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20. ABSTRACT (Continued)

...— ..-~ particular sites. The block motion problem is concerned both
wi th those motions driven or dominated by ~ he explosion-induced
stress transients and wi th tho se motions ‘~~r i ggered~~ by the
exp losions but dominated by the par tial relief of pre—stress~
conditions. Emphasis is given to the problem of ‘1riggered ~~~
mo tions because this  is the aspect of greatest uncertainty and
because the l i m i t e d  evidence is sugges t ive  tha t  d i t f e r e n tial
slip can be triggered at considerable distance from the explo-
sion , depen’ding greatly upon in—si tu stress conditions.
Methods for avoiding, relieving, absorbing, and resisting
explosion—induced block motions are addressed; and it is
concluded tha t quan t i f y ing the block motion problem appears
difficul t but not hopeless.~~~~~ adequate predictive capability
does not exist and should b~\a primary goal of subsequen t
research and development. / \
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SUMMARY

The threat of block motion , defined to encompass all

explosion— induced differential displacement along geologic

discontiriuities , is an important consideration in siting and

designing underground strategic facilities for maximum systeri

survival. A Dredictive capability does not presently exist

that can satisfactorily assure avoidance of the block motion

problem by site selection , relief from the problem by in—situ

stress alteration , or assure that the design of an underground

facility can absorb a block motion of uncertain magnitude .

The principal reason for this situation is that there is

insufficient knowledge of in—situ stress field conditions and

failure criteria associated with faults and other possible

weakness discontinuities that are the likely locations of

block motion responses to explosively induced stress transients.

It is clear that the focus of developing a predictive capabilit7

should be to set lower and upper bounds on the c.redible block

motion displacements . The motions of concern are those

directly induced by explosions interacting with “ imbaT
~anced ’

or excessive prestress conditions within the earth. The

block motion problem also includes differential displacements

induced by explosions in the rupture and spall regions of

surface and near-surface bursts where induced stresses over-

whelm either balanced or irnbalanced prestress conditions.

Emphasis in this review has been directed at identifying

the risk of explosions triggering block motions in prestressed

media and examining ways of minimizing the problem. The

triggering problem is of special interest because there is

greater uncertainty of the risk and more distant displacements

are credible for a given explosion threat than would be the

case for conditions where stored tectonic stress is small.

The major deficiency in assessing the risk of explosion-

triggered block motion is that the threats are surface or
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near-surface bursts , and all known triggered block motions

are associated with contained explosions.

It is this writer ’s judgment , after reviewing a significant

sampling of the pertinent published literature , that the block

motion problem can be resolved to within acceptable limits of

uncertainty by a research and development program that inte-

grates theoretical analysis, empirical observation , and

laboratory and field experimentation. Such an approach to

refine a predictive capability combined with the best of

present day or advanced site selection and evaluation methods

holds the potential of both identifying low risk sites and

determining the magnitude of risk for such sites. If this

can be accomplished , further assurances appear possible by

designing structures to absorb maximum credible displacements

that cannot be avoided; employing measures such as water

injection to assist further relief of in—situ stress in local

regions of greatest threat potential; and employing measures

such as grout injection to locally strengthen zones of weakness.

The indirect evidence of block motions triggered by
contained nuclear detonations primarily consists of the

following observations :

1. Intermediate and high yield events result in increased

seismicity or earthquake aftershocks within the

vicinity of several kilometers from the explosions.

2. Differential slip at the ground surface across

pre—existirig faults occurs out to distances of

several thousand meters from the explosions. These

motions are consistently in the direction of past

geologic movements for the faults affected , and the

partial release of tectonic stress (or natural pre—

stress) is indicated .
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These data lead to the interpretation that where prestress

conditions are similar to experience at several locations

at the Nevada Test Site , the Central Nevada Test Site , or

the Amchitka, Alaska Test Site , then triggered block motions

can be expected to occur to distances where explosion-induced

strains are of the order of lO 6cm/cm.

It is necessary to understand these effects produced by

contained nuclear detonations so that the real threat of

distant triggering of block motions from surface or near-

surface bursts can be evaluated .

Recent advances in tectonophysics , seismology , structural

geology , and rock mechanics have resulted in an increased

emphasis irs geodynamic studies and especially efforts to

better establish the nature and magnitude of stress in the

earth ’s crust. Important contributions to the development

of a block motion predictive capability can be expected from

these combined efforts.

3
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PREFACE

Since much of this report is the result of reviewing

published literature and many contributions are not specifically

re ferenced , I would like to recognize the authors in the

bibliography for their many contributions . Critical review ,

encouragement , and fruitful discussions contributing to this

study have been made by Hank Cooper and Dave Srinivasa (RDA) ;

Dave Oakley, Lt.Col. Danny Burgess , Joseph Lacomb and Eugene

Sevin (DNA) ; Howard Pratt (Terratek) ; Scott Blouin , (U.S. Ar~ry

CRREL) ; Jimmie Bratton (AF Weapons Lab); and various U.S.

Geological Survey personnel irs coordination with William
Twenh o f e l .
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S E C T I O N  I

INTRO D UCT I ON

I f  an u n d e r g r o u n d  c o m m u n i c a t i o n  f a c i l i t y  were to be
constructed , it should be located at a reasonably accessible

depth , vr e s u ma b l v  less t h an  2 . 5  km , and still be able to

s u rv i v e  and ac c o mol i s h  its mission under threat c o n d i ti o ns

of v e ry  l a r g e  y i e l d  s u r f a c e  or n e a r - s u r f a c e  n u c l e a r  o x rl o s i on  s.

The s i te  should  be located in rock t h a t  ‘ .as s u i t ab l e  e lec t r i c a l

properties so t h a t  c o m m u n i c a t i o n  cou ld  be p e r f o r m e d  w~~th ou t

t r a n sm i s s i o n  cable co nt ln uj t v . C e r t a i n  concepts  of s t rat e :i c

ondergrounci facilities are e xt en s i v e , where  the ar e al  e x t e n t

of a site m ay  be tens or even hundreds of square kilometers.

Fur ther , it ‘vc ul-d be ideal to locate such an u n de rc :o un d  scr~~c-

tore below materials that absorb or reflect the explosion-

i nduced  s t r e s s  so as to m i n i m i z e  damage to sob urface structures

and p e r s o n n e l .

The b lock  m o t i o n  p r o b l em  r e f e r s  to e x p l o s i o n - i n d u c e d

differen tial displacement slong ceolocic discontinuities and

emerges  when stress f i e ld s  f r o m  v e ry  l a r g e  y ield explos ions
interact w i t r .  such  inh on oc e n ei tj e s  and t h r e a t e n  to dam ace

subsu rface structures. The purpose of this review is to

provide an initial assessment of the block notton problem

to ass:st the focus of research and development. Homefolly

t h i s  will lead to an imoroved capability for pred~~ct a n c

exmlosion—indoced iisnlacements and for limiting their magni-

tude . If this can be accomplished , then efforts in stratecic

sys tem desion and siting can proceed in a manner in which

risks and costs can be better evaluated and minimized .

1. THE BLOCK MOTION PROBLEM (TER.~-’S AND CONCEPTS )

Table 1 defines some important terms and outlines a f ew

concepts found useful in help i n g  to perce ive  the block mo t ion

9
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Table 1 . The Block notion Problem - Terms and Concepts

• Bloc k Motion — 
~ef~ rs to expl osion-induced differential mot ion or

displa cement across faults , joints , bedding or other geostr uct-~raidiscont i nu i ties occurring in underground rock formation s.

• Rectional Cjnd it io n s wh ich interact and determine block motion occurrences:
- :n-s itu or prestress field variation s
- Induced stress fiel d varia tions in space and time produc ed by

ex p los i o n or ot her means
- Failure criteria field vari ations of both the various earth

materials and included dis continuities
- Fault parameters: length , depth , dip orientation , motion m agnitude

and direction.

• Relat ively balanced regional stress fields are areas where stress
gra dients are minimal ; where vertical stress variations are primaril y
grav itational - gh; and where horizontal stresses are approximately
hydrostatic to lithostatic loads.

• Relat ivel y imbalanced regional stress fields are regions with lar ge
stress gradients.

• Relat ively balanced loca l stress components are those ‘where the
princ i pal stress axes arc nea~ly equa l in magnitude and typica lly
approximate local agh ‘i~~ues and nearly isotropic conditions. Sig-
nificant departures wou ld be termed relatively imba lanced local
stress components.

• Reg ions of active or accumu lat ing in -situ stress anomalies — Responding
to dynamic tectonic forces .

- To be avoided in siting as natural processes occasionally exceed
failure criteria causing earthquakes , ase ismic creep, and fault
mot ions .

- Few regions are totally isolated or buffered from tectonic processes ;
however , extremel y slow stress accumulat ion may present virtu al l y
the same problem as presented with residual stress anomalies.

• IlLocked _ in lr or residual stress anomalies in regions reflect ing past
or slowly accumulating tectonic activity .

- To be minimized or avoided in siting to reduce block motion risk
from explos ion- i nduced stress relief.

10
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p r o b l e m .  The concept of r e l a t i v e l y  balanced ve r sus  imbalar i ced
in—situ stress introduced in Table 1 refers to stress field

conditions thought to be especially iripcrtant in determining

Susceptibility to explosion—induced block motion. It is

hypotnesized on the basis of earthquake activity records and

in-situ stress data that differences exist in the stress

state of rock over large geographical areas , such as physic-

graphic provinces within the United States , individual mountain

ranges or even from mile to mile. Such an hypothesis fits

the facts and leads to the conjecture supported by a few

experiments or observations that external forces can trigger

the partial release of built—in stress.

Such an effect , if triggered by nuclear explosions

might have major consequences for war f i g h t i n g  systems unless
considered during their design. It is the purpose of this

paper to explore these concepts and to identify research that

could quantify the risk for particular sites.

The concept of block motion triggering relates to events

that alter the in—situ stress condition to the extent that
differential slip occurs. In this report the term “ triggering ”

specifically refers to block motions which reflect a response

to explosion—induced stresses coupled to prestress conditions

rather than only responding to the explosion-induced stress

transients. Where the explosion—induced stress conditions

dominate the rock mass failure the term “driven ” block motions

is used .

Figure 1 schematically illustrates in cross-sectional

view the gross differences in block motion development between

large y ield near—surface nuclear explosions and contained

or deepl y buried nuclear explosions. Driven block motions

are :eneraily thought to be confined to the rupture region

surraundi n~ the detonation and the spall and rarefaction

r~~:i on  at the earth’ s free-surface where stress wave reflections

11
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occur , putting the near-surface rock into tension . A l t h o u g h

the maon~ tude and l imits of driven block motions are not

hichlv urediotable , much more is known of these effects than

tricoered block motions (labeled with a question mark in Figure 1).

Solution of the block motion triggering problem involves:

1. Avoiding severely irabalanced in-situ stress conditions

using advanced site evaluation and selection method-

ologies.

2. Relieving severely imbalanced in—situ stress condi-

tions using water injection , explosion , or other

suitable methods.

3. Absorbing block motions without system failure usin-c

creative engineering .

4. Resisting block motions by strengthening the weak-

nesses and changing local failure criteria.

Depending upon specific site conditions , all four approaches

may be required for success. Further , all approaches require

development of a reasonable predictive capability , and that

must be the goal of a block motion research and develooment

program .

2. OVERVIEW PERSPECTIVE

The earth ’s curst and lithosphere are on the order of

20 to 150 km thick for the continental land masses and are

less dense and much more rig id than the underlying (supporting)

mantle and asthenosphere . Thus , the land masses in a sense

float upon a substrate that is thought to be slowly mobile due

to the action of heat , vi scous convective flow , and other
poorly unders tood driving forces behind crustal deformation .
Regions of broad upwarping or downwarpirtg may be responding

to isostatic adjustment with the crustal element in the process

of approaching gravitationa l equilibrium . It is now clear that

13
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crustal plates have been and are slowly “drifting. ” The more

obvious driving forces are associated with regions receiving

in jec t ions of rock macima , thus adding new c ru s t a l  ma te r i al
to the plates. These major zones are associated with nearly

continuous global oceanic ridges that divide the earth into

some six or seven principal crustal plates , which in turn are

subdivided into approximately 30 distinguishable major plates .

With more precise geodynamic information it is likely that

numerous subplates will be identified. These overall plate

interactions are commonly referred to as the “Rigid Plate

Tectonic Theory .” With this very simplified picture , we can

see that the fragile crust is being subjected to gravitational

pull , lateral forces due to plate interactions , buoyant and

upwell.ing forces from below , as well as changing load condi-

tions associated with erosional processes and climatic

(glacial) conditions.

The earth is a few billion years old , and most rocks

within accessible depth of the earth ’ s crust are a few million

to several hundred million years old. The earth ’s crust has

been subjected to numerous periods of deformation that have

produced abundant failure surfaces in most regions. Rock

permeability to water is typically increased wi th  such defor-
mation of brittle materials , so it can be expected that most

pore spaces associated with deformation-produced structures

(faults , joints , etc.) are water—saturated at depths below

about 300 m or less. Fluid or pore pressure condit ions
within such discontinuities are likely to have a considerable

effect upon the failure criteria of such features.

Because we know much more about the surficial earth

crust features than we do at depth , there is a tendency to

expect such features as fracture frequency to decrease with

depth . On the contrary , older rocks generally occur below

the younoer ones and have experienced more periods of deforma-

tion; therefore , fracture frequency will generally increase

14
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with depth for materials in which brittle failure occurs.

Observations of deep mines in Africa and elsewhere tend to

support this generality . In trying to quantify this , it has

been found that vertical drill holes provide a poor sampling

method because near—vertical fracturing in many regions is

more common than low angle or flat-lying failure planes.

Caution should be exercised with regard to our preconcep-

tions of in—situ stress with depth. Some materials such as

unconsolidated water-saturated sediments and salt can support

only low levels of stress and readily creep. This i~ al so
true of the asthenosphere and certain deep crustal reg ions

where the temperatures are in excess of 600° C. With competent

rock of a brittle failure type , the in—situ stress is often

observed to be quite high , even at the surface , indicating

that lateral stress components are not readily relieved at

the earth ’s free surface.

It is certainly important to obtain a great deal more

in—situ stress data since so little presently exists. Because

of the expense of obtaining the data and because each measure-

ment represents a very limited sample , investi gations of

indirect geophysical and geologic indicators of in-situ

stress anomalies and conditions should also be given high

priority . Coupled with in—situ stress investigations is

the very d i f f i c u l t  p rob lem of m ak i n c  i n — s i t u  de t e rmina t ions
of the properties of discoritinuities such as faults that

determine local conditions for failure (failure criteria)

Measurement of the in—situ frictional coefficients of a

f r a c t u r e  or f a u l t  zone is very d i f f i c u l t .  Labc~ra tory  and
f i e l d  exper imenta t ion  may be able to set reasonable limit
values which can guide frictional coefficient values that

could be assumed in computational modeling of block motions.

Relating observed displacement variations along faults to

frictiona l variations along those same faults may be possible

15 
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in some circumstances. This type of empirical evidence would

help in f ai l u r e  c r it e r i a  est imat ion and in de t e rmining  if i t

is feasib le  to cons t ruc t  patches of high fr i c t i o n  along f a u l t s

in reg ions surrounding underground workings  to l imi t  or p revent

loca l block motions .

16
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SECTION II

EARTHQUAKE AND BLOCK MOTION TRIGGERING

In regions where  i n — s i t u  s tresses accumula te  w i t h  t ime
as a result of dynamic earth processes , it seems reasonable

to expect precursory or premonitory phenomena to be detectable

pr ior  to some na tu ra l  ear thq u a k e s .  I f  a s i t ing  pro -gram t ha t
success fu l ly  avoids regions of significant in—situ stress

accumulation can be achieved , studies revealing more defini-

tive information about natural and induced earthquake triggering

mechanisms would be more r e l e v a n t  to the block motion prob lem

than studies of premonitory phenomena currently being emp hasized

in earthquake research.

Table 2 is a summary listing of various classes of

evidence indicating t r igg e r e d  n a t u r a l  ear thquakes, m a n — i n d u c e d

earthquakes , and triggered block motions. There is evidence

o f la rge ea r thq u akes triggering smaller ones and also some

evidence of the reverse situation. Propagat ion ra tes  f rom
one event to the other that provide the clearest evidence of

triggering are approximately equal to the shear wave velocity

characteristic of the specific local regions. Spatial relations

of seismic events  with time ( u s u a l l y  much slower indica ted
p ropagat ion  r a t e s)  are sugoest ive  of t r i g g e r i n g  that  resu l ted
f rom i n - s i t u  stress a d j u s t m e n t  to preceding events  or poss ib ly
from f a i l u r e  c r i t e r i a  a l t e r a t i o n  due to increased f l u i d
pressure  or other hydrolog ic responses.

In ce r t a in  regions such as the Erawley , C a l i f o r n i a  area
(a por t ion  of the San Andreas fault system ) , there  is ev idence
of cor re la t ion  of small ear th quakes  w i t h  g rav i ty  t ide maxima
and minima . Such examples help to demonst ra te  t h a t  t r i g g e r i n g
is a real  phenomenon , but  adds l i t t l e  to the problem of
assessing the r isk of block motion t r i g g e r i n g  in more aseismic

17
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Table 2. Evidence For Triggering Earth Strain Release

• Earthquakes sometimes trigger smaller or larger earthquakes

- Triggering propagation rate is about equal to the shear wave
velocity generated by the earthquake thought to be the triggering
agent [1].

- Triggering propagated by quasi -stat ic strain and fluid pressure
redistribution.

• Gravity tide triggering some small earthquakes- — the straw that
broke the camel t s back” situation [2].

• Nuclear explosions (intermediate and high yield)

- Increase seismicity for a few hours to a few days in the range
of several kilometers [3].

- Observed fault displacements (at the surface) to distances of one
to six kilometers (depending on yield) [4].

- Limited observed subsurface displacements to distances of less
than a few hundred meters (HARDHAT , GW4OROP , MIGHTY EPIC events )
[5,6].

• In—situ stress release by explosions occurs within the direct range
of fracturing where no distant block motion is observed (BILBY event)
[7].

• tn—situ stress release by water injection [8].

- Rocky Mt. Arsenal experience near Denver.

- USGS controlled study at Rangely, Colorado .

- Increase seismicity at some dam sites.

18
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regions where in—situ stresses may be significantly imbalanced

but “ locked—in ” so tha t there is little stress change over

time unless it is induced by acts of man.

1. EARTHQUAKE AN D FAULT MOTIONS TRIGGERE D BY NU CLEAR EXPLOSIONS

Ear thquake  t r i g g e r i n g  from underground contained nuclear
explosions has been most documented at the Nevada Test Si te
and the supplemental test sites near Tonopah , Nevada , and

Ainchitka Island , Alaska [9,101 . There is little or no docu—

mentation for surface , near—surface , or cratering explosions.

Where contained explosions appear to cause increases in

se ismic i ty , the reg ion is a l ready se ismical ly ac t ive . For
contained nuclear explosions with yields greater than 500 kT ,

increases in seismicity are often observable for periods of

days to weeks following the detonation. In most cases the

“triggered” events are located within 20 km of the detonation ,

but some have been reported at distances as far as 40 km.

Surface fault displacements have not been observed at these

extreme distances , and the nature of the events in te rms of
physical changes in the source regions is not known .

Movement , or at least surface displacement , on some

pre-existing faults has been observed within a few thousand

meters from the explosion [11 ,121 . The permanent relative

displacement on faults consistently occurs in the same -direction

as past displacements resulting from natural tectonic processes.

Horizontal displacements of 0.1 to 1 m and vertical displace-

ments as large as 4.5 m have occurred along portions of a few

faults. The in—situ stress conditions and the magnitide of
subsurface displacements along such pre—existing faults are

not known . Underground observations of anomalous or triggered

block motions resulting from nuclear explosions are few and
generally the documentation is very limited, Anomalously

large motions are thought to have been observed beyond the

general limits of fracturing induced by the explosions for

19 
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*the 5-kT HARDHAT event. In this case , the block motion with

possible la te ra l  d i sp lacement  of a few meters  was con fined  to
within a 5— to 8—n—wide fault zone intersecting tne emplace-

ment drift at a distance of 143 m . The effectiv.e limits of

fracturing and obvious block motion are less than 130 m from

the detonation except for the above-mentioned anomaly. The

orientation and apparent motion of this fracture zone are

consistent with the strike—slip motion and N60°E orientation

determined by analysis of the seismic radiation pattern. The

observed block motion has been intrepreted by some as local

caving of the prefractured rock. Additional documentation

by careful excavation for ore—shot drift offsets is necessary

to determine the nature of the apparent block motion.

2. ORDER OF MAGNITUDE EMPIR :CAL S CAilNG 0-F EXPNOs:IN-IN:UC::
BLOCK MOTIONS

A definitive review of b l o ck  .~~ :i-~n res~ or.ses t~

explosion events is needed ~nd 
;~‘~ s not a:~~~~il~ ahei is

of this review . A b rie f exam~ n3t:on s~ me of tne - -~~:er:ence

enables estimates of order of ma gnl :~ e~ f - r ~~ —~ Je fTc

block motions as a function of e:.:c osi~~. ~el~ su:h ~~ervsti:ns

are associated with contained c .ileir cx:- s~~ ns vn~~re :~ oe

root scaling of distances are s~~~~: 
.-

~~~ .~~~~
-

effects. It is important to keep in it ~. c.- -se est~ .-.ateS

are not predictions but serve primarily t: illu3~~ra~ e a differ-

ence in block motions that anrear to invc ’:e tr~~T ~er~ n~ and

release of some stored tectonic ener :v comm -aced v:~ h bloc k

motions caused primarily from direct exp l3siTr—~ nd~ :ed stresses

exceeding local failure criteria.

*
Observations not documented but remembered by this author.
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In an assumed balanced in-situ stress condition , block

motions induced b y ex p los ions  in hard  rock d imin i sh  to smal l
displacements of less than a few centimeters at scaled

113 l’3 *
distances of about 75 W ‘ (m) or 245 W / (ft) . For the

5—kT HARDHAT test this distance was 128 m , the distance

where peak free field radial stress dropped to about 1 kbar

and where open drift damage became minor (except for the

anomalous possible displacement of a few meters at a distance

of 143 m mentioned previously) . The scaled distance of

~l/3 (m) may approximate that limit of appreciable block

motion where the triggering of in—situ stress is not a signifi-

cant factor . This generality certainly needs further refinement

and verification for contained nuclear explosions and is probably

conservative or over-predicts significantly for surface , near-

surface, and cratering explosions where the source is not well

coupled into a hard and fractured response medium .

Table 3 compares the above—estimated “limit ” of block

motion response to contained explosions in “balanced ” in-situ

stress conditions with other block motion experience where

triggering and presumably “irthalanced” in—situ stress condi-

tions exist. The indication from Table 3 is that if norma l

“balanced” in—situ stress conditions exist at a site and

triggered block motions are successfully avoided , then there

would not be an appreciable block motion problem for deep

subsurface ranges of greater than 750 m (2460 ft) froi.t a 1-MT

explosion, or 3470 ci (11 ,380 ft) from a 100—MT exp losion.

These estimates of ranges to the effective limits of induced

block motions refer to distances below near-surface bursts

that are coupled to the hard rock as well as if the explosion

* 1 3W is explosive yield in k i lo tons.  For example , 75 W
for  the 5—kT HARDHAT event is 75 x ( 5 ) 1/3 = 7.5 x 1.71 = 128 m.

21



~ --~ - -_- - - - - --~ . - -~ - - - -.  -.-- -~~~

- —
- - C) C) C) C) C) C)

LU ~~~ ‘.0 C) C) C) C) C) C) C)- U) - C) C) N- C) ~~~ ~~~ ~~‘ -
- C) .. C) .. - C) u~)

~~ — ~~~ NJ - ‘.0 C) rl - C)
- 

~ 
- — — 

~~
- 

~~
. (‘4 ~~ c~ r’, r~

- (I,~~ J — 
c’~) — N- C~4—  —

9-’

u_a 5 -  -
o 

~~~~~ 
-

— -~~~ 
- 

-~ 
.

o ~— - C) C) C) C) C) C) C) =
C) C) C) C) C) C) C) C)

LU ~~ N.. ‘.0 C) C) C) - C) .. >~
— C) - C) - C) C) LX~ - C) C) ..

U Lfl NJ ~~
- (‘-4 . — . fl - NJ C)o N.. ’-. c c —  r’-, -._- ~~~~-...- ‘.c~~~

. c’., .... - -~

- U
4-
C
C)
C -

U — ~
... ~~~

. -~~~ r.~ ~~~— r l  (‘) -, r-~ — —.. —
C) -‘ : — —- ~~~ r~ ‘.. ~~ —L~. 4- r~) .- C~~ — —.. ~.. .~, ....

~~—. —-.. ~~ 
—.. :~ —‘ C) — :x — C) C)

U (.~ S — —~ C) ~~ ~~ C) C) C)
~~ ‘.0 c C) C

— ~~ N.. C) - C) C) C) - -
LC) (‘4 (‘4 C) — u~ Lr, C) NJ
N- — cc — — ‘.0 ~~~- NJ -~~U)

u_a

C)
~0

- - =
- - ~0o - ci) +~ C) .,., Q~C) uJ~~~~ ; C C L.. C C 0~~~~~c -—

= C -~~ C) C) C) 0 0 ~~~ 0 ~~— (~~ U 5 5 -‘- ‘— -.- C -
~~

~~~~~ + 4 Q  r C ) C )  C) 1, C)~~~~~~n C E
‘-4- C) C I C U 0 U U 0 U ~ C C C
0 ~- ~~~.: o ci) c~ U ~~ ~~ ~- 

,— .~~ 
-

U -
~~ U 4-~ 0- U 0 —

U )— ~~ - U (1) C.. C -i—’- X 0- U >( C 0
C) - U) - - C) Ln L~ C) 0 0

- — C) ~= C) .,. .
~~~ 

.,. 
~~~ .0 -4.-

U C . J :  ~~~
C) C) ~O U 4.— C ‘.n ‘.4- CL) 5 C) -i-’

I U CL) 4-’ < +4 ~~ C 4.’ C —‘ C C CL) -—
1—. L4_ 4..) U ‘—• La. 0 ‘— ~‘~

) -‘— ‘— -— C.) 4—’

C) C) )M C C) C C C Ln C > ~CL )‘l
r’~) 4.’ C) ~~ ‘-~~ 4-~ ‘~~ C) 4-’ C) .-

‘./1 4.— C U U < ‘-4- U 0 4~ ~~ C 4- ~~ C U C - C)
C) I —‘ I 4-~ ~~ ~ = U ‘— ci) 0 0 U C - ‘~~

~~~~~ZH ~~~~~~ 4- C ) C 0  C ) U U  CJ C) U ‘~- ‘ . n  f~ >,
.0 C) —. ,/L 4- U -4-’ U >- )( U ~~ U 4-’ 5 ‘.n 0 -

I C~~~~ r~ CL) ~ >~ r
~~~C> ,  v~~~C CL)

4.— U.. C C )11 ‘.4- CL) 4- C ) . 0  ‘.#- C) .0 .
I.’.’ ~~ C U .0 0 U . 0  U ‘~~ C) ‘.4- )< -—

LU ~~ C 0 C 4..’ ci) C 4~) r C C.. = V~ 0 - ‘.1’.
U) )—~‘ C /‘. ‘— 1) C n ‘C “ 0

~0 0 4-’ U .~
.. U CL) U ci) 0 C) C) —

<U)  C) -‘- 0 0 0 C ~ C U 0 0 U C) C) C C.
4— La_a U 4-’ CL) 5 C) ‘-4- 4-’ Cl) 4- CL) ci) 4- C) U 0 -‘- >(
(El La- C ~ I- > C > C) > C) ci) C) U - -_

U.. ‘.~~ C U ~~~ U 4~) 
~~ U 4-~ C) U 4-’ C) C, — ci.)

C)LU  ~~~~~0 C L ) U  C ) — U  C)~~~~~•~ C ) .,_ .... C)~~~ 
4-)~~

‘~~~~+.‘ 4 - 0  a n E  ‘ . n E U  c n 5 U  --- 0 ~~ -cc C) C ‘— .Q _ .0 -‘- .0 •‘- -4-’ U 0 U ~~~- C — .0 C) .0 C) ‘— C) 4- 
I

22

‘
-~~~~~~~~- -~~~~~ ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~

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

.

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



r

had been f u l ly  c o n t a i n e d . N i ch  sites whero moch of tne

o v er b u r d e n  absorbed  or r e fl e c t e d  t h e  e x u l o s i o n — i n -duced  shock ,
less d i s t a n c e  w o u l d  be expected . The c o r r e su cn d ~~ng s t a t e m e n t

of e f f e c t  w i t h  d e p t h  needs  s t u dy  to e z a lu at e  the  add~~too n-ai

feature of added hydrostatic or lithostatic stress -and a n y

differences in the rock failure criterion ~~ t ierth.

It thus appears feasible to -conso-der under-cround faciloty

construction if anomalous or tri-cgered block mc-t~ ons -:an be

avoided and sites can be found wh i c h  wou ld  minimize deep

coupling of a significant fraction of the i n du c e d  se i smic

e n e r- cy .  Facility components would still be vulnerable to

the direct exmlosion effects and would recuire redundanc y

or ex t reme h a r d e n i n g  to prov ide  sys t em i n t eg r i t y .  The 1~ mited

indications of Table 3 concerning triggering of block motions

show that reasonable depths for facility oonstructaon cannot

be considered safe without further research. Even if the

explosion—induced stresses that may trigger subsurface block

m o t i o n s  in r eg ions  of “ imbalanced ” in-situ stress scale as

low as 1 percent (1—MT surface burst equal to 100—MT contained

b u r s t )  , the indicated lateral range to a probable limit of

appreciable triggered block motions is 6 km to possibly as

much as 20 km , and vertical ranges on the order of 5 km for

conditions similar to those indicated at Pahute Mesa at NTS.

Because virtually all explosion-triggered block motions

or ind i c a t i ons of poss ible tr igger ing ar e associated wi th

conta ined explos ions  and the probable t h r e a t s  to on - d ero ro u nd
facilities are surface or near-surface bursts , it is i m p o r t a n t

to evaluate the differences in possible triggering mechanisms.

There are distinct differences in explosion energy coupling

be tween contained nuclear explosions and surface or near-

surface bursts:

1. The peak stress and the width of the stress pulse of

the dynamic shock loading is much less for near
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surface (cratering) explosions at a given yield ,

material , and distance .

2.  The explos ion—produced  cav i ty  and i ts  associated
pressure and quasi—static stress history is of long

duration-—minutes to hours-—for large y ield contained

bursts , where there is only a brief confinement in

near-surface (cratering) bursts.

3. Block motions near the free surface associated with

spall and shock reflections would be -quite different

fo r  su r f ace  and n e a r - s u r f a c e  burs t s  compared to

deeply contained detonations because of geom e t r i c
considerations .

By understanding the differences between contained and

surface or near—surface bursts better , it is possible to place

the apparent data supporting distant triggering of block

motions from contained nuclear explosions in perspective .
For instance it can be hypothesized tha t :

1. The triggered fault motions observed at the ground

surface that follow the same displacement pattern

as past natural displacements on the same faults

(induced tectonic energy release evidence) are

actually the spall and rarefaction induced release

of near—surface strains. The strain release g iv i no

rise to the differential slip across pre—existing

faults may be the result of released “drag stresses ”

adjacent to the faults that are residual from past

natural displacements. If this model is correct ,

the block motions would be confined to relatively

shallow depths arid not to depths of thousands of

meters as is generally surmised .
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2.  The observed a f t e r s ho c k s  or induced seismicity (a t

ranges of out to several kilometers and depths to

5 km) resulting from larce—vield contained nuclear

explosions are induced strain responses t~ - cav i ty
expansion and collapse rather than responses to

dynamic shock or pressure wave stress pulses. For

surface or near-surface bursts the displacements due

to “ cav i ty  pressure h i s t o r y ” a re less at depth and
large lateral ranges than contained bursts because

there is continua l venting of rock and water vapor

to the atmosphere as well as cavity orowth being

readily accommodated by disp lacements to the nearby

ground surface .

Without a research and development program to define

and solve the triggered block motion problem better , one

would have to conclude from the present information that the

problem poses a high risk because of our inability to adequately

characterize a site and because a predictive capability has

not been developed to enable satisfactory risk assessment.
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SECTION III

POSSIBLE METHODS OF REDUCING POTENTIAL TRIdGERING

OF BLOCK .MOTIONS

Where stored tectonic stress anomalies cannot be avoided

in siting, it may prove feasible to partially relieve excessive

in-situ stress by water injection m~ thods or by detonating

explosions in critical regions. Another possibility that has

not yet been explored is to strengthen the weakness discon-

tinuities rather than attempting to reduce the in—situ stress.

1. IN-SITU STRESS RELIEVE D BY NUCLEAR EXPLOSIONS

One of the most important  areas of invest iga t ion of
tectonic energy release from explos ions  comes from de t a i l ed
ana lys i s  of R a y l e i g h -  and Love-type seismic surface waves.
These analyses  are especial ly  u se fu l  when the explosion
source area is wel l  charac te r ized  and when s t r a in  measurements
are also obtained and coup led wi th  other f au l t  motion s tud ies .
With  these combined measurements and analysis , it is pc5sible

to model and r e f i n e  the in terac t ions  of the explos ion- induced
dynamic and quas i - s t a t i c  s t r a in  in te rac t ions  wi th  the pre-
stress condit ion and to estimate the magnitude of in—situ
tectonic stress. Comprehensive analysis of this type has

not been systematically accomplished with very m a n y  explosion

events , so much is yet to be learned.

I t  is generally accepted that Love waves generated at

or near the explosion source have an associat ion w i t h  the
release of tectonic s t r a in  energy induced by the exp lo s ion .
Observed Love wave energy is commonly much more than can be
explained by near source inhomogenei t ies, ind ica t ing  an
important contribution coming from the release of stored
tectonic strain. Various investigators have made use of the

Love-to-Rayleigh wave amplitude ratio (L/R) to compute the
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strength of the tectonic energy release component (F) of the

double couple or Love wave component relative to that fraction

of the explosion energy being carried by the surface Rayleigh

waves. The relation of the ratio of the tectonic and explo-

sion energy fractions (E
t/Ec

) tb the relative double coup le

strength (F) is Et/Ee 
-
~ 4/3(F2). These values for a

n umber of events are listed in Table 4 [13] . Also , computed

estimates of the magnitude of prestress have been made for

a couple of these events. Experiments , measurements , analyses ,

and observed documentation have not often been sufficiently

complete or coordinated between contributing disciplines to

establish a definitive correspondence between calculations

and observations .

When considering in-Situ stress relief by the explosions

or earthquake triggering , it is helpful to examine the range

of strain conditions associated with observable effects .

Tidal forces , which are not generally considered important

to earthquake triggering, induce strains on the order of

10 8 to cm/cm . It might then be expected that strains

of the order of l0~~ to ~~~~ cm/cm would be associated with

triggering block motions and seismic events , or conversely,

cause partial release of stored strain [14]

Observations of increased seismicity associated with
— 

the BENHAN event at NTS occurred to distances of about 15 km.
- - - . . —6Tnis aistance corresponds to an induced strain of 10 esti-

mated from a measured strain of ~~~~ at 30 km. The strain

history at that distance seems to be best explained as a

quasi—static response to the cavity pressure history [14,15] .

It is thus indicated that contained explosions can be

expected to relieve tectonic prestress almost completely

within the region of the cavity arid induced-fracture regions.

Beyond tha t, partial prestress relief can be expected to

27
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Table 4. Ta~tonic Strain-Release Characteristics from Underground
Nuclear Explosions (Obtained from Surface Wave Analyses) [13]

*D.C. Estimated
Strength Energy Ratio Pre-Stress

Event Region Medium (F) (Et/Ee ) ( ba rs)

Piledriver NTS Area 15 Granite 3.20 13.65 -—
Hardhat NTS Area 15 Granite 3.00 12.00 --

Shoal Fallon , Nevada Granite 0.90 1.05 --
Greeley NTS Pahute Mesa Tuff 1.60 3.41 --
Benham NTS Pahute Mesa Tuff 0.85 0.95 60
Chartreuse NTS Pahute Mesa Rhyo lite 0.90 1.05 --
Duryea NTS Pahute Mesa Rhyolite 0.75 0.75 --
Half Beak NTS Pahute Mesa Rhyolit e 0.67 0.60 --
Box Car NTS Pahute Mesa Rhyo lite 0.59 0.46 --
Corduroy NTS Yucca Flat Quartzite 0.72 0.69 --

Cup NTS Yucca Flat Tuff 0.55 0.40 -—
Bilby NTS Yucca Flat Tuff 0.47 0.29 75
Tan NTS Yucca Flat Tuff 0.39 0.20 -—
Bronze NTS Yucca Flat Tuff 0.33 0.15 -—
Buff NTS Yucca Flat Tuff 0.31 0.13 --
Haymaker NTS Yucca Flat Alluvium 0 0 -—
Sedan** NTS Yucca Flat Alluvium 0 0 --
Faultless Central , Nevada Tuff 0.50 0.33 --
Milron Amchitka , Alaska Andesite 0.60 0.48 --
Cannikan Amchitka , Alaska Andesite 0.60 0.48 —-
Ru lison Grand Valley , SS.8 Shale 0.60 0.48 --

Colorado
Salmon Hattiesburg Salt 0 0 -—
Gnome Carlsbad , N .M . Salt 0 0 --

*F or dou b le cou p le strength is the ratio of excitation strength of the
double couple to the strength of the compressional component of the
explosion-induced surface waves.
**Cratering event.
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decrease as a function of distance with decreasing explosion-

induced strain . It is unlikely that any appreciable tectonic

strain release will occur where the induced quasi—static

strains are less than l0~~ or 10
8. More needs to be learned

and analyzed to determine if stress relief using explosions

is a practical means of reducing the block motion risk at a

given site . These same studies will help better determine

block motion triggering risks.

2. IN-SITU STRESS RELIEVED BY WATER INJECTION

Increased seismic activity associated with water or possibly

the injection of other fluids sometimes occurs beneath dams ,

during hydrofracturing operations, hydraulic mining, liquid waste

disposal and ground water recharge. The earthquakes that were

observed coincide with waste water injections at the Rocky

Mountain Arsenal near Denver , Colorado , led to more controlled
studies of this phenomenon by the U.S. Geological Survey at

Rangely, Colorado [8]. Here the magnitude and direction of

in—situ principal stresses were determined by the hydraulic

fracturing process to be compressive , with the principal stresses

(S1,S2 and S3) being 590, 430 and 315 bars , respectively. Re-

solving these onto the pre—existing fault plane where injection

tests were run gave a shear stress of 80 bars and a total normal
stress of 350 bars . It was found that a fluid pore pressure of

about 275 bars reduced the effective normal stress sufficiently

to induce slip along the fault. Earthquakes ceased when the

fluid pressure dropped to 35 bars. More work of this type

will contribute to the understanding of triggering , stress
release , and the field determination of some aspects of

failure criteria. Further research is needed to evaluate

the practical feasibility of sufficiently relieving in-situ

stress to reduce the risk of triggered block motion .
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3. BLOCK MOTION REDUCTION BY GROUT INJECTION

Observed spatial variation of displacements alon4

the same fault and rock deformation experimentation indicate

th a t  slip on faults is greatly restricted or ceases to ~ropa—

gate when high friction regions of the fault surface are

encountered [16]

It may prove feasible to use water injection to accomplish

some relief of in-situ stress and reduce friction along fault

surfaces; then by switching from water to grout the regions

penetrated may be strengthened markedly. Recent developments

of high bonding strength grouts make this approach attractive

for engineering study to reduce the risk of block motions.

_ _



SECTION IV

A REGIONAL APPROACH FOR AVOIDING AREAS OF IN-SITU STRESS

ACCUMU~~ TION AND IMBALANCED RESIDUAL STRESS

Seismic or earthquake zones are regions of the

earth ’ s crust characterized by relatively frequent stress

release responding to in—situ stress accumulation associated

with present-day deformational processes. Typically there

are only partial relations of the patterns of the seismic

zones to specific geologic features such as mountain ranges ,

the boundaries of basins , regions of uplift , major fault

structures , etc . Seismic belts commonly cut across these

structural and physiographic features as well as being

aligned with them . Historic seismicity data record the sur-

face location of earthquakes (epicenters) and their magnitude.

Hypocenters are the estimated subsurface foci or centers of

seismic energy release. It is not known whether these are

also the locations of maximum displacement (however , it is

likely). Over 90 percent of all hypocenters occur at

relatively shallow depths (5 to 75 km) . Approximately

80 percent of the world’s epicenters occur in the mobile

boundary regions between major tectonic plates where the

predicted slip rates (based upon plate tectonic theory ) are

on the order of 5 cm/yr or more (17). Block motion risk from

natural earthquakes can be dramatically reduced by avoiding

seismic regions .

Of specific significance to this investigation are the

seismic zones associated with the interactions of the Western

United States plate and the Alaskan—British Columbian—Washington

plate which have predicted slip rates of about 5 cm/yr. The

most frequent earthquake occurrences are within the Western
United States in contrast to the states east of the Rocky

Mountains; however , there are a number of eastern seismic
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belts in which major earthquakes occasionally occur. This

indicates a slower rate of in—situ stress accumulation asso-

ciated with slower average plate and subplate slip rates.

Nonseismic regions are termed aseismic; however , this j u s t
means that the rate of stress change is very slow . Some

aseisinic reg ions probably can be characterized by high stress

where there is still risk of explosion triggering or block

motions. Seismic zones should definitely be avoided , and

aseismic zones will have to be evaluated for residual stress

to choose sites with low explosive triggering potential.

1. REGIONAL SEISMICITY PATTERNS

Figure 2 is a map of the major seismic belts of the

United States (excluding Alaska and Hawaii) [18]. Located

within the aseisrnic regions , the nonshaded areas , are a

number of candidate site areas that might be considered
further for underground strategic facilities. Regional

seismicity , determined by existing seismograph networks and

inicro—seismicity monitoring of more local regions of specific

interest , is important in establishing the more stable crustal

elements from those more mobile elements or seismic belts

where differential slip , earthquakes , and aseismic creep

predominate . The aseismic regions may contain residual

stress from earlier periods of deformation so it cannot be

assumed that risks of triggered block motions are eliminated

by avoiding seismic regions.

2. SEISMICITY RELATED TO SURFACE FAULTING

As one proceeds from the more obv ious mob ile belts  such
as the San Andreas fault system in California to the more

stable regions that might be suitable for site consideration ,

it is instructive to consider the distribution and magnitude

of faults which have expression at the earth ’s surface . Some
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Legend for Figure 2

Pre lim ina r Candi o-ite Site Areas

1. 31ac~ Mes a Basi n , Ariz. 1 6. Modoc Lava Plateau , C a li f .

2. ~efi ance Uplift , Ari z . 17. Ha rley & Catlow Basins , O r e .

3. Re~ Lake Salt , Ar i z. 18. Ochoco Blue Mt. Jp li ft , Ore.

4. Luke Salt, Ar iz. 1 9. Loon Lake B a t h . ,  4ash.

5. ~~~~~~~~~~ Uplift , Uta h 20. Black Hills Up li~ t , Mont .

6. Sa n Rafael Swell , Utah 21. Sweetgrass Aron , M o nt .

7. Sheeprock Uplift , Utah 22. Sioux Uplift , S. ak .

B. :~ -~i Lol i ft , N . Mex. 23. Easte rn , S. ~akcta

9 . Si erra Grande Arch , N . Mex. 24. S .~~. Minnesot a
10. Pergat o ire area , Cob . 25. S.~I. ~iisco nsin

11 . R io Gr-3nde area , Co b .  26. Atlant ic Coastal Pl ain , N .C.

12. Llano Uplift, Texas 27. Carol ina Slate Belt , N.C.

13. Pecos Arch , Texas 28. Ozark Uplift , Mo .

l- ~. Snake Range Upl ift , Nev. 29. N. E. Ma ine

15. Needles area , Cal if.
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seve: t i  : o :  ~:s -of oar-h Ieforma o~ -n . 7: :~ r-~ 3 ..a

- 1 : .  
~~~~~ 

--
~~-o~ :t.1 s ‘zh~- ~est~-rn U.S. ~hich ~~so s:~- ~

a r r - t s  a : most :c~:-L~e:. ~~~~m a-co~~- : -; ~~~~~ . C i e ar .

Ln r~~~ cna ~here a se:smi-c belt , or ~-:n~ of s~~~ n c  :c
:ro~ ses ex1st~~nc :~ uCts , there is r:s~: of s ;_ -- n t  :. ocr: -

mot~~on, either caused by explosion ori c-:a r :no ~:r e :~~~, 
~s 

-

a res ult of ongoin~ natural j~rocesses. ?e str:~~~~~~n of

stresses resultino f r o m  s t ress  re lease  in t i - :  more m l - ~
zone can cause stress imbalances in adjacent r ?i:i:ns wh~ r~
adjustment sli ppage might be expected to occor .

Subsurface expression of faults can be interpreted from

seismic , gr av ity and mag ne tic geophys ica l  d a t a .  These
are useful in establishing regions of possible s it in c  interest

and are especially important in areas where t h i c k  soil and

recent seidments mask the local fault expressions . Areas of

very low seismicity and infrequent discontinuities are pre-

ferred sites; the question of how to assess in—situ stress

condition s in the aseismic regions of siting interest is

discussed in Subsections 4 and 5.

3. BLOCK MOTION DISPLACEMENT AND I N - S I T U  STRESS

Principal aspects of the block motion problem are the

uncertainty of the magnitude and spatial distribution of

potential relative displacements . As yet there is little

empirical or theoretical treatment of the displacement potential

for faults and other discontinuities. The data that exist have

not been thoroughly assembl3d , organized or analyzed. Clearly

there is a considerable amount of scatter in the fault displace—

ment data compared with some parameters such as earthquake

magnitude; the interacting parameters affecting displacement

are numerous and complex. In many instances earth guake

ep icenters and known faults cannot even be correlated . T h e r e

is little existing basis to estimate the m a x i m u m  potential

35
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block :o-~ :-o: -i -lis:: Lacemeno of unv ~iiver . f -it or ocher scructu ral

weakness u~:-c -aase of unc - -rt a~ nties of in—si c-u stress cond~~t~ uns ,

failur- -’ cr ’ter : a , ur i d  -~~:~~ten t  -: the weakness or discont~ nu~ ty.

lmor.:’:ed estimates of :ke r i o~~d~~tv  of crustal material ,

r.al ::r--operties of f a u l t s  and o t h e r  s u r f a c e s  of slin u ot e n

and a k n c w l e d~~e of both the r- :oional in—situ stress condit~ uns

anu ~he more local scress con c i i t io r 5s ln the viconity or potene~~al

slim sur:aces ‘scold help to quant~~fv and reduce the block mot ion

risk . ~~th more informatier, aro2 e v a l u a t ~~:-n ~~~t m a y  be ~cssible

co ass~~-n block motion displacement m o t e n t o a l  to faults an-2

Uis - :- : :-. ct nu i t i e s  so t h a t  s u it a bl e  s~~oes can be f o u n d .

4 . Ih ICAT QRS DF IN - S I T U  STRESS C O N N I T  I - INS

The re  a re  ‘ocr:5 few d i r ec t  i n - s i t u  s t r e s s  m o a su r e m e nt s ,

an d  i n c r e a s i n g  t h i s  d a t a  base is fu n d a m e n t a l  to an assess~~en t

of  t ne  b l o c k  mc- t~~-un rr-oblem . Sigure 4 i l l u s t r a t e s  some of tne

r e c o o~ 
-
~ where i n - s i t u  s t r e ss  m e a s u r e m e n t s  have been t a k e n  to

i a t e  a l o n g  w i o n  t h e  l i ne s  of  t h e  axes of  max imum l a t e r a l  c o m gr e s s~~ve

s t res s .  N e a s u r em e n c  t oo l s  e x i s t  and are  be ing  imp r o v ed  as

e xP e r i e n c e  is c a i n e d .  T oe p -un d e r - cr o u n d  h y d r o f r a c t u ri n c  me t h od s

apoear  oi~~te  ~at : s f a co o rv , b ut  they  are  expens ive . B e c au s e  of

the scarcity of ex~ soicc in—situ stress data , it is mr-o b-anly

better to emrhasi:e the l e a s t — c o s t  m e t h o d s .  These are  ne - a r—

su r f a c e  meas :r e men t s  by -o v er c c r in o  or block i s o l a t i o n  m e t h o d o ,

a n d  c a l c u l a t e d  i n — s i t u  s t r e s s  e s t ima t e s  at depth  ob ta ined

by an a l y s i s  of s e i s m i c  r a d i at ~~o-n p a t t e r n s .  Specia l  a t t e n t i o n

should be -; iven to establishint reg ional stress variations

an d t h e i r  r e l a t i o n s  to block motion potential.

The direct measurement of in—situ stress is an important

aspect of site evaluation and is necessary to provide data as

c ar t  of a block motion research and development procram .

Be-c ause of the expense of these measurements and the fact that

e asurement represents only a p o i n t  w i t h i n  a reg ion , 



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

/ ~~~~~~~~~~~~ - ~~~~~~ i’ -’ - -
~~~~~ 

—‘

\V ‘~~-~~~~• -~~~~~ 
-

~~ , 
/ ~

- --- 
- -

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

-

/
,

~~~~~ //~~~~~~~~.
\\ 

. -• .

~~~~~

“ 

~~~~~~~~

1 
~~~~~~~~~~~~~~~~~ 

/
/ ~ I ~~

Figure 4. The Locatio n and Orientation of ?r :ncip al in-Situ
Comp ressional Stress in the United States (Exclus ive
of A1a s~ a an i ~aw a ii ~? lJ
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it is important to -d e v e lor  and prov e thu valicuit :’ of

methods of in—situ stress estima tion. Tho se i n d i rec t  m e t h o d s

de n en d  upon  g e o l o g i c  and ceophvsicai data -and regional cons:r :nts

arisin : from ce-olecic arguments and implications associate-U -sith

t h e  d v n a m ~~c processes  m er t u i n i nc  to the p l a t e  t e c t o n i c  t h e o ry .

Of s~ ec:-a l ort-u res t to the triucered block mo tion mr ob l c n  :s
one need to  i u c n c i f v  areas minima l in stored tec:on~ c stresces

( x m b a l o n o ’ a - u  stress raId ) witnin r eg i o n s  ch at  a r e  a 3 C 1 3 . .  1:.

C—ne ancroa-c h t h at  m o o  or o ve  of v a l u e  as an i nd i r e ct  i n — s l t u

stress i m ba l a n c e  ~ n - d oc at o r  is described in  the  n e x t  sect~~:n.

5. ? C - S S I BL E  IN—SITU STBESS E STINA? i -Ot ’ ’J S I N G  -OR U STA L AN~ ~ PPEB
:-UC-;TU E ?R OPS ~~TY I N L I C A T O R S

If there were lateral homogeneity of crustal and upper

mantle mr-ome rties , it is p o s t u lat e d  t ha t  h~~chl  imbalanced

stresses  w o u l d  not exist and the risk of natural or triogered

block motior .s w o u l d  be s m a ll .  Even very g e n t l e  or g r a d u a l

p rope r ty  changes  right pose little concern. Making use of

these assumed relations , it has been instructive to make a

preliminary correlation of the steep gradient portions of

selected crustal and upper mantle Dr o me r t y  v ar i a t i o n s  with

regional seismicity in the Western U .S. (Figure 5). The
reason for making the commarison with regional seismicity is

to establish that at least most of those regions of known

imba lanced  i n — s i t u  s t r e s s  c on d i t i o n s  ar-a  c le n t i f ie d  b y the

analysis . Satisfy ing this test mi~~h t rnd~~cate --.bat additional

ni oh cradient regions correspond -sitb. r-olativeN ~oibalanced

in—situ stress conditions in more aseisroic r e c i o n s .  The pr -c m-

erties selected for this preliminary -m radien t analysis and

correlation with seismicit’. are :

1. Seismic crustal (Sc) thickness - demth tc the

gohorovicic discontinuity [221

39
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Figure 5. Composite Crusta~ and Upper Mantle Properties Gradient Map
for the Western United States - Using Variations of the
Seismic Crustal Thickness , the Magnetic Crustal Flux , and
the Upper Mantle Compressional Wave Velocity
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2. Magnetic crustal (Mc ) thickness — de th to the
*Curie temperature isotherm [23].

3. Upper mantle velocity (Pn) [24].

The seismic data (Sc and Pn) are taken from large explosion

seismic crustal studies , and the magnetic data (Mc ) are frcm

the Ru ss ia n Cosmo s S a t e ll i te th 49—— in orbit f r o m  261 to 488 km.

The o r b i t  was at a good range for determining the long (tens

of kilometers) wavelength undulations of the earth’ s roagr .etic

crust. The steep gradient portions of the profiles describing

these properties were combined in a orelim~ nary and rather

arbitrary fashion . The original data are l i m i ted an d require

more accurate plotting of data locations. Also only east-west

profiles were constructed . Still the regions or belts of

combined steep -gradient portions of the crustal and upper

mantle properties match reasonab ly well with the ma ?or secs-

m i c i t y  b e l t s .  In addition , other zones are indicated , such

as eastern Montana and New Mexico, that may corresmc-nd to

reg ions of possible “ locked—in ” or r~ sidual stress (compare

Pigures 2, and 3 w i t h  F igu re  5 ) .

This preliminary evaluation of major steep gradient

locations of crust-al and upper mantle -oeoph ys~ cal data i~~d : : at ~~
that a more rigorous analysis may help in ~dentifyinc ar -as
of relatively irobalanced in-situ stress. This or some other

approach for -defining reg iona l pr:-rert~ variations by

physical methods may enable constru ot i on  of a matrix or map

*Since depths to the Curie temmerature isctnerro nave not zeun
computed , act-sal magnetic flux data were used to indicate the
high gradient regions. The meonetic f l u x  d~~ta can :o exos:ted
to follow gradients of the Curie temmerature is’therm because
the ma~ netoroeoer was located at v e r y  h i g h  e l e - i c i o n s  r n  an
oroitinc satellite .
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useful in site selection , screening , and ranking . Those

mr o p er z i e s  th a t  p rove  to r e f l e c t  v a r i a ti O n S  of i n — s r t u  stress

can also be used to guide the locations for taking critical

in—situ stress measurements in suppor’: of an R & D effort to

develop a block motion predictive capability .
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SECTION V

CONCLUSIONS AND RECOMMENDATIONS

There have been substantial advances in the ~ -arth sciences ,

specifically in the fields of rock mechanics , geodynamics , and

earthquake predictions. These advances have contributed knowled ge

relecrant to the development of an improved predictive capability

for assessing the risk of explosion-induced block motion .

The major conclusion resulting from this review is that

a general predictive capability to estimate disp lacements of

faults or other weakness discontinuities resulting from large

yield explosions does not exist. Presently it takes a large

yield explosion test to determine if the faults or weaknesses

at a site can be triggered . The empirical results of such a

test are the only basis for estimating block motions to be

expectec from subsequent explosions . There are very few

observations of unusually large subsurface block motions that

indicate triggering . There are few measurements that accurately

time the displacements observed at the surface that appear to

have been triggered by explosions. There are no in-situ stress

cr failure criteria data associated with faults that are known

to be susceptible to explosive triggering of block motions .

In spite of these deficiences , the potential importance of

block moL~on phenomena to underground strategic system surviv-

ability requires that we attemp t to estimate the severity of

the problem a~nd identif y the means to mitigate the problem .

It is in this spirit that the following additional conclusions

are offered :

• Explosion-dri’ien block motions probably extend through

the crater rupture region ; along near—surface spall

regions; and along near-surface interfaces , joints ,

and faults out to several crater radii——quantitative

pre-f lict icas are very u n c e r t a i n .
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• Explosion—triggered block motions apuear tossible for

stresses much less than 1 kbar , perhaps from strains

as low as lO 6cm/cm . There appears to be little or

no basis for estimating magnitude of relative motions-—

especially at depth.

• Ex t rapo la t ion  of current data of observed near-surface

fault motions and increased seismicitv from contained

nuclear explosions to block motion effects from

surface/near surface explosions could exaggerate the

extent of the block motion problem at depths of concern

to deep based facilities .

• Site selection could reduce the potential for block

motions . Preliminary reviews suggest that there are

aseismic regions in the southwestern United States ;

however , such sites would still have “locked—in ” stresses.

A method for assessing regions of anomalous residual

stress is needed to support site screening and selectron

processes .

• Quantif ying the block motion problem appears difficult

but not hopeless.

:n addition , the following recommendations are offered:

• Applied R & D should be initiated to understand better

the mechanisms behind apparent triggered block mo t i on
data from contained nuclear detonations so that more

realistic estimates of the block motion threat from

surface and near-surface bursts can be made .

• Applied R & D should he initiated to improve methods

of anticipating adverse in—situ stress conditions in

aseismic regions.

• Applied R & D should be initiated to advance the

technologies of partially relieving local in—situ

44
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stress in fracture zones -and increasing the bond

strength of fractures.

• Applied R & D should be initiated to identif y -and

characterize possible cand idate site regions for

deep based facilities. Block motion R & D efforts

could then be focused upon the needs associated with

realistic site regions. Experience gained from NTS

field test portions of the R & D program might then

be made more transferable to non—NTS conditions

associated with candidate sites.

At this time it is not known if block motion risks can

be sufficiently anticipated and reduced so that underground

strategic facilities can be designed and sited to survive

credible threats. This review has led to the optimistic view

that a reasonable R & D program can be designed and executed

so that system design and siting can proceed with a high

probability that the block motion problem can be reduced

to acceptable levels by a combination of siting to reduce

the risk and engineering to further mitigate the block motion

potential.
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