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Figure 4-41. Measured strain from ESF-HD-RSG-1 (corrected for thermal expansion).
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Figure 4-42. Measured strain from ESF-HD-RSG-2 (corrected for thermal expansion).
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Figure 4-43. Measured strain from ESF-HD-RSG-3 (corrected for thermal expansion).
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Figure 4-44. Measured strain from ESF-HD-RSG-4 (corrected for thermal expansion).
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Figure 4-45. Measured strain from ESF-HD-RSG-5 (corrected for thermal expansion).

600

500 -Axial gage

400 Circumferential gage

300 - t t
200 _ kit _ X __

100 _ a=

-100

-200
-50 0 50 100 1 50 200

Cn

C:

C

Time (days from heater activation)

Figure 4-46. Measured strain from ESF-HD-RSG-6 (corrected for thermal expansion).
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Figure 4-47. Measured strain from ESF-HD-RSG-7 (corrected for thermal expansion).
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Figure 4-48. Measured strain from ESF-HD-RSG-8 (corrected for thermal expansion).
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Figure 4-49. Measured strain from ESF-HD-RSG-9 (corrected for thermal expansion).
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Figure 4-50. Measured strain from ESF-HD-RSG-10 (corrected for thermal expansion).P
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Figure 4-51. Measured strain from ESF-HD-RSG- 1 1 (corrected for thermal expansion).
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Figure 4-52. Measured strain from ESF-HD-RSG-12 (corrected for thermal expansion).
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Figure 4-53. Measured strain from ESF-HD-RSG-13 (corrected for thermal expansion).
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Figure 4-54. Measured strain from ESF-HD-RSG-14 (corrected for thermal expansion).
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Figure 4-55. Measured strain from ESF-HD-RSG-15 (corrected for thermal expansion).

With a few notable exceptions, the data from the rosette strain gages are similar, showing a
steadily increasing strain to maximum values of about 800 Jistrain at 179 days. These
maximum values contrast with the 350-700 pstrain maximums for the unconstrained concrete
coupons. The notable exceptions to the general expansive behavior are the axial gage for
RSG-1, which has an initially large decrease, then generally expands, and the circumferential
gages in the crown (RSG-1, 6, and 11), which exhibit generally compressive behavior. The
crown gages would be expected to undergo contraction due to the compression of the drift at
the ribs resulting from thermal expansion of the rock mass near the wing heaters. Unlike for
the CIP coupons, the CIP liner response generally does not show a change of strain rate
suggestive of progressive drying of the concrete. It would be expected that the CiP liner
would continue shrinking for a longer period than the coupons due its thickness and geometry.
The liner, unlike the coupons, is not free to expel water on all sides. It is also important to
note that the strain magnitudes for rosettes in which more than one gage is operating suggest
that the principal strain is highly skewed and does not typically lie in the circumferential
direction. This is because the strain magnitudes for axial and circumferential gages are of the
same order of magnitude. This result may be expected during early heating as shrinkage
effects dominate the liner behavior. Also, the volumetric thermal expansion will tend to
lengthen the rock mass and the liner along this orientation. It may be expected at later times
that the circumferential strains will dominate as the stresses in the rock mass increase due to
the wing heaters and attendant rock mass thermal expansion toward the HD.

The data for the circumferentially oriented strain gages are presented in Figure 4-56. The
largest expansive circumferential strain is about 700 gstrain for gage RSG- 13, located near the
floor along the left (south) rib about 44.5 m from the bulkhead. The largest compressive
circumferential strain is about 200 gstrain for gages RSG- 1 and RSG- 1 1, which are located at
the crown about 39 and 44.5 m, respectively, from the thermal bulkhead. The strains
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measured for the circumferential strain gages located in the crown (RSG-I, RSG-6, and RSG-
11) are consistently compressive, which differs from the other circumferential gages located at
the other locations around the periphery of the liner. This is due to the influence of the
horizontal stresses acting on the liner induced by the wing heaters. The increase in horizontal
stress, without the presence of other factors, would impart tensile strains on the inner surface
of the liner near the springline. Likewise, horizontal stresses acting on the liner would impart
compressive strains on the inner surface of the liner near the crown as the liner attempts to
deform. The circumferential strain gage response shown in Figure 4-56 is fairly consistent
with this evaluation. Although the data are clearly strongly influenced by currently
uncharacterized shrinkage effects, the consistently more compressive circumferential strains in
the crown reflect the likely compressive contribution of stress changes acting on the liner.
Likewise, the expansive circumferential strains measured in the other strain gages is
suggestive of the extensional contribution (or simply less compressional) of stress changes
acting along each rib of the HD. The slope of the displacement curves for the gages in the
crown may indicate a greater thermal expansion component beyond the boiling point of water,
much like that indicated by the unconstrained coupons.

The data for all the axially and diagonally oriented strain gages are presented in Figures 4-57 and
4-58. There appears to be no correlation between Y-location and measured strains, as yet, for any
of the gages. A comparison of the axial strains to the strains for the concrete coupons indicates
that the axial strain data are not significantly affected by stress changes in the axial direction.
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Figure 4-56. Comparison of measured circumferential strains.
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Additional data from the cross-drift extensometers (CDEXs) and multiple-point-borehole-
extensometers located in the CIP liner section support the general liner response presented above.
The horizontal CDEX (CDEX-2) located between canisters 8 and 9 shows a general horizontal
closure of the Heated Drift in the CIP liner section. The vertical CDEX (CDEX-1) shows slight
extension, which is consistent with the horizontal stresses "ovalizing" the CIP liner section due to
the heat generated by the wing heaters.

The data for the CIP liner strain gages show a complicated strain behavior including effects from
thermal expansion, drying shrinkage, and mechanical stress. One of the desired outcomes of
using strain gages on the concrete liner is to indirectly measure stresses in the liner. A crude,
first-cut approach to obtaining stress estimates from the strain gage data is discussed in Section
6.2.

4.5 Plate Loading Test

4.5.1 Introduction

The Plate Loading Test (PLT) is an integral part of the DST being conducted in the ESF at
Yucca Mountain. The PLT is an in situ test intended to measure the rock mass modulus for
ambient and thermally perturbed rock. The PLT is located in the Plate Loading Niche in the
southwestern corner of the DST adjacent to the ambient side of the Heated Drift bulkhead (see
Figure 2-1). As the drift is heated, the rock on the western (left) side of the PLT will
experience thermal expansion, increasing the horizontal stress in the area, and causing closure
of the fractures. This can, in turn, lead to increased stiffness (higher modulus) on the heated
side of the PLT niche as the DST is conducted. It is expected that the ambient side of the PLT
niche will eventually experience elevated temperatures and stresses but to a lesser degree than
the heated side. Therefore, a direct comparison of the influence of heating a large volume of
rock can be made by conducting PLTs periodically during the DST. Additionally, borehole
jacking tests and rock mass quality mapping were conducted in the PLT instrumentation
boreholes prior to instrumentation installation and on the rock surface, respectively. The
results of these small-scale borehole tests as well as rock quality estimates of in situ
deformation modulus will be discussed and compared to the results of the PLT. Rock mass
modulus is a parameter used directly in numerical analyses of drift stability, ground support
interactions, and drift and repository behavior. Rock mass modulus may also be used in the
coupling of the thermal, thermomechanical and thermohydrologic conceptual models for the
Yucca Mountain repository.

Sandia National Laboratories has previously identified plate loading tests in the Site
Characterization Plan (US DOE, 1988) as the primary deformation modulus test to be
conducted in the underground. The plate loading tests are based on, although modified for the
unique conditions at Yucca Mountain, standard testing techniques and consist of constructing a
reaction frame and applying static horizontal loads on the surface of the rock surrounding the
underground excavation (Brown, 1981; ASTM, 1970; ASTM 1994a; ASTM 1994b). Pressures
in the loading system and displacements in the rock are measured. Typically, assumptions
regarding the region of influence and other boundary conditions are made to allow for an
estimate of the deformation modulus of the rock.
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Numerous testing techniques have been developed to estimate the deformation modulus of
jointed rock masses (e.g., Goodman et al, 1968; Hustrulid and Schrauf, 1979; Rocha, 1964;
Pratt et al, 1977; Brown, 1981; Zimmerman and Finley, 1987; Hansen et al., 1990; and
Goodman, 1980). These techniques include in situ tests such as, plate loading tests, rock mass
block tests, pressurized gallery tests, and flatjack tests in slots. Other borehole-based tests such
as the borehole jack (Goodman jack) and dilatometers, as well as geophysical techniques such
as cross-hole ultrasonics, and by estimation from rock quality field surveys are also used
extensively. Each of these techniques has merit, although the borehole tests may not load an
adequately large volume of rock, so that local heterogeneities can more strongly influence the
results. Other large-scale techniques such as block tests, slot pressurization tests, pillar tests,
and radial jacking tests offer scale advantages by testing at a more reasonable rock mass-scale;
however, the test preparation, geometry, and conduct are significantly more complex and costly
than plate loading tests and were not considered for the YMP thermal testing program. In
addition, more recent efforts have lead to the development of improved analyses techniques to
interpret the in situ data from the Goodman jack and plate load tests (e.g., Heuze and Amadei,
1985; Boyle, 1992).

For the special case of Yucca Mountain testing, a limited number of laboratory-based rock joint
compliance studies have also been conducted by SNL to provide additional data for more
complete interpretation of the in situ tests. Results of tests on Topopah Spring Tuff have been
reported by Olsson (1987). These tests were conducted on artificial rough fractures in which
the shear and normal compliance were measured on both mated and nonmated fractures. The
results of these tests show that at normal stress levels of up to 2 MPa (290 psi) the majority of
joint closure has occurred, especially for the mated fractures. This suggests that in situ
measurements of rock mass deformation modulus can capture a significant portion of the load-
deformation response of TSw2 if a representative volume of rock is loaded to above about 250
psi.

Rock mass or deformation modulus can also be estimated via empirical methods that
incorporate properties of the rock mass including fracture and intact rock characteristics. These
techniques have been presented elsewhere, and a detailed discussion of all techniques is beyond
the scope of this report. However, the available techniques will be briefly presented for
completeness. The empirical techniques for estimating rock mass deformation (Barton, 1983;
Nicholson and Bieniawski, 1986; Zimmerman et al., 1986; Serafim and Periera, 1983; and
Bieniawski, 1978) offer advantages although, because they rely on analytical combinations of
related parameters, the method(s) must be verified through direct measurements such as plate
loading before they can be universally applied throughout the YMP facility. These empirical
techniques will be more completely evaluated in future DST updates and compared to PLT and
numerical analyses results.

4.5.2 PLT Test Design and Setup
The PLT conducted as part of the DST includes three related components. The first includes
rock mass quality mapping which was conducted on the surface of the Heated Drift parallel to
the axis of loading in the PLT. This mapping was conducted shortly after construction of the
Heated Drift and PLT niches was completed. Input from the rock mass quality mapping is
discussed later in relation to qualitative empirical estimates of rock mass deformation modulus
described above. The second component of the PLT includes initial Goodman jack tests that
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were conducted in the instrumentation boreholes prior to instrumentation installation. The
final and major component of the PLT is the test itself, which includes some pretest elastic
numerical model predictions, test design, instrumentation and equipment selection and
procurement, test setup, and conducting the PLT.

The Plate Loading Test design is based on the standard test described in the International
Society for Rock Mechanics (ISRM) testing manual (Brown, 1981), ASTM standards (ASTM
D4394 and ASTM D4395), rock mechanics testing literature, and previous testing experience
with high pressure flatjacks in G-Tunnel (Zimmerman and Finley, 1987; Hansen et al., 1990).
The PLT conducted as part of the DST differs somewhat from the recommended standard
techniques, although the differences are not considered significant and are justified based on
the PLT configuration within the context of the larger DST. The major differences are
discussed below.

The PLT niche is located about 5 m from the Heated Drift bulkhead and is driven
approximately 5 m toward the north, perpendicular to the axis of the Heated Drift (Figure 2-1).
The niche is a roughly 2.5-m diameter alcove with a nominally flat floor. The niche was mined
using drill and blast techniques during the construction phase of the DST during November
1996. The PLT is designed to mechanically load the rock in a horizontal orientation using
large, square-shaped flatjacks that press against both ribs of the PLT niche. A steel frame is
constructed between the ribs of the PLT niche to provide a reaction force for the flatjacks.
Figure 4-59 shows the double acting flatjack setup used in the PLT niche. The flatjacks are
constructed of 304 stainless steel sheets 1.65 mm (0.065 in.) thick butt welded to 9.53 mm
(0.375 in.) diameter (1.63 mm [0.064 in.] thick) 314 stainless steel tubing around the edges.
The dimensions of the unpressurized flatjacks are nominally 0.813 m x 0.813 m (32 in. x 32
in.) with the corners rounded to a 0.080-m (3-in.) radius. This flatjack design is based on
flatjacks originally fabricated and tested by Sandia National Laboratories for G-Tunnel rock
mass strength and deformability testing (Hansen et al., 1990). The G-Tunnel tests achieved
flatjack pressures in excess of 30 MPa (4400 psi), and the surrounding rock failed during the
test without failure of the flatjack. Because the flatjacks produce forces of roughly 1,000,000
lb per each 1000 psi increment in pressure, it is not possible to pressure test the flatjacks prior
to actually conducting the PLT because of the lack of an available loading frame that is capable
of withstanding such large forces without significant deformation. The flatjacks were
radiographed and helium leak-tested by the fabricator prior to installation in the PLT.

The reaction frame (Figure 4-59) consists of mild steel 0.91 in (36-in.) square plates stacked
horizontally across the diameter of the PLT niche near the springline. This massive setup was
used because of the extremely large reaction forces that were required. The joints between the
plates allowed some compliance during low pressure cycles. The compliance was reduced by
adding additional aluminum shims during initial depressurization cycles prior to actually
conducting the PLT. After completion of this low pressure preloading, the reaction frame was
considered stiff enough to allow general loading of the PLT. This reaction frame allows the
flatjacks to provide relatively uniform pressure onto a single (each side) 2.54 cm (1-in.) thick
bearing platen which itself bears onto a nominal 10.1-cm (4 in.) thick grout pad which was cast
directly on the hand-smoothed rock surfaces to provide a uniform bearing surface for PLT
testing.
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Figure 4-59. View of reaction frame and double-acting flatjack setup used in the PLT niche.

The pressurization system used for the PLT included approximately 30 m (100 ft) of 6.35 mm
(0.25 in) OD diameter stainless steel tubing which was connected to the inlet ports of each
flatjack through a manifold and connected to the pump which was located about 30 m (100 ft)
from the PLT niche near the DAS alcove. The pump is a 103 MPa (15,000 psi) maximum
pressure positive displacement pump. The pressurization fluid used was potable water. Water
was used instead of the standard fluid (hydraulic oil) so as to limit the potential impact of system
leaks on the surrounding rock. The system volume was estimated to be approximately 52 liters
(13 gal) at full flatjack pressure.

The PLT instrumentation included displacement sensors in the PLT boreholes and on the DAS
side of the PLT pillar between the PLT niche and the DAS alcove (Figure 2-1). Pressure
transducers were used to monitor the flatjack system pressure. The displacement sensors used in
the PLT boreholes were placed three per borehole in a multiple point borehole extensometer
(MPBX) arrangement to a depth of about 3 m (10 ft). The exact anchor depths can be found in
Appendix C. The instruments used were similar to those used in the MPBXs in the Heated Drift
itself. The anchors were C-ring GEOKON anchors that were connected to the LVDTs via Invar
connecting rods. Anchor locations were selected in competent rock in each borehole based on
borehole video logs of each hole. As with other geomechanical instrumentation used in the
thermal testing program, Type-K thermocouples were attached to the connecting rods to provide
thermal compensation for the displacement measurements (if tests were to be conducted over
several days). Although thermocouples were used, the PLT results presented in this report were
not corrected for rod thermal expansion because of the short durations of the tests. These
displacement measurements are used along with the measured flatjack pressures to calculate the
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rock mass deformation modulus. The other set of displacement measurements (across the DAS
alcove) was intended to monitor the stability of the west rib of the PLT niche pillar as the
flatjacks are pressurized. This was considered prudent, as the operational range of the flatjacks
was expected to exceed 30 MPa (4400 psi) which would impart over 4,000,000 lb of force on the
rock. It was conceivable that the test could "punch" through to the DAS alcove, causing an
instability there. The gages used for this monitoring included two "Yo-Yo" gages (rotating linear
potentiometers) which were continuously monitored during the test. The pressure transducer
used for the PLT has a range of up to 69 MPa (10,000 psi) with a reported accuracy of 0.5% of
the full range. A brief description of all instruments used for the PLT is given in Appendix B of
this report.

No cross-drift (PLT niche) displacements were made as suggested by the ISRM testing manual.
These measurements can give some indication of the stiffness of the reaction frame used;
however, the data are not needed for the calculation of the rock mass modulus. Also, the massive
nature of the reaction frame would have required placing at least two, and more justifiably four,
displacement gages around the reaction frame to obtain a clear picture of the stiffness of the
reaction frame, as the axis of loading was solid steel.

An additional test setup deviation from the ISRM Suggested Method was in the depth and
number of the MPBX anchors relative to the size of the loaded area. The ISRM suggests that the
bottom anchor be placed approximately six flatjack (loading platen) diameters away from the
loaded surface. This would require the MPBX boreholes to be about 6 m deep. However, this
would have placed the bottom of the hole too close to the nearest wing heater, potentially
providing a fast-path pathway to the ambient temperature region. Therefore, the maximum depth
of 3 m was chosen as a reasonable alternative to energize a significant volume of rock while still
maintaining an acceptable stand-off distance from the high temperature wing heaters. Because
the borehole depths were shortened from the recommended ISRM depth, the number of anchors
was also reduced.

The final major deviation from the ISRM suggested method was in the loading itself. The ISRM
method suggests that the load be applied in multiple increments, with each increment being held
for two days followed by one day at zero pressure to evaluate the inelastic response of the rock
mass. At least five pressure increments are recommended by ISRM up to the maximum intended
pressure for the test. For the YMP PLT, the proposed maximum pressure is 47 MPa (6800 psi)
which corresponds to five pressure increments of roughly 9.5 MPa (1400 psi ) each. As will be
seen later in the data presentation, it was decided to forgo the 9.5 MPa (1400 psi ) holdpoint
because of flatjack problems and to monotonically increase the pressure in the flatjacks to the
maximum achieved during the initial set of tests of 8.8 MPa on May 28, 1998 and 16.5 MPa on
June 6, 1998. The flatjacks failed in rupture along the weld at these pressures. As previously
stated, similar flatjacks fabricated at SNL were tested in G-Tunnel to pressures of over 30 MPa
(4400 psi) without flatjack failure. The low pressure flatjack failures were unexpected and the
fabrication process will be reevaluated prior to conducting additional plate loading tests at Yucca
Mountain.

4.5.3 Test Data
The YMP Plate Loading Test conducted as an integral part of the DST includes data from the
rock mass quality mapping of the drift surfaces in the vicinity of the PLT niche, Goodman jack
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testing results from the instrumentation boreholes of the PLT, and from two separate plate
loading tests conducted on May 28, 1998 and June 9, 1998. The two plate loading tests were
terminated at lower pressures than originally planned because of unexpected flatjack failures.
The data for each component of the PLT are presented separately and later discussed together.

4.5.3.1 Rock Mass Quality Estimates

Rock mass quality estimates of the Heated Drift wall were performed shortly after construction of
the Heated Drift was completed. These estimates included both the NGI "Q" system (Barton et
al., 1974) and the CSIR "RMR" system (Bieniawski, 1974). Two separate sets of estimates were
performed, one by the United States Bureau of Reclamation (BUREC), and one by Sandia
National Laboratories (SNL). These separate surveys targeted different parts of the HD, although
no rock mass quality estimates have yet been performed within the PLT niche itself or on core
retrieved from the PLT instrumentation boreholes. Nevertheless, the reported data are consistent
enough to suggest that the rock mass in the region surrounding the PLT niche can be reasonably
described by the rock mass quality estimates from the HD. Future efforts will evaluate the core
retrieved from the PLT instrumentation boreholes as well as the PLT niche surfaces.

The Bureau of Reclamation performed full periphery fracture mapping along the complete length
of the Connecting and Heated Drifts (Figure 2-1) (TRW, 1997). They therefore mapped the
Heated Drift on both sides of the PLT niche. This represents the HD-side of each of the blocks of
rock loaded by the PLT. In contrast, Sandia National Laboratories (SNL) performed line surveys
for rock mass quality of the left rib of the Heated Drift and Connecting Drift (Figure 2- 1) (TRW,
1997). Each of these surveys provided values of rock mass quality parameters Q and RMR,
which can be used to estimate the rock mass deformation modulus. The procedures for
conducting these surveys are described in the original report (TRW, 1997). The results of these
surveys are presented in Table 4-3 for the rock in the vicinity of the PLT niche.

Table 4-3. Rock Mass Quality around the PLT Niche (from TRW, 1997)

Location Fracture Mapping Rock Mass Quality
(BU1EC) (S

l _______ RMR Q RMR Q
HD 0-5 58 4.0 NA NA
HD 3-5 NA NA 75.3 1.69
HD 10-15 65 4.3 64.4 3.75
CD 35-40 58 5.2 79.4 22.18
CD 40-45 52 2.1 78.3 11.08

-

The locations given in Table 4-3 can be related to either the heated side or ambient side of the
rock mass surrounding the PLT niche. Because the PLT niche extends from roughly 8.00-10.50
m along the Heated Drift coordinates, the surveys from HD 0-5, HD 3-5, CD 35-40, and CD 40-
45 represent the block of rock making up the ambient side of the PLT. Likewise, HD 10-15
represents the block of rock making up the heated side of the PLT.

What is most striking when comparing the surveys presented in Table 4-3 are the differences in
estimated rock mass quality values for the same sections of rock. This is particularly true for the
Q values, although the reader should be aware that the Q system is based on a nonlinear scale and
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such differences can be expected from one region to the next. Also, the rock mass quality survey
was performed as a line survey, and the fracture mapping was performed as a full periphery
survey. Therefore, features apparent to one may not be seen in the other. Additional mapping
activities are planned for the PLT niche in addition to evaluation of available core and borehole
video logs from the PLT to further evaluate the accuracy of the rock mass quality estimates
presented in Table 4-3.

A summary of these surveys for each side of the PLT niche can be given by averaging the rock
mass quality estimates for sections describing the hot and ambient sides of the rock surrounding
the PLT niche. Such a simplified approach yields the following for the PLT (Table 4-4).

Table 4-4. Rock Mass Quality Estimates for PLT Niche

PLT Niche Side RMR (avg.) Q (avg.)
Hot side 64.7 4.03
Ambient side 66.8 7.7

Naturally, the values presented in Table 4-4 represent a very rough estimate of the rock mass
qualities for the rock surrounding the PLT. Additional evaluation of the exposed rock surfaces
and the core from the PLT instrumentation boreholes will be evaluated in future reports.

The rock mass quality values presented in Table 4-4 can be related to estimates of the
deformation modulus for each side of the PLT using empirical equations developed by other
researchers. As a preliminary estimate, the empirical equations developed by Barton (1983),
Serafim and Periera (1983), and Bieniawski (1978) are used below (Table 4-5) to estimate the
rock mass deformation modulus on each side of the PLT. Table 4-5 lists each empirical method,
the equation used, and the predicted rock mass deformation modulus for each side of the PLT
niche.

Table 4-5. Methods and Predicted Deformation Modulus for PLT Niche

Parameter Ambient Side of Heated Side of
the PLT Niche the PLT Niche

Average Rock Mass Quality Q=7.7 (RMR=66.8) Q=4.03 (RMR=64.7)
E (GPa) from Bieniaw§i, 33.6 GPa 29.4 GPa
1978
E = 2RMR-100
E (GPa) from Serafim and 26.3 GPa 23.3 GPa
Periera, 1983

[RR-I0)]
E = 0_ __ __R_ __ __ __

E (GPa) from Barton, 1983 22.2 GPa 15.1 GPa
E = 25log]oQ I

These empirical results suggest that the heated side of the PLT niche should have a slightly lower
rock mass modulus, although the range of estimates differs by as much as about a factor of two
with the Barton (1983) method providing the lowest estimates for both sides of the PLT niche. It
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is important to note that these estimates could change as additional rock mass quality data from
the PLT niche itself and the instrumentation boreholes are further evaluated.

In addition to the three empirical estimates of rock mass deformation modulus presented above,
other, more complicated empirical models should be evaluated. These models include Nicholson
and Bieniawski (1986), Zimmerman et al. (1986), and others. These other models require
additional parameters such as joint closure stress, laboratory modulus and strain at unconfined
failure, Hoek-Brown curve fitting parameters, stress condition, etc. to model the rock mass
deformation modulus. Future reports will evaluate these other empirical techniques as well as the
techniques presented in Table 4-5.

4.5.3.2 Goodman Jack Results

Goodman jack tests were performed at a single depth in each of the PLT instrumentation
boreholes prior to installation of the PLT MPBX instrumentation. These tests were conducted on
May 12, 1998 at a depth of 1.2 m from the collar of borehole #187 and 2.6 m from the collar of
borehole #188. Borehole #187 is drilled approximately 3 m into the right rib on the ambient side
of the PLT and borehole #188 is drilled approximately 3 m into the left rib on the hot side of the
PLT. The rock in the vicinity of the PLT created difficulty in setting the jack; therefore, only the
single location in each borehole was tested.

The NX-Borehole jack consists of two hydraulically activated steel loading platens approximately
20.3-cm long (8-in.) which apply a unidirectional load to a nominal 7.62-cm (3-in) diameter
borehole wall. The maximum jack pressure is 69 MPa (10,000 psi), and the maximum platen
displacement is 0.63-cm (0.25-in). The combined total displacement of both platens is 1.27 cm
(0.5 in.) with total jack diameter at 3.25 in. Platen displacement is measured using LVDTs (one
for each platen). The platens pressurize 900 of the borehole wall on each side. Jack pressure is
applied using an Enerpac hand pump. Typically, the jack is pressurized to 34.5 MPa (5000 psi) to
55.2 MPa (8000 psi) and back to zero with LVDT readings recorded during both loading and
unloading.

The historical use of the borehole jack has shown that corrections must be taken into
consideration for the mismatch between borehole and platen radii, longitudinal bending of the
platens, and tensile cracking of the intact rock or opening of existing fractures. The use and
interpretation of the borehole jack is discussed at length in ASTM (1996) and Heuze and Amadei
(1985). The jack is inserted in the borehole, and platens are slowly expanded until the pressure
just begins to rise. These LVDT readings represent the initial borehole diameter and are used for
calculations of borehole wall displacement under pressure. The jack pressure is increased in
increments to the desired maximum pressure and then decreased in similar increments. Because
of the data corrections necessary, as described in ASTM D4971-89, the calculated minimum
pressure to achieve "full platen contact" based on the approximate borehole diameter (7.57 to
7.9 cm [3 to 3.1 in.]) was about 21 MPa (3000 psi). For the PLT borehole jack tests conducted on
May 12, 1998, the maximum pressure was limited to about 55 MPa (8000 psi). Also, it should be
noted that Equation I in ASTM D4971-89 is incorrect. Equation 6 from Heuze and Amadei
(1985) was used to determine the calculated modulus.

According to ASTM-D4971-89 (reapproved 1994) and Heuze and Amadei (1985), the Goodman
jack data must be evaluated to estimate the jack pressure required to achieve full platen contact
with the borehole wall. This is necessary because the analyses described in ASTM-D4971-89 and
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Heuze and Amadei (1985) assume full contact of the two platens with the borehole wall. In
reality, there is initially some mismatch because of different radii of curvature between the
borehole (in the PLT, nominally NQ sized) and the jack platens. As the jack is pressurized, the
mismatch decreases until a pressure Qhfin is reached where "full" contact is achieved. The
ASTM-D4971-89 recommends that only the displacement/pressure data that exceed this
minimum pressure (Qhii 1n) be used to calculate the rock mass modulus. According to ASTM-
D4971-89 and Heuze and Amadei (1985) the "minimum pressure" to achieve full platen contact
for oversized holes (initial diameter > 3.0 in) is:

Q 0.2a (30x106)E (43)

Qh (3x lrO)(v2) 0.9 lEl im (4-3)

where:

Qhrnin = jack pressure for full platen contact
a = deviation of hole diameter in excess of 3.0 in.
Erheomeical = ETme = actual rock mass modulus
v = Poisson's ratio (can be assumed to be 0.25)

For this analysis, ETheormtical must be estimated to determine Qhmin a priori.

For the data for jack pressures > Qhmin, the rock mass modulus can be calculated using Equation
44 (from Heuze and Amadei, 1985):

Ecc = (0o86)(0.93)D AQh T (4_4)
AD

where:

D = initial borehole diameter (in.)

AQh = jack pressure change (psi)

AD = Borehole diameter change (in.)

Tf = coefficient dependent on Poisson's ratio

It should be noted that the equation above for E4 ,ic differs from equation #1 in ASTM D4971-89,
which contains at least two errors. This can be seen from review of the previous and subsequent
borehole jack literature and comparison to equation #2 in ASTM D4971-89.

Finally, the true modulus (theoretical modulus), Emeomr c , can be determined from Figure 3 of
ASTM D4971-89. The ETme vs. Eca1c correction in Figure 3 (from ASTM D4971-89) is necessary
to correct for platen bending, particularly at higher moduli (> -7 GPa).

For practical purposes, the Qhrin calculation for modulus values between 400,000 psi (2.75 GPa)
and 1,000,000 psi (6.9 GPa) varies between 3000-6500 psi. As noted in ASTM D4971-89 (p. 24
bottom), the procedure "may result in rejections of too many data with consequent degradation of
the corpus of the data." An alternative to using the Qhmin equation, ASTM D4971-89 suggests
that there is full platen contact if the loading curve is approximately linear. Therefore, Qhmin can
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be estimated by simple evaluation of the pressure-displacement curves for each test, although for
simplicity a minimum value of 3000 psi has been used for Qhmin in all calculations.

The Goodman jack pressure-displacement curves for the tests conducted in borehole #187 and
# 188 are presented in Figures 4-60 and 4-61. Figure 4-60 shows the curve for the 1.2-m-deep test
in borehole #187 (ambient side) and Figure 4-61 shows the curve for the 2.6-m-deep test in
borehole #188. Both tests were conducted to a maximum jack pressure of 55 MPa (8,000 psi).
The figures show clearly that the rock surrounding the borehole on the hot side (borehole #188) is -

stiffer than the rock surrounding the borehole on the ambient side (borehole #187).

The results of the Goodman jack testing in the PLT instrumentation boreholes show that the
calculated rock mass modulus is 3.31 GPa for the ambient side of the PLT niche at a depth of 1.2
m in borehole #187. Likewise, the rock mass modulus calculated for the hot side of the PLT
niche at a depth of 2.6 m in borehole #188 is 5.89 GPa. These values suggest that the hot side
modulus is about twice that of as the ambient side. These Goodman jack estimates for rock mass
deformation modulus are consistent in magnitude with values obtained from the SHT block
(SNL, 1998). It is important to note that the Goodman jack loads the rock along an orientation
that is perpendicular to the direction of loading for the PLT. Also, the Goodman jack, because of
the small platen size, energizes a much smaller volume of rock than the PLT and is therefore
much more likely to be influenced by near-borehole heterogeneities.

4.5.3.3 Plate Loading Results

Two plate loading tests were conducted on May 28, 1998 and June 9, 1998 using the double -

acting flatjack and reaction frame system previously described. As mentioned previously, these
tests differed somewhat from the ISRM-suggested method. Both tests terminated as a result of
flatjack failures resulting in a loss of pressure. For the May 28, 1998 test, the maximum flatjack
pressure achieved was about 8.8 MPa (1280 psi). The June 9, 1998 test achieved maximum
flatjack pressure of about 16.5 MPa (2400 psi) prior to failure of one of the flatjacks. As
discussed previously, the flatjack fabrication process will be reevaluated prior to conducting
additional PLTs as flatjacks of a like design fabricated by SNL achieved pressures in excess of 30
MPa (4400 psi) without failure (Hansen et al, 1990). Figures 4-62 and 4-63 show the pressure-
time histories for the tests conducted on May 28, 1998 and June 9, 1998 respectively. Note the
extremely rapid pressure decrease in each case, particularly for June 9, 1998 in which one flatjack
ruptured catastrophically. Also note that the pressures measured for each of the two flatjacks (hot
and ambient side of the reaction frame) are nearly identical for each test.

Displacements under the bearing platens were measured using high temperature LVDTs and
MPBX anchors at three locations (depths) in each of the two instrumentation boreholes drilled
into the hot and ambient sides of the PLT niche. Table 4-6 gives the depths in each borehole of
the MPBX anchors.

Table 4-6. MPBX Anchor Locations in PLT Instrumentation Boreholes

Anchor Borehole #187 (ambient) Borehole #188 (hot)
Deep 2.70 m 3.21 m
Mid 1.31 m 1.54 m
Shallow 0.87 m 0.86 m
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Figure 4-60. Pressure-displacement curves for 1.2-m-deep test in borehole #187 (ambient side
of PLT).
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Figure 4-61. Pressure-displacement curves for 2.6-m-deep test in borehole #188 (hot side of
PLT).
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Note that the anchor depths given in Table 4-6 differ from the as-requested locations, and the
locations in each borehole also differ. These differences are due to irregularities and fracturing in
the boreholes.

Each of the MPBX anchor displacements is referenced to the borehole collar located just
underneath the grout pad at the rock surface. The anchors move in response to the applied loads
based on the loading geometry, the anchor distance from the applied load, and the specific
material properties of the surrounding rock. The primary material property factor influencing the
response of the anchors to the applied surface loads is the modulus of the surrounding rock.
Likewise, the presence of heterogeneities, particularly the degree of fracturing, strongly influences
the overall rock mass stiffness.

The temperatures were measured periodically in the PLT instrumentation boreholes both before
and after installation of the instrumentation. The temperatures measured on the ambient side of
the PLT niche (right rib) remained roughly ambient through this reporting period and are not
presented in graphical form. The temperatures on the hot side of the PLT niche have increased
through the reporting period and are presented in Figure 4-64 as a function of depth in borehole
#188. The figure shows that through May 28, 1998 the temperature at the depth of 2.7 m
(between the deep and middle anchor) has risen to about 580C. Also, note that the temperature
gradient is relatively steep, with temperatures at the borehole collar near ambient. Therefore,
much of the region loaded during the PLT pressure cycles is only slightly above ambient
temperature, with the highest temperatures near the bottom of the borehole where the PLT
induced stress will be the lowest. Although the maximum temperature increase in borehole #188
is about 30'C above ambient by the time the first of the two PLT load cycles was completed, it is
not expected, based on the intact thermal expansion characteristics of Yucca Mountain tuff, that
this temperature increase has yet significantly changed the rock mass deformation modulus.
Future PLT tests, planned at elevated temperatures, will be used to evaluate the effects of
temperature change on rock mass modulus.

Figures 4-65 and 4-66 show the displacement histories for all six MPBX anchors during the May
28, 1998 PLT test for the ambient and hot sides of the PLT niche respectively. Likewise Figures
4-67 and 4-68 show the displacement histories for all six MPBX anchors during the June 9, 1998
test for the ambient and hot sides of the PLT respectively. The data show clearly that the
measured displacements on the ambient side of the PLT exhibit significantly larger displacements
at equivalent times than do measured displacements on the hot side of the PLT. Specifically, the
ambient side exhibits about twice the displacement at any time than the equivalent anchor on the
hot side of the PLT. The displacement trends for both the May 28, 1998 and June 9, 1998 test
show a steady increase in displacement (relative compression) as the pressure is increased
(Figures 4-62 and 4-63).

Clearly, most of the displacement measured by all anchors occurs after the flatjack pressure
exceeds 1-2 MPa. It is also important to recognize that the rock near each of the anchors "sees" a
lower pressure than is measured in the flatjacks This effect is due to two factors: first, the flatjack
presses against a larger loading platen; second, the stresses are naturally reduced with depth
according to linear elastic theory. Also notice the extremely quick recovery for all anchors when
the pressure is released.
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Figure 4-68. Displacement histories for the June 9, 1998 test, hot side.

An unexpected result of the displacement measurements are the relative responses of the deep and
middle anchors on the hot side of the PLT. Notice in figures 4-66 and 4-68 that the middle
anchor displacement exceeds that of the deep anchor at peak pressure for the May 28, 1998 test
and for most of the June 9, 1998 test. This type of behavior could result from very compliant
heterogeneities located between the deep and middle anchors on the hot side of the PLT. The core
and video logs from borehole #188 will be reevaluated for future reports.

Plate load test results are primarily presented in terms of pressure/displacement plots. In
particular, the pressure required for such plots and subsequent analyses is the pressure directly
applied to the rock mass and not necessarily the pressure measured in the flatjacks or loading
systems. In the case of the YMP PLT, the bearing pressure is estimated from the measured
flatjack pressure, the estimated dimensions of the flatjack at that pressure, and the bearing platen
dimensions. As mentioned previously, the flatjack unpressurized dimensions were 81.3 cm x
81.3 cm (32 in x 32 in.). Because the flatjacks are flexible, they deform under their internal
pressure and as they extend from the initial thickness of 9.5 mm the effective loading area
decreases. The failed flatjacks were measured using a tape measure in the field after each test and
the resulting loading surface dimensions were found to be about 78 cm x 78 cm (30.7 in x 30.7
in). This area provides a "first-order" estimate of what the actual flatjack loaded area may be
under pressure, although the exact number will likely be somewhat smaller still. In addition to the
reduction in effective flatjack area, the flatjacks themselves press against a steel bearing platen
91.4 cm (36 in.) square, which is larger in area than the flatjacks. This results in an additional
reduction in bearing pressure based on the relative dimensions of each surface. Under these
circumstances the assumed reduction in applied bearing pressure is:

Bearing Pressure = Flatjack Pressure x (78 cm)2/(91.4 cm)2

567
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or

Bearing Pressure = 0.728 x Flatjack Pressure

The ISRM suggested method (Brown, 1981) and ASTM standard (ASTM D4394 and D4395-84,
reapproved 1989) suggest analysis of the PLT pressure/displacement data in terms of elasticity
theory. In particular, each provides linear elastic equations for calculating the modulus based on a
circular or annular loaded area on a semi-infinite isotropic elastic medium. The ISRM suggested
method and ASTM D4395 present equations based on a perfectly flexible loading system, and
ASTM D4394-84 presents the equations in terms of a rigid loading system. Boyle (1992)
conducted a numerical study of the ISRM-suggested method, and he indicates that use of the
analysis techniques presented in the ISRM-suggested method can yield significant error. He
recommends using least-squares to calculate the modulus using all measured displacements and
bearing pressures. Boyle (1992) also uses the equation for a flexible loading on a circular area.
He points out that the ISRM method (and the ASTM standards by association) can cause
calculation of different moduli for each MPBX measurement depth. Although it is possible to
have different moduli in heterogeneous rock or where mining-induced damage has altered the
nature of the rock near the surface, this is an unsatisfactory outcome. Boyle (1992) also points
out that the standard methods also result in calculation of the same modulus for different values of
Poisson's ratio, although this effect is small for the expected range of Poisson's ratio in tuff (0.20-
0.30).

A simplified approach for presenting the PLT data has been used for this report. Future reports
will evaluate the applicability of the Boyle (1992) approach and will use numerical methods to
calculate deformation modulus based on the specific test geometry used. For these simplified
"first-order" analyses the following equation has been used to calculate deformation modulus:

E = pB(1V2)45

where:

E = deformation modulus
1~ = constant dependent on the shape and stiffness of the loading platens

(between 0.95 and 1.10 for square shapes)
P = bearing pressure applied to the rock mass
B = dimension of the bearing platens
v = Poisson's ratio

6 = displacement of the rock surface due to the applied load

Equation 4-5 is commonly used in foundation engineering to estimate displacements under
footings (Bowles, 1982). It is therefore more directly applicable than the equations from the
ISRM or ASTM standards because it better describes the shape of the loaded area used in the
PLT. It should be restated that the following estimates of deformation modulus are first-order
estimates and will be reevaluated using more sophisticated techniques in later DST reports.

Figures 4-69 and 4-70 show pressure displacement curves for the deepest anchors on each side of
the PLT for each of the two tests. The figures present the bearing pressure on the rock surface
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under the square bearing platen, which is less than the measured flatjack pressure, as described
_ above. The deformation modulus from these measurements is presented below for each MPBX

anchor using the simplified approach with I, = 1.05 (semi-rigid or semiflexible) and v = 0.2.
In all cases both the secant modulus and the elastic modulus for data above 5 MPa are presented

- for each anchor based on the data collected prior to flatjack failure. As noted by Boyle (1992)
this approach allows for the calculation of various moduli for each displacement measurement.
The accuracy or adequacy of such an approach will be evaluated in future DST reports.

Plate Load Test (May 28, 1998) - Summary of Test Results

- Maximum Pressure on Rock

Ambient Side = 6.4 MPa (928 psi)
Hot Side = 6.3 MPa (914 psi)

Maximum Displacement at Anchors

Ambient Side
* Deep anchor (2.70 m) = -0.51 mm (-0.020 in.)
* Medium anchor (1.31 m) = -0.48 mm (-0.019 in.)
* Shallow anchor (0.87 m) = -0.41 mm (-0.016 in.)

Hot Side

_ * Deep anchor (3.21 m) = -0.19 mm (-0.007 in.)
* Medium anchor (1.54 m) = -0.22 mm (-0.009 in.)
* Shallow anchor (0.86 m) = -0.17 mm (-0.007 in.)

Secant (Es) and Elastic Moduli (data above 5 MPa)

Ambient Side
* Deep anchor (2.70 m) Es = 11.5 GPa E= 11.0 GPa
* Medium anchor (1.31 m) Es = 12.1 GPa E = 12.2 GPa
* Shallow anchor (0.87 m) Es = 14.4 GPa E = 14.6 GPa

Hot Side

* Deep anchor (3.21 m) Es = 29.8 GPa E = 24.7 GPa
* Medium anchor (1.54 m) Es = 26.2 GPa E = 30.9 GPa
* Shallow anchor (0.86 m) Es = 33.4 GPa E = 48.1 GPa

Plate Load Test 2 (June 9, 1998) - Summary of Test Results

- Maximum Pressure on Rock

Ambient Side = 11.8 MPa (1710 psi)
Hot Side = 11.9 MPa (1725 psi)

Maximum Displacement at Anchors

Ambient Side
* Deep anchor (2.70 m) = -0.95 mm (-0.037 in.)
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* Medium anchor (1.31 m) = -0.84 mm (-0.033 in.)
* Shallow anchor (0.87 m) = -0.67 mm (-0.026 in.)

Hot Side

* Deep anchor (3.21 m) = -0.37 mm (-0.015 in.)
* Medium anchor (1.54 m) = -0.36 mm (-0.014 in.)
* Shallow anchor (0.86 m) = -0.29 mm (-0.011 in.)

Secant (Es) and Elastic Moduli (data above 5 MPa)

Ambient Side
* Deep anchor (2.70 m) Es = 11.4 GPa E = 12.0 GPa
* Medium anchor (1.31 m) Es = 12.9 GPa E = 14.4 GPa
* Shallow anchor (0.87 m) Es = 16.2 GPa E = 19.4 GPa

Hot Side

* Deep anchor (3.21 m) Es = 29.5 GPa E = 31.8 GPa
* Medium anchor (1.54 m) E, = 30.0 GPa E = 36.0 GPa
* Shallow anchor (0.86 m) E, = 37.4 GPa E = 49.9 GPa

The above presentation of modulus calculated from the PLT displacement and bearing pressure
data should be considered preliminary. As discussed by Boyle (1992) the displacement (anchor)
data result in different calculated moduli for each location. It may be more practical at this point
to use the data from the deepest anchors from each side of the PLT as they represent the total
displacement contribution measured by all the anchors. This is probably the correct approach for
the equation used (elastic settlement) because that equation describes the total displacement under
a loaded area. Therefore, the deep anchor displacement more closely represents the data required
for the analytical equation. Also, the deep anchor represents a significantly larger volume of rock
than the other anchors and is therefore less likely to be influenced by small-scale heterogeneities.

Also, it is unlikely that the rock mass modulus, which incorporates the influence of fractures and
other heterogeneities can have values greater than the intact rock as is seen in some of the
calculated values above. The average intact modulus measured from laboratory tests on core
retrieved from the DST is 36.8 MPa (TRW, 1997). These static lab tests results are from 16
samples of core retrieved from the sequential drift mining boreholes and the hydrofracture
borehole near the DST.

4.5.4 Comparison of Data/Modeling Results

The rock mass modulus surrounding the PLT niche has been estimated using three different
methods: empirical rock mass quality estimates, Goodman jack tests in the PLT instrumentation
boreholes, and the plate loading method. Results from the three methods are presented above and
are summarized in Table 4-7 below.

The results presented in Table 4-7 show that the Goodman jack strongly underpredicts the rock
mass modulus as measured by the plate loading test and those predicted by the empirical rock
mass quality estimates. The Goodman jack does however indicate that the ambient side of the
PLT has a lower modulus than the hot side. Additionally, the Goodman jack results suggest that
the difference between the hot and ambient side of the PLT should be about a factor of two. This
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is consistent with the plate loading results in which the calculated modulus is about 2.5 times
greater on the hot side than on the ambient side of the PLT. The results from the Goodman jack
are consistent in magnitude with previous measurements made during the SHT (SNL, 1998). The
low values for modulus measured by the Goodman jack are possibly due to the small volume of
rock energized by the system. This can result in a strong influence of local heterogeneities such
as fractures and lithophysae on the results.

Table 4-7. MPBX Anchor Locations in PLT Instrumentation Boreholes

Modulus Technique Ambient Side of Heated Side of
the PLT Niche the PLT Niche

Average Rock Mass Quality Q=7.7 (RMR=66.8) Q=4.03 (RMR=64.7)
E (GPa) from Bieniawski, 33.6 GPa 29.4 GPa
1978
E = 2RMR-100
E (GPa) from Serafim and 26.3 GPa 23.3 GPa
Periera, 1983

[ RR-10)]

E (GPa) from Barton, 1983 22.2 GPa 15.1 GPa
E = 25log]OQ
Goodman Jack (measured 3.31 GPa 5.89 GPa
perpendicular to axis of the
PLT) (GPa)
Plate Loading Test 11.45 GPa 29.7 GPa
(estimated from bottom
anchor displacements-
secant modulus) (GPa)

The empirical techniques that estimate rock mass modulus based on rock mass quality do a fairly
good job of predicting the modulus measured during the PLT. The technique of Serafim and
Periera (1983) provides modulus estimates that are well-bounded by the actual measurements.
All the empirical rock mass quality methods presented in this report suggest that the rock mass
deformation modulus on the ambient side of the PLT should be somewhat higher than the values
on the hot side. It is possible that some fracturing or other heterogeneities may be present which
are not presently captured in these predictions. Additional mapping and evaluation of available
data will be completed, and the rock mass deformation modulus empirical predictions
recalculated for future DST progress reports.

Pretest analysis of the expected rock response as a result of the plate loading test were performed
using two methods of analysis. The first was a hand calculation involving a plate load source on
a semi-infinite elastic half space using the equation for a square loaded area on an elastic half-
space as described above. A single elastic modulus of 5 GPa was used in the solution to predict
the expected displacements of the PLT loaded rock surfaces and the left rib of the DAS alcove.
The second method involved a finite element elastic solution using the computer program
JAC3D. Two elastic moduli were used in the JAC3D analyses, 5 GPa and 36.8 GPa. These two
moduli represent what were considered the likely bounds between a relatively fractured yielding
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rock (5 GPa) and an intact rock (36.8 GPa). The two moduli give essentially the same stress
distribution, but yield significantly different displacement fields. -

The analyses used the following assumptions regarding the test geometry. The plate loading
niche is 2 m wide by 3 m high and 6 m long. Two 1 -m-square steel plates located 2 m from the
Heated Drift opening are used to load the rock on either side of the PLT niche. The block of rock
between the PLT niche and the DAS alcove was assumed to be 6-m thick. The plates were
planned to be loaded to 85% of the flatjack design load or -47 MPa (6800 psi).

The hand solution using the equation described in the data presentation above shows the plate
displacement to be on the order of 6 mm with a uniform surface load on the plates of 47 MPa. At
the DAS alcove wall the displacement is on the order of I mm, and the normal stress adjacent to
the DAS alcove wall is on the order of 1 MPa.

Stress and displacement results from the JAC3D analysis show that the normal stress fields are
identical for the two elastic moduli. This is to be expected, as the elastic stresses are independent
of modulus. The second item of interest is that the normal displacement at the DAS alcove wall
is on the order of 2 mm for the 5 GPa case and essentially nil for the 36.8 GPa case. A third item -

of interest is that the plate displacement is on the order of 9 mm for the 5 GPa case and about 1.2
mm for the 36.8 GPa case.

Based on the above elastic analysis of the PLT, the expected displacements at the Heated Drift
and DCS walls should be expected to be bounded by the 1.2 mm and 9 mm displacement
predictions. Similarly the normal and transverse stresses adjacent to the same regions should be
on the order of I to 2 MPa. The indirect tensile strength of the rock has been reported to be
between 4 to 16 MPa (Ernest Hardin, Near Field and Altered-Zone Environments Models Report,
UCRL-ID-129179 DR). Based on these values, rock spalling should not be a major factor around _
either the PLT niche or DAS alcove. However, it should be noted that the above analysis is based
on a homogeneous, elastic material. Highly fractured areas or zones containing planes of
weakness may result in localized spalling or block movement.

The pretest numerical predictions are consistent with the observed response of the rock
surrounding the PLT niche. Naturally, the predictions were not performed with different moduli
on either side of the PLT. However, the range of moduli used provide bounding estimates for the
displacements that were observed in the actual test. Additionally, the results from the PLT are
quite linear for the range of flatjack pressures achieved. This suggests that linear elastic analyses
are adequate for predicting the rock mass response for the PLT.

4.5.5 Summary/Future Efforts

The PLT has been conducted using the double-acting flatjack system described in this report for
two loading cycles on May 28, 1998 and June 9, 1998. These two tests were terminated at lower
pressures than originally intended because of failure of two of the flatjacks. In addition, two
Goodman jack tests were completed, one in each of the instrumentation boreholes prior to
installation of the instrumentation, providing an estimate of the small-scale deformation modulus
on either side of the PLT niche. The rock mass quality in the vicinity of the PLT niche was
mapped and estimates of the rock mass deformation were developed from these indices.

Plate loading tests are planned to be performed periodically during the time that the DST is
conducted. These periodic tests will allow evaluation of the effect of heating the rock mass on
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the "hot" side of the PLT niche on rock mass modulus. It is likely that the increase in
temperature and attendant thermal expansion of the intact rock will lead to increased stresses that
in turn will lead to closure of fractures and an increase in rock mass modulus. This information
will be used to bound the expected rock mass modulus for numerical analyses of repository
thermomechanical response.

The analysis of PLT data will be reevaluated using the technique suggested by Boyle (1992).
Also, additional parametric numerical analyses will be performed using the test geometry and
various values of rock mass modulus. These analyses will investigate the response of the rock
surrounding the PLT using moduli that differ from one side of the PLT niche to the other as is
evidenced by the data collected to date. Additionally, the surface exposures around the PLT
niche will be reevaluated as well as the borehole video logs and core from the instrumentation
boreholes. From this information, a more accurate representation of the rock mass fracturing and
heterogeneities on both sides of the PLT niche will be developed. This fracture representation
will be compared with the PLT displacement and modulus data and the results will be
incorporated into numerical analyses.

Finally, the measured moduli from the PLT will be incorporated into additional analyses of the
DST response and these results will be reported in future DST progress reports.
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