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~~~ The primary task durinq this period was material evaluations for the

Mighty Epic event (both preshot and postshot). Tuff , grout , san d , concrete ,
concrete-steel interfaces and steel were tested., Other material evaluations
and analyses during this period were for 1) the ~two-in-one concept ” -- a
proposed plan to use a common tunne l 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 chemica l analysis , 5) measuring the effect of hydrostatic
pressure (i.e. grain size distributions , cohesion , etc.) on sand-water mix-
tures , 6) evaluating currently used and proposed methods for obtaining the
elastic m odul i needed to determine in ,

~~ u stress from tuff overcore samples ,
and 7) evaluating the possibility of resaturating dry tuff core samples for
obtaining matérial properties representative of the original saturated mate-
rial and for evaluating the likelihood of water invasion into core samples
during the field coring process.
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INTROD U CT ION

The Defense Nuclear Agency (DNA ) nuclear test program at the Nevada Test

Site requires , among many things , the mechanical and physical properties of

t~,e construction material and rock at the test location. The material p ro-

perties are needed primarily for the purpose of evaluating the potential for

successful stemming and containment of the nuclear tests . They are also used

in modeling material behavior in subsequent ground motion calculations for

predicting and evaluating experimental programs .

This report summarizes material evaluat ions conducted by Terra T ek over

a period of 16 months (April 1975 through July 1976) for DNA Test Command.

The primary task during this period was ~a ter ia l  e’~’,-~lua t io ns f u r the “iqhty

Epic event (both preshot and postshot ) . Tuff , g r o u t , s a n d , conc re t e , cc r ’c t ’ete-

steel interfaces and steel were tested . Other material e-A’~ lu atio n s mi - -
~i

during this period were for 1) the “two-in-one concept ” -- a proposed plan to

use a common tunnel and equipment for two nuclear events , 2) determining tne

influence of fracturing on ultrasonic velocities to help explain field seismic

and son i c veloc ity resul ts , 3) obtaining the angles-of-internal-friction in

the tuff as a function of confining pressure for use in material mode lina ,

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

chemical analysis , 5) measuring the effect of hydrostatic pressure (i.e. gra in

size distributions , cohesi on , etc.) on sand-water mixtures , 6) evaluating

currently used and proposed methods for obtaining the elastic modu li needed

to determ ine In situ stress from tuf f overcore sam p les , 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

5 
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process. During the contract period , reports were distributed on each of these

tasks . All those reports are reproduced here as originall y 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 Ep ic 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 conc rete , concrete/steel and steel . For the interface experiment , direct

~r tests were conducted to define the frictional properties . Magnetic

maracterization of core samples were also needed to assist in analyzing ~os~-

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
7 5-42

Phys i cal and Mec hanical Proper ti es of Several Gr ou t M i x tures , August
1975, TR 75- 45

Ma ter ial Pro per ti es on Samp les from Mighty Ep ic Drill Holes U12n .1O
UG#4, U12n ,1Q (JG#6a and U12n.1O UG#7 , September 1975 , TR 75-50

Some Ma ter i al Pro per ti es on Core Samp les from Several Dr i ll Holes
Relating to the Miahty Epic Event , November 1975 , TR 75-64

Some Mechanical Properties of Concrete , Steel a nd Concre te-S teel
Interfaces Used in Mighty Epic Structures , July 1976 , TR 76-14

6
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Character ization of Tuff and Develonment of Grouts for Mighty Epic
Structures Prog ram , April 1976, TR 76-21

Letters or data forwarded which were not contained jr the above
re por ts -‘

The report entit led “Character i zat i on of Tu ff and Develo pment of Grou ts fo r

Mighty Epi c Struc tures Program” i s a summary of much of the Mig hty E pi c tes t-

i ng and con tains the avera ge mater ial propert i es of the s tructures regi on

alon g 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

Neva da Tes t S i te , Area 12. Fractures were generated in uniaxial load (corn-

pression) tests and direct shear tests . The results , i n general , show th e

same trend as reported in other rock types : i.e., a decrease in both the

p-wave (longitudinal) and s-wave (shear) velocities resulting from fracture

initiation , extent ion and growth . The maximum observed change for the p-wave

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

Compar i son of Presho t and Postshot Mater i al Pro pert ies at the Nev ad a

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

nuclear even t in the same ma i n dri ft but severa l hundred fee t in the por tal

direct ion from a previous event. The concept results in substantial cost

savin gs through reuse of a considerable amount of equipment (gas seal doors ,

ca b le access drif ts , etc.)

Early evalua ti on of the conce pt 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 -O f-Internal—Friction for NTS Tuffs: Discus-

sions with Joe LaComb , DNA F i el d Comman d , and inquiries from those doing

calculations for design for tunnel structures in the tuffs have led to consid-

erat i on of “Ang le-o f-I n ternal-Fr i c ti on Models ” . Intuitive reason i ng as well

as data available indicate the ambiguity related to any estimate of ang le-o f-

internal-friction for the intact tuffs . This brief write -up is an attempt

to clarify the angle -of-internal-friction model for the tuf fs and to help

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

Wa ter Extrac ti on from Neva da Tes t Sit e Tuffs: T he hyd rolo gy of the

Ra i ni er Mesa , spec i ficall y “T ” tunnel area at the Neva da Tes t S it e , is of

i nterest to the nuclear tes t program. Ter ra Tek has been act i vel y develo pi ng

methods for extracting water from core samples ‘for subsequent chemical and

m ineralogical analysis. The development of consistent water data is dependent

upon both the method of wa ter extraction and sani tary la borator y cond iti on s .

The extraction method is crit ical 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 Nev ada Tes t S it e app li ca ti ons , 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 sub ,iected 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 ”).

8
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State of Stress Effects on ab or a t o,!y Determinat ion of the Elast ic

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

ducted ~ u .-i.’ ,
~ stress determinations under Rainier Mesa using the U.S. Bureau

of Mines three-component borehole deformation overcore technique. The cal—

culated ie ~it~ stress states are used to better quantify and understand

containment phenomena. Since laboratory determined overcore elastic modu li

are used for ~~: ~~~~~~ s tress calcula tions , a study of state of stress effects

on the overcore elastic modulus was condL. ted . Norma l tuff overcore labora-

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

i n w hi c h radi al p ressures of onl y 3.45 MPa (34.5 bars ) were obtainable due to

sample failure . Since Rainier Mesa zs ~ ;~i tu  stresses have been calculated as

being as hi gh as 6.9 MPa (69 bars), testing tech. ;ques were evaluated which

incorporated axial stresses to achieve 6.9 MPa i”, dial pressure . Modulus

errors caused by sample nonlinearity and a suggested laboratory technique

are also discussed .

~,p~c if ic  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 i~: s i t a ~ sa tura ti on

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 priperties

for virgin saturated tuff.

Tuff sam p les , immediately sealed at the Nevada Test Site on removal from

a core barrel , were subjec ted to the same env i ronmen t to ass i s t i n anal yz i ng

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

9 
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Each report has been reproduced as orig inally distr ibuted . Page numbers

have been changed for continuity Li this final report .
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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 , fur ther ma te ri al

property tests were outlined to define better the “ interface ” , and to deter-

mine the shear strength and the elastic constants (mainl y 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 conf i gura ti ons ” to be used for calculations

can be determined .

14



TABLE OF CONTENTS

Summary  14

List of Figures 16

List of Tables 16

Material Property Data Ava il abl e 17

Best Estimate of Geologic Configuration 27

Material Property Data Needed for Interface Calculation 30

References 33

15

~ 

~~~~~~~ -•~~~-~~- -—--
~~~

- ‘ -‘-- -- —_-- - _‘--‘---



LIST OF FIGURES

Fiqu re Descript ion P~~e

la Plan View of Mighty Lpic Reg ion , Area 12 , “N”
Tunnel Complex 18

lb Section Vie w along the Mighty Epic Main Drift 18

ic Section View along Mighty Epic Bypass Drift 18

2 Tests for Stemming and Containment Evaluation 19

3 Physical and Mechanical Properties Versus Drill
Hole Footage Showing Litho logical Zones for the
UE12n ~9 Dr i ll Hole 22

4 Physical and Mechanical Properties Versus Drill
Hole Footage Showing Litho logical Zones for the
Ul2n. 1O UG#2 Drill Hole 23

5 Physical and Mechanical Properties Versus Drill
Hole Footage Showing Litho logic al Zones for the
Ul2n. 1O UG#3 Drill Hole 24

6 Plan View of Mighty Ep ic Site Showing Location
of Cross-Sections 27

7 Geolog y Shown in Cross-Section along the Mi ghty
Epic Main Drift (Reference 4) 28

8 Geology Shown in Cross-Section Perpendicular to
Mi ghty Epic Main Drift and through the Worki ng
Point (Reference 4) 28

9a Antici pated Layer Confi guration for a Section
along the Mighty Epic Main Drift 31

9b An ticipated Layer Confi guration for a Section
through the Working Point and Perpen dicular to
the M i g h t y  Epic Main Dri ft 31

LIST OF TABLES

Table Description

1 Tabula ted test Data for Stemm ing an d Con ta i nmen t
Evalua ti on 20

2 Tabula ted Test Data for Pre l i m i na ry Evalua ti on 25

3 Terra Tek Core Sample Inventory 32

16

4



MATERIAL PROPERTY DATA AVAILABLE

Locat ion of Dri l l  Holes : A f i rst  set of data were generated prima r ily

for exoloratory stemming and contain m ent site evaluation , while a second

set of data were a preliminary eva luat ion of the material below the wo rking

point. The drill holes from which samples were obtained for the two sets

of data were : (1) Ul2n.05 UGo4 , U12n. lO UG~’1 and UE 12n !~3, and (2) Ul2n. 1O

UG~2, U12n. 1O LlG~3 and UEl2n ~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 1. 1

The drill holes Ul2n.O5 UG#4 and Ul2n. 1O UG~ l are horizontal drill

holes in the plane of the working point , and UEl2n ~8 and UEl2n =9 are

vertical drill holes form the mesa surface. The U12n. 1O UGo2 and U G 3

drill holes were col lared back from the working point in the ma in dr i f t

and extended downward to make contact w i th  the beds below the working point.

A drill hole designated U12n .lO UGa5 was drilled downward , froi’~ the bypass

drift at a lesser angle than the UGO2 and UG~3 to give an indication o~ the

layering below and past the working point. No physical or mechanical :~r’o-

perties data have been generated to date from this drill hole.

Tests on Cores: The Ul2n. 05 UG#4 , Ul2n .1O UG~l and UEl2n ~8 core sam-

ples were te’;ted in September 1974 , January 1975 , and December 1973 respec-

tively. 2 The UEl2n ~9, Ul2n .lO UGa2 and Ul2n. 1O UG~3 core samples were all

tested in May 1975.

Tests for this first set of data for the Ul2n .O5 IIG’:4, Ul2n. lO UGd1

and UE 12n ~8 core samples include hydrostatic compression tests , uniaxial

strain te-~ts , ultrasonic velocit y measurement and :h v s ical property measure-

s pOts as shown in Figure 2 and Table 1 - Tests for the second set of data

1/
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t o t  ~~i U [l rr ::9, Ul?n . 10 UG~2 and Ul2n. 10 UG;: 3 core samples include uni—

~. ia l  st ~ - i in  t - t - - , phy sical prop~rt / measurements and u l t rasonic  velocity

Uk~’ 1 t 5 I 4 ’  - - - i r o t S .  h’~~e d~~ t ar ~~ -~hown in Figures 3 through 5 and Table 2.

1 - It  io n t ’ o ’ -: ’ - o ,  Bed : ri gures 3 through 5 have been plotted such

that to v a r i . t t  ion in several of the mater ia l  propert ies can be seen as a

fu r l c ti on ol d is t t nc e along the drill hole. The diffe rent litho logical beds

along the drill hole are est imated from inspection of the cores (3) , and

are shown as dashed l ines on the f igures. The descr ipt ions of each “ layer ”

we re those used at the meeting on 16 June at NTS. The next sect ion dis-

cusses the l ayers in more detail.
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BEST ESTI~’iATE (.11 G[ LOGIC s - I ~F;GURAT !u~

The qeologic materials present below the W I )  r in g point , as indi dtj o (

ea r l icr in Fi 0 1 0 1 3 1  3 t rp-ow ~h 5, a re tuff or tuffaceous ~andst er ;e ( t2
tuff and rubble , micacious schist (~ wc) and s ter 1 in r~ quartzit e (H~) . 3 

~ne

t u ft is a co I’ lpe t H nt  mat erial 3-n t.h few t r 9c t ur ’’s and li ttle (Jr no ‘i1iri ution

with dep th - The tu tf and rubbl e zone is a tuff~3ceo us sands tone 1 ~~fl t1o i n i  ng

rubble , from mill ion ’ t. ’ r  to Iuet ’r s i z e , of qu rt / i t l ’  and s c o i s t  f ra I Pk ’ rHs .

i nc Ini cac ious schist 1 1yer is composed of an upper layer ( d p I - r e - j o t / - h  10

to 15 feet) of hi ghly weathered and fractured sch ist wit o reddi ’h , si l t-l~~~

mate ri a l f illing the cracks while the l ower portio n is such m or , CO I l - , -½

on d contains some tight fractures. The juo ’.tzite zone contains a i~.,to- . id er-

able amo unt of fracturing , but most are conside ’.ed t ig h t  w i t -  l i t l e or n o

fill er material. - -

A p la n view of the “M i ghty Epic ” s i te , Fi q - .~re 6, snows . the lo ca t ion

and orientation of the two cross-sections shown in Fi gur e -s 7 a - .i S.

B’

A -
-UEI2n~ 9 UE)2ri *15 -

- -1 MING RLI3OE

I 
-

“. IGHTY EPIC

_ _ _

~~~~
f_ ~p(~~fl , 

- 

I

Ul2n~~~’- ~~~ ?‘.~L -

UG*4 ‘P ‘ ‘ -

~~~~~~~~~~~~~~~~~ R1H~~~~~~

~~~~~~~~~~
- - 3 )15 - I  ~F- - -- —-— --3

— ~I-It~’7

Fi gu ’e 6. Plan V iew of ~‘1ighty Ep ic Sits ’ Show ing Location of Cross-S - ’ t lo ns
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cross-sections 3’IOr ’3~ produced by United States Geological Survey 4 and were

prel l l nina ry  as of lh June 1975. More rec ent data from on s ’xplorat or j drill

hole, 4 U12n. l0 UG~5, s ugge~~) that the schist and quar tzite layers di p to

the north (approxilliatel y) — —  see dashed and crossed line in Figur e 7 -- con—

t r a r y  to what was initially presented.

29 
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MATERIAL PROPERTY DATA NEEDLD FOR INTERFACE CALCULATION

Data Necess a Fy : The purpose of the laboratory tests is to defin e the

irrechan ical and physical properties of the various rock units (tuff , t u f f  and

rubble, etc.) to then allow a recommendation of a layer configu ration sure

as shown in Fig ure 9. The laboratory tests necessary on samples fro Ill eacrI

of the rock units are hydrostatic , triaxial compression , and possibly otn er

load path tests , ultrasonic velocity measurements , and physical prope rty

measurements including densities and porosity . For the “interface ” , dif feren t

tests will be needed to define a friction model , including direct-shear tests.

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

however , to define the average -N , o p 3 ~.4 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 l ower and upper bounds of the mater-

ial prope t ies.

Co r- - Reguired : A survey was made to determine what portion of the

origin -o h core sa lo ples received at Terra Tek were available for added test-

ing. Table 3 gives a list of this information. There are adequate core

so- -i eles in the tu rf , l ower schist and the quartzite layers , but essentiall y

no saniples ir o the “tuff and rubble ” and the upper schist layers. A mi ni1 11u I O

of tn  cc 12—inch long core samples in each of these two regions are con-

side red necessary to character ize the mater ia l .

33-)
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TABLE 3. TERRA T [ K CORE SAMPLE INVE NTORY

Rock (n  i l l  Hol e - Number ofDri l l  Hole Unit 1 1 1 (040 ( 1 - I t )  
Lenqth ( inches)  Test Samples

U~ l ? N  ~9 T U TI -
~ 1 4 .r - 2 none

Rubble 114/ 0 none
14 . 4 2 none

Schist 14 (11 4
I 1491 11 4

Pale o - 1509 2 none
zoic

Ul2n .lO UG~2 Tt 2 290 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 2
366 7 2
374 6 2
385 5 2
402 3 1
414 5 2
431 0 none
435 5 2

U12n.l O UG~3 Tt 1 259 8 3
273 7 2
277 9 3
286 12 4

Tuff & 295 7 2
Rubble 305 5
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PREFACE

Some comments are made wi th reaard to the Mi ghty Epic si t e

material properties and to the associated structures ca lcu l ati o l a ’

ef fo r t .  These comments are made after meet ings at NV OO on tu - ,3st 1 .

at  H e a d q u a r t e r s , DNA , A u g u s t  8, and after d iscussions w i t h  C l i f ’

McFarland and Kent Goering on August 12.
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GENERAL DISCUSSION

Discussions between Ivan Sandier ~nd Jim J I!In’ .or I led Q 3 5

presentation given by ryan Sandier at the [( NA Iv~ting 0 -~~~
-
~~~~~ ~

the discussions between Jim and Ivan were conduc~ ”I1 f r l l - ~~~’. -o ‘he

general ground rule that a “PW Capped Model” would be u’.oi ’ L- ‘ 1 ’

the Mighty Epic site tuffs for the “ structure calculations ” . Du r ing

the discussions between Jim and Ivan , representative st r- -o s_ strai ro

curves available on tunnel-bed tuffs from other sites were used 4 .sr

reference in the formulation of the cap model 1 . 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 surf o e,

would not be handled correctly. For example , the rr odei was not

intended to fit the apparent loss of strength which occurc as a test

sample is unloaded via a constant axial strain path 2. (This is known

to be an ef fec t cause d by the pore p ressure 3.) Secondly, it was

intended that as more material property data for the Mi ghty Ep ic site

became ava i la b le , the parameters in the cap model would be readjusted

to best represent the average properties of the site over the reg ion

of interest.

There are known phenomena that the “cap model formulated ” does

not fit, or handle properly. These include:

37
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-- det ails of the elastic -l imit where crush-up begins 4, which

is complicated here by not knowing the -N - O 1 stress

-- the difference between tNt- apparent e las t i c  constants  ‘ ;t ,t ~ i roe -1

from the seismic ve~ociti es and from the slopes of the

laboratory stress-strain curves 5 , i.e. the elastic const ant s

obtained fro’oi the [longitudinal] sei sro ~ic velocity and guessing

the shear-wave veloc i ty  are “faired ” into the elastic constants

obtained from the slopes of the stress—strain curves

- - pore pressure effects are not accounted for adequately 2 ’3

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

loading (and to some extrnt unloaded ) cycle 2 ’6

-- the tensile and extension strength is not adequately handled 7

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

8 ,9presented previously in Terra Tek reports . Surprisingly, some

cores From the region of the structures experiments exhibit quite

high shea r s°renoth , up to 1.0 - 1.5 kilobars stress difference at

mu l ti-ki b obar confining pressures; typical tunnel-bed tuffs show

stress difference of about (~.3 kilobars at 1 kilobar confining pressure 9.

It is not clear wh- ,’ so many cores exhibit this h i qh strength : Joe LaComb

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

may be relatively - t.’iin ‘ beds of this strong tuff.

30 
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At t h e  N VOO fleeting, some data were presented by Joe LaComb

suggesting a low seismic velocity l iv e r  parts of the Miehty Epic site.

I believe Joe attributes this to stress re laAa t ion surrourding the

F- main and structures experiment tun nels ’° . Joe indicate d en intends

to conduct additional seismic surveys as well as hydraulic-fracturing

0 and over-coring experiments to obtain more information about the -
~~~~

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 - / -  , t,J stress a few feet away from

the scaled structures i i ll 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 likely occur at hi gh 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 NV OC I ) .  T he r e f o r e , “more

detailed ’ strength of the tuff and the grout around the structures

should be obtained over these pressure ranges.

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

that it ~d i ll not match the strength of the tuff over pressure ranges

from 0.1 to 1.0 ki loba rs~~ ’ 12 . That is .  if the ang le of internal f r i c t i en

-- - -- - -_ ~~~~~~~~~~~~~~~~~~~~~~~ . 1 -- -j - - - --., - —- - .- - _ - - ..- 
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of the grout is matched to that of the tuff in the zero to one or two-

hundred bar pressure reg i o n , 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 lilob a rs 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 k i lobars 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 pumpab le)

grout should be used to reasonabl y match the tuff. The strength of

whatever  grout  used would  be dete rmin ed , and no fu rthe r 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 -mechan isms 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 -goin g fracture—plane . This difference in micro-mechanisms

leads us to believe that it is unlikely that pumpable grouts (5O~

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

properties over all pressure ranges.
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Concrete: used in the structures will undoubtedly behave as other

cement-type materials do--reference , fo r exa mp le , the previous Terra

Tek report on p la in concrete 13 . The co ncretes w i l l  undoubtedly show

increase in strength with confining pressure , collapse of the porous

Illat rix , and complex post -maximum stress behavior. Furthermore , the

concretes are likely to be strain -rate sensitive, exhibiting -laybe a

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

standard testing rate loadings 14 .

~~~~~
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RECOMMENDAT IONS

Terra Tek recommends the following with respect to the [- (ight~’

Epic Eoperi lli ent materials characterization :

1 . Some added tests should be performed to better characterize

the tuffs from the workin g point out to the structures ,

and particularly in the regions of a few feet around the

structures tunnels. These tests would deLerm ine the

failure envelope and the stress-strain response up to

abo ut 1 kilobar.

2. For any calculations, the most representative mater ~al

property data should be used to formulate the parameters

in the cap model. This will probabl y not cost any sore ,

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 l oading) response.

5. Some information should be obtained on the “bond strength

fac to r” for the concrete-to-steel . This can be done

by running one or two direct shear tests where concretes

use d i n the structures are sheared along steel plates —

i.e., a direct shear test at several norma l stresses 15 .

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 f o r  ten

“interface ” calculation , and those proposed in Terra Tel-

re port  TR 75-36 should be performed as cores become

available.
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SUMMARY

Physical and Illech an ical properties tests have been conducted on

several batches of grout supplied by 0~ t c rwa ,’n Experiment Station. The

grouts are used for gage implace ment 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-l and HPNS-3C.

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

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

u l t r ason i c  v e l o c i t i e s  and mechanical properties (shear strength , stress—strain

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 0

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 un iaxial strain load-

unload tes t s .
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PREFA CE

Miq ht i Epic pt- I -L o st p l I r i l l I l L i  r I ’ i I l Cj r e  I r I a t l ’ r l , I l  pro pe rt ie s fo t outs

snock 2 ,  v p ro p - og a t io n  ar o d rock/structural i n t c r i n liur l cal c~ l a t ions.

response t o  t i lis  r ’ i ’ o ] u i r i - I O I E ’ r l t , Terra Tek has perfo rio-a t es tin ; 01111

pr ooler ’t ies  in th e fo l loe ing reports:

Progress Report I - Material Properties for tsr- Mi ot , t ,’ E~~i c
Inte rface Experiment TR 75-36

Det e r i ; i i r oa t ion  of Coefficie nt of Internal F r i c t i on  70 75—3 2 ,

Some Cl io l111 l ’ r l t s  O h t he  Mi qhtv Epic Material Properties TR 75—42

Physic al and 1-ln chan ica ’i Pro perties of S e v e ra l  Grout M ix tures
(Prelimi nary ) TR 75-45

Testing is continuing and properties from the U 12n. 1O UG “4, U1 2 I I . l O

US ~6a arid Ul2n. lO UG U7 core samples are included Ln r c - in .
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TEST RESULTS

The U12n. 10 UG ;:4, U l?ro .10 UG ‘ ha and Ul ?n.1 O UG “- 7 I c - r u  ‘ lam - s - r- ; les

t i v s i c a l  proper t ie s , permanent Vo lul l,’ c o u - l m t .io n ,rncl ii c - i O n i C  ~- ‘- l o c i tie ,

- ì  r’e listed i n  Tables 1 , 2, and 3 respecti v I- i - Se lt ’ c ted p1 ,-s ca l and

mechanical properties have been piot t~’d vs. the dr ill hole fo0t-rg~ ~‘ r  Ca - .~~i

of the three drill holes in Fi gu res 2 , 3 and 4. The data has t o t - o r -  ; ‘ l o ’ t c - d

in this manner with the intent of indicatin g average properties (dashed

line) and the amount of scatter in these properties a’; a function of drill

hole footage.

Individual test curves p lo t ted as ax ia l  s t ress  v - . voi l e - It: change and

st ress d i f f e rence vs .  conf in ing pressure are contained in the Lil pe ndi s

Uniaxial strain tests curves for samples from drill holes U l2n. lO UG “S

and Ul2n.lO UG ~6a wer e p lo t t ed  a s ax ia l  s7’ress vs. vo lu r ’ change sors ’;

that the constra i ned modul u s cou ld be sca led  f rn: -r th e slope’ ; a ’ i c - : es .

Tie Ul2n. 10 UG “7 test data is p lot tocJ in  the ascii .anner ’ - -  0- C O O  ti c- c - ’- e~

stress vs. vol ume change.

The de ta i l ed  tn ax ia l  c o l : i r ’ iissi on t n - c t s  on sa - i p les  257 tee t f t -

U iO r o , l Q  DO “A and on the sam ple at 116 feet  f r o m  Ul2n . iO  UG ~6a are 5~~ 0 . 0 :

in F igures 5 and 6. These result s art - plotted as stress diffe r - n - e . -

~~~c - f i  r~i no pressur e throu gh the confi  ni no pressure ranne of 0 ~0 100 ha 

Th~ sa l ’e  data is extended roi~ to a conf i n i ng  ore s- urn of 4 Lilo5 - r’~ in Ii - : c - -

7 and p l o t t e d  as stress di ~teren ce vs. axial s ho r t e n i no  in F i g - i c - ’  S f - ’ 1’ ’

test at a confining pressure of 50 bar s .
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DISCUSSION

The mater ial propert ies show trends expected as the var ious  ii ‘ P o l o —

g ic a l beds are penetrated by the drill holes. However , the Mighty Epic

,01 1i 1 ) r ls  por t rayed by the UG :4, UG “6a and UG :7 drill holes , on the

a-,’er’e ìe , indicate higher as-received densities , shear strengths and ultra-

- 
‘ 

- , , 1 2sonic velocities (Figures 2, 3 and 4) than typical ash fail tuff

Th 0 - porosities , air void contents and water contents are about the same .

The triaxi a i comp ression tests on the two samp les fro ir I DO ‘‘4 and UG

:6a (Fi gures 5-8) were for the purpose of estimating the tuff failure

en’.eiope for coml mparison to grout mixtures. The difficulties in producing

a “ t u f f  m a t c hi nq ” grout is in matching the fa i lure 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 furthe r characterize the tuff material in the immediate vicinit ; of the

struct ures experiments.
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In preparat ion for the ‘-‘ iqhty  Ep ic ( ‘v - l i t  at t he  ‘ h o - d o  Test Si to .

OL - - Ie rIl l studies have required material properties f o r  the surro j ul l - L i m i f l  ri ’ i

Im ledia (tuff) and severa l grout m ixtures. The t u f f  material  - r ooe rt i es  de-

ter -Li n ed thus far hav e been f r o r  severa l dr i l l  holes 1 beqinnin r i with initial

exploratory drill holes to more reck-nt drill holes in the immediate vi c i n i t --

of the i- -or k ing point and the structures studies. Material propert ic-o of

severa l grout m ixtures 2 have also been determi ned.

The ma terial proper ties determ ined have been physical pro oerties (as-

received density, dry dens ity . grain density, c-ercent aci e viater , Doros it ,

sa turation amid air void content), mechanical prope rties (shear str em lo th as

a finction of confining pressure), ult rasonic l om io itudin al am ~d shear veloci-

ties and other orooerties such as the a ir void content estimated ~ro r t oe

permanent compaction of the uniax ial strain load-unload te str- -

The flighty Epic related reports distributed to dat are as follows:

1. Propert ies of Quartzite from Area 12 ro’~ the •1 evada Test Site.

IR 75-7 , January , 1975.

2. Pronress Report I - Material Properties for “i ghty Enic Exr eri r’r ent.

TR 75-36, Ji-- , 1975.

3. Deter r-- - inat ion of the Angle of Intern al Friction, TR 75-38 , Jul- i ,

197 5 .

~~ . Progress Report II - fli ghty Epic f la ter al Properties. TR 75-42 ,

August , 1975.

5. Physical and Mechanical Properti es n’ Severa l Grout “i~ tures ,

TR 75_t.p , August. l97~- .

6. Progress Re port III — f lat e r i a l  0 ro p u ’ r t m e s  on S a r - o l e s  from ’ ‘-‘iq-h t v

Epic Drill Holes U l2 n . lO UG’~~, Ul2n .l0 5 5:6a a r i d  U i 2 ’ L . l O  UG ’ 7 .

TR 75—50 , Se p t o ’ r - - hc r , 1975.

30



~~~~~~~~~ ~~~~ -js ::- —---- ---- 

~~~~~~~~~~~~~ 
- 

—~~

TABLE OF CONTE .h~ s

80

Ti f — le ot 1 / I1 ’t ! I t S  81

List os Illustrations 82

List o Tables 84

I~i~ roduct ion is

Test Pro gm -~ - -: 88

Test Resul ts -

D i scussion 112

~ef ere nces 116

81



r 

- - --

LIST OF ILLUSTRAT I~)N~

Pa-’:e

[inure 1: Plan view of the fl1v~It - .’ Epic are- a ‘,h~ -ijn ’ t~o- drill Fe - le n
from which core sa immpl i ’- , have been tooted 

[inure Ca : U n i oxial strain tests on UE 1? n-- 9 core sanmp les —- i-- e a r nor-
mal S t I~ P55  vet-sos vol umne channe 91

Fiou r o ?h: Uni a xial strain tests on UE I?n’—Y core samples -- stress 
-

diffe rence versus confinin o pressure 

Fi cu re 3: I ncon fi ned compression tests on UE 1?n’ - 2 core sa mp les -—

stress dif f erence versus individual strai ns 2

Fioure -
n
- :  Hydrostatic comnressio rl test on Ul2n. lO US”7 corE sam-

ples - - confinin q pressure versus volume change 92

Fi gure 5: i ’ nconfined compression tests on Lll 2n .lO UGa7 core sam-
p les - -  st ress di f ference versus i n d I v i d u a l  stra ir; s - . . 93

[ inure 6: T r iax i al compression tests at 0 .5  k i l o h a rs  nonf in in o o res-
sure on L- 1? n .lO UG~ 7 core sa m ples - -  st ress di f fe rence 

-
versus individual s t ra ins .  

Figure 7: T r i ax i a l  compression tes ts  at 4.0 ki lo ha- rs c o m i 1’i n ina o -as-
sure on Ul2n .l0 UGI7 core samples - -  stress dF7nrenc e

— versus individua l strains 

F ic iu m p 8: Fai lure envelope from t r iax ial  compression te nts  on
U 12n. l O UG”7 94

Fl— mi re Ca :  Un iax ia l  s t ra in  tes ts  on 1112n . lO IS S LI J core samples - -

mean norma l st re s s  versus volume chan ce C

Fi- :a re Pb: Dn iax ia l  s t ra in  tes ts  on U lSn , l 0  ISS~ 1 core so ”o les  - -  
-s t ress  dif ference versus confinino pressure

Fjn~ rc- 10: Hydrostatic comoression tests on U12n . lO  ISS~ 5 c r°’ sam-
oles -— con finina pressure versus volume chance -96

[inure 11: Unconf ined compression tests on U 12n. lO TSS= 5 core sam-
ples - -  stress differ ence versus individual strai ns - - - 36

Fi cIA r e 12: T ri a xial compression tests at 0,5 k i l obars rnn 4 inin n
pressure on Ul2 n .l (’) iSS -’-5 core samnies -- s t ress d i~~ e’~-
or ce versus individual stra ins 97

[inure 13: Tr ia xi a l comoression te sts at -1 .0 Li loha c - ’- - c o - f i n i n n

pres su ’ -e c-n U 12n . lQ T SS ~ 5 cot” samni es - - stress dF’e’-
once vnrs~ s ind iv idual  s t - ra ins  

3/

- -I --.--- ~‘~ 0 ~-~~~-.-- ~~~~~~~~~ --— — 



9
[i c-un .’ 10 : Fa i lu re  - m i v o l o p e  fn ~i c ’ - t r i r r ~~i~~l co u mp ri- - s ion m e ’ts on

U l 2m ~.1O ISS’;5.

p1 F~~ u r -i’ 1 - a. Un ia x ia l s t r a i n  tests or Ul2n .l0 HF”2 cure scm - pb s — —  

an mo o rm ia 1 ~~~t m i s s  ve t - - u s  vol U IIII c Fi , iri s~t -
[inure 15h : I ’ mr i axial strain t— -n ts on lil 2n .lO H[ ’2  i -  s a- -r - ies - -

stress di t ~r- re nce ver s~m - con fining nressc 9/

[i n u r e  16a u m l i a , ial str -a in tests on Ul2n .l 1) HF -I core samp le - -

‘eon normal stress versus vol -a- e change - 50

[inure 1 G b :  Un - - xi a l strain tests on D l 2r i .lO H[~4 core sa m o bos — —

s t r e s s  dit ~erence ve r sus c - m ~~in ing pres ’un-

[inure 17 a :  l inj ax ia l  s t r a i n  t r o t s  on Ul2 n .lO A Str ucture s (31 feet),
8 f t r u c t u r c - - s (25 teet) and C °tructures (30 feet) core

— sa c - c l es - -  mean no - - -cr 1 stress -c e r -n u s vol Ui :e chan ‘ - . . . . 101

a Fiqore l7b: Uni i~ ia l strain ~r -’cts on Ul°m c .lO A St r~mc toros (31 feet).
B St ru ct mr -es (25 ~cret) and C Structures ( 30 ‘eet) core
sam- ’nl es - -  st ress di f~erence v c - r - n - m s  conf i n ing  nressure . .  101

F i m ~re b Ra: ‘ , - - o- cstatic compression and uniaxi a l strain tests ‘ - s
‘0 q rout sal-- t i es —- neon no r m-i ’ s 1 st~m-ss vers us vol u”e
c h a n c e  (1-1 day one) 

- 

I -‘

F inur~ 18b :  Un iox ia l  s t r a i n  test on ‘~i 31 grout sample - - stress
d iffe rence versus confining pressure (14 day ace) 104

F igure 19a: Low stress - strain portion of the triaxial compressi on
t o - s t s  c-n M553 l grout samples - - stress dif ference iers us
individual strains (14 day ace), see [inure l9b fo r  en- -

tire test curves 

Fic si’ - e i-Cc : Triaxia l cnI s p r e s s j r j r i  tests on “~~~- -21 an - nu t samples -- -

stress difference versus indi c idual strains (1-C do-i ape) .
see [inure l9a E c r  b y  st ress-strain respcnse 105

[inure 20a: -iid ~nS tatjc compre ssion and L fl i a x i a l  strain tests on
“P R? oro u~ sam ples - —  mean norma l stress versus vol ame
change (14 do , age) 106

F igur e 2Db: !n iaxi al strain test on ‘m rPci ar’ u~ s a lT i n l e  - -  s t ’ - ’ s s
di f fe rr -m s versus confining pressure (10 dos’ ion ) 106

ticanm -e 2 1 :  Tr io:’ ial c -’ cr -p r c - ss ion tests on ‘-~E2ø 2 nrout sa m p le — —

stress difference versus individual strains (11 day a-ic) . 107

[inure 22: nc o n ’inod compression test on ‘fIC-~Ø0 arout sa ncH o’
stress diff eren ce versus individual str a ins (14 do - ,- a -~n

1 - 
10,



70

15/ni’

Fici m’ua ?3:  H y d r - o ’ t - m t i c  c c ’ m p r € ’ s s  - ‘ m c  t r Y  - ‘  
- - ‘ - ‘ or ,  ~- m t  sa mpl i -  — _

c u n f i n i m r n  ‘r ess ur l’  . 1- r o u s  y I m m - c ’ - i o n ic- (1 - C r~a / ‘ / i r  ) , 108

Ii (lure COo: Low s t m - c - o s — s t r a i n  nor t i o r  i - - t ’ ri ’ - t i / a x  isi I c a r -  c r e ss  io n
te s ts on ‘- ‘I - 0 1  n rou t  S , r ’ t - l en, - ~t ,‘“ ,s xl i 1’ ’-nt ’nc” - Je r S ’A ’,
i r m d isi dua l st r- a im - s (ii day ,rqe), - r e [ inure ;Ch f , ,  

~
-
~~~

-

t ire t e s t  c u r ves 10/

Ci q u r e  2-Ch: In axial compress ion tests on ‘-I[ 05 or cut sa m npl  es - -

stress difference versus individual strairs (14 ‘la y arc - ),
see F/none 24a for low stress- str - - iir res c-or~o 109

Ficc ure 25: ncon r im ied commi p ress i on tes ts  on ?O 31 0m m san - p ie  - -

stress difference versus individual strains (IC day a’- . 109

FiqLm r e 2°-a : L lniaxia l strain tests on ‘- ‘ 1 O l 1  O rOu t sa n p ie  - -  m ean
norma l stress versus volume chance (14 day ace) 110

Fig ure 2 G b: Pniax ia l  s t ra in tests on fit 01 1 orout s a m mlol e - -  s t r e s S
difference versus confinin ci pressure (14 d c , ace) 110

Fiqure 27 : Fai lure enve b o c m based on the tn iaxial coonress ion tesY
on ‘- ‘ / 1 , “P -0? and ‘10 05 orout samples (14 day acm e -

A l s o  shown is the uncont ined compress ion  tes ts  on ‘- ‘ f l

and ”- 1~- 111

[inure 28: Es t i - - a ted  fa i lure envelopes based on un i - m x ia l  s t ra in
test results on core sa rnple~ 

5 roc U12 n .J 0  tl l5/’-O , G’-Fa.
ISS ’ -5 ,nd ISS°7 dril l ho les 5 11~

Fig ure 29: Representat ive fa i lure envelo pe for the tuff in the Str ic-
tures area , based on uniaxial strain tests and tria~ ial
compression test data  from Terra Tek and W E S 4 11~

Fic’-ur e 30: Combined s t ’  c tu- -es tuff fa i lure envel ope and a rout  fail-
ur e envelopes shown in Figure 29 and Fi gure 27 , respec-
t i v e ly 115

LIST 11F TABLES

Table 1: Terra Tek Laboratory Test Proaram on Tuff and Grout
Sammp l es 88

Table 2: Physical Properties , U n i a x i al  ‘-t rain Perm iranent Vo l ume
Co m ip a c n i o n  and Ij i t rasonic  “ love Ve lo c i t i e s  on Ind iv idual
T u f f  Sam p les Tested 90

P~ hle 3: Physica l Proner ti es , Hydrostatic ‘-onn ression and Uni axia l
‘~~r am n Perm ’anent V ol ,m ’- e Comp action and u ltrasonic Wave
Vp loc itie s on Cnn -it ~ai ’plos 

111

c-C



‘ 0_ i ‘~e

table -1 : Averaqe St r cm ’ ture’~ Isit f Physical rcperti os , I r r c :anent
Commmp a ct ion  and Ul t rasonic i- f i v e  V elocities . Also liste d
for col m m par -ison is the phys ical properties of the grout
as rep orti ’-:! in Table 3 115

-is



7/

I N TROD I JCT I ON

As a cont i nui no effcrt to de tenmmmi ne m aterial properties sr si ti-

evaluation arid deve 1o~,m ,cen t of i ,ster ial models for subsequent use in c r  o u n d

notion ca lcu la t ions , tests have been conducted to det ernm ine m o hysica l am mO

rmec ca n ical propert ies of tuf f  and grout ne bat i  n- to the Miqhty Epic eienl:

,/t the Nev,,Ja Test Si te.  The purpose of the laboratory tentin g program n has

been several fold: 1) initial evaluation of the global mna te nia l properties ,

2 ) deve b o cr i - e m i t of ,~ter ia l  ‘models for purposes of oredictinq ste i-si ” in ’ t and

c o m c t - c i n m - e r c t , 3) prediction of the response across a soft to hard innerface .

-C)  determine j f  the material properties are a function of distance froi~ the

tunnel wall (this question is related to the seismic velocities obtai nec : in

the field) and 5) to insure a proper match between the tuff unciperties and

the emp laced grout properties surrounding the structures experiments.

Core samples were tested from the following drill holes :

U E 1 C rY9
U l 2 n .l O U G~7
Ul2n.lO ISSH
U l 2 n .lO I SS~5
Ul2n. lO H [=2
U12 n.l0 HF ~ O
U 12n ,lO A Structures
U12n .l0 B Structures
U 12n. lO C Structures

The locations O F these dril l holes are shown in Fiqure 1. Grout m ixt ,~res

tested s- icr - des i r m na ted :

- _ -~ 0~
P nic~ 2

‘- ‘F 011

05 

~~~- - - --- --- ~~ 



The t ot ’ and grout data art’ reported i n  tabul ar and gra phic f o r m
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TE ST P~- - U1 (- Y’1

As discussed in the i r r t r o d u mt  i on , the Pur pose of the core sample

te ’st i  ng m-i , ro  ‘ / i ’ ver~ b li - mb d . The types of t - s t s , the re-fore , -oH rd accord-

ing to t im- put-pose f o r  i - m u c h  the datd ~-ias i r , L e r i  el . For exam r’ le , in Jb2 n .10

ISS~5 dr ’ill hole samples were subjected tn triaxial com pres sion test- - s i m ~~e

the shear strength of the material is important for t h e  structur al to ts.

The types of tests  conducted on the subject drill hole sam ples amid

toe grout are listed in Table 1.

TABLE 1

Terra Tek Laboratory Test Program on Tu-f f and Grout Samples
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TLST R [SULT’

TUFF

UE12 n~ Y Dr i l l  Hole Sa~pj_es: T he p hy s ica l  pro per t ies , uniat ia l  s t r a i n

p~’ r : -o ne nt vo l um ce connpac ti on and ultr a sonic bor -q I U/i nab and shear wave

velocitie- , are l i s ted  in Table 2. The un iux ia l  s t r a i n  test c u r v es are sr , mv ~r - in

Figure 2 ,mnd the unconfined compressi on re sults in Fi cure 3.

Ul2 n. l0 UG~7 Drill lobe Samples : The hydro static pressure—volum e str ,jin

response is shown in Figure 4. The stress difference versus individual

str ains for the triaxiab compress ion at pressures of 0, 0.5 and 4 kib obars

arc- srCuw- n in Fi-ures 5, 6 and 7, respectively. The strength of the core

~a- :- --l e s at these three confining pressure states are repbotted in Fi ’-jure 8 and

indica te the failure surface for these materials. The physical propert ies ,

ni -arustatic co pre~sion perm nanent vol ume compaction and u l t rasonic longi-

tudinal and shear wave velocities are listed in Table 2.

Ul2n. l0 L,c- ’-l Dr i l l  Hole Samples: The un iax ia l  s t ra in  test curves are

s h own in F L-jure ~~
. The physical properties , uniaxial  s t ra in perm cm anent

vol ume compaction and ultrasonic longitudinal and shear wave velocities are

listed in Table 2.

U12n. lO ISS~ 5 Drill Hole Samples: The hydrostatic pressure——volume stn c in

response is shown in Figure 10. The stress difference versus individual

strains for constant confining pressures of 0, 0.5 and 4 Hbobars are Sh -~i-i n in

Figures 11 , 12 and 13 , respectivel y. Again the maximum stress differences

obtained at these confining pressures are repbotted in Figure 14 to indicate

the failure surface for the mate rial. The physical properties , the h.-drosta ti c

compress ion pe n i : a rment  v o lume compact ion and u l t rasonic long i tud ina l  and shear

wave velocities are listed in Table 2.
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Ul2n .lO HF’l2 Dril l Hole Samp les : The uniaxial  s t r -
~~in t es t  c u r - l i - -s a r e

sho w n in Figure 15 and the ph ysical properties , un i , i x i ab  S t r a i n  l e rcc - i m i ’ - m t

volume compaction and ul trasonic longitudinal and s h e a r  wav e v e l o c i t i e s

are listed in Table 2.

Ul2n . l 0  RFc-4 Drill Hole Sacm~pj es: The uniaxial strain test cu rvo’ ~ are

shown in Figure 16 and the ph ysical properties , uniaxial strain permanent

volu im me compaction and ultrasonic longitudinal and shear velocities are

listed in Table 2.

~I?D1L~
_ B and C Structures Dril l Hole Samples: The uniaxial strain

tes t curves are shown in Figure 17 and the physical properties . uni axial

strain permanent volume compaction and ultrasonic longitudinal and shear wale

velocities are listed in Table 2.

TABLE 2

Physical Pro pert ies , Uniaxia l Strain Permmianent Volumne Compact ion and
Ultrasonic Wave Velocities on Individual Tuff Samples Tested
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Fi gure 2a: Unia xial strain tests on UE1?n~9 core sam p les - -

‘ieoo nor mc mab s t ress versus vo lume change.
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Figure 2b: Un iax i a l  s t ra in  tes ts  on UE12n~ 9 co n- i’ sa :- cpl ~- - - — -

stress difference versus confining pressure.
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Figure 3: Unconfined compression tests on UE12n~9 cor e sam p les -—
stress difference versus individual strains.
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Figure 4: Hydrostatic compression test on U1 2n . l m ’) U° 7 core
samples - —  confini ng pressure versus volume change.
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Fi gure 5: Unconfined compression tests on U12n.10 UG”7 core
samples -— stress difference versus individual strains.
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Figure 10: Hydrostatic compres sion tests on U12n.10 ISS~ 5 core sam p les
- -  confining pressure versus vo lum im e change.
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Finure 11: Unconf ined compression tests on Ulln .1P ISS~5 con e sancles
-- stress difference versus individual strains.
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pressure on U12n.10 ISSc-5 core samples - - stress di f fe rence ver °us

- 
- individual strains.
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Figure l5a : Uniaxial strain tests on U12n.1O HF~2 core samples --mean normal stress versus volume chanqe.
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Fi gure 16b: Uniaxia l strain tests on U12n .10 HF#4 core samples --
stress difference versus confining pressure .
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Figure 17a : Uniax ial strain tests on U12n.10 A Structures (31 feet),
B Structures (25 feet) and C Structures (30 feet) core samp les —-
mean normal stress versus volurie change.
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Fjqure 17b: Uniaxia l strain tests on U12n .10 A Structures (31 feet),
B Structures (25 feet) and C Structures (30 feet) core samples --
stress difference versus confining pressure .
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GROUT

ME8Ø1 Grou t Samp les: The hydrostatic compression and uniaxial strain

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

individua l strain curves for the triaxial compression tests are shown in

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

di ffe rent grouts tested are shown at the end of this grout section.

ME802 Grout Samples: The hydrostatic compression and uniaxial strain

test curves are shown in Fi gu re 20 while the stress difference vers us the

individual strain curves for the triaxial compression tests are shown in

Fi gure 21.

ME8O4 Grout Samp les: The stress difference vers us the ax ial an d transverse

strains for the unconfine d compres s ion test is show n in Fig ure 22 .

ME8Ø5 Grout Samples: The hydrostatic compression test resul t is shown

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

the triaxial compression tests are shown in Figure 24.

ME806 Grout Samples: The stress difference versus individual stra i ns

for the uncon fined compression tests is shown in Figure 25.

ME8Ø1 1 Grout Samples: The uniaxial strain test curves are shown in

Figure 26.

The physica l p ro per ti es , hydros tatic compression and uniaxial strain

permanent volum e compacti ons and ultrasonic l ongitud i nal and shear wave

velocit ies are listed in Table 3 for all of the six grou t mixtures .

The max imum stress di fference (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 conduc ted at

the fourteen day ag ing point of all of the g rout mixtures .
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Figure 18a: Hydrostatic compression and uniaxia l strain tests on
ME8Ø1 grout samples -- mean normal stress versus volume change (14 day age).
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Figure 18b: Uniaxial strain test on MEOØ1 grout sample -- stress
difference versus confining pressure (14 day age).
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tes ts on ME8~1 g rout sam p les —— stress d if ference versus i ndi v id ual
strains (14 day age), see Figure 19b for entire tes t curves .
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Figure 20b: Uniaxia l strain test on ME8O2 grout sample -- stress
difference versus confining pressure (14 day age).
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TABLE 3

Physical Properties , Hydrostatic Compression and Uniaxial Strain
Permanent Volume Compaction and Ultrasonic Wave Ve loc i t i es  on Grout Samples

DRILL HOLE DENSITY gm/c c °‘. WATE14 POROSITY SATURATION % CALC , % MEAS. VELOCITY
LC . -(lk 

AS - BY WET % AIR PERM~NENT
RECEIVED DRY DRAIN WEIGHT VO IDS CCMP . LONG SHEAR

Hyd . 1-D
1 I’ - I f- I 2.57 17. 4 38 90 3. 7 3.9 ‘ .5 12670 7307

1 . 57  2.54 17.0 38 6.1 4.0 5.1 12864 7155
“1 7- - 0 1 • 5F  2.52 18.5 38 92 2 .9
‘-N 75 7 2.53 15.5 34 89 3. 7 12700 7100
“I 7- 2011 1 . 74 7.50 13.6 31 90 3.2
‘-N 7 11 ?.II’ 1.77 2.53 13.7 30 93 2.0 3 4  9420 4772
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DISCUSS I ON

The matching of the grout properties to the pr ollorties of the tu f f

in the structural test area is essent ia l  to the structures proqralil . A

good m atch would eliminate many ore-shot and most likely r o ~ t -sho t  quI - .ti ( r I o

about the effect of differences in the properties.

In order to achieve a matc h , it was first necessary to char oct en izo

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-

clu.ded uniaxia l strain , physical property meas urements and ult r sonic

velocities. Froni these data , one could obtain absolute values for mos t of

the important properties with the exception of the shear strength of the

material (failure envelope). The failure envelope may be estimated f ro m

the stress-stress response of the uniaxial strain test. Therefore , the

stress-stress curves for forty uniaxial strain tests were ave raged. Frnin

these averages , failu lo envelopes were estimated (frot- experience , the

stress—stress curve is assumed to be a lower bound ) as reported in a let ter

to Mr. J. W. LaComb , 29 August , 1975 , and shown in Figu re 28. The estimated

fai lure envelopes , admitted ly , do not give the exact shape and can vary in

magnitude , but they provided an early strength estimate in order that the

process of mat~hin g a grout to the tuff could begin.

Failure envelopes from triaxial compression tests have since been ob-

tained for the tuff from the struc tures test area (Figure 14). With this

recent data , the early strength estimates and comparative triaxial coripres-

sion data on Ul2n.-1O ISS#7 from WES4, a representat ive failure envelope of

the tuff in the structures area was approximated by the author and Mr.

R. L. S towe (WES), Figure 29. This failure envelope is shown again i n

112
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Fi gure 30 along wi th the failure surfaces of some of the Mighty Epi c grout

m ixtures 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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TABLE 4

I\veraqe Structures Tuff Physical Properties , Permanent
Compaction and Ultrason ic Wave Vel oc i t ies . IUso l isted for comparison

is the physic al  propert ies of the grout as reported in Table 3.

(7 - 11 112k  D e n s i t ,  ‘II , CC I’ll - - , s” - ~~~~~ 
-

I i,’ 

,, , - - - I’ - 0’ - -

SIR LJ C I IR E I. 
• -

- j F F  I 
- 1. C 7  2 4 -  IC 71 ‘‘ (7 ‘ - - “

- • - 5 .08 - - 4  -2  -9  2 3. 7 3 . 5 - 00 37

‘ ( I - / I  1 .95 1 .61  2. 57 17 . t 1)- 10 3 7  1 4 1  I - - :

Ml - O ?  1 7 9  1 . 5/  2 - 4  1 7 .0  38 - - 4  6 . 1  4 .0 5 . 1  - : - -  9

~I - - 04 1 .9 1 1 . 1 115 2 5 ?  15 .5 39 02 2. ’
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PREFACE

Concrete and steel structure response was predicted and measured for

the Miqhty 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

three types of concrete as well as the coefficient of friction for the

steel-concrete interface. Test results are presented .
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I NTRODUCT ION

1 ) 1 1 5 1 of the experi m l ments planned for the Mighty Epic event in A r- e i 12 ,

~t-v ad a T~ct  Si te was to evaluate the effects of shock loading on concre to

and s t~-t ’l structures . Experimental analysis required mechanical properti ec

I !  ‘ 1~ - concr ete , steel and concrete-steel  interfaces . Concrete ~rope r t ie ’

~e”- dete rmmmi ned through uniaxi al  and t r iax ia l  compression tests  at quasi -

s tI tic lo adin j rates . Steel samples were tested in uniaxial tension and

cu IIIpr -ossion w nil e the coefficient of friction for the concrete interfaces

were determined in direct shear tests .
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CONCRETE MECHAN ICAL TESTS

Concrete samples used in this study we re obtained from two sources .

Lasker Boiler and Engineering Corporation of Chicago , Illinois supplied 30

standard cylindrical test samples 15.2 cm. diamm ieter 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 m ean

coarse aggregate size was 1.9 cm. and comprised about 45 percent of the

concrete by weig ht (see Figure l). l The second concrete source was Lockheed

Shipbuilding and Construction Company , Seattle , Washington fr-UN which 60

standard cylindrical samples , 15.2 cm . diameter by 30.5 cm. 101 0 were oct~ined.

~~ 1
N

-

4A

~~~~~~~~~ - 

N

,

Fi gure 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 desi gn while the remaining 30 cylinders were of a 7.2 ksi mix design .

The water-cement ratio is here defined as the wei ght of wate r divided
by ~oe wei (;ht of cement per cubic yard of concrete .
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These cylinders were designated as LH-5.5 ksi and LH-7.2 k~,i , reope ctively,

I ndi ca ti rig a 5 5  ks i and 7.2 ks i 28 day unconf i ned compressive s treng to .

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 ia d a

water-cement ratio of 0.44:1 and was 14.5 percent coarse aggregate by we ight

as shown in Figure 3 2

The cylinders were shipped sealed to preserve moisture . Mechanical

testing comiinienced approximately 2 months after the pour date .

Concrete Sample Preparation

Concre te test sample ends were ground parallel to wi th in  -‘ .005 cmmi .

Samples designated for triaxial compression testing were exami ned 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 lockwi re .

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 late ra l 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 .
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Figure 2. Cross section of LH-5.5 Ksi concrete .
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Figure 3. Cross section of LH-7 .2 Ksi concrete .
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Concrete Results and Conclusions

The genera l shape and character of the stress-strain triaxial compression

curves agree wi th other published results .4 7  The init ial non -l inear portion

of the stress-strain curves for both the hyd rostatic and unconf ined tests

have been shown to occur if mui crocracks exist in the concrete .8 Microcracks

nay have resulted from excessive morta r 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-stra in response to failure . After the initial

nonlinear foot, the hydrostatic loading curves also showed fairly lir lear

response up to about 500 bars confining pressure after which a second

nonlinea r confining pressure -vo l ume strain region occurred.

Table I lists the bulk modulus determined from hydrostatic lo adi n , of

the concrete as shown in Figure 4. The bulk moduli in Table I were dete -’- i ne d

using a secant slope from 0 to 0.55 kilobars .

TABLE I
Bulk M odu li for the Three Concretes

Concrete Type Hydros ta t ic  Stress Range , Bu lk M I - du lus . ~h
bars (Cl to 55~ baro )

LBC - 5.5 ks i 0 to 552 110

[H - 5.5 k s i  0 to 552 138

LH - 7 .2  ks i  0 t 552 Of

1 2 /
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Figure 4. Hydrostatic pressure versus volun m e 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 desi gn , while reported values for Poisson ’ s ratio average

about O.2.9~
10 The values reported herein are consistent wi th those

previously reported data .

• Fi gures 5, 6, and 7 show the triaxial stress-strain data for the three

concrete types. The maximum stress difference attained during triaxial

compressio n testing was interpreted as the ultima te stress. Obtaining

reliable stress-strain data beyond the ultimate stress was often not

possible due to catastrophic sample failure which resulted in exceeded

da ta acquisition capabilities . Thus , the arrows indicate the direction taken
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TABLE II
Sun~mma ry of Tr iax ia l  Compression Test Results for the Th ree Concretes

___________________ _________________ __________________ - 

Uf l’ I  ‘
~~~~~~~~ 

-— —

Sample Concrete Type Test Type W tlITId te Stre’’,,-s . l~,r - , Modul u’ , ~‘r, 1 ’  - 1

7 3 - 
~ r- Y l l  “, ‘ ‘IO- ‘ ‘ I ’  lOd Il

10 LB~~~5 5  I i r~~ Of l f l f lpd 0 541.~~~~~~ 182 :F ~
1iX  

-

6 LBC-5 .5 Tria xial 101 881( 397 445

15 LBC-5 .5 Tri ax i al 11 8 7Sfl 160 401)

1’ LBc-5.s Triaxi ~~1 ? 7 6 1?4~ 690

25 LBC-5 .5 Tr i ax i al 372 1 1 3 1 * 4 751 300 fl~~~ ’

12 lJ1-5.5 linco nfined 0 47(1 157 260*

18 LN-5.5 Tr i a x ial 207 976 395 321) 21 .13

21 LH-5 .5 Tr ia xia l 552 1395 1018 330 n~ J 7

13 LH-7.2 Unconf ined 0 520 176 21 (1*

14 LH-7.2 Unconf ined 0 51)0 167 230* 0.15

23 LH-7.2 Tri ax ia l 212 1055 564 345 -

22 LH-7.2 Triaxia l 552 1366 1007 345 11 7(1

* Scaled on line ar portion of curve , (i.e., does not inc lude the “ oo
on the curve).

** Confin ing pressure , 3. lowered from 552 to 372 bars to achieve sar rn le
failure .

by the stress-strain curve after attaining ulti m ate stress. Figure 8 shows the

ultimate stress surface determined from the ultimate stress for each

sample. A general trend of increasing ultima te stress wi th increasing mean

stress was observed for the three concrete types. However , little diffe rence

in ultima te 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

la rge comp ressive strains above 500 bars confining pressure . Ductile

behav i or was de fi ne d as ax i al stra i n greater than 1 percen t. 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

‘ I and 10 show the recove red sa imi ples (numbe rs 23 and 25) after t r iax ia l  testing

at confining pressures of 212 and 552 bars , respectively. The figures show

a mo re localized fail u re zone at 212 bars confining 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 TEST S’1

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 forimi of a

plate , 30 cm. x 30 cm. x 1.9 cm ., by Lasker Boiler and Engineering Corp .

of Chicago , Ill i no i s . Tens i le and com p ress i ve tes ts were perfo rmed to

determine the mechanical properties of the steel. Test samples were

obtained from two orthogonal di rections in the plane of the plate and one

di rection normal to the plane of the plate in order to check for anisotropy .

The orthogonal directions were artibrarily selected since rolling di rections

we re not specified by the contractor.

Steel Sample Prepara ti on

The samp les tes ted under the tens i le loa d we re cyli ndri cal , 0.635

.013 cm. diame ter, and 2.54 .013 cm. gage length . The samples for compressive

testing were also cylindrical , 0.953 + .013 cm. diamete r , and 1.905 .013

cm. total length . Sam npl e ends were prepared parallel to within - - .0003 CIII .
.

Axiality of the test specimen with the loading piston was within -
. .01 cmn .

For both tensile and compression specimens , two strain gauges were bonded

directly to the sam ple to monitor the axial  and transverse strains . The

strain g a u l i n - . used x~ - r ~- do curate ~~Il .005 percent s t ra in .  Al l  sample

preparation was done in accordance wi th ASTM Standards E8-65T and E9-61 .

All loadings were applied quas i-statically.

Steel Test Results and Conclusions

In order to clari fy the des ignation of the test samples , the plate

orient ation shown in Figure Il was selected. ~r /n -il e and compressive tests

were performed on samples from both the “x ” and ‘ -v ’4 directions . Samples fu’o! II

the “z” direction were tested in comp ression only since the 3/4 inch

132



Figure Il. 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 , compressi ve loading.

- 

~~~~~~~~~
t X T fl~

/ E~~ ?O3O IIOo’s

~. - 2 v -  / -

±

~~~~~~~~~~~

.
i

~~~~~~~~~~~~~~~~

E t  

~~~
TR~ NS’JERS6 ST RAIN , ~ A Y I~~~

Figure 12. Tensile stress-strain steel
samp le , X direct ion.

133

— ~~~~~~~~~~~~~~~~~~~~ ~~~
- - -

~~~~
- .- - ---- - . - - -

~~~~~~~~~~~~~~~~~~~~~~
--



- - - --A-- —----~~~ - -A- ---

I I I I >

I.

I I I 1

w
U)

w

I

> 0

.cZ ~~~~ +‘~
C U,

— 0 ) 0 )

- Ii
~~D 

~~~~~~~ 

.

~~~~~

134

- _ : :~
‘
~~~~ ~~~~~~~~~ - - - A --A — -  - ----A —--- - --- A - - .  

—



- - A  -A- --— - - -- --- - -~~~~~~~ . - - -A -~~~~~~~~---- _ - - - -A - - -  -~~~~~~~~~~

0)

~~~~~~~~~~ I f I 2
Si w ~~

) 
11)

~) > 0)
_ 0 (() 0)

b Z  4-’
4 Id)

1— o CQ U, C) ~~~~~~~~~~~~~~~~~~~~~~ It) ~~~ 0
C) ,-‘~ . ~~~~~~~~~~~ Z
I ~

J

I
ISSBdiS

! Ii
~~~~~~~~~~~~~~~~~~~~~~~~ H~~T—T’

~ 
- ;

_ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _  0
I I I I I I 3

E
U) (0

1/)
u~) W
‘- I >

~~~~~‘ - (U )  0)
C)

0

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 

‘

~~~~~~~~ r

135



--

Al l  sam im ples dem m ionstrated a l inear e las t ic  reqi o m l and a we l l  defi ned

yield point. The miiean upper yield po int observed during the loadi ’Iq was 2.~Ju~

0.06 kbars . The mean Young ’ s modulus meas ured was 2.090 I 0.075 - It n i s - - . w i t m l  a

mean Poisson ’ s ratio of 0.285 0.015 . The variation in behavior for the

different orienta tions is due most likely to the small sample populati on

tested rather than to some anisotropic nature of the plate .

A summary of the steel beha vior is contained in Table III.

TABLE III

Summa ry of Steel Test Data

Test Test Young ’ s Poisson ’s Upper Yield
Designation Tyoe Modu lus Ratio Strength

XT Tensile 2030 Kb 0.27 2.96 Kb

YT Tensile 2170 Kb 0.31 3.03 Kb

XC Compress ive 2170 Kb 0.29 2 .88 Kb

YC Compressive 2040 Kb 0.28 2.93 Kb

1) 
~~~~ 

-

ZC Comoressive 2030 Kb - .  . - - 
-

lip ~~~~~ -,1~~~--~
-- ::1~~~~~~~~~ . ,:



CONCRETE - STEEL SHEAR TESTS

Lasker Boiler and Construction Company supplied ten 10.2 cm. cubes for

test ing the frictional properties of the concrete - s teel i nter face . Sam p les

were designated according to structure in whi ch the concrete and steel

were use d , 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 p late 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 approxima te

Nevada Test Site tunnel humidity .

Appara tus an d Ins trumen ta ti on

Di re’- t shear tests were performed in the machine shown in Figure 17.

The normal load was applied with a servo-controlled actuator operating in

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

~~ N~L~
7

—, iw

— .- 
~‘*4 ~~~~~~~~

Figure 17. Di -’ect shear machin e.
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a c t u a t o r  o p e r a t i n g  in  the displacem rment feedback mode at a rate of 0.001

cm/sec. Both the nor imma l and shear loads were mneasured direct ly by load

cells placed in line with the actuators . Frictional load contribution

due to the shear box was mininmized by incorpor ating ball bearings and

hardened steel bearing surfaces . Al though the coe lf ic ient  of f r i c t ion

for this bearing proved to be dependent upon normal load neg ligible errur- .

were incurred. For a norma l stress of 70 bars , the fr ict ion coe f f i c ien t  v~as

.009 amid at a norm ilal stress of 700 bars it was .002 . Through cal ibration ,

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-Ca l 30.

Di rect Shear Results and Conclusions

Table IV lists the direct shear data for the three cubes. Sample

C-Y- l3 “stub” showed no breakdown shear stress and gave an average friction

coefficient of 0.53. Sample C-Y - l3  “sphere ” showed an initial breakdown

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-l3 “stub”

had become unbonded at the concre te-steel interface prior to testing. The

authors feel this unbondinq could have affected the data via some mechanism

such as drying of the surfaces.
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TABLE IV

DIRE CT SHEAR DATA

(LBC - 5.5 ksi concrete)

ResidualSamp le Shear Rate Norm lmal Stress , bar s Fr ict ion Coef f ic ient
l0~~ c nVsec (to shear plane) 

_____________

C-Y-1 3 1 
— 

~~~~ 
.53

“ stub”
6 8 . 3  - I

1 101.4 .53

C- Y - l3 1 34 .5 .73
“sphere ’

C-X - 5 1 34 .5 .69

_ _ _ _ _ _ _ _ _ _ _ _ _ _  

71.0 .70

1 ~

- ~~~~~~~~~~~~~~ ~~~~~~~~~~~~~~~~~~~~~~~~~~~ ~~~~~~~~~~~~~~~~~~~~~~~ ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ ~~~~~~~~~~~~~~~~~~~~~~~~ . :, 

-



CONCLUDING REMARKS

The concrete and steel m ll echanica l tests showed behavior (11)11 . lst (- 1t

w i t h  previousl y published rm ult 1 . Young ’s modulus arid Poisson ’ s ratio

to r the conc re ti~ aver1llu (I 310 ki lobars and 0.17 , respectively. The averane

bulk modulus for the three concrete types was 115 ki lobars . The steel

samples gave an average Young ’ s modul u s and Poisson ’ s ratio of ~~)9~I

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

coe ft i ci unt of friction of 0.7 4j best  re p resented the concrete-steel

interface .
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A Defense Nuclear Agency proqram i at the Nevada Test Site te study thc

effect of shock waves - -  both mnaqnitude and d i rec t ion - —  on s t r uetu res  01

varyi ng configurations and designs required a complete ch aracterizati u ri ~ f

the immaterial (tuff and grout) surroundin g the structures . It was a lso dr~s ie nd

that the qrout properties be simmi il ar to the tuff properties.

Tuff surrounding the structures was characterized through mechanical and

physical properties measurements performed at WatE r’ways Experiment Station

(WES) and Terra Tek , Inc. Subsequent grout development then perform ued at tbe

Groutin g 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 desi gned .

Approximately twenty mixtures were analyzed before final grout selection , “ [c-l i.

This ME8-11 grout was implaced in the structures drifts in preparation for the

Mighty Epic event.
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INTRO D UCT ION

Line of Site (LOS) nine enm p la cet tent for nuclear test programs ut i l i ze

substantial am ounts of grout materials. Different functional roles r°nuire

different urout mixtures. Fo r example , qrout s have been desioned to attoo-

uate energy via high gas- i il led porosity, to orotect structures via ~~e

shear strength , to flow via the ductilit y , etc. It has proved difficult

to obtain a single mi ;~ture with a combination of select properties. For

exa mp le , to strenothe n orout , the water content is decreased , this would ,

if saturation remained constant , result in a hiqher densit t’ , higher sound

speeds , and a less workable mixture . A more detailed descri ption of the

denendence of properties on each other is inc luded in the text ,

Stringent requirements for  grout properties was necessary for

the Mi ;hty Epic structures program at the Nevada Test Site Area 12. The

orout and tuff orooerties were required pre-test for 1) eva l uatinn r’re-

test static desic m n rethods , 2) determination of active inst rum entation re-

soonse for the structures in the nuclear test and 3) providin o a basis ~cr

interpreting the M ight y Epic test data . To meet  these obiectives it was

necessary to characterize the grout material and to match the orout pro-

nerties very closel y with those of the parent niaterial-tu ff .

Matching grout properties to that of the tuff required , fir rt of all.

the properties of the tuff. Material pronerties of orimary importance won-

the shear strength , the air void content , the as-received dens ity and the

lon gitudinal pulse velocity . Waterways Experi m ent Statio n
1 (WES) and Terra

Tek , were responsible for determ iiinin n these properties .

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

velo ping a matching grout. This process invo l ved varyino the consti t uent s
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Op ut m ’i ixtu r - en by 4[S ari d NTS personnel .  Each ni. - tun e w i ’. then

‘en ted ‘ -
~ 1 S or Ter m - i Tek to det ermine its ‘ propert ies . Two maj or n u n —

urns dun i i ’ th is p i - n a s s  , in addi tion to at hin cm the tuff properties

w ’m - m aintainin g a pum im p able grout and insurin g a low temperature rise dur-

m i  curinq.

This report contains the test results from which the aver ane proper-

ties of the tuff were obtained , a description of the grout constituents ,

the qrout tests conducted , and the eventual yen fication of the orout n i x

properties actually imp laced in the structure s drifts .
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STRUCT URES TUFT

The M i g h t y  Epic oroqram mi is planned for the ‘ n ” tunnel complex , Ar ’-a

12. Material properties data were available from other events i ll the un -

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 ”). Additionall y , inmost of the tests previously con-

ducted were primarily for siting purposes and the tuffs were inco t --i lete-

ly characterized. It was , therefore , necessary to conduct no lect tests on

cores specifically from the structures area .

The structures drifts relative to the Mighty Epic wor kin g p oint are

shown in Figure 1 . The structures are in the sante horizontal p lane of thu

work ing point , a re designated “A’ , “B” and “C” and are contained vi thin

tunnel bed units 3BC , 3D, 4AB and 4CD.

Core holes Ul2n. lO UG�t 4 and UGu6a 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 ~or Struc-

tures implacement. This data provided a generalized overview of the a-

tore of the tuff in the structures area -- air void c ont -I ts, densi t ies ,

sound speeds and estimates of the strength of the material. The;e early

estimates , especially on the strength of the tuff , were necessar y to ini-

tiate a matching grout mixture development.

After completion of minin o the structures dri fts , core samp les we re

obtained from the ISS a5 and ISS ~7 drill holes and the A , B and C Struc-

tures areas. Along with samples remaining from the UG~4 and UG’’- 5 holes .

a r i l b e r  of triaxial compression tests were conduc ted to define th e t ’ j ~~~~~

fail ure rvelo pe (m aximum stress differen e at varying con fining pressu ’e ).

i i ’)
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TE ST D4 A

In many cases , the ‘ - I S and Terra Tek data have been combined. Tb ~

was done in order t I  use all data in es tab l i sh ing  average propert ies.  Se-

lected properties are listed in Table 1 while the stress-strain re spolIn -

of the hydrostatic com ’ipm-e ssion , triaxial compression and uniaxial str in

tests are contained in Appendix A.

TABLE 1

PHYSICAL PROPERTIE S , ULTRA SONIC VELOCITIE S AND PERMA NE NT VOL UM E CO’ - (P~ CT JU- ’ ,
ON Ul2n .1O UG~4, UGr 6C , ISS~5 AND P., B , AND C STRUCTURES DRIFT SAMPLES

I ~~~~“ 

~~~~~~ ~~~~~~~~~~~~~~~~~~~~~~~~~ 
:T~ 1~ 

I

I It ,

~ 
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AVERAGE STRUCTURES TUFF PROPERTIES

As stated earl icr , a r’I ’l inminary estim imate of the tuff strength wi’,

,‘r~ iired for the grout deve lopmmment. To provide this estimate , the UG~4 and

UG~6a uniaxi a l strain test stress-stress curves (Appendix A) were averaged ,

see Figure 2. These curves , fr-or - - past experience , are known to he a l ower

bound to the failure envelope produced by the triaxial compression tests ,

It should be empha sized that these averane uniaxial strain test stress-stress

curves do no’ l etir e t’ie m aqnitude or shape of the failure envelope but w ill

provide a m w - I - hound. The uniaxial strain test data suggested that the shear

strengtn ~or tee tuff in the structures area was about twice as strong as tha t

o~ the ‘ a- . eraae ” ar -ca 12 tuff4. Subsequent triaxial compress ion tests nroduced

t t e  t ai 1 urn ’ poi ots sho rn in Figure 3. These 1 im i mi ted data provided the necessar

f ail - i r e en’~elope U -tail , see Fi gure 4.

The other properties of the tuff determined from the testing are Sin -

rarized in Ficiures 5 through 3 as a function of distance alon o the drill hole.

The avera oe and standard deviation for these properties are listed in Table 2.

The tuff in the structures area and , in general , the ‘-li ghty En ic area

has higher shear strength . hi gher density and hinher soun d sneeds tn an ‘n e

t-i p ica l 12 tuff. The i-iater content is l ower for the structures tu~~

while the air void content is ap pr n ’imnate ly the same .
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Figure 2. Average Stress-Stress Response of Uniaxial Strain Tests
on U12n .1O UG~4 and UG~6a Core Samples (TTI).
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TABLE 2

U’ 1-U k’,-ERA G[ I ’ I ’
~~~ PEUT lEt OF

THE STRUCTE JUI S TUFP

STT’.NUAPD
A’ .’i.  U- T U E  l ’ E V I T ~~ 1)N

As Received Density (qmn /cc) 1.95 0.35

Water Content by Wet  Wei gh t ( ‘) 15.7 2.5

Porosity (
c-c-’

) 31 7

Air Voids (~ ) * *  1.0 0. 13

Ultrasonic Longitudinal Velocity (tt ’ c -, - ) 10.330 1 ,000

* The averages includes all values (1.11th the’ e ’ n ’ t i a n  of the last
4 samples fro rr U12n .1O UG”I which were not considered as rep-
resentative) on samples fro ” U1 2 n. IO U6~ 4 , U P- c f -a ,  ISS~5 and ISS~’7.

** The air void content is taken here as th e r er l anent volu m e compac-
tion from the uniaxial strain test.
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GROUT PROPE RT I E S

~Ut O ria l properties hav e ’ been det er r-r i ned on a num be r of grout t /lce ,

durin g the last several years of the Nr- vada Test Si tr’ program. U n c u t  t /F ’ eS

I-lore all variations of basic super lean , rock m atching and high str l- rlnth

orouts. Table 3 and Figures 9 and 10 summarize selected oro:erties of these

basic t y c e s 4.

Followin g the pr -eli min a ry estim iiate of the structures tIAf f properties ,

nine diHe rent mixtures of grout , used mainly in sto r in g and ccr tc -c i ni ;ei t

s-/Her s o~ past events , were sent to Terra Tek f~~r testing. The - rout desiqna-

tions were UP3~ — 1 . HPPJ - 1—2 , HPP’ -
~~- 3 ,  HPPM-4 , H P P U— 5  , HPSL— 16 , Fi~~~N S — 1  , H U T S- ?

and HPRM-3C. H ’drost atic co~-’ores Sion tests , triaxial com oression test s . jr- i-

axial st r ain tests . physical property me asul-e :’;c-nts and ultrasonic -1eloc it- I

r- eau u I-eI-re nts were conducted on these arout types at 14 , 28 and 56 day anes .

These data are list! - - : in tabul ar form in Tabl e 4 a n d  as the tria~ ia l no-

oression derived failur e envelopes in Figure 11. These data indicate varia-

tions in the shear stren it S from tens of bars to hundreds of bars . ultr a sonic

lon c itudinal velocities fm ’ -- 7 .000 to 11 ,000 feet per second , air void Con-

tents fro rr 1.5~’ to ~ .5 . and as—rece ived densities fro -r I ‘-f go/cc to 2 1 0

n /cc. Based on these crout properties. channes wt-re lade in 0i~~X s o r , s t i  t ents

~ine tune ” the nr - ,c - u t properties , (i.e., bring all o f  the o r - o te r - t i t ’ s  a

sin g le m i x  close to that of the tu rf),

The sub sequent nr,n f mixtur es were desi a rra ted ‘‘U ~~ t h r o u n 1’ ‘-U - H .  n

roost cases , each o’ - ni ‘are i - i an re p r pp- - c r -t ioned in he Jev” l  opr e nt a 1 S £ 
~di es

based on the nre’ne - ’ i~ s of the I r v j n u s  m i ~t r i re .  The t - s  s no • -~-,o

r i ~~c- .res va c - i ed fr - or -- m ci ori~~ined Cur c e s s i o n  toYS ‘ t r i a x i a l  co ’nr c--sil: , r l rest-

s r ’ r i ° i t~~e shear S t m o n i t h  o~ the m ixture . If ‘ Her propert~~es w-’-re also

~~~~~~~~~ -1i L~~~~~ ~~~~~~~~~~~~~~~
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needed , )) rria x iI l strain tents, physical cIo ~~I r t y  I Ir ’asu reI ’Ir’r :t- c- c i r d  ~l Lr ,J ’ lo r r iC

ion : I tud inal m d  s h e l l  -ia vr ’ veloci ties 20 1-1 condu e I’d - Table 5 s l r Il Id r ’ I- /  - -

! ‘ I O O S U  li’I It ll ts and tL sts

The’ ‘-~inht y Epic lu- out failure eli- A-eloPes , based on the tri ex ia l compressi on

tesH. are sh’a l-,aI in Figur e 12 w hile the physical rlg Ie rti l-s and u l t ra sonic

-.-el ociti e s are tabulated in Table 6.

Sel cc ted propeI~t ie~ of all grout mix tures (HPR M-1 through fl [J:- 11) are

sI ll-rI-rar ized in Figure 13 wi H the average struct ures tat show n for re f er r - ce

This plot , alon g with the shear stren gtn data (Finur e 12) , substantiate fEc - 2

evolution of the erout deve log oIl t f I l m the ’ fl ighty Ep ic structures Orourar -

i / I
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TABLE 5

SUMMARY OF MEASUREMENTS AND TESTS
CO NDUCTED ON MI GH TY EPI C GROUT M IXTURE S

GROUT PHYSICAL ULTRASONIC MECHANICAL TEST S
M I XTU R ES P R O P E R T I E S  V E L O C I T I E S  -— ___________

TRIAXIAL HYDROSTATIC JNIA .fIAL
COMPRESSION COMPRESSION STPf- I!~

ME (301 X X X X /

X X X X X

M E8~4 X X

ME 8~5 X X X X
ME8~6 X X
r.1E207 X

X

ME8- ll X X X

M E S_ ll (R X X X X X
(Field Cast
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VERIFICATION OF FIELD GROUT M I/ T U R f S

,
‘
III cI’.lcIl cl p r e c a u t i o n , ond one tha t  h i s been s t i  nd~ i - i( o - ‘ c -du mc - - ~~‘ -  

~
‘ p/j ‘5

ev ents , is  pe r i o d i c  sam~lin q of t h e  u r i c - u t  m ixes t F : c - l t d m 1  - l I _ p c - i c - c -  Ii i I I i d (

in the t i_ ci~,I els. This was especially necessary for 7 0  -
~~~~~ ii t . c - c i -  - pro _c ’

w here t he propert ies we re of upmost irnporfc i nu’ .

Selected sam p les obtained fmni b a t l  Inc . of t h c -  I 0- id cas t  I-~ ~~ - n c - c - u 1

were tested by WES ari d IT! - The t e s t  me - n i t .S a l l  S1 1- - I F -  Fi qjrc- 1 A a r - rI

15 during the ac ing  process and in Figure 16 f i r  g r i l l )  t b - c- - ‘lI lj 1~I ’ ‘

close to shot da y. Table 7 su l-ln c -a ri zes sel ei 5 1 c c - I  p c - n i - i c - m t ies i : - r c - th ese f ic-l d

cast mixtures.

The finalized ni xture contained Portland cement .  e x l c - a r o  i vi: se em- ’

f lyash , Dan te , Denton ite , pumice sand , fine s i l i c a  sand , wat er r € c d c - j c i r c - c l _

retarder adm ixture and water .  The water -cement i t ious  r a t i o  by --o- iq hS was

1 .4 .  The theoretical unit weight and theoretical cemer ti t io us co i t e r i t

w e re 125 .9 pounds per cubic feet and 5.0 bags ner cubic yard , resr c - c t i - ,’el :.
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Figure 14a . Uniax l al Strain Results on Samples from Several
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DISCUSSION AND CONCLUS 1~1NS

The m echa n i ca l  and physical propert ies of the t f f  in the structures

ar -en are we l l  d ocul c - -l c -n ted. The structures tuff , as compa red to the t’/i i  cal

ash ta l l  tu f f  in Area 1? , has about twice the shear strength w i th  densi t ie - -

and I c -- :in d speeds 10 to 20 nercent higher , norosi t ies and I-inter contents  10

to 20 percent lower and air void contents apo roxi ma tely the same . The

scat ter  in the material  o rnoert ies is typical of tuff .

Once the tuff pronert ies had been es tab l ished , the deve lo nl - i c -r , t  of a

‘a tch i  ng arout requi red several major considerations . The shr-n r ~ trr- rc - q th

c - c - f  the grout was of u tmost imoortance , not only unconfined , but as a ~unc-

tion of confining oressure ( fa i lu re  envelope) . Grout ‘mix tures w i th  h ich

Inm os ity and saturat ion are muc h less pressure dependent than 5 1 1 f c c , This

behavior is pri i-:ari ly a function of the pore pressure and the result i  no

e f f e c t i v e  stress. The most obvi ous means to irlcr eo se the pressure depen-

cence of the orout shea c - strength was to decrease the water content of the

nt -nut Lowerinc the water  content and reproport io n ino w ith s’urious ty ni s

of mixture Inns tituents not only assisted in match in c the shane of the

o 7 1 5 ~~ failure envelope but a~so in p r n c -/ u c i n g  the overal l  increase in the

shear stren qte needed. However , with t h i s  decr e ase in water and inc c- ens e

in shear 5t1 - 0r11 t 1 1 , the numpabil ity of the ~~‘ 0 c - Ic ’ was l owere d . It should

he obvious that wi th this dependence ~~f pm I 7 t c - I - r 1 1 e’-~ c- c - I  ~ fl f ’ ano t hem , the

d e v e l c - c - n ent requi red considerable effort and a nurt’er’ of ch anie ~ irl tF 3 c

grout c i c -nsti t uent c .

Aside f rom predi finn what ni X t u r ’  ch a noe c  were ne c e s s a r ’ j to oroduce

‘he desired results , the agin g hi stor - ,’ of ea ch t c l c- - . t  hn tc - 3 m  1c -3S i ‘~~0 f l ’ t c - 3 I I t,

T i n’s , ti r :tierature and h u m i d ~~ c-
~’ a l l  c - i d- - d I I  i r cpo c t an t f,c~~’ r fO t c )c-

I ‘
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- 
pronert les. G r o u t  i I’lp lclce d in e’-,sl ’ntia l ly  a 100 ICI - ce r It humidity envi ron—

I t ’ ll t Cdli do c-j,~ 1op a c u r l s  i der - ,rh le t (‘~c - c - p ( c - r a  ture r ice over a ~me r iod of t i m ’ s ’ ,

A l s o , t m e  ur nu t ~-~ou1 d Pt’ impl aced 1-lE e ks  01 months prior to test execution.

- 
Obv io uc - ; l v , to have s i m : Iu la t I ’d  tnose exact condi tions on the  deve l o r c - c- ’e r t

I l r o u t s  would rc c ]u i r - i c -  a proh ib i t i ve  test  nr’mwo rain ti r e . Therefo re , or ior

e c j ’ ’ r l e n c e  arid knowledge of the agin g cha rac t e r i s t i c s  were u t i l i zed  to a

1 c- :ormr .~~c- :l1’r c - t hle degree in this grout pronram. As an exa iiiple , note th e d i f fe r—

ences in  A ho uni a i al s t ra in  test response of the ‘II- 0- 11 grout as tested

5 c -
~ ~J [0 and Tem’ :’a let , Figure 0 15. The ~LS data ‘- ‘os generat ed fcc ”  s a m p l e s

- - 
‘ s c m i Id] had been - It  e leva ted  tem perature and 100 percent h u m - :i  di t’/ for 7 days.

Th is  a i l ing h istory is a p p rox imate l y  equ iva lent  to 28 days of cur ing at moor

te m’ lnera tom re while maintaining the water content constant. The Terra Tot

I tes ’; we- s on 14 day age room t e r p e r - a t u r e  cured sam p les .  The WES s a m ’ p l e s

( 7  do,’ accelerated i omo duced about tw ice  the shear strength and a m ”uch dif-

C c - n c - c r , t  s t ress -s t ra in  res ponse than the Terra  Tek samples (la day room : temp—

erature).

if’ In S u m m a r y , the deve lopment of a grout to match se lec t  propert ies of

the tuf f was very successful. The ‘-1E 8~ l l  grout i lixture m a t c h e s  very c lose-

1-i the sha pe of the tuff failure surface , the as-received densit y, the

I 

sound speed . porosity and the water content. The air void content of the

grout is sli ghtly hiqher hut will not be a problem because of the relative-

ii thin layer of nrout.

I 

Concerning the abso lu te  1
~a i’ n i tude of the erout shear s t rencith , it was

the general conse nsus o~ the pe rsons rest ionsible for the structures exoeri-

~c-c- m c - c -ent s , that in considerat ion of the t u f f  mater ia l s c a t t e r , t hec -’ w o u l d  pre f er

to have t1ie omnut strenuth on the low s ide  ra t h e r  than  the  hinh side of the

- “repre sentati ye ’ tuff s renqth. The l~~ ‘ - - - 1 1 ‘irout ii x tu re  is ther m c- fr-re ec--

-: pected to r m - - - 1 i out at a stronoth lower than the representative tu t ’ strenlo t h
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Figure Al. Hydrostatic Compression Results on
U12n .1O UG~6a Core Samples (WES).
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TeirctTek

June 2, 1976

~‘ir. J.  ~~~. LaComb
Defense Nuclear Agency
Nevada Test Site
Mercury , NV 89023

Dear Joe :

Properties have been measured on core samples from U12n .10 MH~ 2 (90’) andU12n .10 MH~3 (48’ , 51’ , 54’ , 57’) interface drill holes. Physical proper -
ties and ultrasonic velocities were obtained on all samples while lim ited
mechanical data was produced .

Attached are photographs showing the tL I f f  s ample  from r.1~~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 f rom the
same reoion of the interface as the MHU3 51 and 54 foot samples.

The toble fol lowin o the photographs lists the physical properties and ultra—
sonic velocities of the samples. As noted by the data along a 2 inch length
of the 90 foot sam p le , there is a considerable amount of variation in the
interface region. The actual insitu physical properties would obviousl y
require knowing the percentage of each type of material in the whole; al-
though the material from 48’ thru 57 does , in general , show hi oher densities ,
l ower water contents and higher ultrasonic velocities than the Mi ohtv Epic
tunnel bed tuff.

Triaxial compression tests were conducted , with limited success , at confining
pressures of 0.1 and 0.5 KB. The attached data indicates that tne tu~ f 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 l ower bound
~f the tunnel bed tuff. Two tests were conducted on the 54 foot sample , both
at a confining pressure of 0.5 kilobars , to dete rmine the effect of the inhor u-
qeneities in the material. One sample contained a nnnher of rubble fragments
nn the order o~ 1 to 3 centimeters in diameter while the other sample containea
~raqe~ents no greater than 1 centimeter in diameter. The former samp le nrodu~ ed
a m aximum failure stress of 0.25 kilobars while the latte r samole prod nced ~
maximum failure stress of 1.07 ~ilobars. This amount o f v a ri a ti n n is not at a ll
unreasonable for the type of sample being tested . The 5~’ foot sample produced
a ma x imum failure stress of 1.04 kilobars which wO~I1 d have , in all pr~b a b ilit ~ .
been much hi gher had it not failed along the beddi no plane shown in thn e~ r~ in r
nb otog ran h. The 90 foot sample from MH~2 was noticeably weaker , bu t a q a in ,
see m ed to be a resul t of the size and orientation ~ f the rubb le fr~ a’ nets Sn t~~
test sample.
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Mr. J. -
~~. LaConib

June 2, 1976
pane 2

Preli mina- / direct shear test results or~ MH~2 — b4’ , MH~’~ — 47’ and r.~. . .3  — 52’
indicate s h e a r - S t r e I i q t / I S  of 0.117 KB , 0.133 KB arI d .069 Yb , re spe cti- .’eJ/. The
normal stress was constant at 0.069 kilobars . The coef~ ic i~ rt of slid -kr; feic-
t~ on was dj 1 f/ cu lt to obtain as the initial fracture w~~ not enti r -e l , in t Ie ;
shearing plane and continued fracturi nq occurred as the d isp lace me nt  i’n r ased .
In c da ta  suggests , however , a coefficient of sliding fri ction on the order of
0.6 to 0.7. Photographs of the direct shear test sam ples are atta ch ed .

Sincerely,

Scott W. Butters
Engineering Supervisor

SWB /jI g

Enclosures

cc: M ight y Ep ic Distribution
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DRILL HOL E DENSITY (gm/cc) WATER POROSITY SATURATION CALC MEAS VELOCITY
R)OIAGE BY WET (%) AI R PERMANENT ( f t / sec )

AS- W EIGHT VOIDS COMP
R~~~IVED DRY GRAIN LONG SHEAR

010 ) . 1
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Teirc~Tek
May 17, 1976

Mr. Ph il Coleman
Systems , Science & Software
P.O. Box 1620
La J o l l a , CA 92037

Dear Mr. Coleman ;

The fol lowing table l ists the true suscept ib i l i t ies as calcu lated from the
apparent susceptibi l i t ies (Ka ) for each of the footages from U12n.10 MH#2 and
MH# 3 . The true suscept ib i l i t ies 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 suscept ib i l i ty  (Km ) was then calculated as ;

Km = (Dm/Da) X Ka

where Dm i s the true mater i al dens ity .

TRUE SUSCEPTIBI L ITY DETERMINATION

As -Received Powdered_Materia l -6 -6Sample I .D. Dens i ty, Dm .gm/cc Vc (E~J M(gm) Da ,gm/cc Ka ,1O ern u Km ,1O emu

IH#2 52.5’ 1.61 93.0 97.9 1.05 285 437
IH#2 82.4’ 2.11 90.5 111.5 1.23 576 988

~H#2 95.3’ 2.65 90.0 143.6 1.60 412 682
!H#2 128.2’ 2.64 92.0 144.0 1.57 605 1017
1H~3 42.2’ 1.73 47.0 49.9 1.06 114 186
1I-l#3 56.4’ 2.16 92.5 127.9 1.38 343 537
~H#3 65.55’ 2.80 87.0 125.3 1.44 106 206
4H#3 80.0’ 2.82 93.0 130.3 1.40 166 334

Enclose d are copi es of the susceptib i l ity procedures and the susceptili bity
mach ine description .

Sincerel y,

R ichard K. Dropek
Research Engi neer

RDK/ jig

Enclosures

cc: Joe LaComb
Scott Butters
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DRILL HOLE DENSITY 1gm/cc) WATER POROSITY SATURATION CA LC MEAS VELOCITY (f t /sec I
01ST 01ST BY WET (%) (%) AIR PERMANENT
FROM FROM AS- WEIGHT VOIDS COMP

COLLAR W.P. RECEIVED DRY GRAIN I/o) (%) 1%) LONG SHEA R

I UG~5

23’ . 86 1 . 5 3  2 . 4:’ 17 .6 37 89 3.9 ~~4S 4~~3C;
53 ’  ‘I? 1 .59 2.40 17 .4 34 87 — 0.-i 1 .0 , i 5, U -
71 ’  I .~ 4 1.6? 2 . 48 16 . 7 35 87 2 . 1 ( 5  8 - 3 ’  ‘- 5 :
8 3’ 1 .91 1.63  248 15 .0  32 89 3. 1 I -  - 8 7 -1-

126’ 1 .95 .66 2.41 14 .8 31 93 2.2 1 .3 ~?18- ,36.8
18 1 ’ 2 . 8-1 1.80 2. 4? 1 1 . 4 -‘1 91 2/ 7. 3 l? .55~ ,?76
2 24 ’  1 .82 1 .52 2 .2 6  16 .6 33 2. 4 1 .0 11i’1 -
273’ 1 .95 1 .65 2.41 15 .1 3? 93 2. ? 2.0 -r , 180 .1 , : ’

327’ L88 1 .52 2.43 19 .3 37 97 1.2 2.0 .‘4 3 . .
378’ 1.93 1 . 6 1  2 . 40 1 .5  33 97 1 . 1 1. 1 1 11 .54 6 , 0
4??’ 1 . 94 1.61 2 . 5 1  17 . 4 ~f- 94 2 .1 1 . -I 11 ,108 4 ,1’ 

-
-

174 ’ 1 .95 1.63  2. 46 16 .3 4-I 96 1 . 4 2 . 7 ~ ,358 .I , t03

522 ’  2.00 1 . 69 2 .50 15 . 8 33 97 0 • 9 1 . 1 10. 4 1  5~~~(1l
573 ’  1 .98  1 . 6 6  2 .59  1 5 . 8 35 91 3 . 1  1 . 3 lL fl- ’ ‘,4 -

626 ’ 1. 98 1 .67 2 .55 15 .6 3- I 91 3 .5 1 . 1 12 , 00 3 ,318
6 7~ ’ 2 . 137 1. 87 2 . 39 1 2.8 28 97 0 . 1 0 -1 10 ,780

2 1-
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Tes’rc~TeIi

March 30, 1976

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

Dear Joe;

We have completed the tri axial compression tests on the U12n.1O ISS drill
hole samples. The apparent Young ’s Modu l i a nd Po i sson ’s ra ti os 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 Modu li with increas-
ing confining pressure . The Poisson ’s ratios listed for the unconfined com-
pression tests ~~ 

= 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 l ower 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,

Scott W . Butters
Engineering Supervisor

SWB/jlq

Enclosures

cc:  Bill E l l i s , USGS
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ELA STIC MODULI FROM

TRIAX IAL COMPRESSI ON TESTS

CONF ININ O YOUNG ’S POISSON’S
SAMPLE PRESSURE MODULU S RATIO

_____________________ 

8~~ , BARS 
— 

E ,KB -
~

Ul2n. lO 1SS~l 23’ 0 28 0.32

34 48 0.24

69 49 0.24

U12n.lO ISS~3 21’ 0 27 0.40

34 44 0.27

69 37 0.23

U12n .1O ISS~5 5’ 0 47 0.26

34 54 0.22

69 42 0.25

U12n .lO ISS~6 28’ 0 130 0.25

34 150 0.23

69 160 0.23

U12n. 10 ISS~7 17’ 0 54 0.32

34 75 0.22
I

69 95 0.23

U12n .10 ISS~8 12 ’ 0 64 0.15

34 70 0.20

69 80 0.23
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Mi scellaneous Core Sam p le Pro per ti es

Inves tigation of the Effect of Fracturing on the Ultrasonic
Veloc ities in Ash -Fall Tuff
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and Pos tshot Mater ial Pro per ti es

Determination of the Ang le—o f-Internal Friction
for NTS Tuffs

Water Ex traction from Neva da
Tes t Si te Tuffs
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Laboratory Determination of the Elastic Modulus of
Stress—Relief Overcores

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 AIR PERMANENT (It/sec)

AS’ WEIGHT VOIDS COMP
R~~~IVED DRY GRAIN (%) LONG SHEAR

L132n .0R R{~ 1

1 3 I - ~~
‘ 1 .57 2 , .I~ 17 .1 18 ~~‘. 1.8 1 . 1 1 ? I ) ~- 33

2 7 1 . 3 0  ~~. i I  2. 7’ ) 21 . 8 41 ‘~ ‘ 2.2 8 71 1 il -- i

31 1 . 3 -  I ‘18- 2. - I ’  1 33 95 1 .8  2. -I - ‘ 3 - I ’ 4~~9 -

75 1~~”’- ‘ I -  2. 4-1 21 .1 4’ q~- 1 .1 -‘ - ‘‘ ~~~ - ‘

2— ’ I . -) ’ - - 
-1’  . 1’ 21 .2 - II ~~‘. 1 . ~ 2 .5  43 5 9 4’ . 4 4

123  1 . ‘ 1 1 . 27 2 1 25.9 46 “ 2 .1 / —6 -1 . 
111 - 

• - ‘  - 1 . 51 ?. 4-- 20.-i 3 -9 39 0.4 .8 ~3 - -~~

- .1 1 .83 -1 3 2. 511 ?1 . 3 -13 3 -i - - 2  . 4

1 - ‘ - - _  2. 1 -  - I .? ~~4 0.5 1 .0 ~~ 44181
223 ‘ 6. 1 . 59 2. 17 1~~~4 - 4  95 1 .6  io i i ~ ~~~ :-

7 ?  I . 3 7  7 .  2 2 . 1- -4 . 4-I 2.5 2. 7 4’(.j - ‘ ‘i

. 15 1 . - ’ 3 - I 22 . 6 4 .  87  5 ‘ 7208 ~~~~~~

30’ 0 — 8  . 50 2 I~ 2Q~ 3 - ‘ ‘4 0 - 2.5 14’ ’, 6

3?’- ‘ . 82 i~~I- 2 , 1-I 18 .5 4 ’  - -~ ‘9 33 , 7 1 9

U 3 ’ ’  ‘ -1 ~~ ( 2 . - I -  I’ . 31 9 - ’

- 

0.7 1 .5 U i -  ‘.4 3 4

3 78 2 , 95 I , 4 2. 37 10 .3  23 P1.1 1 . 4 1/ ’ - 9 ’  3 , 4 7 6

199 - 99 1 . .li 2 .5?  21 . 4 4 1  99 3 4  1. ? 8~ 4

-1 1- 1 2.05 1. 83 2.38 11 .0 23 1.2 1188” 7011

531 1 .90 118-I 2 . -I- 19 . 9 38 95 1 . 9  01 ‘ 9 ’ 1 ’ . 4 6 79
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DRILL HOLE DENSITY (gm/cc) WATER POROSITY SATURATION CALC MEAS, VELOCITY 
U

FOOTAGE BY WET AIR PERMANENT (f t /se c)
AS’ WEIGHT VOIDS COMP.

R~~~IVED DRY GRAIN 1%) (%) LONG SHEAR

1’ 12n .0 .R 0)

11 1 .438 1 .52 2 - 4 ’  19 . 1 38 9 7  1 .3 ‘J . ’9 8 123 31 41 r
‘1 I , ’ L[ 1 .57 2.42 14- 3 . 1 35 9 ’  ‘3. 1 1 .0 ‘4-416 37118

17 1 .  3’ 1 . ’- ’ 2 -4 3 15 . 7 32 4 7  0.9 0.9 10171 627’

0~ .- ’ 1 . ’ - 2. -I’ 1 8.3 37 ‘ f  1. 3 2.0 814 61 10
101 1 ’I7 ,  ] 1, ) 2 . 1 - 5 17 . 3’ 37 34 2 . 2  1 . 3  1~4 4 3  3201

1 3 2  1 . 96 . 6 ’  2.11 P.9 U-i Of . 1 .1 0.9 8422 3520

1 1  1 . 9 3  1 . 4- I 2 - 1 - 3 2 1 . 3  1,’ 9 ’  3.0 1.0
190 ‘ . “# 1 . -I” 2. 14 20 .?  ~f ’ 1 .6 1 . 3  786 1 2920
- - 1 . 22 1 . 4 - ’ 2 . ’ - 4 21 .6 4? 97 1 . 2 1 . 2  81- 94 5 7 4 3 ,

2 2 3  1 .9 2 1 . ’ ’. ?. .15 18 .~ ‘11- 99 0 . 3  1 . 1  8189 4 59 -

251) 1 . 4-’8 1. 11 2 , -I 19 . 0 9?, ‘4? 2 .9 1 . 3  7713 4 201-
2 73 1 . 85 1 . 4 7  7. - i - i  20 .9 40 -~~ 1 . 1 1 .5 37 1 7 1841
341  1 . 97 1 . 51 2 . 16 14 . 8  38 92 2 .9  1 . 1 6529 3688
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S UMMPIRY

The e f f e c t  of ‘fr,IctUri II~ ~n u l t r ason i c  v e l o c i t i e s  in rock have been

investigated . The mate r i a l  was an a s h- f a l l  tu f f  taken from the Nevada

Test Site , Area 12. Fractures were generated in un iax ial load (co Il-pr -ess ion)

tests and direct shear tests . both test techniques are described , as well

as the means of determining the Ultrason Ic v e l o c i t i e s . The r e s u l t S , in

ge neral , show the 0arne trend as reported in other types of roc~ : i .e. , a

decrease in both the P—wave (long itudinal) and S-wave (shear) velocities

resulting from fracture . The maximum chanqe observed for the P-wa ’.’e was

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

The etfect of fractures on the ultrasonic velocities in a variety of

rocks has been studied . For exampl e , Gupta (1973) performed P-wave (long i-

tudinal) arid S-wave (shear) velocity nieasu ’ements on Indiana lilli estone;

Mu tsushi rrl a (1960) measured the P—wave velocity on Kitashirakawa biotite

granite as it was being fractured; and Peselnick , et a l .  (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 mater ia l .

The objective of this study was to determi ne 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

resul ts 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

t ie P-wave and S-w ave ve loc i t ies were measured during the di rect 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 Poisson ’ s

ratio can be calculated. A compute ; print-out of these nlodu li is included

in Appendix B.
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SAMPLE PREPARATION

The ash-fal l  tuff sa nrp les were al l  nominally 1 7/8 ir lch d iu-1- t e r cores

taken from Area 12. They were saw-cut to length and the ends ground pard l le l

to within two-thousandths of an inch. The compression test sam p le was 4

inch cs 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

shea r test. All samples were maintained in the as-received saturat ed con-

dition. The physical properties of the material used in all tests are listed

in Table I.
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FRACTURE BY UN IAXI AL COMPRE SS ION

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 t’re 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 i-dave crosses the fracture plane at a high ang le. Even though th is

one test showed a change in the P-wave velocity greater than 20 cer-cent

(Figure 3), this method of producing a fracture was abando ned in favor of

the direct shear technique for the following reasons:

• Inability to independently control load normal to fracture.

• Inability to measure norni al and shear displace m ents ‘vri th out p r i or

knowledge of the fracture plane.

• Inability to predict azi;j~uth of the fracture plane.
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the application of an axial load
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FRA CTURE BY DIRECT SHEAR LOAD

The techn ique used to fracture samples by the app l i ca t ion  of a dire~ t

shear load is shown in schematic form in Figure 4 .  F i c j u r r ’  5 is a photograph

of the test  ma chine w i t h  a sample mounted in p lace.

The ultrasonic transducers (500 Kb ;- , 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 wi th  epoxy

glue. The sample is held in t i le sPiear - boxes w i t h  hydrostone gr out.  The t rue

hori oon tal displacement is obtained Py taking the diffnr r-e in the displace-

‘ n t  or the ~v e ra~ e response or trie t O )  tr .nnir d ucc- r s mounted to the r~~ 1Y S

0,1 ci ncr si-i c or t e  s a r p l e .  To ne i p  i risun ~ that f ractur e occurs in the Zone

- .11 the ri nqs , tne sai ple is notcned by a sha l l ow  sow cut around the

c i  r~cj :  te r r e. Fi cure 6 sbu~-is a sam ple that  bus been sheared . The test

.O1 ~rrir:’ sno ’.-JI in Figure 5 is capab le  of appl .’ ing a nor - : a l to rc e  r, t l~’J ,00O

:‘u, r i’ ls  and a ~be i r  f o r ce  of 20 ,000 pou nds.  ooth a c t u a t o r s  are s er’.- -o co n-

tro l led , 1-,- i tn d isp lacement  f e edback for the shear load and l oad  reedback

- s  the norma l load.

A ll loads and d isp lace m ents are recorded and stored di g i ta l l y  in a

PUP-l i r i ul ti—user data acqui si tion system . Computer programs have been

- in tten to correct for transducer nonl ine a ri ties.

- 
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TEST RESULTS ~~ 000L LUS

A to La I of six samples oare ract u ne d by thl: a p p l i c a t i o n  o~ a dir ec t

shear load. The P-wave arid 0 -w a ve  ve l o c  1 t ies ve rsu s in pl ane n on i zontal

displacement  are shown in Fi gures 7 th -ou’jn 12. All tests 1-icre Sun witn )

a nori ::al ( a x i a l )  load of 1 000 psi , wi th  the s- xcept io n of the test ‘~
- owo in

Fi’iure 8 -m ere the load i-las 500 psi -
In Fi gures d , P and 10 the ven d cal d isp lace: :e nt  (d isp lace m e nt. i n ’ I n e

‘ l ane of te e  axial stress) is p lotted along with the velocities. Time- se

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 si q nials were lost

;e t o r - e sne s am :p l es  f ractured . This was at t r ibuted t i  the loss of t ra n s-

ducer to ca m p le bond because of the shear s t ress app l ied d i rec t ly  to te e

t ransd ucer thr-aujh the hydrostone.  In a l l  subsequent tests the t ransducers

-- me re i so la ted  tsr ’ - - , the hydrostone by a thin layer of sof t  rubber.

In all tests , m-I leI-e the ultrasonic si gnal was rii aint a ined , tee P-wa- c

and S- m- ;--1ve both showed a decrease in velocity upon the onset of fractur e .

The overall change in the P—wave veloc i t y , in most cases, exceedea tne Ch a I : .c_

in the S—wave; the maxi m - c drop was 25 percent for t Oe ‘ -wave compared t i -

10 percent for the shear wave. This suggests that a measure of the c n a r - -:e

in ‘—wave velocity wo uld be the most sensitive indication of fl-actL lre . Ham-.--

c-icr , some of tne data also sugges t-~, that a measure of the c nanio e in t e e

- m-Ia ve -i loc i ty i i  i’j ht be a better earl y indicator if frac tI re . bec ause sever~ l

t’ ’ - ts sea’- a dccl inc in S—wav e ve locities in adv an cn of tOe J :on ’:mi

P-w a-ie v o loc i ties ,

The test on tee sample w ith the l owest bul d vnSi ~~ (Fl - - ‘c s ’

ver j l it t le chanqe in velocit ies as it w a s sheared . This - 1 es tha t ~~‘ ‘ -  
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TEST KL S ULTS /‘U,U )
~ CLUS IONS

A to t a l  ml 5 i1  sj : i l lm le s - v - r e  fractured L y  tfle application ol a dir t - c ’

S n e - a r ’ load. Inc P—wa ve and S -w ave  - ie loc n t i es  versus  in plane no n zon t a l

di sp la ei - :er it  are snow n in Fi gures 7 throur lrl 12. A l l  tes t o  i -me - r i :  r ~ n w i  I ) ,

a nor ’i mma l (a ,.ial  ) load of 1000 psi , w it h the except ion o f the t e s t  se - on i n ,

Figure 8 wnere the load m-ia s 500 ps i .

In Fi gures 8. e and 10 the vertical displ acement (displace e - e t  in ‘he

plane of the axial stress) is plotted along with the velocities. Tr mcte

res u l ts  c l e a r l y  sn ow ’ tr ie o p en ing  up of the fracture zone (nailation) a nd t ’ -

corresponding decrease in velocities.

in two of tue tests , Fi ’ja i ’es 7 and 11 , the P-m-m ave signals -- mere lost

O c t a n e  the samples fractured . Thi s i-ma s attributed to tee loss -J trans-

duc er to sa i - m p l e  bond because of the shear s t ress  app l ied d i r e c t l y  ~~- t ee

trans ducer through the hydrostone. In all subsequent tests tie t~~- i,L d m c e r

were isolated fr ’or the hydrostone by a thin layer of soft nut — ;, er ,

In al l  tests , i-iOe re the ultrasonic signal was mai ntai ned , t ee P— -i -~-i’:

and S-wave both showed a decrease in velocity upon the onset ut i r , n ’ t m r e .

The ove rall onange in the P-wave velocity , in most cases , excee ded tie chan- :-

in the S- -i ye; the maximum drop was 25 percent for the P-wave c o m’m par r - d to

10 percent for the shea r wave. This suggests that a reasure of the cnanicc -

in P- wave velocity would be the most sensitive indication of frac ture, m n - , - ,-

ever , sar me of t e e  data also suggests that a measur e of the cnan i ,o- in tn-

S—m ’i cv ~ velocity m ight be a better early indicator a 1 fr -act ri ’ . ‘eca ,se n - -,er al

te sts Seni-i a decli ne in S—wave velocities in advan ce ut t 1 ui -  c i l , n n , ,Ir in t ie

P- ,. I .‘ :  ‘IC 1 oc i ties.

Tee test on the sample m-,Oth the l owest hm l l  d e ns i t ,  (Fi gure 12)  s i - - :

icry little ch ,n i - : e in veloci ties as it was sheared . T hi s 111 1)1 i i ’ s  that - cc
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use of ultra sor nics as a tool  to d e t e c t  an  increa se in frac t ur e - l i - n  i t ~

f ljn jh t  be li m ited t~~ t fios€ ’ Zo n e- , ii) t O n  a ’ f i -  ,~i I l  tu~ f ~iiI 
- t o -  ma t ’ - j u l i’

f a i r ly  compet e nt .

Anot ni-r point t n i a t  snr ould be i:rade is tee u sual in cr r- a ’~r- in tee ~- ‘ - ]o—

c i ties ot the - m ate r-i al i-m i th t im e I l l  i c a t i o n  Of tn a~. ia 1 1 o m U  - In tne case

of the lom-i de ns i ty  s a mi t i l e  (Fi g~.re’ 12)  the Cin , in - ‘ i i  t i n - P-m , ,~ .‘i-l oci t i - a

app l i ca t i on  ot normal load is g r ou te r  t e a r ,  9 - n - n -  ‘a n t  d i n -  Ia - n c , n n J ’ ,c - im CO l t —

pact ion. This ind ica tes  a need to s i : , u l ô t e  ‘ a 
- 

- pressur e - -Lning laoora-

tory measu rement on extremely low densit y nell-n c _ ri
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Fi gure 7. P- and S-wave velocities vs. shear displacement , saniple Ul2n .l0
UG’-’l , 593 f t . ,  p= 2.l O gm/cm , axia l  load=l000 psi (c i r c led  points
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F l — j a r ’  8. P- and S-wave velocities and vertical (axial) displacement vs.
slic,i n disp iacet in ent , sample U12n. lO UG#l , 824 ft.. p =2.O8 gm/cm
ax ia l  load=500 psi (c i rc led points are ve loc i t ies  measured before
t r mim application of axia l load).
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ULTRASONIC VELOCITY MEASUREMENT TECHNI QUE

The techni que used to measure the ultrasonic velocities is the

“ Th r o ug h Tra r nsnr ni  ss ion Sys tern ” shown in block diagr ani r forn: m in Figure 1,1

F igu r e - ,\2 uhows  the eq u ipment that is used. This is an adaptation of the

technique introduced by Mattabon i and Schre iber [1965] . The main adv a nt ,1qe

of this technique is the ability to measure small elapsed times to a hi gh

degree  of accuracy . The t in nie measurement is derived fronrn the frequency of

a very stable f requency s y n t h e s i z e r  (stability 1 par t  in ~~~~ acc u r d - v

- .OO1 ).

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

m a t c h  of the f i r s t  a r r iva l  of the wave through the specimen . The pulse that

excites the transmitting transducer is next viewed and its shape matched to

that ‘if the shaped signal from the frequency synthesizer ( compa r i son  w a v e ) .

Once tb° shapes are all the same , the frequency of the synthesizer is adju sted

for an exact number of cycles between the transmitted signal and the si gnal

through the s p e c i m e n .  The t r a n s i t  time of the u l t r a s o n i c  wave through the 
—

m a t e r i a l  i s  obt a ined by div idi ng the cyc les  by the frequency . A photograph

of an oscilloscope display i s  shown in F i g u r e  A 3 ,  The l ower t race i s  the

co nnn pa n ison  wave matched to the signal through a specin ni en. The upper trace

shows the initial si gnal matched to the c o m p a r i s o n  w a v e .  In this e x a m p l e

there were t w e l v e  c y c l e s  of co ni rpa n ison wave between the initial s i g n a l  and

the signal through the specimen . The frequency synthesizer setting was —

.3542 “S’z , the elapsed time was therefore 33.879 sec . To obtain the velo-

cit y of the acoustic wa ve in the specimen it is necessary to divide t fle pa t h 
-:
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length by the elapsed time. Because of the di f ference in the inherent

delay in the electrical and acoustic paths, it is necessary to determine

the correction using a reference sample.

The bina ry divider is requ i red in order to opera te 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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Figur e A2. Equ i pment Used to Make Ul trasonic Ve loc i ty  ‘-le- , m s ur i ’ rne-nm t s .
- Amplifier 5 - Attenuator & Pulse Shaper

2 - Pulse Generator 6 - Spec imm - e n Holder -‘

3 - Frequency Synthesizer 7 - Oscilloscope
4 - Pulse Shaper & Binary Divider

/

Fi p i l e ’ A3.

Osc illoscope display showing the co n mi pa r i s Ofl wave  urn the signal tOnnomo , C a

speci ’l ’ n I in the l ower trace and the comparis on wave and Shim in itial signal

in the nap pe r trace.
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SUMM A RY

~-~~t (’rial properties were evaluated for tuff -ore ” , ret rieved both pri on

md 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-

‘I d n , t ’nlt material properties changes were suggested . These chan nes , ro’1-io vcr ,

were insufficie n t to channe site evaluation with respect ~ o c o n t a i n m e n t .

Based on the L~~ F i
’ I data , further analysis of the “ two-in-one-conce pt” is

wa rranted .
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I NT Ci ) Li CT I ON

There is conti nu a l need for redo in n unde n ”inol und nuclear test  costs -

Among the ‘~a jor cost reductions pronosed is a fill O  e’: t of us in - common

l i n e - o f - s i t e  pipe equip ment for tw IT O~ fl lO re n uc ledn e v e n ts ( r 4 I f e C r e ~1 to  as

the “ two- in -one-concept ” ) . The L h o - L’ n l confl gurat ion w ’- ,ld insu rl con lfl -

ment of both events and IIpt inhize c o r e F o n  equi p mEn t usac ’e suc n -is cab le  a l co s  S

gas seal doors , etc. The most log ical  tunnel layo ,1 t is ‘l E’ ii , w ’ - i c i~ t re

second nuclear event is placed seve ral hundred feet in ~C :T , J r t a l  d i n 1  t i ( ’f l

fro l ’ the first nuclear event.

Since nuclear containment is a major consider ation in tnt ’ Rai ior ~~~~~~~~~

the first step in evaluating this “ tw o-in—one-concept ” is to in - sure , Ini

the early stages of planning, containment of the second event. Pre -.-io ~s

Site evaluaters have asked the questi nn ’ - - “What are the media nror’erties

and conditi on s near the proposed workin g p oint?” It is now necessary to

ask “‘,~hat are the media properties arid conditions near the Site of a pre-

viously executed event?” This latter question prompted the presen t wcF’k.

Medi -~ ~~r’operties_Near P rev ious _N uc lea r  E v e n t s :

A review of pa rt nuclear stress histories , F igure 1 , (note: the “ rann e ”

ax is  in F i gure  1 is not r ’eters -- ~e , rk stress is only obtainable know ina the

ciloton magnitude of the event) indicated that 150 meters (500 feet) was

the max ir’u lr distance that any relevant media changes could be excected .

Imaginary 150 meter radius spheres were therefore placed around each of

four past working points -- U12n.05 , U12e.14 , U12n.07 and U12n .08 —- and

all preshot and poCtshot core sample data within these spheres were

gathered fo1 - analysis.
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Material properties for the four events were det err ’rinei primarily If

T- ”-rLl Tek with some p ro r re rt l i ’ s  obtained by Holm es and N e v e r , United Stat- rt

Geo lonical Survey (Special Projects Branch , Denver , Colorado) and Neva-l a

Testing Laboratories . MC ’ . Cliff Snow4 accumulated all of the oreshi jt dat a

from orevious conta i nment packa ges; postshot data was available in Terra

T1 -~ reports.

Select ion of the materi 1 prope rties to be included in the corrl rarisons

was based on past containment evaluation . Exoerience indicated a combina-

tion of m ater ial properties was required , these bein n :

- -  as- received density
-- c c v  dc-n c i ty
—— grain densit - 1’
-— total porosity
—— water content
—— s a t ur at i o n
-— calculated a m -  void content
-- ultras onic lon gitudinal velocity
-- ultris onic shear velocity
— —  Ier”anent comp action from h ,rlrostatic compression tests to

-~ kilobars
- -  r- ’ ? n ’ F a f l C f l t  connection from uniax i al strain, tests to 4 kileba rs

conf in inq pressure
—— stress difference at  4 kilohar ’; confining pressure lu ri ng

uniaxial strain loadin c
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DATA

P~ ta , both ~rr-c ’s hot and posts hot , W I - I l ’ obtd i ned on co rt-~ r e ’  hon z n ,  t~, 1

ad ve i- t ica l drill holes in areas U12n.05 , U12e.la , U12n.O 0 and Ul2 rr ,07.

Table 1 contains a full listing of the drill holes.

TABLE 1

Dri l l  Holes From ‘ - Pn ich Core San niple Data Was Retr ieved

r U12n. 05 Area U12 e. 14 Are a

U12n.05 UG ~1a U12e ,14 UGC 1d

U12n 05 Pipe Drift Sam ples U12e , 14 UGLI2
U12n.05 Bypass Drift Samples U12e.la UG~’2a

U12n.05 UGLI 1 U12e.14 UC~3

U12n.05 UG~’2 U12e.14 UG~4

U12n .05 UG—’4 U12e.14 UGLI 5

U12n.05 UG~ 5 U12e 14 J G Cn
U12n.05 UG~6 U12e. 14 UG~7
U12n 05 UG~7 U12e. 14 LIGLI8
U12n. 10 UGLI 1 (postshot) U12e.14 UG~9

U12e 14 UG~11

U12e 14 REC 1 (pos tsho t )

U12n.08 A r e a  
U12e.14 REr2 (postshot)

UI2r-n .O5 UGLI 8 U12e. 14 RE~4 (postshot)

U12n.08 UGLIY
I112n.08 UG~9a U12n 07 Area

U12’i.08 I JO LI 1O U 12n.07 UG~1
U12n 08 JG~ 11 U12n .07 UG~2
L112n.08 Gauge hole Y —2 U12n. 07 UG~3
UEI2n 112 U12n. 07 UGC 8
U1?n. O8 RE~ 1 (postshot) J12n 07 UG~9
U12n.08 RE>42 (postshot) U12n.07 UG#12 (postshot)

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ ~~~~~~~~~~~~~~~~~~ ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~
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C a t r ” n o r i  c a t  I o n :

Cores W,’I ’I’ i n i tiall y cat ( ’qI ) r ized by s t r , I i I i h t— l  m e  d i s t n n i c e  511 S te  w ork  —

i n r ’ n point . They were further grouped according to qeo lonic layers , desin-

nata l  I -,‘ units and sub -units t w i n  ,ns 3A , 3BC , 4AB , 4CDE , 4J , etc. Three

ba s ic “ rock types ” , nann iely ash- fa l l  tuff , reworked tuff and tuf f ac e mus

sandstone exist within these units and sub-units. Each individual core

s T r ’rple w as , therefore , assigned a “ rock unit ” and “ rock t ’/ne ’ -

Co~ par- isons :

The core sample desiqn ation s , workin g point distances , mat erial pro-

perties, litholo qy and test laboratory codes were stored in the Terra T~ i

Digital PDP LAB -li computer. Figure 2 shows a portion of the comnater data

with explanations for each column. The entire list of data is not included

in this renort but is available unon request.

Once the data was categorized , computer nr o qrao ’s  were wr i t ten  to screen

and output the data. In this way , individual plots could be made for selected

material properties (i.e., as-received density , water conten t , etc.) versus

the radial distance from the working point, with distinction be t - -,- mre r , o re-

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 Figure 3. The as-received

density has been plotted as a function of radial distance from the workin ci

point (0—500 feet). The rock units (44B , 4CD , etc.) have been combined.

In the three p lots , the data has been subdivided into three rock types --

ash-fall tuff (Figure 3a), reworked ash-fall tuff (Figure 3b) and tuffaceous

sandstone (Finure 3c).

~\ ll of the mater ial properties listed in Figure 2 are plotted in Fio n-e

3 and in the appended figures . Only a portio n of the total plots qenerated

are included .
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Figure 2. Example of coiniputer data .
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DISCUSSION

In rev iewin g and analyz ing the data plots and avera qes , the oue ’ .t ion i ’ 1

needed t o be an s wered w e re “W hat magnitudes of change are r e l e v a n t  to con-

t a i n m e n t  e v a l u a t i o n ? ” and “Can these changes be resolved in this analysis? ” .

The former question was addressed first since the answer would indicate

wha t to look for in the preshot—postshot com parisons.

All of the material properties included in this analysis have been

used as an i n d i c a t o r of the media ’ s ability to contain the nuclear test.

Ex pected low and high values for the media properties are listed in

Table 2.

TABLE 2

Expected Low and Hi gh Values for Tough Media Properties

Typical ,
Low & H i g h

Property Values

As-received density 1.75-2.05 gm/cc

Dry density 1 .40-1 . 70 gin/cc
Grain density 2.30-2.50 gm/cc

Total porosity 30-40 percent

Water content by wet wei ght 15-25 percent

Saturation 90-100 percent

Calculated air void content(by tota l 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 late ra l stress

Ultrasonic long itudina l velocity 7500-11 ,000 ft/sec

Ultrasonic shear veloci ty 3500-6000 ft - - e ec

Stress difference at 4 kilobars confining 0.1-1.0 L ilobars
pressure during un i axial strain loading

2 i F S
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Containment evaluation is based on a combination of the 11ru 1 ’rties .

Exai rp le : a core sample showinq an as—received density of 1.70 mm/cc , whi r r

is out of the expected ran ge , would sug gest a hi nh porosity . Further test-

ing, however , indicated an ultrasonic longitudinal velocity of p000 ft/sec .

a hi gh water content and , most importantly, a “per manen t  vol 4rse - - orrn pacti on ”

of 1.5 percent by volume. Pro perties such as es—received density , water

con ten t , and sound velocities (ultrasonic , sonic arid seismic) are measure-.I

and reviewed as they often times will indicate the existence of tuff with

a high GFVC . That property -- the GFVC of the - . - ‘ 
- 
‘ u material -- i S

viewed most critical as it has been shown to have a direct affect on con-

t a i n m e n t 5. The most consistent method to date for an indication of t tie

GF1112 is to conduct a unia xial strain test and measure the perm anent vol ur T e

compaction 6. The range of acceptable values for the Gr’1’C is frori~ 0 (100

percent saturation) to about 2 percent by volume . The upner li t - it (2 per-

cent) is simply a rule of thumb 7 and GFVC ’ s greater  t h a n  2 percent  can be

acceptable in view of factors such as litholoqy , f a u l t  zones , v o l u m e  of

mate rial , relation to workin g point , etc.

There are over 3500 individual data point s in the computer , 70 percent

pr es hot 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 , how ever , 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 plo ts shown in Fiqure 3 (and the appendix) were

prod uced to allow a review for obvious differences and trends between the

— preshot and post~ not data as a function of radial distance. The plots -c ive

excellent insight into the data scatter and where to look in more detail.
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ysi c~ 1 Pro~~~t1y Cha nqes:

As seen in the plots , there is little noticeable difference be t w e e n

preshot and postshot data . One region , 200 to 300 feet from the workin g

point , did show some l ower than usual as-received densities and hiqher

than usual porosities. In  order to study this range more closely, it was

necessary to eliminate as ma ny variables as possible. That is , for the

detailed comparisons to be meaninqfu l , it was essent i al t ha t  the y be made

betwe en 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 4AE3 ) and 250 to 300 foot

(bed 4F) ranges there are differences. The data indicates that even tho ugh

the densities are low and porosities are hig h in the 200 to 300 foot ranmi e .

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 w i t h  water , which is possible , but unlikely. Obviously,

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

points.
TABLE 3

Selected Preshot and Poscshot Material Property Averages
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Mec nan i cal  Pr~perty Changes:

t~orr ri al ly strength refers to the triaxial compression shear strengt h

of samp les . There was , however , a lack of ava i l ab l e  t r i ax ia l  compression

failure data . Recent observations of the unia xial strain test stress

d i f ference data ind icate that it can be used to g ive an est imate of the

relative magnitudes of shear strength 8. Since there have been quite a

lumber of uniaxial strain tests conducted , it was this value (stress differ-

ence at 4 kilobars confining pressure ) which was included in this analys is.

As shown in Table 3, the postshot material appears to be l ower 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. Au di—

tional data is required before drawing conclusions on the shear strength

of the postshot material.

4 

ROC TIP

3  

I ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ .— — —

—I ‘— - ‘ I 
~~~~~~~~~~~~~~ — —

0 00 200 300 400 ~00

RADIAL DISTANCE FROM W . P (Fr)

Figure 4. Stress difference at 4 kilobars confining pressure
during uniaxial strain testing.
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Pa na l ’, Ji n l q trends and changes as a function of di s ’ ai c e from the ~-derk.-

inn p o i n t  , there was some indication of cha rn ’n es in S e -  200 to 300 foot range

hut Sr re’ 1e were based on very limi ted data. Moe t i IF - t i u r t ,~’ -
- 1 -j , the c hanges

were not of the m agnitude which would be d o t - l i  c-eta ] to the conta inment

o 5 su bsequent nuclear events . Isolated postshot samples appear which show

low d e n s i t i e s , low v e l o c i t i e s , hi gh qas-filled void contents , etc., but

they are no mo re prevalent in postshot cores than are seen in preshot

cores.

In more detail , there are indicatio n s that the strenuth of the tof~

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

shot data ( -200 through 500 feet ) .  Wi th in  the 200 to 300 foot ran :e , some

postshot data showed l ower densities , hi gher porosities but lower gas -filled

void contents.

It ‘is recommended that the data base be continually u pdated to a 1l o ’~I

additional comparisons as events are executed . Em phasis should be placed

on sampling. Preshot sampling has p r e v i o u s l y been concen t ra ted  a round  the

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

usually be closer than 200 feet frol- the wn r~ inq point. More m e a n i n g f u l

com parisons could be realized jf preshot core sar - -p les were taken near

expected re—entry hole locations (within distances of feet to eliminate

rock unit and rock type variatio ns).
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PREFA CE

Discussions with Joe LaComb , DNA Field Command , and inquiries from

those doing calculations for desi gn for tunnel  struc tu res i n the tuf fs

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 . 
V
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INTRODUCTION

In compression , granular materials like soils fail in shear. From

the stresses a t fai l ur e, the shear and normal stresses , -r and m respec-

tively, can be calculated. Typically for soils 1 , shear and normal stresses -

at failure are related by

T = T + ( I )

where -r and 31 are constants. T is the so-called cohesion and ~~ the -
0 u

coefficient of inter nal
__

fr ict ion , or the arc tangent of the angle-of- -

in t e r n a l - fr~ction 
V~~~ Ideally, granular materials are cohesionless , i.e.

= 0. Sir ’ilar ly for ideally cohesive media the angle-of-internal-

friction is zero . This linear relationship between -r and c is equivalent

to

G 1 = a 0 3 + b  (2)

and to V

c ~ + b (3) -

where a, b and c are constants, 
~ 

is the ra ~ i~-um and o~ the least compressive

stresses , respectively; 
~ 

is the stress difference , ~~ If (1) is linear —

for a par t i cu l -~r material , then (2) and (3) will also be linear. These are -

standard concepts in soil mechanics, where (1) is called the Coulomb Law. Fiq-

ure 1 depicts Equation 1 as the envelope to the Mohr ’ s circles for the ultimate

strength of a rock under dif f~ rent stress states. Individual circles are

derived from the ldxim u str ss ( i i )  and minimum stress ( ,
~~

) at failure jr a 
V

single te t . The ind ivi d ~nl cir cles are centere .1 at ( o i  + ~~)/2 w i t ~ ra3 iu s

- 3)/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) -
~~i ; t ~~

stress , and (e) effect of measurement technique.

_____________ ~~~ ~~
_ O VV~ V

•

~QKJ~ N~A~~I i \ \ ~~
— -~~--.~~~-: / I’\\ I \ \ \ 2

~ ~ ~ 
) f.,

V I
I 

-~~~~

NO~ U~~L ~T U( I$  ~~ )

Fi gure 1. Typical Mohr envelope for ultimate strength of rock. Mohr
stress circle with diameter (Gi - 03)12 and center at (e~ + 03)/2 gives
values of shear stress , r , an d norma l stress, ~~ on planes inclined at
ang les 28 to direction of o~. Mohr envelo pe 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 frictio~ , tan r~, from slope. At tangent points 0 = ~ 45 n/2.
Enve lo pe curves towar d ~ -ax is , showing that tan n is not necessarily
constant. 3
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GENERA L A P P L I C A B I L I T Y  TO ROCKS

To begin with , failure of rocks is more complicated than failure of

so i l s 2’3. Consider the suite of stress-strain curves for limestone in

Figure 2. At low e f fec t i ve  o re ssures , stress first ~~~~~~~ and t~r n  f a l l s  to a

lower , or residual va lue.  At the peak stress a faul t  or f racture is fo rm ed;

at the residual s t ress the two parts of the faul t  s l ide on one d r o t 1r. The

residual stress , therefore , is a measure of fr ict ional resistance of the

fault to sl iding.

If the peak and residual values for one rock at different conf in ing

pressure are compared (Figure 3) two curves result , one for fracture and

one for f r ic t ional-s l id ing.  Here is the normal stress on the f racture

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

20

Lii

0a.
Lii

Z ( f l

~ 
1 0-

U
L
~ 1 U

z

D:splacement

Fi gure 2. The e f fec t  of pore—pr essure on the br i t t le -duct i le  t rans it i )n in
limestone at a conf ining pressure of 10 ~ps i . 2
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i n Figure 3 indicate that the f r i c t iona l—sl id ing  shear strerO t is al ,J~y m

less  than or equal to fracture strength (fri ct i on al— s 1id in ~ shear ~V t r e n J t h

is zero at zero confining pressure).

From Figure 3 the ambiguity of the fai lure stress for rocks is

apparent. If we take failure to mean the maximu m stress which can be

maintained in ~ part icu lar rock mass , then this maximum will depend on

whether the roc k is already fractured or not and the nature of the fracture .

If the rock mass is intact the upper curve in Figure 3 w i l l  l ikely apply

for the init ia l loading 4 ; if the rock mass is already f ractured , then the

fa ilure stress w i l l  be lower. It should be noted that sl ip of large blocks

wi th in  a jointed rock mass is probably not represented by the lower curve

s ince block interaction due to combined s l id ing on two intersect ing incl ined

fai lure planes ( joints or fau l ts)  compl icates the mode of fa i lure ‘~~‘°.

The fai lure 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 a lso decidely nonlinear. The f r ic t ional-s l id ing curves are not

ava i lab le  for these rocks , but for most rocks they are closer to being

l inear , as suggested by the lower curve in Figure 3. For f r ict ional-s l id ing

Byerlee 7 has found the slope o has a re lat ively small range from about .5~
to .65 , more or less indepent of mineralogy . Presuma b ly these values are

equiva lent to the coeff icient of internal f r ict ion as defined by the

Cou lomb law for so i ls .

The app l icabi l i ty  of the Coulomb law is less clear for intact rock.

in~cm’jch as the failure curves for intact rock (Figure 4) are nonl inear.

One -~-.~y around this nonlinearity is to consider only a limited range

3 -

~ 4

~~~~~~~~~~~ ~~~~~~~~ : V T 
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confining pressure . In Figure 4, for example , the failure curves for

Mixed Company sandstone , granite and shale are nearly linear up to a

pressure (:3) equal to the unconfined compressive strength , C0. Ove r

that limited rangE. we can define a slope which m i ght 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

cons tant 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

I I

0~~~

2 FRACTURE SHEAR STRENGTH

S.

(I,
U)
Iii
a:
0 ) 5 -  -

a:
4
Ui

FR~CT~ONAL SHEAR STRENGTH

10 (5
NORMAL STRESS, ç (~ iIob ars )

Figure 3. Fracture shear strength and frictional shear
strength versus norma l stress for westerly granite.
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stresses , o~ , versus c o n f i n i n g p ressure , 0 3 ,  for 32 rocks where the

data have been normalized by dividing by C0. The slopes (for fracture

stress) range from about 0.5 to somewhat over 1.0.

i Mod,~,ed C,r,fl,th Cou’omb ) Crit,r,on
50 — —_  ~j~~P0/ 

~~~~~ 
/.lJ .O 5 

,A
’

~! I ~ /
C ! I I  I~ /

J k  b / 
-

60 

/ /  / I

s
~ p I  r h  /

wi/ I ~‘ 

~~‘/  -

2.0

W-~---- /
/ /

/
/

- - 

/

~

r 

~~~
_ _ _  

/ 
V - ___-

-05 0 .05 .10 . 5  .2C

Figure 5. A comparison between the measured strengths
of rock and various failure criteria .2
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Other  Considerations Affe in the  Angle-of-Internal -Friction

Intermediate Principal Stress_oz: Byerlee
7, Mogi8, Green , et al 9,

Swa ns on 1° and Christensen , et al~~ ha ve shown that the effect of

o~ on the fracture stress is small and on the frictional -sliding stress

neglig ible. For example, frac ture strength is as much as 10 percen t

higher when 02 = u~~ ; the ef fec t on the slope of the fracture curve i s

even less noti cea ble for t he one or two rocks for wh ich this has been

investigated.

Pore Pressure: The fracture strength 31 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 foun d to be a func ti on of the leas t

effective stress. Therefore, other things being constant , in 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 fdctional-

sliding shear strength , for , as noted above , its slope is not very dependent

on the no rmal stress , o .
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Initial ~~~~~~~~~ Si nce most sed i men tary an d me tamor ph i c rocks

are an isotropic , 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

ex per imenta l wo rk has been performe d to del i neate the comp lete failure

sur face fo r an i sotro p ic materials , and frictional-sliding tests have

normally been l imited 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.

Stres s: In ~~~~~ stress may a l so  be an i mpor tant  factor ,

although it is not yet wel l understood . One approach , and it is the only

one possible at present, is to add any known ~ f l .~ i t i ~ am bi ent stress to

the Kiown applied stress, including the known ~ w r t u  pore fluid pressures.

This could cause chan 9es in apparent coefficient of internal friction much

as does change in pore pressure alone as noted above.

Effect of Measuremen t Techn iq ue: For so i ls , ji is usually determined

in triaxial tests. Results from a direct shear test 12 shoul d be nea rly

identical but the authors have seen no comparisons. For rocks , failure curves

suc h as ~nown in Figures 2 and 3 are generally determined in triaxial tests ,

al though Terra Tek 1
~ has tested intact homogeneous rock to failure in a direct

shear machine. Comparable failure stresses should , in principle , be obtainable;

how -ever , there are complicating factors such as inhomogeneous stress distribu-

tion due mainly to the nature of the loading .
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To study the effect of nonhomogeneous stresses , Goodmnan~4 performe d

finite element analysis of triaxial specimens containing inclined joints

m o re compressible tha n the surrounding rock. The results indicated very

uneven stress distributions along the joint and totally different concen-

trat ions of stress in the upper and l ower walls of the joint. For these

reasons Goodman conclu ded that the mul ti stage tr i ax i al i s p ro babl y no t

a goo d test for seams or jo i nts of shea r or i g in.

Goo dman has a l so  di scusse d t he p ro b l ems of p ro duc i n g un i fo rm stress

distribution inside a direct shear box. He notes that due to joint thick-

ness , the applied forces and reactions introduce turning moments to effc’~t

a nonun i form d istri but ion of normal pressure alon g the sl idi ng surface .

Goodman a l so  no tes that  the shear stren gth charac ter i sti cs determ i ned i n

direct shear tests are also dependent on the boundary conditions.

Neglecting the loading inhomogeneities , the major concerns are pore

pressure and dra i nage 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

likely remain undrained within the triaxia l cell even at l ower loading rates.

This would cause a marked difference in effective stress at the failure

surface and , at least for the fracture stress , a si gnificant difference in

the value of ~~~
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CONCLUS IONS

To sum up, then , the linear Coulomb relation (1) appears generally

applicable to rocks when through going faults are already present ; p
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

p ressure , a /C 0 < 1 , and even then only for certain rocks. Within this

p ressure ran ge , ~i for fracture can be expected to vary from 0.5 to 1.5.

S i nce there i s such a w id e range , it w i ll have to be determine d ex per-

imen tall y for any part icular rock .

Since at the present t ime rock mechanics literature does not prov id e

a com par i son of coeff i c ient of f r i c ti on obta i ne d from both tr i ax i al an d

di rec t shear tests , there is a need to perform such a program over the

norma l stress ran ge , a , of interes t. If the data ap pear sens i tive to

test conditions, a knowl edge of how the data i s to be used w i ll allow

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

The hydrology of the Rainier Mesa , spec i f i ca l l y  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 develop ing methods for

extract ing the water from core sa mples 1 for subsequent c h e m i c a l and min-

eralo gi cal a nal ysis 2. 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 minera l structure as OH~ i ons , or it may exist as

zeo litic water within the tubular openings between elongated zeolitic clay

structural units 3. Consequently, extraction methods were sought which

yielded only the type cf water that was of particular interest for analysis.

The water extraction progra m 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

fcr 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 suggest inns to future testing procedures based

on the present results.

*~~T V~~~~~~~
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PHASE I: EXTRACTION METHOD INVESTIGATION

In a preliminary investigation ’, 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. M icroscopic analysis of

the samples revealed considerable mineral fracture
2 s u g g e s t i n g  l o c a l l y

high stresses on the mineral surfaces. A previous study4 had concluded

that of the two adsorbed molecular water layers on a verm iculite clay, the

layer furthest away from the clay particle required approx ir~m tel y 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 - Mi n i rnu :

stresses for water l ayer removal were determined theoretically using water

adsorption curves with subsequent experimental agreement occur ing when

samples were hydrostatically stressed. Since adsorption ene rgies for rany

clays are s i m i l a r 4, as a f i r s t  app rox ima t ion  i t  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 grad ients

within the sample aided by fracture and compact ion of the tubular mineral

structure . In order to eliminate these undesirab le “destructive ” charac-

teristics , other extraction methods were sought.

Six methods subsequently were investigated , namely: 1) hydrostatic

com p ress i on , 2) mult ip le cycle t r iax ia l  compression , 3) a r i g i d l y  conf i ned

sample — argon gas ~ethod , 4) a hydrostatically confined sample - argon qas

method , 5) centri fug i riO, and 6) electro-osn iosi s. Mm thods 1 th r u u q r 5 ~m re

.‘~~~~ 
~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ ~~~~~~



t e s t e d  as ~b w r  in Table I. A deta i led di~ r ri pti on of m-qu i  pmnent and ro ( V

da res 1or 1r~hods 1 through 5 nay be found in Appendix A.  Li t m r i ~ ure des—

V cribi ni MI tnod 6 (e1e ctro-O1 ~se ,iS) ind i rated that t b i s  ‘ ‘ - bmi i q u e ~ - u l d  r t

be prac t ical since water ex t r e t i l e  i n vo l ved c a t i o n  move men t c au si n g a

change in the chemical composition of the wa ter. Consequently, Me” r ;~ d 6

~VcI5 eliminated prior to exp erimentation .

Table I shows that the argon methods gave low water yields (from a

trace to 3 cc). Centri fuging produced small quantities in most cases , but

a few exceptions produced greater than 7 cc. The hyd rost atic compression

method produced water in quantities from 1 cc to 6 cc and the multiple

cycle triaxia l 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 l5P and l3P 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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PHASE II : CHEMICAL ANALYS IS COMPARISON

As a resul t of the Phas e I, which had indicated that sufficient water

could be obtained via hydrostatic compression , triaxial compression and

centrifuging , these three methods we re then used i n Phase II to determi ne

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 lists 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 different loading conditions. For example , tests 1

TABLE II

WATER EXTRACTION RESULTS FOR CHEMICAL ANALYSIS COMPARISON

~7T, ~~~~~~ 
- C ~~~~~~~~~~~~~~ ~~~~~~~ ~

V

V,C.~~~V 
V V

~~~~~~~~~~~~
I

_~~~~~~~~

V I I  ‘~~~V C 1  ~ V ‘~~C~
1 m e

II

I
: 
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‘
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and 2 were conducted using the identical sample 1. Thus , water was first

obtained from hydrostatic compression then from multiple cycle triaxial

compress ion ; the water from each test analyzed for ion and Si02 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 SiO 2 content as seen in the

multiply used samples were also observed in singly tested san~ 1es. For

samples 1 through 10 Figure 1 , the following may be observed :

a) The ion cencentrations for the hydrostatic compression tests

were always higher than the multi ple cycle triaxial compres-

sion tests .

b) In general , the higher confinin ç’ pressures gave l ower 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 Si02 concentration. Tests 11

through 14 verified observations b) and c) even thoug h the tests we re

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 invo ’ved with each method.

Thus , prior tn hydrology analysis , i t  must be decided w h i c h  e x t r a c t i o n

r-iethod best approximates the type of water to be retrieved for future cor-

relati nr i . For example , if water from a hydrostatic compression technique

was used to develop the hydrology and water was later collected from well

po i rts (percolating water) then the correlatio n of the chemical analysis

* Ion and Si02 conter m tc were analyzed by Water Resource s Division ,

Desert Research Institute, Reno , Nevada-
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would be difficult due to different extraction energ ies. It may be im-

portant then to answe r 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 m ay cause changes in ion concentration.
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PHASE III: WATER PROFILE DEVELOPMENT

As a step towa rd better understanding of the hydrology above the

‘T” tunnel area , water is being extracted from core samples from two

vertical drill holes . The samp les ranged from depths of 510’ through

1642 ’ and 441 ’ through 2152’  from drill holes UE12T#2 and UEl2T~3, res-

pectively. The “profile development ” was started using the centrifug i ng

technique on the non-zeolitic footages from holes UEl2T~2 and UEl2T ~3.

It was decided to initially use centrifuging because of its nondestruc-

tive character. The non-zeo litic footages were selected partly because of

t he i r  h ig her 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 mois t foot-

age not produce water. Quantities of extracted water ranged 1rnc 1 cc te

as much as 143 cc w it h a l l  sam ples being resealed wi~ b a lu ieum ~ t I l l  and

beeswax for possible future testing.

In general , the centrifuging technique on non-zeo li t ic sampl~~ pro-

duced adequate water yields. Since the centrif aqe wa ’~ r yi eld is close 1~

related to the sample permeability , it may be desirable to i nh stiqa b a

flow rate relationship based on sample permeability to predict ~at  produc-

tion from future samples. However , zeolit ic materials have a low pem~ m a -

• bi l ity (microdarcies) and even though the centrifuge method may pro i j Ie

low water yields from the zeo litic footages , it may prove to be neces sar\

for 1r nsi stent profile development.
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WATER EXTRACTION RESULTS FOR PROFILE DEVELOPM ENT
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CONCLUSIONS AND SUGGESTIONS

The extraction methods which yield the largest qua ml tities of water

are t h e  nvdrostat ic comimp ression , mult iple cycle tri a xial cOmpr (cSi (IrI and

cent ri r u - i m n g  technique s . Ion concent rations vary depending on tnt- cL~~tr dc _

tion sethod . Thus it mu st be determined which extraction technique best

ap p rox ima tes  the t y p e  of wa te r  c o l l e c t i o n  to be used du n  r i m  I a  ) ‘ I ’ tr ~o1 y S i  S

so that mea ningful correlations can be made. Because of its nondestructive

cha rac t e r , the cent rifuge technique has been used thus far for pro f ile

development of the non—zeolitic footages in holes UEl2Ti~2 and UE12TC 3.

It is suggested that centr i fuge extraction continue in the zE V II l i ~~ ic

footages (provided that adequate wate r yield Occurs ) to m a i r l t m i n  ion

centrat ion profile continuity . If the water yield is too low , 15w pres-

sure (1/2 to 1 kilobar) hyd rostatic compression tests could ‘hs- n be used

to produce further water. A theoretical exp la n at irn for r- ~e~ hodology

induced ion conr .ltration changes would be he !:;~ ul in est i b l ishi niq a basis

for future decis ions .
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APPENDIX A

Water Extraction Methods

(Equipment and Procedures)

~y~lrostatic and Triaxial Compression Methods: The hydrostatic and multiple

cycle triaxia l 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 colle ction 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 samp le rested on the

collec tion chamber and : oth units were jacketed together with two wraps

of polyurethane (25 mi l . 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 
V

in d is t i l led  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 V

minutes then hydrostatically unloaded. The sample an d co l l ec ti on ch am ber

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 dev iatoric load wa3 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 bei ng

5 to 10 minutes.

* F i g u r e  taken  frill R efe rence 1
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Ar99ri 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 samp le 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

pi-essure in the top cap with the water being collected at the lower cap

(Figure 5 ) .

The second method u t i l i zed 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 (Fi gure 6). The end caps were connected to the base

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

collected the pore water.

~~I.r ~~ii
~~~

I1
~~~~I _

V 
_

IF

Figure 4: Sample , End Caps and Figure 5: Assembled Components for the
Loading Frame for the Rigidly Rigidly Confined Sample -- Argon Me thod

Confined Sample -- Argor ~i thod (o-~ = 0 ps i )
(ii 0 ps i )
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Centri~g~~ Method : The centrifuge method used a water collection system

simi lar  to that used in t~me hydrostati c compression method. Th m- collection

chamb er- wa s made o~ high density polyethylene. The sample rested on the

water col1ection chamber and both units were jacketed with one wrap of

polyurethane (5 to 10 m il. total thickness). The sample and collect io rl

chambers were sealed with rubber splicing compound and stainless steel lock

~V I j re , as shown in Figure 7. All samp les were approximately 2 inches long

by 2.4 inches in diameter. Prior to testing, all components in contact wit h

the sample were boiled in distilled water and thoroughl y 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.

- 
V

- 
~~~~~~~

V 
. .

~

Figur e 
~: Hydr ostatically Confined - -  Fil lure  7: Jacketed Sampl e ari d I I L I P I 1 V OA rgon Method Showing Samole . Chamber f O b  Centri fuqi ’  - 

- - -

ernea b ili ty End Caps and
Base Plu g Connections 
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Samp ie Prejl m ra t l on 
~~
tV r 1c t

~~Vd VW~a t~~VrV Stor -iq e: Samples were prepar ed I or

t h e  various ext ract ion methods by f i rs t  cuttin g them into 2 inCh long

cylinders from the core im m aterial. In order to i r o v eil t . the diamond blad e

from seizing, a minii mi um flow of distilled wa ter was used for coolant. This

distilled cutting water was assumed not to effect the sam ple water sin ce

previous investigatio ns at the Nevada Test Site had shown that water used

during sample coring procedures essent ia l ly  did not penetrat e the rock -

Cut samples were pattad surface dry , sealed in aluminum foil and beve .~, x ,

and labeled.

After testing , the extracted water was emptied into either • I ~~SS O r

polyethylene bottles depending upon the type of chemical analysis tI be

conducted. Polyethylene storage was used when ion and Si02 concentr atlons

were to be determined while glass bottles were used for water destined fqr

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

use.
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IYDR OSTAT IC RESPONSE OF A WAT ER

S A T U R A T E D  SAND
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Defense Nuclear Agency
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Attn : Mr. 3. W . LaCo mb
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I N] PPP)I( TION

Sand-water s lurr ies have ap r’ ] icat io ns where the im mixture is sub .iected

to varying ti oni tudes of shock wav e - - . Mr. 3. W. LaComb 1 requested that

tests be conducted on a water saturated sand 2 to determine the condi t ion of

the mixture after hydrostat ic  loadinq ( i .e . ,  the possib i l i ty  of causin g co-

hesion due to o rain “weld in g . ” )

V 
The slurry density of interest was 1.69 qm/cmn 3. Howeve r , in a standard

cylindrical static test sample , this bulk densit y would resul t in the sand

settl ing to the bottom of the test cylinder leaving a l ayer of water at the

surface . This problem was circunmvented b-i drawino off the excess water cre-

ating a higher denstiy water -sand mixture of about 2.18 gm/cm 3. The test

sample was therefore a mixture of water , and sand with cram s touching in

a loosel y 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 wa ter was not allowed to migrate out of the sample). Pre

and post test gra in s i ze analyses as wel l  as v i sual ex ami nat i on of teste d

samples were used to determine the amount of cohesion.

Sample Desc ri pt i on an d P repa rat i on

The slurry sand is called Monterey sand (manufacturer disi onation 20-

40) and originates from Monterey Beach , California. It is tan in color

hav inq well rounded grains. I t  has no unconf i ned cohes i on an d i s a clea n ,

well washed material. The pre—test sand cram size distribution is shown

in Figure 1 and listed in table 1. About 88 nercent of the ma terial has

a rai n size between 0.1 and 0.42 millimeters .
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Figure 1 : Pre and Post Hydrostatic testing grain
size distribution curves.

TABLE 1

Sieve Analys i s Results

PERCENT PASSING
SIEVE NO. PRE-TE ST POST-TEST

20 99.86 99.85

40 91.33 91 .52
60 52.71 53.98

140 3.11 3 .13
200 0.73 0.68

270 0.35 0.30

Parr 0 0

V Samples were prepa red by forming them in a mold. The mold consisted

of a two inch diameter polyuret hane jacket attached to a circular steel

end cap. The dry sand was poured into the mold to a height of 2.5” and

the n d i s t i l l e d  wa ter was adde d u n t i l  ~ one i nch layer of wate r 4ed above
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the sand level .  The nmixture was then subj ected 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. Densitie s were determined by measuring and weighing the test

samples and a l low ing for the s ize and weight of the urethane , end ca ps , etc .

Test sa mple densit i tes range d from 2 .1 to 2.3 gm/cm 3.

Expe rim en tal Inst rumenta t i on

The fluid confining pressure was measured with a 350 ohm manganin wire

pressure coil. The pressure coil was accurate to wi thin 1 percent. Axial

strains were measured using a four arm cantilever configuration accurate to

within 0.05 percent strain. Figure 2 shows a sand-water sample in the test

con f i gu ra t i on .

I

Figure 2: Sample configu ”-ation for hydro-
static compression testing.
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Assum i ng a homogeneous isotro pi c ma ter i al , approximate volume Strains

were calculated from the axial strain.

Ex per i men tal Resu lt s and Di scuss ion

Both visual inspection and grain size distributions were conducted on

the sand before and after testing to observe possible grain “welding ” during

hydrostatic loadino. Figure 3 shows untested and tested samples as they were

“poured” from their confining jackets . As apparent from Figure 3, no ma ter-

ial cohesion could be observed as a resul t of the hydrostatic compression.

Figure 1 and Table 1 show the pre and post test sieve analysis results which

also i nd i ca tes tha t “wel d in g” on a smal l  scale  did no t occu r.

POST— TEST_~~~~~~~~~~~~~~
1
* 

V 

C /
V 

PRE —TEST

V - ‘4, 
-

-
~~

Figure 3: Pre and Post test sand/water samples.
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The conf in ing pressure ver - us volu mi me strain curves arc shown in Figur e

4 . Curve 1 is the average volur m ie strain response for four sand sample s witm -

an initial average density of 2.18 ± .02 qm/cm !i 1
. For reference , curve 2 i s

5 1 - - - r — - I — I
HYDROSTAT IC • UMPRES S-CI N TESTS

I VOCLl~~( 
ST R A. N  FOR SATURATED YA RD - p - 2 2  gnr/ci~i2I

2 i V V 0 ~~~ STRAI R A I_I C - A R T _I M I N E RA L
3 VOLUME STRAIR I ~ R

/ QUARTZ I

//

3 -

~~2 -  /
~~ ~~ —

~~~~~-z 

--

~~~~~~~~~~~ V~~ 
-

I /
~c 

- -

VOLUME STRAIN , ~.V ,
V•

Figure 4: Hydrostatic compressibi lity curves for sat-
u rate d san d , water and quartz.

the pressure-volume response for a a-quartz minera l 3 while Curve 3 shows

the pressure-vo l ume response of water at 25°C.
4 Clearly, the s a tu ra t ed

sand volume strain curve shows neither pure water nor quartz characteristics

but a comb i nat ion of both.
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CONCLUSION

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

mined before end after loadin g to 4 kilohar hydrostat ic  pressure . The hy-

drostatically tested samples likewise showed no visual sions of cohesion

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

undrained sam ple conditions resul ted in a pore pressure buildu p causing in-

sufficient “w e l d i n g ” stresses to develop between grains (i.e., the sand g r a i n s

were at a stress state lower than that of the vessel confini no pressu m - e).

Pore p ressures would have remained essentially zero during hyd rostatic com-

pression had the test sam mm ple water been vented to the atmosphere creating a

drained sample condition (provided that allowances were made for permeabil-

i t y , test time and other pore pressure parame ters). Consequentl y the sand

grains would have experienced hdyrostatic stresses equal to the vessel con-

fining pressure ; the result being possible grain welding at these hi~ her

stresses . An additional result of drained testinn would have been larger

volume strains . This effect has been observed in report TR 75-29~ fo r Mi x-

ed Company sandstone.

Finally, it is not antici pated that increasing the hydrostatic loading

rate for the undrained tests reported herein would result in any signifi-

cant inc rease in the cohesion of post test mater ial.
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PREFACE

The Li. S. Geoloqical Survey has used the borehole -overco re technique to

determine le ~‘- ~ e stresses at the Rainier Mesa , Nevada Test Site. Elastic

constants were determined on site with the recovered overcores in order to

calcula te the 1w o~
’cu 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 m oduli

as a function of the mean and shear stresses . Errors generated by neg lect-

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 1ri

stresses in the Rainier Mesa at the NTS (Nevada Test Site). The standard

method used in these stress dcterminations is the well documented USEM

(U. S. Bureau of Mines ) overcorinq technique. This technique utilizes

the three-component borehole deformation gage shown in Fioure 1 (Me-I- I - il ,

1967; Hooker and Bickel , 1974) to determine deformational changes on the

internal diameter as a cylindrical borehole is overcored free frot~- the

surround inq rock mass. To calculate stresses from borehole deformation

data the e last ic  moduli of the rock in which the borehole deformation

measurements are taken must be known .

Elastic modu li of the stress-relieved overcores are commonly deter-

m i n e d  by the  use of a biaxial pressure chanmber , (axial stress , = 0.0 ~-~Pa)

and the three-component borehole deformation gage (F i tzpat r ic h , 1962 ).

Figure 1. Three -component borehole deformation ca ne.
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Briefly, the procedure involves app lication of an external radial pressure

to the core and measurement of the corresponding inner-hole deformation .

Such a orocedu m-e is siIIi ’l e and ouic k ; however , it has been observed

that overcore elastic mn odu li tested in the above manner do not agree with

standard triaxially tested solid core elastic moduli (LaComb , 1976). D i f f e r -

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 e las t i c

rrmodul i.

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.

r - 1 -
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Figure 2. Typical mean stress- -borehole-deformation
plot during a loadin q-unloading cycle.
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To evaluate these problems a five -point testing proqran i was devised .

1. Overcore samples were tested biaxially as is normally done in the

field. Radial pressure was applied along the middle 17.8 dli 1)1 t h e

38.1 cm long cores. Axial stress , °z’ was kept equal to zero.

2. The overcores were tested in a constrained biaxial loadinq configura-

tion . The radial pressure was applied along the entire sample len n t r

while zero axial strain , Cz~ 
was m a i n t a i n e d .

3. The overcores were subjected to hydrostat ic loading , i .e .  equal

radial and axial pressures.

4. The overcores were loaded ax ia l l y  under a uniform lateral confin-

ing pressure .

5. 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, 
~~

) could be evaluated .
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ELASTIC  THEORY /\NP ANISOT ROPY CON SIDER I\TIUNS

The load—deformat ion re lat ions tar a l inear e las t i c  t h i c t _ / a l l e d

cyl inder su bj e~ teJ to radial pressure and axial strain have been derived

‘r ’eViO U slV (Obert , 11351’i). Only a brief statemnent of the equations which

bear dir ectl y on the tI~~~ t will be given below (in what follows stre ss

and st m - .iin ar e  pos itive in comapr ession).

The axial - - t re s s  ( 
~
)-strain (.

z
) relation for a holl ow elastic

-: v li nd e r sub jec tri to external pressure P0 is

0
2 P

- = ° ~ V E ( 1 )
Z 

- a 2 ) Z

while the borehole deformation , U .~ at the inner radius , a , is rel at i - ‘ i

Young ’ s :. ociula s of the rock , E , by the equation

~ (1- . 2) P
0 b2 a

U -  = -— —
~~
--—-——— — 2 o ~ a ( 2 )

1 E (bC - a~ ) Z

V O l e -r e  ~ is Poisson ’ s ra t io , and b is the sample outer radius. When axial

stress is zero , equation 2 reduces to

a ab 2 P
U —  ° ( 3 )
i~~ ~~~2 2 ~

S im i1ar 1~ ise external radial deformation U0 is niven by

2 (1 + ~)P 
~ 2

= 2 2 
~ [b (1 — 2v )  + a b] -2.  ~~b. (a)

~ E ( h  — a )

Devi ation fran isotropy of each overcore (measure-cl as the rat io  of

the maxi l -- uln to mn in irm ur l Youna ’ s nio duli in the plane norma l to the s p ec i r a n

3S2
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ax i s)  is est imated by the develop ment of a radial  deformat ion e l l i pse

fl-a l l ~-,h i c h a sax i l i um amid minimum Youn g s modu 1 i may be calculated . ror

the Nevada Test Site tuff , the r a t i o  of E to L . is us s a l l v less tha numax n i  II

1. 5 wh i l e  the rat io of the secondary - - - 
I princi pal s t resses  is a p r l r o / i _

mate ly 2.

Becker and Hooker (1967) theoret ica l ly  ana lyzed the problem of

anisotro pv for thick-walled cylinders . Their results indicated that the

error in -
- - 

~u stress determinat ion caused by a modulus rat io E to
max

E .  of 1.5 and a stress ratio of 2 was small , i.e., the error induced

by the a s s u m p t i o n  of isotropy was less than 10 percent. Thus , the re-

mainder of the report shall deal with isotropy . Note that since three

orthogonal overcore deta’rminations are made at the Nevada Test Site , it

is not necessary to assume that one of the axes of e las t i c  symmetry i s

orthogonal to the borehole in order to compute the stress e l l ipse  (Panek ,

1966).
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EX PE RI l 1~ NTP,L PROCEDURES A~D RESULTS

SVPVecI nemis a nd Sarmip le Preparat ion

Four’ Nevada Test Site overcore samples fro ls the U12n. 10 dci ft c o r 5 l e /

i-.em - e obt -~ined froimi Mr. W illia m Ellis (USGS , Denver). Tnree sen~ples (I SS b-

ov e rc ore 2 , ISS 7 overcore 2 and ISS 9 o~ercore 4) were wrap ped in a l u I l i m l u r u

and coated w i th  beeswax to preserve -1’ . ~~~ moisture. The fourth sa im p le

( ISS 4 overcore  5) was received air dr ied and consequent ly irni~ersed ~~~i

water to bring it up to the assumed - T I - - O  satura t ion  of 95 percent.

Seo p les were prepared by saw cutt ing the ends of the overcores r-e neived

frol the f ie ld.  External and internal sa inole diameters were l : e a s u i d  to

be within 13.97 V .1 cm and 3.81 - .1 cm , respectively. Hardened st e - cl

endcaps were attached to the sample ends usin o Ultra -Cal 30 qrout. The

endcaps were a l i gned before the grout hardened , and wer-e ma intained parallel

t o w i th in  .008 cm over the 14 cm diameter.  When necessary ,  sa r lp les were

then sealed using a urethane jacke t ,  rubber tape and steel lock w i r e .

Ac ry l i c  o las t i c  samples of the same con f i o u ra t ion  and size as the N S

tuff wer e used to ca l ib ra te  the test  systems .

A cne ra t u s Pes cr ir’t ion a nd Testjg~ Procedures

Overcore specimens were tested in four d i f ferent  loading confi gurations

as l i s ted  below and shown schematically in Finure 3 , as Cases I through I V :

Case I) a 
= 0 MPa , (0.0 MPa P0 3.45 MPa )

Cas e II) b 
= 
~ strain giving ~1 b 2.16 P0

, (0.0 MPa • P . 6.9 MPa)

Case III) ~ = P0~ (0.0 MPa - P0 6.9 ~~~~I)

Case I V )  = P0 ~ L ( d e v i a t o r i c  l o a d i n : )
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where a Z . 
~ 

V and P0 are defined as Set ore . The I I a I l r l i  tude of the a x ial

stresses far the four test configurations were such ~~~ 1a 1 b - ~
c 

-

Case I (o  = 0.0 l I l a )  w a s achieved usinq the standard b ia x i a l  t - s t i n q  avp - i ra tus

as show n in Fi gu re 4. The aunaratus s i iI lp l v  co ns is ted  of a r- uShe - r b ladder

retained in a steel cy linder with a 14.5 cm in t e r n a l diameter. Sa :-Iples ide - re

tested by radial pressurization from 0.0 MPa to 3.45 ‘IPa to 0.0 ~~~
I

J ~V f l t rl

bo rehole deformations recorded after pressure increments to 0.6: -Ma.

Figure 5 shows Case II configura tion; sample endcaps and strain—gaged

reaction colu i m in are visible. The sai:ple is contained within the reaction

col uo m , 16.5 cm ID , 17.8 cm OD , wh ich provided a m ea s u r e  of the axial load.

The com plete system W i ~~ placed in a pressure vessel for radial pressurization .

Fi nal overcore test in g waS conducted in both hydrostatic and deviator ic

loading con figurations , Cases III and IV , respectively, wi th  onl y sa m p les

ISS 9 ove rcore 4, ISS 4 overcore 5 and Acrylic sub ject to Case I\ loadin o-

Fi gure 7 shows the stress tra jectories used during Case IV loading. Axial

a r - d lateral strain transducers were attached to the sample as ~hov- ~ in

F igure 6.

Axial and lateral strains were accurate to within 0.001 percent strain

and ±0.002 percent strain , resoectively. Axial load was measured accurate

to within -0.03 ~ViPa

Once the hydrosta tic and deviatoric loadin o response had been deter-

mined cor the overcores , 5.1 cm-diameter cores 5.4 cm long were obtained

frol- selected overcores. These samples were triaxially tested (Case v )
us inn t Ue standard techniques and apparatus. Three cores f r- •I ;  ISS 9 nvr- r-

c or n  4 and ISS 4 overcore 5, were tested usin g the loadin g seq i em i ce shown

in Fi ci re 7. The tests showed how Youna ’ s modulus, E, va ried with both

mean and shear stresses.

I 86
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pe r  i mental Res Ui ts

Fin u m -c $ ~Il::Io~c a t yp i c a l  i- -s a lt ot t n-c 0:-c 1 - F  i - e m m t a l  p r u g ram i  ( . a l l i I e d

dbove.  It  - - a s i s t s e t  the rad i al Iressure - bore hole de ’ - - I - c I t i n I  r i o t  ‘or

sa mp le ISS - i ov er-c ore -I - Tr~e tested r~ I ~hocs 95 le- r I ent d e f n r - s t i o n  re--

c c l v  u pon unloadin g. Because the un loadin o phase best approxi ma te -s the

u-Ci- l - L orino oper-at ion, only unload i n curves on 11 be anal y zed t U F V O .
J FwJ:J t

the IV C ! u i  ic c-I - of the m eport .  F iq um -e 9 shows a typ ica l  boc -h o le  defer-na

r i -cu l t  d u m i n g  un load i ne for cam i l le  ISS 9 uve rco re  -~~~. Resu l ts  for ISS

ov er - c ore  5 , ISS 6 overcore 2, ISS 7 overcore 2 and a c r y l i c  iay be found in

A pnendix

Tab le I s u n  rizes tU equat ions used for det~ r - - - ini oq t ine s e c a n t  m I c - d a l - _ is

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

equat ions were obtained by sub stitut in o 1.91 cm and 6.99 cm for a and h.

res~~- :ti ve l y, in equations 1 throuq u 3. Table II l i s t s  t h e  a v e - r a c e  valu e s

of t-b ca lcu la ted secant ~mioduli to 3.45 ~-~Pa rad ial ceessure ~o’- the d i~~r er_

ent test configurations. The results of the acry l ic specimen are inclu de n

for com parison.

Table III l i s t s  Young ’ s modu lus and Poisson ’ s ra tio for the overcore

t e s t s  o e r f o r m e d fo r  conf ig u r a t io ns I~-i and V .  Note t hat at each mean s t r e ss

s t-i te tile in i t ia l  externa l  d i f fe rent ia l  load ias zero. Figures 10 an-cl Ii

show t - / n ica l  results for the 5.1—cm diameter tri axially tested cor-es in w hi ch

Young ’ s -i n dul u s is plotted versus mean and sneer stress respectivel y ,

(Case V).
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TABLE I

Relation s for Determinin g

Youn g ’ s Modulus for the Three Test Con fig ura ti ons

Test Type Elastic ~1odulus Equation

Case I E = 8.23 (I)

Case II E = 8.23 P0/LJ~ 
- 3.81 (ii )

L Case III E = P0/ U 1 (8.23 - 3.81 ) (iii )

TABLE II

Secan t Modulus Com par i sons at

3.45 riPa Radial Pressure

Usinq the Equations in Table I

________________ 
Test_Type 

______________

Mater i al Case I Case II Case III

Acr ylic 2.63 GPa 2.66 GPa 2.77 GPa

ISS 4 oc 5* 1.79 GPa 1.41 GPa 1.28 GPa

ISS 6 oc 2** 2.12 GPa 2.14 GPa

ISS 7 oc 2 8.90 GPa 7.86 GPa 8.07 GPa

ISS 9 oc 4 3.19 GPa 3.33 GPa 3.54 GPa

* rioted extensive fracture running the lenqth of the
overcore sample. It apoears to have caused devia-
tions in the characteristic rock deformation .

** ~oduli comnared at 2.~ 1 MPa radial pressure
due to core failure durinq Biax test.
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DISCUSSION

Modulus_ Comp ari sons

The effects of mean stress and shear stress on the secant and tanqent

elastic m oduli of Rainier Mesa Tuff are shown in Figures 12, 13 and 14.

T hese f ig ures show the modul i determ i ned from tes t con fig ura ti ons III

and IV . Figure 12 shows that mean stress has little effect on the acrylic

sam p le and that the determine d tan gent modul i agree to w it h i n the ex per imen tal

accuracy of 5 percent. Figures 13 and 14 show Young ’s modulus to i ncrease

as the mean s tress increases , the tangent modul i increas i ng more than the

secant moduli. The tangent moduli determined from different loading condi-

tions agree to within 10 percent in both cases.

A compar i son of Youn g ’s modulus between the triaxially loaded overcore

sample (case IV ) and the solid core (case V) is shown in Figure 15.

Sol id-core rnodu li were obtained from crossp lotting Fi gure 10 (j2
1/2 

= 0.0 ~1Pa).

Al though the tangent moduli were de termined for both solid sample and

overcore a t zero i niti al dev i ator i c load , the overco re , due to its geometry ,

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

Th us a t any gi ven external hydros tatic loa d an avera ge shear stress J
b 

~defined by (b-aY’I J .~ dr could be calculated. After calculat in g tho

avera ge s hear s tress i n 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 become s apparent

that to determi ne an overcore Young ’ s modulus using standard solid

specimens require that the shear and mean stresses exoerienced by the

overcore be applied to the solid specimen.
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secant modu li. Note little variation in moduli
with mean Stress.

I - 
~~~~ 

-- - C - ‘ - ‘ I - - - - -
~~~

C 0 N GE ’ N~ VE~~ S.j’~ ‘ECON ’ M 0 I J IJ S

- j r 0)2 n. IO ISS 4 ~‘.1-’ )RE S
O VE RCO PE S A M P L E

4~ I , 

-.
‘-

-~~~~

--
-

- 
N ’ ” )  ‘ U- ~ :( B C I P . I D

0 - -~~~~ 4~~ N S N G  C. , ,  N , -

- - , FN’O I- ‘ I

- ~- 1  
- 

S A M P L  F

- 

-

/ --‘~ C’C’EN’ ~~~~~~~ - - I~~ V2 r ‘ — 3~~MP4)0 ’  ‘ .\ ‘. - “I
SSV~~.L ,

SE~~&S’ V . 0..,. .5 ‘.~~~V H’ .,~~L ’ C ’
CLINC OF L E R C L R E  SJMP~ E 0  ASE =

I ‘C)NGEN’ MODIJ I’,JS F P 0 - M I-I) D PC C ” S ’ IC

C’ADIRG 3F CVERCORE SAMPLES , C A SE ~~

M) ON S’RESS -~~~ , V

Figure 13. Modulus curves for ISS overcore 5 comparing tangent
and secant modu li. Note that moduli increase with
mean stress.

- -  
.
~

. __
~~~~~~~~~-jII k- -. - - 

_ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _



:i:i :I~~~~~~~~~~T A N G E N T  V ERSUS SE C A N T  M 000
L OS C O M P A R I S O N
U I ? IC 10 55 9 . )‘- ~- ~(F 4 I

CO
60

//
4 0 -  -/

- TANGEN T MODULUS FROM T F r I A X I A L - 4

- . 0’ COMPRESSION L O A D I N G  ON O V E R -  -
CORE SAMPLE. CASE 

~~ I
J S E C A N T  MODULUS FROM HYOR0
STATIC LOADING OF CVI RCORU I

0 ~ SAMPLES , CASE Ill
‘‘CI TANGENT MODULUS FROM HvDF ~C- -

STATIC LOADING OF OVE RCO RE

- 
S A M P L E S . CASE ~~

0 _______ I J
-‘ 5 30 45 C

1151  1 3 0 ’  145) 1,01 , PS I
M E AN STRESS. ~~,, ICP~, 5-ors )
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Ano ther point of di scuss i on concerns the compar i son of b i ax i al secant

modu li to standard (solid-core ) tangent moduli. When comparing the tangent

modu l i of the 5.1 cm-diameter core with the overcore secant moduli as shown

in Fiqure 16 an apparent discrepancy occurs~ Figures 14 and 15 illustrate

tha t by com par i ng tan gen t modul i and correct i ng for s hear stresses one ob ta i ns

a fair agreement. The apparent discrepancy lies in the modulus definition

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

Modu l us Selec ti on

It is obvious from the idealized loadina curve shown in Figure 2 that

the secan t Youn g ’ s modulus at 2 .5 MPa mean s tress i s less t han the secan t

Youn g ’ s modulus determined at higher radial pressures. Similar results

may be obtained from Figures 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 deqree of non-

linearity increases so also does the percent difference in secant modu li.

In order to selec t the secan t modul us for h .‘
- -
~~~~~ s tress calcu la ti ons it

is necessar y to generate a secan t modulus versus bore hole deformati on pl ot

as shown in Figure 17. The plot shows that for any observed -
~~~. - ‘-

~~~ de-

formation , the correspondin g secant modulus may be prope rly selected for

calculation purposes. This assumes that the sample can be tested to hiqh -

enough radial pressures to achieve borehole deformations equal to or qreater

than that observed “
S
’ I ’ ” -4 , and that the principal -

S

’: ~~~~~~~~ s t -esses

perpendicular to the borehole axis are nearly equal. This type of plot

would minimize errors caused by mean and shear stress effects on Younq ’ s
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Figure 16. App arent elastic modulus discrepancy when comparing
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SECANT MODULUS VERS US DEFORMAT !ON
PLOT USING HYDROST A TIC OA DI NG DATA
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Fiqure 17. Overcore secant modulus versus borehole deformation
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’.- ~~~~~~ s tress calculat i ons when ra di al
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~ stresses are equal
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TABLE IV
Secant Modulus (GPa) Comparison During

Hydros tatic Loadin g at 3.45 MPa and 6.9 MPa Pressure

Material 3.45 GPa 6.9 GPa Di fference
Acryl ic 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 01 02 03 ~fl ~~~ The principal ~~~~ ,- T C ~~ L s tresses a t

Rai nier Mesa have been shown to be approxima tely o
~ ~~ 

: 203 (Haimson , et

al ., 1974) suggesting that for any overcoring operation the prin cipal

~~~~~~~~~ s tresses per pendi cular to the ax i s of a ver ti cal borehole woul d

most likely be unequal. Under these conditions ~~: .0~
’ ’ C~ mean stresses may

be achievable , but :~~: ~~~ shear stress ef fects on Young ’ s modulus could

not be approximated since unequal radial stresses cannot be applied about

the circular overcore specimens in the present test confi gurations. However ,

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

moduli can be defined .

Laboratory Testing Recommendations

As prev iousl y 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 i~

often not able to obtain the average ~‘7 •
‘ I~~~ borehole deformation . It has

been shown that wi th either the rigid -end constraint condition (Case II)

or the hydrostatic case (Case III) , radial oressures in excess of 6.90 MPa

400

k--- . ~~~~~~~~~~~~~~~~

‘ ::~ 
•

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~

‘ :,:o ’~~~~ ç,.



are attainable without sample failure . Ideally the applied axial stress

during laboratory testing should approximate the i~ ~~~~~~~~~ axi al s tress on

the overcore sample during the overcorin ci procedure. Th is ax i al s tress i s

unknown however and var ies even as overcorin g progresses past the gage point.

It may be argued that an intermediate axial stress state , 0.0 ‘ P0 ,

should be used during laboratory testing since it is l ikely that the ax ia l

stress during overcorir ..i lies within this range. An intermediate axial

stress may be approximated using the confin ed biaxial test in which ax ia l

strain was zero (Case II ) giving 
~~~ 

= v 2.16 P0 . The Young ’ s modulus and

Poisson ’ s ratio for this case become

E = 8.23 (1 - ~2) P0/ Ui (5)

and ,

= 0 .463 az/p0 
(6)

using a = 1.91 cm and b = 6.99 cm. A des irable feature of this techn ique

is that Poisson ’ s ratio is independent of the elastic modulus . The

additional f ield instrumentation for an = 0.0 percent test would

i nvolve an ax i al loa di ng frame with an axial load ing piston and a means

of measuring axial stress and strain.

40 1

~~~~~~~~~~~- - 
~~~~~~~~~ •_ ~~~~~~~~~ _;.~~~~~~~~~~~~~~~~

—
~~~~~~~~~~~~~~~~ _



~

CONCLUDING REMARKS

When triaxially tesLing standard 5.1 cm-diameter solid cores taken

from the overcore sample s , 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 qreater than those required to -induce :
‘

.- .“ deformation.

With the radial pressurization schemes used here , ‘
S
.: .

. 

~ mean st resses

were obtainable but not the shear stresses. Achievinn ‘ - 
“- .~ mean s tresses

may require axial load application to achieve radial pressures qreater than

3.45 ~-1Pa (biaxial tester limitation due to sample failure). An intermedi ate

axial stress during laboratory testing (0.0 — IC
Z 

< P0) is suggested as an

approximation to the unknown ‘ 
.~~~~ ~~:I axial stress during overcorin a . A

convenient intermediate axial stress state (0.0 - P0) may be achieved

usin g a zero axial strain loading scheme from which Poisson ’ s ratio and

Young ’ s modulus are easily obtained.
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SUMMARY

Moisture was reintroduced into dry Nevada Test Site tuff core chips

through pl1icemen t in a hi qh humidity ( 95 to 100 percent) chamber at room

temperature ( 23 ‘ C) and atmos pheric pressure (- -650 mm). A minimum of 29

days was required for the dry samples to equal or exceed what was considered

their ~~ - - 
~ saturation levels (these -

~~ .~~~ r - saturation levels were

obtained from adjacent samples). Mechanical tests conducted subsequent

to resaturation sugqest that dr ied-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 nco nc 1 iS i ye.
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INTRODUCTiON

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

creased considerably durin g the past several years. This increased demand

requires “fin e tuning ” our knowledge of the rn (Iterial properties of the

resident tuff at the site. To this end , Terra Tek conducted tests to

evaluate the ~ffect of dr yin g and resaturation on the material properties

of tuff core samples and to establish the likelihood of water invasion

during field coring .

D~yJr9- Resatu rat in~ : As the state-of-the-art of material properties

evaluation, material models and qround -Inotion calculations have advanced ,

*here is benefit to reanalyzing past nucl ear events. The lac k 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 i’rooe rtieS

measured on the dried -resatura ted samp les were representative of the pro-

per -ties o~ ‘later iab in which the moisture had been maintained .
~~~~~~~~~ ~~~~~~~~ - - r.. ~~~~~~~~Several sets of dry and adjace~t sealed~tuff core samples were pro-

cessed and tested to answer this question of the effect of the dr Liinu -

resaturat io ’l cycle.

Field Corin g Water Penetration: Pieces of the sealed core sarol es.

discussed above, were a lso  subjected to further mo is t u r iz in1  in a hinh

iumidity eha? -? her . The purpose was to determine the p robabi l it ’~ of wate r

invasion into the already “ wet ” samples .  It has been reasoned ’ that

‘ pasur ino t he loss ~or nain i n we ig ht  of p re v i o u s l y  se a led c ores while

suspended in a h i gh b l imid i  -‘ c r 1 1 -her would provide an indication -

- _
_ i

~~ 
-. 
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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 conclusiv e evidence of drilling water Invasi orl .

I
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T[ST PROGRAM

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

to 100 percent) at room tel perature and atmospheric pressure . When the

samples ceased to gai n moisture , the physical and mechanical properties

were measured and compared with those of adjacent samples which had been

ma intained at their original - . .~~~: moisture leve l .

Samples prepared to investigate water invasion during coring were

received sealed . They were unwrapped on placement in the high humidity

chamber.

Sample Pr~,paration: Samples were retrieved from five sets of neighbor -

- - - . . 2  -ir l i loca tions in drill hole UE 12I1 I ’D at the Nevada Test Site . The indivi-

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

these cores are in close proximity to earh other.

TABLE I

Core Location in UE12n~9

Location Dry Samples Sealed Samples Sealed and Remoisturized Samplesi

1 147’ 155’ 155’

2 317’ 319’ 319’

3 455’ 456’ 456’

4 516’ 515’ 515’

5 589’ 588’ 588’
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EX PERIMENTAL RE SULTS

Dry ing- Resatu rat in~ : The moisture gain data for the dry samples are

shown in Figure 1. The samples increased in moisture content very not ice -

ably during the first eleven days with subsequent rapid stabilization to a

lower moisture assimilation rate. The samp les were still gaining moistur e

sli ghtly, through the 30 days of the test , as shown in Figure 2. Physical

properties of the dry-resaturated tuff are listed in Table 1I 3. The mea-

sured permanent compacti ons , included in Table II , were obtained from cyc lin o

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

physical properties of the dry-resaturated samples to the sealed samples.

I I I I - I I I I I I I
‘o’5IST~,RE -1~~~~N CU tmV ES FOR DRY SAMPLES

U EI2rur C~ 
-

- CORE -J ’ )  S Y M B O L
147

I6O~~ 
3 17  ‘1- 

-455
5 1 6  - -

589 - 
-

~~ w 5O~ - - --‘~~~~~~~~~~~ 
_._._.—

~~~~ •~~~~~~~
• 

-

/
U..lfC 40 

~— 
/ -

a: / /

30- 

/ . —i’I,~ Ii :::~:: -

-

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~

H

I I ~~~~~~~~~~~~~~ 1 1 , 1 ~ C I J I 1 1
0 0 20 30 40

T I M E , DAYS

Fiq 1re 1. ‘0~1isture s a m  versu s  t i l e  n lpts ~or -‘ J r -p
samn les , 0-30 days.
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Fi s ure 2. Moisture gain versus time plots ~0- -Sr ,
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TABLE II

Physical and Mechanical Property Data on Dry-Res atur at .ed Coco s ,
As—Received Cores (Sealed ) and the Further Moistur ized “As- f - ~e r ’ - i  ved ” Core Sa iiip le ’ ,

FOOTAG E L 1 E N 5 I T : i~~m - ( c) W2~~1 0 P’J0C ’~~I C S~ Tu~~~ C~~, 
- ME~~1~~~~

SAMPLE BY WET 10/ ) ( 0 )  2.15 PEI4~MANEN’
WE GHT v I l I ’ I ’ COMP

DESIG NAT ION ~‘~i DRY DF)2.IN (%> 1%)

I di ‘ - -: ~ 2 -I - 
- ‘ , - ‘ I I ’ Iii ~, - - I

-
- ~ 1~ J l I d , IF)

A’1 - ReL y  I v  - — - - — - - - - -

,l fl d 1 ‘ 4 1  [ s r
‘.1 , - ‘ U  4 ,  1 lied
IL

31 7 - i l
fr — R I - - I t  I .8I I . e _ ’ 2 . 3 7  I I . ’ 1’ 80 7 . 8 . 3

2A

~,- , - , O ’ , t ’ l  C ’i 1 , 1 1  l . ’~” 7 . 3 8  I - ‘ 37 -11  - - I - - - -

IS,uI 1I- _ 1)  28

‘ l ’ U O l  .‘ y li .8? .~~ I 2.37 17 . 4 37 i.E r. 1
r [ ’ .€ ’ r

il - S t ,  I/ed
25

m . _ i1,, ~ C ] - ? - C.  ‘ - ‘  2 , 41 3 3 , c  85 8. 7 8.2

Au~~
I4 l , , . . 3  . 1 1 02 2 4 . 31.6  58 81 10.8 ~~

- - _

S e a l - ~-i 38

C - I  1 - -4 1 02 2 , -? , 33 .6  58 89 6 .3  3 , 7
- 1 1 1 1  F - . ,

- - ? Zed
35

S I  5~

- R e - ,, 1.58 1. 14 2 , 37 2 7 . 8  52 - - - -~ 8 . 2

A- , - Re c e i4 , ’ .l 1 .55 1 . 19  2 . 3 7  23. 4 50 73 1 3 7
SI/s ’ s8) 48

4 s— R ece ived  L I - . 1 . 1 4 2.37 1 , 3  50 - -

~~ 7 . 1
Fu r t 1,1-

~I~i I — 4 i l l

588- 589
Dry- Res at  1. 47 0. 14 2 .36 35.9  111 ’  88 7 .0 7 . 6

$~ - R e c e i v e d  1 . 46 0 .9]  2 . 3 7  37.5 61 - - - - ‘~ 6.8  - - - .
( ‘ .1 ,1 e l )  55

A ’ ,- ’s~’~ , -151 1j L51 0.91 2 .37 39 . e 6 1 -37 1 ) ’  2.8
ari d ) ‘ ~~r t ’ i~~ r

I ,4 ~ 1 /f ’ , )
55 

___________ ____________ ___________ ____________
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(-i l d Coriru j Water Penetrat ion : The moisture gain data for t i l e  sed l , - l I

samples are ‘;il 413 r 1 in Figure 3. ~ote that the s 1iii p les did gain 11101 s t u  ‘o and

were still gai ei r i q sl i lh t l y after 30 days — Fiqu re 4 . The physical f l I-S l I 0 i ’ -

ties for thes~ sarlp l l U , are also listed in Table II (see “as—received and

further moisturized” ). ‘ i rlia x ial strain touts met-i ’ conducted on these samples

~or comparison with Sn ’ ten t s I II I I I JC ted on the dry-resaturated . The stros s—

strain and s t ress—st ress  u r- 0’ - -s t s r  b oth qr- o u r s are shown in Figure 5. Me-

chanical  tes ts  net-c not conducted - t t  I II t , ’ft-S 147-155 and 515—516 due to

the poor condition of the core sai ’ples f o l l lw i n q  resa tu ra t i on.

8 1 I I I I I ~~~~‘T~~~~I I I I I I I

I MOISTURE G A I N  C U R J L~ LO R  SELSLED SAMPLES
I UE I2r )

7 ~~ C O R E ( f  t )  S Y M B O L  -

1 5 5
I 3 19  ‘~ -

456 -
i— 6~~- 5 15 /  -

588 -i - — -- 
- -

~~~ S A M P L E  D I S I N T E G R A T ED

-

- 
I

I~~~
1 -

~~~~~~~ 

:~ 

~~~~~~~~~~~~~~~~ 

j- S A M P L E  D I S I N T E G R A T E D

/
I - -

0 I I I I I I I I I I I I I I I I I 1
0 0 20 30 40

T I M E , D A Y S

Figure 3. ~‘oistu re gain versus ti :’o plots for ‘;&‘a led
samnies , 0-30 days.
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DI SCUSSION

D~yin~ - Resatur ati~~ : As seen in Table II , there are considerable

dif ferences in the material properties between the samples froni dif ferent

locations. An example is the porosities — — 38 percent in the set of samples

at 317 — 319 ’ and 59 percent in the samples at 4551 _ 4 5 6 1 . None theless , the

dry samples all showed increases in moisture content of severa l percent per

day through the f i rst 6 to 16 days wi th gains then changing to tenths of a

percent per day through 30 days. The l ower 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

requ i red , the resaturation process and the final moisture content do not

appear to have a noticeable effect , (Figure Sb). However , the moisture

content is critical if the material properties requirements include the gas-

filled void content , (Figure 5a).

Heretofore , the • : - ~~:u moisture content has been obtained frolil sealed

core samples. Since sealed core is not always available , however , a means

for identify ing the original ~ moisture content of the dry core is

necessary . One possib le 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 likel y a

f u n c t i o n  of the water in a sample (i.e. pore water , molecular water , etc.).

120
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An indicat ion of the s igni f icance of the inf lect ion point on the curves is

that when using the inflection point moisture content for comparison with

the moisture content of the sealed sam p les , there were two previously ‘icy

(2A and SA) 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 good indica-

tor of the original -
‘ • : - u  moisture content of the sar llples.

Field Corig9j4ater Pene t r a t i on : 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 proble m

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 v iscos i ty .

~~~~~~~~~~~~~~~~~~~~~~ ~~~~~~~~~~~~~~~~~~~~~ - - -- -- - -  _____
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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 Illaterial properties representative of those of

a sample in which the moisture had been preserved. That is , the drymn-

resaturat ion cycle i tself does not appear to af fect the nlaterial properties .

but , the final resaturated moisture content will affect certain propertie n .

For example , the shear strength of the tuff was not affected by the drying!

resaturatinc i 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

answer to using the dry core then , lies in having ava i lab le  the correct

• •~~:~ moisture content , heretofore represented by the sealed core samnles.

Since adj acent sealed core is not always ava i lab le , however , a means for

identify ing the origina l .e . - - ,~ moisture content of the dry core is

necessary .

As discussed previously, the moisture gain curve inflection point

appears to show some possibi l i ty for obtaining this needed .~~ •~~~~~
- moisture

content. Further analysis should include drying several core samples w h ic h

are presently sealed . This would eliminate the unavoidable discre pancy

which existed in this reported work -- that of having to compare samp le

properties from adjacent cores.

Further analysis on the coring water intrusion would require sim ul at ed

field coring conditi ons such as the correct fluid (mud) pressure and

v i s c o s i t y .
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