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1.0 INTRODUCTION

This report evaluates the geotechnical parameters of the three rock units in the construction zone at the
Superconducting Super Collider (SSC) site in Ellis County, Texas. The objective is to provide a
preliminary evaluation of relevant geotechnical parameters to support the site specific conceptual design
of the SSC facilities. The evaluation is based on synthesis of available project data (geologic,
geohydrologic, geophysical and geotechnical engineering data), engineering interpretation, and
engineering judgment. Geotechnical parameters are presented In terms of range and best estimated
values (Section 3). Potential uncertainties are noted and recommendations for future work are aiso
made (Section 4).

Figure 1 shows the planned locations of various SSC facilities. The SSC underground facilities include:

« the main collider ring tunnel, about 54 miles long with a minimum finished internal diameter
of about 12 feet

« an injection and beam test facllity consisting of a series of particle accelerators and energy
boosters culminating in a 6-mile-long High Energy Booster (HEB) (for injecting particles into
the main ring) ’

« six experimental halls (interaction regions) and associated connecting tunnels and shafts,
and a series of service and access shafts (SSC Laboratory, 1989).

It is anticipated that a major portion of the tunnel will be excavated using tunnel boring machines (TBM).
The shafts may be excavated by blasting and mucking or by mechanical shaft drilling machines. Some
experimental halls may be constructed by a cut-and-cover method whereas others may be underground
excavatlons.

1.1 SITE GEOLOGIC SETTING

The subsurface materials at the SSC site consist, In descending order, of locally present Quaternary
alluvial and terrace deposits (generally along streams and on terraces) overlying the Upper Cretaceous
Guif series, which, In tum, overlies the Lower Cretaceous Comanche Series over the Paleozoic
basement rocks. Data on engineering properties of Quaternary deposits at the SSC Site are limited and
these deposits are not considered in this report. The SSC underground facilities are located within the
Gulf Series, which Includes the Taylor Marl (TM), Austin Chalk (AC), and Eagle Ford Shale (EFS) and
Woodbine groups. The TM, AC, and EFS groups are generally subdivided into several formations (e.g.,
Alien and Flanigan, 1986), but the more traditional names (TM, AC, EFS) are used in the SSC project
reports. The Woodbine group Is located far below the planned SSC underground facilittes and shouid
have no effect on their design and construction. In general, the rocks dip gently southwest (i.e.,
gulfward) with AC and TM cropping out at the SSC site.

A general geologic profile along the main tunnel alignment at the site is shown in Figure 2. Some data
on hydrologlc conditions are also shown in this figure. About 17, 29, and 8 miles of the main tunnel will
be in TM, AC, and EFS, respectively. Figure 2 shows that TM crops out at the surface on the eastern
third of the site whereas AC Is exposed in the wastem two-thirds of the site. Several fauits are known to
cross the tunnel alignment. Details and locations of the fault zones with respect to the overall SSC
facilities are presented in Report No. SSC-GR-65.

WR/V1SBA/GEO-PAR 1
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The groundwater level at the SSC site generally ranges from about 40 feet below to about 30 feet above
the ground surface (Report No. SSC-GR-63). As shown in Figure 2, the static groundwater levels range
from about 60 feet to about 200 feet above the crown levels of the main tunnel. AC and EFS strata
appear to be mostly below the piezometric ievel and are considered to be saturated; the portion of TM
below the groundwater level also appears to be saturated.

1.2 GEOTECHNICAL PARAMETER NEEDS

Geotechnical parameters of both in situ rock mass and discontinuities are needed to address various
design and construction-related issues. Key issues may include, but are not necessarily limited to, the
following:

« In-situ subsurface geologic, geotechnical, and hydrologic conditions
Feasibility of planned excavation and construction methods in these geologic units

Both short-term (during construction) and long-term (during underground facility
operation) deformation and stability characteristics of the in situ rock masses

Deslgn of primary support systems and final linings for shaft, interaction halls, and
_tunnel facilities.

The above issues can be preliminarily addressed based on the following geotechnical parameters:
« Rock mass quality
« In-situ stress conditions
« Hydrologic conductivity of the rock mass

« Intact rock index properties such as density, moisture content, specific gravity, degree
of saturation, slake durability, swell potential, etc.

« Strength and deformation properties of the rock masses

« Strength and deformation properties of discontinuities

« Seismic wave velocities and dynamic modulus of rock mass

« Time dependent response (e.g., swell and consolidation) characteristics of rock mass.

it should be noted that specific geotechnical parameter needs are dependent on specifics of facility
design/construction that are typically interactive. In addition, the geotechnical parameters are generally
further refined as the design of facilities progresses. In this report, the geotechnical parameters are
developed based mostly on our understanding of the general engineering characteristics of the three
major bedrock units. Thus, no attempt was made to specifically match the parameter needs with any
specific design details of the SSC facilities.

1.3 GEOTECHNICAL CHARACTERIZATION INVESTIGATIONS

Field and laboratory investigations have been done to evaluate the subsurface geologic, geotechnical,
and hydrogeologic conditions at the SSC site. These Investigations included the following:

« Drilling and coring 116 borings to various depths in all three rock formations to provide
an overall geologlc/geotechnical characterization of the site environs

« Geophysical surveys and wireline iogging of borings

« Hydrogeologic testings including groundwater piezometric level monitoring, slug tests,
and packer tests

WR/VISBA/GEO-PAR 4
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« Alimited field testing program including pressuremeter testing in two borings and
hydraulic fracturing testing in one boring for a preliminary estimate of in-situ moduli and
stress conditions

« A laboratory test program to (1) determine index properties and strength and
deformation characteristics of the intact cores, and (2) estimate strength characteristics
of discontinuities.

All investigations were done by or under the direction of The Earth Technology Corporation (TETC).
Pressuremeter testing was done by STS Consuitants, Ltd. and the hydrauiic fracturing testing was
performed by RE/SPEC Inc. Most of the laboratory tests were done by Mason Johnston and Associates
(MJA) and Southwestern Laboratories (SWL), who subcontracted mineralogy tests to Southern
Methodist University (SMU) and Core Laboratories (CL), respectively. Some tests were also conducted
by Professor Roy E. Olson at the University of Texas (Austin) and Professors G. Mesri and A. Nieto at
the University of lllinois (Champaign-Urbana).

The available results of geologic, geophysical, geotechnical, and hydrogeologic investigations are

documented in a series of SSC geotechnical reports prepared by TETC (see reference list in
Section 5.0).

wp/V 1S0A/GEO-PAR
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2.0 FIELD AND LABORATORY GEOTECHNICAL CHARACTERIZATION

2.1 FIELD GEOTECHNICAL CONDITIONS
2.1.1 Bedrock at SSC Site

Details of bedrock geology of the SSC site, including lithology, stratigraphy, and geologic faults, and their
distribution with respect to the planned facilities are induded in Report No. SSC-GR-65. The primary
characteristics of the three major bedrock units are summarized below:

Taylor Marl

Taylor Mari is underiain by AC and is exposed at the surface on the eastem third of the site. The
thickness of TM varies from 0 to a maximum of about 360 feet at the site. The following characteristics
are typical of TM:

« Medium-gray to bluish-black shale cemented with calcite

Soft (very low strength) rock with uniaxial compressive strength generally less than
1000 psi

« Occasional fossil fragments and thin calcite layers

Moderate carbonate content of about 13 to 34 percent with an average value of about
24 percent.

Austin Chalk

Austin Chalk is exposed at the surface on the western two-thirds of the site and is underain by EFS. In
the remalning one-third of the site, AC is sandwiched between the overlying TM and underlying EFS.
Characteristics of the AC vary somewhat depending on stratigraphic location in the unit, as follows:

Top 147 feet
« Primarily light to medium gray chalk (microgranular calcite)
« Thick chalk beds, ranging from 0.1 to 8 fest but generally greater than 1 foot thick

Moderately argillaceous to shaly chalk interbeds usually less than 1 foot thick but
generally ranging from 0.1 to 5.3 feet

« Infrequent thin bentonitic shale interbeds
« Saturated.

Middle 187 feet
« Primarily light to medium gray chalk (microgranular calcite)

« More frequent interbeds of argillaceous chalk and shaly chalk (to calcareous shale)
than In the overlying 147 feet

« Common bentonitic layers, generally 1 to 2 inches thick
. Common pyrite nodules, 1 to 3 inches in dlameter

WhNV1SOA/GEO-PAR 6
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A marker bentonite bed (MB), 0.75 to 1.0 foot thick, widely traceable laterally, occurs at |
the base of this section. This marker bed is nominally 70 feet above the AC/EFS
contact zone

Saturated.

Bottom 69 feet

‘Eagle Ford Shale

Primarily light to medium gray chalk (microgranular calcite)

Thick chalk beds with thin interbeds of moderate to very argillaceous chalk and shaly
chalk

Lithologlcally similar to the top 147 feet

Small (generally less than 0.25 inch) pyrite nodules

A fossiliferous argillaceous and arenaceous zone at the base known as the Fish Beds
Saturated.

Eagle Ford Shale at the site Is completely overiain by AC or both AC and TM. The general featureé of

EFS are as follows:

Dark, gray-black soft shale

Including some very thin limestone laminae, particularly in a zone 40 to 75 feet below
the top of the unit :

Calcite concretions and pyrite nodules

Slight to moderate carbonate content (1 to about 54 percent) averaging about
8.6 percent

Saturated
On the order of 300 foet thick at the site
No rock outcrop in the site area.

2.1.2 Geotechnical Divislons of Bedrock

Based on the wireline logs, the three major bedrock units can be further subdivided into several subunits
(Report No. SSC-GR-23). Each of the subunits within the three rock units is believed to belong to a
different geclogic age group and may exhibit different geomechanical behavior. However, analyses of
available data (Report Nos. SSC-GR-66, -67, and -68) with respect to these wireline units indicating the

following:

wo/VISOA/GEO-PAR

The geotechnical characteristics of TM are variable and do not appear to correlate with
stratigraphic position in the unit

Top AC contains less argillaceous material and is generally stiffer and stronger than
middle AC and bottom AC

EFS appears to be stiffer and stronger both with Increasing depth below ground
surface and with relative location of stratigraphic units (i.e., depth below AC/EFS
contact). Thus, the deeper parts of EFS are generally stiffer and stronger than the
upper parts of EFS.
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Based upon these findings, TM is discussed herein as a single unit. AC and EFS, on the other hand, are
addressed both as single units and divided into three and two subunits, respectively, for geomechanicai
characterization. The corresponding approximate thicknesses of the subunits of AC and EFS are as

follows:
Approximate Interval or
Stratigraphic Distance Corresponding
Approximate Above/Below Wireline
Subunits Thickness (ft.) Reference Contact (ft.) Units (Report No. SSC-GR-23)
Austin Chalk
Top AC 147 0-147 below TM A-15, A-16, A-17, A-18
Middile AC 187 147-334 below T™M or A-19, A-20, A-21, A-22, A-23,
0-187 above MB A-24, A-25
Bottom AC 69 334-403 below TM or A-26, A-27
0-69 below MB
Eagle Ford Shale
Top EFS 42 0-42 beiow AC E-20
Bottom EFS 64 >42belowAC E-21, E-22

2.1.3 Discontinuity Characteristics and Rock Quality

Discontinuities in the rock mass include faults, fractures and bedding planes. A number of mapped faults
(with tens of feet of displacement) and suspected fauits have been Interpreted to date (Table 1). These
are principally in the eastern and western areas of the site, which are the most intensely explored parts
of the site. Additlonal fauits will probably be found as exploration continues in other areas. The three
bedrock units also contain near-horizontal bedding planes and joints/fractures at various strike/dip
orientations. The phenomenon of core disking in which rock cores fragment into disk-like short cylinders
upon coring, during shipping and storage, or after being exposed to air has also been observed during
field exploration and laboratory testing programs.

Similar disking phenonmena have been observed In borings In the Dallas area (Henley, 1990). An
examination of varlous core disking segments indicates that causes of disking may be one or a
combination of the following:

« Weakening of weak horizontal bedding planes due to mechanical disturbance during

drilling, stress relief upon core recovery, or environmental deterioration (TM and EFS have
low slake durability).

« Effect of drilling procedure or worn drill bit causing rock fragments to jam between core and
drill, which grinds the core circumferentially causing the core to shear at relatively weaker
horizontal bedding planes. This is evidenced by the observations of reduced diameter in
disking cores, lack of drili ridges on the core and numerous fragmented areas near
horizontal separation.

wp/VISOA/GEO-PAR



TABLE 1. MAPPED FAULTS NEAR THE SSC SITE("

Page 1 of 2
Fautt Strike Dip Displacement Rock Type Fauited RQD of Fracture Spacing (f Hydraulle | Estimated
(thickness of Fault Zones Range Average |Conductivity| RMR®
faulted zone) (percent) (cm/sec) |(Rock Class)
italy Graben  [N1S°E-N5°W [Steeply W ~10ft. down to the west AC
SF8.3 N5°-15°E Steeply SE ~251t. down to the southeast ™
AC
SIR 3 Graben |N40°E to Southern fault 70-75° NW Graben; Southern fault has AC (5'Y 96 021004 0.25 51 (i)
N50°E 73 ft. down to north; <4.6x107
northern fault has 64 ft. EFS 06'YH 85 0.11033 1 30 (V)
down 10 the south
SE 10.7 Due north to Fss°-so°wm 20 ft. down to the west AC
NS°E
SE 10.9 Fault |Average trend | ~65°SE Graben; 35 ft. on southern AC (45'%) 54 011032 1.2 57 ()
N28°E fault, 80 ft. on northern fault EFS (119'H) 24 0.1100.3 0.12 33x107 20 (V)
SF9 NS0°E 50° to 70°SE 55 ft. down to the south AC ’
SF 9.8 NB85°E 60°N > 181t. down tothe north AC
SE 10 NS0°E 59° 10 65°SE 54 1. down to the south AC
SF 10.1 NSQ°E Northern fault steeply SE; ~25 ft. on northern fault; AC (0310 1.1') 99 0.110 6.1 18 85x 107 59 (i)
Graben southern fault steeply NW 60 ft. on southern fault EFS (23'%) 78 06 41x10° 29 (V)
SF 10.8 EW Steeply N 8 1. down to the north AC
Sl 2 Fault N4Q°E Steeply SE 75-80 ft. down o the AC (87H) 89 - - 29x 10°
southeast
SF 10.6 Fault |N10°-20°E Steeply to the NW 101t. down to the west AC
SE1 Geaben  |N10°10 30°  |Northemfault ~ 44SE; Graben, 50-90 ft. on both AC (1.29) 86 - - 34x10°
southern fault steep 10 the NW faults EFS
SE 1.5 Fault |N10°E Moderately steep SE 4 ft. down to the east AC
EFS
SF18 [N3sW NG5°SW 21 ft. down 10 the southwest AC
SE3 N10°20°N  |Steeplyto E |64 f1. down o the east AC
SES NBO°W Stesplyto S 70 ft. down 1o the south ™
AC
Sardis Fault  |N65°E Steeplyto NW ~60° ~901t. down to the northwest AC
Sterrett Fault {NS0°E Steeply NW > 100ft. downtothe AC
northwest

WP/V1SOATTABLE -1
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TABLE 1. MAPPED FAULTS NEAR THE SSC SITE("

Page 2 of 2
Fault Strike Dip Displacement Rock Type Faulted RQD of Fracture Spacing (ft) Hydraulic | Estimated
(thickness of Fault Zones Range Average |Conductivity| RMR®
faulted zone) (percent) (cm/sec) |(Rock Class)
Bear Creek  |[N40°E ~8PNW >901t. of ofiset down to the ™
iFnun northwest AC
[Rocken N30°E North fault steeply SE, south | > 100t. of offsetin the ™
Graben fauit steeply NW {graben AC
SE 5.2 Fault |E-W ~85N 25 ft. down to north ™ (3.2'%) 93 0.1210 5.6 18 - 3B (V)
AC (24'%) 99 0.31t03.25 17 4.2x107 59 (i)
SFS.8 Fault |EW - Tenuous correlation ™
suggests 8 ft. down to the AC
south
Unnamed - |N15°-20%E - PDownbthowut ™
Fault
Lake N70°E Northern fault dipa steeply SE; | >60ft. ™
Waxahachie Southem fault dips 50-70° NW AC
Graben
Notes: (1) Refer to Report No, SSC-GR-85 for more details.

wWp/VIS8A/TABLE-1

(2) Refer 10 Table 7 for Rock Mechanics Rating (RMR) details. Class Il (Fair rock), IV (Poor rock) and V (Very poor rock) correspond to RMR ranges of 41 1 60, 21 1 40,
0 to 20, respectively.
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Statistics of fracture zones, depth of weathering, and core—diéking zones are summarized in Table 2 (see
also Report No. SSC-GR-83). The statistics on occurrence of core disking shown in Table 2 may be less
than the actual values because core disking was observed to occur even after core photographs were
taken and was not included in the statistics. Statistics of joint spacing, conditions and orientation were
evaluated and summarized in Table 3. These statistics are based on the data from the foliowing:

« 13 inclined borings
« Surficial mapping in the Interaction Regions 1 to 5 and 8A.

Boring logs and rock cores provide a quantitative classification of in-situ rock masses in terms of rock
quality designation (RQD), which is defined as the ratio (in percent) of the total length of core pieces of
size equal to or longer than 4 inches to the total length of core attempted. Rock quality in terms of RQD
is defined as follows (Deere et al., 1966):

RQD Rock
Percent Quality
0-25 Very Poor

25-50 Poor
50-75 Fair
75-90 Good
90-100 Excellent

RQD from 74 borings (including 6 vertical and 13 inclined borings) is summarized in Figure 3. The
results indicate that the rock quality of the three bedrock units is excelient with RQD mostly in the range
of 90-100 percent, except in the weathered zones and fault zones. However, it should be noted that
RQD alone is not a good indicator for rock mass quality for thinly bedded, low-strength materials with
high swelling, slaking potential, such as TM and EFS. RQD statistics for TM and EFS are presented
here as one of many rock mass rating factors (Refer to Section 3).

2.1.4 Hydrogeologic Characteristics

Details and results of hydrogeologic investigations at the SSC site are documented in the Report No.
SSC-GR-63. The studles induded constructing and monitoring wells and conducting packer and slug
tests to assess hydrogeologic conditions and hydraulic conductivities of the three bedrock units.
Figure 4 summarizes hydraulic conductivity values with respect to stratigraphic units (Report No.
SSC-GR-23). The resuits of the hydrogeologic investigations are summarized as follows:

« As shown in Figure 2, the piezometric level at the SSC site construction zone mostly
ranges from about 40 feet below to 30 feet above the ground surface.

« AC and EFS formations appear to be mostly below the piezometric surface and are
considered to be saturated. At least the portion of TM below groundwater ievel aiso
appears to be saturated.

« Measured hydraulic conductivity data cannot be clearly correlated with iithology,
wireline stratigraphic units, or RQD values.

« Measured hydraulic conductivity (Figure 4) for the in situ rock mass, excegt the
fault/graben zones (Table 1), ranges from Iess than 1.2 x 102 t0 3.1 x 10™ cmysec with
most values in the range of 2 x 10%t04x 10 cmy/sec. A median value is about 2 x
107 cnvsec.

WONV1SGA/GEO-PAR 11



TABLE 2. SUMMARY STATISTICS OF FRACTURE ZONE, DISKING ZONE AND

WEATHERING THICKNESS
Taylor Austin Chalk Eagle
Marl (AC) Ford
u') Shale
(EFS)
Rem Overall Overall Top Middie Bottom Overall
Sample Basis!" (fest drilled) 4,270 11,429 2,034 6,105 3,290 1,919
Percent Fractured® 0.7 0.9 19 0.8 0.6 4.3
(% of total interval)
Width of Fracture Zone (ft)
Max 56 146 9.8 7.0 5.9
Mean 1.8 19 25 1.1 1.1
Std. Dev. 17 31 3.1 15 1.1
Number of Disking Zones 15 48 13 17 18 8
Width of Disking Zone (i)
Max 25.0 14.0 6
Mean 6.2 29 26
Std. Dev. 66 32 22
Thickness of Weathering™ (#t)
Max “ 328
Min 0 0
Mean 13.1 89
Std. Dev. 126 6s

Notes: (1) This summary is based on logs and core photographs of 172 fracture zones from 78 vertical borings and 71 fracture zones
from 13 inclined borings (refer to Report No. SSC-GR-83) and does not inciude the omnipresence of near-horizontal bedding

planes in TM and EFS.

{2) Fracture zone is defined as a depth range containing two or more fractures per foot.

(3) Total sample sizes are 25 and 53 boring locations for TM and AC, respectively.

wp/V1SSA/TABLE-2

12




TABLE 3. STATISTICS OF SPACING, NUMBERS, AND CONDITIONS OF

JOINTS/FRACTURES
BASED ON 13 INCLINED BORINGS
Rock Mass Sampile Number Average Overall Spacing Approximate
Basis(" ot Joint including Unbroken Conditions
(") Joints Spacing® Bedding of Joints
" L)
Taylor Marl 607 78 78 <0.2 60% smooth
40% rough
Austin Chalk 2,774 219 127 3.1 40% smooth
60% rough
Eagie Ford Shale S16 78 6.8 <0.2 75% smooth
25% rough
BASED ON SURFICIAL MAPPING AT INTERACTION REGIONS 1 TO S AND 8A
Rock Mass Bedding or Average Spacing Predominant Dip Approximate
Joint Set (4] Joint
Conditions
Taylor Marl Bedding 0.18 Subhorizontal Smooth, planar to
rough undulating
Taylor Marl Joint set 203 Subvertical Smooth, planar to
. 64 0 90° undulating
Austin Chalk Bedding 048 Subhorizontal Smooth, undulating to
rough undulating
Austin Chalk Joint set S.1 Subvertical Smogcth, planar to
60 0 90° rough undulating
Notes: (1) Based on a total of 13 inclined borings used in the geomechanical characterization of TM, AC, and EFS
documented in reports GR-68, GR-87, and GR-88, respectively.
@ including joints, shears and broken bedding planes and excluding clossly-spaced bedding planes.

wp/V1SSATABLE-3
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. Measured hydraulic conductivity at fault zones ranges from Iess than 4 x 10810 2.1 x
10 cmysec, with most values in the range of 3 x 107 to 4 x 10 cm/sec and a median
value of about 2 x 10 cmysec. This is one order of magnitude higher than the median
value for the in-situ rock mass in general.

» As shown in Figure 4, hydraulic conductivities for unfractured and fractured rock
masses are similar in magnitude. However, as shown in Figure 4 and Table 1, some
of the fracture zones in the fault zones have significantly higher hydraulic conductivities
(up to about 4 x 10°° cnysec) than the rock mass. These high hydraulic conductivity
fault zones may provide hydrologic connection with the surficial aquifer; as a resuit,
facility design may need to consider high hydrostatic pressure or some method of
providing effective drainage to alleviate high pressure.

2.1.5 In Situ Stress Conditions

The design of the SSC underground facilities will require knowledge of the in situ state of stress. In
areas of flat topography and assuming no tectonic-induced stresses/folding, total and effective vertical
stresses at any specific location are equal to the overburden stress and can be closely estimated from
the knowledge of densities of subsurface materials and groundwater levels. Two limited field
experimental trials were conducted to estimate the horizontal stress components at the SSC site. These
included pressuremeter tests in two borings (Boring BE 2 In AC and EFS and Boring BF 6 in TM and AC)
and hydraulic fracturing tests in one boring (Boring BE 5 in TM and AC). The pressuremeter and
hydraullc fracturing tests were done by STS and RE/SPEC, respectively and the results are documented
in Report Nos. SSC-GR-74 and GR-75, respectively.

As shown in Figures 5a and b, the interpreted In-situ total horizontal stresses from the pressuremeter
tests are erratic and range from about 50 to 125 percent of the corresponding total overburden stress.
The horizontal stress estimates based on Interpretation of the pressuremeter test results should be used
with caution because there is no standardized method of Interpretation available In the engineering
literature.

The results of hydraulic fracturing tests are summarized in Figure 6. These results indicate that both
horizontal stress components are larger than the corresponding total vertical stress. The maximum
horizontal stress is found to be approximately twice as large as the vertical stress and the minimum
horizontal stress is approximately 30 percent larger than the vertical stress. The results of hydraulic
fracturing tests should be used with caution because interpretations may be affected by a number of
uncertainties such as pressure leak off, Induced stress concentration, pore pressure, rock tensile
strength, and equipment limitation (Report No. SSC-GR-75). In addition, it should be noted that the
boring (BE 5) used In hydraulic fracturing is located near a significant topographic relief and intersects a
fault (SES fault - Table 1) which has an estimated displacement of about 70 feet. Thus, the seemingly
high horizontal stress measurements from hydraulic fracturing tests may be partly due to effect of
topography and fault and may not be representative of the general in situ conditions in the site areas.
Further investigations will be needed to verify this postulation and to resolve the apparent differences in
in situ stress-measurements between pressuremeter and hydraulic fracturing tests.

In lieu of further investigation and for site-specific conceptual design purposes, It is postulated that in situ
stresses at the SSC site will be generally less than the corresponding vertical overburden stresses based
on engineering judgment and available presuremeter test data. Since In situ stress are an important
design parameter, further refinement will be necessary. In addition to borehole techniques (.e.,
pressuremeter, hydraulic fracturing) other in situ techniques (l.e., overcoring) should also be attempted

WPV1SBA/GEO-PAR 16
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in the planned large diameter geotechnical instrumentation shatft and/or during the excavating of the
prototype shaft facilitles.

2.1.6 In Situ Static Stiffness

Knowledge of the in-situ stiffness of the rock mass is critical for predicting the performance of various
SSC underground faciiities during construction and under operational loads. Two limited field test
programs were conducted to estimate the stiffness parameters: (1) geophysical surveys, induding sonic
velocity logging (P-wave), downhole seismic surveys (P- and S-waves), and refraction surveys; and

(2) pressuremeter tests. Detailed information regarding sonic velocity logging, downhole seismic
surveys, and refraction data are presented in individual corehole data reports. Detailed information on
pressuremeter test data is presented in Report No. SSC-GR-74.

The procedures for interpreting stiffness from pressuremeter tests are well established (e.g., ASTM
D4719). Figures 7a and b show the profile of interpreted initial and unioad-reload moduli for two borings.
These figures indicate that the modulus of TM, as determined by the pressuremeter tests, can apparently
be divided into a top zone of low stiffness and a bottom zone of higher stiffness with corresponding
stiffness values similar to and about three times as much as that of EFS, respectively. Measured
modulus values for AC are about six times those for EFS. It should be noted that the data shown in-
Figures 7a and b are limited; further in-situ testing to determine the deformation modulus of in-situ rock
masses Is necessary.

2.1.7 In Situ Dynamic Modulus and Wave Velocities

The results of refraction, sonic velocity logging, and downhole seismic surveys are summarized in

Table 4. Calculated seismic Young's modulus (Esels) values and Poisson's ratios are also shown in this
table. A statistical summary for the three rock units Iis presented In Table 5. Based on the geophysical
investigations, the following observations can be made:

« Among the three In-situ bedrock units in general, EFS has the lowest stiffness and
fresh AC has the highest stiffness. TM appears to have intermediate stiffness.

« Seismic wave velocity In weathered AC is significantly lower than that In fresh AC.

« Among the three bedrock formations, TM yielded has the widest scatter for shear
modulus and shear wave velocities. The largest values of shear modulus for TM are
about two to four times higher than those for EFS, whereas the lower values for TM
are even lower than those for EFS. This broad range is very similar to that revealed by
the pressuremeter test data for TM (Flgures 7 a and b). This scatter may reflect in situ
variation and Indlcate the nonhomogeneous nature of the TM formation. However, the
compressional wave velocity In TM is relatively consistent (5,700 to 6,800 ft/sec). The
reason for such variation in shear and compressional wave velocities Is not clear.

« A comparison of Young's modulus profiles as determined by pressuremeter tests and
geophysical data at similar subsurface conditions Is shown In Figures 7 a and b. This
comparison shows good agreement by the two methods. However, this comparison is
based on very limited data and further work will be necessary.

wp/N1SGA/GEO-PAR 20
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TABLE 4. SUMMARY OF SEISMIC VELOCITY AND CALCULATED ELASTIC MODULI

Boring No. Depth Geologle Seismic Wave Velocity Calculated Calculated Modulus
or Locatlon Below Unit 1V (f/sec) Polsson's (ksi)
g’ :;:M P-Wave S-Wave Ratlo Young's Shear
uriace Modulus Modulus
]
BIR 11 0-20 Qa, AC-W, AC 9,200 2,200 0.46 415 144
20-218 AC 9,200 3,700 0.37 1,112 406
218-250 EFS 6,100 1,700 0.44 245 85
BIR 21 0-15 Qa, AC-W, AC 9,400 2,700 0.46 640 220
15-206 AC 9,400 3,400 0.43 993 349
206-310 EFS 5.900 1,700 0.46 250 86
BIR 31 0-9 Qa and AC-W 2,100 1,100 0.31 96 36
9-157 AC and AC-W 9,000 3,200 0.43 878 307
157-280 |EFS 6,200 1,870 0.44 328 114
BIR 41 0-23 Qa, ACW 3,000 1,000 0.44 87 30
23-184 AC 9,600 3,400 0.43 998 349
184-220 EFS 7,000 1,400 0.48 171 58
BIR 54 0-18 Qr, TMW 2,100 840 0.41 52 18
19-184 ™ 6,100 1,530 0.47 200 68
184-410 AC 9,500 4,250 0.38 1,555 570
BIR 81 0-12 Qr 1,750 600 0.43 29 10
12-62 ™W, TM 6,000 1,150 0.48 110 37
62-137 ™ 6,000 3,600 0.22 922 378
137-390 AC 9,100 4,450 0.34 1,675 625
BC1 o7 QT, ACW, AC 4,300 2,000 0.36 317 116
7-164 AC 9,000 3,100 0.43 818 285
164-236 |EFS 6.500 1,850 0.46 293 101
B 1637 07 AC-W 4,300 2,000 0.38 328 120
7-167 AC 9,600 3,300 0.43 924 322
167-240 EFS 5,000 1,450 0.45 182 82
BF 1A 0-14 AC-W 4,100 2,400 0.2¢4 409 165
14-140 AC 8,800 3,400 0.41 966 342
140-200 |EFS 6,000 1,650 0.46 234 80
VF 1.7 0-13 Qr 1,450 00 0.43 20 7
13-45 AC 3,800 2,050 0.26 308 122
45-68 AC §,700 3,300 0.2% 791 317
VE 3.5 o7 Qr 1,200 750 0.18 37 16
7-31 AC-W, AC 4,600 2,900 0.17 5§73 245
31-78 AC 8,900 5,100 0.26 1,900 757
VF 5.4 0-23 Qr 2,100 500 0.47 21 7
23-110 ™ §,700 2,500 0.38 519 188
110-260 |T™M 6,800 3,700 0.29 1,062 41
VE 9.3A 0-12 Qr 1,320 420 0.44 14 [
12-89 ACW, AC 4,900 2,300 0.36 418 154
89-165 AC 8,300 4,000 0.35 1,258 468
Near Lumkins Ory Qa 1,000-1,500 - - - -
(Refraction Survey) Dry Ot 2,100-2,500 - . - -
Report GR-82 Saturated Qt or AC-W | 5,000-8,100 - - . -
AC 8,300-9,600 - - - -
Note: (1) QT - Quarternary Deposit (Qa or Qt)
Qa = Quarternary Alluviurn
Qt = Quarternary Terrace Deposit
ACwW - Weathered AC
AC - Fresh AC
™W = Weathered TM
™ = Fresh T™M
EFS = Fresh EFS
WPV 150A/TABLE4 23
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TABLE 5.

STATISTICAL SUMMARY OF GEOPHYSICAL TEST RESULTS

P-Wave Velocity $-Wave Velocity Young's Modulus Shear Modulus Poisson’s Ratio
(fVsec) (f/sec) (kel) ksl
Geologlc Unit Range | Mean | 8D | Range | Mean D | Range | Mean | SD(1) | Range | Mean | SD(1) | Range | Mean | SD(1)
Quarternary Deposit 2100 840 51 18 0.41
and Weathered TM®
Fresh Taylor Mard 5700 6120 366 1150 2496 1041 110 563 ar9 37411 216 154 0.22 37 0.10
-6800 -3700 -1062 0.48
Weathered Austin 2100 3863 864 1000 1969 598 87 327 153 30-245 123 65 0.17 0.31 0.08
Chalk -4800 -2900 -573 0.44
|Fresh Austin Chalk §700 8807 960 2200 3538 708 415 1065 392 143-757 390 159 0.25 0.39 0.07
<8600 -5100 -1900 -0.46
Eagle Ford Shale 5000 6100 566 1400 1674 187 14 243 52 58 84 18 0.44 0.46 0.01
-7000 -1870 328 -114 0.48

Notes: (1) SD =Standard Deviation
(2) The database is 100 kmited 10 have adequate statistical representation
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2.2 LABORATORY GEOTECHNICAL CHARACTERIZATION
2.2.1 Test Results from Commercial Laboratories

Laboratory tests on intact cores and samples of discontinuities from the three bedrock units were done
principally by MJA and SWL. The test program included tests to determine index properties as well as
strength and deformation characteristics. Index properties included moisture content, bulk and dry
denstties, specific gravity, Atterberg limits, carbonate content, swell pressure index, slake durability,
Tabor hardness, tensile strength (Brazifian), and bulk and clay mineralogy. Laboratory tests to determine
strength and deformation characteristics included uniaxial compression (UC), undrained triaxial
compression (UU), and direct shear.

The laboratory test results from several phases of drilling (excluding those from the Prototype Instaliation
Facilities investigation) were used for an initial characterization of geomechanical properties of the three
bedrock units. Details of the laboratory test program and individual test results for EFS, AC, and TM are
documented in Report Nos. SSC-GR-66, GR-67, and GR-68, respectively.

All of the laboratory test resuits in terms of range, mean, and standard deviation are summarized in the
Appendix. Data on compressive strength and tangent moduli for TM, AC, and EFS are summarized in
Figures 8a through ¢, respectively. Also shown in these figures is a rock dassification based on the
ratios of strength modulus (modulus/strength) as introduced by Deere and Miller (1966). A review of
these figures indicates the following:

« As shown in Figures 8a and 8¢, all the data for TM and EFS fall below the zone
corresponding to very low strength rocks with mean values of 340 and 360 psl,
respectively. TM appears to be only slightly stronger than EFS.

« Figure 8b shows that most of the data for AC fall in the very low strength zone with a
few points below this zone. The average value of compressive strength for AC is
about 2,500 psi.

« The modulus data for EFS plot in a zone of low- to medium-modulus ratio, whereas
data for TM fall predominantly In the low-modulus ratio zone. This is contrast to in situ
tests indicating a stiffness for TM about 2 to 3 times higher than that for EFS (see
Figure 7 and Table 5). The data for AC fail primarily In the region of low to medium
modulus ratio.

Based on the above observations, the three rock groups can be classified as very low strength rocks.
However, as shown in Figure 9, the strength and modulus values for EFS and TM are higher than those
for overconsolidated clays and lower than those for very low strength, argillaceous, sedimentary rocks
(Deere and Miller, 1966). Thus, EFS and TM can be defined as either "soil-like" rock or "rock-like" soil.
These materials are difficuit to characterize.

In addition, based on test results documented in Report Nos. SSC-GR-66 to GR-68, the following
observations and conclusions can be made:

« Strength and deformation characteristics determined in the laboratory test program,
show significant data scatter. In addition to possibly refiecting the in-situ variation of
the rock masses, it is postulated that this wide scatter may also be caused by sample
disturbance and/or potential sample size effects. The very low strength of the three
rock formations, especially TM and EFS, indicates that they are easily susceptible to
mechanical and physical disturbance during coring and subsequent sample handling.
Also, for fissured and fissile materials such as TM and EFS, measured strength and
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deformation values of small specimens tend to have a wider scatter because some
specimens may have few or no fissures but others may have major fissures aligned
with potential failure planes.

Despite significant data scatter, index, strength, and deformation properties of intact
cores show general trends of variation with respect to depth, density, and moisture
content. In general, density, strength, and stiffness increase and moisture content
decreases with depth below ground surface. The materials within each rock type
generally become stronger, stiffer, and less susceptible to swell or slake/alteration as
depth increases.

AC and EFS are at or cdose to complete saturation (100 percent saturation) and the
degree of saturation in TM Is generally greater than 90 percent

Uniaxial and triaxial compression tests on Intact cores from inclined borings in EFS
and TM indicate failure along pre-existing shear planes or bedding In most of the
cases. Hence, the bedding or pre-existing fracture or shear is potentially the weakest
orientation In EFS and TM.

The average second cycle slake durability Indices for TM, AC, and EFS are about 53,
96, and 21 percent, respectively. This Indlicates that EFS and TM are very susceptible
to slaking/aiteration and require immediate protection as excavation progresses during
construction. '

Index propertles (such as Atterberg limits, grain size and mineralogic composition)
indicate that the AC (primarily chalk and argillaceous chalk) except bentonite marker
(MB) and thin bentonite shale beds within the AC should exhibit minimal swell potential
and negligible creep deformation. They also indicate that EFS and TM, as well as MB
and bentonitic shale within AC, should have moderately high swell potential. The swell
pressure index test data show that the degree of swell potential may vary depending
on the material, as shown below.

Swaell Prassure Index, psi Number of
Rock Type Range Mean Tests
™ 6.5t057.9 19.9 49
EFS 7.7t0 115 35.8 149
MB 481t0 576 178 10

« The swell potential for EFS appears to be much higher than that for TM and MB. ltis

postulated that TM may have a lower swell potential than EFS for the following
reasons:

- TM has a higher carbonate content (about three times as much as EFS),
suggesting higher cementation, which may Inhibit swelling.

- As has been observed in the field and laboratory, TM may be more easily
disturbed than EFS during sample handling and testing. This disturbance
would induce additional fissures and cracks, which increases initial void ratio
and Inhibits full swell pressure from developing.

- TM contains less swell-susceptible clay minerals (montmorillonite and
llite/smectite).
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2.2.2 Test Results from University of Texas at Austin

Under the direction and supetvision of Professor Roy E. Olson of University of Texas (UT), a series of
laboratory tests were performed on core samples of TM, EFS, and MB within the AC formation. These
tests included consolidation, swell pressure, hydraulic conductivity, "drained” direct shear, "drained"
triaxial compression, and Index tests consisting of grain size analyses, specific gravity, moisture, density,
and Atterberg limits. It should be noted that most tests were performed on EFS samples while no
consolidation or strength tests were performed on TM or MB. These tests were performed primarily as
an attempt to develop test procedures for these “soll-like" rocks. The resuits are documented in Report
No. SSC-GR-79. Statistics of the test results are aiso included in the appendix to this report. Relevant
conciusions and observations are as follows:

« Index properties are generally within the ranges of test results obtained by MJA and
SWL, except for specific gravity values, which are significantly higher in UT data. UT
attributed these results to the pyrite content in EFS, TM, and bentonite marker.

« Consolidation tests indicate that the compression and recompression indices correlate
with liquid limits and vertical stress. Measured recompression index (all tests were still
in recompression range under a maximum consolidation stress of up to 178,000 psf)
values for EFS range from 0.001 to 0.123, with most of the values within the range of
0.02 to 0.09.

« The coefficients of consolidation for EFS are low and often are less than 0.01 ft3/day.
Measured hydraullc conductivity (In the vertical direction) for EFS ranges from about
10" to 10°'% cmysec, which is one to four orders of magnitude smaller than those
measured from the field tests (3.1 x 10%t01.2x10® cm/sec). Because of the low
hydraulic conductivity, it was not certain whether the samples used in the UT
consolidation and strength tests were saturated. The consolidation data, although
serving as an approximate Indication for consolidation settlement estimate, may not be
confidently used for interpretation of other time-dependent behavior (such as creep
behavior).

« "Drained" direct shear tests yield a broad range of resuits. High shear strength values
may be, at least partially caused by shearing across beddings.

« Swell pressures were Indirectly estimated by UT based on the consolidation test data
(void-ratio-settiement curve) and by adjusting the assumed initial void ratio to account
for sampling disturbance (i.e., compensating for opening of fissures or microfissures).
These estimates are significantly higher than those obtained by MJA and SWL
(Section 2.2.1). This high swell pressure (Table 6) is probably caused by
over-adjustment of the Initial void ratio to account for sample disturbance effects and
may not be representative of the TM and EFS behavior, as evidenced by a significant
amount of data showing calculated swell pressures significantly higher than the
corresponding effective overburden stresses.

« Significant scatter is observed in the "drained" triaxial test data primarily as a resuit of
apparently random distribution of surfaces of weakness in samples. Based on four
best tests (out of a total of ten), UT found that peak drained shear strength of EFS has
an effective friction angie of 29 degrees and a cohesion Intercept of 29 psi.

Although some uncertainties exist in the data, the tests performed by UT represent an initial attempt to
understand the consolidation/swell behavior as well as stress/deformation behavior of TM, EFS, and MB
under potentially drained conditions. Further laboratory refinement in terms of test procedures as well as
large-scale field testing will be necessary to further understand the long-term engineering behavior of TM
and EFS. ’
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TABLE 6. COMPARISON OF MEASURED SWELL PRESSURES BY VARIOUS LABORATORIES

COMMERCIAL LABORATORIES UNIVERSITY OF TEXAS (i UNIVERSITY OF ILLINOIS
(MJA and SWL)
Swell Pressure (psl) Swell Pressure (psl) Swell Pressure (psl)
No. of No. of No. of
Tests Range Mean Tests Range Mean Tests Range Mean
Taylor Marl _ 49 6.5 57.9 19.9 3 2110 118 ns 1 12510 56 36.2
Austin Chalk - - - - - - - - -
Bentonite Marker within 10 481576 178 1 - 76.4 - - -
Austin Chalk
Eagle Ford Shale 149 7.710 115.0 ass 7 62.5 t0 243.1 129 18 1110 11159 4R
(11 to 278) (59)

Notes: (1) Swell pressure was calculated by adjusting assumed void ratio 1o account for closure of fissures.

(2) Al the data ranged between 11 and 111.5 psi except for two anomalously high test results at 156 and 278 psi; range and mean values including all data are given in parentheses.

wp/VISBA/TABLE-8




GEOTECHNICAL PARAMETERS DECEMBER 1890

2.2.3 Laboratory Results from University of lllinois

Another sulte of laboratory tests on intact cores and discontinuities was performed at the University of
llinois (U1) under the supervision of Professors G. Mesri (Report No. SSC-GR-80) and A. Nieto (1990),
respectively. The laboratory test data on intact cores of TM, EFS, and MB indude bulk and clay
mineralogy, natural water content, total and dry densities, Atterberg limits, undrained shear strength and
modulus, swell pressure, recompression index, swelling index, and humidity controlled deterioration
tests. Laboratory test data on discontinuities within TM, AC, and EFS include direct shear tests to
evaluate peak and residual shear strengths of discontinuities. Statistics of these test results are also
included in the appendix. Upon examination of the test data, the following condusions and observations

can be made:

wp/V1S8A/GEO-PAR

Similar to the strength test resuits by MJA, SWL, and UT, the results from Ul also
exhibit significant scatter.

Undrained shear strength and modulus values for both EFS and TM are of the same
order of magnitude as those determined by MJA and SWL.

Recompression index values as determined by U! are similar to those determined by
UT.

The swell pressure Indices determined by Ul range from 11 to 165 psi (except two
values at 156 and 278 psi) for EFS, and from 12 to 56 psi for TM (Table 6). These
widely scattered swell pressure values have no apparent correlation with moisture
content, density, or depth. Close examination of the data and corresponding samples
indicates that the higher swell pressures can be associated with samples that have few
or no fissures, whereas the low values are generally from samples with visible fissures.
It is not clear whether the fissures were caused by sampling disturbances or are
natural. Hencs, it is difficult to draw any conclusions regarding in-situ swell pressures
based solely on the above data.

Deterioration test results reveal that both EFS and TM are susceptible to alteration
when exposed to alr and water. They are expected to deteriorate when they are
subject to an environment with relative humidity less than 95 percent, and they are
likely to soften if exposed to environments with relative humidity larger than 95 percent.
Similarly, marker bentonite samples develop partings parallel and normal to bedding
as soon as they are subjected to drying.
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3.0 PRELIMINARY ASSESSMENT OF GEOTECHNICAL PARAMETERS

As described in Section 2, a large geotechnical data base for the SSC site has been generated through a
number of field and laboratory Investigations. Although probably sufficient for gite-specific conceptual
design purposes and significantiy contributing to the understanding of site conditions and geomechanical
behavior of the three bedrock units, this data base is not yet sufficient to provide adequately definitive
geotechnical parameters to confidently support final design and construction. This deficiency is the
result of a variety of reasons, notably the following:

1.

The laboratory test data, especially strength and deformation modulus data, exhibit large scatter.
As postulated previously, some of the scatter may refiect In-situ variation, but some Is iikely the
result of sample size effects as well as sample disturbance effects, especially in TM and EFS.
Size effects and sample disturbance effects can be minimized only if laboratory tests on large
size samples and large-scale in-situ tests/measurements are done.

Up-to-date locations of borings, sampling intervals and laboratory testing programs were
selected for global characterization purposes without placing emphasis on any specific aspects
which may have significant effects on site-specific final design of the planned faciiities. Thus,
some relevant data have yet to be determined. For example, most modulus and strength tests
were done under simple stress conditions (uniaxial compresslon, undrained triaxial, and
isotropically consolidated drained triaxial test conditions) to determine strength and linear elastic
modulus parameters. The fissile and fissured nature (bedding planes, joints/fractures, shears,
etc.), the relatively high slaking and swelling potential, and the low strength of the three bedrock
units (especially TM and EFS) may indicate that tests under other stress paths and
time-dependent environments may be necessary to model anisotropic, nonlinear, and
time-dependent behavior of the bedrock.

3. The data base contains some inconsistent geotechnical property information. For example:

«» Specific gravity values measured by UT for TM, EFS, and MB are significantly higher
than those measured by MJA and SWL. Differences In assessment of such a
fundamental property will result in significant differences in assumptions about degree
of saturation and initial void ratio which, in tum, affect the interpretations of
consolidation, swell pressure, and drained strength tests.

+ TM contains carbonates - on the average about three times as much carbonate as the
EFS, while containing less clay minerals that may promote compressibility and
deterioration, than those of EFS. It would be expected that TM would be stronger and
less susceptible to slake/alteration or disturbance than EFS. However, laboratory tests
indicate that TM and EFS have simiiar strength and modulus characteristics. Field and
laboratory observations also indicate that TM is at least as susceptible to disturbance
as EFS, if not more so. The reasons for such inconsistent behavior are not known.

« Significant disagreement is observed between in-situ stresses predicted by
pressuremeter and hydraulic fracturing tests.

« Significant differences are observed among the swell pressures predicted by
MJA/SWL, and UT and Ul (Table 6).

« Low swaell pressure for the MB Is inconsistent with its high montmorillinite content.

4. There is a general lack of in-situ tests/measurements to calibrate/verify the geotechnical

parameters determined in the laboratories.
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5. Most of the available engineering classification systems, including correlations between
laboratory and field testing on rock masses, and correlation between field performance (such as
standup, rock load, primary support needs, etc.) and rock types have been developed based on
case histories of much stronger rocks with less slake/swell potential than the three rock units at
the SSC site. These systems and assoclated practice-oriented correlations for use at the SSC
site cannot be confidentally applied unless they are confirmed by site-specific (and
material-specific) fieid testing and monitoring, and field construction experience (such as PIF),
which are not available at the present time.

In addtion, it should again be noted that (1) specifics of the planned SSC facillities are either tentative or
lacking at the present time and (2) selection of geotechnical parameters for facility design is typically
interactive. In other words, geotechnical parameters from sophisticated types of tests (in terms of types,
anisotropy, nonlinearity, time dependency, etc.) may be needed as dictated by feedback from the design
process.

In the remaining part of this section, geotechnical parameters are provided in terms of recommended
range and best estimated values. Associated rationales and/or assumptions are also described. As in
any civil engineering project, recommended geotechnical parameters depend on the nature of the
faciiities as well as specific problems or concemns. Thus, in some cases, iower bound values may be
appropriate but, for other cases, upper bound or average values may be more reasonable. It shouid be
emphasized that the developed geotechnical parameters are preliminary In nature and are subject to
revision/refinement as more data become available (especially in situ measurements and field testing
data) and as design of the SSC facilities progresses.

Geotechnical parameters for site-specific conceptual design (SSCD) are presented in terms of rock mass
rating, density, moisture content, slake durability index, swell pressure, consolidation parameters,
hydraulic conductivity, deformation, and strength properties of intact rocks and rock masses. Other
properties such as Atterberg limits, percent clay, activity ratios, mineralogical content, carbonate content
and Tabor abrasion index are presented In Report Nos. SSC-GR-66, GR-67, and GR-68; they are also
summarized In the appendix. These properties, in general, are not directly used in SSCD analysis and
are not affected by the effects of sample disturbances or the presence of discontinuities. Shouid these
properties be needed for SSCD or other purposes, statistical range and mean values summarized in the
appendix and in Report Nos. SSC-GR-66, GR-67, and GR-68 are considered appropriate and
representative.

3.1 ROCK QUALITY
3.1.1 Intact Rock

Based on the rock classification system of Deere and Miller (1966), the Intact rocks of the three major
bedrock units can be classified as rock with very low strength and low modulus ratio (TM and EFS) and
very low strength and medium modulus ratio (AC), as shown In Figures 8a-c. Among the three major
rock units, AC has the highest strength and stiffness, while the laboratory test data indicate that TM and
EFS have compressive strength and stiffness that are similar to one another but lower than AC. As
described previously, the strengths of core samples of TM and EFS are higher than those of
overconsolidated clays, but are unusually low when compared with those of most argillaceous
sedimentary rocks (Figure 9). Thus, TM and EFS may be described either as “soil-llke* rock or
"rock-like" soll. They are anticipated to be neither completely simiar to soils nor completely similar to

rocks. Further site-specific testing and construction experience will be needed to refine the geotechnical

characterization of such materials.
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3.1.2 Rock Mass

Histograms of RQD values, shown In Figure 3, indicate that the rock masses of all three rock units can
be dassified as having RQD mostly between 90 and 100 percent. Although RQD can provide a good
guide to the condition of the rock mass immediately after excavatlon, it has very limited application in
high-swell and slake/alteration prone rocks because it does not take into account a number of
parameters and factors that are important in the design and construction of underground faciiities. These
include rock strength, joint/fracture characteristics, groundwater or flow rates, sweli potential, slake
durability, etc.

Various rock mass classification systems exist in the literature for underground excavation. These
include, but are not limited to, the geomechanics classification system (Bieniawski, 1973, 1974, 1975,
and 1979), rock structure rating (RSR - Wickham and Tiedemann, 1972 and 1974), and rock mass
quality (Q-System-Barton et al., 1974). The RSR and Q classification systems are more appropriate for
medium strength and hard and highly jointed rocks, respectively, and are less sultable for the very low
strength rocks at the SSC site. Bleniawski's geomechanics classification is used here. Descriptions of
ratings and classifications of this system, and their associated implications with respect to strength
parameters, are shown in Table 7 (Bieniawski, 1979).

The Bieniawski geomechanics classification uses the following factors for ratings:

« Uniaxial compressive strength or point-load strength of intact rock
- RQD

» Spacing of joints

» Conditions of joints

« Groundwater in terms of inflow or joint pore water pressure or general groundwater
conditions

« Strike and dip of joints with respect to tunnel, or foundation or cut slope.

Average statistics of the above parameters were used to classify the In situ rock masses at the SSC site
other than the fault zones. The resuits, shown in Table 8, indicate that the ratings for TM, AC, and EFS
rock masses based on average parameters are 46, 67, and 36, respectively. AC at the SSC site can be
classified as Class |l (good rock) whereas TM and EFS can be classified as Class lil (fair rock) and

Class IV (poor rock), respectively.

Bieniawskl's original classification system does not account for the swelling and slake/deterioration of TM
and EFS when exposed to air and water during construction. The slaking potential is taken into account
by applying a slake adjustment muitiplier in accordance with the method developed by Newman and
Bieniawski (1985). If this adjustment is made, as shown In Table 8, the rock mass ratings for TM, AC,
and EFS become 41 (lowest possible rating for Class Il - fair rock), 76 (Class Il - good rock), and

29 (Class IV - poor rock), respectively. Figure 10 provides a general guideline for estimating of standup
time for various rock classes (Blenlawski, 1979). This guide was developed for tunneis constructed by
drilling and blasting methods and is anticipated to be somewhat conservative for the planned excavation
by TBM. Figure 10 shows the relation between the geomechanics rock mass rating (RMR) value and
standup time of unsupported underground excavation span, as developed by Bieniawski (1979).
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TABLE 7. GEOMECHANICS CLASSIFICATION OF JOINTED ROCK MASSES(!)

A. Classification Parameters and their Ratings

Ranges of Values
Strength | Point-load strength >10 MPa 4-10 MPa 2-4 MPa 1-2 MPa For this low range -
1 of intact index uniaxial compressive
rock tost is preferred
material | Uniaxial compressive >250 MPa 100-250 MPa 50-100 MPa 25-50 MPa 525 | 1.8 <1
strength MPa | MPa | MPa
Rating 15 12 7 4 2 1 0
2 Drili core quaiity RQD 90%-100% 75%-90% 50%-75% 25%-50% <25%
Rating 20 17 13 8 3
3 Spacing of discontinuities >2m 0.6-2m 200-600 mm 60-200 mm <60 mm
Rating 20 15 10 8 5
Condition of discontinuities Very rough surface Slightly rough Slightly rough Slickensided Soft gouge
Not continuous surfaces surfaces surfaces >5mm thick
No separation Separation <tmm | Separation <tmm OR OR
4 Unweathered wall | Siightly weathered | Highly weathered ]Gouge <Smmthick| Separation >5mm
rock walls walls OR Continuous
Separation 1-5mm
Continuous
Rating __30 25 20 10 0
inflow per 10 m None <10 10-28 25-125 >125
tunnel length Liters/min lters/min liters/min liters/min
' OR OR OR OR OR
5 | Ground | Rato joint water [ 0.0-0.1 0.1-0.2 0.2-05 >0.5
Water pressure and
major principal stress 1OR OR OR OR OR
Generai conditione_| _ Completely dry Damp Wet _Dripping Flowing
Rating 15 10 7 4 )
B. Rating Adjustment for Joint Orientationa
Strike and dip Very Favorable Fair Unfavorable Very
orientations of joints Favorable Unfavorable
Tunnels 0 -2 ) -10 -12
Rﬂﬁngs Foundations [+] -g -7 -15 -25
Siopes 0 -5 -25 -50 -60
C. Rock Mass Classes Determined from Total Ratings
Ram 100-81 80-81 60-41 40-21 <20
Class No. | [} i v \'2
Description Very good rock Good rock Fair rock Poor rock Very poor rock
D. Meaning of Rock Mass Classes
Class No. | ] 1t v \'J
Average stand-up time 10 years 6 months 1 week 10 hours 30 minutes
for 1S m span for 8 mspan forS mspan for 2.5 m span for 1 m span
Cohesion of the rock mass >400 kPa 300-400 kPa 200-300 kPa 100-200 kPa_ <100 _kPa
Friction angle of the rock mass >45° 35°-45° 25°-35° 15°.25° <15°
E. The Effect of Discontinuity Strike and Dip Orientations in Tunneling
Strike perpendicular 0 tunnel axis Strike paraliel in tunnel axis Dip 0°-29°
Drive with dip Drive against dip '"::P;ic:"
Dip 45°-90° Dip 200-45° Dip 45°.9¢° Dip 200-48° Dip 450-90° Dip 200-45° strike
Very favorable Favorable Fair Unfavorable Very Unfavorable Falr Unfavorable

Note: (1) This classification is after Bieniawski, 1979.
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TABLE 8. GEOMECHANICS CLASSIFICATION OF ROCK MASSES AT SSC SITE

Taylor Marl Austin Chalk Eagle Ford Shale

Rating fem Quantity Rating Quantity Rating Quantity Rating
Uniaxial Compressive Strength 409 psl 1 2131 psi 2 297 psi 1
RQD 90 ~100% 20 90 ~100% 20 90 ~100% 20
Spacing of Joint® <2in 5 511t 15 <2in 5
Conditions of Joint Slightly Rough 20 Slightly Rough 25 Mostly Smooth 10
Groundwater Moist Only 10 Moist Only 10 Moist Only 10
Joint Orientation with Respect Unfavorable -10 Fair -5 Unfavorable -10
to Tunnel Stability
Basic Rating 46 67 36
Slake Adjustment Multipiier(") 0.9 1.15 0.8
Overali Rating 41 76.3 29
Class Number me ne v
Rock Description® Fair Rock(9 Good Rock(¥ Poor Rock(4

Notes: (1) Slake acdjustment muitipliers (Newman and Bieniawski, 1985) are applied to strength, RQD, and joint parameters only. They
are based on average second cycie slake durabiiity index values of 52.8, 95.6 and 21.5% for TM, AC and EFS, respectively.

(2) This description is for tunnel excavation. For siope stability consideration and assuming favorable dip orientation, the overall
ratings shown in the table will be 46 (Class Il - fair rock), 67 (Class Il - good rock), and 38 (Class IV - poor rock) for TM, AC

and EFS, respectively.

(3) Because of potential separation of ubiquitous bedding planes, average spacing of bedding planea (Table 3) are conservatively
used for TM and EFS. Average apacing for joint sets in AC is conservatively based on aurficial mapping data (Table 3).

(4) The description iaintended for about average In situ rock mass conditiona other than the fauit zonea. Aa described in Table 1
and Section 3.1.2 the rock masses in the fault zone can be classified as "poor rock® (Class V), “fair rock" (Class ili), and "poor
to very poor rock® (Class IV to Class V) for TM, AC and EFS, respectively.
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Based on Figure 10, it can be shown that the average standup times are in terms of hours, days, and
years for average conditions within EFS, TM, and AC, respectively.

Attempts were also made to classify the fault zones (Table 1) using the Bienlawski geomechanics
classification system. The results indicate that the rock masses in the fault zone are generally one ciass
lower than the in situ rock masses and can generally be classified as poor (Class IV) to very poor
(Class V) in EFS, poor rock (Class IV) in TM and fair rock (Class lil) in AC.

At the SSC site, the bedding planes in TM and EFS are mostly horizontal and the fractures are
predominantly near vertical. Thus, it is anticipated that the strike/dip orientations at the site are favorable
with respect to slope stability considerations. Based on Bieniawski's recommendations, the ratings for
slope stability for TM, AC, and EFS are 46 (Class lll - fair rock), 67 (Class |l - good rock), and

36 (Class IV - poor rock), respectively.

It should be noted that these rock mass classification systems for underground application were
developed based on case histories of tunnels and iarge underground facilitles in rocks with little or no
swell potential and low susceptibility to slake/alteration. Thus, the use of the geomechanics dlassification
to classify rock masses for TM and EFS represents an Initial qualitative engineering classification and will
require further refinements as some site specific experience, such as the construction of a large-diameter
drilled shaft or prototype installation facility (PIF) becomes available.

3.2 INDEX PROPERTIES
3.2.1 Density and Molsturs Content

Density and moisture content tests yielded a broad range of results. As postulated previously, some of
the scatter probably reflects the normal in situ variation and some may be caused by sample disturbance
and sample size effect. Sample disturbance would tend to open cracks and microfissures within the rock
cores and, thus, may result in decreasing the density . However, the expected extent of density and
moisture content changes caused by disturbance is small. The recommended range and mean values of

density and moisture content, and corresponding taboratory test resuits are tabulated below.

Geotechnical Parameter: Dry Density (pcf)

Wireline Available Data Recommended Value for SSCD*
Stratig ) ic Best

Rock Type Units Range Average Range Estimate
Qverall TM T-21 to T-23 102.5 - 129.2 114.3 100 - 130 115
Overall AC A-15 to A-27 96.8 - 143.5 124.1 g5 - 145 124
Top AC A-15 10 A-18 100.0 - 140.5 129.8 100 - 145 130
Middle AC A-19 1o A-25 96.8 - 143.5 122.7 95 - 145 123
Bottom AC A-26 to A-27 101.7 - 140.6 122.0 g5 - 145 123
Overail EFS E-20 to E-22 101.2 - 139.3 117.2 100 - 140 118
Top EFS E-20 101.2 - 131.9 116.5 100 - 135 117
Bottom EFS E-21 to E-g2 110.4 - 139.3 118.8 110 - 140 119

wWR/V1S0A/GED-PAR




GEOTECHNICAL PARAMETERS DECEMBER 1990
Geotechnical Parameter: Total Density (pcf)
Wireline Avallable Data Recommended Value for SSCD@
Stratigra1 )hic Best
Rock Type Units Range Average Range_ Estimate
Overall TM T-21 to T-23 123.9 - 142.8 133.7 120 - 145 135
Overall AC A-15 to A-27 113.6 - 159.9 139.6 110 - 160 140
Top AC A-15 to A-18 124.1 - 155.8 143.7 120 - 160 145
Middle AC A-19 to A-25 113.6 - 159.9 138.6 110 - 160 139
Bottom AC A-26 to A-27 125.6 - 152.7 138.2 120 - 160 139
Overall EFS E-20 to E-22 118.0 - 150.4 136.1 115 - 155 137
Top EFS E-20 118.0 - 148.0 135.7 115 - 150 136
Bottom EFS E-21 to E-22 129.1 - 150.4 137.1 125 - 155 138
Geotechnical Parameter: Moisture Content (percent)
Wireline Available Data Recommended Value for SSCD®
Stratlgra1 )hlc Best
Rock Type Units Range Average Range Estimate
Overall TM T-21 to T-23 10.5 - 23.1 16.9 10 - 24 17
Overall AC A-15 to A-27 6.9 - 25.4 12.7 6-26 13
Top AC A-15 to A-18 7.4 - 241 10.8 7-25 11
Middle AC A-19 to A-25 6.9 - 22.9 13.2 6-24 13
Bottom AC A-26 to A-27 8.5-254 13.3 8-26 13
Overall EFS E-20 to E-22 6.2 - 23.0 16.1 6-24 17
Top EFS E-20 10.4 - 23.0 16.5 6-24 17
Bottom EFS _§-21 to E-2i_ 6.2 - 200 15.4 6-20 16
Notes: (1) Refer to Report No. SSC-GR-23

(2) Recommended for Site-Specific Conceptual Design

3.2.2 Specific Gravity and Degree of Saturation

Specific gravity for TM and EFS as determined by UT (ranging from 2.62 to 2.87) is higher than those
determined by MJA/SWL (ranging from 2.57 t0 2.79). The high specific gravity vaiues from UT tests
were attributed to higher pyrite content in the samples, which are not typically representative of the
generally low pyrite content (test results shown an average of about 2 percent or less in TM and EFS). It
is assumed that the following specific gravity values corresponding to the range and mean values as
determined by MJA/SWL are appropriate:

wpNV1SBA/GEO-PAR

| Specific Gravity Values
Rock Type Range Best Estimate
™ 2.65 t0 2.73 2.71
AC 2,62 to 2.71 2.67
EFS 2.57 10 2.79 2.72
MB 231027 25
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The above best estimates, available density/moisture content data (Report Nos. SSC-GR-66, GR-67,
and GR-68), and field hydrogeologic data (Report No. SSC-GR-63) all lead to the following conclusions

with respect to the degree of saturation:

3.2.3 Slake Alteration and Deterioration

« EFS and AC are mostly 100 percent saturated

« The portion of TM under the plezometric level Is 100 percent saturated whereas the
portion above the piezometric level is probably about 90 percent saturated.

Among the three bedrock units, EFS has the lowest slake durability. TM has low to moderate slake
durabiiity, and AC has the highest slake durability with little or no alteration when exposed to air or water.
The ranges and mean values of second cycle slake durability summarized in the appendix and below are

considered representative of the three rocks at the SSC site.

Geotechnical Parameter: 2nd Cycle Slake Durability Index (percent)
Wireline Available Data Recommended Value for SSCD®
Stratigra” ic Best
Rock Type Units Range Average Range _Estimate |
Overall TM T-21 to T-23 140 - 86.6 52.8 14 - 90 52 |
Overall AC A-15 to A-27 88.4 - 98.0 95.6 88 - 99 g5
Top AC A-15 to A-18 — — 90 - 99 96
Middie AC A-19 to A-25 88.4 - 98.0 95.9 88 - 99 95
Bottom AC A-26 to A-27 93.4 - 974 95.8 90 - 98 95
Overall EFS E-20 to E-22 0.4 - 51.9 21.5 0-55 21
Top EFS E-20 0.40 - 51.9 21.9 0-52 21
Bottom EFS E-21 to E-22 4.9 - 33.1 20.8 4-35 21

Notes: (1) Refer © Report No. SSC-GR-23

(2) Recommended for Site-Specific Conceptual Design

Humidity-controlled deterioration tests also reveal that both EFS and TM are susceptibie to alteration and
are expected to deteriorate when exposed to environments with relative humidity less than 85 percent.
They are also likely to soften if exposed to environments with a relative humidity more than 95 percent.
All these indicators dictate the need of minimizing exposure of TM or EFS to air or water by quickly
applying protection and support during excavation. '

Although AC has high slake durability, some rock spalling may occur if R is left exposed indefinitely.
Additionally, AC contains weaker bentonite marker and bentonltic shale beds that have lower slake
durability. Thus, protection of AC with a thin shotcrete layer may be advisable and local
stabilization/strengthening of bentonite and shale beds may be necessary.

3.3 SWELLING PRESSURE

The swell pressures for TM and EFS, as measured and calculated by MJA/SWL, UT, and Ul are
presented in Table 6. As can be seen from this table, swell pressures measured and calculated by the
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different laboratories vary significantly. The following factors ére postulated to contribute to this large
variation:

« Sample disturbance in the form of microfissures or cracks may result in
underestimates of the true sweli pressure and were not accounted for in MJA/SWL test
results.

« UT may have over-adjusted for sample disturbance effects by assuming that all
microfissures were caused by sample disturbance. This results in several caiculated
swell pressure values that are significantly higher than the corresponding effective
overburden stress.

« Swell pressure data obtained by Ul were not adjusted for sample disturbance. Most of
Ul data are of the same order of magnitude as those obtained by MJA/SWL, except for
a few anomalous data points In which the measured swell pressures in EFS were
significantly higher than the effective overburden stresses. The reason(s) for this
anomaly is not clear.

Thus, the use of sweil pressure data from MJA/SWL and Ul (excluding some anomalous data points) wiil
be unconservative while using data from UT may be over-conservative. Sample disturbance effects are
difficult to quantity. For TM and EFS, the combined data from MJA/SWL were used and conservatively
modified to account for sample disturbance effects as follows:
«» The anticlpated range is defined from minimal values from the test data to a maximum
value equal to the estimated average effective overburden.

« The recommended best estimated value is taken to be equal to the maximum value
from the test data (exciuding anomalous data showing swell pressure greater then
effective overburden stress).

" Based on the above assumptions, the recommended swell pressures for various bedrock units are as
follows:

Geotechnical Parameter: Swell Pressure (psi)
Wireline Avallable Data Recommended Value for SSCD®
Stratlgrag)hlc Best
Rock Type Units Range Average Range Estimate )
Overall TM T-21 to T-23 6.5 -579 19.9 20 10 0’ max 58
Overall EFS E-20 to E-22 7.7 -1150 35.8 36 10 o’ max 115
Top EFS E-20 7.7 -115.0 37.2 37 t0 o' max 115
Bottom EFS E-21 to E-22 9.0 - 86.8 32.6 33100’ max 90

Notes: (1) Refer to Report No. SSC-GR-23

(2) Recommended for Site-Specific Conceptual Design ’
{3) Recommended minimum value is set to be about the average vaiue of available data to account for potential sample

disturbance effect. O'max is equal to effective overburden or best estimate value, whichever is larger.
(4) Best estimate value is conservatively assumed to be about the maximum vaiue from all available MJA/SWL test data.

it should be noted that the recommended maximum swell pressure values are also intended to account
for the possibility that locally high swell pressure (as high as effective overburden) may exist in EFS and
TM depending on their mineralogic composition, moisture content, gralin size, etc. In situ monitoring and
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verification, as well as provisions for remedial measures durihg construction, are prudent in design and
construction in EFS and TM.

No test data (except for MB) are avaiiable for AC. However, AC (exciuding MB) is not likely to be
susceptible to swell.

3.4 CONSOLIDATION CHARACTERISTICS

The potential for settiement of facilities founded on TM and EFS as a result of consolidation requires
consideration. Available laboratory-measured consolidation characteristics, based on one-dimensional
consolidation tests in terms of recompression index and coefficient of consolidation, are summarized in
the appendix. The laboratory-measured recompression index is expected to be higher than the in-situ
value because of potential sample disturbance effects. Similarly, sample disturbance effects may
indicate that the laboratory-measured coefficlent of consolidation may be higher than the corresponding
value in the field. However, it should also be noted that one-dimensional consolidation tests may also
overestimate the consolidation time In situ, where consolidation Is a three-dimensional phenomenon.
Average and range of laboratory-measured consolidation characteristics are recommended for the
following reasons:

» Use of laboratory-measured recompression Index (without compensating for sample
disturbance effects) is somewhat conservative and may provide compensation for
some unexpected variation In the field

+ Three-dimensional consolidation under in situ conditions will tend to compensate for
the potential underestimate of consolidatlon rate (i.e., higher coefficient of .
consolidation) caused by sample disturbance in the laboratory under one-dimensional
loading conditions.

Based on available test results, the following ranges and best estimate values for EFS are recommended:

Recompresslon Index Coefficient of Consolidatlon (ft/day)
Range Best Estimate Range Best Estimate
0.001 to 0.123 0.05 0.001 to 0.014 0.005

No consolidation testing was performed for TM or AC. Judging from the similarity in Index properties
between EFS and TM, it is recommended that the above consolidation characteristics for EFS also be
used for TM. Also, it Is anticipated that AC will be less susceptible to consolidation (i.e., drained creep)
deformation than either TM or EFS.

3.5 HYDRAULIC CONDUCTIVITY

Hydraulic conductivities of the in situ rock mass as determined by the field packer and slug tests are
presented in Report No. SSC-GR-63 and summarized in Figure 4 In Section 2. These field-determined
horizontal hydraulic conductivity values are considered reasonably representative of the field range
variations. Laboratory tests (Report No. SSC-GR-81) on intact EFS Indicate that the hydraulic
conductivity in the vertical direction for the intact EFS Is on the order of 10"'° to 10 cnrvsec, which Is
one to two orders of magnitude less than the hydraulic conductivity of the in situ EFS rock mass as
determined by the fleld packer and slug tests (Report No. SSC-GR-63). The recommended hydraulic
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conductivities for in situ rock masses in areas other than the fault zones are similar to those determined
by the field tests and are summarized as follows:

Hydraulic Conductivity (cm/sec)
Rock Type Range Best Estimate
Overall T™ 2x10° to 9x10° 5x10
Overall AC ax10° to ax10° 5x107
(_Overall EFS 1.2x10°® 10 1.5x10 2x107

As described in Section 2, the hydraulic conductivities of fault zones are expected to be about one order
of magnitude higher than the above corresponding values.

3.6 STATIC STRENGTH

3.6.1 Intact Rock

Laboratory strength tests on cores from the three rock groups consisted mostly of uniaxial compression
(UC) and unconsolidated, undrained triaxial compression (UU) tests. Although a limited number of
consolidated "dralned" direct shear (DS) and “drained" triaxial compression (CD) tests have been
attempted by UT, the results cannot be used with confidence because time durations allowed for
consolidation and rate of shearing may not have been sufficlent to ensure complete consolidation or .
complete dralnage during shear. Thus, the effective strength parameters detarmined by UT can be used
as qualitative information only. Further work on the long-term effective strength parameters either by CD
or consolidated undrained triaxial tests with pore pressure measurement will be needed.

Both UU and UC strength data on all three major rock units show significant scatter. The strength
values, as determined by UU tests, are generally expected to be slightly higher than those determined by
UC tests, because the applied confinement in UU tests may tend to partially close the fissures or cracks
Induced by sample disturbance. However, no definitive relationship was observed between strength and
confinement. Other relevant observations are as follows:

wp/V1S8A/GEO-PAR

« Because the carbonate content of TM is on the average about three times as much as

that of EFS, TM Is anticipated to be stronger than EFS. However, laboratory test
results indicate that the UC or UU strengths of TM and EFS are about the same. Itis
postulated that intact core samples from TM may be more disturbed than those from
EFS.

« The upper bound and mean UU and/or UC strengths from vertical borings are

generally higher than corresponding strengths from Inciined borings (about 45 to 55°

- from horizontal). Almost all test specimens from Inclined borings failed along bedding

or pre-existing fracture planes. Thus, bedding and pre-existing fracture planes appear
to be the weakest dlrection in the rock mass. It should be noted that part of the
apparent anisotropy may be due to the locations of the coreholes. In this project, the
Inclined borings were preferentially located In the fault zones where rock masses may
have been previously weakened by past fault activities. However, data available are
too limited to establish definitive conclusions. Further work will be necessary to
resolve this issue.
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Uniaxial compressive strength of intact cores is an important performance factor for rock mass
characterization. Based on engineering judgement, iaboratory test results were modified in an attempt to
account for sample disturbance effects and are presented in Table 9. The rationale for recommended
values and best estimates of uniaxial compressive strength are also presented in Table 9.

3.6.2 Discontinuities

Direct shear tests on samples were done under various conditions. The results In terms of peak
strengths for TM, AC, and EFS are summarized in Figure 11a-c. The following observations reievant to
strength assessment should be noted:

« A broad range in the test resuits Is observed. This scatter may reflect the in situ
variation.

« Conditions of discontinuitles within each rock type vary, e.g., AC contains frequent
argillaceous and shaly limestone beds. Specimens with argillaceous or shaly
limestone discontinuitles often exhlibit lower shear strengths than discontinuities within
clean chalk. It may be prudent to use lower bound peak and residual strengths in
design to account for the presence of “weaker" discontinuities In Individual rock units.
A similar recommendation is applicable to EFS and TM as well.

The recommended range and best estimated values of peak shear strengths for discontinuitles in the
three bedrock units are also shown in Figures 11a-c. It should be noted that the recommended peak
shear strength values are tentative and are subject to refinement after more laboratory and fleld data
become available.

Available data (Nieto, 1990) on residual strength of discontinuities are limited and preliminary in nature.
They are summarized as follows:

Residual Strength
Rock Type Range Best Estimate
T™ and EFS c~0 c~0
¢=5°1to 10° ¢=8°
AC c~0 c~0
¢=22%1028° + ¢ = 25°

3.6.3 Rock Mass

The strength of the rock mass depends on rock type and characteristics of beddings, joints, and
fractures. Attempts were made to evaluate peak strengths of rock masses at the SSC site using the
empirical correlations developed by Hoek and Brown (1980) and Bleniawski (1979). The simplified
strength correlation developed by Hoek and Brown (1980) correlating rock mass strength as a function of
rock mass rating in terms of the Q system (Barton et al., 1974) or the Commonwealth Sclentific and
Industrial Research (CSIR) rating (the same as the 1974 rock mechanics rating version developed by
Bieniawskl, 1974) was used for this purpose. This correlation was developed based on model studies
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TABLE 9. RECOMMENDED VALUES OF UNIAXIAL COMPRESSIVE STRENGTH

Geotechnical Parameter: Uniaxial Compressive Strength (psl)
s"'f:,';""' i Available Data® Recommended Value for SSCDP
Rock Type Units) Range Average Range'? Best Estimate!?
Overall TM T-21 to T-23 77-746 409 250 to 1,100 550
Overall AC A15 to A-27 306-3,967 2,131 300 to 4,000 2,200
Top AC A-15 10 A-18 3133819 2,250 300 to 4,000 2,300
Middle AC A-19 to A-25 306-3,987 - 300 to 4,000 2,000
Bottom AC A-26 to A-27 426-3,790 2,117 400 t0 4,000 2,100
Overall EFS E-20 to E-22 9-844 297 100 to 1,200 400
Top EFS E-20 9522 257 100 to 700 350
Bottom EFS E-21 to E-22 85-844 325 100 to 1,200 450

Refer 10 Report No. SSC- GR-65

(2) Recommended for Site-Specific Conceptuai Design
{3)  Only laboratory data on samples from vertical coreholes ase used

(4) A. Toaccount for poteniial sample disturbance effects for TM and EFS the foliowing approximate relations are used based on engineering judgment:

o Recommended minimumvalue & a minimum value of availabie data
o Recommended best estimate 2 average of available data +o

o Recommended maximumvalue 8 maximum valus of available data +20

where O =Standard deviation of available data
B. Recommended values are similar 10 these exhibited by the available data.
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and analytical formulations by Ladanyi and Archambauit (1 97b, 1972). The basic empirical equation for
rock mass strength can be expressed as:

t=Agc (oloc - T) B

where:

T = shear strength of rock mass

ge = uniaxial compressive strength of intact rock

g = normal stress

ABT = dimensionless constants depending on rock types and rock mass rating

Assuming favorable joint orientation for slope stability evaluation purpose, the following parameters were
utilized: '

Uniaxial
CSIR Compressive
Rock Type Rating Strength (psi) A B T
™ 40 5§50 0.21 0.672 -0.00048
AC 70 2,200 0.45 0.674 <0.01
EFS 38 450 0.2 0.67 -0.00045

Calculated shear strengths of rock mass based on the above parameters are shown in Figures 12a-c.
As can be seen from these figures, the shear strengths of rock masses are very close to the lower bound
peak strength of discontinuities in the corresponding rock units.

Similarly, the empirical correlations between shear strength and geomechanical classification rating as
developed by Bieniawski (1979) and shown In Table 7 were also used to estimate the shear strength of
rock masses. The results are also shown in Figures 12a-c. The resuilts shown In Figures 12a-c appear
to indicate that the ranges of shear strength of in situ rock mass are similar to the bounded range of peak
shear strengths of discontinuities in corresponding rock units. Thus, In lieu of further field testing or
performance monitoring data, the range and best estimated values of peak shear strength of
discontinuities shown In Figures 11a-c are recommended for use as in-situ rock mass shear strength
values.

it should be noted that the above shear strength recommendation is subject to refinement after more
information from large-scale field testing, as well as from performance monitoring associated with
engineering evaluation from the planned large-diameter drilied hole of PIF.

3.7 DEFORMATION/STIFFNESS CHARACTERISTICS
3.7.1 Static Deformation Moduilus of Rock Mass

The rock type as well as, to a large extent, the frequency and nature of discontinuities determine its
deformation characteristics. Rellable estimates of deformation characteristics can be obtained only from
either large-scale field load tests and/or from back calculations based on performance monitoring. Only
limited In-situ data are available from pressuremeter tests and geophysical Investigations at the SSC site
(Section 2). Thus, the geomechanical characterization presented herein is primarily based on laboratory
test data. .
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The modulus of a rock mass Is always smaller than the static modulus determined from "true" intact rock
cores. The literature contains various empirical relations as the ratio of deformation modulus of rock
mass measured in the field to the laboratory moduius in terms of RQD, or seismic velocity ratio (Deere
et al., 1966), or geomechanics classification rating (Bieniawski, 1979). These empirical correlations may
not be applicable to the three rock units, especially TM and EFS at the SSC sites, for the following
reasons:

« These correlations were developed mostly based on field and laboratory data on
various rock types with strengths significantly higher than those at the SSC site.

« The intact cores of the three rock units at the SSC sites, particularly the TM and EFS,
may be disturbed to some extent. Thus, the deformation characteristics determined on
the "intact cores" may not be representative of the “true" intact modulus.

Figures 7a and 7b show the range of modulus (Eso) determined from laboratory tests vs. depth. Limited
moduius data from pressuremeter tests (Em) are also superimposed in these figures. Comparison of
these two modulus profiles indicates that:

« The Em profile of TM rock mass is approximately 2 ; to 4 times that of the
laboratory-determined Eso values.

« The deformation modulus (Em) of AC as determined from the pressuremeter tests is
about 0.5 to 3 times that of Esp determined from the laboratory tests.

« The Em profile of EFS rock mass is approximately 1.5 to 2 times that of the iaboratory
Eso profile.

The seismic Young's modulus (Eseis) as determined from geophysical field surveys is generaily higher
than the in-situ deformation modulus of rock mass, even though Essis inherently reflects the intact rock
and discontinuities within the rock mass. This is primarily a result of the fact that the deformation of rock
mass during a seismic survey is so small that the deformation is entirely elastic. Comparison of Eseis
with corresponding Em and average Eso are shown in Figures 7 and 13, respectively. The following
observations are made upon examination of these figures:

« The limited data shown in Figure 7 indicate that the Eseis of AC is about 0.8 to 2.2
times the corresponding Em and the Eseis Of EFS is about 1 to 2.2 times its
corresponding Em. '

« The ratios of Eseis to Eso based on the results shown in Figure 13 are summarized in
Table 10. An overall summary of relations among Eso, Em, and Eseis is also presented
in Table 10.

Although the data shown in Table 10 are relatively consistent with expected trends, this needs further
validation based on additional in situ, large-scale tests. in particular, the few In situ data available are
too limited and all data show significant scatter. The causes for large differences between Eso and Em
remain speculative and unresolved and require large-scale field tests for better resolution.
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TABLE 10. ESTIMATED RELATIONSHIPS BETWEEN VARIOUS MODULUS VALUES

Eso/Em Eeeis/Em Eso/Eeets
Rock Type
Range Approximate Range Approximate Range Approximate
Average Average Average
Taylor Marl 0.25 10 0.45 0.35 0Stw2 1 - 0.38
Austin Chalk 053 08 0822 15 02108 0.55
Eagle Ford Shale 0507 06 1022 1.7 0.2%0 0.6 0.35
Notes:

Eso = Young's Modulus at 50% of Ultimate Strength (ioad applied perpendicular 1o bedding)
Em = Deformation modulus as determined from pressuremeter tests (load appiied parallel to bedding)
Esis = Seismic Young's Modulus as determined from geophysical investigation assuming isotropic behavior
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Based on the aforementioned reasons and engineering judgement, the recommended values for
deformation modulus for the three rock types TM, AC, and EFS are as follows:

Geotechnical Parameter: Young's Modulus of Rock Mass

(10ES, psi)

Recommended Vaiue for

Wireline Available Data (Esg) SSCD Em®
Stratigra1 )hlc Best
Rock Type Units Range Average Range Estimate
Overail TM T-21 to T-23 0.10 - 2.39 0.71 0.25t0 5.0 2
Overall AC A-15 to A-27 0.13 - 22.73 4.22 0.25 to 25 5
Top AC A-15 to A-18 0.13 - 11.63 3.81 0.1to 15 5
Middle AC A-19 to A-25 0.21 - 22.73 4.04 0.31t025 5
Bottom AC A-26 to A-27 0.56 - 10.53 4.72 1to 15 5
Overall EFS E-20 to E-22 0.03 - 295 0.78 0.1t04.5 1.3
Top EFS E-20 0.03 - 1.41 0.77 0.1 t0 2.5 1.3
Bottom EFS E-21 to E-22 0.03 - 2.95 0.79 0.1t0 4.5 1.3

Notes: (1) Refer to Report No. SSC-GR-23

(20 Recommended for Site-Specific Conceptual Design

3.7.2 Dynamic Modulus and Seismic Wave Velocity

The ranges of dynamic modulus and seismic wave velocities based on available geophysical data are

provided in Table 5.

3.7.3 Poisson’s Ratlo

Statistics of Poisson’s ratios based on tests on intact cores are presented in the appendix. The
recommended range and mean values for rock units are summarized as foliows:

Geotechnical Parameter: Polsson's Ratio

Wireline Available Data Recommended Vaiue for SSCD*
Stratigra 1)hlc Best

Rock Type Units Range Average Range Estimate
Overall TM T-21 to T-23 0.10 - 0.56 0.32 0.1 to 0.6 0.3
Overall AC A-15 to A-27 0.06 - 0.48 0.19 0.05 to 0.5 0.2
Top AC A-15 to A-18 0.07 - 0.48 0.20 0.05 to 0.5 0.2
Middle AC A-19 to A-25 0.07 - 0.48 0.21 0.05 to 0.5 0.2
Bottom AC A-26 to A-27 0.06 - 0.44 0.17 0.05 to 0.5 0.2
Overall EFS - E-20 to E-22 0.04 - 0.88 0.29 0.1 t0 0.9 0.3
Top EFS E-20 0.04 - 0.88 0.30 0.05 to 0.9 0.3
Bottom EFS E-21 to E-22 0.09 - 0.42 0.26 0.05 to 0.5 0.3

Notes: (1) Refer to Report No. SSC-GR-65

(2) Recommended for Site-Specific Concopmnl Design
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These values are recommended for preliminary design purpéses. They should be further refined as
more data from laboratory tests, large-scaie in-situ tests, and construction/ monitoring observations
become available.

3.7.4 Anisotropy

The above discussion of the deformation modulus of the rock mass at the SSC site assumes linear and
isotropic behavior, Available deformation and strength data on intact cores generally show that Esg and
the strength of intact cores from vertical borings are generally slightly higher than the corresponding
values from inclined borings, suggesting that the stiffest direction is perpendicular to bedding. However,
available data are not sufficient to determine the extent of anisotropy. Further laboratory testing on large
specimens cored at various orientations as weli as large-scale, In situ tests wili be necessary for this

purpose.

3.7.5 Nonlinearity

Typicai stress-strain curves from UC and UU tests are presented in Figures 14 and 15. As can be noted
from these figures, these curves are somewhat nonlinear. This nonlinearity is also evidenced by the fact
that the reloading modulus values are generally about 1.5 to 2.5 times higher than Eso. The extent of
nonlinearity cannot be estimated and in situ testing will be required so that a better estimate can be
provided.

3.7.8 Time Dependency

The rock mass at the SSC site may undergo time-dependent creep deformation. This may arise from
drained creep (secondary consolidation) or undrained creep deformatlons resultlng from sustained shear
stresses under undrained conditions.

Based on the resuits of index property, mineralogical evaluations, and known material property behavior,
creep deformation concems in AC should be negligibly small. However, ime-dependent deformation in
TM and EFS may be of concemn. Undrained creep deformation associated with the construction and
operation of structures founded on EFS and TM should be of particular concern. Because available
consolidation data indicate smali primary consolidation rebound, the potential for significant secondary
consolidation (drained creep) may be even smalier in the absence of shear stresses. To increase the
level of confidence in the design of facilities founded on TM or EFS, the extent of potential drained creep
deformation may require further investigation In the presence of excavation and facility-loading induced
stresses.

WpN1SAA/GEO-PAR 59




AXIAL STRESS (psi)

500

llI]lllllflllllllllllll1lll

0.0 0.2 0.4 0.6 0.8 1.0 1.2 1.4

AXIAL STRAIN {percent)

— TAYLOR MARL
— — — EAGLE FORD SHALE

Project No.: 87-888-0017 -

:::- RTK Joint Venture

Typical Stress - Strain Curves - UC Test

12/90 Figure 14

60



DEVIATOR STRESS (psi)

500 ~

| ] T
0.0 0.4 08 1.2 1.6 20
| AXIAL STRAIN (percent)

— TAYLOR MARL
— = — EAGLE FORD SHALE

Project No.: 87-888-0017
The Sarth Teshnelogy
Capersten RTK Joint Venture

Typical Stress - Strain Curves - UU Test

12/90 Figure 15

61



GEOTECHNICAL PARAMETERS DECEMBER 1990

4.0 CONCLUSIONS AND RECOMMENDATIONS

4.1  CONCLUSIONS

Geotechnical parameters for the three rock units (TM, AC, and EFS) in the SSC construction zone have
been developed to support the site specific conceptual design of the SSC facilities. These geotechnical
parameters were generated based on synthesis of available data, engineering interpretation, and
engineering judgement and may be considered sufficlent for site specific conceptual design at the SSC
site. Based on the results of this evaluation, the following conclusions can also be made:

« The three rock units at the SSC site are classified as very low strength rocks.

« Interms of stability, standup time, or deformability characteristics for SSC underground
facilities, AC can be classified as good quality rock and Is significantly better than TM
and EFS which are relatively poor quality rock because of their relatively high slaking
and swelling potential and their comparatively low strength.

« The avallable data, especially laboratory test data, exhibit considerable scatter. Such
scatter necessitates significant engineering judgement and postulation to reconcile
laboratory data with field data, and to reconclie seeming contradictions between
laboratory data and observed behavior.

« EFS and TM can be defined as soil-like rocks as defined by Goodman (1990) and
behave neither completely like soils nor llke rocks. Engineering data bases and
experience with such subsurface materials are limited.

Various uncertainties include, but are not limited to, lack of site-specific data and design and construction
experience, Issues such as sample size effects and sample disturbance, lack of certain data such as
in-situ stress conditions, the extent and potential effects of anisotropy, and nonlinearity and
time-dependency (creep deformation) or long-term (drained) behavior of the in situ rock units.
Accordingly, the geotechnical parameters developed in this report are intended for site-specific
conceptual design purposes. They are not sufficient for final design and construction.

4.2 RECOMMENDATIONS

A number of uncertainties have been identified In the geotechnical parameters. Further investigation will
be necessary to alleviate these uncertainties and to provide needed data and an appropriate level of
confidence to support the final design and construction of the planned SSC facilities. The following
additional studies are recommended:

« Available geotechnical parameters are based on widely-spaced borings and show a
broad range of variations. There is need of a more detailed (closely spaced) iocal
characterization for the design and construction of any specific facility component.

« Certain laboratory tests should be performed specifically to alleviate uncertainties in
laboratory data, including long-term effective strength and deformation tests,
time-dependent creep (drained and undrained conditions) characteristics, swell
characterization and other index properties such as shrinkage limits, and activity index.
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For strength and deformation propertles."relevant issues that require implementation
inciude: '

« Obtain large-size (larger diameter) samples to minimize size and sample
disturbance effects

« Develop appropriate iaboratory test procedures considering the long term as
well as material-specific nature of TM and EFS (l.e., high swell/slaking
potential, low permeabillity, and soil-like rock nature).

Appropriate ways and means of determining In situ stress conditions at the SSC site
should be identified and field tests performed In the vicinity of planned structures;
performance may be impacted by the presence of high horizontal in situ stresses.

Site-specific field testing such as flat jack tests, plate load tests, and pressuremeter
tests, and performance monitoring such as the work proposed for the large-diameter
drill hole (Report No. SSC-GR-72) will be necessary to provide a data base for
verification or modification of the geotechnical parameters. Use of performance
monitoring data should also Include backfitting as well as analyses to evaluate the
behavior of In situ rock masses.

Geotechnical parameter needs and facility design/construction are typically interactive.
Additional geotechnical parameters that are not addressed herein may be identified
and needed during the course of design. Provisions should be made to address such
needs as they arise during the course of design and construction of the SSC facilities.
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TABLE A-1 SUMMARY OF GEOMECHANICAL TEST RESULTS FOR TAYLOR MARL BY COMMERCIAL LABORATORIES

MOISTURE | DRY TOTAL | SPECIC| ATTERBERG FRACTION { CARBONATE UNIAXIAL TRIAXIAL COMPRESSIONI FAILURE | TANGENT YOUNG'S POISSON'S | BRAZWL 2ND CYCLE SWELL
CONTENT {DENSITY | DENSITY | GRAVITY LTS FINER THANI CONTENT | COMPRESSIVE | CONFINING| DEVIATOR | STRAIN | MODULUS RATIO TENSUE SLAKE PRESSURE
[V M # 200 SIEVE STRENGTH | PRESSURE| STRESS E50 UNLOADY STRENGTH | DURABRITY INDEX
RELOAD INDEX
perosnt pot pet perosnt petoent pei pol psl peroont | (pel)x10ES | (pei)x10ES pei petcent psl
A. POST-FOOTPRINT PHASE-VERTICAL BORINGS
COUNT 300 217 217 48 " 111 90 104 56 50 50 108 83 1 37 11 18 43
MINIM UM 106 10251 12390 2.65 54 27 91.0 13.2 77 50 285 0.49 0.10 0.62 0.10 57 14.0 6.5
MAXIMUM 231 | 1202 428 273 13 v 99.8 M4 746 500 1147 2.48 1.96 3.72 0.56 176 86.6 57.9
MEAN 168] 1143] 1336 2N 81 51 98.1 241 - 409 558 1.22 0.67 1.7M 0.32 103 52.8 204
STD. DEV. 20 4.4 33 0.0: 14 " 1.3 47 160 190 0.36 0.39 0.79 0.12 32 18.4 11.5
B. POST-FOOTPRINT PHASE-INCLINED BORINGS
COUNT 31 24 24 4 5 5 4 7 7 [ 8 15 15 0 1 3 0 8
MINIMUM 141) 1075) 1279 2.69 52 28 98.2 171 150 50 398 0.33 0.31 41 10.6
MAXIMUM 2.1 n94] 1371 273 98 84 99.6 311 370 500 760 0.80 2.39 87 228
MEAN 1711 11461 1341 2N 75 47 99.3 253 250 515 0.54 0.96 0.35 50.7 16.3
STD. DEV. 1.8 36 24 0.02 15 12 0.6 4.6 79 127 0.13 0.58 4.7
C. ALL BORINGS - TAYLOR MARL
COUNT 331 241 241 52 118 116 94 11 63 58 58 121 98 11 38 14 18 49
MINSUM 105 1025] 1239 2.65 52 27 91.0 13.2 77 50 285 0.33 0.10 0.62 0.10 41 14.0 8.5
MAXIMUM 2311 12021 1428 273 113 77 99.8 344 746 500 1147 2.48 2.39 3.72 0.56 178 86.6 57 9
MEAN 180 114.3] 133 2.7 81 51 98.1 24.2 301 552 1.14 0.71 1.7 0.32 92 528 19.9
STD. DEV. 1.9 43 3.2 0.02 14 " 1.3 47 1681 183 0.41 0.44 0.79 0.12 38 18 4 10.9
D. SUMMARY OF SELECTED TESTS FOR STRENGTH DEFORMATION CHARACTERISTICS OF INTACT ROCK (1)
COUNT 24 24 24 2 [] [] 8 9 7 17 17 24 18 8 13 0 0 0
MINIMUM 136 | 1077 1247 2.60 [ 44 96.5 16.2 220 100 337 0.70 0.38 0.62 0.10
MAXIMUM 198 | 12241 1390 2.70 104 77 98.6 28.0 648 500 847 2.46 1.67 3.72 0.49
MEAN 170] 1141 1335 2.70 64 56 979 223 419 520 1.29 0.76 1.87 0.31
STD. DEV. 1.8 39 32 1" 10 06 4.1 160 153 0.42 0.39 0.99 0.12
E. SUMMARY OF SELECTED TESTS FOR STRENGTH DEFORMATION CHARACTERISTICS OF ROCK SAMPLES WITH DISCONTINUITIES (2)
COUNT 14 14 14 1 3 3 3 3 7 7 7 14 13 0 1 0 0 []
MINIMUM 146] 1103] 113 75 47 98.2 21.0 150 100 396 0.33 0.31
MAXIMUM 19.0] 11947 1370 98 64 99.6 311 435 500 780 2.05 2.39
MEAN 1864 ] 1158 ] 1347 2.73 85 55 991 26.9 284 521 0.64 1.00 0.35
STD. DEV. 1.5 28 15 98 135 o4 0.61
NOTES: (1)~ These exciude test results of samples with failure along bedding planes or pre-existing fractures.

(2)- These include only the test resuits of sampies with failure along
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TABLE A-2 MINERALOGICAL ANALYSES OF TAYLOR MARL BY MJA/SMU

TAYLOR MARL
BORING | BORING BULK MINERALOGICAL COMPOSITION CLAY MINERALOGICAL COMPOSITION
NUMBER | DEPTH
quanz | K-feldspar | plagioclase | calcite | dolomite | siderite pyrite clay illite kaolinite Feo- illite/ montmori-
minerals chlorite smactite llonite
foot percent percent percent percent | percent percent percent percent | percent percent percent percent percent

BE 6 . 0 2 98 7 16 77
BE 7A 81.9 33 13 54 46 21 a3
BE 7A 82.1 0 3 97 9 19 72
BE7A 2680.6 0 2 98 5 16 79
BE 7A 280.8 76 9 15 33 a3 34
BE S8 751 0 5 95 24 6 70
BES 75.6 19 24 57 55 12 33
BE 8 100.0 0 2 98 27 1" 62
BIR 83 29.3 24 0 76 35 24 41
BIR 83 29.6 10 0 90 35 18 47
COUNT 1 1" 1 11 1" 1 1
MINIMUM 0 0 15 5 6 16
MAXIMUM 76 24 98 58 a3 79
MEAN 20.9 6.6 725 30.4 18.4 51.3
STANDARD DEVIATION 26.5 71 30.3 17.5 7.2 20.6




TABLE A-3 MINERALOGICAL ANALYSES OF TAYLOR MARL BY SWL/CL

TAYLOR MARL
BORING | BORING BULK MINERALOGICAL COMPOSITION CLAY MINERALOGICAL COMPOSITION
NUMBER | DEPTH
quartz | K-feldspar | plagioclase | calcite | dolomite | siderite pyrite clay illite kaolinite Fe- illite/ montmori-
minerals chlorite smeclite lionite
leet percent percent percent | percent | percent percent percent percent percent percent percent

B 2758 152.5 4 73
|B 802 100.6 0 59

BE S5 115.6 27 1 1 29 1 1 2 38 8 58

BE 8 128.4 13 2 2 23 1 3 1 55 6 69

BF 6 181.2 21 4 4 4 6 2 4 55 4 69

|BF 6 182.0 18 5 6 16 5 4 2 44 2 7

BF 7 179.1 18 2 3 6 2 12 1 56 4 73

BF 8 55.9 11 2 2 28 1 16 1 39 0 84

BIR 51 88.1 16 2 2 26 1 3 3 47 8 64

BIR 51 162.5 2 2 3 32 3 6 1 31 0 55

BIR 52 131.9 21 5 3 36 3 8 2 22 0 36

BIR 54 20.1 23 3 3 32 4 4 3 28 0 68

BIR 54 171 24 1 5 30 3 0 2 35 0 72

BIR 54 166.5 41 0 75

BIR 84 63.0 25 1 0 36 2 6 1 29 0 69

|COUNT 15 12 12 12 12 12 12 12 15 15 15 15 15
|MINIMUM 11 1 0 4 1 0 1 22 6 5 0 36
[MAXIMUM 27 5 6 36 6 16 4 56 33 50 8 84

|[MEAN 19.9 25 28] 248 27 5.4 19 40.5 14.1 17.2 24 66.3
|STANDARD DEVIATION 4.6 1.4 1.6 10.3 1.6 45 1.0 10.1 6.4 11.3 29 10.7




GEOMECHANICAL TEST RESULTS
FOR AUSTIN CHALK

wp/V138A/APPEND



TABLE A-4 SUMMARY OF GEOMECHANICAL TEST RESULTS FOR AUSTIN CHALK BY COMMERCIAL LABORATORIES

MOISTURE DRY TOTAL |SPECIFIC UNIAXIAL TRIAXIAL COMPRESSION| FAILURE | TANGENY YOUNG'S POISSON'S | BRAZIL 2ND CYCLE | MODIFIED
CONTENT [ DENSITY | DENSITY | GRAVITY | COMPRESSIVE | CONFINING | DEVIATOR | STRAIN | MODULUS RATIO TENSILE SLAKE TABER
STRENGTH | PRESSURE| STRESS ES0 UNLOAIY STRENGTH | DURABILITY | ABRASION
RELOAD INDEX INDEX
percent pct pct pei psi psi percent | (psi)x10ES | (psi)x10ES psi percent
A. FOOTPRINT PHASE-VERTICAL BORINGS
COUNT 29 27 27 0 16 10 10 8 7 0 3 14 2 2
MINIMUM 10] 1107 128.5 1224 1" 169 0.37 0.89 0.06 135 94.1 0.263
MAXIMUM 193] 1319 1481 3790 1000 3069 1.70 3.60 0.32 344 96.2 0.393
MEAN 142] 1210 137.9 1977 218 1491 0.90 2.46 0.18 244 952 0.328
STD. DEV. 2.2 53 47 655 278 857 0.48 0.80 60
8. FOOTPRINT PHASE-INCLINED BORINGS
COUNT 7 [ [] 0 5 0 0 0 1 0 1 4 1 1
MINIMUM 11.9] 1133 132.2 1129 154
MAXIMUM 16.7 | 128.8 1441 1724 277
MEAN 136 1204 137.0 1451 4.10 0.12 218 93.4 0.425
STD. DEV. 1.5 49 41 195 44
C. POST FOOTPRINT PHASE-VERTICAL BORINGS
COUNT 1K 608 608 64 269 142 142 408 380 22 90 122 1 43
MINIMUM 6.9 100 119.1 2.62 306 20 329 0.21 0.13 2.01 0.07 51 88.4 0.272
MAXIMUM 241 143.5 159.9 271 3987 500 4258 253 22.73 15.95 0.48 450 98.0 1.137
MEAN 127 | 1244 139.8 2.67 2131 2492 0.81 4.25 7.27 0.20 247 96.3 0.542
STD. DEV. 2.5 68 4.9 0.02 752 742 0.33 2.55 3.95 0.09 65 26 0.198
D. POST FOOTPRINT PHASE-INCLINED BORINGS
COUNT 88 72 72 5 26 14 14 40 41 0 4 1" 0 1
MINIMUM 78 96.8 113.6 2.65 350 50 819 015 2.06 on 134
MAXIMUM 254 1377 148 .4 2.68 3346 300 3632 1.02 9.52 0.21 397
MEAN 130 1229 138.6 2.67 1647 2196 0 56 4.28 0.16 216 0.588
STD. DEV. 2.9 8.4 6.1 0.01 792 763 0.22 1.84 0.04 85
E. ALL BORINGS - AUSTIN CHALK
COUNT 1035 713 713 69 316 166 166 456 429 22 98 151 14 47
MINIMUM 6.9 96.8 1136 2.62 306 " 169 0.15 0.13 2.01 0.06 51 884 0.263
MAXIMUM 254 | 1435 159.9 2N 3987 1000 4258 2.53 22.73 15.95 0.48 450 98.0 1.137
MEAN 1271 1241 139.6 2.67 2073 183 2407 0.79 4.22 7.27 0.19 244 95.9 0.532
ST10. DEV. 25 6.9 50 0.02 761 135 790 0.33 2.48 3.95 0.08 67 2.5 0.195




TABLE A-5 MINERALOGICAL ANALYSES OF AUSTIN CHALK BY MJA/SMU

AUSTIN CHALK
BORING | BORING BULK MINERALOGICAL COMPOSITION CLAY MINERALOGICAL COMPOSITION
NUMBER DEPTH
quartz | K-feldspar | plagioclase | calcite | dolomite | siderite pyrite clay illite kaolinite Fe- illite/ montmori-
minerals ) chiorite smectite lionite
feet percent percent percent | percent | percent percen percent percent | percen percent percent percen

BE 9 1535 2 98 0
Bl 2A 65.9 0 95 5
BIR 44 3.0 0 100 0
SE 1.8 51.9 0 95 5
Si2C 187.2 0 100 0
rCOUNT 5 5 5 5 5
[MINIMUM 0 95 0 0
[MAXIMUM 2 100 5 100
MEAN 0.4 97.6 2.0 20.0
STANDARD DEVIATION 0.8 2.2 2.4 40.0
BENTONITIC SHALE
BORING | BORING BULK MINERALOGICAL COMPOSITION CLAY MINERALOGICAL COMPOSITION
NUMBER DEPTH
quartz | K-feldspar | plagioclase | calcite | dolomite | siderite pyrite clay illite kaolinite Fe- illite/ montmori-
minerals chiorite smectite lionite
feet percent percent percent percent | percent percent percent percent percent percent percent percent percent
. 5 95 27 5 68
Bl 2A 97.4 10 90 28 13 59




TABLE A-6 MINERALOGICAL ANALYSES OF AUSTIN CHALK BY SWL/CL

AUSTIN CHALK
BORING | BORING BULK MINERALOGICAL COMPOSITION CLAY MINERALOGICAL COMPOSITION
NUMBER DEPTH
quanz | K-feldspar | plagioclase | calcite | dolomite | siderite pyrite clay illite kaolinite Fe- illite/ montmori-
minerals chlorite smectite lionite
foet percent | percent percent ] percent | percent | percent | percent | percent | percent | percent percent percent percent
= . = 5 = " - T B TR
B 1540 8.3 1 0 0 0 0
BF 1 128.6 3 1 0 1 0
Bl 2A 87.6 3 0 0 2 0
BI 3 127.3 3 0 0 2 2
BIR11 . 52.4 2 0 0 1 0
BIR 11 152.5 1 0 0 1 0
BIR 21 42.2 4 0 1 2 0
BIR 21 152.8 2 0 0 1 0
BIR 23 103.4 4 1 0 2 0
BIR 31 126.6 2 0 0 1 0
BIR 33 37.4 1 0 0 1 0
BIR 41 66.0 1 0 0 1 0
BIR 44 33 3 0 0 0 1
BIR 52 190.4 6 0 0 1 6
{COUNT 15 15 15 15 15 15 15
[MINIMUM 1 0 87 0 0 0
|MAXIMUM 6 1 99 1 2 6
{MEAN 25 0.1 95.5 0.1 1.1 0.7
LSTANDARD DEVIATION 1.4 0.3 3.0 0.2 0.7 1.5
SHALY LIMESTONE
81296 =T R G . , RIS SN = R ] =0
B 1316 114.2 43 9 9N
Bl 1 110.8 28 14 86
ARGILLACEOUS LIMESTONE
B1316 —a 0 A 59
BE 5 319 6 80 1 13 15 85
CALCITIC SHALE
B 2052 190.4 47 3 50 14 86
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TABLE A-7 SUMMARY OF GEOMECHANICAL TEST RESULTS FOR EAGLE FORD SHALE BY COMMERCIAL LABORATORIES

MOISTURE | ORY TOTAL |SPECIFIC| ATTERBERG FRACTION | CARBONATE UNIAXIAL TRIAXIAL COMPRESSIONI FAILURE | TANGENT YOUNG'S POISSON'S | BRAZA 2ND CYCLE | MOOIFIED SWELL
CONTENT | DENSITY | DENGITY { GRAVITY LUMITS FINER THAN| CONTENT | COMPRESSIVE | CONFINING | DEVIATOR | STRAIN | MODULUS RATIO TENSRE SLAKE TABER | PRESSURE
u ] # 200 SIEVE STRENGTH |PRESSURE | STRESS ES0 UNLOADY STRENGTH | DURABILITY | ABRASION INDEX
RELOAD INDEX INDEX
peroont pot (] peroent peroent psi pei psi porcent | (peilx10ES | (pei)x10ES psi percent pesi

A. FOOTPRINT PHASE-VERTICAL BORINGS
COUNT 74 72 72 1 0 0 0 1 35 22 22 14 12 0 7 6 1 3 24
MINIMUM 112 1089 128.7 127 50 114 043 0.13 0.04 31 04 0.209 22.0
MAXIMUM 198] 1335 150 4 792 1200 811 1.90 295 0.48 140 380 0.690 115.0
MEAN 165 1171 136.4 2.7 74 326 405 1.07 0.80 024 80 1268 0.441 15
STD. DEV. 13 39 36 138 199 047 0.70 0.18 38 10.2 21.3

B. FOOTPRINT PHASE-INCLINED BORINGS
COUNT 12 n 11 0 0 0 0 0 2 6 [] 3 2 0 2 [} 3 3 3
MINIMUM 158 1115 130.1 85 80 94 1.70 0.60 0.09 90 0.353 34.0
MAXIMUM 188 | 1159 134.8 105 1350 728 2.87 0.70 0.23 18.4 0678 6840
MEAN 169 | 1133 132.5 95 333 2.18 0.65 0.16 13.0 0.516 48.7
STD. DEV. 1.2 1.3 1.7 225

C. POST-FOOTPRINT PHASE-VERTICAL BORINGS
COUNT 460 332 332 50 123 123 100 112 72 75 75 147 134 19 39 1 39 4 101
MINIMUM 62| 1054 126.3 2.57 39 21 64.7 1.0 684 50 183 0.15 0.03 0.62 0.10 49 0.539 77
MAXIMUM 230 | 1393 150.0 2.79 119 82 100.0 54.1 844 600 850 4.51 1.54 4.20 0.68 51.9 1.452 869
MEAN 160 1175 136.3 2.72 88 56 97.0 87 297 396 0.86 0.79 160 0.31 336 247 0816 356
STD. DEV. 19 4.3 32 0.03 17 13 54 8.7 137 126 0.51 0.33 0.85 0.15 105 0.372 157

D. POST-FOOTPRINT PHASE-INCLINED BORINGS
COUNT 88 689 689 7 26 26 19 25 14 12 12 26 26 [ 3 [ 6 0 21
MINIMUM 122 101.2 118.0 2.64 39 21 838 40 9 50 156 0.08 0.10 0.20 7.2 151
MAXIMUM 218 ] 1319 148.0 273 89 65 99.7 346 239 500 706 1.38 1.33 035 327 485
MEAN 182 1167 1355 2.70 68 42 98.0 8.2 125 324 041 [ I3 ] 0.26 213 285
STD. DEV. 1.2 5.0 49 0.03 13 1 34 6.3 681 149 0.25 0.3 81 786




TABLE A-7 SUMMARY OF GEOMECHANICAL TEST RESULTS FOR EAGLE FORD SHALE BY COMMERCIAL LABORATORIES (CONT.)

MOISTURE | DRY | TOTAL |SPECKIC| ATTERBERG FRACTION | CARBONATE|  UNIAXIAL | TRIAXIAL COMPRESSION] FAILURE | TANGENT YOUNG'S | POISSON'S | BRAZIL | 2ND CYCLE [ MODIFIED]  SwWeLL
CONTENT |DENSITY | DENSITY | GRAVITY |  LIMITS FINER THAN| CONTENT | COMPRESSIVE | CONFINING| DEVIATOR | STRAIN | MODULUS RATIO TENSILE SLAKE TABER | PRESSURE
w P # 200 SIEVE STRENGTH |PHESSURE| STRESS ES50 UNLOADY STRENGTH | DURABRITY { ABRASION INDEX
RAELOAD INDEX INDEX
peioeni pet pet parcent percent pei pei psi percent | (pei)x10ES | (pei)x10ES psi percent pei
E. ALL BORINGS - EAGLE FORD SHALE
COUNT 634 484 484 58 149 149 119 138 123 115 115 180 174 19 51 7 59 10 149
MINIMUM 62| 1012 118.0 2.57 39 21 64.7 10 9 50 94 0.08 0.03 0.62 0.04 31 0.4 0.208 17
MAXIMUM 230 1393 150.4 2.79 119 82 100.0 54.1 844 1350 850 451 2.95 4.20 0.88 336 51.9 1.452 1150
MEAN 18.1 117.2 138.1 2.72 84 54 97.2 86 283 387 0.83 0.78 1.80 0.29 117 215 0614 358
STD. DEV. 1.7 4.4 36 0.03 18 14 5.2 8.3 144 154 0.54 0.36 0.85 0.15 96 11.2 0.317 16.4
F. SUMMARY OF SELECTED TESTS FOR STRENGTH DEFORMATION CHARACTERISTICS OF INTACT ROCK (1)
COUNT 56 56 56 10 20 20 16 16 17 39 39 56 52 l 10 29 0 0 ['] 0
MINIMUM T7T] 1089 128.7 257 54 30 92.4 38 114 50 114 0.18 0.11 0.80 0.10
MAXIMUM 18.7 ] 1303 150.0 2.74 112 75 99.8 457 844 600 850 1.69 1.54 4.20 0.88
MEAN 165 1184 136.6 270 85 54 97.3 10.4 373 383 0.71 0.89 2.03 0.32
STD. DEV. 23 5.7 3.8 0.05 17 13 26 1.1 201 153 0.36 0.32 0.95 0.16
G. SUMMARY OF SELECTED TESTS FOR STRENGTH DEFORMATION CHARACTERISTICS OF ROCK SAMPLES WITH DISCONTINUITIES (2) -
COUNT 28 28 28 3 5 5 5 6 16 12 12 28 27 0 2 [} [} [} 0
MINIMUM 10.5| 104.6 120.7 272 62 38 99.0 40 9 50 156 0.08 0.03 0.23
MAXIMUM 19.4 131.3 145.1 274 116 77 99.9 121 240 500 706 1.61 1.33 0.35
MEAN 1571 1178 138.0 273 85 53 99.5 79 119 324 0.51 0.65 0.29
STD. DEV. 1.5 45 41 21 16 0.4 3.0 62 149 0.40 0.36
NOTES: (1) - These exclude test results of samples with lailure along bedding pl or pre-existing fractures.

hartd

(2) - These include only the test resuits of pi

with failure along

t
v ¥

of pre-existing fractures.




TABLE A-8 MINERALOGICAL ANALYSIS OF EAGLE FORD SHALE BY MJA/SMU

EAGLE FORD SHALE
BORING | BORING BULK MINERALOGICAL COMPOSITION CLAY MINERALOGICAL COMPOSITION
NUMBER | DEPTH
quartz K-feldspar | plagioclase | calcite | dolomite | siderite pyrite clay illite kaolinite Fe- illite/ montmori-
minerals chiorite smectile lionite
percent | percent | percent | percent | percent percent percent percent ercent percent
B 1737 188.6 14 25 61
B 1807 163.2 14 17 69
B 2290 185.2 13 18 69
BE 1-90 - 225.5 31 0 0 0 0 0 0 69 43 25 32
BE 1-90 225.6 0 0 0 0 0 0 0 100 30 27 43
BE 2 184.8 26 0 0 0 0 0 0 74 17 29 54
BI 2A 236.9 0 0 0 0 0 0 0 100 54 16 30
BIR 13 259.8 18 0 0 0 0 0 0 82 33 35 32
BIR 13 260.3 0 0 0 0 0 0 0 100 26 25 49
BIR 14 282.9 0 0 0 0 0 0 0 100 34 48 18
BIR 32 232.9 22 0 0 8 0 0 3 67 39 27 34
IBIR 32 233.1 16 0 0 10 0 0 2 72 43 3 26
BIR 32 259.4 10 0 0 0 0 0 0 90 38 20 42
BIR 32 259.7 27 0 0 0 0 0 2 n 44 18 .38
BIR 42 249.8 9 0 0 0 0 0 2 89 -49 15 36
BIR 42 - 250.1 0 0 0 0 0 0 0 100 40 20 40
BIR 42 271.5 5 0 0 0 0 0 0 95 33 27 40
BIR 42 272.1 18 0 0 0 0 0 0 82 45 22 33
SE1.8 155.3 1 0 0 0 0 0 3 86 a4 19 37
SE 1.8 195.9 13 0 0 0 0 0 2 85 45 22 33
SE18 196.1 12 0 0 0 0 0 1 87 49 30 pa]
SF10.1C 270.8 34 22 44
SIR 38 302.0 25 48 27
COUNT 23 18 18 18 18 18 18 18 18 23 23 0 23
MINIMUM 0.0 0.0 0.0 67.0 13.0 15.0 18.0
|MAXIMUM 31.0 10.0 3.0 100.0 54.0 48.0 69.0
MEAN 121 1.0 0.8 86.1 35.0 255 395
STAND. DEVIATION 9.9 28 1.1 11.4 11.8 8.6 13.2




TABLE A-9 MINERALOGICAL ANALYSIS OF EAGLE FORD SHALE BY SWL/CL

EAGLE FORD SHALE
BORING | BORING BULK MINERALOGICAL COMPOSITION CLAY MINERALOGICAL COMPOSITION
NUMBER | DEPTH
quanz K-feldspar | plagioclase | calcite | dolomite | siderite pyrite clay illite kaolinite Fe- itlite/ montmori-
minerals chlorite smeclite lionite
foot percent percent percent percent | percent | percent | percent | percent | percent percent percent percent percent
B 1527 73 33 10 4 53
B 1540 60 28 8 1 63
BE 1-90 210.3 19 3 3 1 0 16 6 52
BF 1 193.5 20 6 2 1 0 0 1 70 35 7 4 54
BF 2 201.8 15 5 2 0 0 0 2 76 1 14 0 65
81 187.5 20 3 1 2 0 0 5 69 30 36 0 34
B16 222.6 26 5 3 0 0 26 2 38 32 26 3 39
13!!! n 225.0 27 3 1 2 0 0 2 65 6 18 2 74
BIR 1 245.6 4 3 3 0 0 1 1 88 10 33 0 57
BIR 11 261.1 19 3 2 1 0 0 4 n 1 23 0 56
BIR 13 293.9 80 19 " 0 70
FBIR 14 253.1 70 54 16 3 27
BIR 14 295.3 62 45 13 0 42
BIR 23 216.1 88 12 26 0 62
BIR 23 226.9 26 2 0 0 3 3 63 14 22 0 64
BIR 31 171.6 14 " 0 7 0 4 4 60 22 10 1 67
BIR 31 242.2 82 37 16 0 47
BIR 33 176.5 20 6 1 2 0 0 6 65 23 35 0 42
BIR 33 190.0 65 12 39 0 49
BIR 41 205.0 56 30 14 1 55
BIR 43 197.7 61 18 12 1 69
BIR 43 218.6 74 35 20 0 45
BIR 45 179.8 55 15 3 26 56
SE 10.9C 296.6 29 0 1 1 0 5 2 62 26 26 0 48
SE 10.9C 306.0 13 0 1 5 0 1 2 78 28 33 0 39
SE 10.9C 316.5 18 1 4 0 0 2 5 70 26 27 0 a7
SE10.9C 329.9 n 0 1 0 0 1 3 84 33 26 0 a
SE 10.9C 335.4 33 0 1 3 0 2 4 57 42 44 0 14
SE 10.9C 340.1 24 1 1 3 0 0 2 69 49 32 0 19
SF10.1C 2773 13 2 1 1 0 1 1 81 26 26 0 48
SF10.1C 283.9 5 5 2 0 0 0 2 86 28 20 0 52
SF 10.1C 296.5 24 5 5 2 0 41 3 57 21 44 0 35
SF10.1C 305.0 7 1 1 0 0 0 3 88 26 28 0 46




TABLE A-9 MINERALOGICAL ANALYSIS OF EAGLE FORD SHALE BY SWL/CL (CONT.)

EAGLE FORD SHALE
BORING ]| BORING BULK MINERALOGICAL COMPOSITION CLAY MINERALOGICAL COMPOSITION
NUMBER | DEPTH
qQuartz K-feldspar | plagioclase | calcite | dolomite | siderite pyrite clay illite kaolinite Fe- llite/ montmori-
] minerals chlorite smectite lonite

foot percent percent percent percent _ percent percent percent | percemt percent percent percent percent percent
SIR3B o] o D 21 e %5 2 0 54
SIR 3B 0 1 0 1 87 29 25 0 46
COUNT 35 23{ 23 23 23 23 23 23 35 34 34 34 34
MINIMUM 4.0 0.0 0.0 0.0 0.0 0.0 1.0 38.0 6.0 3.0 0.0 14.0
MAXIMUM 33.0 11.0 5.0 7.0 1.0 26.0 6.0 88.0 54.0 44.0 26.0 74.0
MEAN 18.2 31 1.7 1.3 0.0 3.2 29 69.3 26.8 225 1.4 49.4
STAND. DEVIATION 7.7 2.6 1.2 1.8 0.2 6.0 1.5 11.8 10.7 10.4 44 13.7




SUMMARY OF GEOMECHANICAL TEST RESULTS
BY UNIVERSITY OF TEXAS

Wp/N1SRA/APPEND



TABLE A-10 SUMMARY OF GEOMECHANICAL TEST RESULTS BY UNIVERSITY OF TEXAS

GENERAL BORING | MOISTURE DRY CFIq AT SWELL SWELL INDEX COMPRESSION COEFFICIENT PERMEABILITY
| BORING NO| LITHOLOGY DEPTH CONTENT | DENSITY Ty LaMTS F INDEX CONSOUIDATION
(V8 o] INDEX
toot percent pet psi sivday {cmvsec)x 10€-10
min max | min max | min max man

BES TAYLOR MARL U3 281 66| a7

BES TAYLOR MARL us 207 111 63| 38

BE 8 TAYLOR MARL 34.7 243 1059

BE 8 TAYLOR MARL U9 202 1095
|BE® TAYLOR MARL 350 we| o2 287 e[ 37 118.1
le€s TAYLOR MARL 352 208 woa] 287| 60f 40 208
[BES TAYLOR MARL 354 197 1089 67] 40
[BE® TAYLOR MARL 1730 el nral| 287 7] s2 764
[BiR43 |EAGLE FORD SHALE 1827 e8| se 0.001 0.123 0012 0019
[BIR43  [EAGLE FORD SHALE 1827 171 1148 90| e
|BIR43  [EAGLE FORD SHALE 1828 175] 1128 82| 40
[BIR43 ~ [EAGLE FORD SHALE 182 9 175] 1137 88| 51
[BIR 43 [EAGLE FORD SHALE 183.0 190] 1126 278] 82| 52
|{BIR43 [EAGLE FORD SHALE 183.3 178] 1128 82| 53

BIR43 | EAGLE FORD SHALE 1834 77| 140 87| 56

BIR43  |EAGLE FORD SHALE 183.5 88| 133 86| 54

BIR 43 |EAGLE FORD SHALE 1038 8] n20| 278 es| se 69.4

BIR43 | EAGLE FORD SHALE 180.0 1) 1201 2781 5] 4s 625 0000 0.008 0.001 0.005 1.0 45
[BiR43~ |EAGLE FORD SHALE 189.2 2] 1118 80| 48
|BIR43  JEAGLE FORD SHALE 180.3 83| 57
|BIR43  [EAGLE FORD SHALE 180 5 189] 77| 278] e4| 65
[BIR 43 |EAGLE FORD SHALE 189.8 159 1193 s2] 53

BIR43 _ |EAGLE FORD SHALE 251.0 so| 3 0 000 0.088 0.003 0006

BIR43_ |EAGLE FORD SHALE 2510 68| 3o 0.003 0079 0.008 0014 100 100 |
BIR43  |EAGLE FORD SHALE 2510 1871 1108 64| 40

BIR 43 |EAGLE FORD SHALE 2514 183 nso0| 278 se| 3 118.1

BIR43 EAGLE FORD SHALE 2515 160 118.1

BIR43  |EAGLE FORD SHALE 2518 63| 34

BIR43 | EAGLE FORD SHALE 2517 157 nea 64| 36

BIR43  |EAGLE FORD SHALE 252.0 158 1200 67| 37

BIR43 _ |EAGLE FORD SHALE 2522 o] 1120 63| 39

BIR43 __|EAGLE FORD SHALE 2524 1] 1s8| 278 es| 39 1181

BIR 44 | EAGLE FORD SHALE 2275 64| 39 0.001 0.085 0.001 0,005
[BIR44 |EAGLE FORD SHALE 2275 73| a5 0.000 0.088 0.001 0.003 16 25|
BiR44_ |EAGLE FORD SHALE 22717 w7 nre 80| 49

BiR 44 EAGLE FORD SHALE 2280 188 1178 21 85 56

BiR44 | EAGLE FORD SHALE 228 4 132 1234 277] 64| 39 208.3

BIR 44 [EAGLE FORD SHALE 228.5 77| a8

BIR 44 |EAGLE FORD SHALE 228.8 182 1187 80| s0

BIR44 | EAGLE FORD SHALE 228 9 161] 181

BIR44__ | EAGLE FORD SHALE 2290 175] a2 277 73] 45 833

SE 1-8 EAGLE FORD SHALE 197 1 262

SE 1-8 EAGLE FORD SHALE 197.2 155 118.7 2.67 82 36 2431

SE 1-8__|EAGLE FORD SHALE 1974 62| 38

SE 1-8 | EAGLE FORD SHALE 197 1 70| 43 0015 0077

SIR38 _ [BENTONITE 1010 %8| 833 1200 70

SIR3B _ [BENTONITE 1911 wo| 799 13| 58

SIA38  |BENTONITE 1913 287

SIR38 |BENTONITE 1915 94| 827 108 | 50

SIR38  [BENTONITE 1017 30| 851 287] no| s7 764

NOTES: 1. Coeflicient of and index values are over a stress range of 350 to 178000 psi

P

See Table ---~ {or relevant parameters under insilu stress conditions.
2. Permeabilily lest data were oblained over a void ralio range of 0.40-0.51.




SUMMARY OF GEOMECHANICAL TEST RESULTS
BY UNIVERSITY OF ILLINOIS

wp/NV1SBA/APPEND



TABLE A-11 SUMMARY OF GEOMECHANICAL TEST RESULTS BY UNIVERSITY OF ILLINOIS

GENERAL SAMPLE MOISTURE DRY ATTERBERG | TRIAXIAL COMPRESSION | TANGENT | SWELL INITIAL SWELL INDEX COMPRESSION DIRECY SHEAR
BORING NO LITHOLOGY INVEFRWAL CONTENT | DENSITY LMITS CONFINING | DEVIATOR | YOUNG'S | PRESSURE vOI0 INDEX
L Pt | PRESSURE | STRESS |MODULUS| INDEX RATIO
(3] max max | min max
fost percent pet psi psi (pei)x10ES pei degres | degres

BIR 43 BENTONITE 116.9-117.9 6
BIR43 BENTONITE 118.9-117.9 39.6 200 155 0.12
BIR 43 BENTONITE 1189 -117.9 396 81 200 152
B 1533 EAGLE FORD SHALE 204.9 - 208.0 15.1 119.0 400 465 0.73
B 1533 EAGLE FORD SHALE 204.9 - 206.0 149 200 448 0.64
BF 1 EAGLE FORD SHALE 211.7-2123 186 50.0 0.486
BF 1 EAGLE FORD SHALE 211.7-212.3 163 278 0.526 003 0.03
BF 1 EAGLE FORD SHALE 211.7-212.3 16.5 91 64
Bi3 EAGLE FORD SHALE 264.4 -2656 16.8 1130 2 92
Bl 3 EAGLE FORD SHALE 264.4 -265.6 16.9 2776 0.462
Bi3 EAGLE FORD SHALE 264.4 - 2656 168 111 0.522 0.04 0.04
Bi 4 EAGLE FORD SHALE 176.1 -177.7 16.4 117.0 5 72 200 413 0.53
Bi 4 EAGLE FORD SHALE 176.1-1771.7 166 72.2 0.462
Bi 4 EAGLE FORD SHALE 178.1-177.7 16.6 278 0.495 0.03 0.06 0.03 0.09
Bi 4 EAGLE FORD SHALE 176.1-171.7 16.4 58.3 0.463 0.03 0.06 0.02 0.07
Bi 8 EAGLE FORD SHALE 224.0- 2255 [}
Bi68 EAGLE FORD SHALE 224.0 - 2255 16.9 116.0 94 87
BI 6 EAGLE FORD SHALE 224.0 -2255 166 200 425 0.56
Bié EAGLE FORD SHALE 224.0 - 2255 16.5 400 423 0.63
Bi 8 EAGLE FORD SHALE 224.0-225.5 16.9 100 424 0.63
Bi 6 EAGLE FORD SHALE 224.0 -225.5 6
Bi6 EAGLE FORD SHALE 224.0 - 225.5 16.9 400 506 0.76
BI8 EAGLE FORD SHALE 224.0-2255 165 116.0 93 68
BIR13 EAGLE FORD SHALE 216.8- 2176 18.4 106.0 126 87
BIR13 EAGLE FORD SHALE 2168 - 2176 18.4 200 196 o4
BIR13 EAGLE FORD SHALE 240.9- 242.4 .16.6 16.7 0.522
BIR 13 EAGLE FORD SHALE 240.9-242.4 17.8 200 237 0.36
BIR13 EAGLE FORD SHALE 240.9 - 242.4 17.1 125 0.532 0.04 0.04
BIR 13 EAGLE FORD SHALE 2409 - 2424 17.8 115.0 102 75
BIR 14 EAGLE FORD SHALE 217.0217.8 17.8 278 0.526 0.03 003
BIR 14 EAGLE FORD SHALE 217.0217.8 171 111 0.625
BIR 14 EAGLE FORD SHALE 292.0 - 203.0 151 119.0 86 60




TABLE A-11 SUMMARY OF GEOMECHANICAL TEST RESULTS BY UNIVERSITY OF ILLINOIS (CONT.)

GENERAL SAMPLE MOISTURE | DAY ATTERBERG | TRIAXIAL COMPRESSION | TANGENT | SWELL NITIAL SWELL INDEX COMPRESSION DIRECT SHEAR
BORING NO LITHOLOGY INTERVAL CONTENT | DENSITY | LTS CONFINING | DEVIATOR | YOUNG'S | PRESSURE |  voI INDEX
w P | PRESSURE | STRESS |mMoouULUS|  INDEX RATIO
ES0 ’ min max | min max |mn max
tont percent pel pel pe | pemioEs]  pai svares [degres
BIR 14 EAGLE FORD SHALE 292.0 - 293.0 15.1 200 524 0.73
BIR 41 EAGLE FORD SHALE 180.2 - 184.1 17| 1090] 93| 67
BIR 41 EAGLE FORD SHALE 180.2 - 184.1 15.4 931 0.506
BIR41 EAGLE FORD SHALE 180.2 - 184.1 154] 114.0] 1 85
BIR 41 EAGLE FORD SHALE 180.2 - 184.1 16.7 222 0579 0.03 0.03
BIR 43 EAGLE FORD SHALE 184.0- 1852 17.3 181 0.516 0.01 0.01
BIR43 EAGLE FORD SHALE 184.0- 1852 17.9 208 053
BIR43 EAGLE FORD SHALE 216.3-217.6 171 236 0.497 0.01 0.01
BIR 43 EAGLE FORD SHALE 2163 - 2176 16.6 33.3 0.509
BIR43 EAGLE FORD SHALE 3125-3134 158 200 4117 0.63
BIR 43 EAGLE FORD SHALE 312.5-313.4 16.0 400 350 0.68 /7
BIR 43 EAGLE FORD SHALE 3125 -313.4 160] 1170| 84| 57
BIR44 EAGLE FORD SHALE 183.0 - 184.1 165| 1180| 123| o6
BIR 44 EAGLE FORD SHALE 183.0 - 184.1 165 400 428 0.78
BIR 44 EAGLE FORD SHALE 200.1 - 210.1 15.2 97.2 0.422 0.01 0.01
BIR 44 EAGLE FORD SHALE 209.1- 2101 15.3 155.6 0.439
BIR 44 EAGLE FORD SHALE 210.1-211.1 156| 1180] 104| 77
BIR 44 EAGLE FORD SHALE 210.1-211.1 15.6 400 525 0.83
BIR 44 EAGLE FORD SHALE 260.5 - 261.9 154 208 0.513 0.04 0.06 0.05 0.08
BIR 45 EAGLE FORD SHALE 2330-2348 143 1220 m 85
BIR 45 EAGLE FORD SHALE 233.0-234.8 144 200 436 0.64
BEG TAYLOR MARL 337-34.3 19.2 200 258 0.34
BE6 TAYLOR MARL 337-343 19.2 1| 10| 82
BEG TAYLOR MARL 33.7-343 189 125 0.558
BE6 TAYLOR MARL 538-54.3 185 200 347 0.39
BE 6 TAYLOR MARL 536-54.3 18.5 11| 124 101
BEG TAYLORMARL 1128-113.6 155 208 0.536
BEG TAYLOR MARL 1128-1136 15.4 48.6 0.519 0.01 0.01
BEG TAYLOR MARL 128-1138 155 40.3 0.558 0.02 0.04 0.03 006
BE 7A TAYLOR MARL 82.3-83.0 4
BE 7A TAYLOR MARL 82.3-83.0 177 12 20
BE 7A TAYLOR MARL 82.3-830 6
BE7A TAYLOR MARL 82.3-83.0 179 200 433 0.46
BE 7A TAYLOR MARL 82.3- 830 17.7 200 419 0.51
BE 7A TAYLORMARL 167.4 - 168.2 146 105 84




TABLE A-11 SUMMARY OF GEOMECHANICAL TEST RESULTS BY UNIVERSITY OF ILLINOIS (CONT.)

GENERAL SAMPLE MOISTURE DRY ATTERBERG | TRIAXIAL COMPRESSION | TANGENT SWELL INITIAL SWELL INDEX COMPRESSION DIRECT SHEAR
BORING NO| LITHOLOGY INTERVAL CONTENT | DENSITY LIMITS CONFINING | DEVIATOR | YOUNG'S | PRESSURE VOIu INDEX
w Pt PRESSURE | STRESS | MODULUS INDEX RATIO
ES0 min max | min max | min max
ool perocent pet pei pei (pei)x10E6 psi degies degree
BE 7A TAYLOR MARL 206.6 - 207.8 14.2 54.2 0.509
BF 7 TAYLORMARL 169.4-170.9 16.8 278 0.5 0.01 0.01
BF 7 TAYLOR MARL 160.4 - 170.9 16.3 22.2 0.6
BF 8 TAYLOR MARL 38.0-39.2 233 100 275 0.34
BF 8 TAYLOR MARL 38.0-39.2 233 101 102 78
BF 8 TAYLOR MARL 38.0-39.2 228 400 257 0.34
BF 8 TAYLOR MARL 78.3-790.1 199 109 115 93
BF 8 TAYLOR MARL 78.3-79.1 199 100 445 0.56
BF 8 TAYLOR MARL 78.3-79.1 19.4 400 477 073
BF 8 TAYLOR MARL 107.0-107.5 17.8 113.0 116 93
BF 8 TAYLOR MARL 107.0-107.5 178 400 484 073
BF 8 TAYLORMARL 107.0 - 107.5 18.5 417 0.565
BF 8 TAYLORMARL 107.0-107.5 18.2 55.6 0.53 0.02 0.04 0.02 0.07
B8l 4 TAYLOR MARL 17168-174.1 17.2 20.8 0.55 0.02 0.02
B8l 4 TAYLOR MARL 171.86-174.1 17.6 54.2 0.546




