known, then increasing the inspection lot size to 1000 units is 
justified, after a satisfactory acceptance history has been 
established.  

C. Grout quality is tested as follows: (1) during the post-installation 
pull testing which tests the bolt, grout and rock anchorage; and (2) 
by grout cube compressive strength testing to ASTM C 109 to 
ensure the grout manufacturer's minimum design strength is 
obtained. Make a minimum of three test cube samples for each 
shift where grouting is taking place. For expansive grouts, the 
cube sample preparation and curing should be in accordance with 
compressive strength test in ASTM C 845 using the actual field 
water cement ratio.  

D. No special testing has been identified for surficial non-structural 
ground support components, including the bearing plate, nut and 
beveled washers. Certificates of Conformance to ASTM F 432 
should be support documentation at normal receipt inspection.  

Material which does not meet the minimum requirements of the above specified 
tests shall be dispositioned using YMP administrative procedures for non
conformance.
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7.4.3.2 Testing of Swellex Rockbolts and Accessories 

A. Post-installation testing of the rockbolt system (materials and 
anchorage) shall be performed by pull testing in accordance with 
Part I of the cited ISRM standard (Section 4.4.3). Non
destructive test loads and allowable displacements will be 
determine by destructive pull testing on the thermomechanical field 
tests. Eighteen per the first 100 rockbolts meets EPRI normal test 
population. Once a successful acceptance history is established, 
5% of rockbolts, thereafter, will provide adequate acceptance 
criteria. The 5% is an example of standard industry practice 
rockbolt testing, e.g., U.S. Government in Specifications for the 
Syar Tunnel Project (Ref. 5.10) required pullout tests on 1 of 
every 20 bolts installed. The selection of the pull testing should be 
random, however, the A/E field representative should require extra 
pull out tests on suspected off normal conditions.  

B. Rockbolts shall meet the manufacturer's minimum break tensile 
load as published in the manufacturer's catalog and information 
bulletins (Ref. 5.1) and for the full cross section area for the 
specific bolts shown on the drawings. Where heat lot information 
is provided and at least one thousand items have been accepted (10 
successful lots), the test and may be decreased to one per 
thousand. The actual test sample population suggested in the 
manufacturing specification for rockbolts and accessories (ASTM 
F 432) is one sample per heat lot (lots greater than 30 tons require 
two samples). Since rockbolts are used as structural members to 
reinforce the rock, and are not fasteners, testing of rockbolts and 
accessories will conservatively be one sample per one hundred 
items. Where the heat lot information is known, then increasing 
the inspection lot size to 1000 units is justified, after a satisfactory 
acceptance history has been established.  

C. No special testing has been identified for surficial non-structural 
ground support components, including the face plate and expansion 
limiters. Certificates of conformance to ASTM F 432 should be 
support documentation at normal receipt inspection.  

Material which does not meet the minimum requirements of the above specified 
tests shall be dispositioned using YMP administrative procedures for non
conformance.
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7.4.3.3 Storage of Materials 

A. Rockbolts, nuts, washers, and plates shall be stored in a manner 
to prevent damage to threads, bending of bolts, dirt build-up on 
threads, and corrosion. Store in accordance with manufacturer's 
instructions.  

B. Cementitious grout shall be protected from pre-hydration and 
contamination. Store in accordance with manufacturer's 
instructions.  

7.4.3.4 Inspection 

A. The dimension of the rockbolts and accessories do not require 
special inspection criteria. Normal receipt inspection per the 
QARD (Ref. 5.1) will be satisfactory. Length may have a 
tolerance of +/- 50 mm. Special inspection is not required.  

Material which does not meet the minimum requirements of the above specified 
tests shall be dispositioned using YMP administrative procedures for non
conformance.  

7.5 SHOTCRETE 

7.5.1 Design Basis 

The primary purpose of shotcrete, as used in ESF design, is to act as a lining to seal the 
rock mass in a manner that prevents raveling or loosening of individual pieces of rock 
at the surface of the opening. By tieing or binding the rock along the perimeter of the 
opening into a contiguous mass, the shotcrete serves to retain the natural ability of the 
opening to provide its own support, i.e., to be self-supporting. In order to fulfill this 
purpose, the key design parameter for the shoterete is its compressive strength. Adequate 
compressive strength helps ensure that the shotcrete is capable of performing its primary 
purpose, as defined above, as well as allowing it to provide secondary structural support 
if used in ring compression for circular sections of tunnel.  

Standard ACI 506.2 lists multiple criteria for the control of shotcrete operations (mix 
design, gradation, test panels, and in-place testing of the shotcrete for compressive 
strength), but these requirements are primarily to ensure that the compressive strength 
of the in-place shotcrete is obtained. Standard ACI 506.2 forms the basis for inspection 
and test requirements included in this analysis that will be implemented in the appropriate 
specifications.
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7.5.2 Critical Characteristics 

The design analysis relies on the strength parameter alone. The critical characteristic for 
shotcrete and the principle design parameter (Ref. 5.7) TBV is the unconfined 
compressive strength of the in-place product, as verified by construction acceptance 
testing, of either test panels or post production coring. Conservatism would suggest that 
since the ingredient materials directly contribute to the strength and durability of the 
product, credit be taken by making them meet the applicable national standards. The use 
of quality mix ingredients, proper proportioning and mixing, placement by qualified 
workmen, adequate surface preparation, proper curing, and temperature controls are also 
important, but these aspects can be controlled via the implementation of standard ACI 
506.2 and other design parameters (Ref. 5.7) TBV in the specifications. The final 
measure of quality can best be ensured by testing of the as-placed product. Test panel 
should be used as primary source of sample, but actual sample from tunnel ribs may be 
taken, as required. Strength testing on cores is the preferred method since the core 
grading criteria is designed for that surface area. Saw cubes strength testing is 
acceptable and may be used, provided tests are made to national standards. Inspection 
grading of cores for proper workmanship and testing of cores to confirm or verify 
compressive strength is considered adequate to dedicate shotcrete used as permanent 
function ground support.  

Trend charting in accordance with ACI SP-2 with 3, 7 and 28 day breaks should be used 
by field quality control. The 3 and 7 day test time tolerances should be relaxed from the 
ASTM C 42 standard. This is due to the rotating production shift schedules, in relation 
to the standard test time tolerances for 3 and 7 day breaks (+/- 2hrs. & +/- 6 hrs., 
respectively). Strict adherence to the tolerances would cause laboratory schedules to be 
on 24 hr per day seven days per week availability. The use of 3 and 7 day strengths are 
a proactive quality technique to spot adverse trends and initiate corrective action as soon 
as possible. Since the 3 and 7 day tests are not acceptance criteria, the laboratory test 
breaks should be scheduled to normal business hours/days and the results prorated to 3 
and 7 day strengths for charting. The 28 day must meet the standard time tolerances.  

Compressive strength tests provide a means of determining the physical and general 
material property of the shotcrete. Inspection of the cores, based upon core grading is 
a simple and effective means of assessing the workmanship of the shotcrete. Low 
compressive strength and the presences of voids, laitances etc. are consider to be defects.  
If workmanship defects are found in the shotcrete, the core grading provides a 
measurable and objective inspection criteria to qualify the shotcrete.  

During application of shotcrete, the following workmanship criteria should be addressed.  
Inspection of surface preparation prior to shotcreting for loose material, debris, chips, 
mud, dirt, or other foreign matter, to ensure removal to the extent practical. Inspection 
of placed shotcrete after each coat for laitance, loose material, cracking, sloughing and 
sagging. These workmanship criteria should either be incorporated into the shotcrete 
specification under the field QC/QA section or be part of the application procedures.  
Installation to approved QA procedures, which address these criteria, is sufficient to 
ensure these critical workmanship characteristics.
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A national standard for shotcrete workmanship does not currently exist. The need for 
such a standard has been recognized by the committee for ACI 506, which has 
proposed a workmanship grading criteria for promulgation. (Ref. 5.9) The core grading 

procedures developed in this analysis are similar to those proposed and are considered 
to be acceptable for use in the ESF.  

7.5.2.1 Shotcrete Core Grades 

1. GRADE 1- Shotcrete specimens are solid; there are no laminations, 
sandy areas, or voids with a maximum diameter of 3 mm and a 
maximum length of 6 mm are normal and acceptable. Sand 
pockets, voids, or shadows behind continuous reinforcing steel are 
unacceptable. The surface against the form or bond plane shall be 
sound with full paste, without a sandy texture, or voids.  

2. GRADE 2 - Shotcrete specimens shall have no more than two 
laminations or sandy areas with dimensions not to exceed 3 mm 
thick x 25 mm long. The height, width, or depth of voids shall 
not exceed 10 mm. Shadowing or porous areas behind reinforcing 
steel shall not exceed 13 mm in any direction, except along the 
length of the reinforcing steel. The surface against the form or 
bond plane shall be sound with full paste, without a sandy texture 
or voids.  

3. GRADE 3 - Shotcrete specimens shall have no more than two 
laminations or sandy areas with dimensions exceeding 5 mm thick 
by 32 mm long or one major void (height, width or depth greater 
than 10 mm), sand pocket, shadow, or lamination containing 
loosely bonded sand not exceeding 16 mm thickness and 32 mm in 
width. The surface against the form or bond plane may be sandy 
with voids containing overspray to a depth of 2 mm.  

4. GRADE 4 -The core shall meet, in general, the requirements of 
grade 3 cores but may have two conditions such as described for 
grade 3 cores, but may have one flaw with a maximum dimension 
of 25 mm perpendicular to the face of the core and with a 
maximum width of 32 mm. The end of the core that was shot 
against the form may be sandy and with voids containing overspray 
to a depth of 3 mm.  

5., GRADE 5 - A core that does not meet the criteria of core grades 
1 though 4, by being of poorer quality, shall be classified as grade 
5.  

6. Determination of grade shall be by computing the mean of a 
minimum of two core specimens.
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7. A mean grade of 2.5 or less is acceptable. A mean grade of 2.51 
or greater is unacceptable. Individual shotcrete cores with a grade 
greater than 3 are unacceptable.  

NOTE: The preceding core grades are based on cores of 76 mm diameter 

by 152 mm long nominal dimensions.  

7.5.2.2 Personnel Qualifications 

Nozzlemen, first line supervision, and quality control inspectors must be 
qualified through appropriate training and experience to ensure that 
workmanship in the placement of shotcrete is adequate to achieve a 
consistent quality product. Qualification and training in accordance with 
ACI 506.3R guidelines, including certification of nozzlemen, is considered 
appropriate for this work.  

7.5.3 Inspections and Testing 

Testing Criteria - Based upon the critical characteristics, commercial grade material can 
be qualified for use in this application upon post installation dedication testing as follows: 

7.5.3.1 Testing 

34.5 MPa (5,000 psi) f,' strengths at 28 days by ASTM C 42 using cores 
obtained from test panels or from in-place work.  

Samples failing 28-day strength shall be dispositioned using YMP administrative 
procedures for non-conformance.  

7.5.3.2 Storage of Materials 

Cementitious material shall be protected from pre-hydration and contamination.  
Store in accordance with manufacture instructions.  

7.5.3.3 Inspections 

Shotcrete shall be inspected for defects as follows: 

Inspection of core samples from construction panels or in-place coring in 
accordance with core grading procedures, as detailed in section 7.5.2.1.  

Material which does not meet the minimum requirements of the above 
specified inspections shall be dispositioned using YMP administrative 
procedures for non-conformance.
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7.6 SURFICIAL GROUND SUPPORT SYSTEM 

7.6.1 Design Basis 

A Welded Wire Fabric (WWF) system is installed for personnel safety and to meet 

seismic design criteria. Its contribution to the ground support structure is minimal and 

it is not considered as a structural component in the design (Ref. 5.7) TBV. WWF or 
Interlocking Steel Mesh (ISM) used with steel sets, channels and friction bolts reduces 

the likelihood of minor accidents involving small rock fragments that could unexpectedly 
fall, and will retard any surficial degradation until remedial action can be taken.  

7.6.1.1 Welded Wire Fabric Safety System 

WWF or ISM is included in the ground support system to act as a safety net to 
catch small pieces of rock that may come loose over time or during major seismic 
events. The system is comprised of steel netting material (WWF or ISM) held 
in place by fasteners (split set pin or standard Swellex pins) and/or clamped in
place between a fixture (rolled channel or steel sets)and the tunnel. The system 
is considered permanent, acting in concert with the rockbolt or steel ring beam 
ground support systems, and is therefore classified a QA-1 and QA-5. However, 
the relative importance of the mesh to minimize falls of small rocks compared to 
the structural components which stabilize the entire opening is minimal. A 
variety of grades and sizes of WWF are commonly installed. Their use is 
dictated by field observations of the ground conditions and the degree to which 

small material appears to be capable of loosening. Mine roof strap made from 
punched sheet metal also falls in the surficial ground support (safety mesh) group.  
The relative stiffness of the straps allow support between linearly arranged 
rockbolts, where the WWF requires support in two dimensions to be effective.  

7.6.1.2 Welded Wire Fabric System Components 

No structural strength is added by the WWF to the design (Ref.5.7) TBV. WWF 
supplied with larger openings, such as 6" x 6" (150mm x 150mm), is utilized in 
areas of very good ground where the possibility of raveling and spalling is minor.  
When the constructor elects to install smaller fabric, a 3" x 3" (75mm x 75mm) 
WWF may be used to ensure that if any small rocks work lose, they will be 
retained in the safety net. However, the use of 3" x 3" WWF must be minimized 
for testing consideration. The wire size for the WWF was selected based upon 
constructors judgement with regard to personnel safety and the fact that the wire 
must be able to handle surface spalled material and have flexibility during 
installation. The WWF specified (REF. 5.17) for the starter tunnel was 6 x 6 x 
W2.9 x W2.9, and performed satisfactory. Where small mesh WWF is required, 
the 3 x 3 mesh should have similar load capacity as the 6 x 6. Therefore, the 
wire size should be approximately half the area of W2.9 wire strand, since the 
fabric contains twice as many wires. Wire sizes between W1.4 and W2.0 are 
satisfactory (ASTM A 82).
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The Raynel ISM which is a special WWF system that interlock the panels or 
sheets together, can be used in conjunction with the steel channel and the steel 
sets. The manufacturing is in accordance with ASTM 185. The steel channel is 
a bracket or fixture used to clamp the WWF or ISM to the tunnel profile. The 
steel channel is C10 x 15.3. The channel is installed with the permanent rockbolt 
used to create the reinforce structural arch. The channel is not designed as a 
structural member with a designed load.(REF 5.7) TBV 

The rockbolt pins (Ref. 5.7) TBV are used to install and/or to tighten the WWF.  
The rockbolts are not acting as structural members, as is the case with rockbolts 
discussed in section 7.4, but are acting as fasteners. The maximum possible load 
transferred to the pin would be the ultimate tensile strength of the confining wires 
that bound the rockbolt. The ultimate tensile strength of the W2.9 wire used in 
the WWF is 2000 lbs (75 ksi x .029ir 2 ASTM A 82).  

7.6.2 Critical Characteristics 

The strength of the WWF & ISM wires and welds for transferring loads between wires 
and maintaining the fabric spacing are essential to safety net function. However, since 
no structural loads have been assigned and correlation exists between special inspection 
and special destructive testing methods, only special inspection criteria is necessary.  
These special inspections are wire diameter and visual weld inspection. In addition, the 
ISM panels require the bend test criteria inspection, since the interlock configuration 
utilizes sharp square bends that could induce cracking failure. These inspections should 
be performed to ASTM A 185 standards for the size of the wires. The sharp factory 
bends should be inspected to the bend test criteria of ASTM A 185. The steel straps, 
which are uniform sheet metal, do not have welds and interconnecting load transfer, and 
therefore, do not require special testing or inspections.  

The shape of the channel to match the excavated opening is critical so its ability to hold 
the WWF close to the rock surface is enhanced. However, the channel is flexible enough 
that the installation of rockbolt will force the channel to conform to the opening 
dimensions. Since the channel is a standard steel shape and no special strength 
requirements are assigned to the function, no material testing is needed.  

The critical characteristics of the pins and plates are the configuration, dimensions and 
load capacity. Pull testing the installed pin will confirm the anchorage capacity of the 
pin. However, the anchorage capacity of pins is related to the workmanship and the 
ground quality. Installation of pins in areas where the structural rockbolts support classes 
meet the geotechnical criteria is sufficient to ensure the ground quality. Installation of the 
pins to approved QA procedures, which are prepared in accordance with the 
manufacture's recommendations, will be sufficient to ensure critical workmanship 
characteristics. Therefore, the pull testing should only be performed where installation 
of the pins are out of bounds with the ground support category or have not been installed 
under an approved QA procedure.
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7.6.3 Inspection, Testing and Storage 

7.6.3.1 Inspection 

7.6.3.1.1 WWF & ISM 

Inspection of WWF should be conducted when the fabric is 
received. Visibly inspect selected sheets for wire diameter, welds, 
dimensions for conformance to ASTM A 185, and dimensions of 
connections for ISM. Inspect ISM shape factory bends for 
cracking in accordance to bend test criteria in ASTM A 185. The 
constructor should select inspection lots using any of the following; 
wire from common heat lots, production number, or production 
line item lots from a single product manufacturer. Where lots sizes 
are large, greater than 1000 items, the constructor may form 
smaller lots but not less than 225 items. The EPRI guidelines (Ref.  
5.16) list 32 samples per inspection lot for lots greater than 225 
items.  

7.6.3.1.2 Channel 

Inspect the dimensions (steel shape, bend radius, and slots).  
General receipt inspection per the QARD is sufficient. Special 
inspection is not required. The dimension of the channel doesn't 
require special inspection criteria.  

7.6.3.1.3 Pins and accessories.  

Inspection for dimensions and configuration per the manufacturers 
recommendations and procurement documents. General receipt 
inspection per the QARD is sufficient. Special inspection is not 
required. (Section 4.4.3) 

7.6.3.1.4 Mine Roof Straps 

Inspection for dimensions and configuration per the manufacturers 
recommendations and procurement documents. General receipt 
inspection per the QARD is sufficient. Special inspection is not 
required. (Section 4.4.3) 

7.6.3.2 Tests 

7.6.3.2.1 WWF & ISM 

No special test criteria has been identified.
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7.6.3.2.2 Channel 

No special test criteria has been identified.  

7.6.3.2.3 Pins and accessories 

Post-installation testing of the rockbolt system shall be performed 
by pull testing in accordance with Part I of the cited ISRM 
standard (Section 4.4.3). Non-destructive test loads shall be 1800 
kg. Test population shall be 32 per 1000 pins. Test should only 
be preformed where conditions exist that are out of bounds with 
conditions set forth in Section 7.6.2.  

7.6.3.2.4 Mine Roof Straps 

No special test criteria has been identified.  

7.6.3.3 Storage 

Pins, WWF, ISM, channels and straps shall be stored in a manner to 
prevent damage, bending of components, dirt build-up and corrosion.  
Store in accordance with manufacturer's instructions.  

8. CONCLUSIONS 

The analytic approach of this analysis is to survey the ground support design (Ref. 5.7) TBV 
and to identify test and inspection criteria to ensure that the critical characteristics of the SSC 
will perform their intended function. This approach is viable for both construction acceptance 
and material dedication testing. In some cases, the post-installation testing identified for material 
dedication are also identified as construction acceptance tests. Therefore, the scope of this 
analysis includes the construction acceptance testing and inspection of QA items.  

A design requirement of linings and ground support is to support performance confirmation 
(Paragraph 4.2.6). The performance confirmation of the ground support and linings may 
involve similar testing and inspection criteria as that of the construction acceptance testing.  
Since the performance confirmation program is not currently in place, the construction 
acceptance testing and inspections methods have not been accepted for use. The testing and 
inspection must be preformed in accordance with the QARD. All the documentation of ground 
support are QA records and available to performance confirmation. The performance 
confirmation program will subsequently determine the applicability of the information to the 
program requirements.  

The information in this analysis provides the necessary A/E design input to allow the 
preparation of specifications that cover appropriate material dedication requirements for
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commercial grade items and construction acceptance testing for quality affecting items.  

9. ATTACHMENTS 

Not Used.
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1 Purpose 

This analysis will evaluate general items and activities related to construction of the ESF TS 
Tunnel Loop. These items and activities will be provided by the Constructor in order to 
construct the TS Tunnel Loop in accordance with the approved A/E Drawings and 
Specifications. The Constructor's activities, equipment, and materials were evaluated by the 
Determination of Importance Evaluation (DIE) to identify QA Controls necessary to protect 
the site from adverse impacts. This analysis, Subsurface General Construction Analysis, 
provides clarification on some of the DIE controls and evaluates other required items or 
activities that are not discussed in the DIE. This analysis will define - what these other 
requirements are; how certain DIE Controls are to be implemented; and will provide the basis 
for engineering judgements.  

2 Quality Assurance 

This Design Analysis discusses tolerances of the constructed tunnel from the design centerline 
(QA-2) (Ref. 5.7), ground support (QA-1 & 5) (Ref. 5.14) and temporary items and activities 
that were determined by the DIE (Ref. 5.3) to be subject to QA Controls.  

3 Method 

Items and activities required for construction of the ESF TS Tunnel Loop were identified.  
This analysis includes items or activities that were not addressed in the DIE. These items and 
activities were analyzed to determine Constructor requirements. The analysis was performed 
using an analytical approach.  

4 Design Inputs 

4.1 Design Parameters 

4.1.1 The graphical presentation of diesel engine test data, Figures 2, 3 and 5 on pages 105 
and 108 of Reference 5.18, were used in developing Figures 7.4, 7.5 and 7.6.  

4.1.2 The operating clearances for the rail transportation corridor are from Ref 5.9. The 
152 mm total clearance is comprised of 38 mm for track deviation from tunnel 
centerline; 63 mm for rolling stock lean caused by cross track deviation; and 51 mm 
for rolling stock sway during travel.  

4.1.3 The operating clearance of 7 mm between the booster conveyor drive and the rail 
transportation corridor was obtained from Ref. 5.16.
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4.2.1.5 The Constructor shall be prepared to deal effectively with adverse 
ground conditions that impede progress of the TBM. (ESFDR 3.2.2.4T22] 

4.2.1.6 All points in the TS Main Drift within the potential repository block 
shall be located at an elevation greater than 200 meters below the 
surface. (ESFDR 3.2.2.4 Ni] 

4.2.1.7 The TS Main Drift shall be located at the planned repository horizon, 
which is currently the TSw2 rock unit. [ESFDR 3.2.2.4 Alb] 

4.2.1.8 Drilling with water into known large-aperture fractures shall be avoided 
to the extent practicable. [ESFDR 3.2.2 GI] 

4.2.1.9 Where judged appropriate, probe holes shall be drilled in advance of 
drifting to detect geologic anomalies, water or gas. Water or gas 
inflows into openings shall be controlled and monitored as necessary to 
provide a safe working environment and prevent adverse impacts to site 
characterization. [ESFDR 3.2.2.4 D2, 3.2.2.4 D3, 3.2.2.4 P1 TBV] 

4.2.1.10 All non-potable water used underground during construction and 
operation of the ESF shall have chemical tracer added. [ESFDR 
3.2.2.5.5 B] 

4.2.1.11 Not Used 

4.2.1.12 Water used underground during construction and operation of the ESF 
shall be controlled and limited in quantity. Water deliveries to the ESF 
shall be managed by documenting the quantities, by location and water 
balance. (ESFDR 3.2.1. AA2, 3.2.1.4 B3, 3.2.2.4 S4, 3.2.2.4 S6, 
3.3.1.5.6, 3.3.1.6] 

4.2.1.13 The ESF shall provide underground support systems including power, 
communications, lighting, monitoring systems, ventilation, water, 
wastewater removal, compressed air, fire protection, muck handling, 
material handling and sanitation required to meet the needs of the 
underground site characterization program during construction and 
operation. [ESFDR 3.2.1.4 F, 3.2.1.5, 3.2.2.5.5, 3.2.2.5.6, 3.2.2.5.9, 
3.2.5.5, 3.2.5.5.9, 3.2.6.5, 3.2.6.5.1, 3.2.6.5.3]

Civilian Radioactive Waste Management System 
Management & Operating Contractor
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(Ref. 5.7 & 5.14) applicable to general requirements for ESF subsurface construction.  

4.2.2.1 Nonpotable water delivered into the TS Tunnel Loop shall be traced 
(except for water used outside the tunnel for mixing concrete, grout or 
shotcrete which is then used in the TS Tunnel Loop). [DIE Requirement 
3] 

4.2.2.2 A QA surveillance procedure is required for either manual or automatic 
tracer injection systems to verify the the tracer concentration of all non
potable water delivered to the TS Tunnel Loop. The surveillance 
frequency shall be accepted by the A/E. [DIE Requirement 3a] 

42.22.3 A QA surveillance procedure is required to verify the alarm capability 
of the automatic tracer injection system. The surveillance shall check 
the alarms associated with failure of the tracer delivery system (e.g.  
failure of a tracer delivery pump or inadvertent closing of a delivery 
valve). The surveillance frequency shall be accepted by the A/E. [DIE 
Requirement 3c].  

4.2.2.4 If the automatic tracer injection system is not operating in the 
automatic mode or alarmed, the system will be continuously manned by 
an operator trained and qualified to the systems operating procedure.  
[DIE Requirement 3d] 

4.2.2.5 The exhaust of diesel equipment used underground shall periodically be 
tested for Diesel Particulate Matter (DPM), sulfur dioxide, oxides of 
nitrogen, carbon monoxide and carbon dioxide. Tests shall be 
conducted prior to initial use underground and thereafter, at a frequency 
accepted by the A/E. Diesel emission constituents shall be within 
manufacturer's recommendations or within on-site standards developed 
in accordance with a procedure accepted by the A/E. [DIE Requirement 
9aJ 

4.2.2.6 Diesel exhaust shall be minimized to the extent practical. Controls 
include - limiting idle time, regular scheduled maintenance including 
emissions related systems. [DIE Requirement 9b] 

4.2.2.7 Diesel locomotives shall not be used beyond Station 28+05 m unless 

Civilian Radioactive Waste Management System 
Management & Operating Contractor
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Not Applicable.  

4.4 Codes and Standards 

4.4.1 Code of Federal Regulations 

29 CFR Parts 1910 & 1926, Occupational Safety and Health 

30 CFR Part 57 Metal and Nonmetalic Mine Safety and Health 

40 CFR Part 80, Protection of the Environment 

5 References 

5.1 Yucca Mountain Site Characterization Project, E=1mqoratory Studies Facility Design 
Reirements, YMP/CM-0019, REV 01, ICN #2 

5.2 Yucca Mountain Site Characterization Project, ESF Layot Calculation, BABEADOOO
01717-0200-00003 Rev 02 

5.3 Yucca Mountain Site Characterization Project, Determination of Importance Evaluation 
for Subsurface Exploratory Studies Facility, BABOOOOOO-01717-2200-00005 Rev 05 

5.4 Yucca Mountain Site Characterization Project, TS North Ramp Equipment & Utilities 
GA Plan & Section, BABFAOOOO-01717-2100-40173 Rev 01 

5.5 Cooley, Wils L, and King, Roger L., Guide to Substation Grounding and Bonding for 
Mine Power Systems Information Circular 8835, Bureau of Mines, United States 
Department of Interior 

5.6 Yucca Mountain Site Characterization Project, Description and Rationale for Enhan
cement to the Baseline ESF Configmration, BOOOOOOOO-01717-0200-00089 Rev 01 

5.7 Yucca Mountain Site Characterization Project, QA Classification Analysis of Main 
Access Qpenings, BABEAD000-01717-2200-00002 Rev 00.  

5.8 Yucca Mountain Site Characterization Project, General Arrangement. Invert Segment.  
Rail Weight and Track, BABFCCOOO-01717-0200-00137 Rev 00 

Civilian Radioactive Waste Management System 
Management & Operating Contractor
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Safety and Health Policy: Krietz: 3-6456, Memorandum dated March 22, 1995 

5.21 CRWMS M& 0, ESF Main Drift Geologic Cross Section Illustrating 200 m Over
burden Criteria, I.O.C. LV.ESSB.GNW.06/95-601, June 30, 1995 (TBV-061-DD).  

5.22 Yucca Mountain Site Characterization Project, ESF Package IA Starter Tunnel and 
Portal Structure, YMP-025-1-SP09, Section 15485.  

5.23 Yucca Mountain Site Characterization Project, Subsurface Wastewater Analysis, 
BABFAFOOO-01717-0200-00160 Rev 01 

5.24 Yucca Mountain Site Characterization Project, Definition of the Potential Repository 
Bloc.k, BCOOOOOOO-01717-5705-00009 Rev 00 

5.25 M&O Technical Document Preparation Plan, Plans for Continuing TBM Advance.  
BABOOOOOO-01717-4600-00024 Rev 00 

5.26 Kiewit/PB, Tunnel Water Use Logs and Monthly Summaries - Jan.. Feb.. & Mar. '95, 

6 Use of Computer Software 

Not Applicable. Computer software was not used.  

7 Design Analysis 

7.1 Constructor Provided Test Support 

Constructor shall provide support for performing the various underground tests [Criteria 
4.2.1.1].  

Project Testing Participants will conduct various activities and ongoing tests related to ESF 
Site Characterization. The Constructor shall support these activities including installation and 
maintenance of test equipment, test execution, test data recording and test analysis for in situ 
site characterization by providing labor, facilities, and utilities as required.  

7.2 Construction Tolerance for Excavated Opening 

The alignment of the TS North Ramp, TS Main Drift and TS South Ramp that comprise the 
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allowance for rolling stock lean is based on a maximum crosstrack level deviation of 

16 mm occurring over a length of 10 m or more. (Ref. 5.9) 

(b) Vertical Deviation 

The rate of return to design gradient shall not exceed 1:250 (0.4%).  
Maximum total gradient comprised of design gradient plus runoff shall 
not exceed 1:33 (3.0%) (Ref. 5.9). Rates of gradient change that exceed 
0.4% will cause the rolling stock to bounce. Total gradients that exceed 
3.0% will cause locomotive traction loss.  

7.2.2.2 Conveyor System 

The conveyor system will transport broken rock from the excavation face to the 
surface. The conveyor is located in the lower left hand quadrant of the tunnel 
cross section and is between the tunnel rib or steel set and the rail 
transportation corridor (See Figure 7.1). In the high tension sections of the 
conveyor system the conveyor cannot accommodate major horizontal deviation 
of the constructed tunnel without special modification. If the constructed 
tunnel deviates horizontally from the design centerline, either the tunnel rib or 
the rail transportation corridor will shift closer to the conveyor structure.  

Vertical deviations of the tunnel from centerline will have less impact on the 
conveyor system because the conveyor can be adjusted for vertical curves.  

(a) Horizontal Deviation 

The conveyor centerline is located 2819 mm from the tunnel centerline 
(Ref. 5.15). The conveyor support brackets extend from the tunnel rib 
to within 120 mm of the rail transportation corridor; the booster 
conveyor drive section extends to within 7 mm of the rail transportation 
corridor (Ref. 5.16). The locations of the intermediate conveyor 
structure and booster conveyor drive section with respect to the rail 
transportation corridor are shown in Figures 7.2 (Ref. 5.15)and 7.3 (Ref.  
5.16).  
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tunnel alignment shall be controlled by a primary survey control network that is 

established and maintained by the QA Surveyor of Record.  

7.2.2 ESF Construction Constraints 

Figure 7.1 (Ref 5.4) shows the General Arrangement of Support Systems within the tunnel cross section. The tunnel bore is a nominal 7.62 meters in diameter; in sections 
where steel sets are used the I.D. is reduced to 7.16 meters (Ref 5.17). All A/E designed systems required to support construction of the TS Tunnel Loop and ESF 
Operations are arranged within this cross sectional area. This represents a worst case condition from a clearance standpoint even though the installation of some A/E designed systems may be deferred. The support systems include: ventilation, 
compressed air, water supply, dewatering, power supply, communications, lighting, 
integrated data, muck handling conveyor, and double track rail. The utility systems, 
piping and electrical cable, are flexible and can readily bend to accommodate deviations of the tunnel from centerline. The ventilation system can also be modified to accommodate deviations. The conveyor and rail systems have the least flexibility 
to accommodate deviation, and may cause construction problems if the constructed 
tunnel deviates excessively from the design centerline.  

7.2.2.1 Rail Transportation System 

The rail transportation system will be used to transport people, equipment, and materials into and from the TS Tunnel Loop. The system is designed for a 
maximum operating speed of 32 km/hr and includes a double track 
arrangement of four rails within a 3657 x 3657 mm square rail transportation 
corridor that includes a 152 mm wide clearance zone along each side (Ref.  
5.8, 5.9).  

(a) Horizontal Deviation 

An operating clearance of 152 mm has been allowed between the rail 
rolling stock and fixed objects (i.e. conveyor) along the rail 
transportation corridor. This total allowance is comprised of 
allowance for track deviation from tunnel centerline, 38 mm; allowance 
for rolling stock lean caused by cross track level deviations, 63 mm; 
allowance for rolling stock sway during travel, 51 mm. The 63 mm 
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Figure 7.3
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envelope (See Figure 7.2) plus a centerline offset tolerance of 38 nam.  
The right clearance consists of a 140 mmn conveyor idler adjustment 
(Ref. 5.15) before the rib interferes with the conveyor.  

Corrective actions include - installing the conveyor intermediate 
structure off-center or reduce the size of the rail transportation envelope.  
Special belt training idlers can be used to keep the conveyor belt on the 
structure. (e.g. this is already being done to accommodate the tunnel 
deviation that occurred during TBM startup). A deviation of 150 mm 
can readily be accommodated provided the rate of deviation is not 
excessive (See Para. 7.2.2.4c). Thus a total horizontal deviation of up 
to 300 mm of the constructed tunnel from design centerline is judged 
acceptable in tunnel sections containing intermediate conveyor structure.  

The rail transportation envelope can be reduced by - (1) Reduce cross 
level deviation of the invert segment and rails; (2) Slow rail operating 
speeds to reduce rolling stock sway; (3) Reduce rolling stock height to 
less than maximum height of 3657 mm.  

(b) Tunnel Section with Booster Conveyor Drive 

The sections of tunnel where the conveyor booster drives will be 
located is subject to very tight clearances as described below. The 
operating clearance between the booster conveyor drive and the rail 
transportation corridor is 7 mm (See Figure 7.3). As discussed in pam.  
7.2.2.1(a) the three additive tolerances total 152 mm including a 38 mm 
left offset of the constructed tunnel centerline from design tunnel 
centerline. At this point rolling stock of maximum size will be at the 
edge of the rail transportation corridor with 7 ram clearance from the 
booster conveyor drive. If the horizontal tunnel deviation is 45 mm left 
the clearance will be zero. If the deviation of the constructed tunnel 
centerline exceeds 45 mm left, interference between rail rolling stock 
and the conveyor drive can occur. Corrective actions to mitigate this 
problem include: (1) Relocate the conveyor drive to a location with 
less deviation; (2) Reduce the size of the rail transportation envelope as 
described in para. 7.2.2.4a; (3) Limit rail travel to the center or right 
hand pair of tracks; (4) Install special equipment to, force the conveyor 
through a deviated path.  
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engine and fuel consumption. [Criteria 4.2.2.7] 

7.3.2 Diesel Exhaust Emission Testing 

All diesel engines used underground are required to undergo periodic testing to 
measure exhaust product content. [Criteria 4.2.2.3] The diesel exhaust testing program 
is comprised of two parts (1) developing an on site emission standard for each engine 
and (2) developing a data base to support exhaust emission calculations.  

7.3.2.1 Diesel Exhaust Emission Standard 

The Constructor shall develop an on-site diesel emission standard for each 
diesel engine that will be used underground. The on-site diesel emission 
standard for each engine will establish a maximum limit for five exhaust 
products, and provide a baseline for monitoring the future performance of each 
diesel engine. The diesel engine emission standards will include the following 
five exhaust products: Carbon Monoxide (CO); Carbon Dioxide (CO2 ); DPM, 
Oxides of Nitrogen (NO.), and Sulphur Dioxide (SO2). [Criteria 4.2.2.5] 

Prior to developing the on-site diesel emission standard the engine shall be 
tuned in accordance with the manufacturer's recommendations for the service 
application. The tests will be conducted on the surface and the equipment will 
be stationary (no load). The engine will be brought up to operating temperature 
and run at operating speed (approx. 2300 rpm). Samples will be taken from 
the exhaust discharge. Several readings shall be taken and averaged. The on
site standards developed from the test results should include an allowance 
factor for future increases in emissions to compensate for engine component 
wear and other test variables. The allowance factor is estimated below: 

The US Bureau of Mines (USBM) conducted a study to determine "The Effects 
of Maintenance and Time-in-Service on Diesel Engine Exhaust Emissions" 
(Ref. 5.18) The study concluded that after 4000 to 5000 hours-in-service the 
engines showed the following trends: HC increased, CO increased, NO.  
decreased, and Bosch smoke number increased. The Bosch smoke number 
(BSN) is indicative of combustion efficiency and diesel particulate matter 
emissions (DPM). Gradual component wear is the principal cause of changes 
in exhaust emissions over time (Ref. 5.18).
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Figure 7.4
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documentation. The Constructor and the A/E shall jointly develop a plan for dealing with the 

problem in accordance with Reference 5.25. This plan should include as a minimum: 

(a) Method of TBM and/or trailing gear retrieval 

(b) Alternative excavation technologies 

(c) Special equipment needed 

(d) Details of materials such as grouts, backfill, concrete, etc. to be used 

(e) Intended method of ground support 

7.5 Lightning Storm (Electrical Surge) Protection 

A lightning protection system, as specified in Specification Section BABOOOOOO-01717-6300
16671- Lightning Protection Systems, will provide lightning storm (surge) protection to the 

ESF when the system is installed and in operation. Until the Lightning Protection System 

becomes operable, it is possible that potential (voltage) differences could occur underground 
during a lightning storm [Ref. 5.5]. To safeguard personnel and electrical equipment, 
construction activities in the tunnel will be curtailed during a lightning storm until this system 
is installed and operational.  

7.6 Constructor Furnished Equipment 

Constructor furnished subsurface equipment shall meet the safety requirements of 30 CFR 57 
and shall minimize adverse effects on long term repository performance. [Criteria 4.2.1.3] 

Equipment acquisition for ESF construction and operations is classified into three categories 
(1) Equipment specified by approved A/E drawings and specifications; (2) Equipment that 
is furnished by the Constructor as a temporary replacement for A/E specified equipment; (3) 
Equipment that has not been specified by the A/E and will be furnished by the Constructor.  
All Constructor furnished equipment shall comply with regulatory requirements, tunneling 
industry standards and shall be reviewed and accepted by the A/E. To request A/E 
acceptance the Constructor shall submit as a minimum the following documentation: 

(a) A description of the equipment including the intended purpose, safety features, 
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design, while the TS Main Drift and especially the TS South Ramp may require further 
investigation to increase the confidence of the geologic interpretation (Ref. 5.10). There are 
no known geologic anomalies that would require probe drilling in advance of drifting. If 
underground probe drilling is required these holes shall not be drilled into large-aperture 
fractures to the extent practical.  

The ESF TS Tunnel Loop alignment is located entirely in unsaturated, volcanic rock 
formations without any associated hydrocarbons or carbonaceous materials. The potential for 
methane emissions from these rocks is highly unlikely.. Therefore, it is concluded that the 
rock formations along the tunnel alignment do not contain methane and are classified non
gassy (Reference 5.11).  

There is little likelihood that significant water, gas pockets or geologic anomalies will be 
encountered during the excavation of the TS Tunnel Loop. Therefore, routine probe drilling 
ahead of the excavation face is unnecessary. The TBV does not need to be carried down to 
any design documents.  

7.9 Water Tracer 

All non-potable water used underground during operation and construction of the ESF shall 
have chemical tracer added ( except for water used outside the tunnel for mixing concrete, 
grout and shotcrete which is then used in the TS Tunnel Loop) [Criteria 4.2.1.10, 4.2.2.1]. A 
QA Surveillance procedure is required for either manual or automatic tracer injection systems 
to verify the tracer concentration of all non-potable water delivered to the TS Tunnel Loop.  
The surveillance frequency shall be accepted by the A/E. [Criteria 4.2.2.2].  

A QA Surveillance procedure is required to verify the alarm capability of the automatic tracer 
injection system. The surveillance shall check the alarms associated with failure of the tracer 
delivery system (e.g. failure of a tracer delivery pump or inadvertent closing of a delivery 
valve). The surveillance frequency shall be accepted by the A/E. [Criteria 4.2.2.3] 

If the automatic tracer injection system is not operating in the automatic mode or alarmed, the 
system will be continuouosly manned by an operator trained and qualified to the systems 
operating procedure. [Criteria 4.2.2.4] 

A manual system may be used to add tracer chemicals to the ESF non-potable water supply 
system. The manual system will produce traced water in batches by adding premeasured 
quantities of water and chemicals into a tank and mixing. The Constructor shall develop a 
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groundwater inflows was 250 gpm. Based on experience to date these earlier estimates 
appear to be overly conservative. The actual quantity of wastewater generated by 
construction activities has been substantially less than the estimated amount; maximum 
measured rate - 1091 gallons per dax. (Design Parameter 4.1.7] And since the tunnel is above 
the saturated zone and dry, there is no evidence to support the estimated 250 gpm 
groundwater inflow rate. It now appears possible that a smaller permanent sump or maybe no 
permanent sump will be needed. In either case it appears prudent to delay the construction of 
a permanent sump until further substantiation of need (i.e. sustained groundwater inflows) is 
demonstrated.  

The TS Tunnel Loop will be located well above the saturated zone throughout its entire 
length and is unlikely to breach any geologic structures yielding permanent groundwater 
flows; therefore, any groundwater flows into the tunnel should be temporary. Potential 
temporary groundwater inflow sources include perched water tables or water filled fracture 
zones. These sources contain finite water quantities that typically would flow for a limited 
time, unless recharged from surface. Thus if the tunnel face were to breach an in situ water 
source, the inflow should be confined to the tunnel face area and would be of limited 
duration.  

Since it is unlikely that any permanent water inflows will occur in the TS Tunnel Loop there 
is no current basis to support the construction of a permanent sump facility. The Constructor 
should continue to use a temporary dewatering system until such time that sustained 
groundwater inflows warrant installation of a permanent sump facility. There also is no 
evidence that temporary groundwater sources will yield groundwater inflows in pumpable 
quantities. However, if an unexpected and large groundwater inflow did occur at the tunnel 
face, the short term impact on construction could be costly and significant. Thus a case can 
be made for being prepared to deal with an unexpected temporary groundwater inflow by 
having redundant pumping capacity available.  

The following changes should be implemented: 

1. The construction of a permanent sump facility should be delayed until 
sufficient permanent water inflows are experienced to justify the need.  

2. The constructor should plan for continued handling of tunnel wastewater with a 
temporary dewatering system.  

3. The temporary dewatering pipeline from underground to surface should have 
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7.12 Underground Support Systems 

The ESF shall provide underground support systems required to meet the needs of the 
underground site characterization testing program during construction and operation. These 
support systems shall include - power, communications, lighting, monitoring systems, water, 
ventilation, wastewater removal, compressed air, fire protection, material handling, muck 
handling, and sanitation. [Criteria 4.2.1.13] 

The A/E will provide drawings and specifications of the underground support systems that are 
required for long-term operation of the ESF. However, the installation of some A/E designed 
systems may be delayed for various reasons such as - low procurement priority (i.e.funding 
shortages), system is not required until a later time or because installation of a support system 
may adversely impact construction progress rate. Therefore, during the interim period the 
Constructor will utilize temporary support systems for performing construction work and for 
supporting the ESF site characterization testing program. When the A/E designed systems are 
installed to replace the temporary systems, the Constructor shall remove to the extent 
practical, all components of the temporary system. Those items that are not removed shall be 
reported under the TFM Management plan.  

The underground support systems shall meet the needs of construction, operations and 
testing.(Criteria 42.1.14] 

Constructor shall prepare plans for the installation of temporary support systems and for the 
transition from the temporary support systems to the A/E designed systems. Plans may be 
submitted for complete support systems or by phases and shall minimize impacts to testing 
activities. Plans shall be submitted to the A/E for review and acceptance prior to installation 
of the support system.  

The Constructor shall provide support for ventilation system tests performed by the A/E.  
[ESFDR 3.1.3.6, 3.2.5.5.4 0] 

The ventilation system will be installed within the TS Tunnel Loop as the TBM tunnel face 
advances. The system will operate in an exhaust mode.(Ref. 5.19). As installation of the 
ventilation system proceeds the A/E will periodically conduct tests to evaluate system 
performance and verify assumptions used in the computer ventilation model. The Constructor 
will support the A/E to conduct these tests. Test results may change computer model input 
and revise planned fan locations.  
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The Constructor shall develop and submit to the A/E for review and acceptance procedures 

for routine inspection, maintenance, monitoring and repair of the permanent function ground 

support system in the TS Main Tunnel Loop and adjoining alcoves.  

8 Conclusions 

8.1 Constructor Provided Support 

Constructor shall support the activities of Project Testing Participants by providing the 
required labor, facilities and utilities.  

8.2 Construction Tolerance for Excavated Opening 

8.2.1 Siting Constraints 

The QA Classification Analysis requires that the alignment of the constructed TS 
Tunnel Loop must be within predetermined tolerances of the tunnel design centerline.  

The TS Main Drift tunnel crown is located a minimum distance of 4 meters below the 

TSwl-TSw2 contact, and a minimum distance of 4 meters below the 200 meter 

minimum cover topographic contour (TBV-061-DD). To maintain the excavated 

tunnel within an envelope that doesn't violate these boundaries, a maximum deviation 
tolerance of one-half tunnel diameter (3.81 m) shall be required. To ensure this 
requirement is met, the constructor shall develop QA Procedures to monitor the 
alignment and ensure that tolerances of the excavated opening meet design 
requirements. The tunnel alignment shall be controlled by a primary survey control 
network that is established and maintained by the QA Surveyor of record.  

8.2.2 ESF Construction Constraints 

The close proximity of the muck haulage conveyor to the rail transportation corridor 
can cause construction problems if the total deviation of the constructed tunnel from 
the design centerline is excessive or if the rate of deviation is abrupt. The potential 
construction problems were separated into two areas - tunnel sections containing 
intermediate conveyor structure and tunnel sections where a booster conveyor drive is 

located.  

a. Intermediate Conveyor Structure 
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exhaust emissions in the tunnel. The Constructor is also required to document diesel 

engine usage within the tunnel including the number of hours operated, type of engine 

and fuel consumption.  

8.3.2 Diesel Exhaust Emission Testing 

The Constructor shall develop an on-site diesel emission standard for each diesel 

engine that will be used underground. The on-site diesel emission standard for each 

engine will establish a maximum limit for five exhaust products, and will provide a 

baseline for monitoring the fiture performance of each diesel engine. The diesel 

engine emission standards will include the following five exhaust products: Carbon 

Monoxide (CO), Carbon Dioxide (CO2), Diesel Particulate Matter (DPM), Oxides of 

Nitrogen (NO.), and Sulfur Dioxide (SO2).  

"Prior to developing the on-site diesel emission standard the engine shall be tuned in 

accordance with the manufacturer's recommendations for the service application. The 

tests will be conducted on the surface and the equipment will be stationary (no load).  

The engine will be brought up to operating temperature and run at operating speed 

(approx. 2300 rpm). Samples will be taken from the exhaust discharge. Several 

readings shall be taken and averaged. The on-site standards developed from the test 

results should include a 0.25% allowance factor for future increases in emissions to 

compensate for engine component wear and other test variables.  

The Constructor shall develop a diesel exhaust emission data base for each engine. To 

develop the data base, the Constructor shall perform additional emission tests, as 

described above, but at several operating speeds that are representative of expected 

operating 'speeds, including one at idle.  

8.3.3 The sulfur content of diesel fuel should be as low as possible to reduce SO2 emissions 

and the sulfate fraction of DPM. The EPA mandates diesel fuel with a maximum 

sulfur content of 0.05% for motor vehicles and the USBM recommends a maximum 

sulfur content of 0.05% for underground use.  

8.3.4 Diesel engines at idle overcool and reduce operating temperatures to ranges well 

below those recommended by the manufacturer. This results in incomplete fuel 

combustion which increases exhaust emissions and causes engine problems. It is 

recommended that engines be shut down if idle periods are expected to exceed 5 

minutes.  
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8.7 Constructor Furnished Materials 

Constructor shall furnish the materials required to build and operate the ESF in accordance 

with approved A/E Drawings and Specifications. Prior to use underground the proposed 

materials shall be submitted for review and analysis in accordance with the TFM Data 

Reporting and Management Procedure.  

8.8 Probe Drilling 

It is unlikely that significant water, gas pockets or geologic anomalies will be encountered 

during the excavation of the TS Tunnel Loop. Therefore, routine probe drilling ahead of the 

excavation face is unnecessary.  

8.9 Water Tracer 

A manual or automatic system will be used to add chemical tracer to the ESF non-potable 

water supply system. The tracer concentration of either the manual or automatic water supply 

system shall be verified by sampling and analysis. The Constructor shall develop a QA 

Surveillance Procedure that describes the sampling and testing process for verifying the 

waters chemical tracer concentration and the surveillance frequency. The procedure shall be 

submitted to the A/E for review and acceptance.  

The automatic tracer injection system uses alarms to indicate malfunction of key components 

that are critical to proper operation of the system. To ensure that the system is operating 

properly, regular surveillance of the alarm system performance is required. The Constructor 

shall develop a QA Surveillance Procedhre that describes the process and the frequency for 

checking the alarm systems of the tracer delivery system. The procedure shall be submitted 

to the A/E for review and acceptance. If the alarm system is not functioning or the tracer 

injection is in the manual operating mode, the system shall be continuously manned by an 

operator trained and qualified to the systems operating procedure.  

8.10 Wastewater Handling 

The estimated quantity of wastewater generated by construction activities is order of 

magnitude larger than the quantities actually being generated. Experience also shows that the 

tunnel is dry and since it is situated considerably above the saturated zone, it is unlikely that 

permanent groundwater flows will be encountered. Therefore, it appears that the estimated 

groundwater inflows were overly conservative. Based on these observations it appears that 
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meters of tunnel advance and water consumption on a per shift basis.  

8.12 Underground Support Systems 

The installation of some A/E designed support systems may be delayed for various reasons.  

During the interim period the Constructor will rely on temporary support systems for 

performing construction work and supporting the testing program. When the A/E designed 

systems are installed to replace the temporary systems, the Constructor shall remove, to the 

extent practical, all components of the temporary system that are not incorporated into the 

permanent systeni.  

Constructor shall prepare plans for the installation of temporary support systems and for the 

transition from the temporary support systems to the A/E designed systems. Plans shall be 

submitted to the A/E for review and acceptance prior to installation of the support system.  

The ventilation system will be installed as the TBM tunnel face advances. The A/E will 

monitor the performance of the system and periodically conduct tests to verify assumptions 

used in the ventilation computer model. The Constructor will support the A/E to conduct 

these tests. The airflow requirements are based on codes, project requirements, studies, and 

experience. The minimum airflow velocity was established at 0.51 m/s.  

8.13 Underground Spills 

Spills of hydrocarbons, solvents and powders shall be cleaned up to the extent practical and 

disposed of in accordance with federal and state requirements. Cleanup of liquids shall 

include removal of puddles and partially saturated soils. Cleanup of powders shall include 

removal of the powder and sweeping solid surfaces to recover remnants. Constructor shall 

prepare a Spill Response Procedure that addresses the requirements; specifies methods and 

responsibilities; and includes training of spill response personnel to the procedure. The 

Constructor shall submit the procedure to the A/E for review and acceptance.  

8.14 Permanent Function Ground Support 

The Constructor shall develop and submit to the A/E for review and acceptance, procedures 

for routine inspection, maintenance, monitoring and repair of the permanent function ground 

support system in the TS Tunnel Loop and adjoining alcoves.  
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External Review 

ESF Design Analysis Package Available 

Geology of the ESF TS Loop 05/23/95 

ESF Layout Calculation 06/12/95 

Subsurface Determination of Importance Evaluation 06/22/95 

ESF Alcove Ground Support 

7/25/95 
Test, Inspection & Material Dedication: Shotcrete, Rockbolts & 
Accessories 

Subsurface General Construction Methods 

ESF Ground Support Design Analysis 

8/10/95 
Location & Sizing Analysis of ESF Alcoves 

TBM Tunnel Precast Concrete Invert Segment 

ESF Ground Support - Structural Steel Material Dedication Analysis 

ESF Ground Support -Structural Steel Analysis -1/22/95 

"Alcove Turnout Frame Analysis 

Alcove/Drifts Steel Sets Analysis 11/15/95 

• This schedule reflects expectations as of July 20, 1995, and is subject to chlnge.

ENCLOSURE


