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ABSTRACT

Geotechnical monitoring data were developed during excavation of the North Ramp Starter Tunnel
(NRST) and Alcove No. 1 to provide the basis for design verification. The NRST was constructed
to launch the 7.6-m diameter tunnel boring machine being used to construct the Exploratory Studies
Facility main access tunnels, the North Ramp, Main Drift, and South Ramp. Alcove No. 1 was
excavated off the NRST to provide access for site characterization testing.

Rock mass quality data and blasting seismic data were collected during construction. Monitoring
instrumentation consisted of rockbolt load cells, convergence points, and multi-point extensometers.
Instrumentation stations were developed after the installation of final ground support. Rockbolt
load and rock deformation data were used to assess stability of the excavation. Convergence data
and rockbolt load were used to evaluate the ground support performance. Rock mass quality
assessments were used to compare installed ground support to empirical ground support designs.
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1.0 Introduction

1.1 Purpose

This report presents the results of instrumentation measurements and observations made
during construction of the North Ramp Starter Tunnel (NRST) of the Exploratory Studies
Facility (ESF). The information in this report was developed as part of the Design Verification
Study, Section 8.3.1.15.1.8 of the Yucca Mountain Site Characterization Plan (DOE 1988). The
ESF is being constructed by the U.S. Department of Energy (DOE) to evaluate the feasibility of
locating a potential high-level nuclear waste repository on lands within and adjacent to the
Nevada Test Site (NTS), Nye County, Nevada. The Design Verification Studies are performed
to collect information during construction of the ESF that will be useful for design and
construction of the potential repository. Four experiments make up the Design Verification
Study: Evaluation of Mining Methods, Monitoring Drift Stability, Monitoring of Ground
Support Systems, and The Air Quality and Ventilation Experiment. This report describes Sandia

National Laboratories’ (SNL) efforts in the first three of these experiments in the NRST.

1.2 Background

The NRST was constructed to launch the 7.6-m tunnel boring machine (TBM) being
utilized to excavate the North Ramp of the ESF. The North Ramp is one of two inclined tunnels
currently planned to provide access to the potential repository horizon. The North Ramp will be

excavated' 2,804 m (9,200 ft) to the potential repository horizon. Beyond this point, the

'ESF Layout Calculation, BABEAD000-01717-0200-00003, Revision 2.
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Topopah Spring Level (TSL) Main Drift will be excavated 3,131 m (10,273 ft) across the
prqposed repository block by the TBM. The South Ramp will then be excavated 1,921 m
(6,302 ft) to connect to the surface. Figure 1-1 shows a map of the locations of the planned ESF
access tunnels, and the location of the North Portal.

The NRST was excavated by drill-and-blast techniques in the east face of Exile Hill, a
horst-like structure between the Midway Valley and Bow Ridge Faults, in Miocene volcanic tuff
rocks of the Paintbrush Group, Tiva Canyon Member, upper lithophysal zone. A geologic cross
section through Exile Hill showing the location of the NRST is presented in Figure 1-2.

The NRST excavation consisted of three parts:

+ abox cut to form safety benches and to allow safe construction of the tunnel brow,

+ a finished size of approximately 10-m (32.8-ft) high by 10-m (32.8-ft) wide tunnel with
arched roof éxcavated to 0+60.2 m, and

+ analcove (No. 1) driven at an angle of 82° to the tunnel to provide access for testing/
characterization.

All parts of the NRST were excavated in generally poor rock mass conditions that resulted from

the presence of cavernous lithophysae, minor fault and shear structures, vertical jointing, and

weathering effects due to surface proximity. The construction took place in unsaturated, highly

fractured rocks and no water flow of construction significance was encountered.

Ground support requirements were relatively heavy due to the poor rock quality.
Temporary ground suppoﬁ was provided by split set rockbolts and wire mesh. The permanent
support in the tunnel brow consisted of steel lattice girders embedded in fibercrete. Beyc.)nd the
brow area, final support consisted of 3-m, 4.9-m and 7.3-m (10-ft, 16-ft and 24-ft) long, fully

grouted, untensioned rockbolts with a norﬁinal 15.2 cm (6 in) of fibercrete.

1-2
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Figure 1-1. Plan map showing the ESF access tunnels.
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1.3 Scope

This report presents the results of design verification (DV) studies conducted during
construction of the NRST between North Ramp stations 0+00 and 0+60 m. Data were collected
in three of the four design verification experiments:

+ evaluation of mining methods,

+ evaluation of ground support syst‘ems, and

+ monitoring drift stability.

The overall objectives of these design verification experiments are to monitor and observe the
long-term behavior of openings in the range of rock conditions to be encountered in the potential
repository host rock, to observe and evaluate the construction of the ESF with respect to
implications for repository construction and performance, and to collect information for design
of the ventilation systems in the repository underground facility. The ventilation studies were
not implemented in the NRST monitoring.

Table 1-1 lists more specific objectives and activities within each of the design
verification experiments implemented in the NRST. In Table 1-2, the study activities are
correlated with specific investigations that were performed in the NRST and the sp-eciﬁc data to
be collected.

Two activities, blast seismic monitoring and rock quality evaluation, were conducted in
parallel with the excavation process. These data were developed for the upper heading and bench
excavations in the tunnel and for the alcove. All other investigations were conducted as the final
support was installed, hence, the influence of the excavation process on rock movement was not

monitored.

1-5
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Table 1-1. In Situ Design Verification Study Planréxperiments (8.3.1.15.1.8)
Objectives and Activities

SCP Study Plan
Activity No. Experiment : Objectives : Activities
8.3.1.15.1.8.1 Evaluation of Record methods and equipment used, » Rock mass quality evaluation

mining methods  describe resulting excavations in terms of - Monitoring blast vibrations
conformance to specifications and extent -« Evaluate as-built mapping data
of observable excavation effects, correlate - Collect construction records on

with rock mass quality Q and RMR. blasting rounds
8.3.1.15.1.8.2 Evaluation of Record installed ground support, correlate - Collect ground support records
) ground support  with rock mass quality, measure » Monitor rockbolt loads
system load-deformation response of some - Monitor lattice girder convergence

ground support components, monitor in - Observe shotcrete cracks
situ loads on some supports, evaluate

performance in terms of deformations and

usability of excavations.

8.3.1.15.1.8.4 Monitor drift Measure cross-drift convergence - Measure cross-drift convergence
stability throughout the ESF and at several - Measure intersection convergence
intersections, monitor rock movement + Monitor rock displacements

with borehole extensometers, record rock - Observe rock falls
falls and required maintenance.

o4

1.4 Quality Assurance

Information and data presented in this report were developed and documented under a
fully qualified Quality Assurance (QA) program. The information was documented in scientific
notebooks in accordance with SNL’s Quality Assurance Implementing Procedure (QAIP) 20-2.

Traceability of the information and data is outlined in Appendix A.

1.5 Report Organization

This report is organized into six sections and appendices. Following this introduction,
Section 2.0 describes the NRST construction, the layout, and location of the construction

monitoring instruments and the specific activities. Section 3.0 presents summaries of the

1-6
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Table 1-2. Specific Investigations Conducted in the North Ramp Starter Tunnel

Study Plan Study Plan Specific .
Experiment Activity Investigation Objective
Evaluate mining Rock mass quality Scanline mapping » Define range of rock mass quality using Q
methods and RMR indices
Blast monitoring  Far-field - Measure peak patticle velocity (PPV), peak
frequency in the far-field, develop scaled
distance relationship with blasting charge
weight
Near-field - Measure peak particle velocity close to
blast round, correlate PPV with blast
damage to rock fabric
Evaluate as-built ~ Obtain USBR detailed - Provide rock structural data to correlate
mapping data mapping data with instrumentation and other
_ measurements
Collect Obtain constructor records on - Provide data to correlate with blast
construction blasting monitoring
records
Evaluate ground Collect ground Obtain constructor records - Provide data to correlate with support
support systems support records on support design, performance monitoring
installation
Correlate support with rock - Verify adequacy of design approach
mass quality
Monitor ground Install rockbolt load cells - Verify performance of rockbolts
support Install lattice girder - Verify lattice girder performance and
convergence pins loading
Inspect fibercrete cracking - Verify fibercrete performance
Monitor drift ~ Cross drift Install convergence pins - Measure drift closure to verify stability
stability convergence
Intersection Install convergence pins and - Verify stability of intersection
convergence extensometers at tunnel/ ‘
alcove intersection
Rock displacements Install multi-point « Verify rock mass stability
extensometers

construction monitoring data, with the resulting assessments of design/performance verification
discussed in Section 4.0. Summary and conclusions are presented in Section 5.0. References are
presented in Section 6.0.

Appendices present some specific data from this work and other information that support

the results.

1-7
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2.0 NRST Layout and Configuration of
Monitoring Instrumentation

2.1 Introduction

This section of the report describes the construction of the NRST and the associated
monitoring and site characterization activities. Excavation of the NRST included three separate
elements: the box cut, the starter tunnel, and Alcove No. 1. Monitoring of the construction
consisted of geotechnical observations of the exposed rock conditions, measurements of blasting
seismic response, and installation of long-term monitoring instruments in the rock mass and on
selected ground support components. Detailed structural mapping of the NRST was performed

by the U.S. Bureau of Reclamation' (USBR) in an associated investigation.

2.2 Layout and Configuration
Construction of the NRST consisted of the three elements of box cut, tunnel, and
Alcove No. 1. A plan map showing the layout and configuration of the NRST with respect to the

surface topography and surface facilities is presented in Figure 2-1.

2.2.1 Box Cut

The box cut was excavated to remove loose unstable material to allow development of the
NRST portal. The tuff rocks of the Tiva Canyon upper lithophysal zone were excavated by

mechanical ripping to form a portal face 21.3 m (70 ft) high by 41.1 m (135 ft) wide. The north

'Characterization of Structural Features in the Site Area, Study Plan 8.3.1.4.2.2.

2-1
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and south walls were sloped by the formation of two benches and covered by 9-gage chain-link
mesh secured by split set rockbolts. The portal face was later bolted using 6.1-m (20-ft) long
hollow rebar rockbolts which were grouted in place with cementitious grout The portal face was

then fibercreted with a minimum thickness of 10.2 cm (4 in) which covered all mesh and bolts.

2.2.2 Tunnel

The tunnel was excavated nominally 9.8 m (32.3 ft) high by 9.9 m (32.5 ft) wide in an
arched shape as shown in Figure 2-2. It was constructed in two passes consisting of a top
heading and bench. Excavation was by conventional mining using drill-and-blast techniques.
Loose rock was scaled and temporary rock support consisting of split set rockbolts with 100-mm
by 100-mm (4-in by 4-in) welded wire mesh was installed after each blast round. Final support
of fully grouted bolts and fibercrete was installed incrementally after completion of each phase of
the excavation.

2.2,2.1 Top Heading. The top heading was accessed from an <-3arth ramp built within
the box cut. Figure 2-2 presents a cross section illustrating the nominal tunnel dimensions and
shape. The top heading was excavated in two passes, a pilot drive followed by slashing of the
north and south ribs. The nominal height was 5.2 m (17 ft) with a 9.9-m (32.5-ft) width. The
earth ramp was then removed from the box cut to allow access to the bench.

2.2.2.2 Bench. The bench was excavated by full-face horizontal drilling and blasting.
The center bench cut was excavated one round ahead of the north and south cuts; however, after
the initial rounds, the slashes were completed and subsequently all three cuts were blasted at the
same time. Initial ground support consisting of split sets and welded wire mesh were installed in

the ribs.
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Figure 2-2. Cross section of starter tunnel illustrating top headings and bench
configuration (from ESF Package 1A, YMP-025-1-MING-MG135, Rev 3).
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2.2.2.3 Ground Support. The final ground support system was installed following
removal of the bench to full length of the NRST. This support consisted of untensioned grouted
rockbolts between 3 m (10 ft) and 7.3 m (24 ft) long on 1.2 m (4 ft) ceﬁters, 152-mm by 152-mm
(6-in by 6-in) welded wire mesh, and a nominal thickness of 15.2 cm (6 in) of fibercrete. Steel
lattice girders were installed near the portal and were completely embedded in fibercrete. Some

additional fully grouted bolts were also installed through the fibercrete.

2.2.3 Alcove No. 1

Alcove No. 1 was excavated in the direction N21°E at station 0+42.7 m (1+40 ft) as
shown in plan view in Figure 2-1. The alcove had an arched cross section with nominal height of
5.2 m (17 ft) and a width of 5.8 m (19.0 ft) and was 22.9 m (75 ft) long. The alcove was

excavated by conventional drill and blast using full-face blast rounds.

2.3 Construction Monitoring Activities

Construction monitoring activities were conducted in two phases. In the first phase, rock
mass quality data, blasting seismic data, and temporary convergence data were collected during
construction activities. After completion of the tunnel and alcove, final instrumentation in the
form of convergence points, rockbolt load cells, instrumented rockbolts, exteﬁsometers, and
stress change gages were installed and connected into a central data logging system. This section

of the report describes each of these activities and the specific instrumentation installed.
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2.3.1 Rock Mass Quality Assessments

Rock mass quality assessments were made incrementally during the excavation of the top
heading, bench, and Alcove No. 1. The rock mass quality indices were developed using the Q
(Barton et al. 1974) and the RMR (Bieniawski 1979) systems. Individual parameters were
subjectively assessed based on descriptive tables published for each system, with the exception
of RQD which was assessed using a correlation between fracture frequency and RQD reported by

Hudson and Priest (1979). Calculations and parameters are described in Table 2-1.

Table 2-1. Rock Mass Quality Indices Employed in NRST

NGI-Q RMR

Q = R;?_ND.%.S;:_E RMR = C+Irgp+JS+IC+Iw+AJ
where where
RQD =100+ (0.1A + 1.0) C =rock strength rating
A = average fracture frequency (m™) Irgp =RQD rating
Jy =joint set number JS =joint spacing parameter
Jx =joint roughness number : JC =joint characteristics parameter
J, =joint alteration number Jw =joint water parameter
Jyw =joint water reduction factor AJO =joint orientation adjustment

SRF = stress reduction factor

Data were developed for different increments of the tunnel length during excavation,
depending upon access for description. The RQD estimate was generated for three lines: one
horizontal on the wall, one vertical on the wall, and one horizontal across the tunnel or bench
face. Fracture frequency was determined by counting fractures along the scanline, with sheared

or rubblized zones accounted for by length-weighted averaging using RQD = 0% for the
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rubblized zone. Lithophysal cavities were considered by counting them as one fracture if the
diameter was less than approximately 76.2 mm (3 in) or as two fractures if the diameter was
greater than approximately 76.2 mm (3 in). RQD was averaged for the three lines, the average
value used as the upper value of the range, and the minimum of the three lines was used as the
low value of the range.

Visual observations of the characteristics of the rock were used to estimate the range of
conditions existing in the interval being examined for each of the other parameters in Table 2-1.
The upper and lower values were then used to estimate a range of Q for each interval of the upper
bench and both Q and RMR for the lower bench and Alcove No. 1. The Q system can be used to
assess the ground support requirements by using design charts. Appendix F provides

background on the design charts and ground support categories.

2.3.2 Blasting Seismic Monitoring

Blasting seismic monitoring was performed to measure peak particle velocity (PPV) in
the far-field (>3 m, 10 ft) for the top heading, bench, and Alcove No. 1 blasting, and in the
near-field (<3 m, 10 ft) for the initial Alcove No. 1 blasts in an attempt to correlate blast-induced
damage with PPV. Each of these activities is discussed separately in the following sections.

2.3.2.1 Far-Field Monitoring. Far-field monitoring was conducted in two separate
phases for each of the top .heading and bench mining activities. The monitoring was performed
using blasting seismogrglph equipment manufactured by Vibratech Engineers, Inc. of Pittsburgh,
Pennsylvania. Two instrument types were utilized, an Everlert 6000 and Everlert II. These

systems had similar configurations and specifications and were equipped with one three-axis
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geophone and one blast air-pressure monitor. Resolutions of the particle velocity were

0.099 mm/sec (0.0039 in/sec) for the Everlert 6000 and 0.1239 mm/sec (0.00488 in/sec) for the
Everlert II over the frequency ranges of 2-200 Hz and 2-250 Hz, respectively. Accuracy was
specified as 3 Db over the frequency range and the dynamic range of the instruments was
0-203.2 mm/sec (08 in/sec) and 0-254.0 mm/sec (0—-10 in/sec), respectively.

Both instruments were event triggered and capable of storing multiple events. Records of
individual events were printed intermittently and correlated with individual blasts by using
constructor records. “Figure 2-3 shows an example of an individual record from the Everlert II.
Each record contains the PPV, peak frequency, peak vector sum, the wave form of each of the
three transducers, and calibration checks for each transducer. Blast air pressures were not
monitored.

The two blasting seismographs were placed at different distances from the face in
protected locations. Geophones were coupled directly to rock surfaces by placing sand bags on
top of the instrument cases. Five different geophone locations were used to monitor the top
heading blasts, and an additional two locations were used for the bench blasts. The coordinates
are listed in Table 2-2 and illustrated in Figure 2-4. Geophone stations 1 and 2 were utilized for
the initial blasting to form the top heading. After the top heading had advanced several rounds,
the blast monitors were moved to geophone stations 3 and 4 for the majority of the top heading
blasts. Station 5 was only used for two rounds, and then the geophones were returned to
station 3. The box cut ramp was then removed and stations 6 and 7 were established to monitor

the bench blasts.
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Table 2-2. Locations of Blasting Seismographs

Geophone North East
Station () (£ (m) ()
1 233,267.9  765,305.2 173,740.7  570,008.4
2 233,253.7  765,258.6 173,799.9  570,202.9
3 233,283.5  765,356.4 173,703.4  569,886.1
4 233,291.1  765,381.3 173,685.8  569,828.5
5 233,286.6  765,366.5 173,678.6  569,804.8
6* 233,290.3  765,378.9 173,686.0  569,828.9
7* 233,291.6  765,383.0 173,675.0  569,793.0

08/25/95

* Preliminary—the locations not utilized for any data in this report.

2.3.2.2 Near-Field Monitoring. Near-field blast monitoring was performed during

excavation of Alcove No. 1 to measure PPV at small distances (1 and 2.4 m) from the excavation
perimeter and to attempt to observe blasting related damage in the wall of the alcove. Fiéure 2-5
illustrates the layout of the monitoring holes that were drilled from the NRST parallel to the axis
of Alcove No. 1.

~  Two holes each contained two geophones oriented to measure the compressional and
vertical shear-wave vibrations. Vibration in the horizontal shear plane was not measured. The
éeophones, mode] GS-20DX-10Hz manufactured by OYO Geospace, were grouted 3 m deep in
the monitoring holes located at 1 m and 2.4 m from the Alcove No. 1 perimeter at a height of
2.7 m above the floor. These geophones had a flat response over a frequency range of 15 to
<500 Hz and they were coupled to a Hewlett-Packard HP-54112D digital oscilloscope.
Recording was done at a rate of 5000 samples per second for the duration of the blast,

approximately 12 seconds.
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Figure 2-5. Layout of near-field blast monitoring instrument and damage

inspection holes.

2-12



SAND95-1675 08/25/95
Rev 1

2.3.3 Ground Support Monitoring
The performance of three types of ground support were monitored:
+ lattice girders,
+ rockbolts, and
+ fibercrete.
The specific monitoring methods and instrumentation are described in the following subsections.
2.3.3.1 Lattice Girders. Steel lattice girders were installed in the first 10 m (32.8 ft)
of the NRST and then embedded in fibercrete with a minimum cover of 38 mm (1% in). The
lattice girders were 3-bar model CP70/6/10 manufactured by Commercial Pantex Sika, Inc. of
Louisville, Kentucky. The seven lattice girders were installed in eight sections and secured to
the rock by rockbolts. The lattice girders were set on wood blocking to provide a footing for the
girders prior to their encapsulation in fibercrete.

Convergence point anchors were attached directly to girders No. 4 and No. 7 prior to
application of the fibercrete. Figure 2-6 shows a plan drawing of the NRST portal with general
locations of the lattice girder instrumentation. Girders No. 4 and No. 7 were located at ramp
stations 0+4.6 m (0+15 ft) and 0+9.1 m (0+30 ft), respectively. Figure 2-7 shows a generalized
cross section of the opening, the location of convergence points, the chords measured, and the
nomenclature used to identify the chords. Appendix B contains a D-size as-built plan drawing of
the NRST and Alcove No. 1 with the location of each gage. Appendix C contains a D-size

drawing that shows a schematic of the instrument stations in the NRST.
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Figure 2-7. Generalized cross section of NRST convergence points installed
on lattice girders, looking northwest (from ESF Package 1A,
YMP-025-1-MING-MG152 Rev 1 and YMP-025-1-MING-MG153 Rev 1).
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2.3.3.2 Rockbolt Load. Two types of instrumentation were installed to monitor

rockbolt load:

+ rockbolt load cells (RBLCs) and

+ instrumented rockbolts (IRBs).

Arrays of the RBLCs were installed at six stations in the NRST and the IRBs at five locations in
Alcove No. 1. The locations, number, and types of instruments are listed in Table 2-3.

The face above the portal (highwall station 0+00 m) was rock bolted using 6.1-m (20-ft)
long hollow #9* rebar bolts with couplings and #7 by 3 m (10-ft) bolts. The bolts were drilled in
using sacrificial bits, thén grouted in place usiné, cementitious grout. The bolts were
untensioned. The locations of the rockbolts and rockbolt load cells on the portal face (highwall)
are shown in Figure 2-8. |

Rockbolt pattern in the main tunnel of the NRST went through several modifications.
The final configuration consisted of fifteen bolts: nine 3—7.3-m (10-24-ft) long bolts above the
spring line and six 3-m (10-ft) long bolts in the ribs. All bolts were untensioned grouted, using
cementitious grout. The bolts above spring line were #9 (28.6 mm; 1.125 in) bolts and were pull
tested to 249.1 kN (56,000 1bs). The rib bolts were #7 (22.2 mm; 8.75 in) diameter and were pull
tested to 111.2 kN (25,000 1bs). The typical bolt pattern is shown in Figure 2-9.

The main tunnel bolts and portal face were instrumented with Geokon Model Nos.
4900-45-2 and 4900-40-1.5 vibrating wire rock bolt load cells (RBLCs) with capacities of
200.2 and 177.9 kN (45,0‘00 and 40,000 lbs), respectively. The accuracy was specified at 0.5%

of full-scale capacity. Each load cell contains three vibrating wire strain gages, the output

49 rebar refers to rebar with a diameter approximately 9/8 of an inch.
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Typical hollow core pumpable cement-
grouted 3048 mm (10 ft) nominal rockbolt

Typical rockbolt installation
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Figure 2-9. General cross section of the NRST showing pattern of grouted
rockbolts installed for final support (from ESF Package 1A,
YMP-025-1-MING-MG143, Rev 3).
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of which is summed and used to calculate the total load. The three transducers allow for
nonuniform lc;ading of the load cell at the rough perimeter of the tunnel. The bolts were installed
on extensions that allowed attachment through the hollow load cell loaded against a steel bearing
plate.

Instrumented rockbolts (IRBs), installed in Alcove No. 1, were Roctest model IRB-H10.
The bolts were 19-mm (%-in) diameter high-strength steel (1060) with 32-mm (1¥%-in) expansion
shell anchors set at a nominal depth of 3 m (10 ft). The IRB is instrumented with a single
vibrating wire transducer placed in a 6.4-mm (Y-in) hole drilled in the center of the bolt head.

. The transducer is secured in the hole by set screws.

2.3.4 Tunnel Stability Monitoring

Stability monitoring instrumentation in tile tunnel and Alcove No. 1 consisted of both
‘convergence measurements and borehole extensometers. Both single- and multi-point borehoie
extensometers (MPBXs) were installed; convergence was measured using a tape extensometer.

2.3.41 Converge}lce Monitoring. Arrays of convergence points were installed in
the tunnel at five stations (0+16.8 m, 0+27.4 m, 0+3375 m, 0+42.7 m, and 0+56.4 m),
corresponding to the locations of the rockbolt load cells. An additional station was installed just
past the end of the girders at 0+11 m. The convergence point layout within the tunnel cross
section was identical to that of the portal girders. Only vertical and horizontal cords were
established in the alcove. Figure 2-10 illustrates the arrangement of convergence points for both

the main tunnel and the alcove.
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Figure 2-10. General convergence pin layout for the Main Tunnel and Alcove
No. 1.
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The convergence points consisted of eyebolts anchored in a 150-mm (6-in) length of #7
rebar. Installation holes are drilled 38-mm (1%-in) diameter by 0.3-m (1-ft) deep and thereby
countersunk 76-mm (3-in) diameter for 76-mm (3 in) to allow the eyebolt to be recessed and
protected from damage. The rebars were grouted in place usir'lg cementitious grout. Floor points
were grouted 0.3-0.6 m (1-2 ft) into the rock through steel pipes set in holes drilled in the
concrete floor. Steel covers were installed to protect the floor pins from damage.

Convergence stations installed in Alcove No. 1 consisted of vertical and horizontal
chords as shown in Figure 2-10. The vertical chord was offset from the alcove centerline to
accommodate the ventilation duct. Alcove No. 1 convergence stations were norr;inally placed at
North Ramp station 0+42.7 m and Alcove No. 1 stations 0+4.6 m, 0+11.3 m, 0+17.7 m, and
0+24.4 m increasing north from the North Ramp centerline.

2.3.4.2 Borehole Extensometers. Three MPBXs were installed at stations in the
main tunnel, and one MPBX was installed in Alcove No. 1. In addition, two single-point
borehole extensometers (SPBX) were installed in Alcove No. 1. Table 2-4 lists the station,
orientation, and anchor depths for each of the NRST extensometers. Figure 2-11 shows the
typical arrangements of the extensométers within the cross section of both the NRST main tunnel
and Alcove No. 1.

All extensometers were Geokon model A5 equipped with model 4450-5 vibrating wire
displacement transducers. Borros-type hydraulic anchors were inserted into the boreholes on
stainless steel rods. The Borros anchor was used because the large lithophysae that occur in the
Tiva Canyon upper lithophysal zone made the borehole diameter very irregular. The anchor had

the capability of expanding to 0.3 m (1 ft) to accommodate the borehole irregularity.
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Table 2-4. Location, Orientation, and Anchor Depths for NRST Extensometers

North Ramp Alcove Type Anchor Nominal Anchor
Station* (m) Station' (m)  Type Orientation No. Depth? (m)
0+42.7 — MPBX Vertical up 0 0
1 1.74
2 3.25
3 4.77
4 7.81
5 13.89
0+56.3 — MPBX Vertical up 0 0
1 1.72
2 3.25
3 4.77
4 7.81
5 13.90
0+56.3 — MPBX Horizontal 0 0
south 1 1.71
2 3.28
3 4.77
4 7.85
5 13.97
0+42.7 0+11.3 MPBX Vertical up 0 0
1 2.79
2 5.84
0+42.7 0+17.7 SPBX Vertical up 0 0
. - 1 2.79
0+42.7 0+24.4 SPBX Vertical up 0 0
' : 1 2.79

* From Portal 0+00 m.
+ From ramp centerline NE along alcove centerline.

{ Anchor No. 0 is the attachment for instrumented head at the borehole collar.
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Figure 2-11. Cross sections of the NRST Main Tunnel and Alcove No. 1

Vertical MPBX
Typical Stations
0+42.6m and
0+56.3m

TS North
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NRST Main Tunnel, looking northwest.

/
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Typical Vertical

€ Test Alcove

Alcove No. 1, looking north.

showing typical configurations of the extensometers.
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2.3.5 Stress Change Monitoring

Borehole pressure cells (BHPCs) were installed to measure stress change in rock at the
end of the NRST as the TBM excavated past the pressure cells. The BHPCs were installed in
three holes 'drilled radially from the end of the NRST as shown in Figure 2-12, a schematic of the
end of the NRST. The BHPCs were installed in three boreholes at different distances from the
planned bored wall to be excavated by the TBM. Two BPHCs were placed in each borehole and
were oriented to measure changes in the vertical stress and horizontal stress, respectively.

The borehole pressure cells are small flatjacks 51 mm (2 in) wide by 210 mm (8.25 in)
long by 6.4-mm (¥-in) thick. These BHPCs, Geokon Model 3200, were precast in grout
cylinders. The grout cylinders were then placed at the desired depths in the boreholes, oriented
in the boreholes, and then grout was pumped into the boreholes to pré;duce tight contact with the
borehole walls. Geokon Model 4500H vibrating wire pressure transducers were used to monitor
the flatjack pressure. After grouting the BﬁPCs, a concrete stru;:ture was constructed to aid the
TBM in sumping into the face. This structure is shown in Figure 2-12.

The configuration of the individual BHPCs within each hole are listed in Table 2-5. The
BHPCs were grouted on June 24, 1994. The grout was allowed to cure until August 3, 1994,
then the BHPCs were pressurized to 0.724-0.759 MPa (105-110 psi). The initial pressures are
listed in Table 2-5. The pressurized flatjacks bled-off with time and were re-pressurized on
October 4, 1994, during the TBM start-up and mining by the BHPCs. Applied pressure ranged

from 1.035-1.279 MPa (150200 psi) and the initial re-pressure levels are listed in Table 2-5.

2-25



SAND95-1675 08/25/95
Rev1

Alcove
No. 1

BHPC Holes “<"
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#2
#1
Plan View
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| &
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I M _!- 8. Starter Tunnel
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~Track Track

Crosé Section A-A', looking northwest.

Figure 2-12. Schematic showing configuration of the TBM launch chamber in
the NRST and location of the borehole pressure cells.
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2.4 Data Acquisition and Analysis

2.4.1 Manual Instrument Reading

Instruments were read manually at installation and for the period up to April 30, 1994,
when installation of the data acquisition system was complete. Convergence measurements were
made using a Terrametrics Model 1600 tape extensometer. Remote reading instruments, with the
exception of some temperature sensors, were all based on vibrating wire gages. These

instruments were read with a Geokon GK-401 read-out instrument.

2.4.2 Data Acquisition System

A computer-based data acquisition system (DAS) was installed in Alcove No. 1 to
automate monitoring of all electronic-based instrumentation. The system layout and connectivity
is illustrated by the system drawing in Appendix C.

The DAS was designed and configured by Roctest. It was developed around a CR10
Central Measurement and Control Module manufactured by Campbell Scientific, Inc. The CR10
is a fully programmable data logger/controller built in a small, rugéed, and sealed module. The
CR10 was located in a junction box in the alcove and communicated with six Roctest RTX-248
analog multiplexers which were remotely located at junction boxes J1 through J6 throughout the
NRST and Alcove No. 1.

In the normal operating mode, the CR10 reads each instrument four times a day and
stores the data. Data were downloaded to a notebook computer on nominally one-month

intervals to protect against overwriting. The DAS output is saved as an ASCII file that is
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incrementally updated, then backed up on 3.5-in disks and magnetic tape. These ASCII data are
the digitized value of the gage output (generally, in the case of vibrating wire gages, this is the
frequency squared of the wire). No manipulation of thesé ASCII data is permitted beyond
updating the file with new data.

The data from the DAS are imported into a duplicate spreadsheet file using a macro
program. Once verified, the data were separated by gage into individual spreadsheets.
Calibration factors are input into calculations in the spreadsheet files and the data are plotted for

analysis and presentation.
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3.0 Construction Monitoring Data

3.1 Introduction

The results of the construction monitoring activities are presented in this section of the
report. Rock mass quality evaluations are discussed for each of the top headings, bench and
Alcove No. 1. Blasting seismic data are organized a‘ccording to the top heading, and Alcove
No. 1 excavations. The instrumentation data are organized by station/location and can be
correlated with the USBR structural mapping data by referring to Appendix D.

Although most of the instrumentation was installed after all excavation had been
completed, there were several instruments installed during’ mining. Figure 3-1 presents a
historical schedule of events that indicates the interactions of the various data collection
activities. Exc.avation of the main tunnel was initiated in April 1993 and the top heading was
completed by mid-July 1993. During this period, rock mass quality assessment and blast
monitoring were the main design verification activities performed. Midway through excavation
of the top heading, the 6-m (20-ft) long grouted rockbolts were installed in the portal face
(highwall) with three of the bolts instrumented in early June, as described in Section 2.3.3.2. The
top heading portions of the portal girders were installed in mid-June and the lower portions were
completed at the end of November after excavation of the bench. Excavation of the bench and
collection of the rock mass quality data occurred between August and early October 1993. The
only instrumentation that was in place during mining excavation were the portal face RBLCs, the
upper portion of the lattice girder convergence points, and three additional RBLCs installed at
station 0+16.8 m. The remaining instruments in the main tunnel were installed between

mid-October and mid-December 1993, during installation of the final support.
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Excavation of Alcove No. 1 began early October 1993 and was completed by
mid-January 1994. Some convergence points were installed during excavation, however, the
extensometers and IRBs were installed after completion of mining and during installation of the
final support.

Borehole pressure cells were installed and grouted into boreholes near the end of June
1994. The cells were pressurized at the beginning of August 1994. The TBM was sumped-in to
begin boring of the North Ramp near the end of September 1994.

These data are derived from a series of scientific notebooks developed during the report
period. The traceability of the data into the subsequent analysis file and TDIFs is presented in

Appendix A.

3.2 Rock Mass Quality Data

Rock mass quality assessments were conducted using both the Q (Barton et al. 1974) and
RMR (Bieniawski 1979) systems. These rock mass quality indices have been utilized as the
basis for empirical design of tunnel ground support (Q) and for estimation of rock mass
mechanical properties (RMR) in the YMP Drift Design Methodology proposed by Hardy and
Bauer (1991). These approaches have also been utilized to project construction conditions along
the North Ramp (Brechtel et al. 1995) and as the basis of North Ramp ground support design.

The rock mass quality Q and RMR for assessments performed in the top heading, bench,
and Alcove No. 1 are presented in Table 3-1 as a range of the observed conditions. RMR was
not evaluated in the top heading. Figures 3-2 and 3-3 graphically compare the range of the

assessments as a function of tunnel stationing. The figures include the range of ground support




SAND95-1675 ' 08/25/95
Rev 1

Table 3-1. Rang=e of Rock Mass Quality for the NRST

Tunnel ‘
Location (ft) Qrin Orax RMR,;, RMR,,,.
0-10 0.06 0.38 NR NR
10-34 0.07 0.24 NR NR
- 34-54 0.15 0.48 NR NR
= 54-72 073 1.83 NR NR
o 72-95 0.17 0.86 NR NR
8 97-115 0.68 2.80 NR NR
116-129 0.66 1.80 NR NR
129-160 0.97 228 NR NR
160195 0.31 4.40 - NR NR
2-40 0.05 0.24 34 61
- 40-85 0.63 132 34 62
& 85-140 037 17.40 45 68
a 140-172 0.37 17.40 45 68
172-194 0.16 7.60 37 61
o _ 28-88 0.36 2.78 30 63
o .
<2

NR—Not recorded.

categories derived from the empirical ground support design charts developed by Barton et al.

(1974) (see Appendix F). Length-weighted average values of Q were calculated by

0 = logyy| 2= ku@ | 3-1
where
0 = length-weighted geometric mean,
L; = length of interval 7, and
O; = rock mass quality Q- for interval i.

These values and the range are summarized in Table 3-2.
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Figure 3-2. Variation of Q,,,, and Q,,,, with NRST station for the Main Tunnel—Top
Heading (see Appendix F for definition of ground support categories in Barton et

al. 1974).
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Figure 3-3. Variation of Q,,, and Q,,,, with NRST station for the Main Tunnel
bench (see Appendix F for definition of ground support categories in Barton et al.

1974).

Table 3-2. Length-Weighted Log Mean Values of Q,,;,, and

Q,..—NRST Main Tunnel

NRST Section  Range 0O, Qi Range Q,,.. Orax
Top Heading 0.06-0.97 0.30 0.38-2.80 1.06
Bench 0.05-0.63 0.24 0.24-17.40 1.82
Alcove No. 1 NM* 0.36 ) NM 2.78

*NM—Alcove included in one assessment.
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The tables and figures indicate a general trend for increasing rock mass quality with
increased depth of NRST penetration from the portal face. This was due to increased distance
from the source of weathering and the gradual cross cutting of the Tiva Canyon upper lithophysal
zone which correlated with a gradual reduction in size of the lithophysae that occurred at the
bottom of the zone. This change is clearly shown by the two high values of Q (17.40) in the
bench excavation near the end of the NRST. |

The variation of the individual parameters used to determine Q are shown as frequency of
occurrence histograms in Figure 3-4, where all data from the NRST have been grouped together.
The Q,,, data are impacted by the presence of near-vertical shear zones/broken zones that have
undergone relatively small movements. These zones were localized but impacted overbreak and
ground support requirements locally. The Q,,, values are representative of the character of the
rock between these larger near-vertiéal structures.

Length-weighted average values of RMR for the bench were 39.4 and 64.4 for the RMR,,,

and RMR,, .., respectively.

3.3 Blast Monitoring

The seismic records of the blasting events provided several types of information that were
useful in assessing performance. The analog records of the data allowed individual events to be
correlated with the delays used to detonate groups of holes. This allowed the construction of
correlations between scaled distance and PPV, which could be compared with other data to
assess comparable performance. It also provided a basis for adjusting the design of the blast to
reduce PPV at any given delay. PPVs were derived directly from the seismic records and

correlated with details on charge weight and blasting delays taken from blasting records
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maintained by the constructor, REECo. These data were derived for the top heading blasting
events and the Alcove No. 1 blasting experiments. Data recorded in the bench mining were

similar in PPV magnitude, peak frequency and distance, but were not included in the analysis.

3.3.1 Scaled Distance Results for NRST Top Heading Blasting

The scaling of distance is used to develop attenuation relationships between PPV and
distance, when both the distance and weight of explosive detonated are varied. The two most
common aﬁproaches divide the distance by the square root and cube root of explosive weight,
respectively.

The attenuation relationship is calculated by Equations 3-2 and 3-3 for the two different

scaling approaches (Dowding 1985).

PPV = ARIW2)® 32
PPV = ARIWBY® 3-3
where
PPV = peak particle velocity,
R = distance from seismograph to the blast,
74 = weight of explosive detonated to produce the PPV, and

A, B = constants.

The two blasting seismic monitors used for recording the top heading blasting were
located at five different recording stations as described in Section 2.0. For each blast, the
distances between the seismic monitor and the center of the blast were determined using the ‘

northing and easting coordinates. Elevations were not considered in calculation of distance.
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Each seismic record consisted of an analog record of the blast and the time that
corresponded to the occurrence of the PPV. Using this time of occurrence, the corresponding
charge weights were extracted from the blasting records.

Curve fits of PPV versus scaled distance (SD), as calculated by Equations 3-2 or 3-3,
were performed using a computer program based on the Simplex algorithm described by Caceci
(1984). The results of the curve fit are listed in Table 3-3 and plots of the data and curve fits are

presented in Figures 3-5 and 3-6. The numerical data are presented in Appendix E.

Table 3-3. Comparison of Curve Fits of PPV versus SD using Equations 3-2 and
3-3

PPV (in/sec) = A x SD® Standard
Scaling Law A B Deviation Estimated Error
SD =R/W'"? 23 -1.1 0.45 0.047
SD =R/W'? 133 -1.5 0.39 0.040

Figure 3-5 compares the measured PPV to a general relationship reported by Dupont (1980) to be
typical for attenuation of blasting energy with conventional explosives. The relationship is

PPV = 160 (L) v 3.4

WIIZ

The scatter in the NRST blasting data is typical and the results are grouped around the
relationship in Equation 3-4. The difference is due to site-specific conditions and would be

expected.
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3.3.2 Alcove No. 1 Near-Field Blast Monitoring

Blast ;lamage associated with the excavation of Alcove No. 1 within the NRST was
evaluated by monitoring near-field blast vibrations and by making video observations of
boreholes in an attempt to determine the extent of damage. A quantitative correlation of PPV
with rock damage was then attempted using an approach similar to work done by Holmberg and
Persson (1979).

The layout of the.monitoring, shown earlier in Figure 2-5, Section 2.3.2.2 was designed
to develop data from the first three blast rounds in the Alcove No. 1. Sets of two observation and
two instrumentation holes were drilled parallel to the excavation. The observation holes were
video logged before blasting and after the fourth round in the Alcove No. 1.

The instrument holes each contained two geophc;nes connected to a four-channel digital
oscilloscope. The geophones were oriented to monitor compressional and shear wave vibrations
in the horizontal plane. The vertical component was not monitored. During data reduction the
vertical component was assumed to be the average of the horizontal components so that a
comparison could be made to other triaxial data acquired from the NRST blast monitoriné.

The data from three of the first four blasts, TA-1, TA-3 and TA-4, were used for this
analysis. Blast TA-2 was not used because it was only a trim round.

To analyze the near-field seismic data, the time of each wavelet peak recorded by the
oscilloscope was correlated with a specific delay for each blast. Both single or multiple holes
were initiated by a given delay. The asymmetrical design of the blast monitoring layout with
respect to the opening resulted in some uncertainty in determining which holes affected the

particle velocities measured by the geophones. The burn resulted in a void or disturbed zone in
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the center of the round, thereby disrupting the wave path to the geophones located on the west
side of the round. Because of this, blast holes located east of the blast centerline were not
included in the charge weight or distance calculations. The perimeter holes used to determine
charge weight were limited to those at the west margin of the round up to a height of 3.3 m
(11 ft). The distance from the blast hole to the geophones was determined by using the
horizontal distance for delays initiating single holes, however, for multiple holes initiated by the
same delay, the horizontal distance to the geometric center of the holes was used.

PPVs were determined from the amplitudes recorded for each wavelet peak associated
with a given delay. A vector sum of the particle velocities for each peak was then determined

using Equation 3-5:
PPVtotal) = [P¥(comp)® + PV(shear)* + PV(verf)*]" (3-5)

where one of the two measured components is a peak value and the vertical component of
velocity waé assumed to be the mean of the two horizontal components. This assumption was
based upon examination of the far-field blasting records.

The two scaling relationships presented in Equations 3-2 and 3-3 were used, and the
near-field data were combined with the far-field data developed for the NRST top headings
(Section 3.3.2) to establish a combined correlation between PPV and scaled distance. The
resulting linear regressions are listed in Table 3-4 and shown graphically in Figures 3-7 and 3-8.

A listing of the near-field data is presented in Appendix E.

Table 3-4. Combined Near-Field/Far-Field Curve Fit

PPV = A(SD)®
A B R Standard Error
SD=R/W"* 46 -1.3 0.76 0.34
SD=R/W'"? 89 -1.4 0.82 0.33

*R‘—Correlation coefficient
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The curve fits of combined near-field and far-field blast monitoring data are compared to
curve fits of the far-field data in the two figures. The curves are quite similar and suggest that

extension of the scaling criteria to the near-field is appropriate in the frequency range monitored.

3.3.3 Evaluation of Blast Damage by Borehole Video Logs

The observation boreholes were video borescoped before blasting and after blast round
TA-4. The intention of the borescope logging was to determine the difference in the number of
fractures before and after blasting as done by Holmberg and Persson (1979). However, grout
from nearby rockbolts had penetrated the observation holes between observations. Qualitative
observations made during the post-blast video logging indicated that some of the grout had
fractured in the holes nearest the Alcove No. 1, 0.91 m (3 ft) from the blast boundary, but not in
the holes at 2.4 m (8 ft) from the Alcove No. 1 perimeter. These cracks were attributed to the
blasting and were used in place of a fracture counting approach.

Figure 3-9 shows the velocity histories for the holes at 0.91 m (3 ft) and 2.4 m (8 {t) from
the Alcove No. 1 wall and compares them to the range of PPV reported to cause rock damage by
Holmberg and Persson (1979). A maximum PPV of 1100 mm/sec (43 in/sec) was recorded for
the hole at 0.91 m (3 ft) and 650 mm/sec (25 in/sec) for the hole at 2.4 m (8 ft). Holmberg and
Persson indicate that blast damage begins in the range of 700-1000 mm/sec (28-39 in/sec). The

results of the borehole inspection are consistent with this range.

3.4 Instrumentation Results

The results of monitoring the instrumentation installed in the NRST are presented in this

section for the time period between installation and the end of June 1995. The data are presented
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by increasing NRST stations (distance) beginning with the portal highwall or face. This section
also presents the results of monitoring at station 0+56.3 m as the TBM excavated past the

installed BHPC instruments.

3.4.1 NRST Main Tunnel Sections

3.4.1.1 Station 0+00 m—Portal Face (Highwall). Data from the three rockbolt
load cells installed at the portal face are presented in Figure 3-10. The rockbolts were installed
untensioned and fully grouted along their lengths of 6.1 m (2612 North, 2615 South) and 3 m
(2614 Center), respectively. The load cells were attached after grout cure and initial loads were
set between 9.79-21.13 kN (2200—4750 Ibs). The response of all three cells was characterized
by load bleed-off until July 31, 1993, when excavation of the NRST bench was begun. A small
increase in load, possibly associated with bench excavation, was observed in 2612 North. This
was immediately followed by continued load bleed-off which stabilized around January 1994.
Since that time, 2612 North and 2614 South have exhibited long-period oscillations with the load
increasing and decreasing within a bracket of roughly 6.67 kN (1500 Ibs).

The rockbolts were manufactured from high-strength steel with specified yield loads of
159.9 kN (36,000 1bs) and ultimate load of 239.9 kN (54,000 lbs) for the #7 bolt. Yield load for
the #9 bolts was 267 kN (60,000 1bs) and ultimate load was 356 kN (80,000 Ibs). The maximum
load observed at installation was approximately 21.1 kN (4,750 Ibs) or 8% of yield load. Load
. changes observed at the head of the bolts since installation indicate all stresses at the head of the

bolt are currently less than the yield stress.
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3.4.1.2 Portal Lattice Girder Convergence—Stations 0+4.6 m and 0+9.1 m.
Lattice girder convergence history is presented in Figures 3-11 and 3-12 for girders #4 and #7,
respectively. Convergence at both stations exhibited similar characteristics and magnitudes. The
change in the horizontal chords (SLL-SLR) indicated generally increasing closure with time from
installation to August 1994, then stabilizing beyond this time. The horizontal chords were
established at installation before excavation of the bench. Closure stabilized immediately after
installation, but then began to increase with excavation of the bench in August and September
1993. Closure of the horizontal chords exhibited another period of stability after removal of the
bench was completed, then another sharp increase to the currently indicated plateau.

The floor pins were reestablished after removal of the bench and embedment of the lattice
girders in shotcrete. Roof-to-floor closure oscillated with no real trend until roughly December
1994, at which point both stations indicated an increase in the roof-to-floor chord lengths. This
period of time corresponds to movement of the TBM into the tunnel and sumping in of the cutter
head. These construction activities may have resulted in settlement displacements in the floor
that account for the apparent expansion in the vertical direction. The trend of the latest three
measurements at lattice girder #4 has been increased roof-to-floor closure at rates between
0.009 mm/day (0.00035 in/day) and 0.0011 mm/day (0.00043 in/day); similar values occur for
lattice girder #7.

3.4.1.3 Tunnel Convergence—Station 0+10.7 m. Convergence data for station
0+10.7 m in the main tunnel is presented in Figure 3-13. This station is just beyond the lattice
girders in rock supported by shotcrete and rockbolts. The pattern of convergence is similar to

both lattice girder stations. The horizontal chord indicates steady closure up to 4.4 mm
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(0.173 in) and a closure rate of 0.0114 mm/day (0.0004 in/day). Roof-to-floor chords indicated
very small expansion, 1.3 mm maximum, then a changein direction to tunnel closure in the most
recent reading with closure rates of 0.011 (0.0004 in/day) and 0.014 mm/day (0.0006 in/day).

3.4.1.4 Convergence and Rockbolt Load—NRST Station 0+16.8 m.
Convergence data for station 0+16.8 m are presented in Figure 3-14 and indicate behavior very
similar to the lattice girders and station 0+10.7 m. All chords were established in November
1993 after installation of the final ground support. The horizontal chord indicates a trend of
continued closure with one period where closure rates dropped to zero. The current maximum
horizontal closure had reached 7.1 mm (0.279 in) by July 1995 with the closure rate equal to
0.009 mm/day (0.0004 in/day). The roof-to-floor chords showed very small expansions up to the
time that the TBM was launched. In late December 1994, the roof-to-floor chords indicated a
further expansion (up to a maximum —3.6 mm (—0.14 in) that may be associated with settlement
of the floor due to the TBM loading. The roof-to-floor chords have indicated closure since
January 1995 with a maximum change of 2.8 mm (0.111 in) and closure rates of 0.020 mm/day
(0.0008 in/day) and 0.010 mm/day (0.0004 in/day) for UL-F and UR-F, respectively.

Rockbolt loads for station 0+16.8 m are presented in Figure 3-15. The load history of all
three instruments indicate initial load bleed-off followed by very stable load-time behavior. All
bolts were untensioned, fully grouted, and pull tested to levels at least 111.2 kN (25,000 1bs)
prior to installation of the load cells. The peak bolt load generated by torquing the nut attaching
the load cell at the bolt head was 31.6 kN (7100 lbs) or 11.8% of yield strength.

3.4.1.5 Convergence and Rockbolt Load—NRST Station 0+27.4 m.
Convergence data for station 0+27.4 m are presented graphically in Figure 3-16. There is

considerable scatter in the data up to July 1994; however, the general character of the curves are
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similar to trends at the lattice girders and at stations 0+10.7 m and 0+16.8 m. The horizontal
chord indicates a maximum closure of 2.8 m (0.109 in). Peak rates of closure were

0.045 mm/day (0.0018 in/day); however, closure rates have stabilized since mid-June 1994. The
roof-to-floor chords show considerable scatter and general expansion up to a peak value of
—2.5m (0.1 in). This trend changes to closure after January 1995 with rates up to

0.015 mm/day (0.0006 in/day) in July 1995.

Rockbolt load at the head of the grouted bolts is presented in Figure 3-17. Installation
loads generated by torquing the nut against the load cell ranged between 27.1 kN (6100 Ibs) and
33.6 kN (7550 Ibs). After initial load bleed-off, the bolts have been generally stable or have
shown slight reductions in load. Peak load at the bolt head is less than 11.2% of the yield load.

3.4.1.6 Convergence and Rockbolt Load—NRST Station 0+33.5 m.
Convergence data for station 0+33.5 m is presented graphically in Figure 3-18. The convergence
history is similar to stations 0+4.6 m, 0+9.1 m, 0+10.7 m, 0+16.8 m, and 0+27.4 m with the
exception that the roof-to-floor chords indicate continued expansion. Peak closure on the
horizontal chord had reached 3.7 mm (0.146 in), but closure rates were near zero at the last
reading in mid-March 1995. Roof-to-floor chords have reached a maximum expansive
deformation of 3.4 mm (—0.133 in).

Rockbolt load cell data are presented graphically in Figure 3-19. Installation loads varied
from 29.3 to 41.4 kN (6580 to 9320 1bs). Load histories have been generally stable with slightly
increasing trends in the #3R and #1R locations. Peak installation loads were less than 15.5% of

the yield load at the bolt head.
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3.4.1.7 Displacement and Rockbolt Load—NRST Station 0+42.7 m.
Convergence data for station 0+42.7 m is presented in Figure 3-20. The arrangement at
0+42.7 m was slightly different because of the intersection with Alcove No. 1. Roof-to-floor
chords have the same arrangement, however, two horizontal chords were measured to
convergence pins on the west and east sides of the alcove entrance. The pattern of convergence
is similar to the previous stations, with the horizontal chords (SLL-A1L, SLL-A1R) showing
closure and reaching an apparent plateau with increasing time. Maximum closure had reaéhed
8.4 mm (0.332 in) before reversing direction. Closure rates at March 1995 were a maximum of
0.025 mm/day (0.001 mm/day). Roof-to-floor chords showed general stable behavior until the .
July 1995 reading with indicated closure rates of 0.024 mm/day (0.0009 in/day) and
—0.038 mm/day (—0.0015 in/day) for UL-F and UR-F X respectively.

Data from the five-point MPBX installed vertically at station 0+42.7 m is presented in
Figure 3-21. The initial pattern of displacement change was typical, with the deepest anchor
showing the greatest change and the shallowest anchor showing the least change. The
displacements indicated closure, or movement, of the rock surface into the excavation. All gages
abruptly reversed direction around February 15, 1994, and the pattern of change became irregular
in all but the anchor at 1.7 m which showed a consistent pattern of closure at a very low rate.
The maximum change as of June 1995 was 0.60 mm (0.024 in) recorded at the shallowest
anchor. Seven-day interval displacement rates are shown graphicélly in Figure 3-22, and indicate
an oscillatory pattern around zero with relatively low rates of change (0.004 mm/day,
0.0002 in/day) in June 1995.

Rockbolt load as a function of time is shown graphically in Figure 3-23. Following the

initial load bleed-off, the bolts exhibit different behaviors; however, the amount of load change is
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small with regard to the bolt strength. Peak installation load was 23.0% of the bolt yield
strength. Rates of change in bolt load were low.

3.4.1.8 Displacement and Rockbolt Load—NRST Station 0+56.3 m.
(ionvergence data for station 0+56.3 m is presented in Figure 3-24. The two roof-to-floor chords
exhibit similar patterns of closure with a peak value of 3.6 mm (0.140 in). The maximum rate of
closure was 0.093 mm/day (0.0037 in/day), however, closure rates as calculated from the last two
readings were zero for both chords. The horizontal chord showed a maximum closure of 1.4 m
(0.056 in). Currently, only the roof-to-floor chords are being measured at this station because the
spring line was covered by the concrete bearing structure shown in Section 2.3.5, Figﬁre 2-12,
used to launch the TBM.

Rock displacement as measured by the vertical MPBX at station 0+56.3 m is presented in
Figure 3-25. This extensometer shows a consistent pattern of displacements between the anchors
at each depth, however, the anchor at 3.25 m has the greatest displacemént. The displacements at
4.77 and 7.81 m are also transposed. Typically, the deeper anchors will indicate greater
displacement than shallower anchors if all deformations are due to rock deforming into the
tunnel. The changes exhibited in Figure 3-25 are probably due to minute movements at anchors.
This may be due to the irregularity of the hole due to the poor rock quality and the use of the
Borros-type hydraulic anchors.

The maximum closure displacement was small up to July 1995 with a value of 2.35 mm
(0.093 in). Rates of displacement calculated for seven-day intervals, shown in Figure 3-26, were
a maximum of 0.005 mm/day (0.0002 in/day) from the most recent readings in June 1995.

The displacement record for the horizontal MPBX is presented in Figure 3-27. The

pattern of change is very similar to that exhibited by the vertical anchor. A special verification
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exercise was therefore performed on all NRST MPBX instruments to assure that the association
between individual transducers and the data acquisition system (DAS) output was correct. The
physical verification confirmed the records. bisplacements indicated initial closure up to a
maximum of 1.41 mm (0.055 in) on June 30, 1994. The peak value was followed by a small
decrease in all gages suggesting stabilization on July 7, 1994. At this time, the instrument head
was disassembled to install extensions to the rods because the horizontal MPBX was located
within the wall where the TBM thruster pad was to be constructed. A concrete form was inserted
into the thruster pad to allow access to the MPBX. The record beyond July 7, 1994 reflects the
adjustment of the instruments. The displacement then decreases until the end of 1994 and shows
a general trend of increasing closure through June 1995. The total displacement is relatively
small with a maximum value of 1.95 mm (0.077 in).

Displacements rates were calculated for seven-day intervals and are presented in
Figure 3-28. The rates have reduced with time and were a maximum of 0.0035 mm/day
(0.0001 in/day) in June 1995.

Rockbolt load cells at station 0+56.3 m have all shown constant load levels with time as

shown by Figure 3-29. Peak installation load was less than 16.0% of the yield load.

3.4.2 Qlcove No. 1

3.4.2.1 Alcove No. 1 Convergence Stations 0+4.6 m, 0+11.3 m, 0+17.7 m
and 0+24.4 m. The results of convergence measurements performed in Alcove No. 1 are
presented in Figure 3-30 through 3-33. Convergence at each of the Alcove No. 1 stations display
the same general pattern, with initial high rates of closure and with the closure curves tending to

reverse by February 1995. The horizontal chord has shown the greatest change at all
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stations with a peak value of 4.85 mm (0.191 in) at Alcove No. 1 station 0+4.6 m. The
maximum vertical closure was at the same station and reached 2.85 mm (0.112 in). All stations
have shown expansive changes in the most current readings, with the exception of the vertical
chord at station 0-+4.6 m which had a closure rate of 0.006 mm/day (0.0002 in/day).

3.4.2.2 Alcove No. 1 Extensometer Data—Stations 0+11.3 m, 0+17.7 m and
0+24.4 m. Extensometer data is presented in Figure 3-34 for the vertical MPBX at Alcove
No. 1 station 0+11.3 m and the vertical single-point borehole extensometer (SPBX) at Alcove
No. 1 station 0+24.4 m. The instruments at both locations indicate closure in the vertical
direction, with the maximum value equal to 2.1 mm (0.082 in) occurring at the beginning of
September 1994. A slight expansion then occurred, and closure at a reduced rate resumed in
December 1994. Closure rates at the end of the monitoring period in June 1995 were —0.004
mm/day (—0.0002 in/day) and —0.002 mm/day (-0.0001 in/day) at Alcove No. 1 stations 0+11.3
and 0+24.4 m, respectively. Displacement rates are showr\; graphically in Figure 3-35.

The instrument at 0+17.7 m has produced unreliable data due to transducer malfunction.

3.4.2.3 Instrumented Rockbolts—Alcove No. 1 Stations 0+4.6 m, 0+11.5 m,
0+14.0 m, 0+17.7 m and 0+23.8 m. Load data for the instrumented rockbolts in Alcove
No. 1 are presented in Figures 3-36 and 3-37. Bolts at Alcove No. 1 station 0+4.6 m include a
crown bolt and a bolt located at the east rib. Both these instruments show initial tension
bleed-off followed by some increase in load. At the end of the monitoring period, June 1995, the
maximum indicated bolt load was 38.4 kN (8,640 Ibs). Yield strength of the IRBs is
considerably lower than the that were used for permanent support. Due to reduction of area by
the hollow center of the 19.1 mm (3/4 in) type 1060 steel bolt required for insertion of the strain

gage, yield strength is specified at 68.1 kN (15,300 Ibs).
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Similar levels of load and change in load are indicated for the bolts at Alcove No. 1

stations 0+11.5, 0+14.0, 0+17.7 and 0+23.8 m.

3.5 Fibercrete Condition

The condition of the fibercrete has been evaluated by inspect‘ion and mapping of cracks in
August 1995. Mapping was performed by visual inspection using a tape referenced to known
tunnel stationing. The mapping was limited to the north wall and crown in the Main Tunnel
because the conveyor belt and ventilation line obscured the south wall and crown. Visual
estimates of aperture width are noted on the maps. The resulting maps are presented in
Appendix G.

The observed cracks appear to be primarily related to shrinkage and the installation of
rockbolts, hangers and control boxes. They do not appear to be associated with structural

conditions within the rock mass. There is no indication of excessive deformation or debonding.

3.6 BHPC Response During TBM Mine-by

BHPCs were installed at NRST station 0+60.2 m to attempt to monitor stress changes
induced by the TBM as it excavated past the gages. Location and orientation of the gages was
described in Section 2.3.5. The BHPCs were placed in three holes and oriented to measure
vertical and horizontal stress change at increasing radial distances (0.3 to 1.5 m) from the tunnel
wall near the spring line. Change in stress near the tunnel wall would be induced by the advance

of the tunnel past the BHPCs and later by the pressure exerted by the TBM gripper pads.
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Placement of the BHPCs was controiled by access limitations at the end of the NRST.
Holes had to be drilled from the step between the NRST and machine-mined excavation at
0+60.2 m. The holes had to be nearly parallel to the North Ramp alignment to allow
measurement of the radial stress change. ‘

The BHPCs we.re initially pressurized to levels estimated to be in the range of existing in
situ stress, based upon the depth of the tunnel. The initial pressure (see Table 2-5) was used as
the reference pressure and subsequent pressures reported as the change in pressure from the
initial pressures. Figure 3-38 presents the pressure history of BHPC Nos. 1 and 2 for the period
immediately before and after mine-by. Table 3-5 lists the schedule of TBM advance for a
;iistan¢e of 14.2 m from the end of the NRST. BHPC response was heavily impacted by the
temperature variations which produceci daily pressure changes on the order of 0.3 MPa (50 psi)
or roughly 40% of the vertical stress expected at this depth. No stress relief was detected as the
TBM sumped in and cut to 0+63 m. Data for BHPC Nos. 1 and 2 for this’ period are presented in
Figure 3-38, and show no detectable offset within the pattern of the daily temperature-induced
changes.

Bleed-off of pressure had réduced the internal pressure in the BHPCs to near zero. The
BHPCs were, therefore, repressurized on October 4, 1995. This repressurization was followed
by rapid pressure reduction which may have masked stress changes as the TBM advanced
beyond the gage locations between October 6 and October 17, 1994, Typically, the pressure in a
BHPC will decrease for some period of time after repressurization and then stabilize. Both
BHPCs Nos. 1 and 2 show this behavior after repressurization. Because mining commenced

immediately after the repressurization, the pressure record of the response of the BHPCs to

mining was difficult to interpret.
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Table 3-5. Schedule of TBM Advance Between 0+60.2 and 0+74.4 m

Date TBM Penetration Location of Face Comments
(m) (m)
9-19-94 0.00 0+60.2
9-20-94 1.88 0+62.1 Start excavation, mine-by BHPC Nos. 1, 2,
3 and 4.
9-21-94 0.81 - 0+62.9 Mine-by BHPC Nos. 5 and 6.
9-22-94 0.14 0+63.0 TBM stopped for adjustment.
10-5-94 1.62 0+64.7 Repressurized BHPCs 10-4-95.
10-6-94 0.60 0+65.3
10-10-94 0.59 - 0+65.9
10-17-94 0.48 0+66.3
10-27-94 1.80 0+68.1
10-28-94 1.30 0+69.4 TBM gripper pads directly over gages.
10-29-94 3.75 0+73.1
10-30-94 0.27 0+73.4
10-31-94 1.01 0+74.4

The BHPC pressure stabilized prior to the time at which the TBM gripper pads were
di;ectly next to the BHPCs. Each pressure response of BHPC Nos. 1 and 2 to the gripper pad
pressure occurred on October 28, 29 and 30, 1994, after which no response was indicated.

The effects of the TBM gripper pads on the BHPCs are shown in Figures 3-39 and 3-40
for the horizontal (radial) and vertical stress changes, respectively. Gripper pad effects became
apparent in the horizontal direction as early as October 28, 1994 and were greatest in BHPC
No. 2 which was nearest the tunnel perimeter. The greatest change occurred on October 29, 1994
when the grippér pad was immediately over BHPC No. 2. A similar, large change occurred in
BHPC No. 3 immediately after response from BHPC No. 2 stopped. BHPC No. 5, located

farthest from the tunnel wall, showed very little response.
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The vertical stress change was less pronéunced, as shown in Figure 3-40. BHPC No. 1,
closest to the tunnel wall, showed the smallest response with the deepest gages showing the
greatest change.

The rock in the area of the BHPC installations was effected by the presence of a large
fractured zone that crosscut the NRST face and passed into the north rib just beyond the BHPCs,
as shown in Figure 3-41. The existence of this large structure may have impacted the changes of
stress that occurred when the TBM mined past the gage, and may have impacted stress

distribution during application of the gripper pads.
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4.0 North Ramp Starter
Tunnel—Design/Performance Verification

4.1 Introduction

The monitoring activities performed in the In Situ Design Verification studies are
conducted to satisfy requirements in 10 CFR 60, subpart F—Performance Confirmation Progfam
§60.141 Confirmation of Geotechnical and Design Parameters. This section of the Code of
Federal Regulations requires a “continuing program of surveillance, measurement, testing, and
geologic mapping shall be conducted to ensure that geotechnical and design parameters are
confirmed...” It also specifies that “as a minimum, measurements shall be made of rock
deformations and displacement changes, changes in rock stress and strain...,” and that “these
measurements and observations shall be compared with the original design bases and
assumptions” to determine if there is a need for modifications of design or construction methods.

Data produced by the design verification activities are identified as repository design data
needs (TRW 1995) in the areas of:
¢ deformation around openings (3.8.1),

+ convergence around openings (3.8.2), and

+ ground support load and deformation (3.8.3).

The results of the NRST monitoring support the assessment of “Rock Mass Performance
Parameters” for the evaluation of emplacement drift design and for development of acceptance

criteria for subsurface openings.
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The functional requirements of the NRST make stability mandatory because it will
provide the only access to the ESF until completion of the Main Drift and South Ramp. As part
of the ESF permanent structures, systems, and components, the NRST is required to have a
maintainable service life of 100 years (DOE 1995). It therefore controls the progress of all
activities associated with ESF construction and testing in the early phases of site characterization.
The NRST monitoring provides a basis to assess overall stability, to indicate requirements for
maintenance, and to verify success of any maintenance efforts.

Although rock stability is a requirement in several 10 CFR 60 regulations, they do not
provide specific ranges that are needed to judge performance. Initial project-imposed goals were
 defined in the Site Characterization Plan (SCP) (DOE 1988). These tentative goals were
summarized by Hardy and Bauer (1991) as a basis for evaluating the YMP Drift Design
Methodology and are presented in Table 4-1. Assuming the NRST is a main access excavation,
the goals will be used as a basis to evaluate the data observations contained in this report. Other

criteria from the general tunneling industry will also be discussed as a-basis of comparison.

L]

4.2 Monitoring Mining Methods—Blast Monitoring
During construction of the NRST, the monitoring mining methods (construction
monitoring) c;xperiment was confined to monitoring ground motion (PPV), as well as

observational assessments of overbreak and damage in the rock surrounding the openings.
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Table 4-1. Stability Performance Measures and Goals for Repository Drifts
(Hardy and Bauer 1991)

Performance Tentative Goal from SCP Impact
Measure (DOE 1988) on Design
Limit rock damage  Overbreak < 15 cm average Selection of construction methods

Measurable excavation—
technique-induced damage limited to
within 1 m of the excavation*

Closure
Access drifts Closure rate < 1 mm/yr Conservative ground support
Total closure in ramps <7 cm in 100 yr'  Conservative ground support
Rock Fall
Main access drifts No rock falls Conservative ground support design

Maintenance

Main access drifts Inspection and minor maintenance will be
performed on a continuing basis

Major maintenance frequencies** >100 yr Selection of ground support
materials, conservative design

* SCP recommends blast-induced fracture extent into intact rock <7.5 cm average.

+ Deformation expected to be significantly less. ’

I Not currently in SCP, recommended by Hardy and Bauer (1991).

** SCP recommends > 25 yr, value of 100-yr recommended by Hardy and Bauer (1991).

Both the NRST main tunnel and Alcove No. 1 were excavated using the drill-and-blast
mining method. Controlled blasting procedures were implemented to minimize blast-induced
damage to the excavation perimeter. Blast damage can result in loosening of the surrounding
rock mass which increases ground support requirements and long-term maintenance. Specific
Nuclear Regulatory Commission (NRC) regulatory language, 10 CFR 60, subpart E—Technical
Criteria §60.133(f), requires “excavation methods that will limit the potential for creating a

preferential pathway for groundwater or radioactive waste migration to the accessible
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environment.” The ESF Design Requirements (DOE 1995) estimate the rock mass altered by the
excavation will be within 1.5 m of the excavated surface.

Excavation of the NRST produced substantial overbreak on existing structural features in
spite of the use of perimeter blasting procedures and in many instances Aviolated the criteria in
Table 4-1 of <15 cm. Perimeter holes did not generally produce idealized half-casts in the
tunnel perimeter. A similar result, limited borehole half-casts, had been reported by Zimmerman
et al. (1988) during controlled blaéting for a mine-by experiment in fractured, welded tuffs in
G-Tunnel. Maximum reported overbreak in the G-Tunnel experiment was 0.6 m (2 ft) which
occurred in a faulted section.

Monitoring of the blasts indicated that reduced quantities of explosives detonated per
delay and the long period between detonations were successful in controlling PPVs. Delays '
utilized in the blasting could be correlated with individual seismic peaks in the blasting seismic
records. Comparison of near-field seismic motion from the Alcove No. 1 blasting to far-field
data (see Section 3.3) indicated similar trends in PPV versus scaled distance. The near-field
monitoring indicated that PPVs, with dominant frequencies below 300 Hz, dropped below

700 mm/sec (28 in/sec) between 0.91 m (3 ft) and 2.44 m (8 £t) from the Alcove No. 1 perimeter.

" Visual observations of borehole walls at these distances indicated that motions induced on

existing joint structure were sufficient to cause cracking in grout coatings along pre-existing
fractures on the inside of the boreholes at 0.91 m (3 ft) but not at 2.44 m (8 ft). Rock damage
was reported at PPVs above 700 mm/sec (28 in/sec)\ by Holmberg and Perrson (1979). The
observations suggest that the Table 4-1 criteria of limiting measurable blast damage to within

1 m of the excavation perimeter may have been satisfied.
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All blast monitoring conducted in the NRST and Alcove No. 1 used geophones (velocity
sensors) with a flat frequency response up to 300 Hz. Recent results reported by Yang et al.
(1993) indicate that near-field PPVs are substantially higher at very high frequencies (9000 Hz),
and that geophone frequency ranges typically used for blast monitoring are not sufficiently high.
They report PPVs of over 6000 mm/sec (236.5 in/sec) ata distance of 1 m and that typical charge
weight scaling laws underestimated the PPV substantially at distances of less than 10 m (32.8 ft).

There has been very little data developed on the effects of frequency on intact rock
damage. Dowding (1985) emphasized the importance of frequency in controlling damage to
structures adjacent to blasting. Assessments of damage to underground structures were generally
based on amplification factors that occurred as free-field motion intersected a tunnel. There are
currently no data available on the impacts of high frequency, free-field seismic motion on the
rock mass very close to the blast. However, future near-field monitoring at YMP should be

based on accelerometers and recording systems that can capture the high frequency data.

4.3 Monitoring Ground Support Systems

The ground support installed ciuring the construction of the NRST included rockbolts,
steel lattice girders, and fibercrete. Monitoring of rockbolts was accomplished using RBLCs, as
well as IRBs. In addition to monitoring within the NRST, three RBLCs were installed on
rockbolts on the vertical “box-cut” face above the tunnel portal. Closure pins were attached to
the lattice girders in the first 10 m (32.8 ft) to monitor displacement of this component of the

ground support system.
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4.3.1 Rockbolt Load

RBLCs were installed in groups of three at stations along the entire NRST, and IRBs
were installed on bolts within Alcove No. 1. The permanent ground support in both excavations
is based upon fully grouted 3.0 m (10 £t) to 7.3 m (24 ft) long rockbolts. Specifications of these
bolts are (Williams 1995):

+ nominal diameter from 22.2 mm (7/8 in) to 28.6 mm (1.13 in),

+ yield load from 159.9 kN (36,000 1bs) to 269.9 kN (60,000 lbs), and

+ ultimate load from 239.9 kN (54,000 1bs) to 355.9 kN (80,000 Ibs).

The bolts were installed by drilling the bar into the rock with a sacrificial bit, then grouting the
bolt in place with a pumpable thixotropic cement grout. After grout cure, most instrumented
bolts in the main tunnel were pull tested to between 111.1 kN and 249.1 kN to confirm the
rock-grout-bolt bond.

The RBLCs were attached to the rockbolts with extension couplers and then loaded
against a plate set against the tunnel perimeter by torquing up the retaining nut. These
installation loads varied between 10.4 kN (2335 1bs) and 42.8 kN (9635 lbs), well below the
range of bolt yield strength. All bolts underwent load bleed-off and have settled into generally
stable patterns through the monitoring period (installation to June 1995). Figure 4-1 presents a
graphical comparison of the installation load and final load for the monitoring period to the bolt

specifications.
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The grouted bolts were instrumented because they are the support system (in conjunction
with mesh and fibercrete). Instrumentation of grouted rockbolts is generally not done because
the grout column ;listributes bolt load into the grout/rock column by shear stress. This makes the
load cell at the tunnel perimeter insensitive to loading that may occur at some depth into the
rock. Bolt failure at some depth into the rock could therefore occur without the load cell seeing
load changes in the range of bolt yield or ultimate strength.

This approach was modified in Alcove No. 1 by installing IRBs using conventional
anchors without grouting to provide a comparison. Comparison between the IRB performance

"and RBLC performance indicates similar stable bolt loads with time. Figure 4-2 compares the
bolt load at installation and at the end 6f the monitoring period to bolt yield strength for the

Alcove No. 1 IRBs.

4.3.2 Portal Girder Deformation

Deformation of the portal girders embedded in shotcrete is tracked by the convergence
data presented in Section 3.4.1.2. These deformations have apparently reached plateaus;
however, they have both showed small rates of closure in the horizontal and inclined chords in
the most recent measurer.nents. These rates, 0.009 mm/day to 0.011 mm/day, are well below
empirical values proposed by Bieniawski (1984) that would suggest pending instability

(0.05 mm/day or greater).
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4.3.3 Visual Mapping of Fibercrete Cracking

Some cracking has occurred in the fibercrete both on the hi;ghwall and within the NRST.
This cracking was observed shortly after installation and was mapped as part of the In Situ
Design Verification Study. The fibercrete in the vicinity of the cracks has been “sounded” and
no evidence suggests that the fibercrete has debonded from the surrounding rock. The amount of
cracking present is not considered anomalous at this time, however, the cracks will continue to
be observed and compared to drift closure and RBLC data. This combined information will be
used to determine whether remedial actions are required to arrest additional cracking or

deterioration of the fibercrete.

4.3.4 Verification of Ground Support Design

Rock mass quality assessments in the NRST and Alcove No. 1 allowed empirical
verification of the ground support installed in the NRST. The results of the assessments in
individual sections of the excavations were presented in Section 3.2, Table 3-1, and
length-weighted log mean values of Q were listed in Table 3-2. The range of mean values were
used as the basis to assess the installed ground support using empirical design data from Barton
et al. (1974).

Empirical ground support was correlated with rock mass quality (Q) using a logarithmic
scale for over 200 tunneling case histories by Barton et al. (1974). The case history data were
used to develop ground support categories that were correlated with both Q and the excavation
span divided by a factor called excavation support ratio (ESR). The ESR factor introduces an

adjustment for the duty of the excavation. Temporary excavations, for example mine production
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excavations, have a large ESR (3-5). Underground civilian facilities, major highway tunnels,
portals, power stations, etc. have an ESR of 1.0. YMP has adopted an ESR value of 1.0 fo;' most
of the ESF openings.'

The empirical ground support as described by Barton et al. (1974) is compared to
installed ground support in Table 4-2. The table indicates that the installed ground support is
consistent with the empirical ground support design approach in all areas of the NRST.

All data collected to monitor ground support performance for the NRST and Alcove
No. 1 suggest that the installed ground support is performing within design specifications.
Continued monitoring of all ground support instrumentation is required so that any deterioration

in ground support performance is recorded and appropriate remedial measures taken.

4.4 Monitoring Drift Stability

Drift stability in the NRST was monitored by making displacement measurements in the
rock mass using extensometers and by measuring overall closure using tape extensometers.
These measurements have been compared with both empirical criteria and the tentative SCP
goals in Table 4-1 to ascertain whether the drifts are performing according to design
requirements. Performance requirements for underground structures are generally linked to their
functional requirements. The ESF accesses require greater control of potential instabilities to
assure that they are not manifested as deleterious rock movement and to allow continuity of

function during the site characterization.

'ESF Ground Support Design Analysis, BABEE0000-01717-0200-00002, Rev. 00D.
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Table 4-2. Comparison of Empirical Ground Support versus Installed Ground
Support

Range of Log
Mean Q Empirical Installed
Q.. Q.. Ground Support Ground Support
Lattice Girders 0.067 —  CAT. 35—tensioned, grouted = Temporary support 3.0-m
rockbolts on 1-m spacing with  split sets on 1.2-m spacing
20-75 cm mesh-reinforced with wire mesh, plus final
shotcrete support 3.0-m

untensioned, grouted
‘ rockbolts on 1.2-m
— 1.03 CAT. 27—untensioned, grouted spacing; steel lattice
rockbolts on 1-m spacing with  girders on 1.4-m spacing

5-7.5 cm mesh-reinforced embedded in fibercrete to
shotcrete minimum cover of 38 mm.
NRST Top Heading 0.42 —  CAT. 31—tensioned, grouted = Temporary support 2.0-m
rockbolts on 1-m spacing with  split sets with wire mesh,
5-12.5 cm mesh-reinforced plus final support 3.0-m to
shotcrete 7.3-m untensioned,

— 109 CAT. 23—untensioned, grouted 8routed rockbolts on
rockbolts on 1-1.5-m spacing ~ 1-2-M centers with

with 5-10 cm mesh-reinforced 152 mmx152 mm, )
shotcrete - w2.9%2.9 welded wire

i fabric with 15.2-cm
NRST Bench* 0.36 —  CAT. 27—untensioned, grouted fibercrete, minimum
bolts on 1-m spacing with 10.2 em fibercrete
5-7.5 cm mesh-reinforced
shotcrete

— 2.11 CAT. 18—tensioned, grouted
bolts on 1-1.5-m spacing with
chain-link mesh

Alcove No. 1 0.36 — CAT. 31—tensioned, grouted  3.0-m split sets on 1.2-m
rockbolts on 1-m spacing with  spacings, 152 mmx
5-12.5 cm mesh-reinforced 152 mm, welded wire
shotcrete fabric, minimum 10.2 cm

—_ 2.780 CAT. 26—untensioned, grouted fibercrete
rockbolts on 1-m centers with
2.5-5 c¢m shotcrete

*Q is multiplied by 2.5, as per Barton et al. (1974), to determine wall support category.
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Empirical criteria relating measured displacements to underground opening stability were
described by Bieniawski (1984):

+ rates of displacement of the order of 0.001 mm/day (0.0004 in/day) indicate stable conditions,

+ rates of 0.05 mm/day (0.002 in/day) are quite high and dangerous for wide chambers, and

+ rates of over 1.0 mm/day (0.039 in/day) are excessive and call for additional support
measures.

These criteria compare well with the tentative goal in Table 4-1 of rates less than 1 mm/yr

(0.039 in/yr) or an average rate of 0.0027 mm/day (0.0004 in/day).

Displacement rate data from the monitoring records in Section 3.0 have been summarized
and presented graphically in Figure 4-3 for comparison against the empirical criteria. The figure
presents displacement rates from both convergence and extensometer measurements as a function
of tunnel station and indicates that rates at the end of June 1995 are well below the empirical
criteria of 0.05 mm/day (0.002 in/day) for wide openings. The NRST width of 10 m (32.8 ft)
would be considered at the lower end of the range of wide openings. Hov;ever, the rates are
generally higher than the SCP tentative yearly goal which would produce an average daily
closure rate of 0.0027 mm/day (0.0004 in/day). The low displacement rates were confirmed by
RBLC records which indicated generally stable trends in bolt load change.

Alcove No. 1 convergence and extensometer data indicated generally expansive
convergence deformations at the end of the monitoring period (June 1995). The maximum
closure rate was 0.004 mm/day (0.0002 in/day), well below the rate at which concern for stability
would be indicated. These results are consistent with expected drift stability for an opening at

shallow depth.
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Comparison of NRST Closure Rates to Stability Criteria
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Figure 4-3. Comparison of NRST closure rates to stability criteria.
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5.0 Summary and Conclusions

Sandia National Laboratories is conducting ongoing in situ experiments and activities to
support design verification of the underground openings for the proposed repository at Yucca
Mountain. This report describes these experiments and activities conducted in the North Ramp
Starter Tunnel and Alcove No. 1, including evaluation of the mining methods, evaluation of drift
stability, and evaluation of ground supports. The measurements in and around the NRST are
expected to continue throughout the life of the proposed repository. Therefore, the data
presented in this report, April 1993 through June 1995, represent the first of a series of reports
covering the design verification activities.

Installed instrumentation included rockbolt load cells, instrumented rockbolts, borehole
extensometers, closure pins, and borehole pressure cells. In general, the instrumentation has
performed well with the exception of the borehole pressure cells and have provided continuous
data since installation. The borehole pressure cells showed excessive pressure bleed-off at low
installation pressures (< 2 MPa, 290 psi) and had large daily temperature effects even after
efforts to insulate the exposed transducers. BHPC performance may have been impacted by the
relatively poor rock quality and high rates of air movement through the rock that may have
caused convective temperature changes around the BHPCs.

Blasting seismic monitoring was conducted during excavation and rock mass quality was
assessed for various intervals as they were excavated.

‘Evaluation of the data indicated the following main conclusions:

5-1
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The range of rock mass quality data collected in the NRST was large (Q = 0.06 — 17.40) and
indicated generally poor rock conditions.

The installed ground support was consistent with ground support requirements indicated by
the rock mass quality (Q) and empirical case history data reported by Barton et al. (1974).
The performance of the instrumented grou-nd support components, rockbolts, and lattice
girders indicated that they are not currently being loaded excessively by ongoing tunnel
deformation.

The magnitude of closure measured in the tunnel after installation of the final ground support
has been relatively small. The maximum closure was less than 12 mm (0.47 in) along
horizontal chords. Maximum closure measured on inclined roof-to-floor chords was less than
2 mm (0.08 in)

Closure curves have generally reached plateau values since mid-1994. Since this time,
displacement rates indicate both expansion and closure. This behavior is consistent with
oscillations around a stable value due to long period thermal response because of the
near-surface proximity.

Closure rates, as measured by convergence points, at the end of the monitoring period, are
relatively low by empirical tunneling criteria (< 0.02 mm/day, 0.0008 in/day), but are greater
than the SCP tentative goal for average daily convergence of accesses of 0.0027 mm/day
(0.0004 in/day). However, the rates reported are the most recent values taken from the end of
the monitoring period and may represent cyclic thermal displacements, not continued
long-term trends. Closure rates, as measured by vertical MPBXs where data points are

collected daily, were less than 0.004 mm/day (0.00016 in/day).
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+ Blasting monitoring data suggested that peak particle velocities produced by the controlled
blasting procedures were consistent with good practice. The rock damage assessment
performed suggested that the rock damage may have~ been consistent with tentative SCP goals.

+ The results of monitoring instruments in the NRST indicate overall performance of the NRST
that is consistent with the SCP goals for both long-term stability and the functional

requirements.
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Appendix A
Traceability of NRST Data

Data in this report were developed and documented in a series of scientific notebooks.
The relationship of the notebook and traceability of the data into this report “Evaluation of
Geotechnical Monitoring Data from the ESF North Ramp Starter Tunnel April 1994 to Jﬁne
1995” are described in Figure A-1. The figure presents a flowchart showing the activities of data
collection and linkage between scientific notebooks which are listed by their number (SN #04,
for example) and the notebook title. A central analysis file was developed to support preparation
of the report and all relevant information from the scientific notebooks was assembled in this file.
" The data were submitted in the following interim data transmittals:
1. DTN: SNF32120393001.010—RBLC, IRB, and MPBX Data for the NRST/Alcove No. 1
(initial installation through June 20, 1995)
2. DTN: SNF33120393002.001—Convergence Pin Data for the NRST/Alcove No. 1 (initial
installation through July 2, 1995)
3. DTN: SNF28021693001.005—Rock Mass Quality Assessments in the North Ramp
Starter Tunnel—Top Heading, Bench, and Alcové No. 1
4, DTN: SNF28021693001.006—Map of Fibrecrete Surface Cracks—North Ramp Starter
Tunnel
5. DTN: SNF28021693001.007—Blast Monitoring Data—North Ramp Starter Tunnel, Top
Heading and Alcove No. 1
6. DTN: SNF28021693001.008—North Ramp Starter Tunnel, Borehole Pressure Cell Data

Collected during TBM Mine-By
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Traceability of Data for the North Ramp
Starter Tunnel Data Report

Sandia National Laboratories YMP WA-0065, Rev 3 and WA-01 16, Rev 1

Multipoint Borehole

Rock Mass Convergence Roack Bolt Borehole Pressure Blast
Quality Monitoring Load Cells Extensometers  Cells Monitoring
SNB#004 NRST SNB#008 Closure SNB#002 Rock Bolt SNB#006 Multi- SNB#015 SNB#001-1, -1, -lit
Rock Mass Quality Points Load Cells Position Borehole Borehole NRST Blast
Estimation (Top Extensometer Pressure Cell Monitoring of Top
Heading and Bench) Installation in Heading
SNS4-007 SN94-010 SN95-001 SN94-011 NRST at SN94-006-1, I, 1l
Station 1+95
l l l SNg4-021 l
SNB#012 SNB#011 NRST SNB#010 NRST SNB#005 NRST
Convergence Rock Bolt Load Cell Multiple Point Blast Monitoring of
Monitoring Data Borehole Bench Rounds
(Ending 3/31/94) (Ending 3/31/94) Extensometer Data
SN94-019 SN94-018 (Ending 3/31/94) SN94-004
T SN94-020
Y.
! v v y
SNB#003 Alcove Instrumentation and Rock Quality SNB#009 Alcove
Blast Project
SNS4-005

{ ! ! ' sne4.0o1

SNB#016 NRST/ SNB#018 NRST/Alcove 1 Data Acquisition System
Alcove 1 SNS4-023
Convergence Data
(4/1/94-12/31/94)
SN95-005 \ 4 \ 4 y
¥ SNB#017 In Situ Design North g‘;’g”ezgmhole SNB#007 Blast
SNB#022 Verification Data (MPBX, Pressure ‘(’: oll Data Monitoring Activities
Convergence RBLC, & IRB) (Mine-by Experiment) in the Alcove/NRST
Monitoring Data (4/1/94-6/31/95) (7118/34-12/31/94)
(1/4/95-12/31/95) SN95-007 SN95-009 SN84-008
SN95-006
v v A4 L 4 Y

Evaluation of Geotechnical Monitoring Data from the ESF North Ramp Starter Tunnel—April 1994 to June 1995
EN95-003

. v . ' ’

Evaluation of Geotechnical Monitoring Data from the ESF North Ramp Starter Tunnel

SAND95-1675

Figure A-1. Flow chart showing data collection activities and traceability
of data in scientific notebooks.
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Appendix B
NRST Plan Map with Instrument Locations

B-1







Elev. ()
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765359.44 569802.38 3682.71 Convergenc
765345.67 569795.02 3701.25 Convergenc
765351.28 569798.12  3713.05 Convergenc
765367.02 569806.72  3713.03 Convergenc
765372.93 569809.83  3700.66 Convergenc
765366.75 569789.07 3683.22 Convergenc
765353.25 569781.59  3701.62 Convergenc
765358.56 569784.57  3712.87 Convergenc
765374.29 569793.57 3713.25 Convergenc
765379.99 569796.69 3700.78 Convergenc
765380.02 569765.24 3682.55 Convergenc
765367.12 569757.97  3698.90 Convergenc
765371.95 569760.65  3712.02 Convergenc
765386.77 569771.01 3712.01 Convergenc
765391.75 569773.04  3699.77 Convergenc
765383.39 5689727.67 3689.02 Convergenc
765387.04 569731.52  3712.78 Convergenc
© 765387.52 569731.10  3712.62 Rock Bolt Lc
7653968.92 569738.90  3715.97 Rock Bolt L
765405.12 569738.39 3712.81 Convergenc
765407.59 569740.30  3708.59 Rock Bolt Lt
765393.12 569710.92 3699.30 Convergenc
765410.23 569720.66 3716.99 Rock Bolt Lc
765415.83 569723.24  3711.88 Rock Bolt L¢
765406.21 569685.78  3699.07 Convergenc
765410.89 569689.74 3711.84 Convergenc
765426.38 569694.23  3712.99 Extensomet
765428.75 569696.41 3711.24 Convergenc
765427.54 569646.87 3700.76 Convergenc
765434.13 569650.41 3713.12 Convergenc
76543441 569649.89  3712.94 Rock Bolt Lc
765396.58 569734.78 3682.52 Convergenc
765406.23 569717.56 3689.03 Convergenc
765420.79 5698690.77 3689.11 Convergenc
765441.16 569654.44 3716.91 Rock Bolt Lc
765449.45 569658.90 3711.96 Rock Bolt Lc
765449.09 568659.50  3711.93 Convergenc
765441.57 569653.62 3683.32 Convergenct
765453.82 569661.26 3698.39 Convergenc:
765397.80 569714.61 3715.81 Rock Bolt Lc
765398.78 569716.21 3718.04 Convergenc
765413.36 569722.09 3716.54 Convergenc.
765421.05 569726.88 3699.31 Convergenc
765409.97 569740.88 3898.66 Convergenct
__________ Northing () _ Easting () _ _Elev. (R)
765463.24 56964525  3608.62  Borehole Prt
765460.38  569648.04  3598.41 Borehole Pre
765464.48  560644.86  3698.68  Borehole Pre
765462.64 569646.55 3698.54 Borehole Pre
765467.01 569644.03  3598.72 Borehole Pre
765465.10 56964564  3698.60  Borehole Pre



Eev.my Descriplor _________
3682.71 Convergence Pin 0+04.6 F
3701.25 Convergence Pin 0+404.6 SLL
3713.05 Convergence Pin 0+04.6 UL
3713.03 Convergence Pin 0+04.6 UR
3700.66 Convergence Pin 0+04.6 SLR
36683.22 Convergence Pin 0409.1 F
3701.62 Convergence Pin 0+409.1 SLL
3712,87 Convergence Pin 0+09.1 UL
3713.25 Convergence Pin 0+09.1 UR
3700.78 Convergence Pin 0+09.1 SLR
3682,55 Convergence Pin 0+16.8 F
3698.90 Convergence Pin 0+16.8 SLL
3712.02 Convergence Pin 0+16.8 UL
3712,01 Convergence Pin 0+16.8 UR
3600.77 Convergence Pin 0+18.8 SLR
3690.02 Convergence Pin 0+27.4 SLL
712,78 Convergence Pin 0+27.4 UL
3712.62 Rock Bolt Load Cell 0+27.4 L
3715.97 Rock Bolt Load Cell 0+27.4 C
3712.81 Convergence Pin 0+27.4 UR
3708.59 Rock Bolt Load Cell 0+27.4 R
3699.30 Convergence Pin 0+33.5 SLL
3716.99 Rock Bolt Load Cell 0+33.5C
3711.88 Rock Bolt Load Cell 0+33.5 R
3699.07 Convergence Pin 0+42.7 SLL
3711.84 Convergence Pin 0+42.7 UL
a712.99 Extensometer (MPBX) 0+42,7V
3711.24 Convergence Pin 0+42.7 UR
3700.78 Convergence Pin 0+56,3 SLL
3713.12 Convergence Pin 0+56.3 UL
3712,94 Rock Bolt Load Cell 0+56.3 L —
3682,52  Convergence Pin 0+27.4 F ot __~
3689.03 Convergence Pin 0+33.5F g,'}l
3689.11 Convergence Pin 0+42.7 F o>
3716.91  Rock Bolt Load Cell 0+56.3 C —3
3711.96 Rock Bolt Load Cell 0+56.3 R
3711.83 Convergence Pin 0+56.3 UR
3683.32 Convergence Pin 0+56.3 F
3698.39 Convergence Pin 0+56.3 SLR
3715.81 Rock Bolt Load Cell 0+33.5 L.
3718.04 Convergence Pin 0+33.5 UL
3716.54 Convergence Pin 0+33.5 UR
3699.31 Convergence Pin 0+33,5 SLR .
3698.66 Convergence Pin 0+27.4 SLR
<%
Elev. () _______ Descriplor ___ H
3698.62  Borehole Pressura Cell (BHPC) V1~~~ o
369841  Borehole Pressure Cell (BHPC) H1 3
3698.68 Borehole Pressure Cell (BHPC) H2
3698.54 Borehole Pressure Cell (BHPC) V2
3698.72 Borehole Pressure Cell (BHPC) H3
3698.60 Borehole Pressure Celi (BHPC) V3
b
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-BotiD ___ Norhing () Easting(t)  Elev.(t) ___ ______ 1 Descrptor _________
1000 A 765432.78  580707.74  3892.32 Convergence Pin A1 0+04.6 A1R
1001 A 765450.01 569713.84  3683.01 Convergence Pin A1 0+11.3 SLR
1002 A 76547021 569724.23  3602.42 Convergencg Pin A1 0+17.7 SLR
1003 A 765490.89 5688730.75  3603.84 Convergence Pin A1 0+24.4 SLR
1004 A 765497.03 56971159  3693.12 Convergence Pin A1 0+24.4 SLL
1005 A 765477.52 569703.20  3692.69 Convergence Pin A1 0+17.7 SLL
1008 A 765459.08 569695.61 3692.85 Convergence Pin A1 0+11.3 SLL
1007 A 76544066 569688.89  3603.07 Convergence Pin A1 0404.6 A1L
1008 A 765434.96 569689.86  3683.868 Convergence Pin A1 0+04.6 F
1008 A 76545341 568707.75 3684.51 Convergence Pin A1 0+11.3F
1010 A 765474.00 569716.41 3684.37 Convergence Pin A1 0417.7 F
1011 A 76549145 568724.50 3685.02 Convergence Pin A1 0+24 4 F
1012 A 765492.81 569723468  3702.94 Convergence Pin A1 04244 U
1013 A 765492.02 58972166  3703.31 Instrumented Rock Bolt A1 0+23.8 U
1014 765480.35 569719.75  3703.48 Extensometer (MPBX) A1 0+24.1V
1015 765473.94 5608716.64  3701.58 Convergence Pin A1 0+17.7U
1018 76547437 569713.90  3702.21 Instrumented Rock Bolt A1 0+17.7 U
1017 765483.30 569709.35  3702.53 Instrumented Rock Bolt A1 0+14.0 U
1018 765464.31 56898709.00 3702.67 Extensometer (MPBX) A1 0+17.7 V
1019 765455.88 5697068.83  3702.64 Instrumented Rock Bolt A1 0+11.9 U
1020 765453.22 569707.99  3701.85 Convergence Pin A1 0+11.3U
1021 765452.26 569704.15  3701.58 Extensometer (MPBX) A1 0+11.3V
1022 765434.86 580698.84  3702.33 Convergence Pin A1 0+04.6 U
1023 765433.57 589704.93  3600.42 Instrumented Rock Boit A1 0+04.8 SLR
1024 765435.45 589698.76  3702.09 instrumented Rock Bolt A1 0+04.68 U

_Pointi0 """ Norhing (W) _Easting () _ Elev. () ___________ Descriptor ____

106 76542022 569643.71 3697.37 Extensometer (MPBX) 0+56.3 H

_PointlD__ Norhing () _Easfing ) _ Elev.() ____ | Desciptor ______
1000 B 765447.66 56085442  3713.95 Extensometer (MPBX) 0+56.3 V
1001 B 765408.81 560687.53  3707.41 Rock Bolt Load Cell 0+42.7 L
1002 B 765418.72 569692.55 3714.52 Rock Bolt Load Cell 0+42.7 C
1003 8 765428.02 569697.14 3711.24 Rock Bolt Load Cell 0+42.7 R
1004 B 765388.28 569770.71 3711.43 Rock Boit Load Cell 0+16.8 R
10058 765374.40 569761.99 3714.19 Rock Boit Load Cell 0+16.8 L
1008 B 765379.15 569767.88  3715.38 Rock Bolt Load Cell 0+16.8 C
1007 B 76534591 5698068.83  3727.83 Rock Boit Load Cell 0+00.0 L
1008 B 765357.53 569808.93  3731.13 Rock Bolt Load Cell 0400.0 C
1009 B 765364.06 569818.42  3722.05 Rock Boit Load Cell 0+00.0 R
10108 765369.68 569783.27 3683.46 Convergencs Pin 0+10.7 F
1011 B 765373.11  569786.58 3715.76 Convergence Pin 0+10.7 UR
012 8B 765356.87 5698774.39 3708.10 Convergence Pin 0+10.7 SLL
1013 B 765363.22 569779.87  3715.88 Convergence Pin 0+10.7 UL
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) _Elev.( __ ________. Descriptor _________
3692.32 Convergence Pin A1 0404.6 A1R
3683.01 Convergence Pin A1 0+11.3 SLR
3692.42 Convergem':,e Pin A1 0+17.7 SLR
3693.84 Convergence Pin A1 0+24.4 SLR
3693.12 Convergence Pin A1 0+24.4 SLL
3602.69 Convergence Pin A1 0+17.7 SLL
3692.85 Convergence Pin A1 0+11.3 SLL
3803.07 Convergence Pin A1 0404.6 A1L
3683.86 Convergence Pin A1 0+04.6 F
3684.51 Convergence Pin A1 0+11.3F
3684.37 Convergence Pin A1 0+17.7 F
3685.02 Convergence Pin A1 04244 F
3702.94 Convergence Pin A1 0+24.4 U
3703.31 Instrumented Rock Bolt A1 0+23.8 U
3703.49 Extensometer (MPBX) A1 0+24.1V
3701.,56 Convergence Pin A1 04+17.7 U
3702,21 Iinstrumented Rock Bolt A1 0+417.7 U
3702.53 Instrumented Rock Bolt A1 0+14.0 U
3702.67 Extensometer (MPBX) A1 0+17.7 V
3702.64 Instrumented Rock Bolt A1 0+11.9 U
3701.05 Convergence Pin A1 0+11.3 U
3701.58 Extensometer (MPBX) A1 0+11.3V
3702.33 Convergence Pin A1 0+04.6 U
3699.42 Instrumented Rock Bolt A1 0+04.6 SLR
3702.09 Instrumented Rock Bolt A1 0+04.68 U

 _Eevm) Descriptor _________
3687.37 Extensometer (MPBX) 0+56.3 H

vy Descriplor ____ "~

! 3713.85 Extensometer (MPBX) 0+56.3 V

| 3707.41 Rock Bolt Load Cell 0+42.7 L

: 3714.52 Rock Bolt Load Cell 0442.7 C

. 3711.24 Rock Bolt Load Cell 0+42.7 R
3711.43 Rock Bolt Load Celi 0+16.8 R

371419 Rock Bolt Load Cell 0+16.8 L

. 3715.38 Rock Balt Load Cell 0+16.8 C

L 3727.93 Rock Bolt Load Cell 0400.0 L.

. 3731.13 Rock Bolt Load Cell 0+00.0 C

372205 Rock Bolt Load Cell 0400.0 R

' 3683.48 Convergence Pin 0+10.7 F

: 3715.76 Convergence Pin 0+10.7 UR

: 3708.10 Convergence Pin 0+10.7 SLL

' 3715.88 Convergence Pin 0+10,7 UL
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Appendix C
NRST Instrument Stations and
Data Acquisition System

C-1
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Appendix D
U.S. Bureau of Reclamation
Full Periphery Map/Starter Tunnel
DTN: GS940208314224.002
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Appendix E
NRST Top Heading and Alcove No. 1
Blast Monitoring Data
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Table E-1. Peak Particle Velocity, Distance, and Explosive Charge Weight—Top
Heading

PPV Distance (R) Explosive Charge R/W2 R/W* Blasting
(in/sec) (ft) Weight (W) (1bs) (ft/1b'?) (ft/b'®)  Seismograph

0.06 200 1 200 200 EV 6000 PDs

0.55 76 4 38 48

0.43 81 6 33 . 44

0.41 85 3 49 59

0.47 95 3 55 66

0.33 102 6 42 ) 56

0.36 105 2 75 84

0.30 111 4 56 70

0.18 118 12 34 51

0.20 122 29 23 40

0.10 127 1 127 127

1.54 46 2 33 37

0.56 51 1 51 51

0.41 138 5 62 81

0.49 145 30 27 47

0.45 153 2 108 122

0.53 158 10 50 - 13-

0.36 165 7 62 86

0.19 172 13 48 73

0.22 172 15 45 70

0.24 181 4 91 114

0.19 188 11 57 85

0.20 203 6 83 112

0.16 213 24 43 74

0.28 220 7 83 115

0.08 228 5 102 133

0.11 235 9 78 113

0.18 243 7 92 127

0.16 254 7 96 133

0.25 204 4 102 - 128 EV II PDs

0.07 210 6 86 115 '

0.13 214 3 124 149

0.86 41 3 24 28

0.86 45 6 19 25

0.51 48 2 34 38

0.37 53 4 27 33

0.33 59 12 17 26

0.26 63 29 12 21

0.15 67 1 67 67

E-2
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Table E-1 continued

PPV Distance (R) Explosive Charge R/W" R/W"? Blasting
(in/sec) (ft) Weight (W) (Ibs) (ft/1b'?) (ft/1b'”)  Seismograph
0.35 68 2 48 : 54
0.24 73 1 73 73
0.45 77 5 35 45
0.27 85 30 15 27
0.33 92 2 65 73
0.18 104 7 39 54
0.19 110 13 31 47
0.22 110 15 29 45
0.15 120 4 60 ‘ 75
0.16 134 5 60 79
0.21 141 6 58 78
0.18 151 24 31 52
0.88 72 7 27 38 EV 6000 NSs
0.96 76 4 38 48
0.50 76 8 27 38
1.16 85 21 - 19 31
1.15 92 12 27 40
0.49 93 14 25 39
0.81 100 20 22 37
0.47 108 6 . 44 , 60
0.47 119 33 21 37
0.84 128 5 57 75
0.31 136 60 18 35
0.67 144 19 33 54
0.37 153 20 34 56
0.18 158 7 60 83
0.18 . 165 18 39 63
0.29 172 4 86 108
" 0.31 202 15 52 82
0.24 210 32 37 66
0.32 220 18 52 84
0.23 228 16 57 90
0.25 235 22 50 84
0.18 254 5 114 149
0.13 254 24 52 88
3.36 32 4 16 20 EV II NSs
2.33 32 8 11 16
3.71 35 21 8 13
2.05 39 12 11 17
1.85 40 14 11 16
1.24 44 20 10 16
0.53 51 6 21 . 28
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Table E-1 continued

PPV  Distance (R) Explosive Charge R/W2 R/W? Blasting
(in/sec) (ft) Weight (W) (bs) (b  (ft/1b'®)  Seismograph

0.67 60 33 10 19

0.40 68 5 31 - 40

0.29 76 60 10 19

0.35 83 , 19 19 31

0.39 92 20 21 34

0.26 97 7 37 51

0.18 104 18 24 40

0.22 110 4 55 69

0.18 114 9 38 55

0.18 127 11 38 57

0.19 134 11 41 60

0.23 140 15 36 57

0.28 148 32 26 47

0.56 74 1 74 74 EV 6000 SSs

0.70 32 1 32 32 EV II SSs
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Table E-2. Near-Field Blast Data from Alcove No. 1 (data sorted by PPV)

PPV Distance (R) Explosive Charge R/W'? R/W'? Blasting
(in/sec) (f6) Weight (W) (lbs) (ft/1b'?) (ft/Ib®)  Seismograph
43.30 12 6 4.90 6.64 TA 3 Near
43.30 8 3 4.62 5.57 TA 3 Near
43.30 3 24 0.61 1.05 TA 4 Near
29.18 11 3 6.35 7.65 TA 3 Near
27.34 9 ' 3 5.20 6.26 TA 4 Near
25.37 13 3 7.51 9.05 TA 3 Far
24.60 8 24 1.63 2.80 TA 4 Far
24.23 17 6 6.94 - 941 TA 3 Far
22.77 14 3 8.08 9.74 TA 4 Far
22.44 11 12 3.18 4.84 TA 3 Far
20.84 8 1 8.00 8.00 TA 1 Near
20.12 12 10 3.79 5.61 TA 1 Near
19.99 12 3 6.93 8.35 TA 3 Near
17.79 6 12 1.73 2.64 TA 3 Near
16.25 16 3 9.24 11.13 TA 3 Far
15.73 17 10 5.38 7.95 “TA 1 Far
12.62 17 3 9.81 11.83 TA 3 Far
11.91 5 7 1.89 2.63 TA 1 Near
11.04 13 1 13.00 13.00 TA 1 Far
11.00 13 21 2.73 4.58 TA 4 Far
10.93 3 19 0.69 1.14 TA 3 Near
10.88 8 21 1.64 2.75 TA 4 Near
10.62 8 19 1.84 3.03 TA 3 Far
8.39 13 11 3.92 5.89 TA 3 Near
7.95 8 1 8.00 8.00 TA 1 Far
7.37 10 6 4.08 5.54 TA 4 Near
7.19 18 11 543 8.16 TA 3 Far
6.81 12 3 6.93 8.35 TA 4 Near
6.19 12 6 4.90 6.64 TA 4 Near
6.06 3 1 3.00 3.00 TA 1 Near
5.10 17 6 6.94 9.41 TA 4 Far
5.10 15 6 6.12 8.30 TA 4 Far
4.98 12 3 6.93 8.35 TA 4 Near
4,98 12 3 6.93 8.35 TA 4 Near
4.88 12 6 4.90 6.64 TA 4 Near
4.78 11 9 3.67 5.33 TA 4 Near
4.32 5 3 2.89 3.48 TA 4 Near
4.06 10 7 3.78 5.26 TA 1 Far
4.06 17 3 9.81 11.83 TA 4 Far
3.68 17 3 9.81 11.83 TA 4 Far
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Table E-2 continued
PPV  Distance (R) Explosive Charge R/W'? R/W'? Blasting

(in/sec) (ft) Weight (W) (Ibs) t/1b'?) (ftb'®)  Seismograph

3.68 17 3 9.81 11.83 TA 4 Far
3.26 10 3 5.77 6.96 TA 4 Far
2.89 16 9 5.33 7.75 TA 4 Far
2.83 17 6 6.94 9.41 TA 4 Far
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Appendix F
Empirical Ground Support Design Category
(from Barton et al. 1974)
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Key to Support Tablas:

ab = spot bolting

B = systematic bolting

{utg) = untensioned, grouted

(tg) = tensioned, (expanding shell type for competent
rock masses, grouted post-tensioned in very
poor quality rock masses; see Note XI)

S = shotcrete

(mr) = mesh reinforced

clm = chain link mesh

CCA = cast concrete arch

(sr) = steel reinforced

Bolt spacingsare given in metres (m). Shotcrete, or
cast concrete arch thickness is given in centimetres
(cm) .

Tabla 8. Support Measures for Rock Masses of

08/25/95

Note: The type of support to be used in categories
1 to 8 will depend on the blasting technique.
Smooth wall blasting and thorough barring-down
may remove the need for support, Rough-wall
blasting may result in the need for single
applications of shotcrete, especially where
the excavation height is >25 m. Future case
records should differentiate categories 1 to 8.

Table 9. Support Measures for Rock Masses of "Fatir”
and "Poor” quality (Q range: 10-1).

"Exgptional”, "Extremely Good","Very Good" Condiet
" o . . " Ltional factors
and "Good” Quality (Q range: 1000~10) z'zggrt RQD o SPAN Type of support Note
Support Conditional factors ory In 7 ESR
cate- BQD Jp SPAN  Type of support  Notes >30
—_ - - sb(utg)
gory I Jg ESK 210, g
17 (530 ) - - B{utg) 1-1.5m
-« - - - -
L oo sb(utg) - <10 - 2w Blutg) 1-1.5m I
2% sb(utg) +S 2-3 cm
= -oo- sblutg) N <10 - __<6m S23em I
T = - -Ab-b(ucg) = >5 - 210 @ B(tg) 1-1.5m I,IIr
6* - - -  shutg) - 5 5 *+clm
7* - - - sb(utg) - - <10 m B(tlx:g) 1-1.5m I
hd - - - - +c
8 <55 — ::x:gg 18 ss -  210m B(tg) 1-1.5m I,II2
9 - 3 53 +5 2-3 cm
<20 - - Blutg) 2. o <5 - <10 @ Blutg) 1-1.5 = 1
10 230 - - Blutg) 2-3 m - boips
<30 - ~ Blutg) 1.5-2 m - =]
+cim - - 220 m B(tg) 1~-2 m I,I11,IV
11% =30 - -~ B(tg) 2-3 m - 19 +S(mr) 10-15 cm
<30 - - B(tg) 1.5~2 n - - - <20 m B(tg) 1-1.,5m I,II
+clm +S(mx) 5-10 cm
12% =30 - - Bltg) 2-3n - 20* - - 235 m B(tg) 1-2 m I,V, VI
<30 - - B(tg) 1.5-2 m - See +S(mr) 20-25 cm
210 21.5 ftm ;;e ) T e B(?g))l-g ;o Tornr
1 . - sb(utg) I +S(mx) 10-20 cm
13 AL0  <l.5 - Blutg) 1,5-2 m T 212,5 20,75 -~ Blutg) 1 = I
<10 21.5 - Bf{utg) L.5-2 m I 21 +S 2-3 cm
<10 <«1.5 - B(utg) 1.5~-2 m I <12.5 £0.75 - S 2,5-5 em I
+S 2-3 cm - >0,75 - Blutg) 1 m I
210 - 215 B(tg) 1.5-2 m I,IX (>§g;) >1.0 =~ (Blutg) 1 m I
+clm) < +clm
14 <10 - 215 B(tg) 1.5-2 = I,II 22 <10 >1.0 - S 2.5-7.5 cm k4
+S(mr) 5-10 cm <30 s1.0 - Blutg). 1l m X
- - <15 B(utg) 1.5-2 m I,III 5 +S(mr) 2.5-5 cm
+clm =30 - - Blutg) 1 m I
>10 - - B(tg) 1.5~2 o I,II,1V] - - 215 o B(tg) 1-1.5m I,II, IV,
+clm 23 +S(mr) 10-15 em 28
15 510 - - Bl(tg) 1.5-2 m 1,11,1V - - <1510 Blutg) 1-1.5m I
+S{mr) 5-10 cm +S(mr) 5~10 em
16% >15 - - B(tg) 1,5-2 m I,v,vi 24% 7 - - 230 m B(tg) 1-1.5m I,v,VI
ee +clm ee +S(mr) 15-30 cm
ote s15 - ~ B(tg) 1.5-2 n L,v,vI EOW - - <30 m B(tg) 1-1.5m I,II, IV
IT +S (mr) 10-15 cm II +S(mr) 10-15 cm

*authors' estimates of support. Insufficient case
records available for reliable estimation of support
requirements.

*huthoxrs' estimates of support. Insufficient case
records available for reliable estimation of support
requirements.
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Table 10. Support Mgasures for Rock Masses of
"Very poor” Quality (Q range: 1.0-0.1)
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Table 11. Support Measures for Rock Masses of
"Extremely Poor" and "Exceptionally Poor"
Qualtty (Q range: 0.1-0.001)

*Authors' estimates of support. Insufficient case
records available for confident prediction of
support requirements.

Support Conditional factors Support Conditional factors
cate~  EQD In SPAN Type of support Note cate- RQD J. SPAN Type of support Note
lgory o 7; ESR gory 7, 72 E3R
510  >0.5 -  Blutg) 1 m I 22 - - Bltg) 1 m IX
»s < +mr or clm 33% +S(mr) 2.5~5 cm
10 >0.5 - B(utg) 1 m I <2 - - S{(mr) 5-10 cm IX
+S{mr) 5 em - - - S{mr) 7.5~15 cm VIII,X
- £0.5 - B(tg) lsm T 23 20.25 - Bl(tg) 1 m IX
+S(mr) 5 em +S(mr) 5-7.5 cm
- - - B(tg) 1 m vIiII,X, 34 <2 20,25 -~ S{mr) 7.5-15 em IX
26 +S(mr) 5-7.5 em XI - <0.25 - S(mr) 15-25 em IX
- - - B{utg) 1 m I,IX - - - CCA(sr)20-60 ecm VIII,X
' 4S8 2,5-5 em +B(tg) 1 m XI
- - 212m B(tg) 1 m I,IX - - 215m B{tg) 1 m II,IX
+S(mr) 7.5-10cm +S{mr) 30-100cm
- - <12m B(utg) 1 m I,IX siz - 215m CCA(sr)60-200cm VIII,X,
27 +S(mr) 5-7-.5 cm +B(tg) 1 m XI,I1x
- - >12m CCA 20-40 em  VIILX, e - -  <15m B(tg) 1l m 1X, 11X
+B(tg) 1 m XI +S(mr) 20-75 cm
- - <12m S(mr) 10-20 em VIII,X, - - <15m CCA(sr)40-150cm VIII,X,
+B(tg) 1 m XI +B(tg} 1l m XI,I1X
- - 230m B(tg) 1 m 1,Iv,v, - - - S(mr) 10-20 em IX
28% 4+S{mr) 30-40 cm IX 36* - - - S{mr) 10-20 cm  VIII,X,
#ee - - 220, B{tg) 1 m 1,11,1V, +B(tg) 0.5-1.0m XI
ote <30m’ +S{mr) 20~30 ecm IX - - ~ S(or) 20-60 em  IX
1 - - <20m B(tg) 1 m I,II,IX 37 - - ~ S(mr) 20-60 cm VIII,X,
+S(mr) 15~20 cm +B(tg) 0.5-1.0m XI
- - - CCA(sr)30-100cm 1IV,VIII, 38 - - 210m CCA(sr)100-300cm IX
+B(tg) 1 m X,XI See - - 210m CCA(sr)100-300cm VIII,X,
>5 >0.25 - Eéu;g:)’ imm - note _ <10m ;BEI;S) 7(]).—1;‘100 @ II,XI
29*  $5  30.25 - Blutg) 1 m - XL .. <10m S(mr) 70-200 em VIII,X,
+S{mr) 5 cm +B(tg) 1 m III,XI
- $0.25 B{tg) 1 m -
+S{mr) S em *huthors® estimates of support. Insufficient case
>5 - - Bltg) 1 m X records available for confident prediction of
20 = +S 2.5-5 cm support requirements.
<5 - - S(mr) 5-7.5 cm IX
- - - B(tg) 1 m VIIL,X,
+S(mx) 5-7.5 cm XI
>4 - - B(tg) 1 m IixX
+S(mr) 5-12.5cm
i $4,215 - - S(mr) 7.5-25 cm IX
<1.S - - CCA 20~40 cm IX
+B(tg) 1 m
- - - CCA(sr)30-50 cm VII,X,
+B(tg) 1l m XI
32 - - 220 B(tg) 1 m II,1IV,
s +S(mr) 40-60 cm X
ce - - <20m B(tg) 1 m 11,1V,
;;’;e +S(mr) 20~40 em  IX
- - - CCA(sr)40-120cm 1IV,VIII,
+B(tg) 1 m X,XI
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Supplementary Notes for Support Tables (from Barton et al. 1974)

L

118

VL

VIL

VIIL

XL

For cases of heavy rock bursting or "popping", tensioned bolts with enlarged bearing
plates often used, with spacing of about 1 m (occasionally down to 0.8 m). Final support
when "popping" activity ceases. (Selmer-Olsen, 1970)

Several bolt lengths often used in same excavation, i.e. 3, 5 and 7 m. X
Several bolt lengths often used in same excavation, i.e. 2, 3 and 4 m.

Tensioned cable anchors often used to supplement bolt support pressures. Typical
spacing 2-4 m.

Several bolt lengths often used in same excavations, i.e. 6, 8 and 10 m.

Tensioned cable anchors often used to supplement bolt support pressures. Typical
spacing 4-6 m.

Several of the older generation power stations in this category employ systematic or spot
bolting with areas of chain link mesh, and a free span concrete arch roof (25-40 cm) as
permanent support.

Cases involving swelling, for instance montmorillonite clay (with access of water).
Room for expansion behind the support is used in cases of heavy swelling. See
Selmer-Olsen (1970). Drainage measures are used where possible.

Cases not involving swelling clay or squeezing rock.

Cases involving squeezing rock. Heavy rigid support is generally used as permanent
support.

According to the authors' experience, in cases of swelling or squeezing, the temporary
support required before concrete (or shotcrete) arches are formed may consist of bolting
(tensioned shell-expansion type) if the value of RQD/J_ is sufficiently high (i.e. <1.5),
possibly combined with shotcrete. If the crushed rock mass is very heavily jointed or
crushed (i.e. RQD/J <1.5, for example a "sugar cube" shear zone in quartzite), then the
temporary support may consist of up to several applications of shotcrete. Systematic
bolting (tensioned) may by added after casting the concrete, but it may not be effective
when RQD/J, <1.5, or when a lot of clay is present, unless the bolts are grouted before
tensioning. A sufficient length of anchored bolt might also be obtained using quick
setting resin anchors in these extremely poor quality rock-masses. Serious occurrences of
swelling and/or squeezing rock may require that the concrete arches are taken right up to
the face, possibly using a shield as temporary shuttering. Temporary support of the
working face may also be required in these cases.
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XII. For reasons of safety, the multiple drift method will often be needed during excavation
and supporting of roof arch. Categories 16, 20, 24, 28, 32, 35 (SPAN/ESR <15 m only).

XII. Multiple drift method usually needed during excavation and support of arch, walls and
floor in cases of heavy squeezing. Category 38 (SPAN/ESR <10 m only).
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Appendix G
North Ramp Starter Tunnel
Fibercrete Crack Mapping

G-1
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