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ABSTRACT

Yucca Mountain, located in Southern Nevada, is to be considered as a potential site
for a nuclear waste repository. Located in Rainier Mesa on the Nevada Test Site, G-
Tunnel has been the site of a series of experiments, part of whose purpose is to evaluate
measurement techniques for rock mechanics before testing in the Exploratory Shaft.
Rainier Mesa is composed of welded and nonwelded tufts that have thermal and
mechanical properties and stress states similar to those of tufts expected to be encountered
at Yucca Mountain. A series of finite element calculations were performed to aid in
designing instrumentation for the experiments in G-Tunnel and later to correlate with
measured data.

In this report are presented the results of the preliminary finite element calculations
performed in conjunction with experimental measurements of drift convergence, or closure,
and rock mass relaxation zones made before, during, and after completing the welded tuff

• mining experiment in G-Tunnel. Tape extensometer measurements of drift convergences
and measurements determined by multiple point borehole extensometers are compared
with corresponding calculated values using linear elastic and jointed rock material models.

MASTER



The calculations performed as part of this report were done in support of evaluating
this type of prototype test. They were used initially to assist in experiment design. Later
analyses, and those planned eor the future, are to be directed towards better understanding
the physical phenomena associated with developing excavations in welded tuff. These
analyses are not intended for direct use in licensing. Further, these analyses were very,
prel[minary in nature.

The quality assurance of the analyses was maintained through a combination of the
iterative nature of the work and the technical, management, and policy reviews to which
the work was subjected.
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1.0 INTRODUCTION

1.1 Background

Yucca Mountain, located in southern Nevada, is to be characterized as a site for a
• potential nuclear waste repository. A series of rock mechanics experiments have been

conducted in G-Tunnel, located in Rainier Mesa on the Nevada Test Site (NTS). One
bPurpose of the experiments is to evaluate measurement techniques for rock mechanics

efore testing in the Exploratory Shaft. Rainier Mesa is composed of welded and
nonwelded tufts that have thermal and mechanical properties and stress states similar to
those of tufts expected to be encountered at Yucca Mountain. To aid in designing the
instrumentation required for the experiments in G-Tunnel, and to later correlate with
measured data, a series of finite element calculations were performed.

1.2 Scope of this Report

Presented in this report are preliminary results of finite element calculations
performed in conjunction with experimental measurements of drift convergence, or closure,
made before, during, and after completion of the mining experiment on welded tuff in G-
Tunnel. These calculations were performed for three reasons: (1) to aid in the design of
the instrumentation layout, (2) to incorporate information regarding stratigraphy that was
encountered during the mining operation, and (3) to compare results from the numerical
model with actual measured data. These results are considered preliminary because details
of the structural geology, st_ch as faults and fractures, were not included iv this series of
analyses.

A previous set of analyses (Reference 1) showed that more than half of the
deformation around a room, incurred as a result of its excavation as the mining face
advances, occurs before displacement gages can be installed at the room face. This
understanding has a significant impact on the interpretation of the analyses performed for
this report. For the two-dimensional plane-strain analysis performed, a hypothetical,
infinitely-long drift, instantaneously excavated is the one actually modeled.

The first set of calculations is reported in a letter memorandum dated June 29, 1984, a
copy of which is included as Appendix A. A second set of calculations was performed to
incorporate a change in the geometry of the roof of the Demonstration Drift and to refine
the finite element mesh in the vicinity of the Demonstration Drift. The first and second
sets of calculations are summarized in Section 2.5 of this report• The emphasis in this
report is on the third or latest set of calculations, and, unless otherwise noted, ali detailed
results and discussions are referred to this third set.

A complete description of the geometry and geomechanical measurements initially
planned for this experiment is contained in Reference 2, and measurements are
summarized in Reference 3. A plan view of the mined drifts, showing measurement
stations and principal faults and fractures, is shown in Figure l(a). Figure l(b) is a cross
section showing locations of measurement lines consisting of multiple point borehole
extensometer (MPBX) and borehole deflectometer holes. These locations are referred to
when results are presented.

The purpose of the calculated results presented here is to compare computed
displacements with measured displacements for this experiment and to provide a basis for
calculating predictions of the response of similarly-sized drifts in planned testing in the
Exploratory Shaft.
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calculating predictions of the response of similarly-sized drifts in planned testing in the
Exploratory Shaft.
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2.0 FINITE ELEMENT ANAIXSES

2.1 Finite Element Model

The two-drift mining experiment was modeled using a plane-strain, linear elastic
material model in the computer code JAC (Reference 4). A generic cross section
incorporating the major features of the stratigr;_phy is shown in Figure 2. This stratigraphy

• is viewed as somewhat representative of conditions at Stations C and E of the
Demonstration Drift; however, the stratigraphy lacks any of the geologic structures, such as
faults and major fractures that could affect both measurements and analyses. Inclusion of
these features would require a three-dimensional model. For this reason the modeling
effort requires additional work before it can be considered more than preliminary.

Figure 2 shows the dimensions of the rooms and the size of the region modeled. A
mesh consisting of 1,757 four-node, quadrilateral elements and 1,902 nodal points was
imposed on this region (Figure 3). In situ stresses with values of-8 MPa vemcal and -2
MPa horizontal (a negative sign means compression) were assumed to be constant in ali
elements of the mesh. Pressure boundary conditions of-8 and -2 MPa, were imposed on
the top and the right vertical boundaries, respectively., to equilibrate the in situ stress state.
Displacement boundary conditions were zero horizontal displacements along the left
vertical boundary and zero vertical displacements along the bottom boundary,
corresponding to roller supports along these two boundaries as shown in Figure 2. In a
later section, these assumed boundary conditions are compared with another solution
where the right vertical boundary is restrained against horizontal motion.

The regions in the vicinity of the drifts were meshed more finely to capture stress and
strain gradients and to attempt to suppress any hourglassing that may occur. The
phenomenon of _ourglassing is discussed below. The boundaries between the finely and
coarsely meshed regions were defined as bonded slip lines. Slip lines are normally used to
define discrete hnes in the mesh along which slip or separation may occur: for example,
boundaries between two different materials in contact or a physical separation between two
different regions of the mesh exist. In either case, the two regions may move with respect
to one another. The slip lines may be used to model major faults or fractures in the
material where relative motion of the two surfaces of the discontinuity may occur. In the
case of bonded slip lines, no relative displacements are permitted across these boundaries.
In the model used in these calculations, slip lines were used to define discontinuities in
mesh lines across the boundaries of two regicms that were meshed differently but permitted
no relative movement of the two regions.

No attempt was made in these calculations to model the complex system of faults and
joints encountered along the drifts, lt was not possible to do so with a two-dimensional
representation because the system of faults and major fractures runs at angles up to 45 °
with the directions of the drifts introducing anisotropy in the material behavior [Figure
l(a)]. The roof of the Demonstration Drift is placed in the densely welded tuff (Unit B)
and the floor, in the basal vitrophyre (Figure 2). These two units are separated by a low-
modulus breccia or rubble zone. The dip of the geologic units was taken to be 5 ° from left
to right of the cross section as shown in Figure 2.

The element "death" option in the cemputer code JAC was used to "kill" or remove
elements in the interior of the drifts, and the option was exercised to approximate the
actual mining sequence. Elements in the interior of 12-Drift were removed in one
calculational step, and then elements in the Demonstration Drift were removed in the next
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step. During the first step, the equilibration step, ali elements were present. Each
calculation step was identified by a kinematic time; however, because the calculations were
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Figure 2. Cross Section of the Meshed Region Showing Principal
Stratigraphic Features and Dimensions
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Figure 3. Finite Element Mesh Used in the Calculations
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quasi-static, these times served only as an identification. In the plots of results that follow,
the times 0, 1, 2, and 3 correspond to the following computational steps:

Time = 0 initialization,
Time = 1 equilibration with in situ stresses,
Time = 2 excavation of the 12-Drift, and
Time = 3 excavation of the Demonstration Drift.

This sequence is illustrated in Figures 4 and 5, which show plots of the deformed mesh
at Times 2 and 3.

2.2 Material Properties

Material properties used in these computations are listed in Table 1 by geologic unit.
The data were supplied by R. Zimmerman (personal communication), based on his G-
Tunnel experience. The values used for unit B (densely welded tuff) are the values listed in
Reference 5. No data were available for properties of the rubble, and a value of Young's
modulus approximately half that of the vitrophyre was assumed.

2.3 Hourglass Suppression

An instability in the finite element model, hourglassing produces erratic deformation
of adjoining elements in an hourglass pattern or keystone shapes of single elements.
Hourglassing results from the underintegration of the stiffness matrix of the four-node
quadrilateral element and accompanying development of zero-energy modes of
deformation. To suppress these spurious modes, an artificial viscosity is introduced in the
formulation of the element stiffness matrix (for example, Reference 6).

In the computer code JAC, the default value for artificial viscosity is 1 if no value is
specified. In the analyses presented here, the value used ranged from 1 to 100 with
intermediate values also considered to assess the effect on the solution. The results
presented in this report are those of the latest set of calculations and were obtained with a
value of 100 for the artificial viscosity. The effect of hourglass suppression on these results
is discussed in Section 3.

2.4 Results of the Computations

Calculated displacements and stresses for locations where experimental data have
been obtained are presented here in graph and tabular form. These locations are
illustrated in Figure l(b), where six MPBX positions are shown around the Demonstration
Drift. The MPBXs are anchored 15 m into the rock mass and are shown in Figure l(b) as
dashed lines. Two borehole deflectometer holes, No. 1 and 4 [shown as solid lines in
Figure l(b)], extend from the 12-Drift past the Demonstration Drift for distances of 27 and
19.4 m, respectively. In addition, a tape extensometer was used to measure room
convergences (inward motion of the roof, the floor, and the room ribs). The nominal
locations of the tape extensometer measurement points are also shown in Figure l(b).
Tables 2 and 3 summarize measured and calculated data of drift convergences. The MPBX
data listed in Table 3 are limited to the relative movement of one end of an MPBX with
respect to the other, over a distance of 15 m. The tape extensometer data in Table 2,
however, reflect rock mass movement over a larger region.
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Figure 4. Deformed Mesh After Excavation of the 12-Drift (Time = 2)
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HORIZ,_NTAL DISTANCE (m)

Figure 5. Deformed Mesh After Excavation of the Demonstration Drift (Time = 3)
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Unless otherwise noted, ali calculated displacements and angle changes are obtained
by subtracting the displacements produced by excavation of the 12-Drift (Time = 2) from
those obtained after excavation of the Demonstration Drift (Time = 3). The relative
displacements so obtained would correspond to experimental measurements in the
Demonstration Drift since movement at the rock mass resulting from excavation at the 12-
Drift would have occurred before excavation of the Demonstration Drift.

Table 1

Rock Mass Mechanical Prope_'ties of Geologic Units

Young's Modulus, E Poisson's
Geologic Unit (MPa) Ratio, u

C (moderately welded tuff) 10,000 0.21
B (densely welded tuff) 16,000 0.29
Volcanic Breccia (rubble) 3,000 0.21
Basal Vitrophyre 5,900 0.21
Tunnel Bed Tuff 5,600 0.32

Table 2

Summary of Tape Extensometer Measurements (Reference 3)
and Calculated Values of Drift Convergences*

Vertical Horizontal
Station (mm) (mml

A2 13.0
B 10.8 5.5
C 13.9 10.0
D 17.0 8.2
E 18.5 3.0
F 9.5 2.0
G 9.8 3.0

Average Measured 13.2 5.3

Calculated 12.0 -0.8

* Convergence (inward movement) is positive.



Table 3

Summary of Measured (Reference 3) and Calculated MPBX Convergences*

Vertical Horizontal
Roof Floor Total Left Right Total

Station (mm) (mm) (mm) (mm) (mm) (mm)

C 2.5 5.5 8.0 2.4 0.3 2.7
E 2.0 4.0 6.0 -0.5 0.5 0.0

Ave. Meas. 2.3 4.8 7.0 1.0 0.4 1.4

Calculated 2.2 6.6 8.8 O.1 -0.2 -0.1

* Convergence (inward movement) is positive.

2.4.1 Drift Convergences

Figures 6 and 7 are plots of calculated vertical and horizontal displacements along
lines coinciding with MPBX Lines 3 and 6 and with Lines 1 and 5, respectively. These lines
extend through the Demonstration Drift to the extreme limits of the mesh. These
displacements occur after excavation of the Demonstration Drift and indicate the total drift
convergences in the vertical and horizontal directions. The vertical convergence is
approximately 12 mm and the horizontal divergence less than 1 mm at the rib. Away from
the rib, the movement of the rock mass is outward (divergence) with a maximum of
approximately 0.6 mm on the left and 0.9 mm on the right. These calculated values
compare with measured values of room convergences from tape extensometer
measurements of 9.5 to 18.5 mm vertical and 2 to 10 mm horizontal (Table 2 and
Reference 3). In addition, some convergence of the drift may have occurred before
instrumentation was in place and any measurements were made. Table 2 shows the
smallest measured vertical convergence (9.5 mm) occurs at Station F while the largest (18.5
mm) occurs at Station E. The smallest measured horizontal convergence (2 mm) occurs at
Station F, and the largest (10 mm), at Station C. At Station E the measured horizontal
convergence is approximately 3 mm.

2.4.2 MPBX Displacements

Figures 8 through 14 are plots of calculated and measured displacements along each of
the MPBX lines. Displacements along MPBX lines are plotted relative to the end anchor
where the displacement is taken as zero. Therefore, the plotted MPBX displacements are
changes in length of the MPBX line relative to the anchor. A positive value of
displacement indicates an extension of the MPBX, or movement of the rock mass away
from the anchor. Measured values of these displacements are shown plotted as points
using open symbols for Stations C and E. The vertical solid lines connecting these points
indicate the difference between measured values at these two stations. The solid circular
symbols are the average of these two values at each measurement point. Presenting the
data in this way seems reasonable because the stratigraphic cross section used in the
analyses is vie,,ved as an average of conditions existing at Stations C and E.
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An exception to this is the plot of displacements along MPBX Line 7 where the
displacements are plotted relative to the collar installed in the 12-Drift.

2.4.3 Deflectometer Angle Changes and Tangential Deviations

The method of measuring angle changes along a deflectometer borehole is illustrated
in Figure 15(a). Angle changes along a deflectometer line are calculated from the finite
element solution by considering rock mass displacements normal to a line coinciding with
the deflectometer hole as shown in Figure 15(b), where the h = 0.76 m dimension is the
distance between sampling points along the borehole. The angles Ri and R__I are
calculated using the following equations:

R i = tan-1 [(Vi+ 1 - vi)/h ]
2_<i_<23

Ri-1 = tan-1 [(vi- vi_l)/h]

where i is the ith sampling point and h is the sampling interval. The angle change between
two intervals is then

DA i = R i - Ri_ x .
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A positive angle change in Figure 15 indicates a decrease in the angle of the borehole
measured from the horizontal direction. Because the angle changes are small, the
tangential deviation, dD, may be calculated as

dD= hxdAandD n= zdD, 2zn_<23
m

n

Figures 16 and 17 are plots comparing the tangential deviations computed from the finite
element solution with those computed from deflectometer measurements taken in
Boreholes 1 and 4 at Stations B and F, respectively. An attempt was made to compare
displacements normal to the boreholes calculated from the fimte element solution with
those calculated from borehole deflectometer measurements. The comparison was
unsatisfactory because the values of normal displacements calculated from measurements
of angle changes were sensitive to (1) the measured initial angles, which could vary by an
order of magnitude, and (2) the sign of this initial angle.

2.4.4 Borehole Stresses

Figures 18 and 19 are plots of calculated stresses normal to the lines coinciding with
deflectometer Lines 1 and 4. These stress components are calculated in a coordinate
system where the s-axis coincides with the direction of the deflectometer line beginning at
the surface of the 12-drift, and the n-axis is normal to this line.

The stresses indicated are the net stresses or stress changes obtained by subtracting
the stress states at Time 2 from those at Time 3.

2.5 Summary of Previous Calculations

In this section the results of calculations reported in a letter memorandum dated
June 29, 1984, (Appendix A) and those of the intermediate set (May 1986) are
summarized. The results of all drift convergence calculations, including the latest, are
listed in Table 4.

2.5.1 Calculations of June 29, 1984

The finite element mesh used in this set of calculations is shown in Appendix A
(Figure A.1). Numbers indicate nodalpoints in the mesh, which correspond to
displacements in the accompanying tables. Note that the roof of the Demonstratmn Drift
is flat except for small corner radix. The Demonstration Drift is located completely in the
densely welded tuff. The top of the basal vitrophyre is indicated by the heavy line sloping
down from left to right in the figure. There is no rubble zone defined.

Boundary conditions are the same as those used in the current set of calculations
except that the right vertical boundary is fixed against horizontal displacement. In situ
stresses were selected as -8 MPa vertical and -2 MPa horizontal. The material properties

, used are listed in Table 5.

Vertical and horizontal convergences of the Demonstration Drift for these calculations
are shown in Line 1 of Table 4. These values are obtained by subtracting the
displacements at Time - 2 from those at Time = 3 shown in the tables of the appended
letter memorandum.
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Table 5

Rock Mass Mechanica! Properties of Geologic Units
Used in the Calculations of June 29, 1984"

Young's Modulus, E Poisson's
Geologic Unit (MPa) Ratio, u_._

C (moderately welded tuff) 12,000 0.21
B (densely welded tuff) 16,000 0.21
Volcanic Breccia (rubble) -- -
Basal Vitrophyre 4,000 0.21
Tunnel Bed Tuff 4,000 0.28

*From personal communication with R. M. Zimmerman.

2.5.2 Calculations of May 1986

The finite element mesh used in this set of calculations is shown in Appendix A
(Figure A.3). Note the arched geometry of the Demonstration Drift and the mesh
refinement in the vicinity of the drifts. Bonded slip lines were used on the boundaries of
the finely and coarsely meshed regions. Boundary conditions were the same as those used
in the first set of calculations.

Four variations were made in the calculations of this set:

• Perform the calculations using the material properties shown in Table 5
(referred to as "old props." in Table 4) arid a linear elastic material model.
In situ stresses are -2 MPa horizontal and -8 MPa vertical.

• Perform the calculation using the same properties and conditions except
with a horizontal in situ stress of-4 MPa.

• Change the material properties to those listed in Table 1 (referred to as
"new props." in Table 4) with a horizontal in situ stress of-2 MPa and a
linear elastic material model.

• Perform the calculation using the Thomas compliant joint material model
(Reference 7) and the properties of the intact rock as shown in Tables 6 and
7 with ,,erticaljoints spaced at 0.5 m, etc. In situ stresses are -2 MPa
horizontal and -7.7 MPa vertical.
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Table 6

Intact Rock Mechanical Properties of Geologic Units
Used in the Calculations of May 1986"

Young's Modulus, E Poisson's
Geologic Unit (MPa) __Ratio, u

C (moderately welded tuff) 16,300 0.21
B (densely welded tuff) 26,000 0.29
Volcanic Breccia (rubble) -- -
Basal Vitrophyre 5,900 0.21
Tunnel Bed Tuff 5,600 0.32

*From personal communication with R. M. Zimmerman

Table 7

Joint Mechanical Properties for All Units
Used in the Calculations of May 1986

Properties Unit of Measurement

Joint Half Closure Stress 1.38 MPa
Maximum Normal Joint Closure Constant -.000127 m
Joint Shear Stiffness 1.0 x 107 MPa
Joint Friction Coefficient 0.8
Joint Cohesion 0.0 Mpa
Joint Shear Reduction Factor 0.0
Average Joint Set Angle 90. deg
Average Joint Spacing 0.5 m
Angle Probability Exponent 1000.

z
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The results of these four calculations are listed on Lines 2-5 in Table 4. With
reference to the linear elastic calculations, vertical displacements were affected most by a
change in the elastic moduli while horizontal displacements were more sensitive to changes
in the horizontal in situ stress. Ali linear elastic calculations predict a horizontal
divergence of the drift ribs. The compliant joint model analysis does, however, predict
convergence, which is the apparent sense of displacements measured (0.2 mm calculated
versus 5.3 mm measured). With the compliant joint model, the vertical convergence is also
smaller than that predicted by the linear elastic models, probably because the value of
Young's modulus used in the compliant joint model is considerably higher (26,000 MPa
versus 16,000 MPa) than those used in the linear elastic model.

2.5.3 Observations of Results of Previous Calculations

Horizontal displacements obtained by the use of linear elastic models ali predict
divergence of the ribs of the Demonstration Drift, contrary to measured convergences.
The compliant joint model predicts horizontal convergence of the ribs; however, the
displacements are smaller than those measured (0.2 mm calculated versus 5.3 mm average
measured), lt is possible that part of the measured convergences may result from any
combination of the following mechanisms: (1) dilatation of joints in the ribs, (2) block
movement along major fractures and faults, (3) slabbing of the ribs, and (4) in the blast
damage zone, rock mass readjustments, which were not characterized nor considered in
this analysis.

The dominant difference between the linear elastic model and the compliant joint
model is that of the anisotropy built into the analysis using the joint model. The joint
model is much stiffer in the vertical direction than the horizontal.
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3.0 DISCUSSION

The small number of measurements made precludes a rigorous statement regarding
the validity of the approach to analyze the experiment. As discussed by Costin and Bauer
(Reference 1), gage installation was made at a time when approximately two-thirds of the
deformation may have already occurred. The general trends in displacements predicted by
the analyses correlate somewhat with those measured. Major fractures and changes in
stratigraphy along the drift probably affect the measured results yet are not included in the
analysis. The use of a so-called average or generic cross section could not be expected to
model ali conditions. In future calculations, each measurement station could be modeled
independently, or alternatively, a three-dimensional model may be used to investigate the
nature and extent of out-of-plane displacements resulting from motion along fault lines
inclined to the _is of the drift.

Several assumptions were made in these calculations that lead to uncertainties in the
results. These are (1) the use of a two-dimensional geometry and a condition of plane
strain, (2) the assumption of purely elastic material behavior, (3) the assumption of
mechanical properties for the rubble zone, (4) the limited dimensions of the finite element
mesh and assumed boundary conditions, (5) the assumption of constant in situ stresses
throughout the region of the mesh, (6) the lack of provisions for modeling the ground
support system, and (7) the inability to simulate the mining sequence of the Demonstration
Drift and gage emplacement by 2-D calculations.

The first of these assumptions is valid only near the mid-point of a very long drift
where out-of-plane displacements are zero, whereas the drift modeled was relatively short;
the possibility of drift end effects cannot be discounted. Two-dimensional analysis does not
permit the modeling of faults or fractures inclined to the direction of the drift nor
variations in stratigraphy along the drift. Only those discontinuities perpendicular to the
plane of analysis may be'modeled, assuming that an appropriate material model is used.

The second of the above :tssumptions limits the model to homogeneous, isotropic, and
linear elastic materials. The presence of faults or joints and the potential for their
localizing displacements and/or imparting anisotropy to the rock mass may violate the
requirements of the assumed behavior. The jointed rock material model with nonlinear
behavior is available in JAC. but insufficient information about joint characteristics was
available tc) use this model. To this end, it should be noted also that the compliant joint
model does not allow for tensile stresses to accumulate. This is a difference between it and
the elastic model used. The compliant joint model also allows for anisotropic material
response to be modeled by prescribing direction to the joints, lt must be added, however,
that the displacements measured are so small that one may not necessarily be able to
discern between the results using a more sophisticated model and those presented here;
thus, to use this type of experiment to discriminate between models may be misleading.

No information was available on the properties of the rubble layer; hence, a Young's
modulus approximately one-half that of the basal vitrophyre was used (Table 1).

An attempt was made to assess the modeling errors resulting from limiting the extent
of the finite element mesh and assuming boundary conditions for a problem of actual semi-
infinite extent. A solution obtained using a pressure traction on the right vertical boundary
was compared to one where horizontal displacements were constrained to zero along that
bounda_'. Figures 20 (a) and (b) show plots ofvertical displacements from the top to the
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bottom of the mesh along a vertical centerline through the Dem_Jnstration Drift. Figure
20(a) is the same as Fisure 6, repeated here for comparison. In each figure the distance
between the two mednum-dashed horizontal lines is the predicted drift closure after
excavation, lt can be seen that the total vertical closure of the drift is approximately 12 mm
in Figure 20(a) and 12.5 mm in Figure 20(b), indicating an effect from the right boundary
on the order of 4%. Thus, it could be concluded that boundary effects on vertical
displacements are not large, lt could be surmised that boundaries may have a larger effect
on horizontal displacements. Hence, a comparison was made of horizontal displacements
for the same two displacement and pressure boundary conditions.

Figures 21(a) and (b) are plots of the horizontal displacements along a line extending
from the left to the right vertical boundaries through MPBX Lines 1 and 5. Figure 21(a) is
the same as Figure 7, repeated here for comparison. A horizontal divergence (outward
movement) of the room ribs (indicated by the distance between the horizontal medium-
dashed lines in the figures) is predicted for both boundary conditions and is approximately
0.81 mm for the pressure boundary condition and 0.79 mm for the displacement boundary
condition. Again, this difference is not large. However, the magnitudes of the
displacements along MPBX Line 5 are more severely affected by the boundary conditions
because the end of MPBX 5 is only about 10 m from the right vertical boundary.

Horizontal tape extensometer measurements indicate horizontal room convergences
(inward motion of the room ribs) of approximately 2 mm at Station F to 10 mm at Station
C (Table 2), contrary to the predicted divergences discussed above. It appears that this
disparity between measured and calculated values is not explained by boundary effects.

Extending the limits of the finite element mesh would have the effect of softening the
region and may result in larger displacements by reducing the effects of artificial
boundaries. This problem is addressed in Reference 1 in which it was concluded that
boundaries should be of the order of 10 room dimensions away from the excavated opening
to minimize boundary effects. If the calculations are to be repeated, an infinite boundary
condition recently implemented in JAC could be used (Reference 8).

In situ stresses vary with depth and with geologic strata. It was shown earlier that
calculated values of horizontal displacements using linear elastic models were sensitive to
values of the horizontal in situ stress. Future calculations should attempt to model these
variations of in situ stress.

The ground support system consisted of rock bolts and wire mesh. The effect of rock
bolts is to inhibit local rock movement by holding blocks together so that they may interact.
The purpose of the wire mesh is to catch minor rock falls from the roof. No attempt was
made in the calculations presented here tc) model this support system.

In Figures 22(a) and (b), horizontal displacements of the left and right ribs of the
Demonstration Drift are plotted as a function of distance above the floor of the drift. It
should be noted that, above the rubble zone, the predicted movement of the ribs is
outward. This movement may be caused by the horizontal thrust of the arched roof against
the vertical rib. The calculated stress state around the drift tends to support this
contention. The horizontal and vertical components of stress around the drift opening are
plotted as contours in Figures 23(a) and (b). The largest compressive horizontal stress
occurs just above the springline of the arched roof. The horizontal stress is compressive
along the right rib to the zero-contour, approximately 0.5 m below the springline of the
roof. The zero-contour continues down to the top of the rubble zone with an indication just
above the rubble zone of a small tensile zone between the rib and this contour. Through
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this zone passes MPBX Line 5. A similar condition exists in the left rib. The presence of a
tensile stress in the ribs admits the possibility of a tensile failure of the intact rock or a
dilation of joints in this zone.

A factor of safety against a compressive shear failure of the intact rock may be
calculated using the procedure given in Reference 9, where a Mohr-Coulomb criterion is
used. The two parameters of this criterion are cohesion, Co, and coefficient of internal
friction, u. If the properties for Grouse Canyon welded tuff from Reference 9 are used,
these parameters are Co = 16.2 MPa and u = 0.554. The resulting contours of safety
factor are shown in Figure 24, where the minimum factor of safety against compressive
shear failure is approximately 2. Only very low localized tensile stresses were predicted in
the analysis. Thus, one may conclude that intact rock failure is unlikely tc) occur based on
the analysis completed.

The calculated movement of the rubble zone is inward, indicating convergence with
respect tc) the drift ribs apparently resulting from extrusion of this softer layer. This
movement, however, is not sufficient to cause a net horizontal closure or convergence of
the ribs. The measured convergences may be a result of the opening of existing joints in
the rib and pillar or tc) possible slabbing of the ribs. The possibility of some three-
dimensional effect caused by movement along major fractures or fault planes cannot be
dismissed.

The results of the May 1986 calculations, summarized in Table 4, show that in ali
linear elastic cases the horizontal displacements of the ribs are outward, indicating
divergence of the drift. If jointing is considered, it is noted that this trend is reversed;
however, the resulting displacements are smaller than those measured (- 0.003 mm on the
left and -0.204 mm on the right). These calculations dc) not include the rubble layer, which,
if present, might tend to increase the magnitudes of the calculated horizontal convergence.

The effects of variation in the value of the artificial viscosity parameter used in JAC to
suppress hourglassing was examined in this set of calculations. Two additional solutions
were obtained with values of this parameter of 50 and 25. At the lowest value of 25, no
hourglassing was evident in the solution, although hourglassing did occur when the default
value of 1 was used initially. The computed displacements of the left and right ribs of the
demonstration drift for three values of artificial viscosity are plotted in Figures 25(a) and
(b). Note that these displacements occur at Time 3 and represent total displacements,
including any displacements occurring before excavation of the drift. It can be seen that
the displacements vary only about 0.1 mm for the extreme values of artificial viscosity of
100 and 25, generally increasing as the viscosity is decreased. Thus, varying the parameter
over this range is of little consequence for the results predicted. At the MPBX locations,
where the tape extensometer measurements of drift convergence were made, the
displacements are negative or outward from the left rib and positive or outward from the
right rib. The sense of these computed displacements does not change with a change in the
viscosity; therefore, the effects of artificial viscosity do not explain the disparity between
measured and computed horizontal drift closures. The results are consnstent with the
values of horizontal displacements shown in Table 4, where the linear elastic calculations
all predict drift divergence.
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An additional question of numerical accuracy of the calculations seems to arise as a
result of the above discussion. From Table 4, the r,alculated vertical closure or
convergence of the Demonstration Drift varies from 9 to 14 mm depending on values of
elastic material moduli, magnitude of in situ stresses, and jointing. The variation of
Young's modulus appears to be the most significant parameter influencing the vertical
displacements. What is apparent is the sensitivity of the values of horizontal displacements
to changes in the above parameters. These displacements are at least an order of
magnitude smaller than the vertical displacements, and this difference raises the question
of whether the results are lost in the noise of the solution.

In light of the above discussion and the implied uncertainties, it is necessary to address
trends in behavior rather than magnitudes of computed displacements and stresses.
Certain conclusions may be drawn by observation of these trends.

It can be seen by comparing both vertical and horizontal convergences obtained from
tape extensometer and MPBX measurements in Table 2 that the MPBX measurements are
approximately one-half (or less) of those obtained by tape extensometer. This indicates
that the tape extensometer measurements are probably reflecting, to a great extent, local
block movement within a short distance of the opening (probably < 1 m). Whereas, the
MPBX measurements, which do not readily sense this skin effect around the opening
because of the way the anchors are emplaced in the rock, reflect predominantly the rock
mass response from excavation loads only. Another factor affecting MPBX measurements
could be that the deep anchor moved.
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4.0 CONCLUSIONS

Preliminary calculations have been completed in support of the welded tuff mining
experiment in G-Tunnel. Results show reasonable agreement between computed results
and measurements if displacement trends rather than absolute magnitudes are considered.
The difference between measurements of the horizontal drift closure and computed results
has yet to be resolved. Calculations using linear elastic models are consistent in that
horizontal room divergence is predicted in ali cases. Speculation is that the anomaly
results either from three-dimensional effects, such as movement along major fractures or
faults inclined to the direction of the drifts, or from dilation of joints in the rib and pillars.

A comparison of drift convergences measured by tape extensometer and by MPBXs
shows that MPBXs reflect rock mass response to excavation loads only. Tape
extensometers measured approximately twice as much magnitude of displacements as the
MPBXs, because these measurements also reflect local block movements at the opening
surface.

The rubble zone passing through the Demonstration Drift causes abrupt
discontinuities in the displacements of the room ribs, showing a tendency to extrude from
between the densely welded tuff (Unit B) and the basal vitrophyre layers. This extrusion at
the softer layer may also contribute to the development of small tensile zones in the ribs
just above the rubble layer.

Slabbing of the ribs could be considered as a possible cause of the measured
horizontal convergence of the room ribs, although intact rock failure is not predicted by the
calculations. The opening of subvertical joints in the rock mass adjacent to the ribs appears
to be as likely. The effect of either of these mechanisms should be captured in future
calculations where the use of material models for jointed rock appears to be warranted.

It is recommended that the boundaries of the finite element mesh be extended in any
future calculations. The distance of 10 room dimensions away from the excavated opening
would minimize the effects of artificial boundaries. As an alternative, an infinite boundary
condition may be imposed to remove the boundary effects.

The disparity between borehole deflectometer measurements and calculated results
may be the result of block movement in the rock mass or from the questionable borehole
def'lectometer measurements. Further comparison between measured and computed
results is unwarranted unless steps are taken to model this behavior and improve the
measurement (deflectometer) technique.

MPBX measurements were limited to a total of 14 subparallel lines of data collection
(with a limited number of data points on each line), and comparison with computed results
is not statistically meaningful, particularly with the small number of data points for a given
orientation. If possible, more measurement lines of data collection and data points would
be desirable.
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_a:e June 29, 1984

to S. J. Bauer and R. Zimmerman, 6313

f_om R. L. Johnson, 1524

s_o_ec_ Two-Dimensional Calculations in Support of "Mineby Experiment"

Finite element calculations have been completed for the subject task

and preliminary results were transmitted to S. J. Bauer on June 28,

1984. Geometry, material properties and boundary conditions were used

as specified in your m_mo of June 6, 1984. A linear elastic model in
the computer code JAC _'as used in the calculations. Displacements and

stresses in the rock mass were computed for the following conditions.

i. In-Situ state (T=I), prior to any excavation
2. Excavation of Drift 12 (T=2)

3. Excavation of the Demonstration Drift (T=3)

Results of the calculations were presented in the form of displacement

versus distance plots (SPLOTs) along the lines specified in your memo,

i.e., along the vertical centerline of the demonstration drift and

along lines A and B as shown in the attached Figures I and 2, and
contours of vertical (SIGY), horizontal (SIGX) and shear stresses

(SIGXY) for the region and for the individual drifts. Units of

displacements and distance in the SPLOTs are meters, stresses in the

contour plots are in MPa.

Tabulated displacements in millimeters (mm) at the mid-dimensions of

the two drifts and at other nodal points identified in Figures I and 2
are shown in the attached tables for excavation conditions 2 and 3.

Displacements prior to excavation are ali zero and stresses are equal
to the in-situ stresses.

Copy to
1524 W Sullivan

6310 T Hunter
6313 J Tillerson

6313 L. M. Ford

6313 A Stevens

6330 J T. Henderson (NNWSICF)
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Table A.1

DISPLACEMENTS AFTER EXCAVATION OF DRIFT 12 (T=2)

Location Node x y Ux Uy
m m _

Centerl,ne Floor Drift 12 223 17 07 0 0 0 034 6 875
232 25 O0 0 0 0 102 -0 373
494 20 60 4 48 -0 107 -1 309

M]dhe]ght Rib Drift 12 524 15 24 1 83 1 119 -0 420

Mldhelght Rib Drift 12 536 18 90 1 83 -0 926 -0 228
829 18 90 3 05 -0 326 -2 012
905 18 29 3 66 0 366 -5 408
933 28 802 10 56 -0 007 -0 854

Centerllne Roof Drift 12 962 17 07 3 66 0 191 -7 000
Centerllne Floor Demo Drift 971 25 00 12 19 -0 097 -1 147

M_dhelght Rib Demo Drift 984 21 95 14 02 -0 145 -1 401

M_dhe]ght Rib Demo Drift 999 28 04 14 02 -0 118 -0 951
Centerllne Roof Demo Drift 1198 25 00 15 85 -0 177 -1 166

1355 22 3T 26 43 -0 296 -1 248
1425 25 00 28 10 -0 281 -1 125

Table A.2

DISPLACEMENTS AFTER EXCAVATION OF DE.MO DRIFT (T=3)

Location Node x y Ux Uy

Centerllne Floor-Drift 12 223 17 07 0 0 0.160 7.259
232 25 O0 0 0 0.247 0 055
494 20 60 4 48 0.622 -0 912

Mldhelght Rib-Drlft 12 524 15 24 1 83 1 448 -I 024
Mldhe]ght Rlb-Drlft 12 536 18 90 1 83 -0 404 0 113

829 18 90 3 05 0 425 -1 765
905 18 29 3 66 1 265 -5 639
933 28 802 10 56 0 128 -0 304

Centerl]ne Roof-Drift 12 962 17 07 3 66 0 976 -7 582
Centerllne Floor-Demo Drift 971 25 00 12 19 -0 054 1 956

Mldhe2ght Rlb-Demo Dr2ft 984 21 95 14 02 -0 233 -2 520
Mldhelght R]b-Demo Drlft 999 28.04 14 02 0 335 -I 585
Centerllne Roof-Demo Drift 1198 25 00 15.85 0 115 -5 560

1355 22 37 26 43 -0 067 -3 394
1425 25 O0 28 10 -0 240 -3 108
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APPENDIX B

This report simulates the behavior of underground openings in G-tunnel; therefore,
this report contains no data from, or for inclusion in, the RIB and/or SEPDB.
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