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INTRODUCTION

The Defense Nuclear Agency (DNA) nuclear test program at the Nevada Test
Site requires, among many things, the mechanical and physical properties of
ti.e construction material énd rock at the test location. The material pro-
perties are needed primarily for the purpose of evaluating the potential for
successful stemming and containment of the nuclear tests. They are also used i
in modeling material behavior in subsequent ground motion calculations for

predicting and evaluating experimental programs.

This report summarizes material evaluations conducted by Terra Tek over
a period of 16 months (April 1975 through July 1976) for DNA Test Command.
The primary task during this period was material evaluations four the Mighty |
Epic event (both preshot and postshot). Tuff, grout, sand, concrete, concrete- %
steel interfaces and steel were tested. Other material evaluations and analyses f
during this period were for 1) the "two-in-one concept" -- a proposed plan to f

use a common tunnel and equipment for two nuclear events, 2) determining the
influence of fracturing on ultrasonic velocities to help explain field seismic
and sonic velocity results, 3) obtaining the angles-of-internal-friction in
the tuff as a function of confining pressure for use in material modeling,

4) determining and evaluating methods for extracting pore water for subsequent

chemical analysis, 5) measuring the effect of hydrostatic pressure (i.e. grain
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size distributions, cohesion, etc.) on sand-water mixtures, 6) evaluating

currently used and proposed methods for obtaining the elastic moduli needed

to determine in situ stress from tuff overcore samples, and 7) evaluating the
possibility of resaturating dry tuff core samples for obtaining material pro-

perties representative of the original saturated material and for evaluating

the likelihood of water invasion into core samples during the field coring




process. During the contract period, reports were distributed on each of these
tasks. A1l those reports are reproduced here as originally distributed. As

an introduction a synopsis (in some cases, the abstract from the report) of

the testing and analysis for each task is provided here.

Mighty Epic Event: The Mighty Epic event included, in addition to the

standard "Line-of-Site-Pipe", a number of structures and an experiment to
evaluate movement along a material discontinuity (this discontinuity has been
referred in the past as the "interface"). The discontinuity was a change
from tuff material to a much harder and competent palezoic material. The
structures experiment required extensive tuff characterization, both for
design of the experiments and to facilitate development of a grout which
closely matched selected tuff properties. Other structures materials evaluated
re concrete, concrete/steel and steel. For the interface experiment, direct
r tests were conducted to define the frictional properties. Magnetic

characterization of core samples were also needed to assist in analyzing post-

shot movement at the interface.
Reports describing the above work are:

Material Properties for Mighty Epic Interface Experiment, June 1975,
TR 75-36

Some Comments on Mighty Epic Material Properties, August 1975, TR
75-42

Physical and Mechanical Properties of Several Grout Mixtures, August
1975, TR 75-45

Material Properties on Samples from Mighty Epic Drill Holes Ul2n.10
UG#4, U12n.10 UG#6a and U1l2n.10 UG#7, September 1975, TR 75-50

Some Material Properties on Core Samples from Several Drill Holes
Relating to the Miahty Epic Event, November 1975, TR 75-64

Some Mechanical Properties of Concrete, Steel and Concrete-Steel
Interfaces Used in Mighty Epic Structures, July 1976, TR 76-14




Characterization of Tuff and Development of Grouts for Mighty Epic
Structures Program, April 1976, TR 76-21

Letters or data forwarded which were not contained in the above
reports

The report entitled "Characterization of Tuff and Development of Grouts for
Mighty Epic Structures Program" is a summary of much of the Mighty Epic test-
ing and contains the average material properties of the structures region
along with the properties of the tuff matching grout -- ME8-11.

Investigation of the Effect of Fracturing on the Ultrasonic Velocities

in Ash-Fall Tuff: The effect of fracturing on ultrasonic velocities in rock

have been investigated. The material was an ash-fall tuff taken from the
Nevada Test Site, Area 12. Fractures were generated in uniaxial load (com-
pression) tests and direct shear tests. The results, in general, show the ;
same trend as reported in other rock types: i.e., a decrease in both the i
p-wave (longitudinal) and s-wave (shear) velocities resulting from fracture
initiation, extention and growth. The maximum observed change for the p-wave

was ~25 percent, and ~10 percent for the s-wave. 3

Comparison of Preshot and Postshot Material Properties at the Nevada

Test Site for the "Two-In-One Concept": This concept is one of locating a

nuclear event in the same main drift but several hundred feet in the portal
direction from a previous event. The concept results in substantial cost
savings through reuse of a considerable amount of equipment (gas seal doors,
cable access drifts, etc.)

Early evaluation of the concept required a close look at the tuff pro-
perties as a function of preshot versus postshot status and as a function of
distance from the working points (i.e. the properties of the preshot tuff,

at say 300 feet, were compared with the properties of postshot tuff at 300




feet). This comparison was necessary to evaluate potential "second event"
locations and insure that the material surrounding this "second event" were
effective for stemming and contaiment.

Determination of the Angle-Of-Internal-Friction for NTS Tuffs: Discus-

sions with Joe LaComb, DNA Field Command, and inquiries from those doing
calculations for design for tunnel structures in the tuffs have led to consid-
eration of "Angle-of-Internal-Friction Models". Intuitive reasoning as well
as data available indicate the ambiguity related to any estimate of angle-of-
internal-friction for the intact tuffs. This brief write-up is an attempt

to clarify the angle-of-internal-friction model for the tuffs and to help
suggest what tests might be most suited to provide an adequate model.

Water Extraction from Nevada Test Site Tuffs: The hydrology of the

Rainier Mesa, specifically "T" tunnel area at the Nevada Test Site, is of
interest to the nuclear test program. Terra Tek has Been actively developing
methods for extracting water from core samples for subsequent chemical and
mineralogical analysis. The development of consistent water data is dependent
upon both the method of water extraction and sanitary laboratory conditions.
The extraction method is critical since the bounded waters within the tuff

may be extracted at different energy levels.

Hydrostatic Response of a Water Saturated Sand: Mixtures of sand and

water have a number of Nevada Test Site applications, the majority of which
directly relate to the stemming and containment of nuclear tests. Specific
applications required knowing the affect on the sand water mixture of a hydro-
static pressure cycle.

Mixtures were subjected to a 4 kilobar hydrostatic pressure cycle follow-
ed by measurements of the sand grain size distribution and observations re-

garding the cohesion of the mixture (i.e. existence of "welding").
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State of Stress Effects on Laboratory Determination of the Elastic

Modulus of Stress-Relief Overcores: The U.S. Geological Survey has con-

ducted 7n s7itu stress determinations under Rainier Mesa using the U.S. Bureau
of Mines three-component borehole deformation overcore technique. The cal-
culated in situ stress states are used to better quantify and understand
containment phenomena. Since laboratory determined overcore elastic moduli
are used for in situ stress calculations, a study of state of stress effects
on the overcore elastic modulus was condu.ted. Normal tuff overcore labora-

tory testing has involved biaxial loading (radial pressurization with o_ = 0)

z
in which radial pressures of only 3.45 MPa (34.5 bars) were obtainable due to
sample failure. Since Rainier Mesa in situ stresses have been calculated as
being as high as 6.9 MPa (69 bars), testing techi.iques were evaluated which
incorporated axial stresses to achieve 6.9 MPa v.dial pressure. Modulus
errors caused by sample nonlinearity and a suggested laboratory technique

are also discussed.

Specific Moisture Retention of Nevada Test Site Tuffs: Moisture was

reintroduced into dry Nevada Test Site tuff core chips through placement in
a high humidity (-95 to 100 percent) chamber at room temperature (-23°C) and
atmospheric pressure (~650 mm). A minimum of 29 days was required for the
dry samples to equal or exceed what was considered their <n sitw Saturation
levels (these in situ saturation levels were obtained from adjacent samples).
Mechanical tests conducted subsequent to resaturation suggest that dried-
resaturated samples can be used to obtain representative material properties
for virgin saturated tuff.

Tuff samples, immediately sealed at the Nevada Test Site on removal from
a core barrel, were subjected to the same environment to assist in analyzing

the invasion of the drilling water. Test results to date are inconclusive.




Each report has been reproduced as originally distributed. Page numbers

have been changed for continuity in this final report.
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Progress Report One

MATERIAL PROPERTIES FOR MIGHTY EPIC INTERFACE EXPERIMENT

by

S. W. Butters
S. J. Green

Submitted to
Field Command
Defense Nuclear Agency
Nevada Test Site
Mercury, Nevada

Attn: Mr. J. W. LaComb
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SUMMARY

Some physical and mechanical properties have been determined for
material in the horizontal plane (along the LOS tunnel) and above and below
the working point for the Mighty Epic Event in Area 12 at the Nevada Test

Site. These tests were primarily used for site stemming and containment

evaluation, and most of these data were included in a previous Terra Tek
Report, TR 75-7 (January 1975).

At the meeting at the Nevada Test Site 16 June 1975, further material
property tests were outlined to define better the "interface", and to deter-
mine the shear strength and the elastic constants (mainly velocities) for
the material below the working point, down through the "interface" and on
below. Once these data have been obtained, a better friction model for the
interface and possible "layer configurations" to be used for calculations

can be determined.
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MATERIAL PROPERTY DATA AVAILABLE

Location of Drill Holes: A first set of data were generated primarily
for exploratory stemming and containment site evaluation, while a second
set of data were a preliminary evaluation of the material below the working
point. The drill holes from which samples were obtained for the two sets
of data were: (1) U12n.05 UG#4, U12n.10 UG#1 and UE12n #8, and (2) U12n.10
UG#2, U12n.10 UG#3 and UE12n #9, respectively. The approximate locations of
these drill holes are indicated on the map of the Mighty Epic region in the
"N" Tunnel complex of Area 12, as shown in Figure }.]
The drill holes U12n.05 UG#4 and U12n.10 UG#1 are horizontal drill
holes in the plane of the working point, and UE12n #8 and UE12n #9 are
vertical drill holes form the mesa surface. The U12n.10 UG#2 and UG#3
drill holes were collared back from the working point in the main drift
and extended downward to make contact with the beds below the working point.
A drill hole designated U12n.10 UG#5 was drilled downward, from the bypass
drift at a lesser angle than the UG#2 and UG#3 to give an indication of the
layering below and past the working point. No physical or mechanical pro-
perties data have been generated to date from this drill hole.
Tests on Cores: The U12n.05 UG#4, U12n.10 UG#1 and UE12n #8 core sam-
ples were tested in September 1974, January 1975, and December 1973 respec-
tively.2 The UE12n #9, U12n.10 UG#2 and U12n.10 UG#3 core samples were all
tested in May 1975.
Tests for this first set of data for the U12n.05 UG#4, U12n.10 UG#]
and UE12n #8 core samples include hydrostatic compression tests, uniaxial

strain tests, ultrasonic velocity measurement and physical property measure-

ments as shown in Figure 2 and Table 1. Tests for the second set of data

posm -
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Figure la.

Figure 1b.

Figure 1lc.

UEI2n#9 UEG;Zn.SB MING BLADE
)

~— DRIFTS
~-- DRILL HOLES
| —

R ~1000'

Plan View of Mighty Epic Region, Area 12, "N" Tunnel Complex

o Ul2n.10 MAIN DRIFT TO
WEe~ P > CORTAL
& |
P
7 |
= ]
A I
UG #2 |
UG #3 ;
U ~500 =

Section View along the Mighty Epic Main Drift

Ul2n.10 BY-PASS DRIFT TO
WPe— — P ooRTAL

\
L

—UG #5 2500

Section View along Mighty Epic Bypass Drift

18




@ UNIAXIAL STRAIN

Ui2n.05 UGH4E @ HypRroSTATS
6 e ———— T T S r—— T T T 1
w5 G L4 [ ]
z . | = . ®
o3 . 4! o
Sz .
23 o
z9Q @
< ° @©
z3 N T R TR »
58 | © 4 ® .O ®© ® 6 ° ® ° o ® =
@
& L S, - . 1 s LI 1 - 1 1 1152 ) oLl — e -,
o 400 500 600 700 800 900 1000 1100 1200 (300 1400
FOOTAGE
UEI2n.#8 UNIAXIAL STRAIN
%J 5 T T P T =5 T
Se
Jo 4 ® -
o ~
>
S 4 §
== i o
EU
a2 ® ) e
mo 'r— 4 ' - -
e
m |
& 0 1 ' 1 ' | 1 1
1200 1250 1300 1350 1400 K450
FOOTAGE
Ui2n 10 UG wI
S G aues SRS SUSe.EEe SRESC S Gunns e S
‘.
:r B
5 * E
b3 . 1
S .
o
g, * . .
>z * >
e 4 .
Z 0 o ©
Wag . °
22
g 2+ * -5 ° o -
3 ' e . ° w ¢ o ©
w© e o .
a t ¢ e . ° %, 1
) { D) . °e o,
‘.{}_;1 WLV (ST TSNS SRS, S, TS, | 1 iy 1
O ™ 300 500 700 300 1100 1300 1500
FOOTAGE
Figure 2. ’ests for Stemming and Containment Evaluation

19




| ? | ve v v v ot
[ |
¢ | v b " i
! _ | | T e > i bl
v T S—— [ 6% v € w 4 v 9 1 31
‘. | " | & b | ' P » 3 £
ooy Josete ] _ : [ s € | s | & 5 £6°1 6621 4 : 3 ;
| o s | 8 26 v 7 | 8o EL 38| 921 EE g _ Y ¢ ’ v
[ 0w § v _ [ 6 i Tl 202 £521 6
[ Lo |5 S22 : | g : g
| | | 39 96 ¥ “ £ 56" 1 68°1
a%s | os | 61 2| It 8
818y . 1. [ 8 v8 . 3 v | 8 iy i vl 9
| £z | 3% v v R 8v!
52"y | # s { 8 9 v 2 | f v o (' ve'l BEL
63 | 98 [ | 3 : % ¢ 8 ¢ | ’ o 3 £9 16°1 vel
‘v | ; 5" | % ] Tt | 6 v 1 (8 €89
o | - W vooo| oy 6v 8 !
e B t &t e 1 16 ¢ g8
vt 2 o6 vE 3 29°1 €61
| %v's 8 v i L vEOL a5y v [ 4] £ 1 £8°1
| v 4 v d v | | 57 [ 3 L #201 B 8 v sl 202
* 4 3’5 y v v v [ s sioL H L 66 by Y sf 1 BL°L
i - 5 & 5 v 9 081 366
_ Bie'y ¥ 3 v L ! g w2 851 €61 £66
| |
I e . | v 2 6y o
| 4 L3¢ v g 546
g | 3 14 ] g8 | 056 o
€ | 26 2 W 926 N
ony fos | " : : 2 | toe | e [
| o= _ sa | ee i iy (52 : 81 58 HYIHS oNOT (%) m,c,w) s e oy
| 40D )
P [ o6 g ] é & o . o e84y NNV 3 Yy 13 a8 oAb A
+ | ! 3y ; 2 2 »28 A112013A SYIN 3w ba | Hdim YR ALIhI0 30K TH0
5 bl | 14 §'9 € Z 661
| 8 e 9 vl 1 SiL
| . { o 4} 89L
| . Sl
v | va v s | € v v v g 52
- . N e t v:2 t 8 22 R e N P D Y e s P
v | | 2 kY o St'e £9°8 870 4 5 8 592 651 | €61 t
“ U 99 08° ¢ t 3 LG v { 2 09t €61 EEvL
g ¥ 3 i oy 3 59 tv'y ] i 2 v 2 6% L 981 12rl
9 5 5 | oe 3t » H b5 99' b 2 it 8l v 2 85 L 26°1 s0v1
8 . | poe : 3 4 4 b9 G146 | 1 a 02 v L 58°1 6|
3 s | : L& 865 . | 9 96 4 2 <y L L
ade * 4 | 3 99| 8.5 | |
i X 155 9:g | 9 6 2v'2 8vl 06" 1 et
'3 9 ‘ 3 ~ & : 8 b v 2 vl 8 BSEL
v0's | oos b o < 358 | [ 6t £ %5 16°1 9vil
4 [ o2 | v . 4 ‘i " { ! 91 v 1 ¥ et
. | : 9 ..”. | 1 g 6l ¥ 851 56 LZel
® L 6% 68 ¢ 60°6 ¢ [ i 2 v S 8
¢ " 5 6 9 | b ¢ v : v %
. h ; 0 |6 p 6 G H % 2 I
e v v 6 ¢ v ’ * 601
7 b ) b | o o £ o L L
’ v £8 ,
| v LL %9 | 9 36
| i 65" ¢ v | | 9 9
| 10 9n . y » a9 66
| Lz g - v P o8
| L : , : B 1|
| e NTHO AMO | 03AITEY gl
. U sv | CORE]
- “ | i3 L0 |
NG L0 175 [ 44150800 Hilvm (3/w8) ALISNIO 3904 T
e s | i, HYIMS oY | W | W %) NiTHO x40 | a3
L el SQ10A P kL) “
08/ 15) ANGNYI 34 My ) 0 L3IM A8 e
411707134 [svam W) |Nouminivs | cososos | MM (2/w8) ALISN30 FI0H TIO
VI NS (b | ] et

NOTLIVNIYAI INIWNIVL
-NOJ ONY ONIWW3LS ¥04 Y1vQ 1S3L 43Llvingvl T 379vL




ey —-———————————-————-—1

for the UE12n #9, Ul2n.10 UG#2 and U12n.10 UG#3 core samples include uni-
axial strain tests, physical property measurements and ultrasonic velocity
measurements. These data are shown in Figures 3 through 5 and Table 2.
Variation through Beds: Figures 3 through 5 have been plotted such
that the variation in several of the material properties can be seen as a
function of distance along the drill hole. The different lithological beds
along the drill hole are estimated from inspection of the cores (3), and

are shown as dashed Tines on the figures. The descriptions of each "layer

were those used at the meeting on 16 June at NTS. The next section dis-

cusses the layers in more detail.
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BEST ESTIMATE OF GEOLOGIC CONFIGURATION

The geologic materials present below the working point, as indicated
earlier in Figures 3 through 5, are tuff or tuffaceous sandstone (Tt?),
tuff and rubble, micacious schist (Ewc) and sterling quartzite (pfis).3 The
tuff is a competent material with few fractures and little or no variation
with depth. The tuff and rubble zone is a tuffaceous sandstone containing
rubble, from millimeter to meter size, of quartzite and schist fragments.
The micacious schist layer is composed of an upper layer (approximately 10
to 15 feet) of highly weathered and fractured schist with reddish, silt-like
material filling the cracks while the lower portion is much more competent
and contains some tight fractures. The quartzite zone contains a consider-
able amount of fracturing, but most are considered tight with little or no
filler material.

A plan view of the "Mighty Epic" site, Figure 6, shows the location

and orientation of the two cross-sections shown in Figures 7 and 8. These

Bl

UEI2n#9 \\

UEI2n#s \MING BLADE
° \

IGHTY EPIC

— DRIFTS
--- DRILL HOLES

B ~1000' o

T

Figure 6. Plan View of Mighty Epic Site Showing Location of Cross-Sections




CROSS SECTION A-A’

Figure 7. Geology Shown in Cross-Section along the Mighty Epic Main Drift
(Reference 4)

CROSS SECTION B-B'

ueian @
psezr -

unan 3

Figure 8. Geology Shown in Cross-Section Perpendicular to Mighty Epic Main
Orift and through the Working Point (Reference 4)
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cross-sections were produced by United States Geological Survey4 and were

preliminary as of 16 June 1975. More recent data from an exploratory drill

4

hole,” U12n.10 UG#5, suggesx! that the schist and quartzite layers dip to

the north (approximately) -- see dashed and crossed line in Figure 7 -- con-

trary to what was initially presented.
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MATERIAL PROPERTY DATA NEEDED FOR INTERFACE CALCULATION

Data Necessary: The purpose of the laboratory tests is to define the
mechanical and physical nroperties of the various rock units (tuff, tuff and
rubble, etc.) to then allow a recommendation of a layer configuration such
as shown in Figure 9. The laboratory tests necessary on samples from each
of the rock units are hydrostatic, triaxial compression, and possibly other
load path tests, ultrasonic velocity measurements, and physical property
measurements including densities and porosity. For the "interface", different
tests will be needed to define a friction model, including direct-shear tests.

Some of these data have already been generated. Further tests are necessary,

however, to define the average in situ properties, especially in the case of
the tuff and rubble and the upper schist zone. The tests will require special
care in preparing test samples from the "worst" to the "best" material to
subsequently define the average and the lower and upper bounds of the mater-
ial properties.

Cores Required: A survey was made to determine what portion of the
original core samples received at Terra Tek were available for added test-
ing. Table 3 gives a list of this information. There are adequate core
samples in the tuff, lTower schist and the quartzite layers, but essentially
no samples in the "tuff and rubble" and the upper schist layers. A minimum
of three 12-inch long core samples in each of these two regions are con-

sidered necessary to characterize the material.

30




Figure 9a.

Figure 9b.
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Anticipated Layer Configuration for a Section through the

Working Point and Perpendicular to the Mighty Epic Main Drift
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TABLE 3. TERRA TEK CORE SAMPLE INVENTORY

Rock Drill Hole Number of

Drill Hole Unit Footage (feet) Length (inches) Test Samples
U#12N #9 Tuff & 1436 2 none
Rubble 1442 0 none
} | 1454 2 none
Schist 1481 4 1
1491 i 4
| Paleo- 1509 2 none
| zoic
| Ui2n.10 UG#2 Tty 290 11 4
Tuff & 316 3 1
Rubble 321 4 none
Schist 330 0 none
339 6 2
347 2 none
355 2 none
361 7 72
366 7 2
374 6 2
385 5 %
402 3 1
414 5 2
431 0 none
435 5 2
Ul2n.10 UG#3 Tt 259 8 3
273 7 2
277 9 3
286 12 4
Tuff & 295 i 2
Rubble 305 5 1 J
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PREFACE

Some comments are made with regard to the Mighty Epic site
material properties and to the associated structures calculationa’
effort. These comments are made after meetings at NVOO on August 1,

at Headquarters, DNA, August 8, and after discussions with Cliff

McFarland and Kent Goering on August 12.




GENERAL DISCUSSION

Discussions between Ivan Sandler and Jim Johnson led to the
presentation given by Ivan Sandler at the DNA meeting on August
The discussions between Jim and Ivan were conducted following the
general ground rule that a "PW Capped Model" would be used to fit
the Mighty Epic site tuffs for the "structure calculations". During
the discussions between Jim and Ivan, representative stress-strain
curves available on tunnel-bed tuffs from other sites were used for
reference in the formulation of the cap modeI]. Jim indicated that
the Mighty Epic site had not yet been characterized and that more test

data would be passed on to Ivan as they became available.

The cap model was developed knowing that certain phenomena,
particularly those occurring after reaching the failure surface,
would not be handled correctly. For example, the model was not
intended to fit the apparent loss of strength which occurc as a test
sample is unloaded via a constant axial strain pathz. (This is known
to be an effect caused by the pore pressure3.) Secondly, it was
intended that as more material property data for the Mighty Epic site
became available, the parameters in the cap model would be readjusted
to best represent the average properties of the site over the region

of interest.

There are known phenomena that the "cap model formulated" does

not fit, or handle properly. These include:

% 7




-- details of the elastic-limit where crush-up begins4, which
is complicated here by not knowing the 7n =7tu stress

-- the difference between the apparent elastic constants obtained
from the seismic ve}ocities and from the slopes of the
laboratory stress-strain curvesS, i.e. the elastic constants
obtained from the [longitudinal] seismic velocity and guessing
the shear-wave velocity are "faired" into the elastic constants
obtained from the slopes of the stress-strain curves

-- pore pressure effects are not accounted for adequate1y2’

-- the laboratory stress-strain curves are not fit beyond an initial

2,6

loading (and to some extent unloaded) cycle

-- the tensile and extension strength is not adequately hand]ed7

The reason for not handling the above phenomena is probably due to
a lack of material property data, rather than to any "shortcoming" of

the cap model.

Some material property data on the Mighty Epic site has been

bl

presented previously in Terra Tek reports Surprisingly, some
cores from the region of the structures experiments exhibit gquite
high shear strength, up to 1.0 - 1.5 kilobars stress difference at
multi-kilobar confining pressures; typical tunnel-bed tuffs show

stress difference of about C.3 kilobars at 1 kilobar confining pressureg.

It is not clear why so many cores exhibit this high strength; Joe LaComb

does not seem concerned with this, and I believe he feels that there

may be relatively "thin" beds of this strong tuff.




T —————

At the NVOO meeting, some data were presented by Joe LaComb
suggesting a low seismic velocity over parts of the Mighty Epic site.
[ believe Joe attributes this to stress relaxation surrounding the
main and structures experiment tunne]slo. Joe indicated he intends
to conduct additional seismic surveys as well as hvdraulic-fracturing
and over-coring experiments to obtain more information about the 7
situ stress. The exact program he was going to conduct was not clear
from the NVOO meeting, and no subsequent discussion was held. If
this relaxation phenomenon is correct then the stresses around the
structures tunnel is unknown. The 7»n situ stress a few feet away from

the scaled structures will not be well defined.

The "pressure range" for which the structures calculations will
be most sensitive to the material properties (right around the structure)
appears to be the following. For the spherical structures, collapse
will Tikely occur at high pressures (maybe one kilobar) if at all; for
the SRI structures, the porous concrete will collapse at stresses as low
as about 0.1 kilobar (based on discussions at NVOO). Therefore, “more
detailed" strength of the tuff and the grout around the structures

should be obtained over these pressure ranges.

Strenath of the grout (to be used around the structures) is such

that it will not match the strength of the tuff over pressure ranges

11,12

from 0.1 to 1.0 kilobars That is, if the angle of internal friction
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of the grout is matched to that of the tuff in the zero to one or two-
hundred bar pressure region, then the strength of the grout at higher
confining pressures will be 1/2 to 1/3 that of the tuff (assuming the
tuff strength is about 0.3 kilobars stress difference). On the other
hand, if the angle of internal friction of the grout matches the tuff
at the higher confining pressures, i.e. 0.5 - 1.0 kilobars pressure,

then the strength of the grout at low pressure (one hundred bars) will

be much greater than the tuff.

The differences in strength was discussed at the NVOO meeting,
and it was Joe's opinion (I believe) that an economical (and pumpable)
grout should be used to reasonably match the tuff. The strength of
whatever grout used would be determined, and no further effort would

be conducted to produce a "tuff matching" grout. |

It is our feeling that because of the high water content in the
grouts, the micro-mechanisms for deformation are different than in
the tuff. In the tuffs, for example, we believe that through-going

fracture-planes occur and sliding on the fracture-plane results. In

the grout, a general collapse of the sample occurs without producing

a through-going fracture-plane. This difference in micro-mechanisms
leads us to believe that it is unlikely that pumpable grouts (50%

i water or thereabouts) can ever be made to match the tuff's strength

properties over ail pressure ranges.




WR————

Concrete: used in the structures will undoubtedly behave as other
cement-type materials do--reference, for example, the previous Terra
Tek report on plain concrete]3. The concretes will undoubtedly show
increase in strength with confining pressure, collapse of the porous
matrix, and complex post-maximum stress behavior. Furthermore, the
concretes are likely to be strain-rate sensitive, exhibiting maybe a

factor of two increase in strength for rapid loading as opposed to

standard testing rate 1oadings]4
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RECOMMENDAT IONS

Terra Tek recommends the following with respect to the Mighty

Epic Experiment materials characterization:

1. Some added tests should be performed to better characterize
the tuffs from the working point out to the structures,
and particularly in the regions of a few feet around the
structures tunnels. These tests would deiermine the
failure envelope and the stress-strain response up to

: about 1 kilobar.

2. For any calculations, the most representative material
property data should be used to formulate the parameters
in the cap model. This will probably not cost any more,
and will provide the best material properties for the

Mighty Epic site.

3. The grout used around the structures should be characterized
to the extent of determining the failure envelope and
the stress-strain response to selected loadings up to
about 1 kilobar. This will provide data to indicate the
difference between the grout and the tuff over pressure

ranges up to about 1 kilobar.
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4. The concrete used in the different structures should be
characterized to the extent of determining the failure
envelope, the stress-strain response, and some limited

information on its dynamic (rapid loading) response.

5. Some information should be obtained on the "bond strength
factor" for the concrete-to-steel. This can be done
by running one or two direct shear tests where concretes
used in the structures are sheared along steel plates -
i.e., a direct shear test at several normal stressesls.

It is not suggested that an extensive program be conducted,

but that some indication of bond strength be obtained to

serve as guidance for the calculators.

6. Some added material property tests are still needed for the
"interface" calculation, and those proposed in Terra Tek
report TR 75-36 should be performed as cores become

available.

Table 1. Physical Properties, Permanent
Volume Compaction and Ultrasonic Velocities
on Core Samples from U12n.10 UG #4
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SUMMARY

Physical and mechanical properties tests have been conducted on
several batches of grout supplied by Waterways Experiment Station. The
grouts are used for gage implacement and containment of structures experiments
during nuclear events at the Nevada Test Site and the grout properties are
required to insure the proper grout selection. The grouts were designated
HPRM-1, HPRM-2, HPRM-3, HPRM-4, HPRM-5, HPSL-16, HPNS-1 and HPNS-3C.

The properties determined for the grouts at 14, 28 and 56 day age

are: physical properties (densities, porosities, water content, etc.),

ultrasonic velocities and mechanical properties (shear strength, stress-strain i

response) from triaxial compression and uniaxial strain tests. The entire
test program is not complete and the data reported is preliminary.

The data is reported in the form of tables which contain the physical
properties and velocities at each of the three ages (with the exception of
the HPNS-3C) and plots showing the shear strength as a function of confining

pressure and the permanent compaction resulting from uniaxial strain load-

unload tests.




Table 1: Physical Properties and Ultrasonic
Velocities at 14 Day Age.
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Table 2: Physical Properties and Ultrasonic
Velocities at 28 Day Age.
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Table 3: Physical Properties and Ultrasonic
Velocities at 56 Day Age.
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PREFACE

Mighty Epic pretest planning require material properties for both
shock wave propagation and rock/structural interaction calculations. In
response to this requirement, Terra Tek has performed testing and reported
properties in the following reports:

Progress Report I - Material Properties for the Mighty Epic
Interface Experiment TR 75-36

Determination of Coefficient of Internal Friction TR 75-38
Some Comments on the Mighty Epic Material Properties TR 75-42

Physical and Mechanical Properties of Several Grout Mixtures
(Preliminary) TR 75-45

Testing is continuing and properties from the U12n.10 UG #4, Ul2n.10

UG #6a and U12n.10 UG #7 core samples are included herein.
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INTRODUCTION

Material properties have been determined on core samples from three
drill holes in the Mighty Epic region at the Nevada Test Site, Mercury,
Nevada. The testing was conducted on core samples from drill holes Ul2n.10
UG #4 and U12n.10 UG #6a, which are both located in the structures area as
shown in Figure 1, and U12n.10 UG #7 which is in between the bypass drift
and the main drift and was drilled toward the working point. All three of
the drill holes are in the horizontal plane of the working point.

The material properties measured are physical properties (as-received
density, dry density, percentage water and etc.) and longitudinal and sheav
velocities. In addition to tests for measuring the permanent volume com-
paction resulting from compaction in uniaxial strain to 4 kilobars lateral
stress, further mechanical characterizations were obtained through triaxial
compression tests. The confining pressures ranged from 0 (unconfined com-

pression) to 4 kilobars but concentrating on the 0O to 500 bars range.
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Figure 1. Plan View of the Mighty Epic
fTunnels and Selected Drill Hole
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TEST RESULTS

The U12n.10 UG #4, U12n.10 UG #6a and U12n.10 UG #7 drill hole samples
physical properties, permanent volume compaction and ultrasonic velocities
are listed in Tables 1, 2, and 3 respectively. Selected physical and
mechanical properties have been plotted vs. the drill hole footage for each
of the three drill holes in Fiqures 2, 3 and 4. The data has been plotted
in this manner with the intent of indicating average properties (dashed
line) and the amount of scatter in these properties as a function of drill
hole footage.

Individual test curves plotted as axial stress vs. volume change and
stress difference vs. confining pressure are contained in the appendix.
Uniaxial strain tests curves for samples from drill holes U12n.10 UG #4
and U12n.10 UG #6a were plotted as axial stress vs. volume change such
that the constrained modulus could be scaled from the slopes of the curves.
The U12n.10 UG #7 test data is plotted in the usual manner -- mean normal
stress vs. volume change.

The detailed triaxial compression tests on samples 257 feet from
Ul2n.10 UG #4 and on the sample at 116 feet from Ul12n.10 UG #6a are shown
in Figures 5 and 6. These results are plotted as stress difference vs.
confining pressure through the confining pressure range of O to 100 bars.
The same data is extended out to a confining pressure of 4 kilobars in Figure

7 and plotted as stress difference vs. axial shortening in Figure 8 for the

test at a confining pressure of 50 bars.




Table 1. Physical Properties, Permanent
Volume Compaction and Ultrasonic Velocities
on Core Samples from U12n.10 UG #4
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Table 2. Physical Properties, Permanent
Volume Compaction and Ultrasonic Velocities
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DISCUSSION

The material properties show trends expected as the various litholo-
gical beds are penetrated by the drill holes. However, the Mighty Epic
regions portrayed by the UG #4, UG #6a and UG #7 drill holes, on the
average, indicate higher as-received densities, shear strengths and ultra-
sonic velocities (Figures 2, 3 and 4) than "typical" ash fall tuff ]’2.
The porosities, air void contents and water contents are about the same.

The triaxial compression tests on the two samples from UG #4 and UG
#6a (Figures 5-8) were for the purpose of estimating the tuff failure
envelope for comparison to grout mixtures. The difficulties in producing
a "tuff matching" grout is in matching the failure envelope over a range
of pressure. The grout tends to show lower strength increase with pres-
sure than the tuff.

Additional triaxial compression tests are planned on selected samples

to further characterize the tuff material in the immediate vicinity of the

structures experiments.
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BACKGROUND

In preparation for the Mighty Epic event at the Nevada Test Site,
several studies have required material properties for the surrounding rock
media (tuff) and several grout mixtures. The tuff material properties de-
termined thus far have been from several drill holes] beginning with initial
exploratory drill holes to more recent drill holes in the immediate vicinity
of the working point and the structures studies. [laterial properties of
several grout m‘ixtures2 have also been determined.
The material properties determined have been physical properties (as-
received density, dry density, grain density, percentage water, porosity,
saturation and air void content), mechanical properties (shear strength as
a function of confining pressure), ultrasonic longitudinal and shear veloci-
ties and other properties such as the air void content estimated from the
permanent compaction of the uniaxial strain load-unload tests.
The Mighty Epic related reports distributed to date are as follows:
1. Properties of Quartzite from Area 12 of the Nevada Test Site,
TR 75-7, January, 1975.

2. Progress Report I - Material Properties for Mighty Epnic Experiment,
TR 75=36, Ju=:, 1975.

3. Determination of the Angle of Internal Friction, TR 75-38, July,
1975.

4. Progress Report II - Mighty Epic Material Properties, TR 75-42,
August, 1975.

5. Physical and Mechanical Propoerties of Several Grout Mixtures,
TR 75-45, August, 1975.

6. Progress Report III - Material Properties on Samples from Mighty

Epic Drill Holes Ul2n.10 UG#4, U12n.10 UG#6a and U12n.10 UG#7,

TR 75-50, September, 1975.
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INTRODUCTION

As a continuing effort to determine material properties for site

evaluation and development of material models for subsequent use in ground

motion calculations, tests have been conducted to determine physical and

mechanical properties of tuff and grout relating to the Mighty Epic event

at the Nevada Test Site.

The purpose of the laboratory testinag program has

been several fold: 1) initial evaluation of the global material properties,

2) development of material models for purposes of predicting stemming and

containment, 3) prediction of the response across a soft to hard interface,

4) determine if the material properties are a function of distance from the

UE12n
Ul2n.
uizn.
ul2n.
Ul2n.
Ui2n.
Ul2n.
Ul2n.
Uizn.

tested were designated:

MESP1
MEBQ?2
MESP4
MEBAS5
MESP6
MEBQ11

#9

tunnel wall (this question is related to the seismic velocities obtained in
the field) and 5) to insure a proper match between the tuff properties and
the emplaced grout properties surrounding the structures experiments.

Core samples were tested from the following drill holes:

UG#7

1SS#1

1SS#5

HF#2

HF#4

A Structures
B Structures
C Structures

The locations of these drill holes are shown in Fiqgure 1. Grout mixtures
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The tuff and grout data are reported in tabular and graphic form
followed by a discussion which specifically addresses the question of the

material properties of the tuff as compared to the properties of the arouts.
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Figure T: Plan view of the Mighty Epic area showing the dril]
é holes from which core samples have been tested.




TEST PROGRAM

As discussed in the introduction, the purpose of the core sample
testing was several fold. The types of tests, therefore, varied accord-
ing to the purpose for which the data was intended. For example, the Ul12n.10
[SS#5 drill hole samples were subjected to triaxial compression tests since
the shear strength of the material is important for the structural tests.

The types of tests conducted on the subject drill hole samples and

the grout are listed in Table T.
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TEST RESULTS

UE12n#9 Drill Hole Samples: The physical properties, uniaxial strain
permanent volume compaction and ultrasonic longitudinal and shear wave
velocities are listed in Table 2. The uniaxial strain test curves are shown in
Figure 2 and the unconfined compression results in Fiqure 3.

Ul2n.10 UG#7 Drill Hole Samples: The hydrostatic pressure-volume strain

response is shown in Figure 4. The stress difference versus individual
strains for the triaxial compression at pressures of 0, 0.5 and 4 kilobars

are shown in Figqures 5, 6 and 7, respectively. The strength of the core
samples at these three confining pressure states are replotted in Figure 8 and
indicate the failure surface for these materials. The physical properties,
hydrostatic compression permanent volume compaction and ultrasonic longi-
tudinal and shear wave velocities are listed in Table 2.

Ul2n.10 ISS#1 Drill Hole Samples: The uniaxial strain test curves are

shown in Figure 9. The physical properties, uniaxial strain permanent
volume compaction and ultrasonic longitudinal and shear wave velocities are
listed in Table 2.

Ul2n.10 ISS#5 Drill Hole Samples: The hydrostatic pressure--volume strain

response is shown in Figure 10. The stress difference versus individual
strains for constant confining pressures of 0, 0.5 and 4 kilobars are shown in
Figures 11, 12 and 13, respectively. Again the maximum stress differences
obtained at these confining pressures are replotted in Figure 14 to indicate
the failure surface for the material. The physical properties, the hydrostatic

compression permanent volume compaction and ultrasonic longitudinal and shear

wave velocities are listed in Table 2.
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Ul12n.10 HF#2 Drill Hole Samples: The uniaxial strain test curves are
shown in Figure 15 and the physical properties, uniaxial strain permanent
volume compaction and ultrasonic longitudinal and shear wave velocities
are listed in Table 2.

U12n.10 HF#4 Drill Hole Samples: The uniaxial strain test curves are
shown in Figure 16 and the physical properties, uniaxial strain permanent
volume compaction and ultrasonic Tongitudinal and shear velocities are
listed in Table 2.

Ul2n.10 A, B and C Structures Drill Hole Samples: The uniaxial strain

test curves are shown in Figure 17 and the physical properties, uniaxial
strain permanent volume compaction and ultrasonic longitudinal and shear wave

velocities are listed in Table 2.

TABLE 2

Physical Properties, Uniaxial Strain Permanent Volume Compaction and
Ultrasonic Wave Velocities on Individual Tuff Samples Tested
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Figure 2a: Uniaxial strain tests on UE12n#9 core samples --
mean normal stress versus volume change.
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| Figure 2b: Uniaxial strain tests on UE12n#9 core samples --
| stress difference versus confining pressure.
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Figure 3: Unconfined compression tests on UE12n#9 core samples -- ﬁ

stress difference versus individual strains.
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Figure 4: Hydrostatic compression test on Ul2n.10 UG:7 core
samples -- confining pressure versus volume change.
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Figure 5: Unconfined compression tests on Ul12n.10 UG#7 core

samples -- stress difference versus individual strains.
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Fiqure 6: Triaxial compression tests at 0.5 kilobars confinina
pressure on Ul2n.10 UG#7 core samples -- stress difference versus
individual strains.
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Figure 7: Triaxial compres'sion tests at 4.0 kilobars confinina
pressure on Ul2n.10 UG#7 core samples -- stress difference rsus
individual strains.
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Figure 8: Failure envelope from triaxial compression tests on Ul12n.10 UG#7.
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Figure 9a: Uniaxial strain tests on Ul2n.10 ISS#1 core samples --
mean normal stress versus volume change.
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Figure 9b: Uniaxial strain tests on Ul12n.10 [SS#1 core samples --
stress difference versus confinina nressure.
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Figure 10: Hydrostatic compression tests on Ul12n.10 ISS#5 core samples
-- confining pressure versus volume change.
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Fiaure 11: 'Unconfined compression tests on Ui2n.10 ISS#5 core samples
-- stress difference versus individual strains.




— 0y, KBARS
<
N

(o3
(&
Q

o

04l

DIFFERENCE,

0.3+

STRESS

*
NOTE

/ DIFFERENCE
a.lk t IN STRAIN

SCALE

b 0 20 3.0 40 50
z TRANSVERSE . Shth
STRAIN, %

(o]

N

Figure 12: Triaxial compression tests at 0.5 kilohars confinig
pressure on Ul2n.10 ISS#5 core samples -- stress difference versus

| individual strains.
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Figure 15a: Uniaxial strain tests on Ul2n.10 HF#2 core samples --
mean normal stress versus volume change.
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Figure 15b: Uniaxial strain tests on Ul2n.10 HF#2 core samples --
stress difference versus confining pressure.
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Fiqure 16a: Uniaxial strain tests on Ul12n.10 HF#4 core samples --
mean normal stress versus volume change.
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Figure 16b: Uniaxial strain tests on Ul2n.10 HF#4 core samples
stress difference versus confining pressure.
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Figure 17a: Uniaxial strain tests on U12n.10 A Structures (31 feet),
B Structures (25 feet) and C Structures (30 feet) core samnles --
mean normal stress versus volurme change.
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GROUT

MEBP1 Grout Samples: The hydrostatic compression and uniaxial strain

test curves are shown in Figure 18 while the stress difference versus the

individual strain curves for the triaxial compression tests are shown in

Figure 19. The failure surfaces based on the triaxial test data for the

different grouts tested are shown at the end of this grout section.

MEB@2 Grout Samples: The hydrostatic compression and uniaxial strain

test curves are shown in Figure 20 while the stress difference versus the
individual strain curves for the triaxial compression tests are shown in

Figure 21.

MEBP4 Grout Samples: The stress difference versus the axial and transverse ?

strains for the unconfined compression test is shown in Figure 22.

MEB@5 Grout Samples: The hydrostatic compression test result 1is shown

in Figure 23 while the stress difference versus individual strain curves for

the triaxial compression tests are shown in Figure 24.

ME8P6 Grout Samples: The stress difference versus individual strains

| for the unconfined compression tests is shown in Figure 25.

f ME8P11 Grout Samples: The uniaxial strain test curves are shown in

Figure 26.

The physical properties, hydrostatic compression and uniaxial strain
permanent volume compactions and ultrasonic longitudinal and shear wave
velocities are listed in Table 3 for all of the six grout mixtures.

The maximum stress difference (failure surface) during the triaxial

compression tests on the various grout mixtures is shown in Figure 27.
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As a note, the grout data shown was obtained from tests conducted at

the fourteen day aging point of all of the grout mixtures.
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ME8P1 grout samples -- mean normal stress versus volume change (14 day age).
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Figure 19b: Triaxial compression tests on ME8Q1 grout samples --
stress difference versus individual strains (14 day age), see
Figure 19a for low stress-strain response.
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Figure 20b: Uniaxial strain test on ME8P@2 grout sample -- stress
difference versus confining pressure (14 day age).
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Figure 21: Triaxial compression tests on ME8@2 arout sample --
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Figure 24b: Triaxial compression tests on ME8@5 arout samples --
stress difference versus individual strains (14 day acae), see
Figure 24a for low stress-strain response.
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Fiqure 25: Unconfined compression tests on MES@6 grout sample --
stress difference versus individual strains (14 day age).
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Figure 26a: Uniaxial strain tests on ME8PIL grout sample -- mean
normal stress versus volume change (14 day age).
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TABLE 3

Physical Properties, Hydrostatic Compression and Uniaxial Strain
Permanent Volume Compaction and Ultrasonic Wave Velocities on Grout Samples

DRILL HOLE DENSITY gm/cc % WATER | POROSITY [SATURATION | % CALC. | % MEAS. VELOCITY

i FOOTAGE e BY WET % % AIR PERMANENT fizsec

: RECEIVED | DRY GRAIN | WEIGHT VoIS CCMP. LONG [ SHEAR

Hyd. 1-D
MEED) 1.95 1.61 2.57 17.4 38 90 3.7 3.9 4.5 [ 12670 7402
MEBD 1.89 1.57 2.54 17.0 38 84 6.1 4.0 5.1 | 12864 7188
MESP4 1.91 1.56 2.52 18.5 38 92 2.9
MEBRS 1.97 1.67 2.53 1545 34 89 347 12700 | 7100
ME 8P ) 1.74 2.50 13.6 31 90 3.2 '
MESP11 05 1.77 2053 13.7 30 93 2.0 3.4 | 9420 | 4272
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DISCUSSION

The matching of the grout properties to the properties of the tuff
in the structural test area is essential to the structures program. A
good match would eliminate many pre-shot and most likely post-shot questions
about the effect of differences in the properties.

In order to achieve a match, it was first necessary to characterize
the tuff in the structures area. Up to the time that the match question
arose, a number of exploratory tests had been conducted. These tests in-
cluded uniaxial strain, physical property measurements and ultrasonic
velocities. From these data, one could obtain absolute values for most of
the important properties with the exception of the shear strength of the
material (failure envelope). The failure envelope may be estimated from
the stress-stress response of the uniaxial strain test. Therefore, the
stress-stress curves for forty uniaxial strain tests were averaged. From
these averages, failure envelopes were estimated (from experience, the
stress-stress curve is assumed to be a lower bound) as reported in a letter
to Mr. J. W. LaComb, 29 August, 1975, and shown in Figure 28. The estimated
failure envelopes, admittedly, do not give the exact shape and can vary in
magnitude, but they provided an early strength estimate in order that the
process of matihing a grout to the tuff could begin.

Failure envelopes from triaxial compression tests have since been ob-
tained for the tuff from the structures test area (Figure 14). With this
recent data, the early strength estimates and comparative triaxial compres-
sion data on U12n.-10 ISS#7 from wESA, a representative failure envelope of
the tuff in the structures area was approximated by the author and Mr.

R. L. Stowe (WES), Figure 29. This failure envelope is shown again in

L2




Figure 30 along with the failure surfaces of some of the Mighty Epic grout
mixtures tested to date.

Other properties of the tuff in the structures area have been averaged
and the data is listed in Table 4, again with the grout properties for

comparison.
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ESTIMATED FAILURE ENVELOPES

CURVE  SOURCE
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Figure 28: Estimated failure envelopes based on uniaxial strain

test results on core samples from Ul12n.10 UG#4, UG#6a, ISS#5 and
1SS#7 drill holes3.
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Fiqure 29: Representative failure envelope for the tuff in the Structures

area, based on uniaxial strain tests and triaxial compression test data
from Terra Tek and WES®.
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Figure 30: Combined structures tuff failure envelope and grout
failure envelopes shown in Figure 29 and and Figure 27, respectively.

TABLE 4

Average Structures Tuff Physical Properties, Permanent
Compaction and Ultrasonic Wave Velocities. Also listed for comparison
is the physical properties of the grout as reported in Table 3.

Drill Heole Density am/cc ro =]
wet
Footaae A
[ STRUCTURES :
ITUFF 1.97 1.67 2.40 15
+0.048* +0.08 +0.04 2
? GROUT | el e
MESQIT 1.95 1.61 2.57 17.4 90 3.7 3.4
MESQ? 1.89 k.57 2.54 740 38 sa Bl 4.
MESP4 1.91 1.56 2.52 18.5 3 92 2.9
MEEPS 1.97 1.67 2.53 15.5 34 89 3
MESP6 2.01 1.74 2.50 13.6 31 30 -
MEBPT1 2.05 1.77 2.53 13.7 30 a3 2.0 3 11 4 q
|
* .+ vajues reprpsent one |[standard Heviation.
—— “+ —_ ——
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PREFACE

Concrete and steel structure response was predicted and measured for
the Mighty Epic nuclear test in Area 12 of the Nevada Test Site. In support
of this analysis Terra Tek determined material properties of the steel and é
three types of concrete as well as the coefficient of friction for the

steel-concrete interface. Test results are presented.
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INTRODUCTION

One of the experiments planned for the Mighty Epic event in Area 12,
Nevada Test Site was to evaluate the effects of shock loading on concrete
and steel structures. Experimental analysis required mechanical properties
for the concrete, steel and concrete-steel interfaces. Concrete properties
were determined through uniaxial and triaxial compression tests at quasi-
static loading rates. Steel samples were tested in uniaxial tension and
compression while the coefficient of friction for the concrete interfaces

were determined in direct shear tests.
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CONCRETE MECHANICAL TESTS

Concrete samples used in this study were obtained from two sources.
Lasker Boiler and Engineering Corporation of Chicago, I11inois supplied 30
standard cylindrical test samples 15.2 cm. diameter by 30.5 cm. long.

This concrete was designated LBC-5.5 ksi (i.e., anticipated 28 day unconfined
strength of 5.5 ksi). The average water-cement ratio was 0.36:1*; the mean
coarse aggregate size was 1.9 cm. and comprised about 45 percent of the
concrete by weight (see Figure ]).] The second concrete source was Lockheed

Shipbuilding and Construction Company, Seattle, Washington from which 60

standard cylindrical samples, 15.2 cm. diameter by 30.5 cm. Tong were obtained.

Figure 1. Cross section of LBC-5.5 ksi concrete.

These 60 cylinders were subdivided into two groups: 30 cylinders were a 5.5

ksi mix design while the remaining 30 cylinders were of a 7.2 ksi mix design.

* The water-cement ratio is here defined as the weight of water divided
by the weight of cement per cubic yard of concrete.
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These cylinders were designated as LH-5.5 ksi and LH-7.2 ksi, respectively,
indicating a 5.5 ksi and 7.2 ksi 28 day unconfined compressive strength.
Both concretes had a mean coarse aggregate size of 1.3 cm. The LH-5.5 ksi
concrete had a water-cement ratio of 0.39:1 and was 56 percent coarse
aggregate by weight as shown in Figure 2. The LH-7.2 ksi concrete had a
water-cement ratio of 0.44:1 and was 14.5 percent coarse aggregate by weight
as shown in Figure 3.2

The cylinders were shipped sealed to preserve moisture. Mechanical

testing commenced approximately 2 months after the pour date.

Concrete Sample Preparation

Concrete test sample ends were ground parallel to within : .005 cm.
Samples designated for triaxial compression testing were examined for

subsurface cavities which might collapse during pressurization. These

cavities were filled with a grout and subsequently jacketed with polyurethane.

Steel endcaps were attached with rubber tape and stainless steel lockwire.

Instrumentation

Both axial and lateral stresses and strains were measured. Axial
stress was measured to within 6 bars. A 350 ohm manganin wire pressure
coil was used to obtain the confining pressure. Pressure coil readings
were accurate to within 2 bars. Confining pressure was also monitored
with a Heise pressure gauge. Axial and lateral strains were obtained using
strain gauged cantilever systems and calibrated to be accurate within
.006 percent strain and .003 percent strain, respectively. A more detailed
description of the transducer systems may be found in Reference 3. During
testing, data was recorded using a PDP Lab 11 computer in conjunction with

x-y recorders.




Figure 2. Cross section of LH-5.5 Ksi concrete.

Figure 3. Cross section of LH-7.2 Ksi concrete.
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Concrete Results and Conclusions
The general shape and character of the stress-strain triaxial compression

4-7

curves agree with other published results. The initial non-linear portion

of the stress-strain curves for both the hydrostatic and unconfined tests
have been shown to occur if microcracks exist in the concrete.8 Microcracks
may have resulted from excessive mortar shrinkage due to excess water or

by separation of the aggregate and matrix due to temperature fluctuations.
In addition, the handling and transportation of "green" concrete may have

an effect on microcracking. This initial nonlinear portion was followed by
a linear region up to about 50 percent of the failure strength for the
unconfined tests. A third stage during unconfined testing was then observed

which showed nonlinear stress-strain response to failure. After the initial

nonlinear foot, the hydrostatic loading curves also showed fairly Tinear

response up to about 500 bars confining pressure after which a second
nonlinear confining pressure-volume strain region occurred.

Table I lists the bulk modulus determined from hydrostatic loading of
* the concrete as shown in Figure 4. The bulk moduli in Table I were determined

using a secant slope from O to 0.55 kilobars.

TABLE I

Bulk Moduli for the Three Concretes

Concrete Type Hydrostatic Stress Range, Bulk Modulus, Kb
bars (0 to 552 bars)

LBE - 5.5 kst 0 to 552 110

LH - 5.5 ksi 0 to 552 138

LH - 7.2 ksi 0 to 552 96
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Figure 4. Hydrostatic pressure versus volume strain
for the three types of concrete.
Table II lists triaxial compression test results. Published values
for the Young's modulus range from 200 to 400 kilobars depending upon
concrete mix design, while reported values for Poisson's ratio average

sl The values reported herein are consistent with those

about 0.2.
previously reported data.

Figures 5, 6, and 7 show the triaxial stress-strain data for the three
concrete types. The maximum stress difference attained during triaxial
compression testing was interpreted as the ultimate stress. Obtaining
reliable stress-strain data beyond the ultimate stress was often not

possible due to catastrophic sample failure which resulted in exceeded

data acquisition capabilities. Thus, the arrows indicate the direction taken
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TABLE II
Summary of Triaxial Compression Test Results for the Three Concretes

T T voung's |
Sample | Concrete Type | Test Type |Ultimate Stresses, bars | Modulus, | Poicson’

e ., 7 | mean | " | i)

10 LBC-5.5 Unconfined 0 546 182 260* .32

16 LBC-5.5 Triaxial 101 888 397 445 1 n,33
15 LBC-5.5 Triaxial 118 750 368 400 n.2n ;
17 LBC-5.5 | Triaxiel 276 | 1240 R ‘

25 LBC-5.5 Triaxial 372 11 38%* 751 300 n, s
12 LH-5.5 Unconfined 0 470 157 260* n.NQ |

18 LH-5.5 Triaxial 207 976 395 320 }.13
21 LH-5.5 Triaxial 552 1395 1018 330 j .13 f‘
13 LH-7.2 Unconfined | 0 528 176 200 | nan |
14 LH-7.2 Unconfined 0 500 167 230* ‘ N5 i
23 LH-7.2 Triaxial 212 1055 564 345 E n.23 {

22 LH-7.2 Triaxial | 552 | 1366 1007 5 | 0.20

* Scaled on linear portion of curve, (i.e., does not include the "foot
on the curve).
L Cor}fim‘ng pressure, oq, lowered from 552 to 372 bars to achieve samnle
failure.
by the stress-strain curve after attaining ultimate stress. Figure 8 shows the
ultimate stress surface determined from the ultimate stress for each

sample. A general trend of increasing ultimate stress with increasing mean
stress was observed for the three concrete types. However, little difference
in ultimate stress between concrete types was observed.

The brittle-ductile transition for the three concretes appears to be
between 100 and 500 bars confining pressure as exemplified by the
I large compressive strains above 500 bars confining pressure. Ductile

behavior was defined as axial strain greater than 1 percent. Other
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investigators have observed the brittle-ductile transition to occur at about
150 to 200 bars confining pressure for a concrete mix having a water to

cement ratio of 0.6:1 and a maximum aggregate size of 1.0 cm. Figures

9 and 10 show the recovered samples (numbers 23 and 25) after triaxial testing
at confining pressures of 212 and 552 bars, respectively. The figures show

a more localized failure zone at 212 bars confinina pressure as compared

to a more generalized (diffuse) failure at 552 bars confining pressure. A

more generalized failure suggests increased ductility.
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STEEL MECHANICAL TESTS''

The steel used in the Mighty Epic structures was an ASTM A36 mild
steel. A sample of this steel was supplied to Terra Tek in the form of a
plate, 30 cm. x 30 cm. x 1.9 cm., by Lasker Boiler and Engineering Corp.
of Chicago, I1linois. Tensile and compressive tests were performed to

determine the mechanical properties of the steel. Test samples were

obtained from two orthogonal directions in the plane of the plate and one
direction normal to the plane of the plate in order to check for anisotropy.
The orthogonal directions were artibrarily selected since rolling directions

were not specified by the contractor.

Steel Sample Preparation

The samples tested under the tensile load were cylindrical, 0.635 +
.013 cm. diameter, and 2.54 + .013 cm. gage length. The samples for compressive
testing were also cylindrical, 0.953 + .013 cm. diameter, and 1.905 + .013
cm. total length. Sample ends were prepared parallel to within + .0003 cn.
Axiality of :;e test specimen with the loading piston was within = .01 cm.
For both tensile and compression specimens, two strain gauges were bonded
directly to the sample to monitor the axial and transverse strains. The
strain gauges used were accurate to ¢ .005 percent strain. A1l sample
preparation was done in accordance with ASTM Standards E8-65T and ES9-61.

A11 Toadings were applied quasi-statically.

Steel Test Results and Conclusions

In order to clarify the designation of the test samples, the plate
orientation shown in Figure 11 was selected. Tensile and compressive tests

were performed on samples from both the "x" and "y" directions. Samples from

the "z" direction were tested in compression only since the 3/4 inch




|

-
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Figure i1. Orientation of steel plate.

thickness did not allow adequate length for a tensile sample. The stress-

strain curves for various sample orientations are contained in Figures 12

through 16. In each case the test is designated by the direction of the

samples longitudinal axis and the type of loading, i.e., XC indicates X

direction, compressive loading.
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Figure 12. Tensile stress-strain steel
sample, X direction.
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A1l samples demonstrated a linear elastic region and a well defined
yield point. The mean upper yield point observed during the loading was 2.96 +
0.06 kbars. The mean Young's modulus measured was 2.090 + 0.075 Mbars witn a
mean Poisson's ratio of 0.285 + 0.015. The variation in behavior for the

different orientations is due most likely to the small sample population

s Bastialing s

tested rather than to some anisotropic nature of the plate.

A summary of the steel behavior is contained in Table III.

TABLE TII ;
Summary of Steel Test Data 1
Test Test Young's Poisson's Upper Yield 3
Designation Type Modulus Ratio Strength
). Tensile 2030 Kb n.27 2.96 Kb
Vil Tensile 2170 Kb i3 3.03 Kb
XC Compressive | 2170 Kb n.29 2.88 Kb
Y€ Compressive | 2040 Kb 0.28 2.93 Kb
ZC Compressive | 2030 Kb 0.27 3.02 Kb
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CONCRETE - STEEL SHEAR TESTS

Lasker Boiler and Construction Company supplied ten 10.2 cm. cubes for
testing the frictional properties of the concrete - steel interface. Samples
were designated according to structure in which the concrete and steel
were used, i.e., C-Y-13, C-X-5, etc. The cubes were composed of a 10.2 cm. x
10.2 cm. x 5.1 cm. thick steel plate upon which a 10.2 cm. x 10.2 cm. x 5.1 cm.
thick piece of concrete was cast. The concrete and steel used in making the
direct shear cubes was of the same batch and/or type as concrete (LBC-5.5 ksi)
and steel previously reported herein. The cubes were placed into a water
bath upon arrival at Terra Tek in order to promote curing and approximate

Nevada Test Site tunnel humidity.

Apparatus and Instrumentation

Direct shear tests were performed in the machine shown in Figure 17.
The normal load was applied with a servo-controlled actuator operating in

the Toad feedback mode. The shear was applied by a servo-controlled

Figure 17. Direct shear machine.
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actuator operating in the displacement feedback mode at a rate of 0.001
cm/sec. Both the normal and shear loads were measured directly by load

cells placed in line with the actuators. Frictional load contribution

due to the shear box was minimized by incorporating ball bearings and
hardened steel bearing surfaces. Although the coefficient of friction

for this bearing proved to be dependent upon normal load negligible errors
were incurred. For a normal stress of 70 bars, the friction coefficient was
.009 and at a normal stress of 700 bars it was .002. Through calibration,
horizontal and vertical loads were determined to be accruate to within = 0.25
bars. Transducers mounted on the shear boxes measured the relative horizontal

displacement of the two boxes to within + .015 cm. The direct shear

specimens were held in place in the shear boxes using a grout, Ultra-Cal 30.

Direct Shear Results and Conclusions

Table IV 1ists the direct shear data for the three cubes. Sample
C-Y-13 "stub" showed no breakdown shear stress and gave an average friction
coefficient of 0.53. Sample C-Y-13 "sphere" showed an initial breakdown
T shear stress of 28.1 bars dropping to a residual shear stress of 25.2 bars
giving initial and residual friction coefficients of .80 and .73, respectively.
Sample C-X-5 showed no significant breakdown stress and gave an average
friction coefficient of 0.70. Note that the terms "stub" and "sphere"
indicate the type of structure in which the concrete was used.

The coefficient range 0.69 to 0.73 listed in Table IV should be considered
the representative coefficient of friction since the sample C-Y-13 "stub"
had become unbonded at the concrete-steel interface prior to testing. The
authors feel this unbonding could have affected the data via some mechanism [

such as drying of the surfaces.
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TABLE 1V
DIRECT SHEAR DATA

(LBC - 5.5 ksi concrete)

Sample Shear Rate Normal Stress, bars Frict?gz]ggglficient
1073 cn/sec (to shear plane) |
C-Y-13 1 34.5 .53
”Stub“
1 8.3 .52
1 101.4 -53
C-Y-13 1 34.5 .73
"sphere"
C-X-5 1 34.5 .69
1 71.0 .70 s
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CONCLUDING REMARKS

The concrete and steel mechanical tests showed behavior consistent
with previously published results. Young's modulus and Poisson's ratio
for the concrete averaaced 310 kilobars and 0.17, respectively. The averace
bulk modulus for the three concrete types was 115 kilobars. The steel
samples gave an average Young's modulus and Poisson's ratio of 2090

kilobars and 0.28, respectively. The direct shear tests showed that a

coefficient of friction of 0.70 best represented the concrete-steel

interface.
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SUMMARY

A Defense Nuclear Agency program at the Nevada Test Site to study the
effect of shock waves -- both magnitude and direction -- on structures of
varying confiqurations and designs required a complete characterization of
the material (tuff and grout) surrounding the structures. It was also desired
that the grout properties be similar to the tuff properties.

Tuff surrounding the structures was characterized through mechanical and
physical properties measurements performed at Waterways Experiment Station
(WES) and Terra Tek, Inc. Subsequent grout development then performed at the
Grouting Branch of the Concrete Laboratory at WES with mechanical testing by
both the Rock Properties Branch of the Concrete Laboratory at WES and Terra
Tek, Inc. As samples from each mixture were tested, new mixtures were designed.
Approximately twenty mixtures were analyzed before final grout selection, MES-11.
This ME8-11 grout was implaced in the structures drifts in preparation for the

Mighty Epic event.
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INTRODUCTION

Line of Site (LOS) pipe emnlacement for nuclear test programs utilize
substantial amounts of qrout materials. Different functional roles require
different qrout mixtures. For example, grouts have been desianed to atten-
uate eneray via high gas-filled porosity, to protect structures via the
shear strenath, to flow via the ductility, etc. It has proved difficult
to obtain a single mixture with a combination of select properties. For
example, to strengthen arout, the water content is decreased, this would,
if saturation remained constant, result in a higher density, higher sound
speeds, and a less workable mixture. A more detailed description of the
dependence of properties on each other is included in the text.

Stringent requirements for grout properties was necessary for
the Mighty Epic structures program at the Nevada Test Site Area 12. The
arout and tuff properties were required pre-test for 1) evaluating pre-
test static desian methods, 2) determination of active instrumentation re-
sponse for the structures in the nuclear test and 3) providina a basis for
interpretinag the Mighty Epic test data. To meet these objectives it was
necessary to characterize the grout material and to match the qrout pro-
perties very closely with those of the parent material-tuff.

Matching grout properties to that of the tuff required, first of ail,
the properties of the tuff. Material prooerties of primary importance were
the shear strength, the air void content, the as-received density and the
longitudinal pulse velocity. Waterways Experiment Station] (WES) and Terra

Tek, were responsible for determining these properties.

Once an adequate tuff description was available, progress began on de-

velopina a matching grout. This process involved varying the constituents
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of the grout mixtures by NES2 and NTS3 personnel. Each mixture was then
tested by WES or Terra Tek to determine its' properties. Two maior con-
cerns durina this process, in addition to matching the tuff properties,
were maintaining a pumpable qrout and insuring a low temperature rise dur-
ing curing.

This report contains the test results from which the average proper-
E ties of the tuff were obtained, a description of the grout constituents,
the grout tests conducted, and the eventual verification of the arout mix

properties actually implaced in the structures drifts.
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STRUCTURES TUFF

The Mighty Epic program is planned for the "n" tunnel complex, Area
12. Material properties data were available from other events in the im-
mediate vicinity, namely, Misty North and Ming Blade. The tuff that had
been tested, however, was from a considerable number of different rock
units ("tunnel beds"). Additionally, most of the tests previously con-
ducted were primarily for siting purposes and the tuffs were incomplete-
ly characterized. It was, therefore, necessary to conduct select tests on
cores specifically from the structures area.

The structures drifts relative to the Mighty Epic working point are
shown in Figure 1. The structures are in the same horizontal plane of the
working point, are designated "A", "B" and "C" and are contained within
tunnel bed units 3BC, 3D, 4AB and 4CD.

Core holes U12n.10 UG#4 and UG#6a were drilled into the area prior
to mining the drifts. The core samples from these holes were initially
used for core testing to determine the suitability of the area for struc-
tures implacement. This data provided a generalized overview of the na-
ture of the tuff in the structures area -- air void contents, densities,
sound speeds and estimates of the strength of the material. These early
estimates, especially on the strength of the tuff, were necessary to ini-
tiate a matching grout mixture development.

After completion of mining the structures drifts, core samples were
obtained from the ISS #5 and ISS #7 drill holes and the A, B and C Struc-
tures areas. Along with samples remaining from the UG#4 and UG#6A holes,
a number of triaxial compression tests were conducted to define the tuff

failure envelope (maximum stress difference at varying confining pressures).
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Figure 1. Plan View of the Mighty Epic Area Showing A, B, and C
Structures Drifts and the Related Drill Holes.




TEST DATA

In many cases, the WES and Terra Tek data have been combined. This
was done in order to use all data in establishina average properties. Se-
lected properties are listed in Table 1 while the stress-strain respaonse
of the hydrostatic compression, triaxial compression and uniaxial strain

tests are contained in Appendix A.

TABLE 1

PHYSICAL PROPERTIES, ULTRASONIC VELOCITIES AND PERMANENT VOLUME COMPACTION
ON Ul2n.10 UG#4, UG#6a, ISS#5 AND A, B, AND C STRUCTURES DRIFT SAMPLES

-+ =
DRILL HOLE DENSITY (gm7cc) WATER POROSITY |SATURATION CALC MEAS VELOCITY
FOOTAGE BY WET ” % AR PERMANENT (#1/502)
AS . WEIGHT voios | comp |
RECEIVED | ORY GRAIN %) w | (% | Lone ar
! T
| i
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AVERAGE STRUCTURES TUFF PROPERTIES

As stated earlier, a preliminary estimate of the tuff strength was
required for the grout development. To provide this estimate, the UG#4 and
UG#6a uniaxial strain test stress-stress curves (Appendix A) were averaged,
see Figure 2. These curves, from past experience, are known to be a lower
bound to the failure envelope produced by the triaxial compression tests.

[t should be emphasized that these average uniaxial strain test stress-stress

curves do not define the magnitude or shape of the failure envelope but will
provide a lower bound. The uniaxial strain test data suggested that the shear
strength for the tuff in the structures area was about twice as strong as that
of the "averaae" area 12 tuff4. Subsequent triaxial compression tests produced
tne failure points shown in Figure 3. These limited data provided the necessary
failure envelope detail, see Figure 4.

The other properties of the tuff determined from the testing are sum-
marized in Figures 5 through 3 as a function of distance along the drill hole.
The average and standard deviation for these properties are listed in Table 2.

The tuff in the structures area and, in general, the Mighty Epic area
has higher shear strength, higher density and higher sound soeeds than the

typical 12 tuff. The water content is lower for the structures tuff

while the air void content is approximately the same.
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TABLE 2
SOME AVERAGE PROPERTIES OF

THE STRUCTURES TUFF*

AVERAGE
As Received Density (am/cc) 1.95
Water Content by Wet Weight () 15.7
Porosity () 31
Air Voids (%)** i) 0

Ultrasonic Longitudinal Velocity (ft/sec) 10,300

——

STANDARD
DEVIATION

0.05
2.8

7
0.43

1,000

* The averages includes all values (with the exception of the last
4 samples from U12n.10 UG#4 which were not considered as rep-
resentative) on samples from Ul2n.10 UG#4, UG#6a, ISS#5 and ISS#7.

** The air void content is taken here as the permanent volume compac-

tion from the uniaxial strain test.
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GROUT PROPERTIES

Material properties have been determined on a number of grout types
during the last several years of the Nevada Test Site proaram. Grout types
were all variations of basic super lean, rock matching and high strength
grouts. Table 3 and Figures 9 and 10 summarize selected properties of these
basic types4.

Following the preliminary estimate of the structures tuff properties,
nine different mixtures of grout, used mainly in stemmina and containment
systems of past events, were sent to Terra Tek for testing. The arout designa-
tions were HPRM-1, HPRM-2, HPRM-3, HPRM-4, HPRM-5, HPSL-16, HPNS-1, HPNS-2
and HPRM-3C. Hydrostatic comoression tests, triaxial compression tests, uni-

axial strain tests, physical property measurements and ultrasonic velocity

measurements were conducted on these grout types at 14, 28 and 56 day ages.
These data are listed in tabular form in Table 4 and as the triaxial com-
pression derived failure envelopes in Figure 11. These data indicate varia-
tions in the shear strength from tens of bars to hundreds of bars, ultrasonic
longitudinal velocities from 7,000 to 11,000 feet per second, air void con-
tents from 1.5% to 4.5%, and as-received densities from 1.86 gm/cc to 2.10
gm/cc. Based on these grout properties, changes were made in mix constituents
to "fine tune" the grout properties, (i.e., bring all of the properties of a
single mix close to that of the tuff).

The subsequent grout mixtures were designated MES8Q@1 throuah MER-11. In
most cases, each arout mixture was reproportioned in the developmental studies

based on the properties of the previous mixture. The tests on these arout

ixtures varied from unconfined compression tests to triaxial compression test

to verify the shear strenath of the mixture. If other properties were also




needed, uniaxial strain tests, physical property measurements and ultrasonic
longitudinal and shear wave velocities were conducted - Table 5 summarizes the
measurements and tests.

The Miahty Epic grout failure envelopes, based on the triaxial compression
tests, are shown in Figure 12 while the physical properties and ultrasonic
velocities are tabulated in Table 6.

Selected properties of all grout mixtures (HPRM-1 through ME8-11) are
summarized in Figure 13 with the average structures tuff shown for reference.
This plot, along with the shear strength data (Figure 12), substantiate the

evolution of the arout development for the Miaghty Epic structures noroaram.
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TABLE 5

SUMMARY OF MEASUREMENTS AND TESTS
CONDUCTED ON MIGHTY EPIC GROUT MIXTURES

GROUT PHYSICAL ULTRASONIC MECHANICAL TESTS
MIXTURES  |PROPERTIES VELOCITIES
TRIAXIAL HYDROSTATIC UNIAXTAL
COMPRESSION | COMPRESSION STRAIN
MEBP1 X X X X X
MEBQ?2 X X X X X
MESP4 X X
MESQS5 X X X X
ME8P6 X X
MESQ7 X
MEB28 X
ME8S-11 X X X
MES-11(R X X X X X

(Field Cast
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Figure 12.
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VERIFICATION OF FIELD GROUT MIXTURES

An added precaution, and one that has been standard procedure for past
events, is periodic sampling of the grout mixes that are actually implaced
in the tunnels. This was especially necessary for the structures grout
where the properties were of upmost importance.

Selected samples obtained from batches of the field cast MEE-11 qgrout
were tested by WES and TTI. The test results are shown in Figure 14 and |
15 during the aaging process and in Fiqure 16 for grout tests conducted
close to shot day. Table 7 summarizes selected properties on these field

cast mixtures.

The finalized mixture contained; Portland cement, expansive cement,
flyash, Barite, Bentonite, pumice sand, fine silica sand, water reducing-
retarder admixture and water. The water-cementitious ratio by weight was

1.4. The theoretical unit weight and theoretical cementitious content

were 125.9 pounds per cubic feet and 5.0 bags per cubic yard, respectively.
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PHYSICAL PROPERTIES, ULTRASONIC VELOCITI
COMPACTION ON SEVERAL FIELD CAST

T

BLE 7
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{DAXSE | s WEIGHT VoIDS COMP
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DISCUSSION AND CONCLUSIONS

The mechanical and physical properties of the tuff in the structures
area are well documented. The structures tuff, as compared to the typical
ash fall tuff in Area 12, has about twice the shear strength with densities
and sound speeds 10 to 20 percent higher, porosities and water contents 10
to 20 percent lower and air void contents approximately the same. The
scatter in the material properties is typical of tuff.

Once the tuff properties had been established, the development of a
matching arout required several major considerations. The shear ctrenqth
of the grout was of utmost importance, not only unconfined, but as a func-
tion of confining pressure (failure envelope). Grout mixtures with high
porosity and saturation are much less pressure dependent than tuff. This
behavior is primarily a function of the pore pressure and the resulting
effective stress. The most obvious means to increase the pressure depen-
cence of the grout shear strength was to decrease the water content of the
agrout. Lowering the water content and reproportioning with various types
of mixture constituents not only assisted in matchina the shape of the
tuff failure envelope but also in producing the overall increase in the
shear strength needed. However, with this decrease in water and increase
in shear strength, the pumpability of the grout was lowered. It should
be obvious that with this dependence of properties on one another, the
development required considerable effort and a number of changes in the
grout constituents.

Aside from predicting what mixture changes were necessary to produce

the desired results, the aging history of each test batch was important.

Time, temperature and humidity all add an important factor to the




properties. Grout implaced in essentially a 100 percent humidity environ-
ment can develop a considerable temperature rise over a period of time.
Also, the arout would be implaced weeks or months prior to test execution.
Obviously, to have simulated these exact conditions on the development
grouts would require a prohibitive test program time. Therefore, prior
experience and knowledge of the aging characteristics were utilized to a
considerable degree in this grout program. As an example, note the differ-
ences in the unia-ial strain test response of the ME8-11 grout as tested

by WES and Terra Tek, Fiqure B15. The WES data was generated from samples
which had been at elevated temperature and 100 percent humidity for 7 days.
This aging history is approximately equivalent to 28 days of curing at room
temperature while maintaining the water content constant. The Terra Tek
tests were on 14 day age room temperature cured samples. The WES samples
(7 day accelerated) produced about twice the shear strenath and a much dif-
ferent stress-strain response than the Terra Tek samples (14 day room temp-
erature).

In summary, the development of a grout to match select properties of
the tuff was very successful. The ME8-11 grout mixture matches very close-
ly the shape of the tuff failure surface, the as-received density, the
sound speed, porosity and the water content. The air void content of the
grout is slightly higher but will not be a problem because of the relative-
ly thin layer of agrout.

Concerning the absolute maanitude of the grout shear strength, it was
the general consensus of the persons responsible for the structures experi-
ments, that in consideration of the tuff material scatter, they would prefer
to have the grout strenath on the low side rather than the high side of the

"representative" tuff strenagth. The ME8-11 grout mixture is therefore ex-

pected to peak out at a strenath lower than the "representative" tuff strenath.
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APPENDIX A

Mechanical Test Results on Ul2n.10 UG#4,

UG#6a, 1SS#5 and ISS#7 Core Samples.




Fiqure Al.

Hydrostatic Compression Results on

Ul2n.10 UG#6a Core Samples (WES).
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Mechanical Test Resuits on Mighty Epic Grout Mixtures
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Terralek

June 2, 1976

Mr. J. W. LaComb
Defense Nuclear Agency
Nevada Test Site
Mercury, NV 89023

Dear Joe:

Properties have been measured on core samples from Ul2n.10 MH#2 (90') and
Ul2n.10 MH#3 (48', 51', 54', 57') interface drill holes. Physical proper-
ties and ultrasonic velocities were obtained on all samples while limited
mechanical data was produced.

Attached are photographs showing the tuff sample from MH#3 at 48 feet, a
combination tuff and rubble at 51 and 54 feet and a more competent palezoic
material at 57 feet. The MH#2 90 foot sample shown appears to be from the
same region of the interface as the MH#3 51 and 54 foot samples.

The table following the photographs 1ists the physical properties and ultra-
sonic velocities of the samples. As noted by the data along a 2 inch length
of the 90 foot sample, there is a considerable amount of variation in the
interface region. The actual insitu physical properties would obviously
require knowing the percentage of each type of material in the whole; al-
though the material from 48' thru 57' does, in general, show higher densities,
lower water contents and higher ultrasonic velocities than the Mighty Epic
tunnel bed tuff.

Triaxial compression tests were conducted, with Timited success, at confining
pressures of 0.1 and 0.5 KB. The attached data indicates that the tuff sample
(48') showed only slightly higher shear strength than the average tunnel bed

tuff while the sample at 51 foot showed a shear strength within the lTower bound

of the tunnel bed tuff. Two tests were conducted on the 54 foot sample, both

at a confining pressure of 0.5 kilobars, to determine the effect of the inhomo-

geneities in the material. One sample contained a number of rubble fragments

on the order of 1 to 3 centimeters in diameter while the other sample contained
fragments no greater than 1 centimeter in diameter. The former sample produced

a maximum failure stress of 0.25 kilobars while the latter sample produced a

maximum failure stress of 1.07 kilobars. This amount of variation is not at all

unreasonable for the type of sample being tested. The 57 foot sample produced

a maximum failure stress of 1.04 kilobars which would have, in all probability,
been much higher had it not failed along the bedding plane shown in the earlier

photograph. The 90 foot sample from MH#2 was noticeably weaker, but again,

seemed to be a result of the size and orientation of the rubble fragments in the

test sample.
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Mr. J. W. LaComb
June 2, 1976
page 2

Preliminary direct shear test results on MH#2 - 84', MH#3 - 47' and MH#3 - 52'
indicate shear strenqths of 0.117 KB, 0.133 KB and .069 KB, respectively. The
normal stress was constant at 0.069 kilobars. The coefficient of sliding fric-
tion was difficult to obtain as the initial fracture was not entirely in the
shearing plane and continued fracturing occurred as the displacement increased.
The data suggests, however, a coefficient of sliding friction on the order of
0.6 to 0.7. Photographs of the direct shear test samples are attached.

Sincerely,

Scott W. Butters
Engineering Supervisor

SWB/jlg
Enclosures

cc: Mighty Epic Distribution

.,
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DRILL HOLE DENSITY (gm/cc) WATER | POROSITY [SATURATION| cALC MEAS VELOCITY
BY WET AIR PERMANENT (ft/sec)
FOOTAGE (%) (%)
AS- WEIGHT & ; VOIDS COMP.
RECEIVED | DRY GRAIN (%) (%) (%) LONG SHEAR
-
anple A 1 1.8¢ 7 V2.2 30 88 3.8 --
le B 2 1.97 1 11.9 33 7 7 -
.47 - - -- -- -- -- 1 260
é : 4 56 11.0 25 93 - 67
1 of 05 6. 19 a5 :
54" 14 26 7i. 3 86 -
l 31 “ d
e — T T T T B
i L £ TRKAX'AL COMPRESSION
o T2 UI2n10 INTERFACE SAMPLES
| o
| o
:‘ 2 NO.  FOOTAGE  93,kbas
I . MH® 2 90 0.5
0 2. MH# 3 48 0.
b 3. MH& 3 48 0.5
g*,x 4. MH®E3 S5 0%
=0l 5. MH® 3 54'A 0.5
& j 6. MHz 3 S4B 08°
s e ,7. MHe 3 57 05
{ o
\ (J‘v 3 -
MAXIMUM FAILURE
- /7 STRESS (0, - o3 )
J.O.B / WAS .07 KB; NO
B ERSE STRAIN DATA
NO TRANSVERS
STRAIN DATA AL
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— S
eyl th i B
{ I 4 - / i
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Terralek

May 17, 1976

Mr. Phil Coleman

Systems, Science & Software
P.0. Box 1620

La Jolla, CA 92037

Dear Mr. Coleman:
The following table lists the true susceptibilities as calculated from the
apparent susceptibilities (Ka) for each of the footages from Ul12n.10 MH#2 and
MH#3. The true susceptibilities were determined using Vc as the volume of
powdered material, M as the mass of the material and Da as the calculated
apparent density. The true susceptibility (Km) was then calculated as:

Km = (Dm/Da) X Ka
where Dm is the true material density.

TRUE SUSCEPTIBILITY DETERMINATION

As-Received Powdered Material -6 6
Sample I.D. | Density, Dm,gm/cc| Vc(cc)[ M(gm) [ Da,gm/cc |Ka,10 “emu | Km,10 “emu
MH#2 52.5' 1.61 93.0 97.9 1.05 285 437
MH#2 82.4' 7 d Lt 905 [ 1115 1..23 576 988
MH#2 95.3' 2465 90.0 | 143.6 1.60 412 682
MH#2 128.2' 2.64 92.0 | 144.0 TEes 605 1017
MH#3 42.2' 1.73 47.0 49.9 1.06 114 186
MH#3 56.4' 2.16 92.5 | 127.9 1.38 343 537
MH#3 65.55"' 2.80 87.0 | 125.3 1.44 106 206
MH#3 80.0" 2.82 93.0 | 130.3 1.40 166 334

Enclosed are copies of the susceptibility procedures and the susceptilibity
machine description.

Sincerely,
r/_) :
/‘g ac? o

Richard K. Dropek
Research Engineer

RDK/jlg
Enclosures

cc: Joe LaComb
Scott Butters
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DRILL HOLE DENSITY (gm/cc) WATER | POROSITY |[SATURATION| CALC. MEAS. VELOCITY (ft/sec)
BY WET (%) (%) AIR PERMANENT
DIST DIST
FROM FROM AS- WEIGHT VOIDS COMP
COLLAR W.P. RECEIVED| DRY GRAIN (%) (%) (%) LONG SHEAR
U12n 10 UG#S
23 1.86 k53 2.47 17.6 37 89 3.9 1.4 4,450
53" 1.92 1.59 2.40 17.4 34 98 0.4 1.0 5,010
n' 1.94 1.62 2.48 16.7 35 94 2.1 ¥ 5,550
83’ 1.91 1.63 2.40 150 32 89 3.6 4,980
126' 1.95 1.66 2.41 14.8 31 93 2.8 1.8 8,740
181" 2.04 1.80 2.42 11.4 26 91 2.3 2.6 12,550
224" 1.82 1.52 2.26 16.6 33 93 2.4 1.0 11,800 k
273" 1.95 165 2.4 15.3 32 93 2.2 ) 8,380 4,0"
327! 1.88 1.52 2.43 19.3 37 97 1 2.0 9,740 5.0z
378’ 1.93 1.61 2.40 16.5 33 97 Fal LS 10,540 5,780
422' 1.94 1.61 2.51 17.4 36 94 2.1 1.4 10,020 4,650
474" 1.95 .63 2.46 16.6 34 96 1.4 Q7 Q,350 4,610
522" 2.00 1.69 2.50 15.9 33 97 0.8 P 10,430 5,360
573" 1.98 1.66 2.59 15.9 35 a1 Zj) Tsd 11,000 5,490
626" 1.98 1.67 2.55 15.6 4 90 3:5 )= 12,600 6,380
674" 2137 1.87 2.59 12.8 28 97 0.8 0.9 10,780 5,050
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March 30, 1976

Mr. J. W. LaComb
Defense Nuclear Agency
Nevada Test Site
Mercury, NV 89023

Dear Joe:

We have completed the triaxial compression tests on the Ul12n.10 ISS drill
hole samples. The apparent Young's Moduli and Poisson's ratios have been
scaled from the slopes of the stress-strain curves and are listed in the
attached table. The individual stress-strain curves and the physical pro-
perties are also attached.

The data indicates a consistent increase in the Young's Moduli with increas-
ing confining pressure. The Poisson's ratios listed for the unconfined com-
pression tests (o3 = 0) were obtained by using the "linear portion" of the
stress difference-axial strain curve. The "foot" that was not scaled on
these curves would have produced much lower Poisson's ratios -- on the order
of 0.05 to 0.10. The Poisson's ratios at the two confining pressure levels
appear consistently between 0.20 and 0.25 regardless of the value of Young's
Moduli.

Please call if you have any questions concerning the data.

Sincerely,

.89

Scott W. Butters
Engineering Supervisor

SWB/jlg

Enclosures

c¢c:  Bill Ellis, USGS




ELASTIC MODULI FROM

TRIAXIAL COMPRESSION TESTS |
CONFINING YOUNG'S POISSON'S ;
SAMPLE PRESSURE MODULUS RATIO ;
5+, BARS £,KB v |
U12n.10 ISS#1 23 0 28 0.32 ‘
34 48 0.24
69 49 0.24
U12n.10 1SS#3 21" 0 27 0.40 1
34 44 0.27 %
69 37 0.23 ;
U12n.10 ISS#5 5' 0 47 0.26
34 54 0.22
69 42 0.25
U12n.10 1SS#6 28' 0 130 0.25
34 150 0.23
69 160 0.23
Ul2n.10 ISS#7 17° 0 54 0.32 :
34 75 022 :
69 95 0.23 4
U12n.10 1SS#8 12! 0 64 0.15
34 70 0.20
69 80 0.23
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MING BLADE EVENT

Miscellaneous Core Sample Properties

Investigation of the Effect of Fracturing on the Ultrasonic
Velocities in Ash-Fall Tuff

Nevada Test Site “Two-In-One Concept" Evaluation: Comparison of Preshot
and Postshot Material Properties

Determination of the Angle-of-Internal Friction
for NTS Tuffs

Water Extraction from Nevada
Test Site Tuffs

Hydrostatic Response of a Water Saturated Sand

Laboratory Determination of the Elastic Modulus of
Stress-Relief Qvercores

Specific Moisture Retention of Nevada
Test Site Tuffs
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DRILL HOLE DENSITY (gm/cc) WATER | POROSITY |SATURATION| CALC MEAS. VELOCITY
FOOTAGE BY WET (%) (%) AR |PERMANENT (f1/3ec)
AS- WEIGHT VvOIDS COMP.
RECEIVED | DRY GRAIN (%) (%) (%) LONG SHEAR
U'2n.08 RE=#1
13 1.90 57 .40 | o 34 35 1.¢ 1.1 12106 6696
)7 1.80 1.41 ) 40 21 41 35 2.2 8711 3681
51 1.96 1.65 a7 16.1 33 95 1.8 2.4 10646 4993
75 1.85 1.46 2.44 2 40 97 Wi 3665 4829
98 1.8 1.4¢€ 46 21.2 N a¢ ] 5 9259 4541
123 1.71 a7 36 25.9 46 96 L 96 36 4288
151 .90 5] 4¢ 20.4 39 99 0.4 1 9698 440
174 ¥. 1.4 2. 43 91 3.4 786 760
196 1.79 3 2.4 4 a4 99 0.8 1.0 8990 442¢
)7 Q¢ 1.50 44 19 39 ag 1.8 10338 5292
Ak ) 216 4; 94 25 V) 3160 1976
1.3 47 > 16 45 87 5.6 7208 2930
301 .88 A6 20 59 98 0. 2.5 12536 £9F9
326 1.4¢ .44 19.5 40 19 4.4 7956 3179
360 1.94 1.6 2.40 16.3 32 98 O 1.5 10633 5433
378 Y 1 84 2.37 10.3 23 94 1.4 12595 6975
399 1.90 1.49 .52 21.4 4l 99 0.4 1.8 8304 3481
414 2.05 1.83 2.38 10 23 96 1.2 1188( 7011
531 1.90 1.54 2.48 18.9 38 95 1.9 13 9715 4679




T T 5 =1 T T
2n 08 KRE @
INIA <
VAXIAL STRAIN a2 3
NQ FQQTAGE
3
- 5
3 98
. 5
S 4
a
o
w
W
o
> 4
=
1
>
@
o
Z
pd —
(S 4
w
>
1 1
; 3 4 C ‘ 7
VOLUME CHANGE. &Y %
\'o
i
i
|
{
i
T Y T W R e e i
jI2n 08 RE® |
al INIAXIAL STRAIN '
NO.  FQOTAGE §
5 96 |
1% 6 248 E
2 7 30!
>

NORMAL STRESS, Pm,
™

ME AN

Vi 1 V-
(] | E 3 4 5 6 4

VOLUME CHANGE , %! %
%




T i \ e T T
ui2n 08 RE #|
UNIAXIAL STRAIN 108 9
At -~
NO FOOTAGE
8 160
9. 399
) 531
\l
0
x 3 -4
=
a
w
w
i
a
A 1
a
3
a
o
F4
7
a | 7]
w
b3
0 1 / 1 1 =) 1
o ) > 3 a4 5 © 7
VOLUME CHANGE , &Y, %
v
15 =T T T L
Ui2n 08 RE#
UNIAXIAL STRAIN
NQ.  FOQQOTAGE
& 13
2 51
= 3 98
b 4 LYl J
)
b o
[
(S}
z
w
@
w
W I
s
o
t,,n 05 2 —
o 3
W a
-
©

pd

L
O I 2 3 4
CONFINING PRESSURE, 71 . kbars

230

Ro— S
R L T T




. kbars

T -,

STRESS DIFFERENCE ,

STRESS DIFFERENCE , ©

T T T P T
Ui2n 08 RE#I
INIAXIAL STRAIN
NO  FQOTAGE
& 196
¢ 248
7 3
(KON = B
4
0S5k =)
5
6
(o] 1 1 1
0 I 2 3 a
CONFINING  PRESSURE, oy, kbars
S T T T T
uli2n 08 RE#|
UNIAXIAL STRAIN
NOQ FQOTAGE
8 36C
3 399
0 531
10 |- ~
8
0S5} =
P 2.
9
0 Jie 1 1
(0] | (- 3 4
g CONFINING  PRESSURE , @3 , kbars

231




DRILL HOLE DENSITY (gm/cc) WATER POROSITY |SATURATION CALC MEAS. VELOCITY
BY WET & 5 AR [PERMANENT (ft/sec)
FOOTAGE %) (%)
AS- WEIGHT i - VOIDS COMP.
RECEIVED [ DRY GRAIN %) %) ) LONG SHEAR
12n.08 RE=
14 1.88 1.52 2.3 19.4 38 97 1.3 0.9 8123 3130
; 1.92 1.57 2.42 18.1 35 99 0.4 1.0 9406 3760
A7 1.9¢ 1.66 2.43 15.7 32 97 0.9 0.9 10476 5233
1.92 1.57 2.47 18.3 37 96 .3 2.0 8734 5610
101 1.96 il 2.55 17.6 37 94 2.2 1.3 8445 3201
13; 1.95 1.62 2.46 16.9 34 96 1.1 0.9 8422 3520
1.83 1.44 2.49 21.3 42 93 3.0 1.0
180 .86 1.48 2.44 20.2 39 96 1.6 15 7861 2920
19 1. Bf 1.48 2.54 216 42 7 T2 12 8694 5748
3 1.92 1.56 45 18.9 36 99 0.3 1.1 8189 4688
250 1.87 .51 2.45 19.0 38 92 2.9 1.3 7713 4206
271 1.85 1.4 2.44 20.8 40 97 1.4 1.5 3717 1841
291 1.87 .52 2.46 18.8 38 92 2.9 1.1 6529 3688

232




r T = TP ey A
Ui2n 08 RE #2
‘ UNIAXIAL STRAIN 3 %2 4
k NO  FOOTAGE |
| 14
2 25 '
3 47
» 4 72 ; |
2 5 101 /', 1
x
3 1
. I // |
= / |
a
|
W
0
w
@
=
2»
J |
g
o
z
z
o
= I :
/ !
*L‘_,..L LR J
(o] | 2 ) 4 5 6 T
VOLUME CHANGE, AV, %
Vo
T W T 1 I T
Ui2n.08 RE #2
Al UNIAXIAL  STRAIN e
NQ. FOOTAGE
6 132
T 154
8 182
9 198
v
s 0. 223
23

Pm,

STRESS,

N

MEAN NORMAL




BRI e e e e e T
Ul2n. 08 RE #2 J
UNIAXIAL STRAIN
al- 2 n 13 ﬁ
NO  FOOTAGE /
I 250 r
12 273
i3 291
»
<]
Qo
%3 ]
£
a
w
E
2 ~
-l
q
2
@
o
z
z
a
w | -
=
L I Y
o} I 2 3 4 5 6
VOLUME CHANGE, AV, %
1.5 = —T 7 T
Ul2n.08 RE#2
UNIAXIAL STRAIN
NO  FOOTAGE
:’6' | 4
8 2 25
a 3 a7
£ 4 72
6 1.0 s 101 7
b
g
&
W
w
ek -
»
b L
w
@ {
-
»
L 1 L
(o} | 2 3 4 3

CONFINING FPRESSURE, oy, kbars

Lo
>

- S —— - ——— -
W v A A e




15— e R R | Ty “*—‘]
UI2n.08 RE #2 ‘
UNIAXIAL STRAIN
NO  FOOTAGE
0 6 132
5 7. 154
< & 180
! 9 198
&0 fe} 223
t‘)..
W
Q
>
w
@
rd
w
)
m0.5"
# :
_ — 9
5 8
10
Z "
e T T X EF
(0} i 2 3 4
CONFINING PRESSURE, ay, kbars
15 T =i T T
Ui2n.08 RE #2
UNIAXIAL STRAIN
NO  FOOTAGE
o 2%
® 2 23
§ 13 291
1.0
&
=
w
o
Z
W
@
&
Las)
@ "
»
. 12
T L m 1&3
(o] | 2 3 4
CONFINING PRESSURE, oy, kbars

S




Y

pisp—

ey
7/‘5&56/14/6 //) j& ?A an# - F/MES

[ B

INVESTIGATION OF THE EFFECT OF FRACTURING

ON THE ULTRASONIC VELOCITIES IN ASH-FALL TUFF

by

R. Lingle
R. S. Rosso
L. M. Buchholdt

May 1975

Terra Tek, Inc.
University Research Park
420 Wakara Way
Salt Lake City, Utah 84108

TR 75-20

237




SUMMARY

The effect of fracturing on ultrasonic velocities in rock have been
investigated. The material was an ash-fall tuff taken from the Nevada
Test Site, Area 12. Fractures were generated in uniaxial load (compression)
tests and direct shear tests. Both test techniques are described, as well
as the means of determining the ultrasonic velocities. The results, in
general, show the same trend as reported in other types of rock; i.e., a
decrease in both the P-wave (longitudinal) and S-wave (shear) velocities
resulting from fracture. The maximum change observed for the P-wave was

v 25 percent, and v 10 percent for the S-wave.
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INTRODUCTION

The effect of fractures on the ultrasonic velocities in a variety of
rocks has been studied. For example, Gupta (1973) performed P-wave (longi-
tudinal) and S-wave (shear) velocity measu ements on Indiana limestone;
Matsushima (1960) measured the P-wave velocity on Kitashirakawa biotite
granite as it was being fractured; and Peselnick, et al. (1975) reported
the change in the P-wave velocity in powdered granite as it was being
sheared. These results all showed the same trend: a decrease in velocity
in the fractured material.

The objective of this study was to determine the effects of fracture on
the acoustic velocities in ash-fall tuff to explain the reduction in seismic
velocities with time noted in the pillars at underground locations. The
samples were obtained from cores from Area 12 at the Nevada Test Site. Frac-
tures were generated in the samples by uniaxial (compression) loading and
direct shearing. Both test techniques are discussed in this report. The
results obtained on the ash-fall tuff show the same general decrease in
velocities with fracture as reported in other rocks.

The method of measuring the velocities is presented in Appendix A. Both
the P-wave and S-wave velocities were measured during the direct shear test;
only the P-wave velocity was obtained in the uniaxial load test. When both
P-wave and S-wave velocities are obtained, the elastic moduli and Poisscn's
ratic can be calculated. A computer print-out of these moduli is included

in Appendix B.
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SAMPLE PREPARATION

The ash-fall tuff samples were all nominally 1 7/8 inch diameter cores
taken from Area 12. They were saw-cut to length and the ends ground parallel
to witnin two-thousandths of an inch. The compression test sample was 4
inches long; those used in the shear test were approximately 2 1/4 inches
long. Samples with a variety of bulk densities were selected for the direct
shear test. All samples were maintained in the as-received saturated con-
dition. The physical properties of the material used in all tests are listed

in Table I.
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FRACTURE BY UNIAXIAL COMPRESSION

The technique for determining ultrasonic velocities during uniaxial
compression tests is illustrated in Figure 1. The ultrasonic transducers
(500 KHz, PZT-5) are recessed in the end caps through which the load is
applied. The propagation direction of the wave is parallel to the load-
ing direction. Figure 2 shows a sample fractured by uniaxial compression.
It is obvious from this photograph that the propagation path of the ultra-
sonic wave crosses the fracture plane at a high angle. Even though this
one test showed a change in the P-wave velocity greater than 20 percent
(Figure 3), this method of producing a fracture was abandoned in favor of
the direct shear technique for the following reasons:

° Inability to independently control Toad normal to fracture.

e Inability to measure normal and shear displacements without prior

knowledge of the fracture plane.

° Inability to predict azimuth of the fracture plane.
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FRACTURE BY DIRECT SHEAR LOAD

The technique used to fracture samples by the application of a direct
shear load is shown in schematic form in Figure 4. Figure 5 is a photograph
of the test machine with a sample mounted in place.

The ultrasonic transducers (500 KHz, PZT-5) are bonded to the sample,

one set for the P-wave and one set for the S-wave. The displacement trans-

ducer mounting rings, shown in Figure 6, are secured to the rock with epoxy
glue. The sample is held in the shear boxes with hydrostone grout. The true
horizontal displacement is obtained by taking the difference in the displace-
ment of the average response for the two transducers mounted to the rings
on either side of the sample. To help insure that fracture occurs in the zone
between the rings, the sample is notched by a shallow saw cut around the
circumference. Figure 6 shows a sample that has been sheared. The test
machine shown in Figure 5 is capable of applying a normal force of 120,000
pounds and a shear force of 20,000 pounds. Both actuators are servocon-
trolled, with displacement feedback for the shear load and load feedback
for the normal load.

A1l loads and displacements are recorded and stored digitally in a
PUP-11 multi-user data acquisition system. Computer programs have been

written to correct for transducer nonlinearities.
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Figure 6.

Tuff Sample in Shear Box After Being Sheared




TEST RESULTS AND CONCLUSIONS

A total of six samples were fractured by the application of a direct
shear load. The P-wave and S-wave velocities versus in plane horizontal
displacement are shown in Figures 7 through 12. All tests were run with
a normal (axial) load of 1000 psi, with the exception of the test shown in
Figure 8 wnere the load was 500 psi.

In Figures 8, 9 and 10 the vertical displacement (displacement in the
plane of the axial stress) is plotted along with the velocities. These
results clearly show the opening up of the fracture zone (dilation) and the
corresponding decrease in velocities.

In two of the tests, Figures 7 and 11, the P-wave signals were lost
before the samples fractured. This was attributed to the loss of trans-
ducer to sample bond because of the shear stress applied directly to the
transducer through the hydrostone. In all subsequent tests the transducers
were isolated from the hydrostone by a thin layer of soft rubber.

In all tests, where the ultrasonic signal was maintained, the P-wave
and S-wave both showed a decrease in velocity upon the onset of fracture.
The overall change in the P-wave velocity, in most cases, exceeded the chang
in the S-wave; the maximum drop was 25 percent for the P-wave compared to
10 percent for the shear wave. This suggests that a measure of the change
in P-wave velocity would be the most sensitive indication of fracture. How-
ever, some of the data also suggests that a measure of the change in the
S-wave velocity might be a better early indicator of fracture, because several
tests show a decline in S-wave velocities in advance of the change in the
P-wave velocities.

The test on the sample with the Towest bulk density (Fiqure 1. howed

very little change in velocities as it was sheared. This implies that




Figure 6.

Tuff Sample in Shear Box After

Being

Sheared




TEST RESULTS AND CONCLUSIONS

A total of six samples were fractured by the application of a direct
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corresponding decrease in velocities.

In two of the tests, Figures 7 and 11, the P-wave signals were lost
before the samples fractured. This was attributed to the loss of trans-
ducer to sample bond because of the shear stress applied directly to the
transducer through the hydrostone. In all subsequent tests the transducers
were isolated from the hydrostone by a thin layer of soft rubber.

In all tests, where the ultrasonic signal was maintained, the P-wave
and S-wave both showed a decrease in velocity upon the onset of fracture.
The overall change in the P-wave velocity, in most cases, exceeded the change
in the S-wave; the maximum drop was 25 percent for the P-wave compared to
10 percent for the shear wave. This suggests that a measure of the change
in P-wave velocity would be the most sensitive indication of fracture. How-
ever, some of the data also suggests that a measure of the change in the
S-wave velocity might be a better early indicator of fracture, because several
tests show a decline in S-wave velocities in advance of the change i1n the
P-wave velocities.

The test on the sample with the Towest bulk density (Figure 12) showed

very little change in velocities as it was sheared. This implies that the




use of ultrasonics as a tool to detect an increase in fracture density

might be limited to those zones in the ash-7all tuff where the material i
fairly competent.

Another point that should be made is the usual increase in the velo-
cities of the material with the application of the axial load. In the case
of the low density sample (Figure 12) the change in the P-wave velocity on

application of normal load is greater than 9 percent due to pronounced com-

paction. This indicates a need to simulate '+ = ’':. pressures during labora-

tory measurement on extremely low density material.
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ULTRASONIC VELOCITY MEASUREMENT TECHNIQUE

The technique used to measure the ultrasonic velocities is the
“Through Transmission System" shown in biock diagram form in Figure Al.
Figure A2 shows the equipment that is used. This is an adaptation of the
technique introduced by Mattaboni and Schreiber [1965]. The main advantage
of this technique is the ability to measure small elapsed times to a high
degree of accuracy. The time measurement is derived from the frequency of
a very stable frequency synthesizer (stability ¢ 1 part in 107/mo, accuracy

.001%).

The signal through the specimen is viewed on the oscilloscope, alter-
nately with the signal from the variable frequency synthesizer after it has
passed through a shaper. The shape of the latter is adjusted for an exact
match of the first arrival of the wave through the specimen. The pulse that
excites the transmitting transducer is next viewed and its shape matched to
that of the shaped signal from the freguency synthesizer (comparison wave).
Once the shapes are all the same, the frequency of the synthesizer is adjusted
for an exact number of cycles between the transmitted signal and the signal
through the specimen. The transit time of the ultrasonic wave through the
material is obtained by dividing the cycles by the frequency. A photograph
of an oscilloscope display is shown in Figure A3. The Tower trace is the
comparison wave matched to the signal through a specimen. The upper trace
shows the initial signal matched to the comparison wave. In this example
there were twelve cycles of comparison wave between the initial signal and
the signal through the specimen. The frequency synthesizer setting was
.3542 MHz, the elapsed time was therefore 33.879 usec. To obtain the velo-

city of the acoustic wave in the specimen it is necessary to divide the path
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length by the elapsed time. Because of the difference in the inherent
delay in the electrical and acoustic paths, it is necessary to determine
the correction using a reference sample.

The binary divider is required in order to operate the pulse generator
at a repetition rate that allows all of the ultrasonic wave energy to dis-
sipate between pulses. This requires the oscilloscope to be triggered from

the pulse generator in order to maintain the proper display.
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Figure A2. Equipment Used to Make Ultrasonic Velocity Measurements.

Amplifier 5 - Attenuator & Pulse Shap
Pulse Generator 6 - Specimen Holder
Frequency Synthesizer 7 - Oscilloscope

Pulse Shaper & Binary Divider

i
m

1
2
S5
4

i

Figure A3.

)scilloscope display showing the comparison wave and the signal through a
y L | J> P 4 " o SR . s " PR - = 0 1
ecimen in the lower trace and the comparison wave and the initial signal

in the upper trace.
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SUMMARY

Material properties were evaluated for tuff cores retrieved both prior
and after nuclear events at the Nevada Test Site. Core locations ranged
for radial distances of 0 to 500 feet from the working points. Some per-
manent material properties changes were suggested. These chanaes, however,
were insufficient to change site evaluation with respect to containment.
Based on the //m’7cod data, further analysis of the "two-in-one-concept" is

warranted.
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INTRODUCTION

There is continual need for reducing underground nuclear test costs.
Among the major cost reductions proposed is a concept of using common
line-of-site pipe equipment for two or more nuclear events (referred to as

the "two-in-one-concept"). The chosen confiquration would insure contain-

ment of both events and optimize common equipment usage such as cable alcoves,
gas seal doors, etc. The most logical tunnel layout is one in which the
second nuclear event is placed several hundred feet in the portal direction
from the first nuclear event.

M

Since nuclear containment is a major consideration in the Rainier Mesa,
the first step in evaluating this "two-in-one-concept" is to insure, in

the early stages of planning, containment of the second event. Previous
site evaluaters have asked the question1 -- "What are the media properties
and conditions near the proposed working point?" It is now necessary to

ask "What are the media properties and conditions near the site of a pre-

viously executed event?" This latter question prompted the present work.

Media Properties Near Previous Nuclear Events:

A review of part nuclear stress histories, Figure 1, (note: the "range"
axis in Figure 1 is not meters -- peak Stress is only obtainable knowing the
kiloton magnitude of the event) indicated that 150 meters (500 feet) was
the maximum distance that any relevant media changes could be expected.
Imaginary 150 meter radius spheres were therefore placed around each of
four past working points -- Ul2n.05, Ul2e.14, U12n.07 and U12n.08 -- and
all preshot and postshot core sample data within these spheres were

gathered for analysis.
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Material properties for the four events were determined primarily by
Terra Tek with some properties obtained by Holmes and Narver, United States
Geoloaical Survey (Special Projects Branch, Denver, Colorado) and Nevada
Testing Laboratories. Mr. Cl1iff Snow4 accumulated all of the preshot data
from previous containment packages; postshot data was available in Terra
Tek reports.

Selection of the materi:1 properties to be included in the comparisons
was based on past containment evaluation. Experience indicated a combina-
tion of material properties was required, these being:

-- as-received density

-- dry density

-- grain density

-- total porosity

-- water content

-- saturation

-- calculated air void content

-- ultrasonic longitudinal velocity

-- ultrasonic shear velocity

-- permanent compaction from hydrostatic compression tests to
4 kilobars

-- permanent compaction from uniaxial strain tests to 4 kilobars
confining pressure

-- stress difference at 4 kilobars confining pressure during
uniaxial strain loading




DATA

Data, both preshot and postshot, were obtained on cores from horizontal
ind vertical drill holes in areas Ul2n.05, Ul2e.14, Ul2n.08 and Ul2n.07.

Table 1 contains a full listing of the drill holes.

TABLE 1

Drill Holes From Which Core Sample Data Was Retrieved

( Ul2n.05 Area UlZe.14 Area

Ul2n.05 UG #la Ul2e.14 UG#1la
Ul2n.05 Pipe Drift Samples Ul2e.14 UG#2
Ul2n.05 Bypass Drift Samples Ul2e.14 UG#2a
U12n.05 UG#1 Ul2e.14 UG#3
Ul2n.05 UG#2 Ul2e.14 UG#4
Ul2n.05 UG#4 Ul2e.14 UG#5
Ul2n.05 UG# Ul2e.14 UG#6
Ul2n.05 UG#6 Ul2e.14 UG#7
Ul2n.05 UG#7 UlZ2e.14 UG=8
U12n.10 UG#1 (postshot) Ul2e.14 UG#9

Ul2e.14 UG#11

Ul2e.14 RE#1 (postshot)
Ul2e.14 RE#2 (postshot)
Ul2e.14 RE#4 (postshot)

U12n.08 UG#9

112n.08 UG#9a U12n.07 Area
U12n.08 UG#10 Ul2n.07 UG#1
Ul2n.08 UG#11 U12n.07 UG#2
U12n.08 Gauge hole Y-2 Ul2n.07 UG#3
UE12n #2 Ui2n.07 UG#8
U12n.08 RE#1 (postshot) U12n.07 UG#9

Ul12n.08 RE#2 (postshot) U12n.07 UG#12 (postshot)




Cateqorization:

Cores were initially cateqgorized by straight-line distance to the work-
ing point. They were further grouped according to geoloaic layers, desia-
nated by units and sub-units such as 3A, 3BC, 4AB, 4CDE, 4J, etc. Three
basic "rock types", namely ash-fall tuff, reworked tuff and tuffaceous
sandstone exist within these units and sub-units. Each individual core

sample was, therefore, assigned a "rock unit" and "rock type".

Comparisons :

The core sample designations, working point distances, material pro-
perties, litholoay and test laboratory codes were stored in the Terra Tek
Digital PDP LAB-11 computer. Figure 2 shows a portion of the computer data
with explanations for each column. The entire list of data is not included
in this report but is available upon request.

Once the data was categorized, computer programs were written to screen
and output the data. In this way, individual plots could be made for selected
material properties (i.e., as-received density, water content, etc.) versus
the radial distance from the working point, with distinction between pre-
shot (diamonds) and postshot (crosses). Radial intervals could be varied
in order to review the plots in detail. Further subdivision to reflect the
various rock units and rock types was also possible.

An example of these data plots is shown in Fiaure 3. The as-received
density has been plotted as a function of radial distance from the workina
point (0-500 feet). The rock units (4AB, 4CD, etc.) have been combined.

In the three plots, the data has been subdivided into three rock types --
ash-fall tuff (Fiqure 3a), reworked ash-fall tuff (Figure 3b) and tuffaceous

sandstone (Fiaure 3c).
A1l of the material properties listed in Figure 2 are plotted in Figure

3 and in the appended fiqures. Only a portion of the total plots generated

are included.
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DISCUSSION

In reviewing and analyzing the data plots and averaqes, the questions
needed to be answered were "What maanitudes of change are relevant to con-
tainment evaluation?" and "Can these changes be resolved in this analysis?".
The former question was addressed first since the answer would indicate
what to look for in the preshot-postshot comparisons.

ATl of the material properties included in this analysis have been
used as an indicator of the media's ability to contain the nuclear test.
Expected Tow and high values for the media properties are listed in

Table 2.

TABLE 2
Expected Low and High Values for Tough Media Properties

[" Typical, i
Low & High
Rl B R e A T e e
As-received density 1.75-2.0% gm/cc
Dry density 1.40-1.70 gm/cc
Grain density 2.30-2.50 gm/cc
Total porosity 30-40 percent !
Water content by wet weight 15-25 percent ;
Saturation 90-100 percent '
Calculated air void content(by total volume) 0-2 percent
Permanent compaction from hydrostatic 0-2 percent
compression test to 4 kb
Permanent compaction from uniaxial strain 0-2 percent
test to 4 kb Tateral stress
Ultrasonic longitudinal velocity 7500-11,000 ft/sec
Ultrasonic shear velocity 3500-6000 ft/sec
Stress difference at 4 ki]obars_confinjng 0.1-1.0 kilobars
RN et g e e




—

‘1n-ﬁwil--l'lIIH-'ll'I'.lIl-l-l-Ill-l-l-lIl-lll'IIIH-l-lﬂllﬂﬂlll-liﬂ'-ﬂl"

Containment evaluation is based on a combination of the properties.
Example: a core sample showing an as-received density of 1.70 am/cc, which
is out of the expected range, would suggest a hiah porosity. Further test-
ing, however, indicated an ultrasonic longitudinal velocity of 9000 ft/sec,
a high water content and, most importantly, a "permanent volume compaction"
of 1.5 percent by volume. Properties such as as-received density, water
content, and sound velocities (ultrasonic, sonic and seismic) are measured
and reviewed as they often times will indicate the existence of tuff with
a high GFVC. That property -- the GFVC of the in =7+« material -- is
viewed most critical as it has been shown to have a direct affect on con-
tainmentS. The most consistent method to date for an indication of the
GFVC is to conduct a uniaxial strain test and measure the permanent volume
compaction6. The range of acceptable values for the GFVC is from 0 (100
percent saturation) to about 2 percent by volume. The upper limit (2 per-

cent) is simply a rule of thumb7

and GFVC's greater than 2 percent can be
acceptable in view of factors such as lithology, fault zones, volume of
material, relation to working point, etc.

There are over 3500 individual data points in the computer, 70 percent
preshot and 30 percent postshot data. The preshot data is concentrated
in the 0 to 300 foot range while the postshot data is from about 200 to 500
feet. The preshot data, however, need not be a function of the distance
from the working point and can, therefore, be compared to the 200 to 500
foot postshot range. The plots shown in Fiqure 3 (and the appendix) were

produced to allow a review for obvious differences and trends between the

preshot and postshot data as a function of radial distance. The plots give

excellent insight into the data scatter and where to look in more detail.




Physical Property Changes:

As seen in the plots, there is little noticeable difference between
preshot and postshot data. One region, 200 to 200 feet from the working
point, did show some lower than usual as-received densities and higher
than usual porosities. In order to study this range more closely, it was
necessary to eliminate as many variables as possible. That is, for the
detailed comparisons to be meaningful, it was essential that they be made
between samples of the same rock units and rock types.

The computer averaging routine was capable of selecting samples as a
function of rock unit, rock type and radial distance from the working point
with distinction between preshot and postshot. Table 3 shows a number of
averages obtained for studying the 200 to 300 foot range. Note the close-
ness of the preshot to postshot data averages in the ranges 25 to 200 feet
and 300 to 450 feet. In the 200 to 300 foot (bed 4AB) and 250 to 300 foot
(bed 4F) ranges there are differences. The data indicates that even though
the densities are low and paorosities are high in the 200 to 300 foot range,
the gas-filled void content decreased from an average of 2.5 percent to 1.1
percent by volume. It would suggest that void space was created and sub-
sequently filled with water, which is possible, but unlikely. Obviously,

trends and changes need to be based on averages for a larger number of data

points.
i TABLE 3

Selected Preshot and Postishot Material Property Averages

PRESHOT

1=

1649 and Y-2 I

Ashfall 5-200 |1 1.91(16) 37(16) 1.6(16 [ ), 40( 14 1.a
| 44 Ashfall M-300 f| 1.95(4) 3% (4 >.4(4
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Mechanical Property Changes:

Normally strength refers to the triaxial compression shear strength
of samples. There was, however, a lack of available triaxial compression
failure data. Recent observations of the uniaxial strain test stress
difference data indicate that it can be used to give an estimate of the
relative magnitudes of shear Strenqthg. Since there have been quite a
number of uniaxial strain tests conducted, it was this value (stress differ-
ence at 4 kilobars confining pressure) which was included in this analysis.

As shown in Table 3, the postshot material appears to be lower in

strength. However, as shown in Figure 4, it is not uncommon to see large
changes in the material strength of virgin tuff over tens of feet. Addi-
tional data is required before drawing conclusions on the shear strength

of the postshot material. [
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Fiqure 4. Stress difference at 4 kilobars confining pressure
during uniaxial strain testing.




CONCLUSIONS

Regarding trends and changes as a function of distance from the work-
ina point, there was some indication of changes in the 200 to 300 foot range
but these were based on very limited data. Most importantly, the changes
were not of the magnitude which would be detrimental to the containment
of subsequent nuclear events. Isolated postshot sampies appear which show
low densities, low velocities, high gas-filled void contents, etc., but
they are no more prevalent in postshot cores than are seen in preshot
cores.

In more detail, there are indications that the strenath of the tuff

may have been decreased (20 to 50 percent) over the complete range of post-

shot data (~200 through 500 feet). Within the 200 to 300 foot range, some |
postshot data showed lower densities, higher porosities but lower gas-filled
void contents.

[t is recommended that the data base be continuaily upndated to allow
additional comparisons as events are executed. Emphasis should be placed
on sampling. Preshot sampling has previously been concentrated around the

working point (out to 200 to 300 feet) while postshot sampling cannot

usually be closer than 200 feet from the working point. More meaningful
comparisons could be realized if preshot core samples were taken near
expected re-entry hole locations (within distances of feet to eliminate

rock unit and rock type variations).
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PREFACE

Discussions with Joe LaComb, DNA Field Command, and inquiries from
those doing calculations for design for tunnel structures in the tuffs
have lead to consideration of "Angle-of-Internal-Friction Models". That
is, Terra Tek is called upon to provide the angle-of-internal-friction
for the tunnel bed tuffs to be used presumably in a Coulomb model relating
shear stress and normal stress at failure. Intuitive reasoning as well as
data available indicate the ambiguity related to any estimate of angle-of-
internal-friction for the intact tuffs. This brief write-up is an attempt
to clarify the angle-of-internal-friction model for the tuffs and to help

suggest what tests might be most suited to provide an adequate model.
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INTRODUCTION

In compression, granular materials Tike soils fail in shear. From
the stresses at failure, the shear and normal stresses, T and o respec-
tively, can be calculated. Typically for soi]s], shear and normal stresses

at failure are related by

= TR e (1) 1

9]

where {05 and p are constants. T is the so-called cohesion and p the
L5

coefficient of internal friction, or the arc tangent of the angle-of-

internal-friction n. Ideally, granular materials are cohesionless, i.e.

P 0. Similarly for ideally cohesive media the angle-of-internal-

friction is zero. This linear relationship between T and o is equivalent

to
op =acgs+b (2)
and to
op = €03 * b (3)
where a, b and c are constants, o, is the maximum and o5 the Teast compressive

stresses, respectively; oy is the stress difference, o,-03. If (1) is linear
for a particular material, then (2) and (3) will also be linear. These are
standard concepts in soil mechanics, where (1) is called the Coulomb Law. Fig-
ure 1 depicts Equation 1 as the envelope to the Mohr's circles for the ultimate
strength of a rock under different stress states. Individual circles are
derived from the maximum stress (o) and minimum stress (o3) at failure in a
single test. The individual circles are centered at (o; + 03)/2 with radius

(o1 - 03)/2.
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How valid are these ideas for rocks? Is there such a thing as a
coefficient of internal friction (angle-of-internal-friction) for a
rock? We will briefly discuss these questions below and also give some
indication of the role of (a) intermediate principal stress, (b) pore
pressure, (c) initial anisotropy (preexisting fractures), (d) in situ

stress, and (e) effect of measurement technique.

{ RE%G S-%
Rk e
5? i o m
- ’:’1:‘ {,‘(o‘
- :‘.-‘7 28
NORMAL STRESS (o)
Figure 1. Typical Mohr envelope for ultimate strength of rock. Mohr

stress circle with diameter (o, - 03)/2 and center at (o; + 03)/2 gives
values of shear stress, 1, and normal stress, op, on planes inclined at
angles + 2¢ to direction of o,. Mohr envelope tangent to series of
circles from data of triaxial compression tests gives values of cohesive
strength, t©_, from zero normal stress intercept and coefficient of inter-
nal frictioR, tan n, from slope. At tangent points 8 = +45 7 n/2.
Envelope curves toward on-axis, showing that tan n is not necessarily

constant.
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GENERAL APPLICABILITY TO ROCKS

To begin with, failure of rocks is more complicated than failure of
501152’3. Consider the suite of stress-strain curves for Timestone in
Figure 2. At low effective pressures, stress first peaks and then falls to a
lower, or residual value. At the peak stress a fault or fracture is formed;
at the residual stress the two parts of the fault slide on one another. The
residual stress, therefore, is a measure of frictional resistance of the

fault to sliding.

If the peak and residual values for one rock at different confining
pressure are compared (Figure 3) two curves result, one for fracture and
one for frictional-sliding. Here On is the normal stress on the fracture

and is not the principal stress as seen in Figure 1. The results shown

20F
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= ¥

Displacement

Figure 2. The effect of pore-pressure on the brittle-ductile transition in
limestone at a confining pressure of 10 kpsi.2




in Figure 3 indicate that the frictional-sliding shear strength is always
less than or equal to fracture strength (frictional-sliding shear strength
is zero at zero confining pressure).

From Figure 3 the ambiquity of the failure stress for rocks is
apparent. If we take failure to mean the maximum stress which can be
maintained in a particular rock mass, then this maximum will depend on
whether the rock is already fractured or not and the nature of the fracture.
If the rock mass is intact the upper curve in Figure 3 will likely apply
for the initial loading4; if the rock mass is already fractured, then the
failure stress will be lower. It should be noted that slip of large blocks
within a jointed rock mass is probably not represented by the lower curve
since block interaction due to combined sliding on two intersecting inclined
failure planes (joints or faults) complicates the mode of failure 5’6.

The failure curves in Figure 3 have the same general form as the
Coulomb law (Figure 1) but the fracture curve is very nonlinear. Fracture
curves of four other rocks are given in Figure 4 where it can be seen that

they are also decidely nonlinear. The frictional-siiding curves are not

available for these rocks, but for most rocks they are closer to being

linear, as suggested by the lower curve in Figure 3. For frictional-sliding
Byer]ee7 has found the slope u has a relatively small range from about .55
to .65, more or less indepent of mineralogy. Presumably these values are
equivalent to the coefficient of internal friction as defined by the
Coulomb law for soils.

The applicability of the Coulomb law is less clear for intact rock,
jnasmuch as the failure curves for intact rock (Figure 4) are nonlinear.

One way around this nonlinearity is to consider only a limited range of




confining pressure. In Figure 4, for example, the failure curves for

Mixed Company sandstone, granite and shale are nearly linear up to a
pressure (o3) equal to the unconfined compressive strength, CO. Over

that Timited range we can define a slope which might be called an
angle-of-internal-friction. As seen in Figure 4, this slope varies
considerably from one rock to another (quite differently than the relatively
constant value of the angle-of-internal-friction for frictional-sliding).

This is seen in another way in Figure 5 which is a compilation of fracture

FRACTURE SHEAR STRENGTH

o
L.

RN
]

SHEAR,STRESS, r (kilobars)

FRICTIONAL SHEAR STRENGTH

| oo | 1
) 10 1}
NORMAL STRESS, g, (kilobars)

Figure 3. Fracture shear strength and frictional shear
strength versus normal stress for westerly granite.
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Figure 4. Failure Curves for Rocks and Soils
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stresses, o,, versus confining pressure, o3, for 32 rocks where the
data have been normalized by dividing by Co. The slopes (for fracture

stress) range from about 0.5 to somewhat over 1.0.

7
1/Co
Modified Gritfith { Coulomb) Criterion
50 ¢ y

40

30

20

o

= e

-05 0 .05 +10 .15 *20 63/Co

Figure 5. A comparison between the measured strengths
of rock and various failure criteria.




Other Considerations Affecting the Angle-of-Internal-Friction

Intermediate Principal Stress o: Byer]ee7, Mogig, Green, et a]g,

SwansonlO and Christensen, et a]ll have shown that the effect of

0, on the fracture stress is small and on the frictional-sliding stress
negligible. For example, fracture strength is as much as 10 percent
higher when o, = 03; the effect on the slope of the fracture curve is
even less noticeable for the one or two rocks for which this has been

investigated.

Pore Pressure: The fracture strength of saturated rocks is considerably
reduced in comparison to the dry rock strength even though the presence of
fluids per se has little effect on the frictional-sliding coefficient. Addi-
tionally, elevated pore fluid pressure is known to have significant effect
on fracture stress (see Figure 2) but its effect on frictional-sliding is
unclear. The fracture stress has been found to be a function of the Tleast
effective stress. Therefore, other things being constant, an increase in the
pore pressure will result in an increase in the apparent (fracture) coefficient
of internal friction. This will probably not be the case with frictional-
s1iding shear strength, for, as noted above, its slope is not very dependent

on the normal stress, o,
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Initial Anisotropy: Since most sedimentary and metamorphic rocks

are anisotropic, the effect of anisotropy on failure is of importance.
Determination of the mode of failure requires knowledge of the orientation
of the principal stresses to the principal material directions. Little
experimental work has been performed to delineate the complete failure
surface for anisotropic materials, and frictional-sliding tests have
normally been limited to determining shear strength along through going
planes of weakness. More work is needed to understand the apparent
coefficient of internal friction for either fracture or frictional-sliding

for anisotropic materials.

=

In Situ Stress: In situ stress may also be an important factor,

although it is not yet well understood. One approach, and it is the only
one possible at present, is to add any known 7n situ ambient stress to

the known applied stress, including the known in =7tux pore fluid pressures.
This coula cause changes in apparent coefficient of internal friction much

as does change in pore pressure alone as noted above.

Effect of Measurement Technique: For soils, u is usually determined
12

in triaxial tests. Results from a direct shear test = should be nearly
identical but the authors have seen no comparisons. For rocks, failure curves
such as snown in Figures 2 and 3 are generally determined in triaxial tests,
although Terra Tek]3 has tested intact homogeneous rock to failure in a direct
shear machine. Comparable failure stresses should, in principle, be obtainable;
however, there are complicating factors such as inhomogeneous stress distribu-

tion due mainly to the nature of the loading.




_

To study the effect of nonhomogeneous stresses, Goodman]4 performed
finite element analysis of triaxial specimens containing inclined joints
more compressible than the surrounding rock. The results indicated very
uneven stress distributions along the joint and totally different concen-
trations of stress in the upper and lower walls of the joint. For these
reasons Goodman concluded that the multistage triaxial is probably not
a good test for seams or joints of shear origin.

Goodman has also discussed the problems of producing uniform stress
distribution inside a direct shear box. He notes that due to joint thick-

ness, the applied forces and reactions introduce turning moments to effe-t

a nonuniform distribution of normal pressure along the sliding surface.
Goodman also notes that the shear strength characteristics determined in
direct shear tests are also dependent on the boundary conditions.

Neglecting the loading inhomogeneities, the major concerns are pore
pressure and drainage conditions in triaxial versus direct shear tests.
The pore pressure in triaxial tests is dependent on the rock permeability and

the rate of loading. Material close to the shear surface in the direct shear

tests will be drained except at very high loading rates, whereas it will
Tikely remain undrained within the triaxial cell even at lower loading rates.
This would cause a marked difference in effective stress at the failure
surface and, at least for the fracture stress, a significant difference in

the value of .
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CONCLUSIONS

To sum up, then, the linear Coulomb relation (1) appears generally
applicable to rocks when through going faults are already present; .

is 0.5 £ .05 for through going faults regardless of rock type. For

intact rock, it is only applicable for a limited range of confining
pressure, on/C0 < 1, and even then only for certain rocks. Within this
pressure range, u for fracture can be expected to vary from 0.5 to 1.5.
Since there is such a wide range, it will have to be determined exper-
imentally for any particular rock.

Since at the present time rock mechanics literature does not provide
a comparison of coefficient of friction obtained from both triaxial and
direct shear tests, there is a need to perform such a program over the
normal stress range, O of interest. If the data appear sensitive to

test conditions, a knowledge of how the data is to be used will allow

selection of results best suited to meet the calculational needs here.
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INTRODUCTION

The hydrology of the Rainier Mesa, specifically the "T" tunnel area,
at the Nevada Test Site is of interest to the nuclear test program. To
pursue this interest, Terra Tek has been actively developing methods for
extracting the water from core samp]es] for subsequent chemical and min-
eralogical ana]ysisz. The development of consistent water data is dependent
upon both the method of water extraction and sanitary laboratory conditions.
The extraction method is critical since various types of bound waters with-
in the tuff may be extracted at different energy levels.

Water exists in the Rainer Mesa tuff in at least four forms. The
water may reside in the pore structure of the material, it may exist as
surface absorbed (interlayer) water on clay minerals, it may be an integral
component o€ the clay mineral structure as OH_] jons, or it may exist as
zeolitic water within the tubular openings between elongated zeolitic clay
structural units3. Consequently, extraction methods were sought which
yielded only the type of water that was of particular interest for analysis.

The water extraction program thus far has consisted of three phases.

The first phase was to experiment with several possible extraction methods

and to analyze the total water yield from each, while the second phase con-
centrated on analyzing the extracted water for differences in chemical com-
position using the most efficient methods determined from Phase 12. The
final phase (which is in progress) has dealt with the extraction of water
for hydrology studies using methods which proved satisfactory from the pre-
vious investigations. A discussion of each phase with results and conclu-
sions will follow as well as suggestions to future testing procedures based

'

on the present results.




- — ‘::--u-n-u-'lul!lI.ll!I-l-lI-ll-ll-lllIl-lll-'lllﬂllﬂll-.ll"l|l

PHASE 1: EXTRACTION METHOD INVESTIGATION

In a preliminary 1nvestigation], water was extracted from tuff by
cyclically loading to 2 kilobars hydrostatic pressure after which shear
stresses were applied in order to "squeeze" the water from the sample.

The volume of water obtained using this method ranged from about 5 cc to
25 cc depending upon sample moisture content. Microscopic analysis of

the samples revealed considerable mineral fracture2 suggesting Tlocally
high stresses on the mineral surfaces. A previous study4 had concluded
that of the two adsorbed molecular water layers on a vermiculite clay, the
layer furthest away from the clay particle required approximately 17,000
psi or 1.17 kilobars hydrostatic stress for removal. The closer water
layer required about 76,000 psi or 5.24 kilobars for removal. Minimum
stresses for water layer removal were determined theoretically using water
adsorption curves with subsequent experimental agreement occuring when
samples were hydrostatically stressed. Since adsorption energies for many
clays are similar4, as a first approximation it may be assumed that the 2
kilobar stress level used in the initial study may well have exceeded the
stress necessary to remove surface adsorbed water. Another consequence of
this technique may be zeolitic water removal due to water pressure gradients
within the sample aided by fracture and compaction of the tubular mineral
structure. In order to eliminate these undesirable "destructive" charac-
teristics, other extraction methods were sought.

Six methods subsequently were investigated, namely: 1) hydrostatic
compression, 2) multiple cycle triaxial compression, 3) a rigidly confined
sample - argon gas method, 4) a hydrostatically confined sample - argon gas

method, 5) centrifuging, and 6) electro-osmosis. Methods 1 through 5 were

w
I
~d




tested as shown in Table I. A detailed description of equipment and proce-

dures for Methods 1 through 5 may be found in Appendix A. Literature des-
cribing Method 6 (electro-osmosis) indicated that this technique would not
be practical since water extraction involved cation movement causing a
change in the chemical composition of the water. Consequently, Method 6
was eliminated prior to experimentation.

Table 1 shows that the argon methods gave low water yields (from a
trace to 3 cc). Centrifuging produced small quantities in most cases, but
a few exceptions produced greater than 7 cc. The hydrostatic compression
method produced water in quantities from 1 cc to 6 cc and the multiple
cycle triaxial compression tests gave the largest yields with as much as
16 cc's being produced. Note that the 16 cc value is the sum of the yields
from tests 15P and 13P since the water extracted due to the hydrostatic
pressure would have also been extracted due to the hydrostatic-triaxial
compression test.

Again, this "Phase I" was only intended to determine the water yields

from several possible extraction methods.
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Test No f Sample [. D Test Type Confining Pressure (kb r.!*. ator Load (kb

PHASE II: CHEMICAL ANALYSIS COMPARISON

As a result of the Phase I, which had indicated that sufficient water
could be obtained via hydrostatic compression, triaxial compression and
centrifuging, these three methods were then used in Phase II to determine
their effects on the chemical analysis.

Fourteen water extraction tests were conducted for chemical analysis.
Three different confining pressures (1/3, 1 and 3 kilobars) were used for
both the hydrostatic and multiple cycle triaxial compression tests. All
centrifuging was done at 2000 RPM.

Table II Tists the water extraction results of the tests. Tests 1
through 10 were designed so that water could be chemically analyzed from

the same sample under differert loading conditions. For example, tests 1

TABLE II
WATER EXTRACTION RESULTS FOR CHEMICAL ANALYSIS COMPARISON

Extracted (cc)* Notes
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and 2 were conductaed using the identical sample 1. Thus, water was first
obtained from hydrostatic compression then from multiple cycle triaxial

compression; the water from each test analyzed for ion and SiO2 contents

as shown in Figure 1*. Samples were used only once in tests 11 through 14.

This was done to observe if trends in ion and 5102 content as seen in the
multiply used samples were also observed in singly tested samples. For
samples 1 through 10 Fiqgure 1, the following may be observed:

a) The ion cencentrations for the hydrostatic compression tests
were always higher than the multiple cycle triaxial compres-
sion tests.

b) 1In general, the higher confining pressures gave lower ion
concentrations.

c) Ion concentrations for the centrifuged sample were observed
to be about two times the average of the concentrations for
the pressurized samples.

No repeatable trends were observed for the 5102 concentration. Tests 11
through 14 verified observations b) and c) even though the tests were
conducted on samples from different holes and footages.

The change in ion concentration resulting from different test proce-
dures is most likely due to the energy and time involved with each method.
Thus, prior to hydrology analysis, it must be decided which extraction
method best approximates the type of water to be retrieved for future cor-
relation. For example, if water from a hydrostatic compression technique
was used to develop the hydrology and water was later collected from well

points (percolating water) then the correlation of the chemical analysic

* Ton and Si02 contents were analyzed by Water Resources Division,

Desert Research Institute, Reno, Nevada.
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would be difficult due to different extraction energies. It may be im-
portant then to answer questions relating to energies and rate of water
removal associated with different extraction methods and thus determine
the type of water being extracted (percolating, surface adsorbed, zeolitic
or structural). The rate of water removal is important since the rates

of reaction associated with the liquid-solid interface of the water-

mineral system may cause changes in ion concentration.
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PHASE TI1: WATER PROFILE DEVELOPMENT

As a step toward better understanding of the hydrology above the
“T" tunnel area, water is being extracted from core samples from two
vertical drill holes. The samples ranged from depths of 510' through
1642' and 441' through 2152' from drill holes UE12T#2 and UE12T#3, res-
pectively. The "profile development" was started using the centrifuging
technique on the non-zeolitic footages from holes UE12T#2 and UE12T#3.

It was decided to initially use centrifuging because of its nondestruc-
tive character. The non-zeolitic footages were selected partly because of
their higher permeability.

Table III lists the centrifuge results for both holes. A total of
seven footages produced no water. Five of the nonproductive footages were
very dry when first opened, while in only two instances did a moist foot-
age not produce water. Quantities of extracted water ranged from 1 cC to
as much as 143 cC with all samples being resealed with aluminum foil and
beeswax for possible future testing.

In general, the centrifuging technique on non-zeolitic samples pro-
duced adequate water yields. Since the centrifuge water yield is closely
related to the sample permeability, it may be desirable to investigate a
flow rate relationship based on sample permeability to predict water produc-
tion from future samples. However, zeolitic materials have a low permea-
bility (microdarcies) and even though the centrifuge method may produce

low water yields from the zeolitic footages, it may prove to be necessary

for consistent profile development.
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WATER EXTRACTION RESULTS FOR PROFILE DEVELOPMENT
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CONCLUSIONS AND SUGGESTIONS

The extraction methods which yield the largest quantities of water
are the hydrostatic compression, multiple cycle triaxial compression and

centrifuging techniques. lon concentrations vary depending on the extrac-

tion method. Thus it must be determined which extraction technique best
approximates the type of water collection to be used during later analysis
so that meaningful correlations can be made. Because of its nondestructive
character, the centrifuge technique has been used thus far for profile
development of the non-zeolitic footages in holes UE12T#2 and UE12T#3.

[t is suggested that centrifuge extraction continue in the zeolitic
footages (provided that adequate water yield occurs) to maintain ion con-
centration profile continuity. If the water yield is too low, low pres-
sure (1/2 to 1 kilobar) hydrostatic compression tests could then be used
to produce further water. A theoretical explanation for methodology

induced ion conc~atration changes would be helpful in establishing a basis

for future decisions.
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APPENDIX A

Water Extraction Methods

(Equipment and Procedures)

Hydrostatic and Triaxial Compression Methods: The hydrostatic and multiple

cycle triaxial compression methods use the same test equipment. Figure 2
shows a schematic of the test configuration* while Figure 3 is a photo-
graph of the sample and water collection system. The collection chamber
was made of 431 stainless steel. A permeable stainless steel spacer, having
a mean pore diameter of 30 microns, was used to prevent the sample from
extruding into the water collection chamber. The sample rested on the
collection chamber and hHoth units were jacketed together with two wraps

of polyurethane (25 mil. total thickness). The sample and chamber were
sealed with rubber splicing compound and stainless steel lock wire as shown
in Figure 3. Samples were approximately 2 inches long by 2.4 inches in
diameter. Prior to use, all components contacting the sample were boiled
in distilled water and thoroughly dried.

For the hydrostatic compression method, the sample was hydrostatically
compressed and maintained at the desired stress level for a time of 5 to 10
minutes then hydrostatically unloaded. The sample and collection chamber
were removed from the vessel and the extracted water drained into a suit-
able container. For the multiple cycle triaxial compression method, the
sample was hydrostatically compressed and maintained at a given stress
level while a deviatoric load was rapidly applied ten times to sample yield
and back to zero followed by hydrostatic unloading. This total stress path
was done three times in rapid succession with the total test time being

5 to 10 minutes.,

* Figure taken from Reference 1.
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Argon Gas Methods: Two argon gas methods were analyzed for water extrac-

tion. The first method involved rigidly confining a 1 inch or 2 inch long

| by 1.85 inch diameter tuff sample by epoxying it to a 3/8 inch thick alumi-
num ring (Figure 4). The sample was then placed into a reaction frame with
permeable end caps mounted at both ends. Argon gas was applied at 1500 psi
pressure in the top cap with the water being collected at the lower cap
(Figure 5).

The second method utilized a 2000 psi hydrostatic pressure for confine-

ment. A 2 inch long by 1.85 inch diameter sample was mounted between two
permeability end caps (Figure 6). The end caps were connected to the base

plug with argon gas admitted to the top cap at 1500 psi while the lower cap

collected the pore water.

Figure 4: Sample, End Caps and Figure 5: Assembled Components for the
Loading Frame for the Rigidly Rigidly Confined Sample -- Argon Method
Confined Sample -- Argon Method (03 = 0 psi)

( = 0 psi)




Centrifuge Method: The centrifuge method used a water collection system

similar to that used in the hydrostatic compression method. The collection
chamber was made of high density polyethylene. The sample rested on the
water collection chamber and both units were jacketed with one wrap of
polyurethane (5 to 10 mil. total thickness). The sample and collection
chambers were sealed with rubber splicing compound and stainless steel lock
wire, as shown in Figure 7. A1l samples were approximately 2 inches Tong

by 2.4 inches in diameter. Prior to testing, all components in contact with
the sample were boiled in distilled water and thoroughly dried. The pre-
pared specimen was then placed into a centrifuge bucket and spun at 2000 RPM
for one hour with the extracted water poured into suitable contained for

storage.

m om— ~ M’g?ﬂ
L - b i

Figure 6: Hydrcstatically Confined --  Figure 7:
Argon Method Showing Sample. ‘
Permeability End Caps and
3ase Plug Connections

Jacketed Sample and Collection
Chamber for Centrifuging

Vo
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Sample Preparation and Extracted Water Storage: Samples were prepared for

the various extraction methods by first cutting them into 2 inch long
cylinders from the core material. In order to prevent the diamond blade
from seizing, a minimum flow of distilled water was used for coolant. This
distilled cutting water was assumed not to effect the sample water since
previous investigations at the Nevada Test Site had shown that water used
during sample coring procedures essentially did not penetrate the rock.

Cut samples were patted surface dry, sealed in aluminum foil and beeswax,
and labeled.

After testing, the extracted water was emptied into either glass or
polyethylene bottles depending upon the type of chemical analysis to be
conducted. Polyethylene storage was used when ion and Sioz concentrations
were to be determined while glass bottles were used for water destined for

tridium dating. A1l bottles were cleaned with distilled water prior to

use.
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INTRODUCTION

Sand-water slurries have applications where the mixture is subjected
to varying magnitudes of shock waves. Mr. J. W. LaComb] requested that
tests be conducted on a water saturated sand2 to determine the condition of
the mixture after hydrostatic loading (i.e., the possibility of causing co-
hesion due to arain "welding.")

The slurry density of interest was 1.69 qm/cm3. However, in a standard
cylindrical static test sample, this bulk density would result in the sand
settling to the bottom of the test cylinder leaving a layer of water at the
surface. This problem was circumvented by drawina off the excess water cre-

ating a higher denstiy water-sand mixture of about 2.18 qm/cm3.

The test
sample was therefore a mixture of water, and sand with arains touching in
a loosely packed state.

Hydrostatic loading tests to stresses of 4 kilobars at loading rates
of 66 bars per second were conducted to observe any cohesional properties
due to welding of sand grains. Samples were tested in an undrained condi-
tion (i.e., the water was not allowed to migrate out of the sample). Pre

and post test agrain size analyses as well as visual examination of tested

samples were used to determine the amount of cohesion.

Sample Description and Preparation

The slurry sand is called Monterey sand (manufacturer disianation 20-
40) and originates from Monterey Beach, California. It is tan in color
having well rounded grains. It has no unconfined cohesion and is a clean,
well washed material. The pre-test sand arain size distribution is shown
in Figure 1 and listed in table 1. About 88 percent of the material has

a arain size between 0.1 and 0.42 millimeters.
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Briefly, the procedure involves application of an external radial pressure
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Figure 1: Pre and Post Hydrostatic testing grain
size distribution curves.

TABLE 1

Sieve Analysis Results

~

ol e

06

PERCENT PASSING
SIEVE NO. PRE-TEST | POST-TEST

20 99.86 99.85
40 91 .33 9l w92 .
60 52.71 53.98
140 3.0 3.13
200 0.73 0.68
270 035 0.30
Pan 0 0

Samples were prepared by forming them in a mold.

of a two inch diameter polyurethane jacket attached to a circular steel
end cap. The dry sand was poured into the mold to a height of 2.5" and

then distilled water was added until a one inch layer of wate:

367
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the sand level. The mixture was then subjected to a vacuum until bubbling
ceased. This was to insure that trapped air bubbles had been eliminated.
Excess water was carefully removed and another steel end cap placed on top
of the sample. Densities were determined by measuring and weighing the test
samples and allowing for the size and weight of the urethane, end caps, etc.

Test sample densitites ranged from 2.1 to 2.3 gm/cm3,

Experimental Instrumentation

The fluid confining pressure was measured with a 350 ohm manganin wire
pressure coil. The pressure coil was accurate to within 1 percent. Axial
strains were measured using a four arm cantilever confiquration accurate to
within 0.05 percent strain. Figure 2 shows a sand-water sample in the test

configuration.

Figure 2: Sample configuration for hydro-
static compression testing.
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m

Assuming a homogeneous isotropic material, approximate volume strains

were calculated from the axial strain.

Experimental Results and Discussion

Both visual inspection and grain size distributions were conducted on
the sand before and after testing to observe possible grain "welding" during
hydrostatic loadina. Figure 3 shows untested and tested samples as they were
"poured" from their confining jackets. As apparent from Figure 3, no mater-
ial cohesion could be observed as a result of the hydrostatic compression.
Figure 1 and Table 1 show the pre and post test sieve analysis results which

also indicates that "welding" on a small scale did not occur.

POST ~ TEST PRE — TEST

Figure 3: Pre and Post test sand/water samples.
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The confining pressure versus volume strain curves are shown in Fiqure
4. Curve 1 is the average volume strain response for four sand samples with

an initial average density of 2.18 + .02 qm/cm3, For reference, curve 2 is

5 SRS i T T T T == |
HYDROSTATIC COMPRESSION TESTS |
I. VOLUME STRAIN FOR SATURATED SAND (p~22qm/cm?) ‘
2 VOLUML STRAIN FOR A QUARTZ MINERAL
5 3 VOLUME STRAIN FOR WATER
L ar 7, 4
2 / ,
< | QuarTZ e
-
5
& 3t 4
=
I
o /
w
@
a
% 2 a
L
w
z H0
o
EE ~
1 1 1 L iy st ]
(o] 1.0 20 30 40 5.0 6.0

VOLUME STRAIN, AV, %
Vo

Figure 4: Hydrostatic compressibility curves for sat- !
urated sand, water and quartz. |

the pressure-volume response for a a-quartz minera13 while curve 3 shows
the pressure-volume response of water at 25°C.4 Clearly, the saturated
sand volume strain curve shows neither pure water nor quartz characteristics

but a combination of both. |

O

(&%}
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CONCLUSION

sand grains showed no change in the grain size analyses as deter-

mined before and after loading to 4 kilobar hydrostatic pressure. The hy-

drostatically tested samples likewise showed no visual sians of cohesion

when unjacketed. These facts suggest that both the high water content and

undrained sample conditions resulted in a pore pressure buildup causing in-

sufficient "welding" stresses to develop between grains (i.e., the sand grains

were at a stress state lower than that of the vessel confining pressure).

Pore pressures would have remained essentially zerc during hydrostatic com-

pression

drained sample condition (provided that allowances were made for permeabil-
ity, test time and other pore pressure parameters). Consequently the sand
grains would have experienced hdyrostatic stresses equal to the vessel con-

fining pressure; the result being possible grain welding at these higher

stresses.

volume strains. This effect has been observed in report TR 75-29° for Mix-

ed Company sandstone.

had the test sample water been vented to the atmosphere creating a

An additional result of drained testina would have been larger
5

Finally, it is not anticipated that increasing the hydrostatic Toading ;

rate for

cant increase in the cohesion of post test material.

the undrained tests reported herein would result in any signifi-

(3%,
~
et
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PREFACE

The U. S. Geological Survey has used the borehole-overcore technique to
determine in situ stresses at the Rainier Mesa, Nevada Test Site. Elastic
constants were determined on site with the recovered overcores in order to
calculate the 7n situ stresses from the deformations measured with the bore-
hole gage. Terra Tek performed laboratory tests to evaluate the discrepancies
in elastic moduli determined with the overcores (hollow cylinder) and standard
triaxially loaded, solid, cylindrical samples. Elastic nonlinearity is the
main cause for modulus discrepancy and is accounted for by evaluating moduli
as a function of the mean and shear stresses. Errors generated by neglect-

ing anisotropy are also discussed.
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INTRODUCTION

The USGS (U. S. Geological Survey), as part of the earth science
support provided to DNA (Defense Nuclear Agency), determined in situ
stresses in the Rainier Mesa at the NTS (Nevada Test Site). The standard
method used in these stress determinations is the well documented USBM
(U. S. Bureau of Mines) overcoring technique. This technique utilizes
the three-component borehole deformation gage shown in Fiaure 1 (Merril,
1967 Hooker and Bickel, 1974) to determine deformational changes on the
internal diameter as a cylindrical borehole is overcored free from the
surrounding rock mass. To calculate stresses from borehole deformation
data the elastic moduli of the rock in which the borehole deformation
measurements are taken must be known.

Elastic moduli of the stress-relieved overcores are commonly deter-
mined by the use of a biaxial pressure chamber, (axial stress, o, = 0.0 MPa)

and the three-component borehole deformation gage (Fitzpatrick, 1962).

|

Figure 1. Three-component borehole deformation gace.




Briefly, the procedure involves application of an external radial pressure

to the core and measurement of the corresponding inner-hole deformation.
Such a orocedure is simple and auick; however, it has been observed
that overcore elastic moduli tested in the above manner do not agree with
standard triaxially tested solid core elastic moduli (LaComb, 1976). Differ-
ences were on the order of 30 to 50 percent. Two possible sources for the
discrepancies are: (1) the difference in elastic modulus definition (secant
versus tangent) and (2) the effect of mean and shear stresses on the elastic
moduli.

The problem in modulus definition is a result of the NTS tuffs exhibit-
ing nonlinear elastic behavior (see Figure 2). Figure 2 also points out a
shortcoming of the biaxial testing apparatus; that NTS tuff fails in exten-

sion at approximately 2.5 MPa mean stress.

|t T T T T T i
IDEALIZED RADIAL PRESSURE VERSUS
75+ BOREHOLE DEFORMATION CURVE =

MPa

adm,

MEAN STRESS,

| OBSERVED BOREHOLE
| DEFORMATION DURING

&57° | OVERCORE OPERATION ‘
o /
(o) é L AT f L'/ & el ol
0 25 50 {fo) 100 125

AVERAGE BOREHOLE DEFORMATION, pum

Figure 2. Typical mean stress--borehole-deformation
plot during a loading-unloading cycle.




To evaluate these problems a five-point testing proqram was devised.

1

Overcore samples were tested biaxially as is normally done in the
field. Radial pressure was applied along the middle 17.8 cm of the
38.1 cm long cores. Axial stress, 0,5 Was kept eaual to zero.

The overcores were tested in a constrained biaxial loading configura-
tion. The radial pressure was applied along the entire sample lenath
while zero axial strain, £, Was maintained.

The overcores were subjected to hydrostatic loading, i.e. equal
radial and axial pressures.

The overcores were loaded axially under a uniform lateral confin-

ing pressure.

Solid cores obtained from the overcore samples were subject to

axial loading under a uniform lateral confining pressure.

From these loading configurations the effect of the mean and shear stresses

on the elastic moduli (E, v) could be evaluated.
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ELASTIC THEORY AND ANISOTROPY CONSIDERATIONS

The load-deformation relations for a linear elastic thick-walled
cylinder subjected to radial pressure and axial strain have been derived
previously (Obert, 1964). Only a brief statement of the equations which
bear directly on the text will be given below (in what follows stress
and strain are positive in compression).

The axial stress (*Z)-strain (LZ) relation for a hollow elastic

cylinder subjected to external pressure PO is

while the borehole deformation, U. at the inner radius, a, is related to

i

Young's modulus of the rock, E, by the equation

—
~no
~

where is Poisson's ratio, and b is the sample outer radius. When axial

stress is zero, equation 2 reduces to

Similarly the external radial deformation UO is given by

2 (1 #

1] T

E (b" - a

3

0 b3 (1 - 2v) + a%] -2v e b. (4)

— | ©

)
2

Deviation from isotropy of each overcore (measured as the ratio of

the maximum to minimum Young's moduli in the plane normal to the specimen




axis) is estimated by the development of a radial deformation ellipse
from which a maximum and minimum Youna's moduli may be calculated. For

the Nevada Test Site tuff, the ratio of E to E

. is usually less than
max min

1.5 while the ratio of the secondary in situ principal stresses is approxi-
mately 2.

Becker and Hooker (1967) theoretically analyzed the problem of
anisotropy for thick-walled cylinders. Their results indicated that the
error in 7» situ Stress determination caused by a modulus ratio Emax to
Emin of 1.5 and a stress ratio of 2 was small, i.e., the error induced
by the assumption of isotropy was less than 10 percent. Thus, the re-
mainder of the report shall deal with isotropy. HNote that since three
orthogonal overcore detarminations are made at the Nevada Test Site, it

is not necessary to assume that one of the axes of elastic symmetry is

orthogonal to the borehole in order to compute the stress ellipse (Panek,

1966) .




EXPERIMENTAL PROCEDURES AND RESULTS

Specimens and Sample Preparation

Four Nevada Test Site overcore samples from the Ul2n.10 drift complex

were obtained from Mr. William E11is (USGS, Denver). Three samples (ISS 6
overcore 2, ISS 7 overcore 2 and ISS 9 overcore 4) were wrapped in aluminum
and coated with beeswax to preserve in sitw moisture. The fourth sample
(ISS 4 overcore 5) was received air dried and consequently immersed in
water to bring it up to the assumed 7» sifu saturation of 95 percent.
Samples were prepared by saw cutting the ends of the overcores received
from the field. External and internal sampnle diameters were measured to
be within 13.97 «+ .1 cm and 3.81 + .1 cm, respectively. Hardened steel
endcaps were attached to the sample ends using Ultra-Cal 30 grout. The
endcaps were aligned before the grout hardened, and were maintained parallel
to within +.008 cm over the 14 cm diameter. When necessary, samples were
then sealed using a urethane jacket, rubber tape and steel lock wire.
Acrylic plastic samples of the same confiouration and size as the NTS

tuff were used to calibrate the test systems.

Apparatus Description and Testing Procedures

Overcore specimens were tested in four different loading configurations

as listed below and shown schematically in Fiqure 3, as Cases I through IV:

Case 1) -az = 0 MPa, (0.0 MPa < P_ < 3.45 MPa)

Case 11) -bz = 0% strain giving -bz 2 2.16 v P, (0.0 MPa - P_ - 6.9 MPa)

Case I1I) oC. = P,» (0.0 MPa < P < 6.9 MPa)

Case IV) o _ = PO + L (deviatoric loading)
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where Ip5 Egs \ and PO are defined as before. The magnitude of the axial

a e e i

stresses for the four test configurations were such that L 4 i

Case I ( e 0.0 MPa) was achieved using the standard biaxial testing apparatus,
as shown in Fiqure 4. The apnaratus simply consisted of a rubber bladder
retained in a steel cylinder with a 14.5 cm internal diameter. Samples were
tested by radial pressurization from 0.0 MPa to 3.45 MPa to 0.0 MPa with
borehole deformations recorded after pressure increments to 0.69 MPa.

Figure 5 shows Case II configuration; sample endcaps and strain-gaced
reaction column are visible. The sample is contained within the reaction
column, 16.5 cm ID, 17.8 cm 0D, which provided a measure of the axial load.
The complete system was placed in a pressure vessel for radial pressurization.

Final overcore testing was conducted in both hydrostatic and deviatoric
loading configurations, Cases III and IV, respectively, with only samples
ISS 9 overcore 4, ISS 4 overcore 5 and Acrylic subject to Case IV loading.
Figure 7 shows the stress trajectories used during Case IV Toading. Axial
and lateral strain transducers were attached to the sample as shown in
Figure 6.

Axial and lateral strains were accurate to within #0.001 percent strain
and +0.002 percent strain, respectively. Axial load was measured accurate
to within +0.03 MPa.

Once the hydrostatic and deviatoric loading response had been deter-
mined for the overcores, 5.1 cm-diameter cores 6.4 cm long were obtained
from selected overcores. These samples were triaxially tested (Case V)
usina the standard techniques and apparatus. Three cores from ISS 9 over-
core 4 and ISS 4 overcore 5, were tested using the loading sequence shown

in Fiqure 7. The tests showed how Young's modulus, E, varied with both

mean and shear stresses.




Figure 4. Biaxial testinn aopnaratus.

Fiqure 5. Terra Tek confined biaxial test con-
figuration (e, 0%).




Figure 6. Hydrostatic and deviatoric loading configuration.
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Experimental Results

Figure 8 shows a typical result of the experimental program outlined
above. It consists of the radial pressure - borehole deformation nlot for
sample ISS 9 overcore 4. The tested rock shows 95 percent deformation re-
covery upon unloading. Because the unloading phase best approximates the
overcoring operation, only unloading curves will be analyzed throuahout
the remainder of the report. Figure 9 shows a typical borehole deformation
result during unloadina for sample ISS 9 overcore 4. Results for ISS 4
overcore 5, ISS 6 overcore 2, ISS 7 overcore 2 and acrylic may be found in
Appendix A.

Table I summarizes the eaquations used for determining the secant modulus

for each of the three test configurations (Cases I, II and III). These

equations were obtained by substituting 1.91 cm and 6.39 cm for a and b,

respectively, in equations 1 through 3. Table II lists the average values

of the calculated secant moduli to 3.45 MPa radial pressure for the differ-
ent test configurations. The results of the acrylic specimen are included

for comparison.

Table III 1lists Young's modulus and Poisson's ratio for the overcore
tests performed for configurations IV and V. Note that at each mean stress
state the initial external differential load was zero. Figures 10 and 11
show typical results for the 5.1-cm diameter triaxially tested cores in which

Young's modulus is plotted versus mean and shear stress respectively,

(Case V).
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TABLE 1

Relations for Determining

Young's Modulus for the Three Test Configurations

Test Type Elastic "odulus Equation
Case I E = 8.23 Rl (i)
Case II E=8.23P /U, - 3.81 v o,/U, (i1)
fase T E=p /U (8.23 - 3.81 ) (1)
TABLE 11
Secant Modulus Comparisons at
3.45 MPa Radial Pressure
Using the Equations in Table I
o Test Type
Material Case I Case 11 Case 111 |
Acrylic 2.63 GPa 2.66 GPa 2.77 GPa
ISS 4 oc 5* 1.79 GPa 1.41 GPa 1.28 GPa
IS5 6 oe 2** 2.12 GPa 2.14 GPa S
LSS 7 oc 2 8.90 GPa 7.86 GPa 8.07 GPa
1SS 9 0¢c 4 3.19 GPa 3.33 GPa 3.54 GPa
* Noted extensive fracture running the lenath of the
overcore sample. It appears to have caused devia-

tions in the characteristic rock deformation.

** Moduli compared at 2.41 MPa radial pressure
due to core failure during Biax test.
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DISCUSSION

Modulus Comparisons

The effects of mean stress and shear stress on the secant and tangent
elastic moduli of Rainier Mesa Tuff are shown in Fiqures 12, 13 and 14.
These figures show the moduli determined from test configurations III
and IV. Figure 12 shows that mean stress has little effect on the acrylic
sample and that the determined tangent moduli agree to within the experimental
accuracy of 5 percent. Figures 13 and 14 show Young's modulus to increase
as the mean stress increases, the tangent moduli increasing more than the
secant moduli. The tangent moduli determined from different loading condi-

tions agree to within 10 percent in both cases.

A comparison of Young's modulus between the triaxially Toaded overcore
sample (case IV) and the solid core (case V) is shown in Figure 15.
[/
Solid-core moduli were obtained from crossplotting Figure 10 (J, /2 0.0 MPa).

Although the tangent moduli were determined for both solid sample and

overcore at zero initial deviatoric load, the overcore, due to its geometry,

maintained a shear stress which varied as the inverse of the radius squared.

Thus at any given external hydrostatic load an average shear stress jh‘/~

defined by (b-a)'lvf ng/‘ dr could be calculated. After calculating the
average shear stregs in the overcore, a correction was applied to the solid-
core modulus, the correction being based on the results for solid core as
shown in Figures 10 and 11. After shear-stress correction, Figure 18 shows
a tangent Young's modulus agreement within 5 percent. It becomes apparent
that to determine an overcore Young's modulus using standard "solid"
specimens require that the shear and mean stresses experienced by the

overcore be applied to the solid specimen.
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Another point of discussion concerns the comparison of biaxial secant
moduli to standard (solid-core) tangent moduli. When comparing the tangent
moduli of the 5.1 cm-diameter core with the overcore secant moduli as shown
in Figure 16 an apparent discrepancy occurs: Fiqures 14 and 15 illustrate |
that by comparing tangent moduli and correcting for shear stresses one obtains
a fair agreement. The apparent discrepancy lies in the modulus definition

and the different stress states in which the samples were tested.

Modulus Selection

It is obvious from the idealized loadina curve shown in Fiqure 2 that
the secant Young's modulus at 2.5 MPa mean stress is less than the secant
Young's modulus determined at higher radial pressures. Similar results
may be obtained from Fiqures 9, 18, 19 and 20 as listed in Table IV.

Table IV shows a secant modulus comparison at 3.45 MPa and 6.9 MPa radial

pressure with the associated percent difference. As the degree of non-

linearity increases so also does the percent difference in secant moduli.

In order to select the secant modulus for in situ stress calculations it

is necessary to generate a secant modulus versus borehole deformation plot
as shown in Figure 17. The plot shows that for any observed 7# &7:u de-
formation, the corresponding secant modulus may be properly selected for
calculation purposes. This assumes that the sample can be tested to nigh-
enough radial pressures to achieve borehole deformations equal to or qreater
than that observed 7» s7tw, and that the principal 7n s7‘u stresses
perpendicular to the borehole axis are nearly equal. This type of plot

would minimize errors caused by mean and shear stress effects on Youna's
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TABLE IV
Secant Modulus (GPa) Comparison During
Hydrostatic Loading at 3.45 MPa and 6.9 MPa Pressure

Material 3.45 GPa 6.9 GPa Diference
Acrylic 2. 77 2.79 0.8
ISS 4 oc 5 1.28 1.76 37.8
ISS 7 oc 2 8.07 9.45 17.1
ISS 9 oc 4 3.54 4.27 20.7
modulus when o; - 0, I o3 in situ. The principal 7n situ Stresses at

Rainier Mesa have been shown to be approximately o; - o, - 20, (Haimson, et
al., 1974) suggesting that for any overcoring operation the principal

‘n situ Stresses perpendicular to the axis of a vertical borehole would

most likely be unequal. Under these conditions <» situ mean stresses may

be achievable, but 7»n situ shear stress effects on Young's modulus could

not be approximated since unequal radial stresses cannot be applied about

the circular overcore specimens in the present test configurations. However,

by obtaining moduli as a function of mean and shear stress the correct

moduli can be defined.

Laboratory Testing Recommendations

As previously noted, the biaxial tester (Case I) often fails the NTS
tuff at radial pressures slightly above 3.45 MPa due to extension failure.
Because of the 3.45 MPa radial pressure limitation, the biaxial tester ic
often not able to obtain the average in ¢itu borehole deformation. It has
been shown that with either the rigid-end constraint condition (Case II)

or the hydrostatic case (Case III), radial pressures in excess of 6.90 MPa
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are attainable without sample failure. Ideally the applied axial stress
during laboratory testing should approximate the <» situ axial stress on

the overcore sample during the overcoring procedure. This axial stress is
unknown however and varies even as overcoring progresses past the gage point.
It may be argued that an intermediate axial stress state, 0.0 < Gy < PO,
should be used during laboratory testing since it is likely that the axial
stress during overcoring lies within this range. An intermediate axial
stress may be approximated using the confined biaxial test in which axial

strain was zero (Case II) giving G Y 2.16 PO. The Young's modulus and

Poisson's ratio for this case become

m
]

8.23 (1 - v?) Po/Ui (5)

and,

6
0.463 o /P, (6)

using @ = 1.91 cmand b = 6.99 cm. A desirable feature of this technique
is that Poisson's ratio is independent of the elastic modulus. The
additional field instrumentation for an £y = 0.0 percent test would
involve an axial loading frame with an axial loading piston and a means

of measuring axial stress and strain.




CONCLUDING REMARKS

When triaxially testing standard 5.1 cm-diameter solid cores taken
from the overcore samples, it was shown that mean and shear stress states
should be adjusted to the average overcore stress state to obtain comparable
Young's modulus values. It was also shown that agreement occurred between
tangent moduli determined from radial and axial loading of the overcores
suggesting material isotropy.

The tuff samples tested herein were nonlinearly elastic. Elastic
nonlinearity requires that samples be tested to external radial pressures
equal to or greater than those required to induce 7» situ deformation.

With the radial pressurization schemes used here, in s” « mean stresses

were obtainable but not the shear stresses. Achievina /»n s7tux mean stresses
may require axial load application to achieve radial pressures areater than

3.45 MPa (biaxial tester limitation due to sample failure). An intermediate

< P_) is suggested as an

axial stress during laboratory testing (0.0 < o, .

approximation to the unknown 7» situ axial stress during overcoring. A
convenient intermediate axial stress state (0.0 - 9, < PO) may be achieved
using a zero axial strain loading scheme from which Poisson's ratio and

Young's modulus are easily obtained.
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Additional Experimental Results
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SUMMARY

Moisture was reintroduced into dry Nevada Test Site tuff core chips
through placement in a high humidity (-95 to 100 percent) chamber at room
temperature (-23"C) and atmospheric pressure (-650 mm). A minimum of 29
days was required for the dry samples to equal or exceed what was considered
their “» o7+u saturation levels (these 7# s7iu saturation levels were
obtained from adjacent samples). Mechanical tests conducted subsequent
to resaturation suggest that dried-resaturated samples can be used to

obtain representative material properties for virgin saturated tuff.

Tuff samples, immediately sealed at the Nevada Test Site on removal
from a core barrel, were subjected to the same environment to assist in

analyzing the invasion of the drilling water. Tests results to date are

!
!
i
!
i
|
i

inconclusive.
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INTRODUCT 1ON

The complexity of the Nevada Test Site nuclear test program has in-

creased considerably during the past several years. This increased demand
requires "fine tuning" our knowledge of the material properties of the
resident tuff at the site. To this end, Terra Tek conducted tests to
evaluate the effect of drying and resaturation on the material properties
of tuff core samples and to establish the likelihood of water invasion
during field coring.

Drying-Resaturating: As the state-of-the-art of material properties
evaluation, material models and qround-motion calculations have advanced,
there is benefit to reanalyzing past nuclear events. The lack of pre-
served (sealed) core samples has presented limitations. A solution is to
resaturate dry core samples and use them for obtaining the material pro-
perties. It was, therefore, necessary to verify that material properties
measured on the dried-resaturated samples were representative of the pro-
perties of material in which the moisture had been maintained.

Several sets of dry and adjacent sea]ed‘%uff core samples were pro-
cessed and tested to answer this question of the effect of the drying-
resaturation cycle.

Field Coring Water Penetration: Pieces of the sealed core samples,
discussed above, were also subjected to further moisturizina in a high
humidity chamber. The purpose was to determine the probability of water
invasion into the already "wet" samples. [t has been reasoned1 that
measuring the 1oss or gain in weight of previously sealed cores while

suspended in a high humidity chamber would provide an indication of whether

e e
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or not drilling water invaded the cores. Lost moisture would suggest
water had invaded the tuff during coring. On the other hand, a gain in

moisture would not provide conclusive evidence of drilling water invasion.
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TEST PROGRAM

Dry core samples were resaturated in a high humidity environment (95

to 100 percent) at room temperature and atmospheric pressure. When the 9

samples ceased to gain moisture, the physical and mechanical properties
were measured and compared with those of adjacent samples which had been
maintained at their original 7n situ moisture level.

Samples prepared to investigate water invasion during coring were
received sealed. They were unwrapped on placement in the high humidity
chamber.

Sample Preparation: Samples were retrieved from five sets of neighbor-
ing locations in drill hole UE12n#9 at the Nevada Test Sitez. The indivi-

dual footages are listed in Table 1. With the exception of "Location 1",

these cores are in close proximity to each other.

TABLE I

Core Location in UE12n#9

Location Dry Samples Sealed Samples I Sealed and Remoisturized Samp]esgw
i 78 155 155
2 307" 319" QILIE
3 455" 456" 456"
4 516' 515 515"
5 589 588" 588"

- - s e
R Attt PR RE R R P00
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EXPERIMENTAL RESULTS

Drying-Resaturating: The moisture gain data for the dry samples are
shown in Figure 1. The samples increased in moisture content very notice-
ably during the first eleven days with subsequent rapid stabilization to a
lower moisture assimilation rate. The samples were still gaining moisture
slightly, through the 30 days of the test, as shown in Figure 2. Physical

properties of the dry-resaturated tuff are listed in Table II3. The mea-

sured permanent compactions, included in Table II, were obtained from cycling

in uniaxial strain to 4 kilobars mean stress. Note the comparison of the

physical properties of the dry-resaturated samples to the sealed samples.
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Figure 1. Moisture gain versus time plots for dry
samples, 0-30 days.
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TABLE II

Physical and Mechanical Property Data on Dry-Resaturated Cores,

As-Received Cores (Sealed) and the Further Moisturized "As-Received" Core Samples

S ) A 2 e

FOOTAGE DENSITY (gm/cc) WATER POROSITY |SATURATION CALC MEAS
o BY WET (%) (%) AIR PERMANENT
-
SAMPLE e WE (GHT ° 3 VOIDS COMP
DESICNATION| WET DRY GRAIN (%) (%) (%)
ry-Re
Sealed) 1
\s-Received
and Further
Mo irized
ry-Re
As-Received 1.8 RV 17.4 7 8¢
and Further
Moisturized
1.4 19 33.6 59 85 7
4; 31.6 58 8l 1¢
1.54 1 33.6 58 89 6.3
15-51¢
Dry-Resat ] 1.14 37 34 s
4A
As-Received 355 1.19 .37 23.4 50 73 13,7 --=-
(Sealed) 4B
As-Received 1.62 1.19 37 26. 3 0 86 740 --
and Further
Moisturized
ac
588-589
Dry-Resat 1.47 0.94 36 35.9 60 88 7.0 + €
5A
As-Received | 1.46 0.91 =37 3/<S 61 89 6.¢ ———-
(Sealed) 58
As-Received | 1.51 0.91 237 39.6 61 97 1.6
and Further
Moisturized
5C
416
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Field Coring Water Penetration: The moisture gain data for the sealed

samples are shown in Figure 3. Note that the samples did gain moisture and
were still gaining slightly after 30 days - Fiqure 4. The physical proper-
ties for these samples are also listed in Table II (see "as-received and
further moisturized"). Uniaxial strain tests were conducted on these samples
for comparison with the tes£3 conducted on the dry-resaturated. The stress-
strain and stress-stress curves for both groups are shown in Figure 5. Me-
chanical tests were not conducted at footages 147-155 and 515-516 due to

the poor condition of the core samples following resaturation.
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DISCUSSION

Drying-Resaturating: As seen in Table II, there are considerable
differences in the material properties between the samples from different
locations. An example is the porosities -- 38 percent in the set of samples
at 317'-319' and 59 percent in the samples at 455'-456'. Nonetheless, the
dry samples all showed increases in moisture content of several percent per
day through the first 6 to 16 days with gains then changing to tenths of a
percent per day through 30 days. The lower porosity samples, expectedly,
showed a rapid decrease in rate of gain in moisture at an earlier date than
the higher porosity samples.

The moisture contents on the dry tuff samples, after 30 days, had ex-
ceeded the moisture contents of the adjacent sealed samples. This would
suggest that the dry samples could be resaturated but the questions would
be -- "to what moisture content". If only the strength properties are
required, the resaturation process and the firnal moisture content do not
appear to have a noticeable effect, (Figure 5b). However, the moisture
content is critical if the material properties requirements include the gas-
filled void content, (Figure 5a).

Heretofore, the 7n situ moisture content has been obtained from sealed
core samples. Since sealed core is not always available, however, a means
for identifying the original 7n si‘u moisture content of the dry core is
necessary. One possible means is the use of the inflection point on the
moisture gain versus time curves for the dry samples (i.e., the intercept
of the tangents to the high and low rates). The exact meaning of this
inflection point is not presently understood although it is most likely a

function of the water in a sample (i.e. pore water, molecular water, etc.).
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An indication of the significance of the inflection point on the curves is
that when using the inflection point moisture content for comparison with
the moisture content of the sealed samples, there were two previously dry
(2A and 5A) which had exceeded the moisture content of the sealed samples
(2B and 5B) and two previously dry samples (3A and 4A) with moisture con-
tents less than those of the sealed samples (3B and 4B). Further analysis,
therefore, could prove that the inflection points are indeed a aood indica-
tor of the original 7n situ moisture content of the samples.
Field Coring Water Penetration: The moisture gains on the sealed

samples were somewhat surprising and did not allow any conclusions to be
made concerning the intrusion of water during field coring. One problem

in analyzing the data is the lack of moisture gain measurements during the

first 24 hours. Obviously, further analysis should include measuremed_s
at much shorter time history. The experimental setup should also better
simulate the actual field coring conditions such as fluid (mud) pressure

and viscosity.
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CONCLUSIONS

The dry tuff core samples from the Nevada Test Site can be returned
to a nearly saturated state. Given that saturation state, the resaturated
cores can be used to obtain material properties representative of those of
a sample in which the moisture had been preserved. That is, the drying-

resaturation cycle itself does not appear to affect the material properties,

,
but, the final resaturated moisture content will affect certain properties.
For example, the shear strength of the tuff was not affected by the drying/
resaturating cycle or the final moisture content. The gas-filled void
| contents (both calculated and from the uniaxial strain tests), on the other ‘

hand, were affected very noticeably by the final moisture content. The 1
answer to using the dry core then, Ties in having available the correct %
Z» o7tu moisture content, heretofore represented by the sealed core samples.
Since adjacent sealed core is not always available, however, a means for
identifying the original i{»n s7tu moisture content of the dry core is
necessary.

As discussed previously, the moisture gain curve inflection point
appears to show some possibility for obtaining this needed ¢» =¢¢x moisture
content. Further analysis should include drying several core samples which
are presently sealed. This would eliminate the unavoidable discrepancy
which existed in this reported work -- that of having to compare sample
properties from adjacent cores.

Further analysis on the coring water intrusion would require simulated
field coring conditions such as the correct fluid (mud) pressure and

viscosity.
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