
■'"■■" ■»-  "" mmfKmm^^mmmm 

AD-753  657 

■ 

Bauteile Columbus  Laboratöri es 

Prepared for: 

Advanced  Research Projects Agency 

1972 

DISTRIBUTED BY: 

National Technical information Service 
ü. S. DEPARTMENT OF COMMERCE 
5285 Port Royal Road, Springfield Va. 22151 



*"'W!' ■ mm'mmmmmm mmmmmm^mt ii. '    ■■- »i mmm^mmmrw^mmn 

DD DDDDDDDDD 

1 Xx 
XJ\  ARPäTIO-^13-2 

D D a D ü D D a^^cn a G ü a a c cp ^^^y^ 

ARPA SEISMIC COUPLING CONFERENCE 

Held at DASA Headquarters 
Arlington, Virginia 

i# August 18-19, 1970 

ll 
■ I 

SXTTTO 

AUai  1972 

i 
II 

APPROVED FOR PUBLIC RELEASE 
DISTRIBUTION UNLIMITED 

Reproduced by 

NATIONAL TECHNICAL 
INFORMATION SERVICE 

U S Deporfmenl of Commerce 
Springfield VA 2215) 

ADVANCED RESEARCH PROJECTS AGENCY 

1400 WILSON BLVD 
ARLINGTON^A.  22209 

■■■  -■■:;   ■■-.A:   ■-   .,;■    . 

D 
D 
D 
G 
D 
D 
D 
D 
D 
d 
D 
D 
D 
D 
D 
D 
D 
D 
D 
D 
a 
a 
D 
a 
D 
a 
D 
D 
a 
a 
a 
a 
D 
D 
a 
a 
a 
D 
D 

. . 



^mmmm—*—** 

UNCLASSIFIED 
Security Classification 

DOCUMENT CONTROL DATA • R&D 
fSdCurfly Blmlllemllon ol Hilt, body ol mbilnel tnd indmmlnl mtnoUtlon mull 6> mtmnd whit »» onrmll npotl la clm»»tH*i) 

1. 0RIC1NATIM a ACTIVITY fCoipanl* mulhot) 

BATTELLE Columbus Laboratories 
505 King Avenue 
Columbus, Ohio 43201 

i!«.   REPORT ILCURI TV   C LAMIFICATION 

Unclassified 
2 5   OROUR 

3    REPORT TITUE 

ARPA SEISMIC COUPLING CONFERENCE. 
Held at DASA Headquarters, Arlington, Virginia, August 18-19,1970. 

4   DE1CRIPTIVC NOTIt (Typt ol rapert and Inehitlv* dmH») 

5   AUTHORfSJ (i.««'nam«, Unlnmm; InlHml) 

6   REPORT DATE 

Published 1972 
■ a.   CONTRACT OR GRANT NO. 

DAHC-15-70-C-0259, Mod.  P 00003 
b    PROJECT NO. 

"' ARPA Order No.   1594 

7a.   TOTAL NO.  OF   PACES 76.   NO.   OF REFI 

• a.  ORIOINATOR'« REPORT NUMBERfSJ 

ARPA-TI0-71-13-2 

96. OTHER REPORT NOfS; (Any olhtr numbmn lhal tnmy be mmilgntd 
(hi« nport) 

10. AVAILABILITY/LIMITATION NOTICES 

Approved for public release;    distribution unlimited 

II. SUPPLEM'.NTARY NOTES 12   SPONSORING MILITARY ACTIVITY 

Advanced Research Projects Agency 

•.3 ABSTRACT 

TKis- conference and a prior one in June 1970 (reported in ARPA-TIO-71-13-1) 
were held to  foster communication among the diverse disciplines  required to 
predict the shock effects from nuclear explosions out to teleseismic distances. 
These disciplines involve the use of rock mechanics, geology, nuclear physics, 
computer hardware and codes, seismology, and field instrumentation.    Results 
from the conferences included (a)  improvement in the communication links 
between the engineers and scientists engaged in research relevant to the 
seismic coupling problems, and (b) identification of open circuits at some 
points along the communication lines.    This  report presents the August 1970 
conference proceedings and a summary paper on the results of both conferences. 

/a- 

DH Mt*» 1473 UNCLASSIFIED 
Security Classification 

WMm 
./„MA.aw;:m,- iiäiMHi 



vmmmmmmmmmmmF^ i ij ii timimmmmmm*^*—*-' M!U   IBUIfULU IIJJ,I 

UNCLASSIFIED 

Security Classification 
14 

KE» »OROS 
ROLE     KT BOLE     «IT ROLE    WT 

Seismic detection 

Nuclear explosion detection 

^ 

UNCLASSIFIED 
Security Classification 

-v_ 
, .  .     ■ 



ipiw^ppipippiPüf MIIIPJI>IPUIP"».«"-II"»',*«IJUII«MI in KI m-tmm^jm.-i'mi- «    ww.wi-wmmmimmmii w\ HJIJIIIII,. ..i i .III^I 

ARPA-TI0-7M3-2 

ARPA SEISMIC COUPLING CONFERENCE 

Held at 

OASA Headquarters 
Arlington, Virginia 

August 1819, 1970 

APPROVRD FOR   UBL!C RELEASE 
DISTRIBUTION UNLIMITED 

Proceedings prepared by 

BATTELLE 

Columbus Laboratories 
505 King Avenue 

Columbus, O'iio 43201 

tCL. 

l°"''iaatlltt'1*Tillilili ■■riiiiiili%af"     .      



imimimmmmmmmmmmumKm'VM ■ •»■■■M.PWJI., 4i,iuiiiiiji^:ipkiii4iwi,w!i!ipipij^^w*p»«ini^:iLi IUJJ«JIIIIII.IIII I« mi  .ammmm*.mmmmfm 

TABLE UF CONTENTS 

Page 

OPENING REMARKS 
Rudy Black  1 

B0ÜY-WAVE MAGNITUDE VERSUS YIELD 
Shelton Alexander     5 

BODY-WAVE MAGNITUDE VERSUS YIELD 
Howard C. Rodean ......       31 

CLOSE-IN MEASUREMENTS 
William R. Ferret    55 

SPECTRAL PROPAGATION OF SEISMIC SIGNAL 
Shelton Alexander    91 

POWER SPECTRAL RATIOS - SHORT PERIOD DATA 
Clint Frasier   107 

CONVERGING CLOSE-IN AND FAR-FIELD CALCULATIONS 
M.  Nafi Toksöz   125 

SEISMOLOGISTS RZQUIREMENTS IN TERMS OF BOTH OBSERVATIONS AND 
THEORETICAL CODES 

Charles B. Arohambeau   147 

CODE CALCUIATIONS: STRESS WAVE PROPAGATION IN A PRESTRESSED 
ENVIRONMENT 

J.  Ted Cherry   193 

REDUCED DISPLACEMENT POTENTIAL 
Howard C. Rodean   207 

CODE CALCULATIONS: REVIEW OF CURRENT OUTPUT CAPABILITY 
John G.  Trulio   229 

SEISMIC CALCULATIONS: REVIEW OF INPUTS NEEDED 
Charles B. Arohambeau   255 

A SYNTHESIS OF THE PROBLEMS IN SEISMIC COUPLING 
William R. Judd   265 

il 



w»«wmi"w«(W!^m»*i."1 i"11 ' mwmmf^rrmmmmmw.iM wummmmmmmvmMmuitiwt mmmmmm**"«*1'' wmmmmmmmmm 

TABLES D Page 

1. Experimental and Calculated Values for Cavity 
Radius and Reduced Displacement Potential for 
a 5-kt Explosion in Granite        42 

2. List of Events and Type of Data Available    56 

3. Energy Katios for Explosions in Variour Rocks    74 

4. Scaling of Cavity Radii from LASA Magnitudes for 
Fojf Presumed Explosions from Eastern Kazakh    108 

5. Source Characteristics of a Sampling of Underground 
Nuclear Explosions ! f       139 

FIGURES 

1. Pp Magnitude (mb) Versus Yield for Various Types 
of Media  6 

2. Least Squares Fit to Ms (Gutenberg) Versus m for 
39 NTS Explosions  14 

3. Adjusted Ms:m for NTS Explosions and Nevada and 
Missouri Earthquakes         -15 

4. Rayleigh and Pn-Wave Ampliuidas at KN-UT for 
Nevada Earthquakes and Explosions     17 

5. Predicted Pp-AmpMtudes From Teleseismic ms for 
Explosions at KN-UT     18 

6. Predicted LR Amplitudes From Teleseismic Me for 
Explosions at MN-NV        19 

7. Wave Patterns for Bilby Explosion and Collapse    25 

8. Body-Wave Magnitude Versus Explosion Yield and 
Rock Type        32 

9. Strength of Hardhat Granite        35 

10. Number of Cracks Versus Distance (5-kt Granite)    35 

11. Reduced Displacement Potential (5-kt Granite)    38 

12. Some Data on Explosions in Hard Rock    43 

13. Body-Wave Magnitude Versus Final Value of Reduced 
Displacement Potential       45 

14. Fourier Amplitudes of the Time Derivatives of the 
Reduced Displacement Potentials    51 

ii 



■ 

FIGURES (Continued) 

Page 

15. Square of the Fourier Amplitudes of the Second 
Time derivative of the Reduced Displacement 
Potentials  52 

16. Reduced Displacement Potential, Resultant Data, 
Boring U8a-9 (Discus Thrower)  61 

17. Discus Thrower Site Profile  62 

18. Reduced Displacement Potential, Resultant Data, 
Boring U8a-12 (Discus Thrower)    63 

19. Radial Vector Particle Velocity Records 
(Gasbuggy)  65 

20. Site Map and Instrument Station Locations 
(Gasbuggy)  66 

21. Radial Vector Displacement Records (Gasbuggy)  67 

22. Reduced Displacement Potential Records 
(Gasbuggy)  68 

23. Discus Thrower /u2 dt  75 

24. Compressive and Shear Wave Records in Sterling 
Experiment Profile   86 

25. Surface Zero Motion, Rainier Event   88 

26. Raccoon Collapse Records   89 

27. Rayleigh-Wave Spectra at Station BMC   92 

28. Rayleigh-Wave Spectra at Station LC-NM   94 

29. Rayleigh-Wave Spectra at Station CPU   95 

30. Rayleigh-Wave Spectra at PG-BC and RK-ON   96 

31. Rayleigh-Wave Spectra at Station PG-BC ...   98 

32. Rayleigh-Wave Spectra at Station KN-UT   100 

33. Rayleigh-Wave Spectra at Station TFO   101 

34. Rayleigh-Wave Spectra at Station HN-ME   103 

35. Rayleigh-Wave Spectra at Station RK-ON   104 

36. LASA Recording of the Four Events E^t) from 
Eastern Kazakh at Subarray K   110 

37. Transfer Functions Rit5k(t) at Subarray K at LASA .... 112 

38. Transfer Functions R25|<(
t) at Subarray K at LASA .... 113 

39. Transfer Functions R15k(t) at Subarray K at LASA .... 114 

tit 



- ^„«,.iWi j^flWkmBiWJJi "   .»IIJMPJ). |i(tlWkl«»WWfJ,,..ll4l^ff.»pi "U MliJi!ljiwwl,iJl«,,™w*BIW»fcW 

FIGURES (Continued) 

Page 

40. Amplitude Spectra of RisU), R25((i)). and RI^'J).  ... 116 

41. Calculation of Theoretical Least-Squares Transfer 
Function RisU)  120 

42. Comparison of Theoretical and Observed Transfer 
Functions  122 

43. Source-Time Function of Bilby Explosion  128 

44. Schematic Diagram of the Source Region of an 
Explosion  136 

45. Cracking Due to an Explosion Source in a Glass 
Plate Stressed Under Tension .    137 

46. Bilby P-Wave Radiation Patterns   154 

47. Bilby Surf ace-Wave Radiation Patterns  156 

48. Shoal Surface-Wave Radiation Patterns  159 

49. Fallen Love-Wave Radiation Patterns  166 

50. Fallen Rayleigh-Wave Radiation Patterns  172 

51. Theoretical Earthquake Spectra Structure   177 

52. Three California Micro-Earthquake Wave Spectra   178 

53. Observations from a Deep Earthquake  180 

54. Comparison of Wave Spectra from an Explosion 
(Shoal) and an Earthquake (Fallon)  184 

55. Comparison of Wave Spectra from the Bilby Explosion 
and the Fallen Earthquake  185 

56. Ratio of Love to Rayleigh Waves for Two Explosions 
(Bilby and Shoal) and an Earthquake (Fallen)   187 

57. Ratio of Love to Rayleigh Waves for Two Explosions 
(Bilby and Shoal) and an Earthquake (Fallon)   188 

r,8. Ratio of Love to Rayleigh Waves for Two Explosions 
(Bilby and Shoal) and an Earthquake (Fallon)   189 

59. Wave Spectra at Station HL-ID  191 

60. Vertical Traces from Figure 59  192 

61. T^y Versus Distance  194 

62. Sketch of TENSOR Problems  195 

63. Horizontal Velocity Versus Depth from Interface  201 

64. Stress Versus Time at Interface  202 

iv 

  :_..,_ 



^»pr!»»wmwnw»w7?PT'w^ww!!«f»yff^«^^ TWJwr^ 

FIGURES (Continued) 

Page 

65. Direct and Reflected Head and Teleseismic Waves   208 

66. Effect of Explosion Depth on Inelastic Regions    210 

67. Hypothetical Spectral Amplitudes for Two 
Explosions with Different Effective Cavity 
Radii   25? 

■««*" 

  



'''"''^''''"«»■■BP'WWSWWBPW^^ mmm ...mmiMß ti^mmm 

,.,- 

OPENING REMARKS 

Rudy Black 
AEPA 

This meeting is a follow-on to the ARPA Seismic Coupling 
Conference held at IDA on June 8 and 9, 1970.    At the conclusion of that 
meeting the participants were asked to send us their comments on the 
meeting, its merits, and its principal shortcomings.    We received 
comments from some of you who are at this conference and from others 
who attended the IDA meetings.    Many of these comments concerned the 
apparent lack of a tie between the work of the rock mechanics and 
computer code people and the seismologists who subsequently use their 
data. 

We decided to attempt to close the loop with a follow-on 
roundtable discussion, to review the seismological aspects of the 
se.ismic-cuupling problems to which ARPA is seeking solutions. 

This meeting will consider various topics related to seismic 
source functions and their seismological applications.    We deliberately 
kept the meeting small to promote an informal  atmosphere and infor- 
mation exchange. 

I will  chair the meeting this morning.    Colonel  Russell will 
chair this afternoon's session. 

Jack Evernden made up a list of questions that we could ask 
the seismologists to throw some light on what uses they make of seismic 
source functions.    The questions are as follows: 

1. What is the fundamental purpose of the program? 

2. What are the seismological observations to be explained? 

a. nib versus Y versus medium 
b. 1/10/20/50 sac spectrum ratios for explosions versus 

those for earthquakes 
c. Close-in, free-field measurements 

3. What is required of codes to allow prediction of long-range seismic 
signals (3 cps to 50 sec)?    (Note LTL correlation of reduced displace- 
ment potential and mb.) 

4. For information, how are reduced displacement potential or equiva- 
lent (given at specified distance from explosion) converted into pre- 
dicted long-distance seismic signals? 



•^m^mrn^^mmmmniftm 

5. What is the status of calculations or calculation capability for 
distant effects of a defined pressure regime (elastic) applied to the 
surface of a spheroidal cavity?    ... a nonspheroidal but analytically 
desirable cavity (ellipsoidal, say)?    ... an arbitrarily shaped cavity? 

6. What is the status of understanding of the spectral composition of 
earthquake signatures?    ... explosion signatures? 

7. What are the major remaining problems in understanding of earth- 
quake and explosion signatures? 

8. How would seismologists suggest furthering explosion source con- 
ditions to alter the radiated seismic signature in the direction of 
earthquake signatures? 

These questions will set the basis for our discussion over 
the next two days. 

I suggest that we consider them in this order:   No. 1, which 
concerns the purpose of the meeting; then No. 2 and No. 6, which 
concern the seismologies observations that have to be satisfied by 
code predictions of earth motion; No. 4 and No. 5:   What do the 
seismologists do with the seismic soi/ce functions that are generated 
by computer codes?; then No. 3:   What do the seismologists require 
of the people who are developing the computer codes?, What sort of 
source functions do they need?, What are the parameters that they 
would like to see Incorporated into these functions?; then finally. 
No.  7 and No. 8. 

Before beginning our discussion of these topics, I would 
like to introduce the participants of this meeting. 

The seismologists are Nafi Toksöz, MIT; David Harkrider and 
Charles Archambeau of Cal Tech; Shelton Alexander from Penn State; 
Stuart Smith from the University of Washington; and Clint Frasier from 
MIT. 

The rock mechanics consnunity is represented by John Handln 
of Texas A and M, Wayne Brown of the University of Utah, and Bill Judd 
of Purdue. 

The code calculation community is represented by Jack Trulio, 
Applied Theory; Chuck Godfrey, Physics International; Dave Riney of 
SSS; Ted Cherry of LRL; and Hank Cooper of the Air Force Weapons Lab. 

Mamie Rotenberg, who is a member of our ARPA-DASA 
Decoupling Panel, is also here to participate in ou   discussions. 

  .        . . . 



Howard Rodean is here from LRL.    Howie is project leader of 
the joint ARPA-AEC project concerned with seismic detection and evasion 
research.    One of the major topics they are considering Is seismic 
coupling. 

Jack Whltener !i here from Rand.    Jack was the technical 
director for our enhanced decoupling experiment Diamond Dust, and he 
Is the technical director for the follow-on experiment, Diamond Mine. 
Bill Perret, from Sandla, Is here to discuss close-In measurements. 
The DoD representatives are Colonel Pearce, Colonel Russell and 
Don Clements of ARPA; John Uwls, Marvin Atkins, Colonel Barker, and 
LtCnlonel Clrceo of DNA; and Colonel Klick, AFOSR. 

I would like to comment very briefly on the first question: 
What Is the fundamental purpose of the program?"   The purpose of 

the ARPA research In seismic-coupling Is to develop the capability to 
predict ground motion resulting from underground nuclear explosions 
In various geologic environments.    We need to be able to predict for 
tamped shots the close-In motion ranging from tens of feet out to 
thousands of feet.    In connection with experiments that we conduct with 
nuclear weapons and with HE, where we have very small charges, we are 
unable ordinarily to get seismic measurements at much more than a few 
kilometers.    We have to rely on the close-in data for low yield tests 
and extrapolate this kind of data to the larger yields that are of 
Interest to us In our program.    We have to develop a computational 
capability to predict ground motion that duplicates the meascrements 
we actually obtain (the close-in measurements) and having done this, 
scale to larger yields. 

We need to be able to predict for tamped shots in any 
particular geologic source media the strength and the character 
of the seismic signal that will be recorded at teleseismic distances- 
We need this capability to evaluate what yield or range of yields 
could be detonated by potential evaders without detection by any 
real or proposed seismic-detection network. 

We need to be able to determine quantitatively the amount 
of degradation of seismic coupling that is produced by either 
fully decoupled or overdriven shots in cavities.    Finally, we need 
to be able to define the seismic source, explosion versus earth- 
quake, and the yield (if it is an explosion) based on the distant 
seismic signals. 

We clearly need to know a great deal more than we currently 
do about seismic coupling, and it is for these reasons that ARPA has 
supported theoretical work to develop and test computer codes to 
predict ground motion from underground nuclear explosions. 

Rock mechanics enters the picture because the codes require 
knowledge of the source-rock properties.    The ARPA Nuclear Monitoring 



Research Office supports about a million dollars worth of work annually 
in rock mechanics, and about the same level of effort in code calcu- 
lations. We have been working on these problems for several years, and 
a considerable amount of money has been expended for this research. We 
hope that the discussions we are initiating here this morning will help 
us to achieve our objectives. 

Question No. 2 concerns the seismological observations that 
we must eventually explain or duplicate from computer-code calcu- 
lations.    Jack divided this question into two areas:    one adeeming 
body-wave magnitude versus yield as a function of geologic medium, 
the second concerning the power spectral  ratio in the 1, 10, 20, and 
50-sec period range for earthquakes versus explosions.    I would like 
to add a third category to these:    the close-in, free-field measure- 
ments. 

Shelton Alexander has volunteered to lead off on body-wave 
magnitude versus yield.    I think Howie Rodean of LRL also has some- 
thing to say on that subject.    I believe Shelton also wants to talk 
about the second area, power spectral  ratios, and Clint Frasier also 
has something to say on that particular subject.    Finally, with regard 
to Question No. 2, Bill  Perret from Sandia will  discuss the close-in 
measurements. 

 .   .      .          



BODY-WAVE MAGNITUDE VERSUS YIELD   , 

Shelton Alexander 
Pennsylvania State University 

\ 

What I will do is start off with a figure of Jack Evernden's. 
Figure I shows the Pn magnitude (mb) versus yield for various types of 
media. I will have to call on Rudy to comment in detail on this, but I 
believe the objective of the illustration was to show the variations ob- 
served for different types of media. You can see the valley alluvium 
has the lowest Pn magnitude for a particular yield, and we go on up in 
tuff and hardrock, which appear to be not too different, at least in the 
one to 20 or 30 kt region. However, when you go on up to higher yields, 
they do seem to separate in the vicinity of 100 kt. The values in paren- 
theses are for shots below the water table, and in the' upper left of the 
figure are presumably underwater shots. 

This point is for valley alluvium below the water table, and 
far up to the right are shots below the water table also. I believe 
Jack's contention is that the water table may make a significant dif- 
ference in yield (or magnitude) depending on whether or not the shot is 
above or below the water tablie. 

I ! 

MR. RINEY: Could you give us some idea what the error bars are on 
those measurements? 

MR. ALEXANDER: I cannot. I will say that while the standard deviation 
of the mean for body-wave magnitude determined]using many observations 
typically may be quite small, individual station magnitudes dommonly 
deviate from the mean by as much as half a magnitude unit. I will show 
data relevant to this question a little later. Unfortunately I do not 
have these same events plotted versus the shot.medium, but I dp have 
some typical plots of surface-wave versus body-wave magnitude which 
presently is one of the best discriminants for identifying nuclear ex- 
plosions. 

MR. CHERRY: Are you going to talk about how those magnitudes are    i 
determined? | 

MR. ALEXANDER: Typically, for the body-wave magnitude, we use the first 
portion of the seismic signature which consists of a periodic pulse 
lasting several seconds and which, at teleseismic distances, has a pre- 
dominant frequency of 1 Hz or thereabouts. At closer distances you get 
higher predominant frequencies. Typically what you do is measure the 
maximum amplitude of this first wave packet. The body-wave magnitude 
then is proportional to the log of this measured amplitude divided by 
the predominant period. The formula is  mb = log(A/T) + B(A) + C 
where B is a distance correction factor and C a constant. 

i 
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Figure 1.    Pn Magnitude (m^ Versus Yield for Various Types of Media. 
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^fi^f^«   • th? f'rsi h?lf cycle you beg1n to see the surface 
reflection coming in. and that alters the amplitude. Therefore the 
first motion amplitude or the amplitude of this first peak! I think 

max mu^in'^U?1!31516 '♦V*™ ^ body-wave ^gniSe'altho g 'the max mum in the first two or three cycles is used routinely in the calcu. 
lation of P-wave magnitude by many workers.    routine'y ^ ™e caicu- 

MR. CHERRY: What distance is that? 

?LAfhXAND^: 5^ fny distance. this is how magnitude is measured 
Then there is a distance correction factor, and that is different 
depending on whether the receiver is close'in. tha? is! less ESn 

P^seS'' H0W d0eS the ran9e faCt0r 1nt0 the way the data *™ 

aLcSKth Sr^J.^T6 corr?ctio" ^^tor which I mentioned associated with the magnitude determination. Jack Evernden for 
SaS f:wd5y§i0pela2 fnv«r1able sort of elation for tKe close-in the 
es"" an aBoTSM^I"?^ a^ t!lese are the ones' ^It^ions ■ ess tnan aoout J.ooo km at the Nevada Test Site  ^n vnu tat«» fh« ««,„ 
I?11 ^  1?dlvi.dual ma9n1tude estimaLs for'each eJent and tSa? 
what would be plotted in a typical curve such as you see here  All of 
the azimuths that you have recording stations for ere iJclIdJd. 

MR. BROWN: What is the magnitude here, A over what? 

ef^^Ti^.ounTSI'..1* ?s Uk* fre<'uen(* times ^ amplitude. In errect, it is ground motion in microns. «»• m 

COL. PEARCE: What are A and T normalized? 

^SnTof^Ä^^ entity turns out 

mi lEZH an^To^ ^-^T^ r™]] ^^  P^CtS' so 

MR. ALEXANDER: A0 is one micron. You standardize on the whole set. 

ba^d^e"; I ^"^ there Were SOme Standar,d sources on w^ich you 

Üh:/I:EXANDER:- No' The ori9^«1 definition of magnitude went back to 

IHd SflS!' 0Ut 0f ea,'thqUi'ke stat'st1". «« »0 '» ^s ?h" amp?Uude 

           .  . 



MR. ALEXANDER: Right. 

Tor S. ^olltÄ fhVL"^ d15*an" "-«"- '«tor,. 
n^trlcal spreading, .rjhe effects Sf^heS^v 0f d,?tance> ^ c.ietis or tne propagation meuium Itself. 

It'lS^nelran'exptSfto ^ant? F» dem0nSt-te that-' 
factors as possible to fSoTlrShVexp^slSn sources! " **** * theSe 

^ectlo'n^ctoJs?^^6 ^ ideal mediur" that "™™ not have any cor- 

MR. TOKSOZ:    One-dimensional, nonattenuating rock. 

MR. TRULIO:    Or elastic. 

MR. GODFREY:    How does T yarv?    r«: if +A tu« *     .- i  vary,    is it to the function of yield' 

have predominant frequencies" of the Ä of 1 Hz!        *' tUrn 0Ut to 

MR. GODFREY:    So why is it in there at all? 

tfcuS'direct?"^ t0 "' y" ab0Ut amplUude-    " tCt in any par- 

MR. ALEXANDER:   Normal,y ft would be taken fro. the vertical instruct. 

SichThlÄ* y0U take '^ firSt CyC,e Peak 1"stead °f the second. 

w'tKir^tl".^:'!? SfJ {«d
at "W*"d1sta-« 

vertical.    Followino onto that iJfhf ^ !      <<eg with rer.Kct to the 
order of a half seco'nS later or pe^haole«6 ^'«"»".arriving on the 
the receiver also stronolv infLEn^PJk     J'   The crustal structure at 
wavefo™.   For e«mpr Wi™i änj Lnnn5hnJhar;'Cter an? durat,or of the «ompie. mirow and Longshot were very large events that 
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were very well  recorded; the first portions of the signal  show up 
with consistent relative levels at the high gain stations while 
the later part is quite variable from station to station.    However, 
the maximum amplitude in the first three cycles of motion is com- 
monly used in routine magnitude determinations in spite of these 
complications. 

MR. COOPER:    Shelton, could you comnent on the source region?    I 
gather these events are primarily at NTS. 

MR. ALEXANDER:    Except for Longshot, that would be true, I believe. 

MR.  RUBY:    Wouldn't the lower ones be coupled? 

MR. ALEXANDER:    Except for these and Longshot. 

MR. COOPER:    What I am questioning, I guess, is the dependence on 
the path with respect to velocity.    Do you have relevant data? 

MR.  RINEY:    In the paper from which this came I think these 
standardized the path from west to east.    Even Longshot was 
standardized in that way, if I  remember right from reading the 
paper. 

MR. BIACK:    I think there is about 0.3 of a magnitude difference 
for paths from NTS to the east compared with paths to the west. 

MR. ALEXANDER:    Different source areas do have different distance 
correction factors.    For example, NTS structure attenuates energy 
significantly as compared to certain other source areas.    The 
same size event at NTS and another source area would show up with 
a different magnitude if you used the same distance correction 
factor.    In effect, what you have to do Is calibrate each source 
region as far as the signal  levels vs yield are concerned.    Most 
of these data involve first of all tht same source region and 
pretty much the same set of receivers.    I do not think he had 
common receivers for all of these events, simply because the 
history of the program is such that the recording stations have 
changed.    Nonetheless, many of the stations are in common, so 
relatively speaking these relationships are reasonable.    The paths 
represented in the magnitude determination do not change appreci- 
ably from event to event. 

MR. LEWIS;    Could I ask what these data points are up here in the 
upper right hano corner in parentheses? 

MR. ALEXANDER:    Shots below the water table.    I do not know what 
particular events these are, however. 



MR. LEWIS:    I just wanted to ask a question about drawing those 
curves, the philosophy of drawing curves from data like that. 

MR.  BLACK:    There are several  things that I think we ought to 
keep in mind about this illustration.    First, it is an unclassified 
figure, and there are other points that were used to help define 
these lines which are not on this graph. 

Second, most of this data is NTS data.    The points on 
the left, those triangles, are chemical explosions in water. 
Because most of these shots were fired at NTS, we are limited in 
source material  to either alluvium, some form of tuff, or some 
form of volcanic hard rock or granite. 

Nevertheless, there are great differences in seismic 
coupling even in the limited geology in which we have shot. 
Alluvium turns out to be the lowest coupling materiel, but it 
also shows the greatest range in magnitude for a given yield. 

Evemden pointed out, at the Coupling Conference at 
IDA in June, that the difference in coupling as a function of 
source medium, is small at yields below 1 kt.    At higher yields 
the differences in coupling due to source medium are quite pro- 
nounced for the hard versus the soft, unconsolidated rocks. 
Evemden also stated that the coupling of dry versus wet porous 
materials is quite different.    Note, for example, the shot in 
alluvium fired below the water table, which lies nearly on the 
water line. 

MR. LEWIS:    I interpreted what he said to mean that everything 
was sort of path dependent; therefore calculations of things 
happening close to the device or the explosion got washed 01c in 
a hurry because of propagation path characteristics. 

MR. CHERRY:    One of the interesting things is that hard rock 
coupling line; at the higher yields it loo^s like you are getting 
better coupling than in water. 

MR. BLACK:    I am sorry Evemden is not here to discuss that 
point, because he has developed an explanation for that bend. 
When he plots surface-wave magnitude versus yield, it plots on 
a straight line. 

MR.  CHERRY:    He thinks what is plotted on a straight line? 

10 



MR. BLACK:    The surface-wave magnitude versus yield. 

MR. COOPER:    Is tne surface-wave magnitude defined the same wa^y 
as for body waves? 

MR. ALEXANDER:    res, except now you are talking about Rayleigh 
waves in a later portion of the record and the amplitude A 
over T w^ere the period is about 20 sec. 

MR.  ROTENBERG:    I would iike to ask what the labels really mean, 
hard mck, valley tuff, and so on.    Does that mean where the 
shot actually took place? 

MR. BLACK:    Yes. 

MR.  ROitNBERG:    It does not mean the material over which the 
wave ...? 

MR. ALEXANDER:    It is the shot-point environment. 

MR.  ROTENBERG:    It does not even mean, for example, that is 
the material in which the inelastic region was, necessarily. 

MR. LEWIS:    That is hard to s^.    Pahute Mesa, for example, 
where a lot of the larger yield things are shot, is a very 
complicated volcanic mass.    It is a combination of various 
kinds of ashes, tuffs, and then there are rhyolite sills which 
may be hundreds of feet thick.    Some of the shots, and I 
don't know whether they are on this curve, were fired in 
those sills.    It depends on how large the yield is as to 
whether or not the elastic limit would be contained within 
the sill or whether it got out into the material above and 
below.    It is a very complicated system.    About all you 
can say for sure is that for the really large ones, you 
probably are below the water table. 

MR. BLACK:    I would like to make one more point.    There 
are many ways of determining body-wave magnitude.    The one 
that has beon used in this graph, involves the maximum 
amplitude of the first three cycles rather than the first 
initial pulse.    I think LRL does it differently. 

11 



MR. RODEAN:    For our magnitude versus yield or amplitude work 
for our yield determination of shots we use close-in stations 
two or three hundrsd kilometers away, and what we call the A, 
B, and C amplitudes:    the first positive pulse, the first 
negative pulse, and then the second positive pulse.    We cor- 
relate the amp itudes of these versus yield, and then we 
factor in the "'ocation of uie shot within the test site.    This 
is what we do co try to get estimated yields in the afternoon 
from a shot in the morning.   We don't calculate magnitudes as 
such; we just take the measured amplitudes. 

One other thing, Shelton, maybe to put things on an 
even keel, could you just describe briefly the seismic noise 
as a function of frequency, and then the different, shall we 
say windows in the seismic spectrum that seismologists look 
at? 

MR. TRULIO: I wanted to ask, are the low ends of these curves 
based mainly on HE shots? 

MR. ALEXANDER:    No. 

MR. TRULIO:    The HE and nuclear shots pretty much fall to- 
gether? 

MR. RODEAN:    I think that, with the exception of the four 
triangles in the rpper left hand comer around the water 
data, everything else is a nuclear shot. 

MR. LEWIS:    I think that is an important point, because it 
seems to me that HE, on a pound-for-pound or a kiloton-for- 
kiloton basis, should couple better than the nuclear.    I don't 
have any data on that. 

MR. SLACK:    Certainly the spectrum is different. 

MR. LEWIS: So you really don't know how much of that curve on 
the left hand side called the water curve is really influenced 
by the fact that it is HE. 

MR. BLACK:   As I said before, there are other points on that 
curve which are not shown here because they happen to be 
classified.    They do fit the curve very nicely. 

12 
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For the small events the surface waves just are not seen at large 
distances; we must rely solely on the close-in surface-wave measurements, 
Therefore you do get a bias unless a correction such as this is made to 
get rid of the propagation effects. 

There is a lot of overlap here, but it turns out that even 
when you get down to the smaller magnitudes, the mean explosion and 
earthquake curves still tend to be separated from one another. However 
there is a definite overlap for the small events so you cannot draw ö 
line that completely senarates explosions from earthquakes. The 
straight lines you see are least-squares fits for explosions and earth- 
quakes taken separately. 

You still see scatter here, and the question arises as to what 
it is due to. Earthquakes of course scatter still more at particular 
stations. We wanted to see whether or not  this scatter in Ms vs mb for 
explosions was due to the P waves that were received or to the surface 
waves. Therefore, the next experiment was to try to eliminate some of 
these propagation effects by looking at a suite of everts from a local 
source area recorded at a single station so that they all have almost 
the same transmission path. In Figure 4 are shown the P-wave amp'itudes 
of NTS explosions and earthquakes observed at the station KN-UT in Utah 
versus the Rayleigh-wave amplitudes. The solid dots are the same set of 
explosions that were plotted in the previous figure. You see there is a 
lot of scatter. The paths for most of these shots are very, very simi- 
lar, so that the medium is invariant in the problem, and the station 
itself is invariant; yet there is still significant scatter. 

Figure 5 is a curve obtained by plotting the observed indi- 
vidual surface-wave signals at this single station versus the "expected" 
Pn amplitudes, based on averages of different stations' Pn or body-wave 
magnitudes for each event. The scatter is considerably reduced compared 
to the previous plot. There are still a couple of points down here to 
the left of the figure. I do not think this apparent curvature here is 
meaningful considering the overall scatter. The point is that the scat- 
ter in the surface-wave magnitudes seems to be quite a bit less than in 
the previous figure. What I claim is that, as seen at this receiving 
station, it is the body v ves, the Pn's that are quite variable, leading 
to a great deal of scattering in the body-wave magnitude at this par- 
ticular single station, whereas the surface waves seem to be more con- 
sistent. 

This plot (Figure 6) shows the opposite thing, taking the mean 
of all of the individual surface-wave magnitudes, and plotting the 
"expected" surface-wave magnitude versus the observed Pn. This length 
on the plot would be essentially equivalent to one magnitude unit, and 
you see there is lots of scatter. This I attribute to the scatter in 
the P waves reaching this station. 

16 
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What I conclude from these results and similar ones for other 
stations if tU the P waves, as received at • "«•'•-1" «^ ^.'"j  ; 

sis! SAA SJtÄ^rc'oS sfcuinusÄ«1 up. 
and 5 «lid beTtereSted to hear Whether or not ^ou expect sign fv 

source regions. 

MR. CLEMENTS: You are attributing this only to a wavelength effect, are 

you not? 

MD   AiFXANDER-    Perhaps.    I don't knowwhat to attribute it to.    I claim 

ssT^'iSSt Sis e KtSTpÄ^j Schirr ^ 
therefore, to behavior right at the source. 

MR. SMITH: This basin is how far away? 

MR. ALEXANDER: I think this one is about 500 km. 

MR. GODFREY: I am a little uncertain as to what is b*ing measured here. 
Is Pn the amplitude of the first cycle? 

MR. ALEXANDER: No. the zero to peak. 

MR. GODFREY: Oh, the first cycle. . y     , 

MR. ALEXANDER: Yes. 

MR. GODFREY: And the LR is the end of the first peak? 

MR. ALEXANDER: This is peak-to-peak at the 20 sec predominant period in 

the surface wave. 

MR. RODEAN: Is that using our data? 

MR. ALEXANDER: Yes. 

MR. RODEAN: Then that is about 300 km from the test site. 

MR. ALEXANDER: Correct. I did several of these different stations. 

MR. COOPER: Is the data scatter here of the same order as the scatter 
that was shown on Figure 1? ,       i 
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MR. ALEXANDER: I am sure that the curves Evernden plotted in the very 
first one were averages. If you average the P« amplitudes over an array 
of stations, even though there is large individual scatter, the means 
turn out to be much more consistent. The same thing happens for the 
earthquakes too. 

MR. COOPER: Is the scatter that you are attributing to the source 
region consistent with the scatter that Evernden was suggesting based 
on whether or not the source is granite or some other rock? 

MR. ALEXANDER: Remember what this represents is the energy going out 
along a pencil ray taking off from the source and seen at one particu- 
lar distance. Energy represented by each point on this graph went out 
from the source over a very small part of the focal sphere. 

MR. COOPER: I understand, but you have attempted in plotting all of 
this data to make everything except the immediate source region invari- 
ant. You intentionally made it that way to keep the uncertainties in 
the path constant. 

MR. ALEXANDER: Right. 

MR. COOPER: If you were to plot the data in the same way as Evernden 
to distinguish between granite and other source region geologic materi- 
als, would similar trends result? 

MR. ALEXANDER: That I have not done yet, so I can't answer that 
question, although I think Carl Romney plotted the individual surface- 
wave magnitudes as we saw them before as a function of medium. The 
scatter for each type of media is about the same as you saw in 
Figure 5. At least for the surface waves there did not seem to be any 
evident correlation between shot medium and the surface-wave magnitude. 
I believe you will find the same is going to be true here, but I can't 
say that definitely right now. 

MR. SMITH: Shelton, I think you ought to point out there are two 
distinctly different things that are operating in different directions 
to the scatter. First of all, the wavelength of the surface waves is 
longer, therefore the scattering Is less. Secondly, the path of propa- 
gation at a distance of 300 km, the body wave is going through a much 
more homogeneous part of the earth than the surface wave is, which 
would act in the opposite direction. You would expect less scattering 
from body-wave type propagation. 

MR. ALEXANDER: Yes, that is probably true. 

MR.1 SMITH: The net result is the wavelength seems in effect to predomi- 
nate. 
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MR. COOPER: The point of my question was whether or not the suggested 
data scatter is really scatter. If you plotted the data according to 
the source region, would you see the same kind of trend that Evernden 
indicated in Figure 1? 

MR. ALEXANDER: I can answer that indirectly, and only qualitatively, by 
saying that when we looked at the same set of events at another station 
in the basin range we got scatter also, but the pattern of scattered 
points was not consistent with this case at all. For that reason I 
attribute it to something other than the shot medium itselF--either geo- 
metry at the source or some such effect, which could easily cause these 
variations because they represent all of the trapped P waves and S con- 
versions in a large range of angles at the source. You would expect any 
variations with takeoff angle to get averaged out in the surface waves, 
and indeed that seems to be what this little bit of evidence shows. 

MR. CHERRY: Will you explain again what you mean by predicted amplitude? 

MR. ALEXANDER: In effect it is the same as the average of all the Pn 
data for all of the stations available. What we are trying to see is 
how does this particular station compare with a mean which is presumed 
to be a better estimate of the actual size. 

MR. TRULIO: For all of the points on that last figure, the detecting 
system was the same? 

MR. ALEXANDER: Right, It is the same station, same instruments, the 
same path. Only the sourcs themselves are different. 

MR. TRULIO: How much scatter would you get from just changes in wave 
shape? 

MR. ALEXANDER: Very little, at least for the surface waves. 

MR. TRULIO: Do you have the frequency-response curves for the 
detecting system? 

MR. ALEXANDER: I don't have a slide of them, but they are available in 
the published shot reports for any of the shots, and they are all con- 
sistent. The spectral shapes at least are maintained to be the same. 
I think they were changed one time uniformly, but they peak around 20 
sec for the long-period system, and die off at 12 db per octave, I 
believe, on either side of that. Then the short-period instruments 
peak at about 1 Hz. I forget what the die-offs are around that peak, 
but they are maintained at the same shape for all stations. The levels 
are adjusted depending on how big the shot is expected to be, so the 
gains are different, but the shapes o^ the instrument response are 
maintained to bt the same. 

MR. TRULIO: The incoming waves will depend on what the source was. 
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MR. ALEXANDER: Right, and what I am maintaining in these latter figures 
is that since the receiver has the same response, and the paths are in 
conmon, what is left is the actual variation over a range of yields or 
magnitudes, and is a true measure of the differences in what is being 
sent out from the source. 

MR. TRULIO: Yes, although they might »-espond not just to the atrplitudes 
of the waves that arrive at the detector, but to the entire wave shape. 

MR. ALEXANDER: This is something that may be a factor, particularly 
for these Pn waves. I would not necessarily expect the source-time 
functions for them to be invariant with azimuth from the source region 
if there are any kinds of homogeneities in the vicinity of the shot 
point. But that is what the close-in measurements ought to be able to 
tell you, that is, how asyrmetric are these source-time functions. 

MR. TRULIO: You are not thinking of the spatial shapes of the pulses as 
much as their time variation. 

MR. ALEXANDER: Yes, that would be the same kind of thing. In other 
words, this should be reflected in the variations you observe from shot 
to shot at a given range, let us say. Suppose you had the same size, 
same yield event, and you look at it at a particular range, how dif- 
ferent are they one from the other? That would be an analogous measure- 
ment to what we are doing here. 

MR. CHERRY: Do you have any feeling for what that Rayleigh-wave arrival 
really is at like 300 km? Is it sensitive to a particular waveguide, or 
is it really the surface Rayleigh wave? 

MR. ALEXANDER: I think it is really the surface Rayleigh wave, because 
it has at least the primary characteristics of one, in that it has 
elliptical particle motion and is dispersed. 

MR. CHERRY: The waveguide would give you that also. Is it a waveguide 
phenomenon that you are looking at? 

MR. ALEXANDER: Yes. It is a fundamental mode Rayleigh wave. It is not 
a higher mode. 

MR. HARKRIDER: It is a combination of both. 

MR. CHERRY: Is it dispersive, and has it all of the properties of a 
waveguide Rayleigh wave? 

MR. HARKRIDER: It is more like a surface wave, like a nondispersive 
Rayleigh wave that sees a different half space for each frequency. It 
is not really a waveguide in which there is trapped P-SV conversion. 
The higher waves are predominantly trapped P-SV conversion. This is 
just sort of a weighted Rayleigh wave which sees for each frequency a 
different half space. 
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MR. CHERRY: But there is an Airy phase associated with that mode also, 
isn't there? 

MR. ALEXANDER: Typically over the whole Basin and Range, you get a 
nearly flat portion of the group velocity curve with a true Airy phase 
minimum 'n the neighborhood of 16 to 18 sec. 

MR. CHERRY: Is that where you are looking? 

MR. ALEXANDER: There is a peck at about 10-sec period and another a- 
round 50-sec period. What you /»ould see is a wavefo^n developing from 
these periods. Suppose you were a little bit farther out in distance. 
What you would see first i3 a 40 or 50-sec wave if it were well enough 
excited by the source. Then coding in on top of it would be a pulse 
starting off at a predominant period of 10 sec and dispersing just a lit- 
tle bit to 20-sec period. At near ranges you see predominantly a Ray- 
lei gh wave that starts out with 10-sec period and essentially ends with 
a predominant period of 16 to 18 sec. Because the dispersion curve is 
nearly flat in the range 10-20 sec, the signal comes ir c»s a pulse all 
over the Basin and Range. This is the kind of signal that is measured. 

MR. CHERRY: And that is looking at the first 35 km or so. Is i at 
dispersion curve drawn for the first 35 km? 

MR. ALEXANDER: This would be everything down to 100 or 150 km, but 
these measurements are sensitive primarily to the upper 35 to 40 km. 
Their propagation is controlled almost exclusively by what is going on 
in the upper 40 km, certainly the upper 50. These tend to be very con- 
sistent everywhere, and the wave shapes themselves do not change signi- 
ficantly. 

MR. CHERRY: That is consistent with what we have been finding at LRL. 
We have recently undertaken a program to look at the Rayleigh waves at 
Mina. We have sort of concentrated on just one area of the test site 
initially. 

MR. ALEXANDER: Figure 7 is an explosion as seen at Winnemucca, Nevada, 
which is not quite 500 km, and each point here is 10 sec in duration. 
You can see from what I was trying to explain earlier, the beginning 
here is aboct the order of 10-sec predominant period, and this last pre- 
dominant period you can see is of the order of 15 or 16 sec. These wave 
shapes tend to reproduce themselves very closely from event to event. 

While I am on this, I might as well point out one other thing 
on this figure. This is a collapse, observed at the same receiver. If 
you reverse the polarity of the collapse signal and overlay it with the 
signal for the explosion, they are virtually identical, with perfect 
scaling. This means that essentially the source-time function is not 
all that different for the two. 

MR. T0KS0Z: Explosion versus implosion type. 
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MR. ALEXANDER: This Is something that has to be explained, too; that 
is, why do the collapses, at least for the surface waves, look very 
similar to the Jirect explosion. There is one other thing I might as 
well discuss at this time. The components all have a common gain but 
the gains are quite different for the explosion and collapse. This is 
a 0.6 K gain here as opposed to a 5 K gain here, so there is a factor 
of ten difference in ehe gain. Here the Love waves are clipped, and in 
principle you should not expect any Love waves. Here in the collapse 
they are absent. 

MR. CHERRY: Is that the same gain? 

MR. ALEXANDER: It is the same relative gain. Everything here has been 
raised by one order of magnitude. 

MR. CHERRY: Is that the same gain on the Love-wave channel as on the 
Rayleigh-wave channel for these? 

MR. ALEXANDER: Yes. These gains are 0.596 and this is 0.64. This is 
5.38 versus 5.14, so the vertical and the transverse are almost the 
same gtin. Yet the explosion produces Love waves that are clipped at 
this gain level, and the collapse produces no long-period Love waves. 

MR. PERRET: I think I can tell you something more about relative signal 
amplitudes from the explosion and collapse in and near the crater a 
little later on. 

MR. ALEXANDER: Okay. This behavior is the rule rather than the ex- 
ception. To my knowledge it always happens. The collapse produces 
practically no 20-sec Love waves, whereas most NTS explosions do. 

MR. ROTENBERG: In principle there should be no Love waves. 

MR. ALEXANDER: Right. 

MR. ROTENBERG: With the explosion. Can you amplify on that a little 
bit? 

MR. ALEXANDER: The kind of shear waves that are necessary to produce 
Love waves are horizontally polarized shear waves. 

MR. ROTENBERG: Yes, but don't you get mode conversion? 

MR. ALEXANDER: If you do, you should get it for the collapse as well 
as the explosion, and you don't see it. The source points are 
essentially geometrically identical. 

MR. ROTENBERG: Of course, the plots need not be spherical. 

MR. PERRET: The collapse signal is definitely polarized vertically in 
the earth, because in the records we see very strong vertical signals 
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within thj subsidence area and very weak ones outside; horizontal 
signals are weak both inside and outside the crater. 

MR. ALEXANDER: Neither of them should give you Love waves. 

MR. PERRET: They are quite different mechanisms. 

MR. ALEXANDER: Neither one of them should give you Love waves, that is 
the point. 

MR. CHERRY: So what you are saying is that the Love waves in fact are 
bigger than the Rayleigh waves for this particular shot. 

MR. ALEXANDER: Yes. 

MR. TOKSOZ: At this particular station. 

MR. CLEMENTS: I remember reading recently that somebody was trying to 
measure SH waves and they were looking for a good generator. They found 
that a varied explosive gave large SH waves, which it should not. 

MR ALEXANDER: Thi3 is a matter of real controversy, and it would be 
very worthwhile, at least from my point of view, and T. think probably 
that of the other seismologists here, to hear what the close-in calcu- 
lations were in fact predicting in terms of any sort of SH waves. We 
can present good seismological evidence that these SH components here 
are in fact generated right at the source and are not converted along 
the path. They are generated very near to the source point. 

MR. SMITH: What percentage of the explosions that you have looked at 
actually gave larger Love waves than Rayleigh waves? 

MR. ALEXANDIR: It depends on the azimuth. I can't answer that cate- 
gorically. 

MR. SMITH: Typically they get up as big as the Rayleigh waves. 

MR ALEXANDER: Yes, of the same order of magnitude. It varies from one 
shot medium to another. I think Nafi has lots of data on the relative 
generation of Love versus Rayleigh waves for many different events. 

MR. TOKSOZ: I will show those later on, but explosions in harder media 
such as granite or some of tht rhyolitei. and some of the tuffs have the 
tendency to give much more Love waves than the explosions in softer 
media. Then you have the explosions in salt, for example, where there 
are no Love waves associated with it. They are below the noise level. 

MR ATKINS* Have you observed the event and the collapse that helped 
discriminate or identify a specific event other than our own shots, or 
is the collapse too small in this order of magnitude? 
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MR. ALEXANDER: I think the collapse sizes vary, and I have only a rough 
idea about these. Is this what you are asking, the size of the collapse 
versus the size of the explosion? 

MR. ATKINS: Well, can you see the collapse from ...? 

MR. ALEXANDER: You can see it particularly for the larger ones. You 
can see the collapse at teleseismic distances. 

MR. ATKINS: Has this been useful as a discriminating technique at all 
by associating the two? 

MR. ALEXANDER: Provided you could see it, it would be, because the 
surface waves are exactly reversed. I think the frequencies involved 
are quite different, too. 

MR. SMITH: But the answer to his question is no, because for those 
events that are big enough that the collapse should bp useful, other 
techniques work very well. 

MR. ALEXANDER: That is right. For the ones I have looked at, the 
collapse tends to be from a factor of three to about ten smaller than 
the accompanying explosions surface-wave amplitude. The magnitude of 
the collapse for surface waves would be anything from one whole magni- 
tude unit to maybe half a magnitude unit smaller than the explosion that 
precedes it. 

MR. GODFREY: Perhaps one comment to make is, although the amplitude of 
the surface wave is different, as you point out, there is a remarkable 
similarity in the shape. 

MR. ALEXANDER: That is correct. 

MR. GODFREY: One comment from a calculational point of view would be 
then that from the physics the explosion is just a completely different 
beast from the collapse. The form of the actual physical disturbance 
you are measuring may not be very important. I think to describe the 
two in a code calculation would be just vastly different, and yet they 
give the same shape. 

MR. SMITH: Well, no, their high-frequency spectrum is entirely different. 

MR. ALEXANDER: That is right. 

MR. SMITH: Most of the wave shape you see there is controlled by the 
instrument, rather than the source. That is the low-frequency lag. 

MR. ALEXANDER: What this says is that in the low-frequency limit they 
are pretty similar. 

MR. GODFREY: Are you using the same instruments? 
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MR. ALEXANDER: Yes. The low-frequency part of the signal spectrum is 
similar for both. The high-frequency part is demonstrably different. 
If you look at the P waves, for example, and other high-frequency waves, 
they are quite different. This is a higher mode signal from an ex- 
plosion. It may be difficult to see from far away, but the frequencies 
are quite high. For the same portion of the collapse record the signal 
is considerably lower in frequency. Thus there are observable dif- 
ferences between the two at the higher frequencies. 

MR. COOPER: This is consistent with what you found earlier, too. These 
surface-wave data are less scattered. 

MR. ALEXANDER: Yes. I am really leaping ahead with Part B of this 
meeting when ve talk about these surface waves and spectra, but I think 
it is true that the spectra for Rayleigh waves seems to be pretty inde- 
pendent of the size of the event. As to the shapes of the spectra, I 
think in theoretical calculations this is reasonable also. 

MR., ROTENBERG: Do you only see a Love wave from an explosion, or just 
in this particular event? 

MR. ALEXANDER: It is the rule rather than the exception. Do you know 
of any? 

MR. TOKSOZ: The water shots do not generate Love waves. The explosions 
in salt do not generate Love waves, and some in loose alluvium, such as 
Sedan, for example, did not generate any appreciable amount of Love 
waves. But all of the larger explosions that we have looked at to some 
extent have generated Love waves. 

MR. CHERRY: And they were as big as the Rayleigh waves? 

MR. TOKSOZ: No, no. 

MR. ALEXANDER: Well, they may be. They may be comparable for some NTS 
events. 

MR. ROTENBERG: Your argument is saying there should be no Love waves 
because of a left-right symmetry, but 'f there is some asymmetry in the 
medium in which you are shooting, you cün get them. 

MR. ALEXANDER: Providing the asymme^y is different from symmetry about 
the Z axis. Anything that is symmetric about the Z axis, including a 
point source, should not produce Love waves. 

MR. CHERRY: I think his point is that the puzzle is why you don't get 
them on collapse. Is it really the layering or is it some peculiarity 
in the source? 

MR. ALEXANDER: They are essentially the same depth. You see, one cannot 
use arguments about the medium being responsible for all of this through 
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P to S conversion because the explosion and collapse occur at the 
same place. 

MR. ARCHAMBEAU: One of the arguments that has been advanced to explain 
the generation of Love waves has been the relaxation of pre-existing 
stress. When you think of what will occur in a stressed medium upon 
shock induced fracturing due to an explosion then you will find that it 
is possible to produce Love waves of this size and magnitude. In fact, 
Nafi and I have both done studies on this process, and it seems to be a 
good working hypothesis at the moment. We can explain pretty well the 
magnitude of the Love waves in that way. It can also explain why one 
does not see Love waves from a collapse nor from materials like salt, 
where prestress levels must be ver" ""ow. 

MR. CHERRY: You are saying it is due to a small earthquake. 

MR. ARCHAMBEAU: Well, something like that. If you conceive of intro- 
ducing a bounded shatter zone with low strength (or rigidity) into a 
stressed medium, then the surrounding stressed medium has to adjust or 
relax, which is accomplished by radiation of energy. You can do that 
either by shattering a roughly spherical zone or by inducing failure 
along a pre-existing weak zone of lower symmetry. I will show some 
slides later on this subject and we can discuss some of the details 
then. 

MR. ALEXANDER: There are all kinds of items of evidence to indicate 
that, whatever the mechanism, it is associated with the immediate 
vicinity of the source. I would comment also that it is not evident 
in this case, this particular event, but in some cases the collapse 
does seem to produce a higher frequency Rayleigh wave, for example, 
10-sec Rayleigh waves. 
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BODY-WAVE MAGNITUDE VERSUS YIELD 

Howard C. Rodean 
Laurence Radiation Laboratory 

Most of what I am going to say is contained in a paper that 
is now being prepared for submission to the Journal of Geophysical 
Research. I am going to pose a number of questions, and at the most 
propose perhaps partial explanations for some things that I believe are 
still fizzles in this business. 

With respect to Rudy's comments at the beginning (about the 
need for communication between the rock mechanics people, the code 
calculators, and the seismologists), I attended both the June seismic 
coupling meeting here in Virginia and the Woods Hole meeting a few 
weeks ago. The latter meeting was essentially a gt-oup of 
seismologists—and talk about two different worlds! I thought with a 
private grin that probably a lot of the people at the June meeting who 
are concerned with the details of calculating explosions and the re- 
sultant seismic sources would have been aghast at the almost cavalier 
way some of the seismologists talked about seismic source functions 
with their idealized point sources and couples and so on and so forth, 
completely ignoring all of the hard work involving rock mechanics, etc. 
Therefore, I think this meeting i* very timely. 

Figure 8 here is a plot that I made up myself. It is un- 
classified as it stands. However, the two dashed lines and the center 
solid one are also based on a lot of declassified data. What I have 
plotted here, and also on another (classified) plot that I used in 
constructing this, were the yields for all of the shots for which I 
could also find body-wave magnitudes. I selected the latest body- 
wave magnitude to be published, and so most of the points on there, 
as well as on a classified version of this, are either the magnitudes 
done by Evernden or Basham. Evernden mentioned at Woods Hole that 
Basham uses essentially the same method, so it is quite legitimate to 
plot the two kinds of points on the one curve. 

As \,i see here, we have the variations in magnitude of a 
given yield for shots in dry alluvium, tuff, salt, etc. We have a few 
events that have rather high magnitudes, like Lonqshot and Mil row. 
Milrow, which was about a megaton, had a magnitude of about 6.7 (if I 
remember correctly what Jack Evernden said at Woods Hole). Perhaps 
this is a regional effect, and if we had the right kind of regional 
corrections for that particular part of the world, maybe these points 
would be moved down to match the main population. 

One of the principal points I would like to make is that if 
we talk about shots in competent materials, and forget about the shots 
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in locking solids like alluvium, about 80 percent of all other snots, 
from a population of over 5C shots, fit within this band, plus or 
minus 0.2 of a magnitude unit, and the magnitude-yield curve has a 
slope of about 5/6. 

There is a wide variety of rock types in this band:    e.g., 
the tuffs, the salts, and the granites (except. Piledriver is a bit 
high).    I have two points shown here for Gasbuggy.    The lower was the 
original AFTAC shot magnitude.    Basham calculated a higher magnitude 
for Gasbuggy. 

■-* = 3.75 ±0.20+ 0.833 log 
Approximafelv 80% of all events (excluding those In 
unsaturated alluvium) fit this empirical equation 

Event name 

10" 
I   Mill ■   ' i ml 

0 Alluvium 
craterlng experiment 

J—i i 11 HI       i ■   ■ . .. 

10^ 10' \& ]0- 10' 
W —kt 

Figure 8.    Body-Wave Magnitude Versus Explosion Yield and Rock Type. 

So from this point of view, ycu could say that, at least for 
the population of shots at the Nevada Test Site including the Pahute 
Mesa high-yield shots, even though you have a wide variety of shot 
materials, still a large fraction of the population fits within a 
fairly narrow band as fir as body-wave magnitude is concerned. 

With respect to labeling these points with different rock 
names that the geologists give to the shot-point material, I believe 

32 

: ,    _.     ... 



mm mmm^mmm*'^*1*^*''*!^' 

property tjpe of Jot ^ m^t,lde  vers^ yield versus rock 

as I will now try to demonstrate      bailed . ThTs is dangerous. 

P^ ci s:,* iiVÄi^ 2?«^ jrsh-f,:-,,. 
«rk that Sal do^a iSnS^ile'lgoUTa^^Ld'"^'6^.50™ of the 

with their decoupling sÄ Tdl?.^*.^ Ä '"„J??^1*10" 
for the maximum ratio of selsmlr-rmmiin« IMIX bimP|eL

ec)ua':ion 
radiated seismic-wave enerqj   and ? P ^ ?h! I C ^-^ where Ew is ^ 
consisted of a spherical clvltJ In 5nfiLf-eXp1^10n ener^'    ^ model 
explosion Is modelld by a step chSnae trill™6'™' *"* I assurT,ed the 

to cavity gas properties    1 n SrdU S l" ^Y1^ Pressure.    With respect 
I assumed a' nranoatomij gas wi?K ?he r^fo1^! Sf,^11"9 eff^cy 
The maximum ratio of radioed ene?aV?o^n[ncS?eClflC hea^s e^a] t0 5/3. 
function of Y, a yield functinn?wM^p10SOn enerW 1s then a 
value of the   t?es   devfa?or ?n the rnr^ 'J-3 /S .the n,ax1mum allow^le 
M as follows: MV1««>r in the rock), divided by the shear modulus 

Ew/Ex = 2Y/3P. 

factor. but^he0an;tTO^
V^-^ere

draetaad[?y
r ItT^T ^ f the Y 

thing I found is that when T !ZZ ^acn ly «vallabl«.   The interesting 
put 2hat I bei Led were reasonable   umh^ J^1?^^ equation and 
same order of magnitude of sl?smlJ-couT??nn I!f?   *• ! 90t about the 
experimental data for U»^l£tr   Si !?D!lf1Ct,nSy.as 1ndi"ted by 
example, gives ratios of Tad i^a?.:  •    • SIPRI rePort   1968). for 
energy based onfilVd JLl^t^^l^^ energy t0 exPlosi0" 

contributed by a Russ1a0nbSm^XV"^heT1I^^conXntceValUeS ^ 

real good Xl^r^^^t^^^^-^j^-^,9^ ™™l* ** we say. vpGr nmits of this strength, shall 

play anv role? y   " an elastlc medlum-    Why does Y max 

33 

      



•mpwHTOW'-- 5fri!iiiu^!j]Hiiiiiii I.I.L, 5,. in, -• .T.i   1 M.? Lux ^tf^wtimmw»* mmWIW>'**WW™ 

MR. RODEAN: Because I am just trying to get a re?sonable number" for the 
maximum stress that you can put on the cavity. It comes out of this 
analysis for the maximum stress in a cavity, and it is an extension of 
analysis in one of Latter's early papers. 

i 

MR. ARCHAMBEAU: Is it an assumed elastic medium or an elastic-plastic 
medium? r 

MR. RODEAN: I am just assuming it is elastic, but that it is just at 
the verge of failure. 

MR. ARCHAMBEAU: But that is the way you define your elastic radius theh? 

MR. GODFREY: I see. You are just saying there is an elastic zone 
somewhere. 

are 

somewhere. 

MR. ARCHAMBEAU: And that it begins at the point or radius where you 
just below the yield stress. 

MR. RINEY: How does this relate to Haskell's work where he has a zone ! 

which is assumed to have failed between: the cavity and the elastic zone? 

MR. RODEAN: This analysis corresponds to, shall we say, zero thickness 
of the plastic zone. Anyway, the reason I put this thing in here is to 
suggest that perhaps we can get. a better fill-in on how good:this simple- 
minded equation of mine is if we could get mor^e good data for some of the 
other rock materials, both strength data and shear modulus data. . 

Figure 9 is a curve generated by Ted Cherry, Hugh Heard, and 
others at LRL, and again this is the Y parameter.'^ Ted Cherry, in his 
most recent paper, has this as Y over 2, but to be consistent with the 
rest of my work, I changed it to Y. P is a kind of mean confining 
pressure, and these are the failure curves for three different types of 
granite: C—dry, solid or consolidated samples, which are strongest; 
B—dry, cracked; and A—wet, cracked. 

The following work was done based on calculations by 
Ted Cherry after we had been to the Las Vegas Plowshare meeting last 
January which was sponsored by the ANS and the AEC. The French sent 
a sizeable delegation to this meeting, and they gave quite a few 
excellent papers on the post-shot exploration results of their shots 
in granite in the Hoggar Massif in the Sahara. Their papers were based 
on the shot program th^t they conducted in the Sahara before Algeria . 
became an independent country. The French had to discontinue their 
Sahara tests after Algerian independence. 
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Figure 9. Strength of Hardhat Granite 
(ff. C. Heard,  private communication) 

One of the puzzles appeared at this meeting when the chief 
of the French delegation mentioned that for comparable yields in 
granite the cavities produced by their explosions were only about 
one-fifth the volume of those of U.S. explosions. This was rather 
startling to us, so when we got back home Ted Cherry oid some calcu- 
lations using these three strength curves as a basis. 

MR. RINEY: What is that cracked granite? 

MR. CHERRY: It is a piece of granite that was initially intact and 
subjected to a triaxial test. The strength was measured, and then we 
simply redid the experiment with the whole sample of granite in its 
cracked state in the same container. Nothing was changed. 

MR. RODEAN: The curves shown in Figure 10 are, shall we say, the crack- 
ing frequency as indicated by the code which Ted used for the A, B, and 
C materials. A corresponds to the weak, cracked granite (wet); B was 
the dry cracked; and C was the consolidated sample. 
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Figure 10.    Number of Creeks Versus Distance (5-kt Granite). 

What we are interested in hire are the calculated cavity radii. 
These calculations assumed 5-kt yields.    Radius A is very close to the 
measured cavity radius for the Hardhat explosion in Nevada.    As you see 
here, we got a 1 to 4.84 ratio in final cavity pressure to the overburden 
pressure for the strong granite.    In the case of Hardhat, or what we be- 
lieve to be a good model of Hardhat, we find that the final cavity pres- 
sure turns lut to be essentially equal to the overburden pressure.   The 
ratio of cavity volumes between samples A and C is more like four-to- 
one instead of five-to-one, but we believe that this is a good 
plausible explanation as to why the French results were zo different: 
the French shots were in intrinsically a much stronger granite. 

MR. SMITH:    In the previous figure, you showed that the wet granite 
was the weakest, I believe. 

MR. RODEAN:    Yes, that is the sample with the biggest cavity. A, tht 
wet-cracked granite, which is most representative of the Nevada 
experience with Hardhat and Piledriver, and C is much more like the 
granite that the French shot in the Sahara. 

«. COOPER:    Why is it C instead of B? 

4R. RODEAN:    It just gets closer to the French results of about a 
Five-to-one cavity ratio. 



MR. COOPER: Maybe I am wrong about the Sahara, but I assume the rock 
there is jointed, since most rock is. Therefore, the difference would 
be the water content, so why wouldn't, the difference between A and B, 
rather than A and C, represent the difference between NTS and Sahara 
granite? 

MR. BROWN: Yes, but you can't assume that it is jointed. 

MR. COOPER: I can't assume that it is not. 

It is jointed, with, I believe, about 20 m between joints. MS. RODELN 

MR. COOPER 
problem? 

Yes, but what are the wavelengths of interest in this 

MR. P.0DEAN: I don't know. 

MR. COOPER: The size of the joint has to be related to something. I 
believe that the wavelengths of interest are measured in hundreds of 
feet. 

MR. GODFREY: What are the sizes of the joints ir Nevada? 

MR. RODEAN: About 6 in. Incicentally, the proceedings of the January 
meeting have Just been published, and are available in two bound 
volumes. They are available from the Clearinghouse and also from 
Oak Ridge. The French papers are available in English for those who 
are interested. 

MR. RINEY: What about this result? 

MR. CHERRY  The results of these calculations were presented informally 
to a number of people, including you, at LRL. They were presented 
formally to the scientific community In Vienna at the IAEA meeting on 
peaceful applications of nuclear explosives in April 1970. The reason 
I did the calculations was to show the French at the Vienna meeting 
that a possible explanation of their Sahara granite experience, re- 
garding cavity radius, chimney height, and extent of fracturing, could 
be obtained if the strength of their granite environment wa* like our 
unfractured Hardhat granite. I felt that I accomplished what I set out 
to do. The French were impressed enough with the calculations that 
they requested and obtained the slides showing the results. 

MR. RODEAN: The curves shown in Figure 11 were also calculated by 
Ted Cherry. Curve C here is the reduced displacement potential for 
what we will say is the model of the Sahara granite, and curve A is 
the calculated result which, in the final steady state, fits pretty 
close to the Hardhat measurement. 
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Hardhot (measured) 

Figure 11. Reduced Displacement Potential (5-kt Granite). 

One thing I would like to mention is that the Hardhat 
reduced displacement potential has the hi^h peak which indicates that 
there is an impulse component as well as step-function component which 
generated this reduced displacement potential. We can't seem to repro- 
duce this peak in any of our calculations. If I reme.nber Bill Perret's 
measurements correctly—maybe he will have something more to say about 
this—the Gasbuggy reduced displacement potential had a little bit 
more, maybe not quite as high a peak as this, but more of a peak than 
Ted Cherry's corresponding calculations. Anyway, if we look at the 
computer calculations of explosions together with an equivalent system 
of spherical cavity in a perfectly elastic material, a step function 
in cavity pressure will give a pretty good approximation to the computer- 
calculated reduced displacement potential function for an explosion. 
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Here we have the measured Hardhat reduced displacertent poten- 
tial  together with a calculation (Curve A) which agree fairly well in 
their final steady state values.    The French shot should have a very 
small, in comparison, reduced displacement potential  (about 1/4 that of 
Hardhat). 

MR. ALEXANDER:    Do you have any thoughts on what causes that anplitude 
to peak there? 

MR.  RODEAN:    One of the confusing things is that there was a surface re- 
flection which came into the instrument at about this time.    Maybe Bill 
Perret will have some f.hings to say about that. 

MR.  CHERRY:    The reflection off the free surface arrived even a little 
earlier than that, I think. 

MR. ALEXANDER:    Your calculation was for a shot in a whole space? 

MR. CHERRY:    That is right.    There is no surface reflection in the calcu- 
lations. 

MR. RINEY-    That measured form is sort of typical of the earlier ones 
reported oetween 1961 and 1963 at LRL.    There they identify the 
effective pulse as being to the right of that peak. 

MR. CHERRY:    To the right?    I thought it was to the left. 

MR.  RODEAN:    In that vicinity.    That is the Werth-Herhst paper (1963). 

MR. PERRET:    There is a little question about how much effect any 
reflection from the surface will have on those things since they were 
measured horizontally at shot level within a couple of hundred feet, 
which was like 1/4 of the distance to the surface,    bo that reflec- 
tion signals which got in there would probably be down ^y at least an 
order of magnitude below the peak of that. 

MR. CHERRY:    I think it Is interesting to point out there just has not 
been anything I can do to the calculations that will reproduce that 
peak.    It has been a very difficult and kind of disturbing measure- 
ment.    I just have not been able to correlate it. 

MR. RODEAN:    Ted can calculate a reduced displacement potential  that 
corresponds very well to that generated by a step function in cavity 
pressure, but the measured peak Implies that there U an additional 
impulse function, which as he said, he can't seem to manipulate the 
code to reproduce. 

MR. RINEY:    Have any parameter studies been made for the peak, you 
know, this little spike that goes out, where this is buried, and how 
this might affect t^e reduced displacement potential? 
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MR. RODEAN: What it does to the spectrum Is just add a little extra 
amplitude to the vicinity of the dominant frequency. 

MR. RINEY: To what part of the spectrum? To the reduced displacement 
potential? 

MR. RODEAN: I am talking about the reduced displacement potential, 

MR. GODFREY: You can see that peak had a 0.3 sec kind of variant. 

MR. RODEAN: The time derivative of the reduced displacement potential— 
again this is for a .tep change in cavity pressure within a sphere in an 
elastic space—has a spectrum that is approximately flat up to a cutoff 
frequency. The cutoff frequency is equal to two times the shear wave 
velocity divided by the elastic radius. If you plot the same curv» for 
an ideal delta-type impulse function, for cavity pressure, you get a 
curve that peaks at the cutoff frequency. 

MR. ARCHAMBEAU: Could you outline very quickly for me just exactly how 
you are doing this? I am not quite sure what >ou are doing, and I 
would like :o know. Are you assuming a fluid, or what? 

MR. RODEAN: No, this is an ideal elastic solid. 

MR. CHERRY: The code plots the displacement of a particle at any 
requested distance from the source. 

MR. ARCHAMBEAU: What are you assuming for the rheology in the near- 
source zone? You have a shock wave going out being converted into an 
elastic wave. 

MR. CHERRY: Yes. 

MR. ARCHAMBEAU: So you rre just cranking through this thing? 

MR. CHERRY: Right. 

MR. ARCHAMBEAU: Okay. What are you assuming about the material for 
the shot? 

MR. CHERRY: Well, he showed yüu the strength of the material, and 
we just have the regular low pressure hydrostatic compressibility 
measurements that we do up to 40 kbar, and then above that we take 
the Hugoniot data. 

MR. RODEAN: The reduced displacement potential value that we showed 
was based on the behavior out in the regions where, according to the 
code, no Inelastic failure occurs. The material does respond 
elastically, 

MR. ARCHAMBEAU: Yes, what is that distance? 
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MR. RODEAN:    I have that here.   Table 1  Is based on code calcula- 
tions.    This is the Hardhat measured cavity radius of 19 m.    What 
Ted calculated for his wet-cracked model of Nevada granite is 20 4 m 
For the dry cracked, the cavity radius is 15 m. andfor what we 
believe is an approximation to the French Sahara granite    12 3 m 
The corresponding final, steady-state value of the reduced displace- 
JSVSfS*!!1/?*""!:?*1 for Hardhat 1s about 2500 ^i Ted calculated 
J£ul h ?? Z   CaSeHA ; t

F0:^MXt type of 9ranit« (Case B) it is about half that, and it is 600 m3 for, shall we say, the French 
experience (Case C).    Based on the indications in Ted Cherry's 
problems, the elastic radius for Hardhat appears to be about 365 m 
wMrht^SU5 r'ons

1
lste,?t with experiment.    The measurements upon 

which the 2500 n,   value is based were made at some distance greater 
than this, if I remember the numbers correctly from the Hardhat 
report.    For the other types of granite, we get elastic radii of 276 
ana lob m. 

A A .nIf,we use E<'uation 2 (Table ' ) for the final steady state 
reduced displacement potential, it is equal to an equivalent cavitv 
pressure, again assuming our simple elastic model, times the cube of 
ÄJ e a5tlC/5-1Ui d1vided by four t1,nes the ^r "odulus.    So using this reduced displacement potential, this elastic radius, and the 
shear modul-is value, we calculate an equivalent cavity pressure for 
these data based on this equation.    Equation 7 in this table is based 
?S«VqU!ui0!? Puf11shed by Yoshiyama and another Japanese back in 
1935 for the total amount of radiated elastic-wave energy, assuming 
a step change in cavity pressure.    I calculated the radiated elastic- 
wave energy for these three cases, and then the ratio of it to 5 kt. 

* u ^u1! in5erest1ng t0 flote that the quantity Ew/E« = 0.00272 
for the Hardhat model, and that this quantity for the French Sahara 
case is 0.00242. so that the total radiated elastic"Save energ/is 
about the same, even though the cavity radii, the elastic radii, and 
the reduced displacement potentials are radically different     If we 
accept this simple model, both shots of comparable yield in Nevada 
gran te and Sahara granite would radiate about the same total amount 
of elastic^wave energy. 

Figure 12 is from the SIPRI report except that I deleted 
i.ongshot. Gnome, and Salmon from the curve becausfe they are not 
applicable to what we are talking about.    So these are all nranite 
shots:    Hardhat. Sahara. Shoal. Sahara. Sahara, Piledriver, and 
Sahara.    In view of the preceding data we wondered where these magni- 
tudes and yields for the French shots came from.    At the Las Vegas 
meeting last January, the French were very reticent about the yields of 
their shots.    They just said they had so many shots greater than 20 
kt and so many less.    They normalized all of their data to 5 kt, and 
all of their papers are based on that nominal yield.    But. if you 
take this figure at face value, you find that the magnitude versus 
yield curve for Nevada granite and Sahara granite is just about vhe 

41 



- ■"»WW^-^l 

■M 
•r—     • 

ID 

5     * 
•t- CM 

M 
3  C  to r: o c 

XI -r-   O 
10   (/) T- 

■— itJ 
>)Q. 3 

■M X CT 
•r- LU Lü 

ITJ 4J »«- 
U^  o 
»- lO  «/» 

*•-  (O o 

%£? 

<u c in 
■M «) 
IQ -M -f- 

30.-0 
O to 

<e c 

21- -D 0) •«-> 
COM 
■O   (O   «J 

f—   Q.UJ 

■M-i-XI 
CO« 

a> 3 u 
Q.-Oi— 
x u <a 

UJI?: CJ 

<u 

5 

J 

> 

LU 

o 

_o 

n 

> 
o 
u 

<M 

CN 

>o 

O 
■ 

o 

CO 

8      8 

o 

o 
o 

o 
o 

o 

>o 

o 
8 

CN 
■t 
CN 

8 

CN 

O 

o 

00 

s 

CN — 

»n CN 

E 

0) 

5 

C 
3 

Ö) 
■«- 

o 
-a 

v 
3 « 
O 
4) 
E 

^J     ,J      |J 
«   D        ^   D        .--5 

Ö 

81 

a 

O—' 
ai 

^^ o> 
U 

3 
Of 

CN a. 

CN 

II 

CT 

^ 

a. 
II 

CN 

«1 
C 
o 

3 
O 

o u 

^1 

4> 

6 

I 
CN 

II 

a> 

5 
-o 
c 
o 

CN 

c 

s 
O" 
« 
c 
o 

■a 
v 

«S     A 

c 
o 

o 
cr 
0) 

c 
o 

B 

E 
O) 

I 
o > 
a> 
2 

o 

„5 

c 
2 
Oi 

S 
o 
o 

CO 

"03 
O 

■o 

42 



Bis'!raw!"w^raT™pppi"lip«w^ 

6.0 

5.5- 

« I 
O) 

o 

1 

5.0- 

4.5- 

4.0 

—i 1—i   i   i i r | 1 r- —i—I   I   i I I |  

Sahara 

Sahara 

• 
Sahara 

#Piledriver 

Shoal 

Sahara 
•     • 

Hardhat 

i    i    i   i i i 1 
10 100 
Yield — kt 

Figure 12.    Some Data on Explosions in Hard Rock.    Named explosions 
are the U.S. detonations; those labelled Sahara are the 
French detonations.    No error bars are placed on the 
magnitude determinations, but error may be taken for 
the lower yields as ^.Z and for the larger yields as 
at least ±0.1  iSlPRI, 1968). 
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same. Yet we have the evidence (based on what the French say) that 
their cavities (per Ted Cherry's calculations), the elastic radii, and 
reduced displacement potentials are radically different. 

MR. CHERRY: The question back here was is the Sahara point their data, 
and it is. 

MR. RODEAN: I am coming up to that. When I was at the Woods Hole 
meeting a few weeks ago, I talked to Dai Davies, who is now at 
Lincoln Labs, and to  Peter Marshall from the United Kingdom Atomic 
Weapons Research Establishment. I learned that the magnitudes for 
the Sahara shots as published here were determined by the French 
based on measurements at one station in France, and that the yields 
were given to the SIPRI conference by a Frenchman. So these are 
French magnitudes based on one station, and the yields as released 
by the French on that occasion. 

Peter Marshall also told me that he had since taken these 
French yields at face value, but recalculated the magnitudes based on 
readings at other stations in Europe. He had a rough pencil version 
of a magnitude-yield curve with him. For example, he had'this Sahara 
point here some distance below Piledriver, so that perhaps much of the 
Sahara data came down somewhat below, but not on a magnitude scale 
terrifically below, the average hard-rock curve. Remember on an 
earlier figure I showed that Piledriver is somewhat higher than the 
average for hard and wet rock. So perhaps these values for magni- 
tude, again accepting the French yields, are somewhat below the U.S. 
experience, but not too much below, especially if you consider the 
information which I believe is on the next figure. 

MR. ALEXANDER: I have a question before you go to that. There seems 
to be a definite regional dependence on body-wave magnitude. For 
example, NTS events tend to show up systematically low in body-wave 
magnitude. Has that been taken into account at all here? 

■ 

MR. RODEAN: I don't know the answer to that question. 

MR. ALEXANDER: That would force at least about half a magnitude unit 
difference, and low for NTS events as opposed to the French. This I 
think is because of the attenuation in the upper mantle of the western 
United States. 

MR. RODEAN: All I can say is that Peter Marshall's pencilled version 
of his magnitude-yield curve showed that one Piledriver-1ike-yield 
French shot had a magnitude more like Rulison, 

MR. ALEXANDER: If that were true, that would lift up all of the NTS 
ones above the curve of the other by about half a magnitude. 

MR. RODEAN: Yes, but not as much as what Figure 13 leads up to. 
This uses a lot of Bill Perret's data. 
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Figure 13.    Body-Wave Magnitude Versus Final Value of Reduced DisplecMment 
Potential. 

MR. TRULIO: Howard, on the previous figure, are the detecting systems 
there the same? A great many different locations and shots are repre- 
sented. 

MR. RODEAN: The U.S. shot magnitudes are probably based on U.S. 
stations. As I said before, the magnitude data presented on that 
figure for the French shots were based on readings at one ccismic 
station in France. This I learned by talking to Peter Marshall. 
Then he had re-done them and gotten somewhat lower magnitudes using 
the readings from other stations in Europe, probably mostly in the 
United Kingdom. 

MR. BROWN: He used these same diUan-.e corrections that were spoken 
of earlier. 

MR. RODEAN: Yes. 

MR. TRULIO: Yes, but I am talking about the group of detectors rather 
than corrections for the medium. 

MR. BROWN: The instruments you assume are comparable, is that right? 
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MR. TRULIO: Are they? 

MR. RODEAN: I am assuming they are. I don't know the real answer to 
that question, though. 

MR. TRULIO: There is an obvious related question. Suppose you made 
seismic wave measurements for a variety of yields in the same medium, 
using the same detecting system in each case. The pulses for the larger 
yields are spread out in time. If you fold the time-scaled (but other- 
wise identical) pulses for different yields into the frequency response 
curve for the postulated standard detector what happens to the magnitude- 
yield curve? 

MR. RODEAN: It bends over at the higher yieids. 

MR. TRULIO: I mean the one that you had on the previous figure. How 
does it look if you fold in the variation in pulse width as the cube 
root of the yield? 

MR. RODEAN: For the yield range that we are talking about, where we 
went up to only ZOO  kt at the most, that efff-ct is not too noticeable. 
The curves bend over because of the shift in signal spectra with respect 
to the response of the instrument only when the yield approaches a mega- 
ton. 

MR. RINER: There are two factors, I guess, if you take that scaling 
law, and then take the transform of it. You get a magnitude ratio of 
two-thirds power coming in because this is bending, and then therr is 
also the shift in the spectrum, too. There is also an amplitude- 
magnitude ratio of two thirds that come? in addition, if you just assume 
the simple scaling law. 

MR. TRULIO: If you assume a simple scaling law, then at corresponding 
distances with a scale like the cube root of the yield, you get the 
same pulse except it is stretched out by the same factor as the distance. 

MR. RINER- Well, I was trying to quantify that by taking the Fourier 
transform and re-do that. That two thirds comes in the transform, and 
that gives you the bending over. That is primarily the reason for it. 

MR. ALEXANDER: The question really then comes back to the peak of the 
instrument. The peak of the instrument is in that flat part of the 
displacement curve up to a pretty high yirld. I think that is what you 
were saying, isn't it? 

MR. RINER: Yes. 

MR. ALEXANDER: So it does not matter where that curve bends over at 
different places as long as your instrument is peaking way out at 
around one Hz. 
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MR. RODEAN: I have something on that in some of my later figures. 

The curve of Figure 13 is 'el aed to the preceding plot of 
the magnitude-versus-yield for the i.v.vada and the Sahara granite 
shots. This one shows body-wave magnitude, from five on down to 
three, versus the final steady state value of reduced displacement 
potential. Most of these reduced displacement potential data are in 
an as-yet-unpublished report by Bill Perret on Gasbuggy, which is the 
point in the upper right corner. Then we have Handcar, Gnome, Salmon, 
Hardhat, Rainier, and Fisher. Fisher, Rainier, Hardhat, and Gnome 
reduced displacement potentials are also given in the four mediums in 
the Werth-Herbst paper. Salmon values are given in a report on that 
event. 

There is one other point in this figure for Discus Thrower 
which is also contained in Bill's report. Interestingly enough, I 
think we have reduced displacement potential measurements for only 
Merlin and one or two other shots in addition to those listed here. 
The Merlin magnitude, as far as I know, has never been computed by 
the seismologists, but I think it would be interesting to get that, 
especially if we can succeed in getting the Merlin yield declassified. 

The main point of this is that, with the exception of 
Discus Thrower, there seems to be a pretty decent correlation between 
these body-wave magnitudes and the final, steady-state values of 
reduced displacement potential. Fisher, Hardhat, Gnome, Handcar, 
Salmon, and Gasbuggy are very close to or on the curve. Rainier is a 
little bit high, but as Carl Kissllnger pointed out to us, the Rainier 
magnitude Is one calculated a long time ago by Carl Romney. These 
other magnitudes are by Jack Evernden or Mr. Basham. The Romney mag- 
nitudes, according to Kissllnger, were a tenth or a few tenths higher 
than those later calculated by Evernden, so If you would assume the 
same type correction would apply to Rainier, perhaps a corrected 
Rainier point would come down closer to the curve. 

The Discus Thrower anomaly is readily explained because the 
measurements upon which this Is based are In the horizontal plane 
through the shct point. In roughly the same type of rock material, 
and Discus Thrower was quite close to or not too far above a discon- 
tinuity in the geology. There was a much harder, different type of 
rock not too far below the shot point. Therefore we can't expect much 
correlation between the distant seismic signal and the reduced dis- 
placement potential. 

If we think back to the French data for, shall we say, a 
S-^kt shot in the Sahara, we calculated that the corresponding final 
value of the reduced displacement potential is about 600 m3. If we 
would extrapolate the curve in this Figure 13 we would expect a 5-kt 
shot to have a body-wave magnitude of about three. That would be a 
much bigger shift downward than those indicated by Peter Marshall in 
his corrected version of the SIPRI body-wave magnitudes. 
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MR. R0TENBER6: I just wonder how much confidence to put in the slope 
of these straight lines that go through a selected number of points? 

MR. RODEAN: I don't know. As I pointed out, the numBer of shots for 
which we have both body-wave magnitudes and also reduced displacement 
potential measurements is very, very small, so this is the only common 
population that I could find. 

MR. ALEXANDER: Is this because there are few displacement potentials 
measured? 

MR. RODEAN: Relatively few good measurements of the reduced displace- 
ment potential have been made. Bill Perret can speak to most of    i 
them, which he will do later on.  >    ,     , 

MR. ALEXANDER: You could remeasure the body-wave magnitudes. 

MR. RODEAN: You are talking about instruments being at the right 
place at the right time.    • 

MR. CHERRY: I think it would be a mistake to throw out the Gasbuggy 
data. It is probably some of the best that I have seen. The data 
were very consistent on Gasbuggy. 

MR. ALEXANDER: But the body-wave magnitudes would be biased, however, : 

because that is in a different setting than NTS. 

MR. CHERRY: Sure, because it is alluvium, and the rest are sort of 
rockish. 

MR. TRULIO: It is also really true that Discus Thrower does not belong 
in this set at all. It simply isn!t a spherical shot; so it can't be 
put on the same basis with the others. 

MR. RODEAN: Yes, that is what I have said. 

MR. TRULIO: That is right. If you want to draw a horizontal line, >ou 
might be biased by Discus Thrower, and it really is not comparable to 
the other shots. 

MR. RODEAN: What I have put here is the total population that I know 
of, shots that have both a measured reduced displacement potential and 
a determined body-wave magnitude.   ' , 

MR. CHERRY: If you are going to throw anything put, I would throw 
out Handcar. 

MR. ALEXANDER: Handcar is in a very layered geology, too. 

MR. PERRET: Except that Handcar was down in the hard rock, and the 
others were in soft rock. i 

i 
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MR. RODEAN: I think right here we are getting to one of the key points 
of this whole meeting. Here is where we have the very few experimental 
links between close-in measurements and the distant seismic measure- 
ments. 

MR. PERRET: Let us define something about the rocks near these shots. 
Fisher was in alluvium at about a thousand feet with hard rock and the 
water table down another 500 or so feet, maybe a thousand feet. 
Rainier was in tuff in the Rainier Mesa, and it was, I guess, of the 
order o^ several hundred feet away from any reasonably hard rock. 
Discus Thrower was in tuff. It was about 100 ft above the paleozoic 
rocks which were dolomite and argylite. Hardhat was in the granite, 
and was not near any kind of an interface except a few fault planes. 
Gnome was in layered salt, and there was one continuous but thin con- 
ducting layer of polyhalite near shot level. Handcar was several 
hundred feet below the top of the paleozoic carbonates, and the 
measurements for that were made in the carbonate rock. Salmon was in 
a salt dome and mpasurements were all made within the salt dome. Gas- 
buggy was in the Lewis shale, which is pretty hard shale below hard 
sandstone. The seismic impedance contrast between those two formations 
was small. 

MR. BROWN: Could you say a little bit more about this reduced dis- 
placement potential and how you measure this? I am still a little 
confused. 

MR. PERRET: I will do that later. 

MR. RODEAN: Are we done with this? Anyway, this is all of the data 
of this kind that is available. My point here is that if we believe 
this kind of slope here, and we extrapolate out to the calculated 5-kt 
shot in Sahara granite, this would imply a body-wave magnitude of 
three, whereas Hardhat was almost 4.2. The downward shift that Peter 
Marshall talked about with his correction to the initially determined 
French magnitudes was only a few tenths of a magnitude, not a magni- 
tude unit at all. What I am saying here is that if you would then 
try to take this curve and apply it to the French case, it just does 
not fit. 

To repeat, if we would take Peter Marshall's corrections to 
these French magnitudes and shift them down (Figure 12), we would not 
shift them down by anywhere near an order of magnitude. It would be 
just a few tenths of a magnitude. 

MR. ALEXANDER: They might if you do another thing as well, and that is 
to shift up all the NTS ones by about a half magnitude on account of the 
differential-attenuation bias in the body-wave magnitudes for that area. 

MR. CHERRY: I think that is a good point; instead of shifting the French 
data down, the NTS data ought to be shifted up. 
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MR. RODEAN: That Is something for the seismologists to argue about. 
My mam point is that there is a bunch of data which does not seem to 
make sense. 

Here in Figure 14are the normalized spectro for granite-type 
'A *l     IL0^ m0?el for the Nevada g^nlte, for C tne French granite, 

and then this is the measured Hardhat spectrum as published by Werth 
and Herbst. I normalized them to each other. The frequency coordi- 
nate is a normalized frequency in terms of what I call the cutoff fre- 
quency, twice the shear wave speed divided by the elastic radius. 

The main thing I wanted to point out here for these 
idealized spectra (again based on an assumed step change in cavity 
pressure) is that the crossover point between, shall we say, tht 
Nevada and Sahara spectra, is at about 5 cps, which is within the 
bandwidth of the short-period instruments used for measuring bodv 
waves. 

Then if we do a few mathematical manipulations to these 
curves, we get Figure 15. This is really the energy spectrum for the 
Nevada granite and the Sahara granite, and if we remember one of my 
earlier tables, the total energy under curve C is not too much less 
than the total energy under curve A. These are the energy spectra as 
determined experimentally for Hardhat based on the Werth-Herbst data 
and also a paper by Berg and Trembly. The difference between the two, 
perhaps, is just based on my scaling off of the small curves published 
in the journals. Again, this shows the crossover point between the 
two spectra is at about 5 cps, which is within the instrument band- 
width. If we assume cube root scaling for the shift in this spectrum 
as we would go from 5 kt up to, say, 200 kt, which seems to be about 
the largest yield for the largest of the French shots, this crossover 
frequency would shift down to on the order of 1.5 cps, which is st^ll 
in the same bandwidth. Therefore, I am proposing that these 
explosions—even though these shots are in two types of granite which 
are so different with respect to final cavity volume, /educed dis- 
placement potential, elastic radius, and so on—have approximately the 
same total radiated seismic-wave energy, with the spectra crossover in 
the region of the peak response of the measuring instruments. Whether 
this is the real explanation or not, I don't know. As I said, one of 
the main purposes of my paper is to pose the question. 

MR. ALEXANDER: If those are te!eseismic measurements, I don't think 
you can. 

MR. RODEAN: These are theoretical curves. 

MR. PIEXANDER: I know, but you are saying that C there peaks in real 
frequency at about 5 cps. 

MR. RODEAN: Yes. 
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Figure 14.    Fourier Amplitudes of the Time Derivatives of the Reduced 
Displacement Potentials Based on the Values of Elastic 
Radius and Step Change in Cavity Pressure Equivalent to 
the Calculated Nevada, A, and Sahara, C, Explosions Listed 
in Table 1.    Measured Spectrum of 3x(t)/3t for Hardhat 
{Werth and Herbat, 1963). 

51 

   . . 



^^"^BBBmmmmmmmmn mmi^mmmmm 1 ■' ■ ■' 
111"      m 

wRA/2b 

Figure 15.    Square of the Fourier Amplitudes of the Second Time Deriva- 
tive of the Reduced Displacement Potentials Based on the 
Values of Elastic Radius and Step Change In Cavity Pressure 
Equivalent to the Calculated Nevada, A, and Sahara, C, Ex- 
plosions Listed In Table 1.    Measured Hardhat Energy Spectrum 
Werth and Herbst,  1963; Trembly and Berg, 1968). 
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MR. ALEXANDER:    It Is rare indeed if you ever see teleseismic P wave? at 
that frequency range.    You see one cycle energy.    The attenuation is 
enormous at 5 cps, and you just don't see it at teleseismic distances, 
no matter what the source.    You are peeling off that high frequency 
energy too fast f^r it to be seen at large distances. 

MR. iJDEAN:    There is no attenuation in this figure. 

MR. ALEXANDER:    Between A and C you should see an enormous difference 
in body-wave magnitude. 

MR. RODEAN:    But I am saying that if we believe the published data, 
we don't. 

MR. TOKSOZ:    Then there is one thing left.    You would be needing 
alternations. 

MR. CHERRY:    The interesting thing about the calculations, at least 
the ones I did, is that the cavity radius, the chimney height, the 
amount of fracturing in the French shots seem to be explained by the 
material properties they encountered.   The thing that is a puzzle is 
that the reduced displacement potential is so low.    Well, it is not 
a puzzle.   When I did this I said, aha, we have explained the French 
data, and people said no, you have not, beca &• their shots are 
coupling as well as our granite shots at NTS. 

MR. ROTENBERG:    Ted, when you said you varied everything in your 
calculations to see how they would fit the French data, did you vary 
the rate of onset of the pressure pulse? 

MR. CHERRY:    No, I kept the compressibility the same.    The only thing 
that varied was the strength. 

MR. ROTENBERG:    You did not program the pressure. 

MR. CHERRY:    No. 

MR. ROTENBERG: If you put that on more slowly than a first step, you 
get more of a pulse. 

MR. CHERRY: That was done the same in all of them. 
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fLOSE-IN MEASUREMENTS 

Willian /?. Perret 
Sandia Laboratoriee 

Let me do a little defining ^irst. The seismologists talk 
about close-in stuff when they are 30 or 40 km out, and where ! have 
been making measurements, we call close in anything ins.de several 
hundred meters. The people who have been making hydrodynamic measure- 
ments call close in anything within 10 or 20 m. So bear in mind that 
when I say close in, I am not talking about away out in the elastic or 
the seismic region, and I am not talking about the hydrodynamic region. 

The measurements we have made are quite obviously divided two 
ways. One of them is what we optimistically call free field, and the 
other surface measurements. The free-field measurements are made in the 
environmental rock and are called free field because you would like it 
to be a simple homogeneous rock with no free surface. Normally none of 
these things can be realized, but if you are lucky you may be close 
enough to the explosion in the same rock that effects of the free surface 
or of overlying or underlying beds of different materials arrive late 
enough or are small enough that the record you are concerned with is not 
seriously affected by them. 

The other problem that lies in this area is one of dynamic 
range of the instruments. If you are close enough in so that you must 
record peak signals in the neighborhood of 10 to 1,000 g's at 5 to 10 Hz, 
pretty obviously you can't see the low frequency signals in the neighbor- 
rood of a tenth or a hundredth of a g. They are down in the noise. 
Consequently, most of our data are limited in frequency range to some- 
where between i  or 2 cycles and perhaps 10 or 20. The instrumentation 
has the capacity to record higher frequencies, but there is very low 
signal strength there. I don't think we are very concerned about the 
high frequencies, bectuse they don't get very far through the ground. 

With that as an introduction, in Table 2 I have put together 
a list of events from which we have free field data, and from which we 
can determine reduced displacement potentials or make an energy ratio 
determination. There are four of them in alluvium: Fisher, Haymaker, 
Merlin, and Faultless. The first two are unclassified, but I am not 
sure whether the yields have been unclassified in terms of numbers or 
Just in terms of approximate sizes—the system that differentiates 
small, intermediate, and large yields. 

Ve  hope to get the yield of Merlin declassified in the next 
few months. The other one. Faultless, probably will never become 
unclassified. 

Preceding page blank 
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Table 2. List of Events and Type of Data Available 

ROCK EVENT OBSERVATIONS 

Alluvium Fisher Freefield & Surface 

■ ' 

Haymaker Freefield & Surface 
Raccoon Surface 
Aardvark Surface , 
7 others in Area 3 Surface 
Merlin Freefield & Surface 
Faultless Freefield & Surface m 

Tuff Rainier Freefield & Surface 
Mudpack Freefield & Surface 
Discus Thrower Freefield & Surface 
Agile Freefield & Surface 
Commodore Fretfield & Surface 
Lanpher Freefield £ Surface 
Cypress Freefield 
Clearwater Surface 
Antler Surface 
New Point Surface 
Pin Stripe Surface 

Granite Hardhat Freefield & Surface 
Shoal Freefield & Surface 
Piledriver Freefield & Surface 

Salt Gnome Freefield & Surface 
Salmon Freefield & Surface 
Sterling (decoupled) Freefield 

Volcanics Halfbeak Surface 
Greely Surface 
Scotch Surface 
Boxcar Freefield & Surface 
Handley Surface 
Longshot Freefield & Surface 
Milrow Freefield & Surface • 

Sedimentaries Handcar Freefield & Surface 
Gasbuggy Freefield & Surface 

- 

In tuff, we have data from Rainier, Mudpack, and Discus 
Thrower, and from Agile, Conmodore, and Cypress. The first three have 
unclassified yields. The last three do not. 
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Four of those six were fired In tuff In a vertical huie 
n the Yucca Flats area, two in Area 8, and two In Area 2. Rainier and 

Cypress were both In Rainier Mesa tuff. 

There are three granite shots: Hardhat, Shoal, and Plledrlver. 
You have seen some of tht Information on Hardhat and some data from 
Piled» iver. 

Three shots were located In salt: Gnome, Salmon, and Sterling; 
of course. Sterling was the decoupled one that was fired In the Salmon 
cavity. 

There are three that were In rhyollte or andeslte, namely. 
Boxcar, Longshot, and Mllrow. Boxcar was In Pahute Mesa, and Longshot 
and Mllrow were on Amchltka. 

There were two that I have called sedlmentarles; the first Is 
Handcar, In dolomite, and the other Is Gasbuggy, which was In Lewis 
shale. 

I have also made a list of those events from which we have 
surface data. These surface data range from within 50 ft of su face 
zero out to twice the shot depth In most cases and is far as 84,000 ft. 

There are something like 19 sets of surface data from shots 
that were In alluvium. Including Fisher, Merlin, Haymaker, and Aardvark. 
There are 15 that were In tuff, most of these In tuff below alluvium 
In Yucca Flats. There were two from Amchltka, two from salt: Gnome 
and Salmon. Handcar and Gasbuggy were In sedlmentarles; Hardhat and 
Plledrlver In granite. Four, and possibly five sets of surface data 
were from Pahute Mesa, Including Halfbeak, Greely, Scotch, Boxcar, and 
Handley with a question mark after the last because of the distribution 
of gages there. 

This gives you some Idea of the kind and distribution of 
data that are available from the close-In region. 

In general, we measure two things, acceleration and the 
particle velocity as dictated by limitations of Instruments. We do 
have accelerometers which serve our purpose very well and which are 
rugged enough to live through any loading through which cables can 
survive to get the signal out. We have a velocity gage that will, 
generally speaking, go through the same loading. However, the velocity 
gage will stand a lot more acceleration than 1t can accommodate In 
either frequency or velocity response. 

We do not have a good displacement gage. Part of this Is 
due to the fact that we are trying to measure displacements of the order 
of feet. In a 6-1n. diameter boring. We have had some gages that could 
do this, but results were not reliable. They used either a segment 
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pendulum or a mass riding on a splined shaft to drive a flywheel, with 
the result that the transducer mass moved only a fraction of an inch 
in response to a displacement of the order of feet. 

The trouble with our displacement gages was extreme sensi- 
tivity to tilt. It is fairly obvious that when you have a mass riding 
on a horizontal shaft to respond to horizontal motion, if friction is 
reduced as close to zero as possible, it takes very few minutes of arc 
of tilt to cause the mass to run down v.o an end stop instead of staying 
in the middle. The same thing was tru.» of the pendulum. SRI put some 
soft springs in their pendulum gage to control response to tilt with 
some degree of sucess, but in processing the data it was necessary to 
subtract the reaction of the springs from the records. 

MR. SMITH: The same criticism is true of the integrated accelerometer 
records. They are also sensitive to tilt in exactly the same way. 

MR. PERRET: No. 

MR. SMITH: There is absolutely no way of distinguishing between tilt 
and horizontal acceleration, without an inertial reference frame fixed 
on the stars or something. 

MR. PERRET: This is possibly true, but the difference is that sensi- 
tivity of an accelerometer to such tilts is usually down in the noise. 

MR. SMITH: Which brings up the question of reliability of the base 
11 ne. 

MR. PERRET: As I said in the beginning, for the long-period signals 
you can t see the signal because there isn't sufficient dynamic range 
in the instrument system to record the peaks and to resolve the lonq- 
penod signals from the noise. 

MR. SMITH: In these various records we see of reduced displacement, 
how low in frequency do you consider them reliable? 

MR. PERRET: Oh. probably one, possibly a half cycle, not much more. 

MR. RODEAN: Bill, I got quizzed on this at the Woods Hole meeting: 
What is the f-nal steady-state value of the reduced displacement " 
potential as inferred from measurements? I indicated that very often 
the steady-state value was at late times so you had to be very careful 
on how much you believed the Integrated measurements. Could you ^ak 
to that, please? J       v 

MR. PERRET: I will get to that later on. What we have done, then is 
to get our displacements by integrating either the acceleration or' 
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the velocity-gage record. The velocity-gage record is essentially an 
internally integrated acceleration record. The velocity-gages we have 
used and found most satisfactory are grossly over-damped pendulums, 
where the damping factor ranges from 75 to 200 times critical. The 
consequence of this is that displacement of the pendulum gives about 
99.5 percent velocity response, and about 0.5 percent displacement 
response. We have integrated these both digitally, in other words, 
we have digitized the analogue records off magnetic tape, and we have 
integrated them electronically before they went on the tape. There 
the agreement is frequently within 5 percent on the peaks, and In the 
longer-period signals the electronically or digitally integrated data 
from a velocity gage are very similar. From the acceleration record 
the doubly integrated, displacement signal usually agrees with the 
others at peak motion, but long period or residual data include numerous 
deviations from integrated velocity-gage data as a result of doubly 
integrated system noise. 

One of the biggest problems we have had in data reduction is 
location of true signal zero. If you have a record with appreciable 
noise before the signal, the choice of the real zero is somewhat 
arbitrary and the integration may include a significant ramp in lonq- 
period data. 

We get around that problem in part by making the assumption 
that since the gage remained in the ground, relatively close to where 
we put it, out in a velocity record beyond the principal signal, we 
can arbitrarily pull the record back to zero. This can be done with 
velocity and, of course, with acceleration, but it can't be done with 
displacement because finite residual displacements may occur at fairly 
large distances from an explosion. Generally, the purely elastic- 
response region is beyond really good measurements from our gages. 

MR. SMITH: The important point is that it appears as if the reduced 
displacement potentials are crude enough or long enough to cover the 
period range that is of importance in the mk measurements, which is 
1 cps at teleseismic distances. 

MR. PERRET: I don't want to say that yet. 

MR. SMITH: Well, that is really an important thing. 

MR. PERRET: Well, that is what is coming up. 

MR. ARCHAMBEAU: That is right on the borderline. You are saying at 
best he is out to 1 cycle. 

MR. PERRET: In some cases this is true, and in some cases it iö not. 

MR. RODEAN: Is what you have just said, and let me put it another 
way, is that you believe your measurements more in the inelastic region 
than farther out in the elastic region? 
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MR PERRET: Generally this is true. Let us say the precision is 
better in Inelastic regions, because we have big enough signals for 
our type of instrumentation there. This does not say that we don't 
ever have a big enough signal in the elastic region to produce usable 
records, but we don't have the kind of precision that we have closer in. 

For displacement potential we do two things. Like everybody 
else, we use the displacement records and integrate them with the usual 
computer program for deriving potential from the displacement. We have 
also developed a circuit which does this to an electronical 1' integrated 
velocity record before it is recorded on tape; again the two'results 
agree fairly well. The real problem of reduced displacement potential 
integration is that thv? part out to somewhere past the peak is pretty 

lÜ^f] but whether it drops off much or only a little depends strongly 
on the kind of correction, if any, made in the velocity record to pull 
it to zero. K 

MR. SMITH: What time is that line you drew? 

MR. PERRET: That depends on whether you are working in hard rock or in 
alluvium because of the length of the record. In other words, in hard 
rock, like granite or dolomite, this first maximum duration may be of 
the order of 0.5 sec or less. In alluvium it may be 2 sec. 

I have here in Figure 16 some records of the reduced displace- 
ment potentials from Discus Thrower, Hole 9. These are from five 
stations at different depths. The first, 9A-UR, was in the tuff a 
little above shot level; the second, 9B-UR, also in the tuff, but about 
50 ft above the interface with the paleozoic. 9D-UR was at the tuff- 
dolomite interface. The last two, 9E-UR and 9F-UR, were in the 
carbonate and dolomite respectively. The deepest was about 300 ft 
below the interface. The time ticks are 0.5-sec intervals. Zero 
time was that of detonation, so the signal arrived at roughly 0 2 
sec. Down in the dolomite the period is much shorter, and other- 
signals come in that probably are refracted or reflected motion from 
the -urface. 

These illustrate fairly well the problem of reliability of 
residual potentials. J 

MR. BROWN: Are those from accelerometers or velocity gages? 

MR. PERRET: These are radial vector records from velocity gages  In 
the geological profile, Figure 17, there was an alluvium-tuff interface 
and a tuff-paleozoic interface. There was a layer of argillite near 
the top of the paleozoics in some parts of the section, but seismi^ 
impedance of the argillite was very nearly the same as that of the 
carbonates, the limestone, and dolomite which was below. The shot was 
in tuff. This instrument hole was offset 1600 ft laterally from 
surface zero. So you see that by the time a signal gets out here, 
quite a bit of refraction or reflection may have occurred and 
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Time  (sec) 

Figure 16.    Reduced Displacement Potential, Resultant Data, 
Boring U8a-9 (Discus Thrower). 
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disturbed the tall end of these records. 

I have here another set of Discus Thrower potential curves 
from Hole 12 (Figure 18) at about 44Ö0 ft from surface zero. All these 
reduced displacement potentials are from veloclty-ga'-e records, two In 
tuff, one In carbonate and one In argllllte. The peik amplitudes in 
here are comparable. 
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Figure 18.    Reduced Displacement Potential, Resultant Data, Boring Ü8a-12. 
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what else yoii would do.       9 od that ls' but ' am not quite sure 

^.ÄÄT1^ d1sp'a«TO"t Potentla, is not defined for 

MRJ PERRET: Yes. 

MR. BROWN: Yes. what does it mean? 

a 

good'exajjie o^Je^Vd^a! KsTu^'r^ and this 1s ** a 
happens to be the one that I had a5anable. ' layered n1edl'um-    ^ 

was m a I^Ä^Tals^ 'Sere^eS 'T^^ ^ 
Gasbuggy. Figure   19.    You can see thpvhfwf f?^ v?locity ^co^s from 
spike     These also are radial vIclofrLo^c ^^^^racteristic high 
used either in a vertical or a hSr?zonta? ^    yeI?C1ty 9a9es must be 
are pendulums, for horizontal motion   thl SÄ**1?"'   Because they 
vert!cal motion, the pendulum ?s SSSDO^PH^^^15."^1"^^ for 

by a spring.   So for our purpose we have JJH.8 honzontal Position 
ponents along the radial vector the sm of vec^r corn- 

shot which^fsued0!5 shown'in'FlauJelo'^T.0"^^^ the ^"W 
stone contained oas   omriuln» !i,. ,9urf 20-   The Pictured Cliff sand- 
below the sandsto^sha e f   Irfa«1™! Ä ^\the ^o' ««IS ft 
ft offset from the shot   wiih cl^- had an 1nstrument hole 1500 
4100 ft in Pictured Clffssandstone^anJ J600 ft in Lewis s^le   at 
and 3200 ft.    All of this ro?k aJo^'th^ ntW0 Te at dePths <* 3600 
stratified with soft shales    th?nInH^-9fS rock was very highly 
sandstone.    So the fact that til M^6 thlck

J
coal measures, and hard 

dean is remarkable the data records in FWe 19 are so 

^ Figure 2t^tth0en%elctedOSdeisVoe]acC^e.S to/^P^^ent are shown 
Figure 22. Uced dlsP'acement potentials from them in 
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Figure 19.    Radial Vector Particle Velocity Records (Gasbuggy). 
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Figure 21.    Radial Vector Displacei^nt Records (Gasbuggy). 
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Figure 22.    Reduced Displacement Potential Records CGasbi/ggy). 
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MR. ARCHAMBEAU: I still don't quite know what you mean by that reduced 
displacement potential. 

MR. PERRET: Let me get this out of the book. The reduced displacement 
potential to start with is defined by 6(t) = 3[*(t)/r]/3r where ö{t) is 
displacement as a function of time. The digitized displacement is used 
as input to a computer program that performs the integration 

ct/r /^(T) ecT/rc *(t) - ere "" / 6(T) e^'dT 

The circuit we used is essentially an integration circuit in which 
if you make the time constant c/r numerically equal to the RC of an 
RC-integrating circuit, the output is the reduced displacement 
potential. It is, however, usually simpler to perform the computer 
integration. 

MR. ALEXANDER: Is the "c" appropriate there, the one right at the 
receiver, or is that the whole thing along the path? 

MR. PERRET: That is the one essentially at the receiver. Generally 
speaking, this value of c is for essentially all of the material that 
the signal has traversed because the potentials are most reliable 
where the travel path from shot to measurement station is within the 
same material, and such reflections or refractions as may enter the 
record arrive late enough to add only a few small wiggles near the end 
of the potential. 

This situation was fairly true for Gasbuggy because the 
impedances of Pictured Cliff sandstones and Lewis shale are nearly 
equal. 

MR. ALEXANDER: You don't get any refractions. 

MR. PERRET: You get very small refraction signals in Gasbuggy records. 

MR. ROTENBERG: What about the contaminant from dispersion? That is, 
the wavelengths you are talking about are comparable to the depths of 
the layers, and therefore I would imagine that the velocity of propa- 
gation would be frequency dependent. 

MR. PERRET: I think these stations are still too close in to have 
that bother you much. In other words, in most cases these motions are 
observed at distances which are at least of the order of magnitude of 
the distance to any interface. So although dispersion may affect 
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the signals farther out, I doubt if it has much effect on the signals 
at this distance. There is some dispersion. There obviously is because 
the rise time of the velocity increases as you go out but not very much 
within the distances we are talking about. 

MR. ALEXANDER: Is that really dispersion or attenuation? 
wiping out high-frequency energy. 

You are 

MR. PERRET: Well, it can be either wiping It out or spreading it out. 
I think it is possibly some of both. 

These potentials from Ge.sbuggy (Figure 22) except for that 
at U41, were derived from velocity records. At Station U41 we lost 
the horizontal velocity qage preshot and used as displacement the 
doubly integrated horizontal acceleration. These potentials run 
around 8,000 m«', except for the shallowest, which is about 6,000 m3, 
but the travel path to it included about 10 or 20 percent of very 
soft coal, and soft shale strata. 

MR. GODFREY: Could someone comment on the fact that Howard and Ted 
spoke of measured reduced displacement potentials as having character- 
istically this peak and dropping off to some value like half of that, 
and that this does not seem to have that? 

MR. PERRET: These particular ones don't, except for the U41 potential. 
I would not say they generally decrease to half peak value, but they 
drop further than these suggest. This is why I don't have great faith 
in numbers that seek to describe residual RDP's. 

MR. ARCHAMBEAU: All that depends on how far out you go. 

MR. PERRET: Yes, it depends en how far out you trust your record. 
The peaks I think are pretty reliable. 

MR. ALEXANDER: Is there any theoretical basis for a peak as opposed 
to just an asymptotic value? 

MR. PERRET: I think the best definition of that is the fact that you 
have, generally speaking, accelerations which tend to have single 
positive spikes and smaller negative ones, velocities which tend to 
have single positive half cycles and a longer negative one, and 
consequently displacements which tend to peak broadly and reach a 
residual value with minor oscillations. But if you are at great 
enough distances, displacements may come down and oscillate about zero. 

MR. ARCHAMBEAU: How do yoj define your elastic zone? 

MR. PERRET: I will get to that a little later on. 

To have real meaning, the reduced displacement potential 
must be measured in the elastic zone and there it should be constant. 
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Evidently from what we have seen there can be displacements which have 
residual values out in the elastic zone, although theory implies no 
residuals should occur there. 

MR. ARCHAMBEAU: In the elastic zone? 

MR. PERRET: Yes, and that is because the measurement is really in a 
pseudo-elastic zone, characteristic of natural rather than textbook 
materials. 

If you assume an explosively generated spherical cavity in the 
rock and that no net change in density occurs out to the position where 
you measured displacement, then this displacement can represent a 
spherical she"!"!, the volume of which is equal to that of the cavity. 
This calculation has been checked out on four or five different shots 
and is within 10 or 20 percent of the volume measured by gas-press ire 
methods and by drilling. 

MR. ALEXANDER: That would be the maximum you could ever hope to 
observe, is that right? 

MR. PERRET: This is essentially the maximum, yes. Following the 
Salmon shot a 17.4-m radius was measured and calculation gave about 
21 m. Bill Wells at LRL calculated how much one would expect this 
kind of cavity to shrink because of the plasticity of the salt. The 
result was within 10 percent of the measured value. 

So how much you can trust a residual displacement depends 
partly on how much doctoring (zero correction) you have done to your 
data, and how far from the source a measure was made. 

MR. CHERRY: What does the reduced displacement potential look like 
on Salmon? Did Salmon have the peak in it? 

MR. PERRET: I believe it did. Salmon also was an experiment where I 
doubt that we ever got to elastic response. Let me talk about elasticity 

MR. BROWN: Before you go into that, did you ever try to take into 
account bulking effects when you make these kinds of calculations, 
looking at the volume of the crater, and then the final displacement? 

MR. PERRET: No, we have not, and part of the reason we have not done 
this is because where they have mined back into cavities, they have 
usually found only very localized compaction of the rock. I believe 
that is tue, isn't it, Ted? I am thinking of things like the Rainier 
and Hardhat reentries. 

MR. CHERRY: I think there was a real density change on Hardhat when 
they went back and looked at the rock post shot. 

MR. GODFREY: By bulking effect, you mean the opposite of compaction. 
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don't you, and it will occupy more space at the same residual pressure. 

MR. PERRET: You get that when you have a chimney, I know; as much as 
anything because you have already pushed the ground up. However, net 
change between the cavity and gage station averages ojt local bulkTnq 
and compaction near the cavity. 

MR. BROWN: You can take a nice little Intact specimen and go over 
It carefully under controlled conditions and find this bulking. 

MR. PERRET: I am sure they did this with Rainier. 

MR. RINEY: I wonder If In the LRL calculations they used Stevens crush- 
up data for tuff. There you would expect to have some permanent com- 
paction. In the code calculations did you predict that the volume dis- 
placement out in the elastic regie- ccjld be accounted for there by the 
cavity? Did you look at that? 

MR. CHERRY: I don't think we have looked at tuff, but we have looked 
at alluvium, and that is a locking solid. 

MR. RINEY: The volumes are accounted for for that, so that they do 
recover? 

MR. CHERRY: We match the reduced displacement with the locking solid 
model. 

MR. TRULIO: But the volume of that cavity is not equal to the volume 
swept out by a shell of alluvium that experiences only elastic defor- 
mation as it moves. 

MR. RINEY: Isn't that what I understood you to say? 

MR. CHERRY: Not for alluvium. 

MR. RINEY: No, it should not be, but I understood that every time 
they go in and look in the tuff and alluvium and so forth, that is what 
is seen. 

MR. PERRET: It was on the Merlin shot. 

MR. RINEY: I am just repeating what I heard. 

MR. BROWN: It seems strange you would need to do It for hard rock. 

MR. RINEY: I would not expect It from a code calculation modeling, 
but apparently that is what they are saying they observed. 

MR. PERRET: Another thing we have done with these data recently is to 
try to get some measure of how much energy g^ts out into the elastic 
region. To do this, we derive the energy flux at the position of the 
gage from the equation, 
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E. ■ pc / ^(t)2 dt. 
o 

This procedure has assumed elastic response because of the assumption 
that the kinetic energy and the potential energy are equal. The data 
include all of the recorded motion. This flux multiplied by AirR2 

where R is the distance from source to gage is a measure of the amount 
of energy that passes through that spherical shell. 

MR. JUDD: Bill, where do you get the values for p? 

MR. PERRET: Either from core samples or *rom 3-D logs. We take the 
average p as measured by the log in the vicinity of the gage; ag?.in 
we are concerned with the value of p and c at the gage because this 
is where the energy flux is measured. The total energy which traverses 
this spherical shell divided by the energy yield of the explosion is 
an index of how much of the source energy has reached the observation 
station. When this energy becomes constant with distance, the flastic 
response region has been reached. I th-nk this is the best definition 
of the elastic region. 

On the Salmor event in a salt dome, gages at shot level were 
166. 320, 620, and 740 m from the explosion. Energy at these stations 
divided by the yield gave us 25. 11, 5.6, and 3 percent at the respective 
stations. This suggests that if response were elastic at the most 
remote station there is no evidence to verify it, but you may be 
certain that the rest of the stations were not within the elastic region. 

MR SMITH: Of what frequency would you be talking principally in there? 

MR. PERRET: I think it is around 2 or 3 cps, something like this. 

MR. SMITH: So attenuation is going to be negligible over these short 
distances. 

MR. PERRET: I think so, yes. The edge of the salt dome was at roughly 
twice this distance in the direction of gage line; in the other directions 
it was still farther away. 

MR ALEXANDER: If I remember correctly, some of the data presented 
earlier had the same kind of energy ratio calculated. It was around 
0.2 percent. 

MR PERRET: That is correct. I will discuss that shortly. I have 
derived this ratio for four or five shots. This list that I show here, 
Table 3, is from a report that is currently being reviewed before 
publication. Incidentally, Figure 23 shows the kind of curve that 
you get for this integral of u2. The very slight slope at the top of 
the curve is a measure of the system noise. 
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Table 3. Energy Ratios for Explosions in Various Rocks 

■ 

====== —              

Environment 

Event Rock Type 

Dry alluvium 

Porosity 
{%) 

30 

Seismic 
impedance 

(gm/cm2-sec) 

3.23 x 105 

Depth 
(ft) 

980 

Energy 
ratio 
(*) 

Merlin 0.10 

Discus Thrower Dry tuff 20 3.99 x 105 1106 0.25 

Mudpack Dry tuff 20 4.14 x 105 507 0.12 

Handcar Dolomi te 11 1.52 x 106 1320 2.01 

Gasbuggy Shale 6 1.05 x 106 4240 1.77 
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Figure 23.    Discus Thrower /u2 dt. 
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MR. PERRET: The total time for this record is 3 sec. The integral 
has nearly reached its maximum in 1 sec. This curve happens to be for 
Discus Thrower. 

Now, let me discuss the values of this ratio we found at 
different Discus Thrower stations. For the f^ve statiohs at various 
depths in tuff and alluvium 1600 ft from Discus Thrower, the ratios 
are 0.30, 0.32, 0.23, 0.20, 0.14. The last two were in the under- 
lying dolomite. The third one was at the tuff-carbonate interface, 
and the first and second in tuff. 

Now, if we go to the stations out at 4400 ft, the two in 
tuff gave ratios of 0.19 and 0.14, and the two in dolomite 0.29 and 
0.45. The record from which the last ratio was derived included a lot 
of trash, probably from late reflected arrivals. I am inclined to 
throw that one out becaus? of the influence of these late phases. 

For shots in different types of rock, the mean energy ratios 
show for Merlin in alluvi-m 0.1 percent; for Discus Thrower, in dry 
tuff, it was 0.25 percent; for Mudpack, in dry tuff and very much the 
same geometry and geology as Discus Thrower, but about one tenth of the 
yield, the ratio was 0.12 percent. Handcar, which was within a 
thousand feet of Mudpack, but was detonated in dolomite, the ratio was 
2.01 percent and for Gasbuggy, deep in shale, the ratio was 1.77 
percent. Thus, in a hard rock, coupling of energy is roughly ten 
times better than in tuff, and twenty times greater than in alluvium. 

MR. ALEXANDER: This is all independent of frequency, is that right? 

MR. PERRET: That is right. It is from the whole record. 

MR. ALEXANDER: As far as the seismological record, what would 
that percentage be at around 1 Hz? 

MR. PERRET: You see, you are faced with a record in which perhaps 
95 percent of the energy arrives within 1 sec. "'hese records are 
squared and integrated and beyond that first second there is essentially 
no signal. 

MR. ALEXANDER: Suppose you just band-p i filter that so you reject 
eve-ytlilng higher than, say, 1.5 cps ana then do the same calculation? 

MR. PERRET: Then you would have nearly nothing. 

MR. ALEXANDER: But you see something at large distances at those frequencies. 
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MR. PERRET: I suspect so. 

MR. SMITH: That is only 60 db, and that Is attainable. 

MR. ALEXANDER: Oh. yes. but it is going to be a lot less for one cycle. 

X w™11^.^ bUt I mean d1ss1pation V™**  «>• Pulse and changes 

MR. PERRET: Oh. It does. yes. 

MR. SMITH: But ft is minor. 

MR. TRULIO: Even over the distances of travel that interest you? 

MR. ALEXANDER: We are talking about the elastic zone. : 

MR. PERRET: Yes. 

SdlÄ^S .'Ar?«! IXZi tr^eX^Ä 
^ifi^am s?Ä„urs-but ^""" d°,rs ! 

MR. PERRET: That Is right. The high frequencies are eliminated. 
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MR. ARCHAMBEAU: 
is minor. 

It will cause a slight amount of dispersion, but it 

MR. RINEY: We are not concerned about the dispersion. It is just the 
ampli tude. 

MR. TOKSOZ: But if the medium behaves nonlinearly in these ranges, 
then it is possible to get some energy in, but I am sure it would be 
Very small. 

MR. CHERRY: Does anybody have the capability in the seismological 
field to ta>.e a given source function plus a set of layering and 
make synthetic Rayleigh-wave seismograms. 

MR. HARKR1DER: Yes. We use transparent sources, in which the re- 
flected waves don't see the source. We start out with the whole-space 
solution for a cavity. Sometimes we also take observed displacements 
at some distance, essentially in the linear zone, and we usr» that to 
calibrate our outgoing wave. The reason we call them point sources 
is because they are transparent. Reflected energy does not bounce off 
them. 

MR. CHERRY: What sort of source description do you require? 

MR. ARCHAMBEAU: What we are sitting here waiting for is a description 
of what the pressure pulse looks like in the elastic zone. 

MR. CHERRY 

MR. PERRET 

MR. CHERRY 

So you want the pressure pulse. 

The velocity pulse should be the same. 

The trouble I have is, what is the appropriate source 
function for a layered source geometry? It seems for some of these 
shots Bill could give you almost anything you want, depending on 
what layer he chooses to look in. -— 

MR. ARCHAMBEAU: Yes. 

MR. GODFREY:   Aren't we still in the dilemma that we have no way of 
measuring the one cycle? 

MR. ARCHAMBEAU: 
periods. 

You have to get signal definition out to longer 

MR. HARKRIDER:    It might not look all that different from one layer 
to the next. 

MR. PERRET:    These gages and the recording system have a capability 
of responding to signals down to about a tenth of a cycle.   But 
unless the initial signal is clipped and the system can recover in 
time, then the gage sensitivity can probably not be increased suffi- 
ciently to differentiate late, low-frequency signals from noise. 
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We have never tried this because we have been concerned not with the 
selsmologlcal problem Dut with the gross close-In motion. I am quite 
sure one can do this sort of thing. 

MR. ALEXANDER: What you predict here Is something like one magnitude 
unit by these figures. We would expect one magnitude unit difference 
frori one type of medium to the next. 

MR. PERRET: Yes. 

MR. ALEXANDER:    And we don't see that, I don't think.    There Is 
certainly not one magnitude unit difference In the magnitudes wh^n you 
plot them versus the medium. 

MR. PERRET:    This method was used first on the Interpretation of the 
close-in Sterling data, and we arrived at a decoupling factor of the 
order of 90 or 100 compared with the Sterling yield.    In other words, 
we .had a reduction to 0.02 percent, and this Is roughlv the factor 
found from seismic records at stations about 100 km from Sterling. 

MR. ARCHAMBEAU:    Those figures you are listing, you are sure you are 
In the elastic zone?   Those things could keep on going down. 

MR. PERRET:    Yes.    Here I quote the oercentages found for the four 
Gasbuggy stations, 1.52, 1.79, 1.99 plus a value of 3.56 percent from 
the station which was essentially at shot level.   This latter vali'« 
was derived from an Integrated acceleration, all others were from 
voloclty-gage records.    I don't have as much faith In this last one 
as : have In the other measurements.   The mean of the first three data 
Is 1.77 percent. 

MR. ARCHAMBEAU:    That average then Is the last one out that you measured, 

MR. PERP.ET:    That Is the only place we have any Instruments. 

Mk. ARCHAMBEAU:    But you did not go to greater distances, so you didn't 
know how they changed with distance. 

MR. PERRET:   The span of ranges here Is not very great, from 556 to 
468 m.    There Is maybe a slight Indication that the ratio decreased 
with range, but again unfortunately these are the only stations we had 
for Gasbuggy.    For Discus Thrower, however, the ratios are derived 
from data at ranges between 1600 and 4400 ft.    The average ratio Is 
derived over this span of ranges and those from 4400-ft stations were 
a little greater than from the closer stations. 

MR. LEWIS; 
depth? 

MR. PERRET: 
shot depth. 

Are all of the data that you are looking at here at shot 

No.    This from Station U41, Gasbuggy, Is the only one near 
It Is about 100 ft above shot depth but at 1500 ft 
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MR. LEWIS:   These shots, though, vorled in depth over qui^e , range. 

moTLÄ &t ^
b?ra^??ö:t1%

eg:f?,^.Thrower abnut 

other sho^t? n^H JS? ^eTc^JeJeVS.!:?^.ab0Ut ha'f a d0- 

MR. ALEXANDER:    Do you get figures like this? 

were 21 shots for wh^h^'h^i^ri011*6*^"? ^"»"taHes.    There 
cases there are inYy Sne or ^o s^t^nf'1 p0 ?lS w1th' but in some 

instance, we cou?3 poss?b?y f^nd r^t os at twT.?^^ dat!'ofor 

and the other is 24.000 ft fnTthT^olLw    S*a
c
t1ons- at 8i000 « 

meaning that we do have velocUy rlco?d     IhlVpL?^ W- S" d2 th1s* 
conclusive interpretation. reco^s. the results might not permit 

7tR'mÄpEeAar Xl* ^ ^^^ ^ "^ers is not as bad as 
peaked at aPPforterf^qüenIJ   sTtlT 1°' ^^r ^terials ?s 
not see this kind of dlf?e?ence! * When We l00k at them' we would 

MR. ALEXANDER:    Not only that, but you have the attenuation 

S^cM^ that a. Ur 

^kf!?^^1   Wel1* he ,s sort of 0" the edge of where we are 

MR. RODEAN:   But this is based, though, on data for shots like Discus 

80 



Thrower, which 1s about 20 kt, and Gasbuggy Is about 26 kt     if **., 

MR. PERRET: It will stretch out, because the records stretch out. 

sJgna^s^1^ Jiw??^^^/?!! mUSt be9ln t0 9et such extraneous 

region. If the data derive from near the elastic region. 

MR ARCHAMBEAU: You are looking at the whole record now  YON »~ 

MR. PERRET: Nu. 

MR. ARCHAMBEAU:    You could perhaps Include these numbers. 

refle^Jo^s .^iTÄs^lf?' ^ "^ ^ ^^ ^ 

MR. ARCHAMBEAU: If you are attributing to reflections the kinds of 
anomales yo. are talking about, for example, yoS had one whe?e you 
said 4 per-nt. you are talking about pretty small things y 

MR.  PERRM:    That is r1ght> 

MR. ALEXANDER:    One test of that Is the true radial.    Do you have 
tnree components that you resolve? y 

MR. PERRET:    Yes.    These are all for slant-range radial records. j 

a'nd geiX?hNeDEdRi.^y0U Sh0Uld be able t0 JUSt maxim-e ^ ^put I 

MR^ARCHAMBEAU:    Get the direction of the arrival as a function of 

had^haTon H^dhll"01 ^ haVe that' B111      I don,t ^ ^ j 

not SeJ!   N0, beCaUSe Hardhat 9a9eS Were at shot leve1' so ^ did 
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MR. CHERRY: They are worried about the reflection from the surface. 

MR. PERRET: Oh. yes, but there again I don't think such reflections 
^V ProDiem. The Hardhat gages were at ranges something like 
700 ft or less, and the surface was 900 ft above them. I think most 
of the signal had gone by before reflections from the surface arrived. 
Perturbations in these records were more likely from the tunnel floor, 
only 100 ft above the gages. Although the tunnel Is not very big 
compared to the wavelength, we might have gotten some perturbations 
from it. 

MR. TRULIO: In hard rock media spherical symmetry is lost pretty early 
anyway. r       J J 

MR. PERRET: Most of the teleseismic signal is very different from the 
signal that we record close in. The teleseismic signal derives from 
that propagated downward within a small cone and has generally been 
ref»   d at the Moho or deeper. Hopefully there was not much dif- 
frren*. initially between that signal and the one observed by our gages 
close m, near or above shot level. Concerning that component of clo^e- 
in, free-field radial records that comes from surface reflection in the 
direction of gage response, it must be relatively small for stations 
near shot level except perhaps for the shear wave. 

MR. ARCHAMBEAU: Actually that is a minor correction. 

MR. PERRET: Yes. 

MR. SMITH: Do you have any idea of how much variation there is in 
azimuth around the source, how -uch asymmetry? 

MR. PERRET: We have not found anybody with enough money to let us 
observe that factor. These are expensive measurements because a 
1000-ft hole is expensive. Such data were taken on Shoal where three 
holes at more or less 120 degrees were instrumented at ranges of about 
1950 ft. As I recall, asymmetry was of the order of a factor of two. 
I believe the low value was on the far side of a fault zone 10 ft or 
more thick ana full of clay gouge. So it would be very surprising if 
asymmetries like this were not fairly common. Similar measurements 
and results were obtained from Piledriver, POR 4000. 

MR. ALEXANDER: How about the wave shape, though? 

MR. PERRET: I can't answer that. I didn't take the data and I have 
not looked at it recently enojgh to really remember it. 

MR. RODEAN: If I remember correctly, that is in a report by 
Wendell Weart. 

MR. PERRET: Yes, Wendell Weart has a report on that. It is a Vela 
Uniform report, I think, VUF-2001. 
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MR. LEWIS: We have some data on this asymmetry from nonnuclear shots. 

MR. PERRET: Yes, I think we have some also from Piledriver. 

MR. LEWIS: From nonnuclear shots we have looked at near the surface, 
there has been a factor of two in amplitude, if the wave was propagating 
with the grain of the rock versus perpendicular to the grain of the rock. 
This is in hard rock. 

MR. PERRET: Generally speaking, though, we hcve not been able to make 
such measurements because, as I said, these instrument holes cost as 
much as $100,000 to $200,000 anyhow. 

MR. PERRET: You also get similar variations on the surface. Surface 
measurements at distances equal to shot depth in different directions 
may give differences of at least a factor of two. 

MAJOR CIRCE0: It is my understanding that as you increase the scale 
depth of burial down to whce the Gasbuggy shot was, there is a 
change in the frequency that you get. In other words, you get an 
increase in the amplitude of the high-frequency signal. This was 
presented at the Plowshare symposium, and I was wondering if this was 
taken into account in looking at these percentages, whereas in Gasbuggy 
it was at 1,000 ft instead of 4,000 ft that we would get a drastically 
changed percentage. 

MR. FERRET: You are talking about seismic data, I think. I don't 
think we see it in free-field observations. 

.iAJOR CIRCE0: I am not sure. 

MR. R0DEAN: I think, if you are talking abou .lueller from ERC, that 
it is based on the total seismic-motion reconJs measured some kilo- 
meters away. This work is concerned with the prediction of seismic 
damage. He has come up with a theory which says that you do get thi? 
spectral change as a function of shot depth. 

MAJOR CIRCE0: But looking at the records of what was predicted, what 
we would expect at NTS as compared to what we got at Gesbuggy, there 
was a significant difference in the high versus low frequencies, and 
it would seem to me that this would affect this. 

MR. PERRET: But it is not in the free-field records. 

MAJOR CIRCF0: Oh, it is not? 

MR. RODEAN: As I pointed out in iny January 1970, Las Vegas, paper, 
there is ont other theoretical paper by Fuehs that (at least as I 
read it) seems to say the opposite cf Mueller as far as the effects of 
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itl frT*  ^e,5Pectra are concerned. What Bill here is talking about is 
the free field, assuming that the shot is in the middle of in Infinite 
in ^ifd What Mcueller and others *™ talking about ?sw «plosion in a ha f-space. Eventually, in the real world, seismic waves hit 
either layers or the free surface so there is wave coniers?on  ihis 

^SncTawSy0!0'65 *** "^ ^ the Spectrum that V^ ^vT^ 

IJR. PERRET: I don't think that affects these free-field records  I 
"and ni^lh^ n0tab ! J1f?^" **  the frequencies. Gasbug^ 
Thtlll^  Th[owfr ou9ht to be good for comparison because Dis?S 
UotT s thi^SJl sr 5 5!as Gasbii99y'but about o"e foini ^e aepth.    If there is such a difference, it is much less than 50 oerrpnt 
in periods, and probably less than 10 percent.    It coSld b2 the?eT 
have not looked for it.    But if there, it is small. 

sr;tfp2P^:^2!e M™™™**}* on the question about data variation or 
up?"f*u     i Jere.nt dlrectlons.    It has been our experience that 
velocity and displacement data scatter in rock 'even in Icfnn if In- 
direction) is considerable, easily a factor Sf t^o     nu lUll 9 Ven 

probably due to local cracks. JoJXt^and^n^tTinhlgen^t'ies.15 

sSchPasR^ flll'&l *?* a l0t of factors that affect these data, such as the fact that the rock not only is not uniform in itself   h..* 
it may have tilted strata.    It may include fault zoS     It has or^ 
ferably oriented joint systems, and when you get into materials li^ 

lllTT.'^^l a1!**- layers or le^es at depths at lea t 1, 

locally. 

»Is are extreme! - fi 
out 

MR. FRASIER:    The thing is that seismic signals are extramelv fre 
thaS^f'vou1 w J! STCe a!ld rece,*ver en'iron^nL     fr? ,   s out that if you look at seismic d^ta for high frequencies, above     2 Hz 
Snf1Ltr?^d0US r?rlat1on from site t0 slS for a g?v°n event    * *nLl   you

c
low-Pass filter the data, much of this variation d^- 

appears.    So a crucial objective is to try and predict what seismir 
signals in the pass band 0.5 to 2.0 Hz get ou? inlo the elas??c Le. 

hp;.!lcRfHJüB^-: J1 WOuld be very useful t0 "S to look at the spectrum 
because that is how we are thinking.    We have to do the FouHe? Inalvsis 

sh^nVus'5 Whlle ^ *" l00kl'ng at the ^"^ da'ta yo^We^15 

MR. CHERRY:    We have kind of a different point of view. I think 

M^f™ LA« ?i?^u ?? r 
f'Ätt'ot^; I'M/02 peop,e *™^**^ ^ 
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MR. ARCHAWEAU: You airea<(/ get shear energy, of course. 

MR. PERRET: Not from the shot Itself. 

MR. CHERRY: I don't want to get converted shear energy. 

MR. ARCHAMBEAU: That 1s not what I was showing you there. 

"Ä5.,!: X'äVI StVoTirthe '^ * *"-• 

, ratio w thir thr^^^e^od^t^^e^co^nc^ne":4"'a ""' ^ SpeCtral 

1 MR. R0TENBER6:   What about the phase? 

MR. RODEAN:    I am Just reporting what they said. 

MR. HA'KRIDER:   Did they set them off at the same time? 

MR. RODEAN:   Tn>y were simultaneous. 

close-fnETi.J,'^f;■IJ■ p1a<;e where « ,,ave «entifted shear waves In 
?he0 a' we^ha?«r^   s^ctTanrSo^LrT *?? s*'' '"9""g r'e 24. 

h?ÄflvveiäSHr- 
«WCäS äSL' TO-- of 
with melt and recrystalized. and all of those in thTwimS we™ 

' S'Ji^SrSHSJl^sl'Ja^'T;0^ teri" *«>'** ^ p.  1268-1273   27 Die 19M? ^""»Sraphs, Nature (Imdm).   v. 224, 
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still open, so there was a distinct vertical asymmetry in the environment 
of the Sterling shot. 

MR. ALEXANDER: I think in regard to that question, spoofing is a 
whole process in itself. Presumably, with enough fiddling around with 
the geometry, you can spoof many of these criteria for this. The one 
you can't spoof would be the SH component of energy, the horizontal 
polarized wave. It is not ptoduced by any of the shots to begin with, 
and setting off a lot of them is not going to produce SH energy. 

MR. CHERRY: Is that what you are using for discrimination? 

MR. ALEXANDER: We are using an array of different criteria. Ms-mb 
is one. That one you can spoof. You also have the radiation pattern 
to simulate. I have not talked about anything but point sources. If 
you have a double-couple type source, you get a radiation pattern both 
from the P waves and the surface waves. The surface waves exhibit 
frequency-dependent radiation as well. You have to account for all of 
those things when you simulate an explosion. You can spoof any one of 
them, but to spoof them all at once is going to be tough. Maybe it can 
be done. 

MR. ARCHAMBEAU: It's probably not easy to do. 

MR. PERRET: One more item mentioned this morning which I did not 
discu:« might be germane here. This is comparison of the surface 
motion above a shot at the time of detonation with that at the time of 
cavity collarse. 

Above a shot in almost any material, the acceleration record 
looks like the upper one in Figure 25. The period of -1 g represents 
the development of a spall opening below the surface. It is the bal- 
listic or free-fall period and is terminated by a positive spike when 
the spall closes. It probably has some influence on surface waves, 
but I don't presently know what. It is given here so that you may 
compare it with the .oTiapse signal, to be shown later. 

The particle-velocity record below the acceleration in 
Fio'i^e 25 looks generally like a capital N. These positive and nega- 
tive peaks are nearly equal. Sometimes the negative one may be the 
greater by as much as 50 percent, but gene^illy they are about equal. 

MR. ALEXANDER: What is that time interval? 

MR. PERRET: It depends on a number of things, such as the kind of 
material near the surface, the kind of rock at the shot point. The 
impact spike has no relationship to the yield but depends on how fast 
the spalled mass stops at impact. Does it meet something coming up, 
at rest, or going down? Was the impac at a broken h)ck surface, in 
soft alluvium, or a hard rock surface? The duration may range from 
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Figure 25. Surface Zero Motion, Rainier Event. 

about 0.1 sec to, on some of the big shots. 1.5 sec or more. So on the 
big ones it could well influence the one cycle or half cycle signals. 

This leads us to the kind of signal you get when the cavity 
collapses and the surface subsides. We have made measurements of this 
event on several shots. In most cases it was fortuitous. The collapse 
occurred before our re^orders ran out of tape. In a few cases, we have 
run recorders for 9 or 12 hr to record these signals, and in some the 
collapse occured the next day. 

In general, the acceleration, velocity, and displacement look 
like that in Figure 26. We have reasonable faith in these, because on 
the Racoon shot where recorded displacement was 23 ft, the contour maps 
made from the aerial photographs flown 2 hr after the shot show 27 ft; 
results were similar in the Merlin collapse data. 
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On the Merlin shot, we had a series of gages from surface 
zero out to about 2500 ft. Three of the stations were inside the 
collapse area. The rest of them were beyond it. The peak impact 
acceleration near surface zero was about 80 g's, and the maximum we 
have over seen from collapse was about 130 g's. The maximum negative 
or downward velocity which occurred at the time of impact was 40 fps. 
Near the edge of the subsidence, peak acceleration was about 12 q's. 
Out beyond the edge, all stations recorded about 0.5 g. Horizontal 
accelerations we.e appreciably less than 0.5 g. 

The horizontal motions in subsidence areas were generally 
inward and small. The pertinent thing to this meeting is that motion 
is very strongly polarized in a vertical direction. The other thing 
that is pertinent from these Merlin collapse data is the sequence of 
initial collapse motion on gages in the vertical array above the 
explosion. The deepest station was at about half shot depth, and tho 
start of downward motion there was 2 sec earlier than at the surface. 
The start of motion at the other stations was sequential during this 
2-sec oeriod, suggesting that this whole 500-ft high block, at least 
a half shot depth, dropped essentially as a body. 

Init-'al collapse signals occurred between 1155 sec at half 
shot depth and 1157 sec at the surface after detonation, 

MAJOR CIRCEO: Bill, if the subsidence occurred due to just the force 
of gravity, how do you get such a high g pulse, 80 g's? 

MR. PERRET: That is the value of the impact peak. It drops at -1 g, 
and is stopped by impact with an upward acceleration spike of 80 g. 
The duration of this spike is about 10 to 15 ms. It defines the rate 
at which the downward motion was stopped. 

MAJOR CIRCEO: So in fact the 0.5 g is possibly just a surface spall. 

MR. PERRET: No, there is no spall. I think that 0.5 g signal is 
actually a transmitted signal from the impact up through loose soil. 

MR. ALEXANDER: The whole phenomenon is over in how much time? Has 
anyone measured that? 

MR PERRET: A couple of seconds. The duration in the subsidence area 
is about 2 sec, and outside it the duration is about 0.3 sec. I think 
this has pertinence to the teleseismic signals of the collapse. 

COL. RUSSELL: Thank you very much, Bill. 

For the next portion of the conference, Shelton Alexander 
is going to talk about essentially questions 2-b and 6, which are 
concerned with the spectral propagation of our seismic signa» 
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SPECTRAL PROPAGATION OF SEISMIC SIGNAL 

Shelton Alexander 
Pennsylvania State University 

What I will speak to here very briefly, is the Rayleigh-wave 
spectrum as seen for several NTS shots, and for Mil row and Longshot. 
In the very beginning I will summarize the conclusion. If you keep the 
receiver and path pretty much fixed over quite a large range in yield, 
I can't really say about the medium completely definitely, but it 
appears that the spectral shapes are pretty much invariant with these 
parameters. The transmission path, however, does have a very significant 
shaping effect. Even if you might look, say, within the Basin and Range 
in different directions away from NTS, and shot after shot will appear 
to have a similar shaped spectrum, it will not necessarily be the same 
shape at one azimuth as another. I believe this is primarily due to 
transmission. 

Let me just run through a few of these figures very quickly. 
Look at the top curve of Figure 27. This is a set of NTS shots. The 
ones you will see on subsequent figures are for various stations. This 
is station BMO. This scale goes from about 10 sec to 50 sec. The mag- 
nitudes are listed. You may not be able to identify the symbols. The 
one ev^nt that shows a big excursion here is suffering from signal-to- 
noise problems. What was done here was to take a given signal velocity 
window at this particular station, that is the same for all events. 
Notice all of the distances are very close to one another, about 868 to 
87C km, so the paths, distances, etc, to this station are nearly in- 
variant, and the shapes are too. I do not think you can realty trust 
the data out here around 50 sec for many of these. Overall, the shapes 
tend to be very consistent. These have been normalized just to illus- 
trate the comparison of the shapes. 

MR. RODEAN: They are normalized at the 0.02 sec? 

MR. ALEXANDER: It is normalized by the total energy, actually, so they 
are not normalized to one frequency. 

MR. SMITH: Is that ground motion? 

MR. ALEXANDER: Yes, this is corrected back to ground motion. This is 
power displayed by the way. It is not amplitude. 

I believe all of these are in tuff. Bourbon, Bronze, Corduroy, 
Cup, Dumont, and Par. Par is the smallest one, and it is the one that 
shows up with the excursion. 

MR. RODEAN: Bourbon is at some interface, or close to one. 
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MR. ALEXANDER: Par, too, tends to show up a little atypically here in 
Figure 28. But for the kind of measurements that we would intend to 
make, these are very similar spectra. At Las Cruces (Figure 28), a 
thousand kilometers distant, I should point out the spectral peak shown 
on Figure 27 has shifted over slightly. The shapes again tend to 
reproduce themselves. There is a good deal of spectral character, but 
it is a reproducible shape. 

MR. ROTENBERG: How are these measured, with accelerometers? 

MR. ALEXANDER: These are all from velocity instruments. You make an u 
correction so you don't have to get back to ground motion in each case 
to compare events. Again these are ranging the magnitude. In this case 
it is 4.8 to 5.2, Despite this, the shapes are quite similar. 

MR. CHERRY: How does tho phase part of the spectrum show? 

MR. ALEXANDER: I do not have it plotted here, but I can illustrate it 
with one example of an actual seismogram. I think you can see that the 
wave forms tend to be very similar. I will show you that shortly. 

Figure 29 is two completely different events. This is Greeley 
and Bilby at almost teleseismic distances as recorded at CPO. Very 
interestingly, in this case they are peaked at quite a different (and 
higher) frequency than the previous examples even though they are con- 
siderably larger events. Nonetheless, the two events have similar 
spectral shapes at this station. So the medium through which it is 
being transmitted to different directions is very important, but events 
tend to show up very similar to one another if the paths are invariant. 

This Figure 30 gets a little bit back to the point you were 
mentioning earlier. These are all actual traces observed at PG-BC 
normalized to the peak value which in this case is at about 
the point where you would make the surface-wave magnitule measurement. 
These are all Rayleigh waves. This whole interval is one minute. 

The traces are aligned so that this Airy phase on whicn you 
would make the surface-wave measurements is nearly coincident in time 
for each event. You see that by and large the waveforms are essentially 
reproducible for these events. These are all located in Pahute Mesa, 
I believe. 

MR. RODEAN: Faultless is central Nevada. 

MR. ALEXANDER: Faultless is from a different distance, too, so the 
dispersion alters the waveform somewhat. In this band between 10 and 
20-sec period used for the surface-wave magnitude, there is essentially 
no phase difference, because the waveforms agree in shape over the whole 
time interval. If the shapes agree with one another, then the phases 
have to be the same. If the trace amplitude and shape agree, then the 
phase spectra have to be the same. 
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Now, there are some differences in the long-period portion, 
particularly for Ireeley. Apparently there are other lines of evidence 
that this event had a significant amount of tectonic release compared 
to the other ones. 

The lower frequencies also, however, are quite comparable. 
This portion is about 20 to 30 sec in period. Particularly these first 
three are remarkably similar as to spectrum, shape and everything, as 
seen at this azimuth PG-BC. 

Now, look at the same set of events from a different azimuth, 
also a very good station, RK-ON, on this same Figure 30. Here you begin 
to see some azimuthal effects that are somewhat important. Basically 
there is a similar sort of waveform here at the Airy phase for these fou» 
events, but in this case Boxcar seems to be a little bit peculiar. I 
think the essential point, though, is that even though these events are 
in different media, and do vary somewhat in size, the spectral charac- 
teristics as revealed by the wave shapes are very similar. 

MR. ROTENBERG: Is Boxcar timed? 

MR. ALEXANDER: Yes, it may be shifted off by one cycle. What he is 
saying is that this may be off in time slightly, and should be shifted 
over to normalize it down a little bit, but it still has a bigger ampli- 
tude in the earlier part of the Rayleigh wave. They are not all that 
different from one event to another however. It is remarkable that the> 
are so consistent. This is one generalization that one can make--that 
the wave shapes are consistent. Also from a theoretical point of view 
you don't expect that the shape should be different until you get into 
the real big ones (in the absence of tectonic release) and indeed they 
should be quite similar. Whereas with earthquakes, you can get any 
spectral shape. You can shape the spectrum however you wish, depending 
on how one orients the fault, and at what depth it is located. You can 
shape the spectrum in any one azimuth more or less any way you choose. 

Let me move very quickly then to the last set here (Firjure 
31) which is a comparison between Mil row and Longshot, and an earth- 
quake very near to the same place. This is seen at PG-BC. The dashed 
lines with the circles is Mil row. I don't know if you can see the dots. 
It does not matter, because they are essentially overlays of one another. 
These events differ in level by not quite a whole order of magnitude. 
Longshot has a body-wave magnitude of 5.9 and Mil row is 6.5. They ars 
significantly different magnitudes at any rate. Yet the spectra, the 
dashed lines, are simply coincident. This earthquake in the same area 
has the shape shown by the solid line, and it was a magnitude 5.0 event. 
That earthquake happened to have the same surface-wave magnitude? as 
Longshot. In this case at this particular station, at 3800 km distance, 
the peak is at 20 sec, 0.05 cycles. 
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Figure 32 is for another station, Kanab, Utah, which is a 
little more distant, 5400 km. This is a different earthquake now, but 
the same Longshot and Milrow, shown by the dashed l.nes. They are quite 
different in shape than you saw before; nonetheless the shapes of the 
two explosions are more or less overlays within the accuracy of the 
observation. The earthquake in this case peaked at a lower frequency 
than the shots. 

MR. ROTENBERG: Do you mean you overlaid the two earthquakes? 

MR. ALEXANDER: No, the dashed lines are Longshot and Milrow, the 
two explosions. In the sequence of figures not all of the earthquakes 
are the same earthquakes from station to station, but always the same 
explosions, Longshot and Milrow. 

MR. RASIER: How deep is the earthquake? 

MR. ALEXANDER: I am not sure about the one on Figure 31, but the one 
on Figure 32 I think was shallow, approximately 20 km. 

MR. CHERRY: Were the earthquakes in the same general area, did you say? 

MR. ALEXANDER: Very close, yes, within 50 km of the explosions. 

Here in Figure 33 is ä similar plot for TFO. Here you see two 
different earthquakes. They are actually smaller earthquakes. One of 
them is magnitude 5.0, shown with the triangles, the other one is 5.5. 
These earthquake's results are just the opposite of what some people 
have predicted in the past, that is, the bigger the event, the more it 
should be peaked to a lower predominant frequency. In this case you 
get to see just the opposite effect at this particular azimuth, with 
the smaller uvent peaked at a lower frequency. It can go either way. 
Th- only thing consistent is that the explosions reproduce themselves 
in shape ^ver a wide range in size. 

MR. HARKRIDER: But you are not suggesting, though, that if someone 
showed you just a single one of those records that you could discriminate 
between the explosion and th«? earthquake? 

MR. ALEXANDER: No, I am not suggesting that at all. In fact, what I am 
claiming is that you really cannot use spectral shape as a means of dis- 
crimination, at least not at one azimuth. If you take into account many 
azimuths, you may be able to. 

The other thing is that since the explosions tend to reproduce 
one another in shape, you might be able to discount an event that was 
sufficiently unlike an explosion, and say that is not an explosion be- 
cause an explosion tends to repeat the shape. 

MR. ARCHAMBEAU: That is Rayleic^h-wave spectra? 
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MR. ALEXANDER: That is right, all of this is Rayleigh waves. 

MR. ARCHAMBEAU: You are comparing magnitudes now. 

MR. ALEXANDER: I have normalized out all of the amplitudes. This is 
just considering the spectral shape. 

MR. ARCHAMBEAU: Yes, but you said previously you referred to the mag- 
nitude of the event. You made the statement that larger events were 
thought to have a peak in the spectrum at longer periods, and this does 
not show that. But that depends on how you measure the magnitude, the 
body-wave magnitude. Maybe the event really was not bigger in terms of 
energy. Okay? 

MR. ALEXANDER: Okay. 

MR. ARCHAMBEAU: With respect to body-wave magnitude, but that may not 
be a measure of energy. 

MR. ALEXANDER: Let me clarify that. What you say is true. I don't 
really believe that the shape of the Rayleigh-wave spectrum in the case 
of earthquakes is much of a measurement of what the source-time function 
is like. It is much more a reflection of the geometry of the source, 
that is, the fault orientation and depth. If you represent it as a 
point double couple, you can go through a theoretical calculation and 
show that, depending on how you orient the double couple, you can shape 
the spectrum making it peak any place you wish. Primarily it is that 
kind of effect as opposed to the source-time function that is doing this 
shaping and that is independent of the size of the event. That is 
purely a source geometry effect which I think overrides in some respects 
the source-time function in the case of earthquakes. Explosions tend to 
be very consistent. 

I think I hr/e one or maybe two other stations. This Figure 
34 is HoUon, Maine, a smaller kind of thing. In this case two earth- 
quakes are practically coincident with one another, and again the 
explosions are the dashed curves. They overlay one another. One 
earthquake is a 5.0, and the plus symbols denote the 5.5. Seen at this 
azimuth the two earthquakes tend to reproduce one another also and have 
a different shape than the explosions in the same general magnitude 
range. 

Here is another example (Figure 35), again showing these same 
types of events, in fact, the same events. In this case, the peak is 
away over at 25 sec for the explosions. Remember in the previous 
cases, a lot of them, they were peaking more or less in the same po- 
sition. Here the explosion is peaking at about 25 sec, while the same 
earthquake is peaking over in this region here, the same earthquakes 
you have been looking at. 
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To summarize what I wanted to say, it appears that for at 
least two different source regions, the NTS and the Amchitka area, the 
spectral shapes as seen along given paths to particular receivers tend 
to reproduce one another over a fair range in yield. I am not sure 
whether it is true over a large range in shot medium, because we don't 
have that many. Most of what I have been showing you were in tuff, but 
they were located at somewhat different positions. 

MR. SMITH: Would a fair paraphrase of what you have said be that at 
long periods explosions are clearly point sources, and the entire 
structure of the spectrum is determined by the path of propagation? 

MR. ALEXANDER: I don't want to go quite that far. I am ot sure you 
could consider them point sources. What I am saying is as far as the 
low frequency spectral energy being put out, all of the explosions look 
very similar to one another and a point source representation is a good 
one from a theoretical point of view. I do not know if anyone here has 
short-period data, but there are some differences I think perhaos in the 
short period. I think Clint Frasier has been working in that area, and 
also Tom McEvilley at Berkeley has some short-period spectra. This 
essentially completes my discussion of the Rayleigh waves. 
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POWER SPECTRAL RATIOS - SHORT PERIOD DATA 

Clint Frasier 
Maaaaohuaetta Inatitute of Technology 

The sketch below presents a quick look at four presur.ed 
explosions from Közakh as recorded at LASA. 

A* A =83° 

CORE 

LASA, the Large Aperture Seismic Array, near Billings, Montana, has an 
aperture of about two seismic degrees, and the Semipalatinsk area in 
eastern Kazakh is about 83 degrees distant. This distance is about as 
far away as you could ever use primary teleseismic data at and try to 
Interpret thie signal shapes in terms of source functions. At larger 
distances, core phases—namely PcP—arrive just behind the P phase. 

What I did here was a relative study of explosive sources 
recorded at the same sites. A difficult problem in short-period seismic 
data is the tremendous signal variation from site to site for the same 
event. Along a specific take-off angle direction, the effects of 
attenuation and layering in the earth are not well known and can only 
be estimated statistically. So you really are not sure  what happens to 
the short-period signal shapes between the time they itart off here in 
eastern Kazakh and are detected at LASA. 

Preceding page blank 
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One thing you can do to get a relative measurement of signals 
of different magnitudes Is to take several shots from practically the 
same test site. Then by computing spectral ratios of one event to 
another event at the same site, you can eliminate all the unknown yet 
common effects of the ray path through the earth from source to 
receiver. 

Since LASA has a two degree aperture, the takeoff angles of 
the rays from each source to the different LASA sensors are essentially 
Identical. Since the four events are very closely located we are 
reall; sampling the source radiations along one specific take-off angle 
from the Kazakh site. 

TABLE   4 

SCALING OF CAVITY RADII FROM LASA MAGNITUDES FOR FOUR 
PRESUMED EXPLOSIONS FROM EASTERN KAZAKH 

Event m.   (USA) 
0 

0./05 

a.(m) 
Assuming 
05=500 

o.(m) 
Assuming 
05=750 

1 5.4 0.585 293 438 

2 5 6 0.681 341 511 

4 5.8 0.781 391 586 

5 6.1 1.000 500 750 

Table 4 shows the data I looked at, and I labeled the 
events 1, 2, 4, and 5. The magnitudes shown here are those recorded 
at LASA, and they are Increasing In the same direction as the CGS 
magnitudes, which are averages c." many worldwide magnitudes. 

The eastern Kazakh test site Is thought to be In hard rock. 
I.e., granite, and probably these explosions were shot in shallow 
holes. I assumed that for large magnitude events In hard rock the 
displacement-potential amplitude is directly proportional to the yield, 
which is proportional to the ndius cubed of an equivalent elastic 
cavity. If a cavity radius is assigned to the largest event, then 
equivalent cavity radii for the smaller magnitude events can be 
obtained by cube root scaling of the amplitudes obtained from the 
inagnitudes. 

For a magnitude 6 event in hard rock, yield estimates of 
about 1QQ kt and an equivalent cavity radius of about 700 m have been 
made. Two sets of scaled radii are shown here, for a5 equals 500 m 
and 750 m respectively. 

108 



MR. SMITH: Those are elastic radii, not cavity? 

MR. FRASIER: Oh, yes, these are equivalent elastic radii. 

MR. SMITH: You have cavity radii there. 

MR. FRASIER: Yes, they are supposed to be equivalent elastic. 

MR. RODEAN: And that is meters, not kilometers, 

MR. FRASIER: Actually this is meters. 

Let's look at Figure 36. Here is the problem. I have 
numbered these events 1, 2, 4, and 5, and arranged them in order of 
increasing magnitude here. These are the various subarray locations 
of LASA: the F ring, which is the outermost ring and about 200 m 
across, and the E ring, and so on. I am just showing you the two 
outermost rings of data here. This is short-peri )d information. 
These vertical lines here are 1-sec timing lines. These are Hall 
Sears instruments, and the velocity response of these is flat from 
about 1 cps out to about 5 cps. Thus the P waves shown are essentially 
displacement-velocity records. 

Now the really frustrating thing here is that there is much 
more similarity from event to event at a single site than there is for 
a given event from site to site. In other words, as we examine the 
same event ac the different sites, we see large variations in both the 
signal duration and amplitude, which must be due to complex layering 
in the upper mantle, and below the receiver locations at LASA rather 
than any variation in source radiation, because there is no difference 
in the angle of the ray^ going to the different arrays. This variation 
you see here for the F and E ring, persists for all 21 subarray sites. 
These seismcgrams here are recorded by the deep-hole, 50f-ft buried 
seismometers, single seismometers. I did not want to taxe the subarray 
sums, because this introduces other filtering problems in the data. 

A' crucial point is that the erfect of magnitude shift on the 
short-period signals is overwhelmed by the station's site character- 
istics. If you accept this idea of equivalent elastic cavity, then a 
decrease in the high-frequency spectral content should be observed from 
lower to higner magnitude events. If you look very hard here at some 
sites there appears to be a slight decrease of high-frequency energy 
from events 1 to 5. But it is not very obvious. 

I computed transfer functions which when convolved with a 
low-magnitude event, say event 1, give as output event 5. This was donp 
at each of the 21 subarray positions of LASA  Since this is equiva- 
lent to computing the spectral ratio of event 5 over event 1, all of 
the unknown transmission path effects cancel out. This yields transfer 
functions to shape the source radiation of event 1 to that of event 5. 
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«ch ..ih.-S!'.?!! a" array, you can calculate transfer functions at 
thn «mp t^cl!te; an^1n sEite of signal variations you should get 
2!h Ü5 transf^ function when you do this over and over again for 
WsttTt^ h nLt1 .dld that for ^ lowest t0 the hlghSt and next 
Mgler SgnUudi?  '   $0 ^  S0 I m 90in9 frm lower ma9n1tude t0 

p?easi?EY: W0,ild y0U def 3ne the e('u1valent elast1c ^dius again. 

MR. FRASIER: That is just a hypothetical spherical radius around the 
source, outs de of v-J, things are behavin? elastically" sJch that 
you can do elastic-wave calculations. y 

MR. RINEY: That is all you mean by that? 

MR. FRASIER: That is all. 

MR. ALEXANDER: Is that uniquely defined then? 

^s^eIER|ihei SH'MflS?* " 
1S Pr0bably 90verned ^ the Hthostatlc redlcJdte S2 .SLA! P!:e?suregenerated by the source has been 

^ th^ Jl wnf  J^f it is1
not any mre than lithostatic pres- sure, then It will probably go elastic. This is a conjecture and I 

eJe" L^hich'aVe^om iVT*  "^V^Jr aWay the" f^ *"f™t 
elastic clvft?^ nflttl lAT area ]**k"k* they are radiating from elastic cavities of different size. So I am postulating that. 

th«ca 9i i n?UreK37 shows the transfer functions computed at each of 
these 21 LASA subarray sites for shaping event 4 to event 5. Event 4 
has magnitude 5.7 and event 5 has magnitude 6.1. The vertical lines 
^"'f n*« 2 r/th ^ n0W' S0 ?hese °sc1llations are aSou ^"z or so. In spite of the extreme variations you saw in the oriainal 
ulte^^JT*10;5 T6 Jf t0 ^very^e^y co'n^il? n^t'from 

ÜSt%ilSi  teTchhenS?qu
teranSfer fUnCtl0nS are ComPUted in time «* a 

eVpnt ? fnlmi i8 ^t -^ transfer unctions at each site to shape event 2 to event 5. which is a larger change in magnitude. Now things 
are less consistent from site to site, but still there is a cowlstMt 
SÄ Zlhln.1*1* ^^^ fUnCtl0nS Wh1ch shows UP in tSe average 

Mnhm.* m*VJir5  39 Sh?ws Jhe transfer functions from the lowest to 
highest magnitude events, i.e., event 1 to event 5. Again if I had 
done a better job of aligning the data more detail wJXld show up In 
the average transfer function.  I don't know what this detail is. but 
the general shape of positive and then negative swing is consistent 
and shows up in the average transfer function.       consistent 
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Figure 37.    Transfer Functions R^kU) at Subarray K at LASA.    Each 
function is equivalent to the spectral  ratio EskM/E^tu) 
in the frequency domain. 
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This is the observed data. Since these are transfer 
functions, the Fourier transforms of them give spectral ratios of the 
largest event over smaller events. 

■ .   **  J! ^^^ the spectral ratio of the radiation from a large 
cavity divided by the radiation from a little smaller cavity, we 
should get a definite degradation of higher frequencies. That is what 
the spectra of the transfer functions show. Figure 40 shows thf fre- 
quency response of the three transfer functions. The top curve'is the 
frequency response of the first average transfer function that I showed 
^u * |:e" E5(w)/E4(w). It shows less degradation of high frequencies 
than the other two transfer functions. These three spectral ratios 
are normalized at 1 Hz to show the relative slopes at higher fre- 
quencies. »    = 

MR. HARKRIDER: What is that frequency scale on the bottom? 

MR. FRASIER: This is one cycle, two. three, four, five cycles out 
here, and you probably can't believe anything beyond about four 
cycles. The degradation of higher frequencies in the spectral ratio 
is the important trend. 

4n T.hi. /iIfi!!V2kM:he scaled cavity radii that I showed you before 
in Table 4, and take the spectral ratios of the far-field particle 
velocities produced by a step function of pressu-e in each cavity, you 
will get the same type of degradation of high frequencies. Again this 
is not a proof that an elastic cavity is a good model for the source, 
it is just a possible explanation for this observed slope in the 
spectrum of each transfer function. 

MR. HARKRIDER: You got the radius from Sharpe's solution that fit this? 
How did you get the radius again? 

MR. FRASIER: I assumed a yield from the largest event of about 100 kt 
and an equivalent elastic radius of 750 m. I then estimated the yields 
of the smaller shots by assuming that magnitude varies as the log of 
the yield. This was done using LASA magnitudes. From the yield esti- 
mates, cavity radii were obtained by cube root scaling down from 750 m. 
the largest cavity radius for event 5. 

MR. ALEXANDER: So you tMnk the ratios of the c?v1ty radii computed 
in this way should be at least approximately correct, but the actual 
sizes depend on the assumption about that biggest one. 

115 

' 



(N 

-o 
Of 
rvi 

o *f— 

10 . 

-> o c 

^J- 
ro 

o 4J 

ro 0) 
Q. 

CO 

• 

^3 
,_ in 

O 
X 

CJ T3 
C 

> 
m 

•» 

T 
.J in 
_) CM 

o OC 

UJ A 

oc 3 u. 

Q **- 

S
p

ec
tr

a 
o 

H
z.

 

m 
Ö 

3anindi/\iv 3Aii\n3d 

3  4-» 

Is 
o 

3 

116 



MR. FRASIER: Right. All I am looking at is ratios here because I 
have to eliminate the unknown ray path effects. This is really a 
difficult problem for short-period seismology. I just don't think you 
can look at anything absolutely because of the tremendous signal 
variation you are getting, so I am using this rai'io as a gimmick, which 
everybody else has used to divide out all of the unknown things. 

MR. TRULIO: What does your transfer function convert to what? 

MR. FRASIER: The transfer function is a filter. If I convolve the low- 
magnitude event with tfy filter, the output is approximately the high- 
magnitude event, just the actual seismograms that I showed you in Figure 
36. 

MR. RINEY: Are these transfer functions from a given event to different 
places? 

MR. FRASIER: No, what I said was the only thing I can do is compare 
data of different events at the same site. I can never compare one 
site to another, because there is too much signal variation. 

So I compute transfer functions to shape low-magnitude events 
to high magnitude, at each sensor, and if I really am getting something 
that is diagnostic of the source spectral ratio, then these transfer 
functions should look alike as I go from site to site all across LASA. 
In other words, if the transfer functions we»e not coherent from site 
to site, then I would have no statistical basis for interpreting the 
data at all. The point is that the average transfer functions show 
detail seen on each transfer function for a given pair of events. 

MR. TRULIO: Do you get a transfer function like a kernel of an 
integral? 

MR. FRASIER: Yes. 

MR. TRULIO: But then you can't find it from the conversion of just one 
signal to another. 

MR. FRASIER: Sure, it is a least-squares, digital filter. 

MR. TRULIO: Yes, but it is like trying to get a matrix from a single 
set of linear equations. You know the left-hand vector and the right- 
hand vector, but you can't get the matrix. 

MR. FRASIER: You can't get it exactly, but you can get it in the 
least-squares sense. 

MR. TRULIO: Okay. Why is that the right thing to do if there is no 
uniqueness about the transfer function? 
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MR. FRASIER: But it does a very good job.. I don't have the examples, 
but what I do Is take the event-time traces and convolve them with the 
transfer functions and they do a very good job of fitting the desired 
event seismograms. The transfer functions look like what they call 
minimum delay in the electrical engineering business. They are well ' 
behaved and stable filters. 

MR. ALEXANDER: If the two signals look exactly alike, that transfer 
function would be a delta function, right? 

MR. FRASIER: Right. But they don't look alike, 

MR. ALEXANDER: All he is getting is something that amounts to the 
spectral difference from one event to the other. In; other words, if 
they looked alike, this wo'.ild turn out to be a straight line all the 
way across. 

MR. TRULIO: Okay, the transfer function doec not cause much trans- 
formation of a signal, therefore it is all right to determine it from a 
single pulse even though the true function is then not unique. 

MR. ROTENBERG: You go back to the frequency and see what the problem 
is. 

! I 

MR. ARCHAMBEAU: Just write that as a Fourier transform. 

MR. FRASIER: You see, I did not want to divide spectra because When 
you divide spectra, you get very wild looking ratios. These time- 
domain calculations effectively smooth the spectral ratio. The point 
is that I have an array. I recomputed this filter individually for^ 
each sensor, and I was able to get a fairly consistent set of filters, 
and then I took the average of these to get the average transfer 
function. Then if I convert that to the frequency domain, I just get a , 
spectral ratio. 

MR. ARCHAMBEAU: I just wonder about your frequency range here. It ' 
seems rather narrow. 

MR. FRASIER: It is probably good out to three cycles. I would not push 
it any farther. i 

MR. SMITH: So you showed that the larger yield explosions are in fact 
relatively richer in low frequencies as a result of this exercise  i 

MR. ARCHAMBEAU: Or they had larger radii in the elastic region. 

MR SMITH: What was the conclusion from this exercise? 
i 

MR. FRASIER: So far my conclusion is there is source information in 
short-period teleseismic P waves from explosions. : 
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MR. SMITH: The most impressive thing about the seismograms you showed 
was the fact that there was some kind of a repeated delayed pulse 
arriving, and the first thing one would think about was a multi-path 
phenomenon, rather than a source phenomenon. I think that also shows 
up in the filters, which are also characteristic of delay in some 
types of operations. 

MR. ALEXANDER: But you might get that just from the source. 

MR. SMITH: Yes, it could be a surface reflection, even. That is 
1-sec delay, which is pretty big. 

MR. FRASIER: Let me finish. Here is the spectral ratio E5(w)/E4(w). 
This spectral ratio is much flatter at higher frequencies due to the 
magnitudes being more nearly equal. 

MR. SMITH: Wouldn't it be exactly equivalent? I know you don't want 
to'divide raw spectra, but if you calculated the outer correlation and 
the power spectra, I think you would be safe in dividing power spectra, 
and you would get smooth results. 

MR. FRASIER: Yes, that would be the same, but that is the least- 
squares solution, too. 

MR. ALEXANDER: But you have to smooth them a lot first. 

MR. SMITH: That is what you do when you calculate power spectra by 
definition. 

MR. FRASIER: You see, I am actually getting more information in the 
time domain because this has no phase spectra. I really want to keep 
the phase information, because I want to compare that time-transfer 
function with what I would get if I just assume two cavity radii for 
sources. This is shown in Figure 41. 

What I did here was use the Sharpe or Blake solution for the 
far-field particle-velocity response. It turns out the velocity 
response has amplitude and time constants which are proportional to 
the cavity radius you assume. I started out with a radius of 750 m 
for the largest event, and I scaled it down by cube root scaling to 
get the radius for the smallest event. Again the timing lines are 1 
sec apart. This assumes a step-function pressure inside a cavity and 
an infinite homogeneous medium. Ei(t) and E5(t) are far-field velocity 
responses for events 1 and 5. 

MR. ROTENBERG: Are those the transfer functions for the Sharpe 
solution? ' 

MR. FRASIER: The trace on the right (Figure 41) is the least-squares 
transfer function. It starts with a big spike that goes up and then 
swings negative. To check it out I actually took the filter and I 
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convolved It, the low-magnitude solution, and I get an output which 
matches the large magnitude solution. It is just a check on the 
accuracy of the least-squares filter. 

It is the positive and negative swing which I tried to 
interpret on the transfer functions from the actual data. Those are 
all superimposed on Figure 42. 

What I did was take the scaled radii that I assumed and 
computed the transfer functions. These transfer functions are shown 
by the dashed lines, and they are superimposed over the actual ob- 
served transfer functions of the data. The only thing I can say is 
that the negative swing of the transfer function increases with magni- 
tude difference between the events being compared and that this is also 
predicted by Blake's solution. I could very easily have taken a dif- 
ferent elastic radius for the largest event and scaled it down to 
obtain a different set of radii, but this would only change the scale 
factors for the transfer functions, not their shapes. It would be 
interesting to know what these oscillations are, whether or not they 
are caused by surface reflections at the source or perhaps nonspherical 
oscillations of the cavity. But the fact that many of these high fre- 
quency oscillations are consistent over all 21 sensors when I compute 
the transfer functions, and remain there in the average, indicates that 
such effects are due to the complex source radiation coming out at that 
particular take-off angle from Kazakh towards LASA. 

MR. CHERRY: Are those theoretical transfer functions independent of 
the source-material properties? 

MR. FRASIER: I assumed that the site was just granite in Kazakh. I 
took a typical velocity and Poisson's ratio for granite, and I assumed 
that the cavity pressure is the same for each event, the differences in 
radiation being produced by the cavity radii, which were scaled for 
each event. The depth of burial of each explosion was not known, but 
wa; assumed to be shallow due to the granitic source region. So that is 
ali I did, not knowing anything more about the test site. 

MR. ARCHAMBEAU: You assumed the step function. 

MR. FRASIER: The step function of pressure. Now, if there is mt a 
step function of pressure, this would also work if the time history of 
pressures are the same in both, because they also would divide out in 
the frequency domain. This is just a possible interpretation I have, 
and it does seem these trensfer functions do show the right degrada- 
tion of higher frequencies with increasing magnitude that would be 
predicted if you did use this. 

MR. ALEXANDER: In those transfer functions, like E-5 to E-l. even, at 
frequencies lower than one cycle, they were flat. 
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Figure 42.    Comparison of Theoretical and Observed Transfar Functions. 
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It is telling you that the energy content at low frequencies, lower 
than one cycle where we are normally measuring magnitudes, is pretty 
independent of the magnitude over that ranae where you looked. Whereas 
all of the variations you are looking at are really ores that are of a 
higher frequency than one cycle. 

MR. FRASIER: Yes, I think so. 

MR. ALEXANDER: Even this scatter that you are getting on the ripples. 

MR. FRASIER: I am working with John Filson on this. He was the one 
who suggested to Evernden that the reason that the 1% versus yield 
curves for explosioi s in hard rock taper off at high magnitudes, whereas 
the Ms versus yield Joes not, is that the overshoot in the Haskell dis- 
placement spectrum moves across and out of ehe frequency band of short 
period instruments. This causes the 1% at 1 Hz to increase slowly 
relative to Ms for large yields. In other words Haskell and Blake's 
solutions have frequency-dependent displacement spectra which cause 
mt  versus Ms to not fall on a straight line at high yields. 

Now, this ignores all of the problems Ted Cherry was talking 
about, the Sahara shots and whether the source rock is cracked or not. 
But you can take a lot of points and plot them, and notice this type 
of thing for hard rock. So this is another possible explanation. Of 
course, none of these things is unique. It is probably a combination 
of all of these factors that cause this. John Filson does not think 
it is the water table that is causing this turnover, but simply as I 
said, this effect of moving the riaskell spectrum through this narrow- 
band instrument. 

MR. SMITH: You are saying that some of the source characteristics, 
such as cavity dimension, that information is preserved in the spectrum 
around one cycle, whereas She!ton is saying that none of the source 
characteristics, or very few of them, are presented at 0.05 cycles, 
that it is all path. 

MR. FRASIER: Of course, he is looking at the surface waves. But you 
notice also that when he goes to another station his spectra change. 

MR. SMITH: That is all path effect. 

MR. FRASIER: Yes. I completely eliminate the path, because I 
deliberately divide out all of the stuff I don't know. 

MR. ALEXANDER: Each individual plot that I showed had that same 
characteristic. They were all the same station, s.rnie path, so each 
individual one was analogous to what you have done to the short 
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period. This was a somewhat different result. I get completely con- 
sistent spectral shapes, and you do, too, up to about one cycle, and 
then they start to vary from one shot to the next. 

MR. FRASIER: These are the types of problems that we are stuck with 
in short-period seismic information. I think that a next step is to 
estimate the effect of free surface over the source. This should be 
done numerically. In short-period data, attenuation, spherical 
spreading, and layering seem to distort the data more than for long- 
period data so that we have a very hard time using the absolute 
signals to determine source parameters. 

COL. RUSSEIU Thank you very much, Clint. 

Next we are going to take a look at Questions 5 and 7 on your 
list, and Nafi Toksöz will speak on those points. 
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CONVERGING CLOSE-IN AND FAR-FIELD CALCULATIONS 

M. Nafi TokaOz 
Massaohusette Institute of Technology 

The problem in bridging the gap between the near-source 
calculations and the far-field studies which are trying to come back 
toward the source, is that a common ground has not been reached. 
Theoretically the seismic observations made at some jistance from the 
source, when corrected for all of the propagation effects, should give 
ideal source properties. Furthermore these properties should agree 
with what one computes starting at the source and taking into account 
the explosion history and the behavior of the medium. 

"""he reasons for the lack of complete convergence between the 
inward a;;U outward approaches are manyfold. Some are connected with 
the close-in phenomena and what happens to the pressure pulse within a 
few kilometers of the source. Others are related to the far-field 
observations and the propagation effects on the seismic pulse. It is 
not possible to correct for the exact medium response. 

Still another complexity, which we will not go int^ dt this 
moment, arises when we compare earthquakes and explosions in con- 
junction with discrimination phenomena. We know quite a bit about the 
explosions, bot'-» theoretically and from measurements. For the earth- 
quakes, our knowledge of the source is very sparse. There has been 
no direct measurement of ground motion at the hypfcenter nor hai there 
been an exact theoretical formulation of the source. Progress is being 
made in tiiese areas theoretically, by improved modeling and numerical 
calculations as well as by expanded and improved field measurements. 

Let us get back to the explosions and start from field ob- 
servations. What are some of the difficulties that we face as 
seismologists in getting back to the source? Those who are working 
with seismic surface waves face a number of things. If the medium 
(crust and upper mantle) can be characterized by plane, parallel 
layers of  known velocities and densities, we can compute the amplitude 
and phase responses and determine, for example, what a Rayleigh wave 
should look like at a distance of 1,000 or 5,000 km. Inversely, given 
a surface wave observed at some distance, we can theoretically correct 
for the propagation effect and get back to the source. The limiting 
factors her*» are the insufficient knowledge of the structure and 
deviation from plane, parallel layering. Generally we do not know the 
velocities and densities exactly as a function of depth, and we do not 
know the attenuation properties of the medium. The problems of 
lateral nonuniformity of the structure (where the layers are dipping, 
the surface topography varying, and tha velocities varying laterally) 
introduce theoretical limitations. In these areas very little progress 
has been made in exact computational schemes. Some calculations have 
been made for Love waves and some are being carried out for Rayleigh 
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waves, but these are still far from modeling all the crustal 
heterogeneities. 

For a moment let us look at problems of seismic body (P and 
Sj waves. For a point source in a laterally homogeneous earth (the 
parameters vary only as a function of the radius), we can compute the 
exact geometric spreading. We can include the attenuation effects if 
g is also known. Thus for a given source function we can compute 
theoretically what the mfa value should be. Inversely, given an ob- 
served P wave, we can determine the pulse at the source. 

The difficulties arise if we do not know the layering 
exactly, if there are very sharp variations in the velocity, and if 
there are lateral heterogeneities. If one adds to this some of the 
near surface complexities that affect the pulse shape as Clint Frasier 
showed, then this problem becomes more complicated. 

As more observations become available, the effect of attenua- 
tion gets to be more and more significant. Earlier this morning 
Shelton Alexander mentioned how the Q might affect the Lody-wave 
magnitudes. In North America, as a result of variations in attenuation 
in the upper mantle, the body-wave magnitudes may vary by as much as 
0.3 to 0.5 magnitude units. Because of attenuation effects, an NTS 
event would have a lower body-wave magnitude than the identical source 
detonated in a shield area. Similar problems apply to the oL-servina 
station sites. s 

At the moment there are a number of organizations working on 
collecting data and evaluating the effects of these factors on the 
magnitudes of explosions as well as earthquakes. 

The most important aspect of this conference is that investi- 
gators working with the far-field data and those working with the near- 
field measurements and computations are present. From the information 
that I have been able to gather, the code calculations go to a certain 
limit and beyond that the medium is assumed to behave elastically  The 
problem for seismological purposes is that the computations are not 
carried far enough. 

In seismology we deal with the wave equation, derived with 
certain assumptions. One of the most important points is that the 
strains are assumed to be very small. This limits how closely we can 
approach the source from data recorded at far field. 

We would like to see the code calculations extended radially 
far enough so that the strains due to the explosive source become very 
small O.e., 10-5). if this can be done, then the seismological and 
code calculation results can be compared directly. 

The second problem that we must face results from the 
complexities in the near field. If we assume homogeneity of the 
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medium for near-source calculations, we ignore a number of geologic 
factors. Examples of these are: crack formation and growth, and 
movements and adjustments along existing faults and boundaries. 

A third problem that comes to mind is what happens if there 
is existing stress (prestress) in the medium. What happens to the 
radiated energy? These problems have to be ironed out if we expect to 
be able to match near-field measurements and far-field results. 

Let us now go into the far-field results. Without going 
into details, let me show the source-time function for a typical 
explosion—Bilby (Figure 43). This is the source-pressure function at, 
what we call, the boundary of the elastic zone, that is, the hypo- 
thetical zone where the medium is behaving elastically and the strains 
are very small . To obtain this, the observed Rayleigh waves have been 
corrected for ill of the propagation effects and then carried back 
toward the source. This pulse is similar to what we saw before from 
Bill Ferret's data, except it may be decaying a little more rapidly. 

MR. SMITH: This is an assumed pulse form for which you have fitted 
the parameters? This is a perfect fit with an assumption about what 
it should look like? 

MR. TOMSOZ: It fits the amplitudes exactly and fits the phases to the 
accuracy that we have. The pulse form has been characterized by p(t) ■ 
te-nt. n is a parameter we have varied to fit the data. 

MR. COOPER: How big is the cavity radius in this problem? 

MR. TOKSOZ: We assume a point source, but this time function would 
correspond to the pulse at distances larger than a wavelength from the 
source. The main reason for this is that we take the asymptotic 
expansion of HC2)(kr) and neglect terms of the order (krV"*'* or 
smaller. Note that k = Zn/x  is wavenumber and r is horizontal 
distance. 

MR. RINEY: We should be able to determine that, shouldn't we—the 
equivalent elastic radius from the reduced displacement potential? 
Shouldn't there be some relationship between these two? 

MR. ALEXANDER: Aren't you saying that if you assume a point source and 
this goes into the elastic zone. It matches up with what the actual one 
does out in the elastic zone? 

MR. RINEY: That is right. 

MR. ARCHAMBEAU: You are making kind of a misleading argument when you 
say point source. You are using Sharpe's solution for something aren't 
you? 

MR. TOKSOZ: No, we are not using Sharpe's solution. 
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Then the pressure has to oe equal. 

Oh, this Is your result of equalizing back? 

Yes. To where the asymptotic expansion is valid, such as 

MR. CHERRY 

MR. COOPER 

MR. TOKSOZ 
one wavelength away 

MR. COOPER: My question really has to do with the situation of a 
finite cavity in elastic material, loaded by some pressure pulse. If 
the pressure pulse duration is reasonably long with respect to the 
cavity response time, it does not matter what the pulse shape is 
anyway. The cavity response controls the far-field response. So I am 
still confused as to what the cavity radius in your analysis means. 
Is this a cavity radius to which you apply a pressure-time history? 
Do you treat it as if no signals reflect from the cavity wall? 

MR. TOKSOZ: We take a small, hypothetical cavity, and this is the 
pressure we put at this cavity. Once the pressure is applied, the 
cavity is assumed to disappear. It does not oscillate nor scatter 
waves. 

MR. RINEY: Could you define for us nonseismologists exactly what you 
mean by point source? Isn't that our problem around here? 

MR. COOPER: Consider a step pressure on a finite cavity wall. The 
far-field response to this step pressure is really not very different 
from that associated with some decaying time history whose positive 
phase is reasonably long with respect to the response time of the 
cavity. I am trying to understand why the loading pulse shape matters. 

MR. TOKSOZ: Your first statement is exactly what we did. 

MR. COOPER: I see a pulse shape here. 

MR. FRASIER: It is normalized pressure. 

MR. RINER: It depe-.ids on time, so it is not a step pulse. 

MR. COOPER: Somehow it does not depend on the cavity radius  I don't 
understand, because the cavity radius (in terms of the Blake'solution 
or the Sharpe solution) appears in the far-field response. 

MR. RODEAN: And determines the frequency spectrum. 

MR. COOPER: Yes, it does. It determines the frequency spectra rather 
independently of the detail of the pressure pulse on the cavity wall 
i  think. J ' 
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MR. TOKSOZ: Let us take the case of a layered half space, and you have 
a relatively small cavity, a cavity that is small compared to the wave- 
length. Then you put in a pressure pulse, and immediately afterwards 
you remove the cavity. Thus the cavity does not oscillate nor do you 
have the waves coming to the cavity and scattering. 

MR. ROTENBERG: This is the pressure signal that you are putting on 
the walls of that little cavity. 

MR. COOPER: I still don't understand. The cavity radius, if I 
remember the problem, is one of the dominant determining factors of 
the response in the frequency spectrum. 

MR. ARCHAMBEAU. You take the radiated field and you just divide out 
the propagation effects in a layered medium. 

MR. HARKRIDER: All the way back to the source. 

MR. ARCHAMBEAU: In the radiated fieiu you get a 1/R singularity 
because you expand the field outside the source zone. You just took 
out the 1/R, so you have A (the elastic radius) in there somehow. 
The real A ha^ to be in this equivalent time function. How do you use 
this with Shc-pe's, then? 

MR. SMITH: /it the risk of confusing things, I understood that this 
cavity is maie so small that all of the oscillations that come out of 
an analytic solution are all much shorter periods than that, and 
really are not of any concern. It is this long-period waveform that 
is controlling what we see at great distances. In fact, it does not 
matter a lot what short-period things you superimpose on that, because 
you don't see them at a distance anyway. 

MR. CHERRY: I think the question is what is it, what does that thing 
really represent? If you are asking us to give you something, you 
have to tell us what to give you, and to ■'jst put a curve like that up 
on the board and say, okay, this is what we want, does not help. 

MR. SMITH: No, he did not say that. This explains what we see at great 
distances. 

MR. ARCHAMBEAU: Yes, he is going to say what he means later. 

MR. COOPER: But I don't understand what that is. 

MR. ARCHAMBEAU: If you consider a spherical cavity, and distribute on 
the cavity a pressure like that, take this configuration to the limit 
as the sphere becomes very small compared to the wavelength, then 
this source will reproduce the long wavelength field. That is what 
they have done. 
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MR. SMITH: That is an equivalent source for what kind of a far-field 
situation? 

MR. RODEAN: Surface waves. This is very interesting because you 
(Harkrider) first published this in a series of two papers on Hardhat 
and other events. What you are saying is that when you take this 
mathematical model, which you described in your BSSA paper several 
years ago, and you calculate backwards to determine source, you get an 
impulse function for your pressure—that is sort of a pressure impulse 
inside your cavity, and let us forget about how big the cavity is for 
the moment. If we take Ted Cherry's calculations for the close-in 
elastic response, or Bill Perret's measurements, there we get, instead 
of an impulse function, a step function as the dominant input to the 
equivalent elastic system. 

MR. FRASIER: It is a band-limited step function. You see, he does not 
have infinite frequencies. He is stuck since his instruments only have 
certain bands. 

MR. RODEAN: On the other hand, if you just throw away the long-period 
frequencies in a step function, then you are left more with that. 

MR. TOKSOZ: From all the preceding questions and discussions it is 
clear that there is some confusion. Let me try to explain the problem 
again. There are several factors that must be considered: (1) the 
shape of the pressure pulse we apply to the small, hypothetical 
cavity; (2) the geometric effect of what happens to a spherical wave 
as it propaoates outward; (3) rheological effects of the medium on the 
pulse; and (4) long-range propagation effects of the layered medium on 
Rayleigh waves. 

In this study, all we correct for is the long-range propa- 
gation effects. Thus the pulse shape we obtain incorporates in it the 
shape of the pressure function, geometric effects near the source as 
formulated in Sharpe's or Blake's solution, and the attenuating 
effects of the medium as described by the stress-strain curve. If one 
measured the radial stress at a distance of about 20 km from an 
explosion source, we contend that it should look like our pulse. 

MR. RODEAN: Isn't another thing that is happening here is that this 
source puts out only compressional waves or body waves? But what you 
are looking at at a distance and then calculating backwards from is 
the result when some of these body waves have been somehow converted 
into the surface waves in your layered medium? 

MR. TOKSOZ: That is one way of looking at it, but a source of pure 
body waves in a half space will generate surface waves. 

MR. CHERRY: Would it be fair to say that the units on that normalized 
pressure might be stress times distance? 

131 



MR. COOPER: How much difference would it make in terms of your 
Rayleigh waves and the rest of the solution if you were to put a step 
function in as the source function, as opposed to the curve that you 
actually have used? 

MR. TOKSOZ: We cannot explain the observed data. To the best of our 
knowledge the observed spectra has more higher frequency components than 
you would get from the step response in the period range of 10 sec to 
40 sec. 

MR. ALEXANDER: This is due to the pressure history on the wall of the 
cavity, right? 

MR. TOKSOZ: Don't mention the cavity, because we have different 
interpretations of the cavity. 

MR. HARKRIDER: As far as convenience goes, as to your question of 
what we would rather have, we would rather have the reduced displace- 
ment potentials for the outgoing waves. They are easier to work with, 
but I can take the presjure if you have it. 

MR. CHERRY: In the linear zone. 

MR. HARKRIDER: In the linear zone. I would rather have that of all 
of the things. 

MR. CHERRY: Sure, but you would also like the reduced pressure. 
i 

MR. ARCHAMBEAU:    This is just the time function. 
i 1 

MR. RODEAN: What you are saying is that the DC value does not seem 
to make much difference for your surface waves. 

MR. SMITH: It can't, because it is a band-limited system. It does 
see zero frequency anyway. I think you can look at this, and this is 
simply a function which if you put it into this operator that describes 
the response of the layered earth, what comes out is the seismogram. 
So this is one of a collection of an infinite number of possible 
functions at the cavity which would give the same seismogram. 

MR, RINEY: But if this is due to different models of his layered 
earth, you would get a different function. 

MR. ALEXANDER: No, he has equalized out the earth, and it leaves this 
function. 

MR. SMITH: Say something about the frequency range that you used for 
the inversion, because I think that is pretty crucial. 
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MR RODEAN: What is your bandwidth of surface waves that you used to 
get that? J 

MR. TOKSOZ: 10 sec to 40 sec. 

MR. RINEY: I am still confused. This comes out, and if you wish it 
is Implied using your layered model. I was just curious about the 
sensitivity of this implied function from the Variations in the layers, 
.thicknesses, and parameters that you assumed for layer., and energy or 
anything else that you put into your model, would you clways come out 
with this function? 

MR. TOKSOZ: This function depends on the layering response, such as 
the layer parameters, but for any realistic thing within the general 
range of layers that we have, it is relatively insensitive to small 
variations in the layer paramete-s (velocities and densities), if our 
assumption of flat parallel laye-s holds. The second thing is that 
we use the phase or the dispersicn properties of the medium from phase 
and group velocity data, we know within certain bounds what the 
structure is, and within these bounds the amplitude response is not 
going to change very much. 

MR. RINEY: The second question I have is, did I understand you to 
say you would just as soon have the reduced displacement, but you 
would like to have a different one from the one we gave you, because 
it is not consistent? s  J • 

MR. HARKRIDER: I don't know. That is what we are here to find out 
I just make these things. They look at them. 

MR. TOKSOZ: The thing we would like to have is for you to give us 
cnlrfd-+ed1*

1spl!}ce7ent Potential at some distance like 10 km from the 
source itself, and also computed not only to half a second, but to 
about 5 sec or 10 sec. 

MR.i RINEY: That would be just as good to you. 

MR. TRULIO: How about giving it at the farthest range at which 
material ever becomes inelastic, and that might only be ten cavity 

^vI^LAlln^1"^ iS n0t sufficient- The assumption we make 
JL !f*i  ^ ^l s^ains' so you can drop those. We do not know 
the attenuation behavior or the material behavior for finite ampli- 
tudes, and the matena will not break down. It will still behave 
elastically  Whether it would continue on attenuating heavily like 
we saw in Bill Ferret's data is a function of distance. If this ex- 
Sl "cJ-n^r ^  Stiil takl"n9 Place' we know that the pulse shape is still changing. The calculations must be carried out to a 
distance where the pulse changes very little, if any, fn successive 
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MR. ALEXANDER: The observed spectra I showed for Rayleigh waves all 
had the same shape where the path is fixed and you have different sized 
events in various media. Therefore, whatever the code calculations tell 
you, they should tell you that these long-period signals ought to look 
alike for all of these different media. 

MR. CHERRY: As far as the Rayleigh wave is concerned, I think that is 
certainly reasonable. I don t see why periods that long ought to be 
sensitive to how many beer cans you throw in the emplacement hole. You 
ha"e a cavity 20 m in radius versus a cavity 5 m in radius. Why should 
wavelengths as large as the Rayleigh wavelengths be sensitive to a 
cavity that size? 

MR. COOPER: That is exactly why I asked about the detail of the pres- 
sure pulse in the fi-st place. 

MR. ALEXANDER: That is what he is talking about. He is getting back 
those low-frequency components in terms of some time function you 
could put in there equally well with the explosion, and get out the 
same thing. 

MR. ARCHAM3EAU: It is not the cavity size. Jt is the radius of the 
nonlinear zone that matters. 

MR. RODEAN: The elastic radiator. 

MR. SMITH: I think there is a big difference of opinion about that 
zone. I think the zone may be as 1^rge as 10 km in some cases, 
because any time that you have, for example, surface cracking and 
permanent strain offsets, then demonstrably you are in the nonlinear 
zone. I think one of our basic differences of opinion is the size of 
this zone. I think the seismologists would tend to assign a much 
larger zone. 

MR. TRULIO: Also, present models of these materials, including their 
inelastic behavior, lead to no magic effects at the boundary of that 
zone. If, as a driving condition for seismic motion, you were to use 
the history of motion at a smaller range than the boundary of the non- 
linear zone, you would not see much difference in the seismic waves 
generated by a given explosive source. 

MR. SMITH: Oh, right, if we knew what attenuation and constituent 
relationships to use in there, yes, but we are using information about 
the earth determined from infinitesimal strains, so we would like to 
be out in the region where those are valid, and maybe strains of a 
tenth of a percent are too big for those to still be valid. 
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Figure 44.    Schematic Diagräm of the Source Region of an Explosion. 
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Figure 45.    Cracking Due to an Explosion Source in a Glass Plate Stressed 
Under Tension (114 bars).    Stress axis is up-and-down direc- 
tion.    Note the growth of the cracks in a direction perpen- 
dicular to the stress axis. 
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The generation of Love waves by the explosions is illustrated 
in Table 5. Most of the events are large explosions. The reason for 
this is that at large distances, it is much easier to get a better 
signal-to-noise ratio. The important factor in the table is the rela- 
tive strength of the double-couple component (strength of the Love waves 
measured relative to the explosive strength). This'is denoted as the 
F value and is proportional to the square root of the energy ratio of 
the double-couple component to the explosion. 

We tried to correlate F values with a number of phenomena. 
One outstanding result is that F seertfe to correlate with the medium 
strength. For explosions in granite '(Hardhat, Shoal, and Piledriver) 
ehe F values are greater than 0.90. iThen conies the rhyolite in the 
range of about 0.95 down to about 0.6, and then the tuffs anywhere from 
about 0.55 down to about 0.3 or 0.4, atirf thenibelow that are the 
alluviums, which from one example we havte'(Haymaker) is about 0.3. Tne 
explosions in loose alluvium (Sedan) and in salt (Salmon and Gnome) 
generated no Love waves. 3>• 

We know that the generation of thes» waves is taking place 
in the source region. Shelton Alexander gave "a good example and a 
good justification for that. We do not know the exact mechanism of 
Love-wave generation, although the laboratory results give us some 
ideas. Theoretical calculations for these cases, especially near the 
source, to my knowledge, are nonexistent. If code calculations can 
be made, they may help us understand the seismic observations. 

That is all I have. Now we can entertain questions. 
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Table 5. Source Characteristics of a Sampling of 
Underground Nuclear Explosions 

(F) 
DOUBLE COUPLE FAULT 

EVENT MEDIUM 

Granite 

STRENGTH 

3.20 

AZI. 

Piledriver 340° 
Hardhat Granite 3.00 330° 
Shoal Granite .90 346° 
Chartreuse Rhyolite .94 353° 
Duryea Rhyolite .75 355° 
Halfbeak Rhyolite .67 345° 
Boxcar Rhyolite .59 346° 
Greeley Zeol. Tuff 1.60? 355° 
Benham Zeol. Tuff .85 345° 
Corduroy Quarzite .72 347° 
Cup Tuff .55 200° 
Bilby Tuff .47 340° 
Tan Tuff .39 347° 
Buff Tuff .31 208° 
Bronze Tuff .33 185° 
Faultless Sat. Tuff .50 344° 
Haymaker Alluvium .33 340° 
Sedan Alluvium 0 
Salmon Salt 0 _ 
Gnome Salt 0 
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MR. TOKSOZ: First of all, when you are computing the reduced potential 
as a function of time, what is the longest time (maximum t) you compute 
these things for? 

MR. TRULIO: That will change with the medium. We run them typically 
until the strains that are taking place in the materials are purely 
elastic. 

MR. HARKRIDER: The potential then just decreases at 1/R. 

MR. TRULIO: Yes, if you are talking about a spherical calculation 
now.... 

MR. COOPER: How far did you calculate Piledriver, for example? 

MR. TRULIO: We were really looking to compare with just two gage 
stations, so that is probably not a good case. But we carried Diamond 
Dust, for example, out to a time of several seconds, scaled to a kilo- 
ton. That takes the field of motion a long way into the elastic regime. 

MR. HARKRIDER: In other words, it was propagation as an elastic wave. 

MR. TRULIO: Yes. As a matter of fact, to save computing time, we don't 
extend the region of calculation much beyond the eventual elastic- 
plastic boundary, that is, the ultimate range at which inelastic defor- 
mation takes place for a given material model. What we do is compute 
for a distance a little bit greater than that range, and use the fact 
that the sourer is in the interior of the region of calculation to avoid 
calculating all of the exterior mesh points that you would otherwise put 
in a finite-difference calculation. 

MR. TOKSOZ: I think this is important. 

MR. TRULIO: You mentioned something about not being sure of the 
attenuation factors until you get to almost infinitesimal stresses. 
Is that a limitation? You could have linear behavior taking place, 
and not be sure of the linear dissipation that the medium would 
produce. How low do we have to go in stress? Maybe that is a way to 
raise the question. How low do you have to go in stress before you 
feel you understand the earth as a medium for wave propagation? 

MR. TOKSOZ: Strains of lO"* to 10-5? 

MR. TRULIO: Even f the material is behaving linearly elastically, at 
least under static conditions at strains of 10-2? 
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MR. ARCHAMBEAU: Yes, I believe so. 

MR. CHERRY: The thing that sort of worries me now is not so much the 
elastic assumption, but the adiabatic assumption that is in all of 
the codes, the fact that there is no heat transfer taking place. 

MR. ARCHAMBEAU: How much basically do you trust the results coming 
out of the code? 

MR. TRULIO: I think we have the same problem you do. It is modeling 
the medium. 

MR. ARCHAMBEAU: Things like cracking and so on. 

MR. TRULIO: Yes, the main problem is to model the mechanical proper- 
ties of the medium. 

MR. ARCHAMBEAU: What if the medium is prestressed, say? 

MR. TRULIO: Then I would say the best results are obtained for soft 
rock or soil. 

•MR. ARCHAMBEAU: Sure. 

MR. TRULIO: That is probably where most attention should be put right 
now. 

MR. RODEAN: But if you talk about calculations of explosions in pre- 
stressed media, then you are probably talking about three-dimensional 
calculations. 

MR. ARCHAMBEAU: Or, say, two, two-dimensional ones. 

MR. RODEAN: But how real would they be? 

MR. ARCHAMBEAU: I am sure the shear fields in Nevada have two 
dimensional symmetry and have an axis 

MR. HARKRIDER: Could you just extrapolate it using wave theory? 

MR. CHERRY: Yes, you could extrapolate from the source region on out. 

MR. HARKRIDER: There is no sense then going any further, because they 
have reached that point. 

MR. COOPER: If you assume it is elastic at some point, then you can 
solve for elastic response in a straightforward manner. 

MR. TRULIO: I think a useful case might be one in which, within the 
farthest range of inelastic behavior, you don't get return signals so 
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early that the material inside that range is still deforming inelasti- 
cally. What I mean is that there may be some interesting cases where 
interactions with interfaces and the ground surface can all be calcu- 
lated as linear wave processes, because after a short time, all of the 
stresses have decayed to the point where nothing is deforming inelasti- 
cally any more. Some material may have flowed plastically early, but 
not everything 'h behaving eUscically again. 

MR. ROTENBERG: You are usi g a different material. 

MR. TRULIO: Yes, the material is changed by its deformation history. 
It has flowed plastictlly and So on. It finally becomes a material that 
behaves elastically, a d you know its state from a fairly early time on. 

MR. FRASIER: Could we see some time histories of some of theso maybe 
tomorrow? 

MR. TRULIO: Yes. 

MR. FRASIER: At a previous meeting in April people showed that one 
code would often not be consistent with another code cal Nation. If 
we could just see a couple of time histories of pressure or velocity 
it **ould give us more of a feeling for the solutions going into the 
elastic zone. 

MR. TRULIO: But you have given us some feeling. 10"4 or 10"^ is 
where you want to go in strain before you trust the models you have. 

MR. ARCHAMBEAU: In reality things are stressed and quite hetero- 
geneous, and if you have strains any bigger, you get a lot of movements 
along joints, and so on. Essentially the wave does work on the medium, 
so you have another mechanism. This would not be explicitly considered 
in your codes. That is, you have other mechanisms that are fully 
outside the scope of your code tor dissipating the energy of that wave 
as well as being outside the scope of our calculations, so we want to 
get off where the strains are small enough that these effects are not 
goim to be important. 

MR. TRULIO: If you describe it that way, that you have slippage along 
faults and so on, it may turn out, as Howie says, three dimensional. 
Of course to calculate such motion is not practical at present. 

MR. ALEXANDER: As I recall, 2 or 3 yr ago, and I have not kept up with 
your code calculations that carefully, the real place where the uncer- 
tainty lay was in being able to predict accurately the fracture zone 
and the extent of the fracture zone. How well can you in fact do that 
from code calculations in terms of results of post-shot drilling? How 
well do these codes work to estimate the extent of fracturing and 
crushing and that sort of deformation? 

MR. CHERRY: I can tell you that we missed the Gasbuggy chimney by 
3 ft or something like that. I dor't know. 
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MR. PERRET: Ted, did you miss that by 3 ft from my calculation for 
it or where it was measured? 

MR. CHERRY: No, it was by the drilling. 

MR. RINEY: Let me ask one question. Our reduced displacement 
potential this morning in comparison to Bill's measurements, there was 
the peak that could not be explained by the calculation   

MR. CHERRY: Yes, that is really a puzzle. 

MR. RINEY: That is a puzzle, and I would think that you would agree 
that those are prooably some of the better calculations being made by 
code, so it must be that the codes have difficulty modeling what was 
actually physically there as proved by the measurements. 

MR. CHERRY: As far as the fracture radius is concerned, I am not so 
very much worried about that, but right now I am more concerned about 
the details in the pulse shape, like that initial overshoot. I guess 
I am forced to believe that I just don't do that so well. I think 
that may be mora a function of how we start the problems off, rather 
than a lack of an equ?tion of state. 

MR. ALEXANDER: But in determining the far field there, I doubt that 
bump is going to make an awful lot of difference. 

MR. CHERRY: For your problems it may not. 

MR. TOKSOZ: I think it does. 

MR. ALEXANDER: That is sort of the direction you are coming to. 

MR. TOKSOZ: That is true. Our results are converging closer to some 
of the large explosions that Bill Perret presented than to some of the 
code calculation results. 

MR. RODEAN: One other thing, too: A paper by Ben Tsai which he gave 
at Woods Hole (there is a preprint of it around by Tsai and Aki). He 
used two different reduced displacement potentials: one of them sort 
of oozed up to a steady-state value and wai probably based on a tuff 
measurement, and the other one had an overshoot in it like the Hardhat 
measurement. It was the one with the overshoot that did show a yield- 
scaling effect as far as surface-wave spectra was concerned. Not 
much, but that was the only one that seemed to do it. 

MR. CHERRY: Is that good or bad? 

MR. RODEAN: I don't know. I am just saying that is what this guy got. 

MR. TRULIO: The models are far from complete, too. There just 
isn't anybody that I know of now who has a dispersive model for hard 
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rocks, jointed and cracked; dispersion from cracks and joints is left 
out entirely. Whatever wave shape changes take place because of elastic 
reflections from boundaries does not appear in the calculations, and 
neither do the effects of simpler kinds of inhomogeneities, like a large 
inclusion of a kind that would diffract waves. 

MR. RODEAN: Furthermore, in the cod'  , are also affected by the 
zone size, and then the artificial viscosity starts getting in there, 
too. 

MR. TRULIO: Yes, those things are controllable, but I think there 
really are some gaps still in the models. Maybe the best way to go 
about plugging them is to make sure you can model materials like tuff, 
that are not as complex as cracked rock. I think that to start with 
NTS granite is probably to start with the most difficult phenomena 
exhibited by the spectrum of geological materials. 

MR. TOKSOZ: Once you get to what you call the elastic zone, you no 
longer have energy loss in the medium. 

MR. TRULIO: That is right. With present material models you can 
compute far enough from the burst point and far enough in time, so that 
material that is being disturbed for the first time does not get stressed 
enough to make it behave inelastically. You can build the models in such 
a way that there is no level at which material will ever behave elasti- 
cally, but that is not the way we build them. An example of a not-so- 
simple kind of dissipation would be hysteretic behavior at any level of 
stress. You might load with one hydrostatic stress-strain slope and 
always unload with another—but we don't model materials that way. 

MR. TOKSOZ: What Bill showed, if I remember correctly, for Salmon, 
(even at the distances of 620 and 740 m), there was still a sizeable 
loss of energy going from one distance to the other. If we assume 
that the material is lossy (attenuating), this means the pulse shape 
changes unless this attenuation is very, very small. If the calcula- 
tion is not carried to the zone where the attenuation is very small, 
this means one would get a change in the pulse shape. 

MR. ARCHAMBEAU: That is what he is saying, that you take it out 
beyond that. 

MR. PERRET: I don't think we can measure with our kind of instrumen- 
tation motions that will be in the region where the strains are of 
the order of 10-^ or lO-5. I don't think we can bring our kinds of 
instruments down that low. 

MR. ARCHAMBEAU. This is the insensitivity of the instrument? 

MR. PERRET: I think so. These are instruments that are built to 
respond to something a lot bigger than that. We have operated 
surface stations on Jorum and Handley using logarithmic amplifiers, 
and got down in the neighborhood of 10-3 g«s> which is two orders 
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of magnitude below signals from our linear amplifier systems, 
have never put them in free-field instrumentation. 

But we 

MR. BROWN:    We have the same problem with just laboratory rwasurements 
on rock properties.    They are not made down in these stress levels where 
you are talking about 10-5 strain.    If you consider the modulus of a 
million psi, 10-5 strain occurs at only 10 psi.    We don't make measure- 
ments there, and I don't think Handin makes any. 
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SEISMOLOGISTS REQUIREMENTS IN TERMS OF BOTH 
OBSERVATIONS AND THEORETICAL CODES 

Charles B. Arahambeau 
i California Institute of Technology 

, Let me start by summarizing what we think we need, and then 
t am going to talk briefly öbout some of the spectral properties of 
the seismic field that we observe, and then mention some of the dis- 
criminants.    I am going to try to keep this discussion fairly short, 
and depending on what kind of questions you have, I or some of the 
other seismologists can elaborate. 

I think we said a couple of times that what we want, or what 
we need, is merely the displacement field in potential form, for 
example, in the elastic zone.    It has to be, of course, something 
quite realistic.    What we mean by the elastic zone is some elastic 
radius beyond which the strains are of ths order of something like 
lO-*» or 10-5.    This will insure that if the medium is jointed,and 
stressed, which is probable, then this level of strain will not cause 
any large scale, nonlinear effects associated with movements along 
joints and faults. 

MR. HARKRJDER:    Where did you get those nurtters, Arch? 

MR. ARCHAMBEAU:    These are from strain observations close to the 
source.    We find that when we have strains of this level, then there 
is no appreciable movement on faults or joints. 

MR. CHERRY: Wouldn't you s<*y that it ma^y very well happen that the 
elastic radius, as you people get it, might be wavelength sensitive 
depending on, say, the size of the joints? 

MR. ARCHAMBEAU:    Yes.    This is always in the context of what band- 
width we are looking at seismically.    It is the seismic bandwidth that 
we are interested in, and I think we ought to specify that.    At the 
high-frequency end we put it at 5 cycles, and at the low frequency end 
we are looking at energy around 100 sec or even greater, but let us 
just s<*y for purposes of detection, 100 sec is about as far as we are 

i going. 

MR. CHERRY:    The thing I meant was it might be that the elastic radius 
would be different for the bo^y waves than for the Rayleigh waves. 

MR. ARCHAMBEAU:    Yes.    I think that is probably true, but let us take 
the greatest radius appropriate for all surface and body waves in the 
range of frequencies of interest.    We are spying that this is probably 
the best practical wa^y of specifying it, in terms of the distance at 
which the strain is at most 10-4 for any frequency in the 5 to 0.01 cps 
range. 
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Now we have observed, of course, from explosions, that we have 
any number of anomalous effects as well, stress relaxation in the zone 
outside the fracture zone, and in general  there is ;»ome movement along 
cracks and fractures in this zone.   This closer-in zone is what one 
might call  a zone of cracking.    You have been working out to within the 
fracture zone someplace, from what I can gather, and tiiis is the end of 
your nonlinear zone.    In other words, at this point, you talk about 
infinitesimal strains because they are perhaps 10"2 or something of that 
order. 

MR. PERRET:    On rpexamination of our data, it seems that our measure- 
ments yield st.ains of 10-3 and 10-4 calculated from peak particle 
velocities or displacement differences. 

MR. ARCHAMBEAU:    Okay.    So we are getting close.    It is some place near 
the outer radius of the fracture zone. 

MR. PERRET:    Gasbuggy measurements, for instance, give peak strains of 
about 5 x 10-3. 

MR. ARCHAMBEAU:    That's good.    What we might need are measurements out 
even farther to make sure that things are behaving elastically. 

MR. PERRET:    For instance, on Discus Thrower, we do not have data out 
in the neighborhood of 10-4 or 10-5 strain.    The real problem is that 
at times beyond 1 sec our records indicate from particle velocity 
divided by the propagation velocity we get strains below 10-6, but here 
we are down in the record noise.    I looked up some of these data to see 
what strains the noise represented.    What I em saving is that in free- 
field data from distances like a few hundred to a few thousand feet we 
see no frequencies of the order of one cycle which are out of the noise. 
Frequencies are all higher than one cycle and noise is of the order of 
10-6 calculated strain. 

MR. SMITH:    The energy is all there. 

MR.  PERRET:    It must be. 

MR. SMITH:    The earth is acting like a filter, so you are not going to 
see lower frequencies at greater distance if it is not there close in. 

MR. ARCHAMBEAU:    That is right.    What you are saying is that the noise 
level is up above the energies in that frequency band. 

MR. PERRET:    That is right, and the strains I am talking about are less 
than 10-6, i.e., our noise level  is equivalent to strains of this 
magnitude. 
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^:i l*mJii we are losin9 Pe^Pectlve here.    There Is a tre- 
mendous amount of data out in this intermediate range, the entire 
Coast Survey strong-motion program, but by the time you get so far 
KL^I* ^J^1"5 *"* that small, the signal is totally deter- 
mined by reverberations in the crustal layers. 

JJikS^Lw1 "*« ^U are losin9 sl9ht of 1s the fact that we are 
sSrfl« An "«asurements and Coast Survey records only 

MR. SMITH:    That is ny point.    By the time you get far enough out that 
the strains are this small, you might as well be at the surface, 
because there has already been time for reverterations in crustal 
layers and surface reflections. 

JM/MTL IheKkJ?d 0f ih1n9 they are seein9 that represents strain 
«l?w i!*!1! pr°bably surface waves like the Raleigh waves; in free- 
field data we observe only the body wave and there the dilatational 
wave dominates by an order of magnitude. «"'axanonai 

MR. SMITH:    That is right. 

to^a^Mlo^e^^6 Stra1nS ^ ll"0' ^ by the t1me ^ 9et out 

fMc^f8^1    ln,m case• I wanted to state at least roughly at 
£«PÄl5r!Lfr le^ What we had in mind and ^at we needed in terms of both observations and the theoretical codes.    Actually it 
wou d be very useful for us to have spectral data     fhat wou d be the 

results 0r US t0 l00k at' either the data or the theoretical 

S-ffl^hS1^ IVH* that data exists at those distances' ** 
MR. ARCHAMBEAU:    You mean the surface measurements? 

dfff^IJi JlllLatt •iSta^e of 5 or 10 km' ^ does not make any 
1".^^%^^ ^sL^6 " a th0USand teet d0Wn-    The ^al 

MR. ARCHAMBEAU:    Nevertheless, that is our effective source function 
If we are going to get anything frem what they do, U is going to ha^e 

useb?h r'wh     SSl be Cl0SeMn beCaUSe ^ is "onlinea?! so9 we     n't use that.   What you are saying TS we can't use anything they have. 

MR. SMITH:    I am just saying we don't know how to use it yet. 

MR. ARCHAMBEAU:    Perhaps that is true.    Perhaps we will never be able 
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I!ILI:0?ÜE?:   The C0^S have calculated out to strain levels on the order that you require. 

fLI!!n!0in-4 d1!!nin E60?11 that correctly yesterday.    The strains are 
r^llLl     K   d 10     ^^.^ stop a Problem. even In two-dimensional 
fflfi     i     i   euau!e !?e n?ed t0 determine ground motion at stress levels of a few hundred psi. 

Ü SSUSf^i .YeS• tha^ Is easy t0 d0' of course.    It depends on 
how sophisticated your model  is.    What we are saying is we need a 
fairly sophisticated theoretical model. 9 

MR. COOPER:    The amount of data you have must determine how soohisti- 
cated you are justified in making the model. sopmsti 

MR. ARCHAMBEAU:    Yes, that is true, but I s^y from an assessment of our 
observations we need something fairly sophisticated     After ^f   2e are 
^ nL^0" C ^ "" fr0m these thin9*' and so on.    So tha ^eans wl 
are going to have to see something a little more elaborate, I think 

MR   CHERRY:    Do you think your knowledge of the structure warrants 
any  .., f 

MR. ARCHAMBEAU:    You mean close-in structure? 

MR.  CHERRY:    Yes. 

MR   ARCHAMBEAU:    I am just thinking in terms of teleseismic distances 
characir ™asurin9'/nd what that represents in terms if te source 
character.    We are seeing anomalous effects, and we are seeinq a fair 
degree of detail      In other words, our observations, [^ tltl?, are 
fairly sensmve to the character of the source function    the ecuiva 
lent source function, if you like to think about U thaJ'way    alLuah 
N%?VbSe/Vin9 1n 9eneral  1n a l^ited-frequency band     The Slw 
Naf! showed, for exanple, yesterday, was an equivalent source function 
which was derived from very limited bandwidthdata.   ot Snfque in a S 
sense, but we observe in other frequency bands.    In the bodv-wave 
frequency band we are observing actuallj up to five cycles in sol 

aÄ?nn ?nd 'T t0 10 SeC'    So tha' w' have vlH?S b«d$ ST« we are   ooking in. and we are getting a fair degree of detail  concerning 
^h^T6- .Th- ?UeS?0n is' is 1t at an Justified to make a ve?y 
elaborate material  and geometrical model?   I can't preciselv answer 
that question.    You might want to put in a certain IZmtof ffing 
fault zones, and things like that under stress conditions, whUh I    ^ 
think you are going to do anyway. 

MR   TRULIO:   Overburden stresses are the only ones that we have included 

ratrhinnisir.trrj^;idon,tknow"^^"Jt;crd 

MR. ARCHAMBEAU:    What about layering? 
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MR. SMITH:    Discus Thrower has been calculated. 

MR. TRULIO:    Yes, Discus Thrower, and layered basalt media for another 
example. 

MR. ARCHAMBEAU:    How do your results compare to observations, for 
example. 

MR. TRULIO:   On Discus Thrower, they were closer than we had a right to 
expect from our limited knowledge of the mechanical properties of the 
pertinent materials, that is, the difference between calculation and 
observation lay within the variation in ground motion one would predict 
by varying constitutive parameters within their likely limits of un- 
certainty.    There were no ground motion data for the layered basalt 
medium we calculated. 

MR. ARCHAMBEAU:   Okay, then it seems to me at this stage what we ought 
to do is use those results and try to predict the seismic field from 
them to see how that compares with our observations in the far field. 
It seems to be a logical and obvious thing to try to do at this point. 

MR. SMITH:    My point is  I keep remembering the data I have seen on an 
8-km radius from Jorum and Handley and things  .ike this, and the tre- 
mendous variation over 20-deg azimuth in the character of the signal 
at that distance.   A symmetric calculation such as you are describing 
cannot possibly explain what one sees at that distance. 

MR. TRULIO:    The medium surely exhibits asymmetries over the distances 
spanned by our calculations, but it is still modelled as perfectly homo- 
geneous and isotropic. 

Mü. COOPER:    I think asymmetries exist close in also.    For even a 
conv.ained burst in a "homogeneous" medium (homogeneous in the sense 
that it 1i  one real material), you will find that it is not really 
symmetric.    In fact, the data would scatter in one given direction. 
So calculations that assume symmetry at best can be assumed to repre- 
sent a prediction of some sort of a norm or mean of what you are 
measuring. 

MR. SMITH:    Then if we are going to work with some numbers near the 
source and relate them to the far field, then the measurements and the 
calculations we need are practically for the down going from the 
source, so we need some measurements underneath. 

MR. TRULIO:    I think the place to start is not with bursts in NTS 
granite.    It is with small yields in soft rocks, or dirt, or salt. 
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MR. ALEXANDER:    Is there an/ situation where you sampled the actual dis- 
placement, say a small shot where you got a real good azimuthal variation 
and also some depth measurements?   That would be very Interesting to see. 

MR. TRULIO:    One In tuff. 

MR.  COOPER:    That experiment would not have useful  variations.    We dis- 
cussed this last night.    The measurements were all in one direction. 

MR. TRULIO:    That is almost right.   The measurements were made not just 
in one direction, but covered a small solid angle.    The yield was small, 
and the experimental and theoretical pulses were quite similar. 

MR. COOPER: Frankly, I don't see how that really perturbates what was 
said n minute ago about using what is coming out of the codes as input 
to the other calculation. You are assuming symmetry with what you are 
using now, your point source, are you not? 

MR. ARCHAMBEAU:   No, we have rather complete flexibility. 

MR. TRULIO:    What is wrong with dealing with a source as spherically 
symmetric if it really is? 

MR. COOPER:   That is what I am trying to get at now.    I don't under- 
stand.    I thought the initial condition was a pressure pulse for a 
point source. 

MR. ARCHAMBEAU:    Yes, it was.    (But we aren't limited to that kind of 
representation.) 

MR. COOPER:    That was the input, and you are looking at surface move- 
ment.    That is a symmetric problem. 

MR. ARCHAMBEAU:    Let me show you the next sequence of figures, which 
should clarify this point 

MR, CHERRY:    Before you do that, you said you had complete flexibility. 
What does that mean?   Did you have a three-dimensional Rayleigh-weve 
model? 

MR. ARCHAMBEAU:    The source field need not have high symmetry.    In that 
sense we have flexibility, but the Ra^yleigh-wave calculations require 
cylindrical or spherical symmetry  'n the earth model used. 

MR. HARKRIDER:    You make a different calculation for each direction. 

MR. ARCHAMBEAU:    We can expand tne source in multipoles for aiiy kind 
of source we wish to consider and calculate the (free-field) radiation 
from it. 

MR. HARKRIDER:    But the material  is azimuthally symmetrical, right? 
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MR. ARCHAMBEAU:    Yes.    We do it in a spherical layered earth, and we 
can do some other things for cases in which things are not quite that 
nice.    We can do asymptotic rate theory in media with less idealized 
properties, for example.    We have some considerable computational capa- 
bility in terms of body waves and surface waves.    Dave's programs, for 
example, are for layered half-space problems, so when the propagation 
distances are not too great, and you don't have to worry about curvature 
then we can predict surface waves very nicely.    You can predict the 
source-radiation field for any kind of equivalent point source.    After 
all, any volume source can be mathematically represented by a point 
source, an equivalent point source which is just a multiple expansion. 
So that this program then is capable of modeling any kind of source. 

MR. HARKRIDER:   Yes, and if it is under 100 sec, you don't have to 
worry about the curvature effect on phase and group velocity, and I 
can correct the differeno. in spherical and cylindrical spreading. 

MR. ARCHAMBEAU:    Besides that, we have free-oscillation programs to 
which we are adding source functions to produce surface waves which 
are equivalent to the earth's free oscillations.    By adding up all of 
the free-oscillation modes, you can represent the total seismogram. 

MR. HARKRIDER:   Those are also azimuthally symmetric. 

MR. CHERRY:    There should be a few sources new where the calculations 
are complete and they really are spherically symmetric down to strains 
of 10-5.    NOW asymmetries that grow will, hopefully, just be linear 
wave propagation dominated. 

MR. ALEXANDER:    He is probably going to show some slides that will have 
that effect. 

MR. ARCHAMBEAU:    Let me show you two figures and then I will talk some 
more about this question.    Figure 46 is based on Bilby data, and these 
are radiation patterns.    These numbers are observed amplitudes at the 
different stations.    We don't have a lot of coverage on this particular 
event, but this is typical of what we see.    These data represent ampli- 
tudes of a compressional wave, a body wave, and the ray paths are down 
through the upper mantle of the earth.    We compute the spectrum of the 
P wave, that is the compressional wave, at each one of these stations, 
and then we plot the radiation patterns as a function of frequency by 
contouring the amplitude data for a particular frequency.    These 
results are for 1 cps spectral data. 

The pattern for an idealized explosion should theoretically 
be perfectly symmetrical, that is, have circular symmetry around the 
source, and roughly speaking it does.    It is, however, modified in 
shape by structural effects.    It could be modified by stress release, 
but it can be shown that tectonic effects on the P or compressional 
phases are of second order compared to the explosion itself unless the 
stress is extremely high.    So that tectonic release, if we adopt that 
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hypothesis as an explanation of the anomalous radiation from explosions, 
can be shown to be totally responsible for SH-type surface waves and SH 
shear waves in general, and while it does rather strongly perturb the 
R^leigh-wave radiation pattern and spectra, it does very little to the 
compressional waves, so that we get the circular symmetry shown here. 
This is a discriminate, because even while we have complications due 
to tectonic release they do not change the P-wave radiation very much, 
and as I will show a little later, the radiation patterns from earth- 
quakes for compressional waves are of a very different nature.    They 
are quadripole in form, or a s jperposition of multipoles excluding the 
monopole term.    So earthquakes correspond to a high order of expansions 
in multipoles.    They are a higher order than the explosive P-wave field, 
which is a monopole field, so that we don't have the simple circular 
symmetry of an explosion.    So this is one w^ of distinguishing between 
earthquakes and explosions.    It works reasonably well, and it is one of 
the viays used. 

There are a lot of complications that arise in the detailed 
explanation of the P-wave amplitudes shown on this Figure 46 and I 
don't think I will go into them in detail.    But, briefly, there are 
various compressional phases traveling along different paths in the 
earth's mantle that come in at different distances as the first 
arrival and we have to take that into account.    We therefore have to 
take into account what knowledge we have of the mantle structure of 
the earth.    We have ignored in this interpretation the lateral varia- 
tions of the earth's structure and have interpreted these amplitudes 
in terms of one standard continental structure.   You can do pretty well 
using such a first-order approach. 

MR.  CHERRY:    In order for that to be a discriminate, don't you need 
fairly dense coverage? 

MR. ARCHAMBEAU:    Yes, you do.    That is why it is less effective, 
perhaps, than others.    You need a good azimuth coverage. 

MR. ALEXANDER:    You don't need it close in, though. 

MR. ARCHAMBEAU:    You don't need observations close in, but you need 
fairly dense azimuthal coverage, that is right.    You need a lot of 
stations and you need to cover a fair azimuth.    Figure 47 shows surface 
waves.    Those on the left (a and b) are Love waves at two periods, 15 
and 20 sec, and those on the right (c and d) are Rayleigh waves.    This 
is the Bilby explosion.    The insets show what would be predicted 
theoretically if one assumes a prestressed field for the medium which 
is consistent with the tectonic activity in the area in the first place. 

MR.  ROTENBERG:    What does that mean in this problem, though? 
that prestressed condition? 

What is 

MR. ARCHAMBEAU:    It can be visualized in terms of an equivalent 
shearing couple.    It is a shear couple with its axis in the northwest 
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direction.    If you have an explosion in such a shear field, you get a 
pattern that looks like that shown in the insets.    Again, structure 
actually has a fairly profound effect on the radiation patterns.    As 
these waves propagate out into the eastern part of the continent, you 
can see that the patterns are getting broken up, of course, and you see 
anomalies in the pattern.    What actually happens is that onqe the waves 
get beyond the Rocky Mountains, for example, the mantle has a higher 
velocity than in the west and has some nice properties for the propa- 
gation of surface waves.    They are very efficiently propagated through- 
out the rest of the continent.    They have a tough time getting across 
the Rockies, and particularly, as Shelton has pointed out before, the 
waves are generally highly Attenuated in the western part of the con- 
tinent because of the presence of partial melt in the upper mantle, 
and so the west is a high-attenuation zone.    It absorbs energy fairly 
efficiently, and the mountains themselves scatter the surface waves 
pretty efficiently.    In any case, you can see that the pattern main- 
tains a shape as a function of period, although this is not much of a 
bandwidth.    We actually looked at periods from about a couple of 
seconds out to something of the order of 80 to 100 sec with these 
instruments, and the patterns are maintained, although the power of 
course goes down very rapidly at the longer periods.    The data shown 
are for the maximum power observed. 

Incidentally, if we had an earthquake at this point with this 
same shear field, we would get a Love-wave pattern that looked like 
this, except that it would be frequency dependent, and a little later 
I will present some slides that show the effect for an earthquake in 
this region.    The Raleigh-wave pattern for the earthquake would be 
different than the one shown here however. 

These patterns on the right are the Raleigh waves.    If one 
had an explosion that was ideal, with no anomalous effects, then you 
would expect a circular pattern just like I showed you for the compres- 
sional waves.    The departure from circular symmetry shown here however 
is a perturbation in the pattern explained by the same tectonic stress- 
field orientation and magnitudes as was used to explain these Love 
waves.    So that what we are trying to do is explain both kinds of 
surface waves with the same source, with the same orientation of stress 
field and so on.    The inset shows the theoretically predicted shape on 
this basis.    It is in rough agreement with what we see.    Here again the 
structure in the eastern part of the United States is distorting the 
pattern, and we don't really have a lot of stations there.    But in any 
case, it looks like it is consistent with these observations. 

MR.  R0TENBER6:    Can you explain easily qualitatively why there is a 
90-deg degeneracy in the Love-wave case?   Why do you have this quadri- 
pole kind of pattern? 

MR. ARCHAMBEAU:    Well, this usually takes a little time. 

MR. ROTENBERG:    Would you rather leave that question for later? 
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MR. ARCHAMBEAU:    Let us just do it this Wö^.    I will get these vectors 
turned around, but it does not matter—the quadripole is equivalent to 
what we call  a double couple, that is, a couple of forces in the same 
structure with another couple pair oriented at 90 deg to it.    This will 
give rise to a quadripole radiation field. 

MR. ROTENBERG:    Oh, I see.    You did not assume a simple couple. 

MR. ARCHAMBEAU:    No, I did that so you can visualize the stress field. 
Of course, there is a Poisson effect, so you always get this pairing 
effect. 

MR. SMITH:    It is morp important than that.    If you do have shear 
release on a surface iike this, it is equivalent to a double coupling, 
and not a single couple. 

MR. ARCHAMBEAU: You know that to begin with, because you know that 
the couples have to be balanced to conserve angular momentum and so 
there can be no unbalanced couples. 

MR. ALEXANDER:    This has been looked into by a lot of different people, 
and if you have got to pick one kind of point source to represent an 
earthquake, it would be a double couple with some arbitrary orienta- 
tion.    In this case it would be vertical. 

MR. ARCHAMBEAU:    Yes, this is vertical. 

MR. HARKRIDER:    But it is a simple shear field. 

MR. ARCHAMBEAU:    It is pure shear.    Figure 48 is the Shoal explosion, 
and again these are the Love and Ra^yleigh waves at the 15- and 20-sec 
periods.    We again fit the observations reasonably well with theoreti- 
cal predictions.    This is important, because we want to understand the 
long-period surface-wave radiation.    Since it affords us a fairly 
sensitive discriminant we want to understand where these anomalies are 
coming from.    The concept of tectonic release is at least a tentative 
explanation.    There are some details concerning which we would like a 
little more information.    This concept seems to work pretty well 
however. 

There are situations in which the simple model that we have 
used here,    hich is really just tectonic release due to the roughly 
spherical shatter zone, does not appear to be totally capable of 
explaining the observations.    Tectonic effects again seem to be 
involved, but the kind of tectonic release is somewhat different in 
character from the one that we would predict from a spherical symmetry 
breaking.    That is, it appears that faulting is induced in the medium 
or breakage along a long fracture.    There would be a difference in the 
radiation from those two different geometries.    The results I've shown 
so far basically assume just the spherical-shatter zone, and this 
appears to be what is most often involved. 
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MR. CHERRY:    I am glad someboc(y mentioned equilibrium because that sort 
of bothers me.    What sort of equilibrium state does this represent in 
the rock pre-shot? 

MR. ARCHAMBEAU:    I can show you that.    I have done this study from the 
point of view of determining what the stress is in the rock.    The 
theory that this is based on is essentially that of an initial -'aiue 
problem.    As you can see, this is susceptible to that kind of attack. 
It insures that the medium will go from one equilibrium state to 
another;    The difference in stress or displacement between the initial 
state and the final state is an initial  value.    You just crank that 
into a Green's-function solution, and out it comes. 

MR. HANDIN:    But at the test site you do in fact get slip by the fault. 

MR. ARCHAMBEAU:    Thas has been observed at the surface, indeed, but 
that is almost certainly just a surface effect. 

MR. HANDIN:    Certainly the alignments are right on the line in the afte 
shock. 

MR. ARCHAMBEAU:    There is no radiation from them, so that is almost 
certainly just a very near surface effect. 

MR. SMITH:    Well, be careful, now.    Let us not give the impression 
that this is totally without controversy in the seismological community 
There is some probability that part of this effect is structurally 
induced, and it is really an enigma that the observed faulting at the 
source, which does have something to do with the after shock, does not 
show up in the radiation of long-period waves.    I think it is somewhat 
of a puzzle. 

MR. ARCHAMBEAU:    We can state the evidence as it exists now.    There are 
observations of fault movement on the surface, and these movements are 
in the same sense or direction that all other fault movement has been 
in the region.    Just the same as normal tectonic movement has been in 
the past.    In other words, it is not just the shock wave pushing 
things along, or something like that.    It is actually tectonic release 
in the sense that other faults in the area have moved.    That seems to 
indicate that there is a certain amount of stress release on these 
faults. 

MR.  CHERRY:    Isn't that region under a state of tension, though? 

MR. SMITH:    That is a northwest tension that he has. 

MR. HARKRIDER:    On these patterns also, it is just the amplitude.    He 
does not^how the phase.    So if you were adding it to a circle, one of 
these would be positive and one of these lobes would be negative, and 
that is why you get it subtracting from the circle and adding out to 
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the circle, even with the lobes if they are the same size.    The phase 
is different on both of them. 

MR. TRULIO:    On the principal axes there is a compression in one 
direction and a tension in the other. 

MR. RODEAN:    What connection does this have wUh the statement that 
Carl  Kisslinger made at Woods Hole about the difference between two of 
the big shots, Benham and Jorum, or another on«?   One had a lot of 
post-shot tectonic release or after shocks, and the other relatively 
little.    He mentioned that one was inside a caldera, and another one 
was not.    The caldera was like a hole punched into the crust locally, 
and therefore there was relatively little stress inside compared to 
outside. 

MR. ARCHAMBEAU:    I think what he meant was that there was a stress 
concentration in that area for the one explosion and not the other. 
His argument was that there is a regional stress field, but that that 
field can be highly concentrated by the presence of inhomogeneities of 
one kind or another in the medium and he showed geologic evidence that 
such an inhomogeneity existed.    He then pointed out that the one shot 
that showed a lot of tectonic release was near this inhomogeneity. 
The supposition was that the stress field there was concentrated and 
much higher, so he got more tectonic release. 

MR. ALEXANDER:    That is secondary, though, to the thing that you 
actually observe from that event.    It is sort of completely after the 
fact, and indeed, if you look at the signals of Jorum compared with 
Boxcar and some other ones there, at a fixed distance, fixed receiver, 
there are virtually overleO's in the long period portions at least. 

MR.  RODEAN:    So this was just sort of a superposition or a local  varia- 
tion of the overall stress field. 

MR. ALEXANDER: In other words, that did not contribute significantly 
to the primary radiation field of that event, but it was important in 
the aftershock activity. 

MR. ARCHAMBEAU:    Let me go back to Stewart's comment here.    There are 
quite a few other possibilities for explaining this kind of thing.    I 
am just showing you one.    I am showing you a theory that works and 
that uses reasonable kinds of parameters that can be put into the 
theory and agrees with what you see. 

In addition, there is other evidence which is consistent 
with this kind of explanation, but this still is not the only one that 
might be operative.    It is clear that anisotropy of the medium and other 
things are probably contributing.    It is also quite possible that the 
strain gradients are high enough for.essentially finite strain effects 
to have an appreciable effect.    So that this might be or could very well 
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MR. ALEXANDER:    AnJ no Love- waves. 

MR. ARCHAMBEAU:    Well, this has been shown, yes. 

hTpoS. That iS ^ 0f the Str0n9er ar9urnents for belieVng your 

MR. HARKRIDER:    But it was in a different part of the country. 

IpWer1    BUt ^ 9e0l09iCal Structu- the- ™ ^till p^tty 

MR. HARKRIDER:    It was east of the Rockies. 

sTruc^:    It ^ n0t mtter'    Y0U Sti11 have a complicated 

5 ^^X^l^^ or strain gradients, 

aet lu\ll?r]\te'St™t> theory in 1ts nonl1"ear fom.6 ?hen you ?an 

MR. CHERRY: The interesting thing about salt is that it is w™ 
homogeneous, and there should not be any conversion fmm I fn7 
the source at least anyway.    How about^ll^^m a^the Jest'siter""' 

MR. ARCHAMBEAU:    Alluvium shows small anomalous SH waves. 

MR.  CHERRY:    Do you still  find an effect in that? 

MR. ARCHAMBEAU:    There are some nrohipmc      rav.i  VA^^T 

that. prestress, and he got shear waves coming out of 

MR. ALEXANDER:    SH waves? 
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MR. ARCHAMBEAU:    SH waves.    He had SH waves from an explosion.    At the 
moment I don't remember quite how large they were relative to the 
explosion itself.    I know they were small, but clearly observable. 
These are pretty big effects that we are talking about here. 

MR. HARKRIDER:    That was a model study he did? 

MR. ALEXANDER:    No, he actually did the shot. 

MR. ARCHAMBEAU:    In the field. 

MR. HARKRIDER:    Did he ever look at the cavity to see if there was a 
different burning rate in different directions? 

MR. ARCHAMBEAU:    That was a long time ago, and I don't remember the 
details.    He rould have had all sorts of explanations which coulö 
apply in that situation to try and explain that observation.    I just 
bring that up to point out that there may be other things entering into 
this that might be considered. 

MR. ALEXANDER:    Again on account of the collapse data, one example of 
which I showed you, where the explosion produces love waves and SH 
waves, and the collapse at the same point does not, it seems to me 
you cannot appeal to local scattering and inhomogeneities to explain 
the Love waves. 

MR. ARCHAMBEAU:    In that case, not even high-strain gradients. 

MR. ALEXANDER:    Why not? 

MR. ARCHAMBEAU:    Because the one source is not producing the effect and 
the other fs.    What one would appeal to in a case of finite strain' 
theory is the high gradients, and they should still be there for the 
collapse as well as for the explosion.    Therefore finite strain gra- 
dients don't work. 

MR. SMITH:    But long periods art» quite comparable sources.    They are 
within a factor of two. 

MR. ARCHAMBEAU:    Let us get on.    We ran discuss this particular aspect 
in more detail if you want to later. 

MR. TRULIO:    What shear-strain amplitudes are you talking about here? 

MR. ARCHAMBEAU:    For Bilby, the one event I have investigated in detail, 
they are quite large, but that was in tuff.    Tuff has ridiculous elastic 
properties.    But in any case the strains were like 2 x lO-3, and such a 
strain in tuff corresponds to a stress of 70 bars.    The US6S went put 
and measured a stress of 70 bars by overcoring methods, so at least two 
experiments gave the same answer. 
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Figure 49 is based on earthquake data, and these are the 
radiation patterns you see for earthquakes.    This is the Fallon earth- 
quake, which occurred essentially at the site of the Shoal explosion, 
so this pattern should be compared with previous ones.    The theoretical 
pattern in the inset is something that Dave Harkrider's program com- 
putes, and this is the radiation pattern you should see for a particular 
choice of parameters of the fault.    It was concocted in order to give 
an approximate fit to these observed patterns.    This is the Love wave 
The four observed patterns are at different periods. 

What I want to especially point out is that the theoretical 
model  is a quadripole point source in l^ered-earth model.    Real 
earthquakes are more complicated than that.    However, at long periods 
they look like quadripoles, because the higher order multipoles become 
less important at the longer periods.    The higher order multipoles are 
more important at the higher frequencies.    So what happens is that at 
higher frequencies the conglomeration of multipoles that is equivalent 
to an earthquake add up to give you a nonsymmetric field, so the pat- 
flZl l0Sl ^ 0f fheIr s>:,!'rnetric Properties.    In particular, energy 
tends to be thrown in the direction of faulting or rupture propagation. 

«* ^ u * Ener9y.is Preferentially radiated along the axis of fracture. 
Jlf frequencies, that is short periods, one expects to see larger 

amplitudes in the direction of rupture, and as the period of the radia- 
tion field gets longer, you expect to lose that effect.    It becomes 
more quadripole in nature.   The theoretical pattern shown therefore 
only applies to the longer-period radiation.    We can predict the 
shorter-period stuff, too, in terms of a more sophisticated approach. 

MR. COOPER:    Is there some way to use the theory to predict the 
direction by some independent input parameter?   Or are you bound to 
seeing what fits the experiment, or the earthquake in this case? 

MR- ARCHAMBEAU:   You mean prior to the earthquake look at the stress 

MR^ COOPER:   Are there independent parameters that one can define 
oJieKtatiSVf        observed event t0 Predict the direction of the 

MR. ARCHAMBEAU:    Well, you can look at the fracture. 

MR. SMITH:    The pre-existing fracture. 

üo;iwE5: YeS, P^-6*15^ fracture and whatever else.    Does this 
CO r r*G I Q t6 • 

MR. ARCHAMBEAU:    Yes. 

MR.  COOPER:    It is a predictable direction? 
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MR. ARCHAMBEAU:    Yes, it is a more or less predictable direction. 

MR. ALEXANDER:    The length depends upon the size of the earthquake. 

MR. PERRET:    This is not in Fairview Valley.    This is over farther 
toward Fallon? 

MR. ARCHAMBEAU:    Yes, I think so.    I don't remember that, though. 

MR. PERRET:    They are about 20 miles apart, and I thought the fault up 
there in the Faimew Poak area leaned more toward the west. 

MR. ARCHAMBEAU:    Yes, perhaps that's true. 

MR. HARKRIDER:    About 5 deg to the west. 

MR.  PERRET:    I just wondered what the difference was between the 
direction of this pattern and the direction of the Shoal analysis? 

MR. ARCHAMBEAU:    They are different by from 10 to 15 deg.    Of course 
my opinion of what happens at the surface is that it does not neces-' 
sanly very closely relate to what happens at de^th, so you can be 
misled.    At least if it is within the ball park, 20 deg or so. that is 
good, particularly if you are observing at the surface, which is an 
anomalous place to observe anything, especially with respect to 
tectonic effects. r       ™ 

MR. HARKRIDER:    And it was a 20-km depth earthquake anyway. 

MR. ARCHAMBEAU:    So it was quite deep relative to events in California 
or in this western region.    I want to point out also that there are 
strong structural effects here.    We are plagued in all of these pattern 
studies by the fact that the crust and upper mantle of the earth are 
highly variable laterally.    This will  lead to strong amplitude varia- 
tions.    For example, if you look over here due west of the event, this 
station to the west is alw^s anomalously low in amplitude, and really 
should not be, although one can't be sure that it is not on one of these 
node lines here, and that the pattern is twisted around somehow.    But 
in any event, the structure has a whopping effect on the radiation 
EÜffr!:   0ne ml9htargue. for example, that this pattern does not 
really show this higher amplitude up to the north, but that all you are 
basing this argument on is the relative amplitude compared to one 
lAlT™* inL5^' and y°".mi9ht say. well, that is just a structural 
effect and doesn't have anything much to do with the source character. 
What we need in this kind of study is more stations, and better azimuth 
control to be sure whether structure or source properties are control- 
ling the radiation pattern.    But theoretically we get a prediction of 
asymmetry in the pattern such that more energy is being radiated in this 
direction to the north and this effect change and dies out as a 
function of the period.    If you look at these patterns observationally. 

167 



this prediction is not inconsistent with the observations; or. the 
other hand, it cannot be definitely confirmed either.    It is only at 
the short periods where this station to the south has a lower ampli 
tude than these up to the north, and this is corns lent with the 
theory. 

MR.  ROTENBERG:    The black dots are the nations? 

MR. ARCHAMBEAU:    Yes. 

MR.  ROTENBERG:    That is a lot of structure you put in there on the 
basis of a few points. 

MR. ARCHAMBEAU:    Really one should hesitate in doing this kind of 
thing at all with this much data, except to demonstrate consistency 
with the theory.    However, the gross features I've discussed are 
standard observations. 

MR. HARKRIDER:    It shows it is consistent with the theoretical  radia- 
tion pattern.    The dashed lines are his guess essentially. 

MR. ARCHAMBEAU:    There were a lot of reasons for doing this as well as 
to show consistency with the theory.    People were taking long-distance 
observations of radiation from earthquakes and making a lot of pre- 
dictions based on these long-distant observations.    I wanted to show 
that the structural effects were strong enough to cause all sorts of 
anomalies, and these patterns are an effective means of showing up such 
annnalioc anonali es. 

MR. SMITH:    This would be a good point to bring out what kind of 
close-in data would be required in order to confirm this hypothesis. 

MR. ARCHAMBEAU:    What we need is perhaps two rings of stations fairly 
close in, hopefully within a structural province, if we could, that is, 
where lateral  variations were not so strong.    Ideally what we would 
like would be an underground explosion in the middle of a shield, 
surrounded by a couple of rings of fairly close-in stations within the 
confines of that structural province, so that you have a nice very 
predictable structure with small  lateral  variation, and then we could 
look at the pattern as a function of frequency, and really nail this 
down in terms of whether it agrees with all our theoretical oredictions 
or not. 

MR. ALEXANDER:    There is another way you can take, too, and that is to 
simply use other distant events to get the transfer function independent 
of where the event of interest is located and use that empirical trans- 
fer function to adjust it. 

MR. ARCHAMBEAU:    Right.    That is the kind of thing that Shelton has been 
doing, I think. 
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MR. ALEXANDER:    Yes, so you can get rid of the structure. 

MR. ARCHAMBEAU:    However it would be nice to do one experiment like 
this that is really controlled.    Of course, I think it would require 
a little more thinking, but in any case that kind of experiment would 
be very nice since we'd have close-in control  and azimuthal  coverage. 

MR. SMITH:    That is essentially what McKevely has tried to do in the 
last two large explosions. 

MR. ARCHAMBEAU:    He is very close in. 

MR. SM'^H:    Why don't you use his numbers rather than these? 

MR. ARCHAMBEAU:    He is like 10 km away.    I am talking about a couple 
of hundred. 

MR. SMITH:    But if you are at a 10-km ring, you can get a whole lot 
more azimuthal coverage with a fixed number of stations. 

MR. ARCHAMBEril: We are talking about surface waves, now, long-period 
surface wave?. We want to get one wavelength away from the source in 
the appropriate period range. 

MR. HARKRIDER:    That is about 50 for these. 

MR. ARCHAMBEAU:    For a 100-sec wave, you want to be a couple of hundred 
kilometers awcO', so that you have a surface wave that means something. 

MR. SMFH:    But this is why I brought this up, because the code calcu- 
lations are always providing the near field.    We really ought to be able 
to relate that calculation to what you are trying to do here.    It seems 
to me we have a better chance of doing that if you can work closer in. 
I don't really see why it is necessary to be a wavelength away. 

MR. ALEXANDER:    If you have what is going on there, then you can calcu- 
late it, right? 

MR. ARCHAMBEAU:    We have a theoretical model  that we want to test.    What 
you want to ask is:    all  right, does this compare with the theory 
or not, and if it does then you have a far-field theory.    That is, it 
is applicable at a wavelength away and beyond for the surface waves. 

MR. SMITH:    Then you are never going to be able to use the reduced dis- 
placement potential if you cannot figure a way to convert that near 
field to the far field. 

MR. ALEXANDER:    To do the Love waves, you have to have the SH displace- 
ment potential. 
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MR.  RODEAN:    But your reduced displacement potenfal by definition does 
not give you that. 

MR. HARKRIDER:    We need a reduced vector displacement. 

MR. ARCHAMBEAU:    That is right, a three-dimensional  code.    We need a 
vector potential. 

MR. BROWN:    Do you see much local  discrimination by these radiation 
patterns between nuclear events? 

MR. ARCHAMBEAU:    Well, yes, we do.    I think that basically what we 
have been using however are spectral differences rather than differ- 
ences in the pattern shapes. 

MR. ALEXANDER:    It is not the symmetry, but it is the distribution of 
energy between the compressional waves and the surface waves.    That is 
basically the discriminant.    Explosions tend to distribute relatively 
more energy into the P waves than do these shear-type sources, which 
contribute more energy to the surface waves. 

MR. BROWN:   This in effect changes that quadripole to a monopole.   The 
monopole becomes more pronounced. 

MR. ALEXANDER:    Yes.    In other words, the monopole is being generated, 
even if there is this tectonic component.   The monopole is still super- 
imposed on that, and it has a big effect. 

MR. ARCHAMBEAU:    I nave some spectra to show you in this regard. 

MR. BROWN: So there should be some discrimination other than just in 
the shape of these. 

MR. ARCHAMBEAU:    Yes, these shapes could be used also, but the structure 
is what kind of kills you on this, the lateral variations.    For example, 
these are all Love waves on Figure 49.    The only difference between 
this pattern and that for the explosion you saw beiore was this 
frequency-dependent effect, so that is pretty hopeless to try to use 
this difference to discriminate.    It has not been used.    The Ra^yleigh- 
wave and compressional-wave patterns do have quite di ferent shapes, 
but the azimuth coverage required for discrimination »sduces the use- 
fulness of these differences. 

MR. ALEXANDER: There is another way to get around it, and that is to 
use a reference event. If you can document for one single event very 
well what is going on, then you use that as a reference, and you then 
eliminate the propagation effect entirely just by normalizing. 

MR. ARCHAMBEAU:    Even so, it has not been shown using that technique 
either that there is this frequency effect, the frequency-dependent 
radiation patterns for earthquakes, whereas the shape of the radiation 

170 



pattern Is not frequency dependent for explosions.    That has not become 
a viable discriminant. 

MR. ALEXANDER:    In effect I have done that for Longshot and an earth- 
quake in the same area and proved that there is indeed a frequency- 
dependent radiation pattern for the earthquake. 

MR. ARCHAMBEAU:    That is good.    Theory predicts that but we have never 
really gotten down to getting a great deal of hard data to show that it 
in fact happens for a specific event.    That is hard to do because of 
structural effects as these past slides I've shown suggest.    But 
Shelton cancels out the structural effects by using a reference event 
and dividing out the structural and propagational effects. 

These are kayleigh-wave patterns in Figure 50 and these 
patterns are frequency dependent in theory.    The inset is calculated 
from a simple double-couple model.    The calculations are from 
Dave Harkrider's program again.    Because of the depth and orientation 
of this quadripole we get an additional  frequency dependence in the 
pattern.    If you remember, the explosion had no frequency dependence 
in its radiation pattern, and it had a different shape than this.    We 
haven't really used this, either, as a discriminant, although this 
difference dies exist. 

MR.  ROTENBERG:    Why is it not symmetric now as the other one was?   What 
is different about it? 

MR. ARCHAMBEAU:    It is because of the orientation of the fault with 
respect to the horizontal layering. 

MR. HARKRIDER:    A better way of saving it is that strike slip and dip 
slip give different amounts of Ra^leigh and Love, and this is a cotrtsi- 
nation of dip slip and strike slip on this one, since he has a slip 
angle of 196 deg, which means that it has a component of about 16 deg 
of dip slip, if you want to call it that. 

MR. ARCHAMBEAU: In other words, the idea is that this pattern changes 
as you twist the orientation of this double couple around in a layered 
medium, and since the surface waves come from the interference effects 
in the layering when the source is not oriented with a symmetry axis 
along the perpendicular to the layers, then the energy interferes con- 
structively in different directions for different frequencies. That is 
just the waveguide phenomenon. 

MR.  COOPER:    Could you do a 3-D problem? 

MR. ARCHAMBEAU:    In a limited sense, yes.    The patterns of P waves and 
S waves from these sources are spatially dependent and the source 
pattern does not have the symmetry of the layered model. 
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Figure 50.    Fall on Ra^yleigh-Wave Radiation Patterns. 

172 



MR. HARKRIDER:    No, it is just two dimensional. 

MR. COOPER:    It is a thnee-dimensional pattern.    That is what I am 
trying to bring out. 

MR. ARCHAMBEAU:    Oh. the propagation effects I should say are obtained 
from a two-chmensional  layered-earth model  and the source is three 
dimensional since it can be taken to have any orientation in a l^yer. 
So these patterns are frequency dependent. 

no*     *     L^U not say that th1s data 1s terribly good.    Once you 
get out a little w^ you can see that the radiation pattern becomes 
very confused, and it is very difficult to unwind just whl? kind of 
~.TH i?U4Jr '^ll f*'    In other words' ^e oniy place you have real definition is fairly close in. 

Thilfaan^ TIJ^II T W^l COnfused about the ^st1on asked a wnne ago.    The dots are the data points here? 

MR. ARCHAMBEAU: Yes. 

and SpP.EhRLo
H0W dS ^0U d1stinguish between this shape from the data. 

Hrln-nn ^ P   ^^ " mm:nt W   How much interpretation is in 
on^p^vi^rfi'g^ " 0PP0Sed t0 the *y™™?** thatyou^ad 

MR. HARKRIDER:    He just contours those numbers. 

MR   ARCHAMBEAU:    You contour them in. that's all.    Of course you really 
mean how much bias is put into the contouring in order to get ?hat 
picture.    After all. we have the data here, and we can qui?klv see that 
there are a number of possibilities.    What we are shoCiSg here   ZrT 
than anything else, is consistency with the theory      If L^d'^H.^ 
and more azimuth coverage, then it would be tighter. data 

Wf^h    Y0,J haV! n0t C!ian9ed the orientation of the source function, have you. for each of these? 

MR. ARCHAMBEAU:    No. 

MR. CHERRY:    And you have not change^ its strength? 

MR. ARCHAMBEAU:    You mean for the earthquake compared to the explosion? 

MR. CHERRY:    No, for each frequency. 

MR. ARCHAMBEAU:    For each frequency, no. 

MR. CHERRY:    It apparently just comes out of your analysis that the 
surface-wave radiation patterns are frequency sensitive! 
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more •fflri.B» ihi« . .!L7     5]'p-   At "rtaln depths the dip slip 1s 
"u 4t «IrL surf.»     he'l .P,o?» f oü»'*l»ö» '* •» not. 'w In 
strike slip is very efflcieSt fc? R^fJn/60' ,n»fflcJ«"t. a"« the 
ferent for Love wl^es «ayleigh waves, and it depends dif- 

so^^^?LReaTs1r^en;^ir^^rne^nrt^1I;re?adLontfh^He',tat,<,"• 

^eTni^eHrFai^^ 
showed yöS SesterdrJJät are a   ^ «^ ^T9! Love waves ""'^ ' 

the point that the P-wave rad^Hm, nL* iUSt Jlke t0 co,ne back to 
symmetnc. and that wans that tip .^"T5.-^?* he showed a« ^"'Shly 
culated and confi^^periTOntanvlh^ dlsP1acere"t potential cS- 
source should be aTle i^lnTctX^r^JfT ^Pl! d0 close to the 

other considerations about tectonic relaLlÜd tl^JÜ ^^ these 

^ understanding is that tb«\te «ffTIfSL1^ SH waves and so forth. 
to „ we ought So''«.^'.^»* Xl X faZ, fie'<i-    " — 

MR. RODEAH:    The far field of what kind of waves? 

maR9nn;*^C?s",'cr:?ci?ä?ldWaVeS• "* *"» fTOmWh1ch «" b°* "« 

dfspS^t USSnSr^ ^LCtU,„aetra^a„^nsV1fhtthe redUred 

s; hcÄ-r„^ o^i»£sSVwSaLt - 
MR. CHERRY: It was Pn, I think. 

MR. RODEAN; Yes. 

talking about now Is something more refined, so we are not 
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no't Sclbll! y0U ^ alm0St SAyin9 1s that ^ experiments ar^ 
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another, and you observe them with fn?^!^ e^1valent. nearby to one 
test, to see ihethe?o7 not they are t e ^f"1^^ ^atuis rea11* the 

nice to see what the theoretical nrfn^        "    Tiat 1s why 1t would be 
there are particular onwloJ IMM«!^8**^ for some of these. ^ 
field observations. ch these data are available, also the 

i 

oTtheTSed te^'antsTwhS I' ^ We »u»ht to '"=« soTO 
taking into account „hat „e knSw ab„"5aLha^e"s,a9ain- a" »«r again, 
something better than slaple JJJ theory      strurture ^ Perhaps using 

shRöweAiES^ayIinC'ti;e0tacthu.nik T. is'«o "-"-"«nable from what we 
because'as yolVlrn^sU^TCX tli'llTS.* POtent'a,s- 
changed in shape rather significant?^ ' Hb        ^ «e
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at some distance depends on where in that structure you set off the ex- 
plosion. That Pn arrival represents a little pencil of energy that is 
going out from the source. 

MR. CHERRY: It may very well be that Pn is not a good thing to use. 
it does take into account such a small part of the source region. 

MR. ALEXANDER: This is what we would like to get a feel for in terms 
of the actual calculations and observations. 

MR. CHERRY: It has always been my feeling that the Rayleigh wave is a 
much better thing to use for yield, because it sarnies so much more of 
the structural environment. 

MR. ALEXANDER: Yes, I think that is a fair statement. 

MR; ARCHAMBEAU: Figure 51 shows theoretical displacements, velocity, 
and energy-density spectra with arbitrary scaling for a relatively 
simple model of an earthquake. The model used is what is called a 
stress-relaxation model, and the idea is to compute the spectrum close 
in to the source, the "free"-field spectrum. The assumption is that 
the medium is stressed and that a roughly spherical zone of melting 
occurs, which grows at some rate which is less than the shear velocity 
You can consider a more elaborate geometry, that is, long narrow ellip- 
soids, planes, and so on, but this is adequate. By the way, the calcu- 
lations for more complicated geometries have not been done yet, and I 
am in the process of doing them. But this rigure illustrates the 
essential structure of the spectra. 

First of all, the spectrum falls off with increasinq frequency 
asymptotically, at least, like VJ-  or l/^, \n  that range. In 
addition, it peaks, and the peak occurs at a frequency which is 
associated primarily with the <.\7i  of the event, the size meaning the 
long dimension of the failure zoie. Asymptotically at long periods. 
that is low frequencies, it falls off like u. roughly, although this 
plot does not indicate that too well. In any case, it falls off like 
a), so what we have to do is contrast this kind of spectrum with that 
expected from an explosion to determine, at least in theory, what dis- 
criminants might be available to us. We have done this observationalIv 
and we are still in the process of defining the most sensitive simple 
measure of the spectral differences. The differences in earthquake and 
explosion spectra which are found, however, are principally at the long 
periods. The predominant differences are there in the long periods, so 
that is one of the means we have of discriminating. 

Figure 52 shows spectra obtained by Smith and Sanmis of 
Cal Tech. They conducted an experiment in which they looked at nearby 
micro earthquakes. One of the problems we have which is similar to 
the problems you are having measuring things close in, is in measuring 
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Displacement 

Energy  Density 

kRRs = wRs/VR 

Figure 51.    Theoretical Earthquake Spectra Structure. 
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the spectrum of compressional waves at anv Hicfan™     T* ,• 

calculate how extensive tha fracture zone was? 

sVS; fr?? ^.f* re,ated * "<"*- '-gtn.   That is pseuoo 

MR. ARCH/WBEAU:   The effect of truncation is present, yes. 

MR.cHARKRIDER:   .ou are sure of that?   Because It looks like a „dULd 

Äe ü5ä tü'fRTu^r M^: r:rM in the period of 

MR. HARKRIDER: The peak was i^ortant. not the holes. 

MR. ARCHAN8EAU: The holes are spurious probably. 

MR. SMITH:   The finite source is not sine X over X. 

MR^HARKRIDER: I know it, out is it the window length or is it the 

MR. ALEXANDER:   Were those velocity spectra you w-.-re look ng at? 

MR. HARKRIDER:   Those were velocity spectra. 

nounced/and the thiomi?.?'^^'^?^ lol]™* ,ess 'r°- 

of the prob^Tin^ÄÄIXa^ Jh^cTÄsio^l 
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wave from shallow earthquakes is that there are reflections or 
reverberations following the main or direct arrival, and it is 
very difficult to truncate the time series at a point such that you know 
that you only include the direct arrival from the source and not the 
direct arrival plus a lot of reflected energy.    If you include the 
reverberations, then you get a very complex spectra that is exceedingly 
difficult to interpret.    But what we endeavor to do is compute just the 
direct wave and look at its spectrum, and then we can correct that back 
to the source by taking into account propagative effects and absorption 
in a fairly simple way.    For deep earthquakes, however, the separation 
between reflections is very great in time, so in this case we have a 
good opportunity of computing accurate spectra which can be inter- 
preted with some degree of confidence.    As you can see here, this is 
the unfiltered seismogram.    This recording is from an earthquake in 
Peru   which was at a depth of 597 km in a trench and had a body-wave 
magnitude of 6.2. 

This Figure 53 is from Alan Linde of the Carnegie Institute. 
He is applying some of rry theory to an interpretation of this spectrum 
which is why I happen to have this figure.    It illustrates a number 
of things.    First of all, when you truncate the time series, and 
the way this is plotted you can't see it very well, but there is long- 
period motion at the end of the little pulse-like affair, and if you 
truncate that, then what happens to the spectra is shown by the dotted 
line.    It goes flat for a bit, and then it blows up at low frequencies. 
That is because of the truncation effects.    If you make the window 
lunger in time, then the spectrum comes up, peaks, and then starts 
down at longer periods, and this is what the theory predicts. 

What we are doing is computing the source dimer   1on by using 
the frequency at which this spectrum peeks.    We estimate t ie stress 
from the magnitude of the peak amplitude.    In short, we are fitting 
this spectra witn the theory, but we are doing it in a parametric wa^. 
In any case, we can cimpute an estimate of the initial stress and the 
source dimension. 

The second spectra is the S wave, shown on the lower right of 
the figure.    The time series shown above are filtered seismograms at 
various periods so that you can see what the energy is at, for example, 
37.5 sec in this S wave.    Again as you take different window lengths 
for the S wave, you get different looking spectra, of course, and the 
effect is essentially to cause the spectrum to flatten and then blow 
up when you take too short a window.    You get the true spectrum if you 
take an adequate length of window. 

MR. SMITH:    Wait a minute.    You get a different spectrum, not neces- 
sarily a true spectrum. 

MR. ARCHAMBEAU:    All  right, a different spectrum, but one more repre- 
sentative of the true spectrum. 
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MR. ALEXANDER:    In fact, 1 do not think any of them give the true 
spectrum for the indicated frequency.    Judging by examples, none of 
them is the correct spectrum. 

MR. SMITH:    Isn't that the conclusion you reach from here, that you can't 
measure the spectrum of long-period waves without long sanples? 

MR. ARCHAMBEAU:    That is right. 

MR. SMITH:    The base line has to be treated differently, or you could 
not get a result like that.    It must be a trend or something, or a mean 
taken out of those signals before processing. 

MR. ARCHAMBEAU:    This was a very low drift instrument, so I don't think 
there is any particular problem with that. 

MR. SMITH:    Isn't there a mean or something like that taken out that 
would be different with different window lengths? 

MR. ARCHAMBEAU:    I am not positive what he did.    I'd have to check in 
his paper to be absolutely sure. 

MR. SMITH:    Because if everything else is equal, the effect of 
truncation is simply a convolution of sine X over X.    That won't make 
it go below frequency.    It has to be some other thing. 

MR. ARCHAMBEAU:    No, even if you don't take the trend out you get this 
effect. * 

MR. SMITH:    But there has to be a trend taken out of there.    That is 
what is giving you the phor\y freque.icies. 

MR. ARC'iAMBEAU:    Yes, that is right, if you detrend you get spurious 
results also, but yru don't know how to do that anyway, and I don't 
thin' it was done here.    Vour point is that you don't really know how 
4o detrend these ti.ings in any case, no matter what lengch window you 
take, so you get a spectrum that is shaped like that and is bad at the 
long per ods if you uy to detrend with the different window lengths. 
B;'t you get bad spectra with truncation whether you detrend or not in 
lealitv. 

MR. FRASIER:    Do you do that at another station? 

MR. ARCHAMBEAU:    Yes, it has b.an done at other stations.    You get the 
san.» thing. 
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In any case, these are spectra from earthquakes which we can 
compare to explosions, and there are differences, and such differences 
are used as a basis for discrimination.    The next slide (Figure 54) 
shows Love-wave and Rayleigh-wave spectra from the Shoal event compared 
to the surface-wave spectra from the Fallen earthquake, which occurred 
at essentially the same place.    The lower plot shows the difference in 
excitation of the Love waves between the explosion and the earthquake 
as a function of period.    The difference displayed here can be used as 
a discriminant.    At the short periods, excitation from the explosion is 
relatively higher than it is for the earthquake.    These are con^arable 
magnitudes, body-wave magnitudes, from these two events.    In fact. Shoal 
was a little greater magnitude.    So the ratio of amplitudes falls off 
with increasing period.    This occurs primarily because of a difference 
in source dimension between the explosion and the earthquake.    The ratio- 
mg used here should cancel out the structural effects, because the ob- 
servations are the same station.    However, there is a dip in the Love 
amplitude at around 20 sec that is not represented in both of the ob- 
served spectra in exactly the same way.    You expect such effects, but 
generally the trend of the ratio is as the solid line shows it.    There- 
fore, if you calibrate an area, and by that I mean if you look at an 
event in an area and you observe that it is an earthquake, then any sub- 
sequent event can be compared to that earthquake, v.here this kind of a 
plot would be made using the Love waves.    If the Love-wave ratio shows 
this 1/T dependence on period, then the event is an explosion.    If the 
ratio is flat, then it is an earthquake.    This is probably not a fool- 
proof discriminant by itself. 

Figure 55 shows the same kind of comparison using the Bilby 
explosion, which had a higher magnitude than Shoal and so had better 
oower at the longer periods.   This event is used to get better defi- 
nition for the longer period ratio to show in fact that when you have 
good power at long periods in both events, then you clearly get the 1/T 
dependence.    Bilby had a magnitude of 5.8 and Fallen WAS 3.8, so there 
is quite a difference in energy.    Yet you still get fall-off towards 
longer periods in the manner shown.    I think one can conclude that this 
is a useful discriminant. 

The next way that one has of discriminating using long-period 
surface-wave information is to compute the spectral  ratios of Love wave' 
to Rayleigh waves, and I have shown you the radiation patterns, so you 
know something about that.    If you are at one station, and you want a 
one-station discriminant, then one thing you can do is to look at the 
ratio of Love to Rayleigh waves.    Explosions are generally more 
efficient in their generation of Rayleigh waves relative to Love waves, 
even if you have tectonic release, whereas earthquakes are very 
efficient in terms of their Love-wave production relative to Rayleigh 
waves, although because of the different radiation patterns for Love 
and Rayleigh waves, the ratio is in fact station dependent.    You have 
to have a few stations for positive identification.    But in any case, 
this is a way of discriminating. 
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Figure 54.    Comparison of Wave Spectra from an Explosion (Shoal) and 
an Earthquake (Fallen). 
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aoain    »nH JhfÄJ6,?6 ^ ^R for tw0 plosions. Bilbyand Shoal 
tntl^n S SOl!dJ.ne 1S L/R for the Fallon earthquake.    Generally speaking, you expect this ratio to be around one as a function of 
ErfÜir?! ^explosion   and to increase in the manner shown for an 
earthquake.    That is. the long-period excitation of Love waves is 
IJln Ü K! Ij3ent f0Lan earthquake but not for an explosion.    So there 

?S« JCrS« lMf0nSldrabl! d]fference-    You might draw a horizontal 
5 f.n    K fhis 9r*Ph some place, say at L/R * 2.0 and if the observed 

L/R falls below that value consistently over a wide befiod range then 
IhLiTZ   W0u1d 5u "exP105^" and anything consistently above it should be an earthquake. 

MR.  ROTENBERG:    Are these amplitude ratios, or energy ratios? 

ilV^Ti0:   Tt,eSe are amP1itude ratios.    This is going to be verv 
much affected by structure, so in order to see what that effect is * 
we can look at this ratio for these sources at different distances 
and see whether it holds up at greater distances.    Figure 57 islhis 
observation rr«de at around 1700 km from these sources     Thing   are 
starting to degenerate here at the shorter periods, so If vou a?e 
comparing   n the range from around 10 to 15Psec at greater distances 
you are going to be in trouble with this kind of a discriminant ' 
Äilds ^AtZ   ;Un to

f
theJon9er periods, the d?sc~ion 

still holds.    At yet a greater distance, things are startinq to 

SAW 
might remain more or less constant, in point of fact thU ?c nnl 
prec sely true because Love waves aVe affected someJhatdi)fe?entlv 
ii lllVZ* than are Raylei'9h wav^' so ^at yoScan have a min^m        ' m the Love-wave spectra without that occurring for the fiLlelah 

spik«   lul'llrJT1 T ?Het a rati0 w1th these ki-hd'soJtrot     ' spikes, but the ratio should come back down, and in fact it does 
So genera ly speaking, even at these great distances   exocsions" 
have low L/R ratios as functions of period, and thlearthqSake has ' 

p   o9 aS;   V"    PM
aCt 0n .thi.S fi9ure lf runs o'AheTaph hl e up to about 10. I believe, out at around 40 or 50 sec. 

*. TL ^       I should mention at this point that Shelton Alexander 
talked about mb versus Ms, which is the mdst popular technique for 
discrimination based on spectral differences.    There are oiher wavs 
wLh^T**1"9 that are vaHations of that approa'ch'and some y 

which I believe are superior but have not been utilized particufarlv 
much.   The three that I've just described all utnze the difference 
in excitation of long periods for earthquakes relate to exploslSns 
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Figure 56.    Ratio of Love to Rayleigh Waves for Two Explosions (Bilby 
and Shoal)  and an Earthquake (Fallon). 
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Figure 57.    Ratio of Love to Rayleigh Waves for Two Explosions (Bilby 
and Shoal) and an Earthquake (Fallon). 

188 

.... .\ 



L/R 

7 

i   i—i—r 

Fallon MM-TN 
A-2897 km 

'   '/Mi   i 

/ 

y 

l 
\ 

\  A 
\ 

\ 
\ 

0 

z^Shoal EU-AL 
/      A=2828  km 

S 
S 

 ^ 

„     .—~S'' Bilby  CPO 
^-f'''                    A = 2728   km 

I   T    I     I 1    I    I    I     I    I     I L 
10 20 

Period, sec 
30 

Figure 58.    Ratio of Love to Rayleigh Waves for Two Explosions (Bilby 
and Shoal) and an Earthquake (Fallon). 

189 



MR. ALEXANDER: I have looked at relatively clcse-in measurements for 
short perioJs for the Shoal and Fall on events that Archie was discussing. 
He was discussing primarily the Love and Rayleigh waves in the long 
period. 

This Figure 59 is seen just to the north of Haley, Idaho, and 
the top half is the Shoal event. The top trace is vertical, the second 
one is the radial, and the bottom one is the transverse for the Shoal 
event. Below are similar traces for the Fallen earthquake. These are 
both comparable body-wave magnitude events. 

Just looking at the seismograms, those ticks in the bottom 
there are at 10-sec intervals. You can see right away there is a big 
difference in distribution of energy with time between Shoal and Fallon. 
I have looked at lots of other azimuths in the same fashion. Figure 60 
shows just the verticals from the previous figure, and a running spec- 
trum or "seismoprint" so you can get an idea of the spectral distribu- 
tion of energy with time down the record. The record is at the top 
here, and you just move a window along and compute the power in a run- 
ning window. I am sorry you cannot see the contours, but the maximum 
is here in this case (Fallon). These plots are all normalized to the 
maximum power value. By and large most of the energy is concentrated 
late in the record. These are the shear waves or higher modes; in 
effect, they are surface waves. 

In the case of Shoal, the energy is highly concentrated at 
the beginning, and more or less shifted to higher frequencies. In other 
words, the energy distribution in both time and frequency are different 
between the two. I really do not have enough earthquakes to establish 
the generality of this, but looking at various azimuths I see the same 
sort of thing for Shoal and Fallon. 

MR. ROTENBERG: Is there a standardized window that seismologists use 
to do this kind of analysis? 

MR. ALEXANDER: No, not really. In this particular case, though, the 
window is 3 sec. Tests were made to decide what was a reasonable window 
to use. The effect of not using the correct window, of course, is to 
smear the energy out, but still it is obvious from just looking at the 
signal where the energy is located. In any case this will give you a 
feeling for the kinds of differences observed between earthquakes and 
explosions of comparable magnitudes. This is the typical kind of thing 
that we have to resolve. There is really a striking difference in the 
energy distribution, and it shows up in the long period surface waves 
also. 
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5 

CODE CALCULATIONS:    STRESS-WAVE PROPAGATION 

IN A PRESTRESSED ENVIRONMENT 

J.  Ted Cherry 
Lmrenae Radiation Laboratory 

A simple mechanism is available for amplifying and ciangins the 
velocity field associated with a particular type of elastic stress wave. 
The suggested mechanism is the interaction of an elastic shear wave with 
a locali.ed gradient in the anbient stress field.   The ambient stress 
fiel J couples into the equation: of motion due to the rotation of the 
stress fielJ caused by the incident shear wave.   This coupling causes a 
velocity fiild to develop which sends the prestressed region into either 
a state of compression or extension, which in turn depends on the sign of 
the rotation and the sign of the gradient of the ambient stress field. 

Here we report the results of a TENSOR calculation that illus- 
trates some of the features of this type of coupling.   Some questions are 
raised that I have not been able to answer except in a qualitative way. 

Statement of the Problem 

An ambient stress field T^y was initially placed in static 
equilibrium by using an appropriate DOdy force Y, where 

■ 

1 W. 

p    dx (1) 

In the TENSOR problem T^y was specified as 

0 

^y 
=   A 1 1 + cos 2IT ^r 

A,, 
(2) 

where x0 is the center of the zone at t = 0.    In the calculation we set 
A] = 1 kb and A2 = 0.01 m and 0.05 m. 

The body force Y was evaluated such that Equation 1 was satis- 
fied.    The zone center was calculated on each cycle to find the body 
force appropriate to the zone position. 

Figure 61 shows the variation of T^y with distance.    Figure 62 
shows a sketch of the problem run on TENSOR.   The initial line marked 
"velocity input" was criven a velocity u* in the x direction that varied 
with time. 
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u1    =    B1 + B2t 

=    8^ B2T 

where   B1    =   10'   m/msec 

Bc 

0.1 msec 

0 £ t < T 

t > T 

u'   (m/msec) 

(3) 

. 2 
T 

9 x 10"   m/msec2 

time (msec) 

The equations of motion numerically integrated by TENSOR (in 
plane strain) are 

du 
dt 

!  3(P - T )      ,3T 
I   i       x', . 1     xy 

ax o   ay 

dt 
i3(p-V + i!L^ 
P       3y p    3X 

(4) 

(5) 

where u and v are particle velocity in the x and y directions, P is the 
mean stress, and Tx, Ty, and T^y are stress deviators. 

The stress-strain relations used in the code are 

pn+1 fv0 _ vn+l 

I   V ,n+l 

T"*1    ^   T"   + 2uAtn+1/2 e¥U + (T" - T")^tn+1/2 

rO 

xy 

whe-   TWxy   '   TJy- 

xy *y 

(6a) 

(6b) 

■ 

T;+1    =   Tj + 2yAtn+1/2 ex + ZT^At"^/2 

rn+1   _   Tn . „ .+n+l/2 •       OTn iA4.n+l/2 =   Tj + 2MAtr e   - 2TM Mt y        xy* 

(6c) 

(6d) 

The last tenns on the right in Equations 6b, 6c, and 6d allow the Eulerian 
components of the stress tensor to change during a rigid body rotation 
even though no strain is occurring. 



n is the cycl 
In these equations k and y are the bulk and rigidity moduli. 

:ycle number, Atn+1/Z is the current time step and 

*y 
i 11" + iv 
2 hy    ax, 

i ■ x {2 n. ml 
'y 3  I*  3y      3xj 

! _    i / 3U       3VI 
9 2 lay " 3x1 

Since 

=   the angular velocity of the zone. 

i   -    3u 4. av       , 
V   "    ax     ay       (conservation of mass) 

Equation 6a can be written 

Dn+1 -    P"-*    |^U^/2 

.n+1/2 
assuming 

vu 1 . 

(7a) 

(7b) 

(7c) 

(7d) 

(8) 

(9) 

What to Exoect 

We can get an idea about how the problem should behave if we 
make some simplifying assumptions about the stress-velocity field coup- 
ling.    To do this we first obtain the analytic solution to the problem 

STäSäTä "91on T^=o-we then appiy this soiStion to 

k, c     *.* If J^ =u0' then, for the velocity source function specified 
^?„Un   ^J*     .fave ^he standa,rd solution for a plane shear wave prop- 
agating in the y direction.   These solutions are 

Sx(y.t)    =    [B1(t-y/Vs)+^(t-y/Vs)
2]H(t-y/Vs)     y>0      (10) 

u(y.t)    =   [BT + B2(t - y/Vs)] H(t - y/V.)     y>0 (11) 

where     Sx is the displacement in the x direction 
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V     = "Y^ (the shear-wave velocity) 

HCt - y/Vs)   =1        t - y/Vs > ü 
=0        t - y/Vs < 0 

We can use Equations 6h and 7a to find t^ and 7d to find \ 

****%•$; [Bi6(t" y/vs) + B2H(t ■ "Vl       (12) 

T      '   -^[B! + B2{t - y/Vs)] H(t - y/Vs) (13) 

liy. = IM. (i4) 
2 ay        Zji 

(15) 

In the region where 1^/0, then Equations 6c and 6d give 

T     %   2TA (t 0^ 
'x xy 

T     %   - 2/ * '17) 
'y xy? 

where we have assumed ex = ey s 0 and T^y = T^y. 

With these assumptions the only significant contribution in 
acceleration will be the x direction.    Equation 4 gives 

du   a,   au   ^   lüx   =   2i£[)aL (18) 
dt        at   ^   P ax 0     ax 

Since * is negative (Equation 15) then accelerations should develop in 
the prestressed region that cause the region to expand. 

aTA 

A —M.   >   0        x > 0 v   ax 

A —A   <   0 x < 0 
*   ax 
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Assuming 

in the prestressed region, then 

"a - S 
3X 3X 

3U 
3X 

32TA 

3X 

Therefore Equation 9 gives 

P 

Since 

•¥ 
p     3X 

/2«dt   -   -f-^t + ^Ct-y/Vj.^jHCt -y/Vs) 

and 
32TA 

xy 

fe 

Al cos ^l 

(19) 

(20) 

(21) 

then the rate of expansion P should increase with time and should decrease 
as the wavelength h of the prestressed region increases.    Equation 12 
shows that T^y should be constant for t > y/Vs. 

The Numerical Solution 

The input constants for the TENSOR problem were 

A1 = 1 kb 

Ag = 0.01 m, 0.05 m 

B1 = 10"   m/msec 

B2 = 9 x 10'3 m/w.et1 

T = 0.1 msec 

k = 10 kb 

ii * 10 kb 
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p     ■   1 gm/cc 

Figure 63 corrpares the analytir (Equation 11) and TENSOR solu- 
tions at 0.0462 msec outside the prestressed region.    The codt seems to 
be adequately treating the propagation of the shear wave in the stress- 
free region. 

Figure 64 shows T^ vs time outside the prestressed region and 
P (mean stress) vs time at the center of the prestressed region,   both 
T^y and P behave as expected.    The prestressed region does expand, with 
the rate of expansion varying with time and the wavelength of the aninent 
stress field. i 

The significance of the coupling shown in Figure 64 is that the 
material would become weaker due to the expansion, thereby lowering its 
ability to support its prestressed state. 

Summary and Questions 

This problem is extraordinarily artificial both in the assumed 
elastic constants and "fault" representation.    It was the simplest prob- 
lem that I could think of to run for an illustration of the shear wave- 
ambient stress field coupling.    It would be much neater to develop a 
crack in the TENSOR grid by allowing a slip surface to open under the i 
action of tensile forces applied at the grid boundaries.   This prestress- 
ed equilibrium state could then be subjected to a transient disturbance 
(either compressional or shear). 

In terms of "earthquake triggerirg" the importance of the pre- 
stressed state of the rock and how to determine it preshot still a^e un- 
answered questions.   Since large stress gradients should give a "noisy" 
static equilibrium state, we might consider monitoring the seismic noise 
in the shot hole for some time prior to the shot.   Data from this effort 
would be qualitative.   However, after enough sites are listened to, we 
should develop the experience to isolate those sites with high stress 
gradients, i.e., high, unexplained seismic noise. 

If shear-wave generation is a worry, then the inpedance con- 
trasts of the layers at the site (including the free surface) along with 
the asymmetry of the source become important.    It should be possible to 
evaluate a site in terms of ehe total shear energy developed by the source 
and mode conversion at the important interfaces. 

MR. RINEY:    Did this have a free surface? 

MR. CHERRY:    No, there was no free surface. 

MR. SMITH:    Could you say once again what the physical rationale for this 
is? 

MR. CHERRY:    We have written the equation of motion in terms of the stresses 
referred to the fixed x-y coordinate system.    When a volume element with 
stresses in it seei. a rigid-body rotation, you have to bring the stresses 
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MR. SMITH:   So you are letting it happen. 

MR. CHERRY:    Yes, it is happening because of the sourcp fnnrtinn fha+ T 

hil ZttJlTheV0rd^hat$0rt of ***** "o^Tropa a        f   o ' 
So allllnTJh    ^If-, The or1sinal displacement field is at y = 0 
So all along the x axis I am propagating a plain SH wave into the region. 

MR. ARCHAMBEAU:    All  right, for a compressional wave .... 

MR. CHERRY:    For a compressional wave you would not see this. 

MR^ARCHAMBEAU:   So that your nonlinear effects then are effectively 

r?giSS:ro?I??Jn. ^ ^^ y0U ^ 1r 0rd- for ™* *» work is the 

MR. ARCHAMBEAU:    Which involves the curl. 

MR. CHERRY:    Yes, (1/2)AX1 

MR. ARCHAMBEAU:    Right, so you don't get P to SH wave conversion in that. 

MR. CHERRY:   That is right. 

MR. ARCHAMBEAU:   This is a wav o    convprHnn <;u f« cu   u 
words, you could change the^l^riza^ioTo^the fwave.^^     In 0ther 

^o^nln   «r10?     In fact I have taken an SH wave and converted it 
into a comp^ssional w.ve.    It seems kind of funny, but ?t inSeed hapjens. 

MR. ARCHAMBEAU:    That is all  righ^. but the inverse is not going to work. 

o?derHfoRrYthis
N0^^MnKerSe iS.-0t 9o1n9 t0 work;   that is right.    In 

dement. operative, you simply need the curl of the dis- 

MR. ARCHAMBEAU:    A rotation in a stressed medium. 
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MR. CHERRY:   Yes, r1g1d-boc(y rotation In a prestressed meuum, and the 
only way I could see to get that was to first develop a shear source just 
to see what would happen to the   

MR. TRULIO:   Are you doing a problem where the elements actually do ro- 
tate a lot? 

MR.  CHERRY:    No, not a lot. 

MR. ARCHAW5EAU:   This effect will always be of second order unless the 
gradient in the strain is large. 

MR.  CHEPr.Y:    Unless the stress gradient in the prestressed region is 
large. 

MR. SMITH:   Ted, where did you apply the boyud^ry condition again?   Was 
it at x « 0 ? 

MR.  CHERRY:    It was at y = 0, all  along the x axis. 

MR. SMITH:    I am a little onfused as to whether you are modeling stress 
release in an earthquake or whether you are modeling the effects of an 
explosion in a prestressed medium, in a medium with gradients of pre- 
stress. 

MR. CHERRY:   The latter. 

MR. FRASIER:   But in a real problem, you generally have an existing 
fault or joint surface which may be thought of as being locked by static 
friction, so we can turn this problem around and talk about any of the 
waves, the P wave even, unloading the normal stress across the surface. 

MR. CHERRY:   That is another possible mechanism.    I am really not 
happy with the stress distributions that I assumed.    It was just the 
simplest thing to do.    I don't like the body force.    What it does is 
give you a force that is changing as the sin? function. 

MR. ALEXANDER:    But that is what you expect to maintain equilibriur.. 

MR. CHERRY:   That is what I have had to use. 

MR. ARCHAMBEAU:    Well, you don't necessarily have to use a body force. 
You can balance out the equation at equilibrium in other ways. 
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MR. CHERRY:   Hy point Is I just could not do it easily. 

MR. ARCHAMBEAU:    You get complicated stress systems. 

MR. CHERRY:    That  Is what I would like to look at next. 

w'he^y^^pecl^tJal^hr^"" *t 1S fS class1cal notch P^lem. 

MR. ARCHA^BEAU:   And then send a wave through it. 

MR. SMITH:    But you already know. 

MR. ARCHAMBEAU:   y0u ought to put )n some rtoologlcal descriptions 

MR. ARCHAMBEAU:   Mo. he has a pre-existing crack. 

1'So^ 
MR. ARCHAMBEAU:   Now you run a wave through It. 

MR.  CHERRY:    YeS. 
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REDUCED DISPLACEMENT POTENTIAL 

Homrd C, Rodean 
Laurence Radiation Laboratory 

There have been a lot of comments made about the reduced 
displacement potential yesterday and today. I would like to talk 
about what It really Is, what It can do. and what It really can't do. 

Implicitly, a reduced displacement potential means that we 
have a spherically symmetric system. For our explosion problem It Is 
a good first order approximation to the phenomenon, but It Is probably 
more useful or some things that we are Interested In than for others. 
So let us for th'. moment say that we have the spherlcr.l source In 
this half-space with a free surface. This Is our elastic boundary or 
elastic radius, and let us say that It Is big enough so that It meets 
your maximum strain criteria of 10-5 or whatever. 

In calculating explosions and also accounting for 
observations, let us t»lk about either the head wave that jets 
refracted at the Moho. or the teleselsmlc wave which penetrates deeper 
Into the earth. If we talk about the first arrivals, whether It be 
the head wave that Werth and Herbst calculated, or the teleselsmlc 
case that Kogeus from Sweden and Eric Carpenter of England calculated 
(all using the reduced displacement potential) the spherical 
explosion Is probably a pretty good approximation. Based on our 
observations of drill-back and other exploration at the Nevada Test 
Site. It appears that the lower half of the region around an 
explosion Is reasonably spherical, forgetting about layering effects. 
Let us just assume that this Is In uniform rock material. 

Okay, the reduced displacement potential Is probably a 
pretty good thing to use for that. But In Werth and Herbst's papers I 
recall they also had to Introduce a surface reflection to make their 
calculated selsmograms look like the recorded head waves. Instead of 
using a reflection coefficient of about two per Ideal elastic theory 
they had to change the two to three. Implying perhaps that there was 
some nonlinear proce?». This concerns the wave that goes up to the 
surface, then down, and arrives at the receiver shortly after the 
direct wave CF1yi:re 65a). 

Now. the head wave rays. I believe, go out more toward the 
horizontal than do the teleselsmlc ones. Perhaps a reflected path like 
this (Figure 65b) Is what Werth and Herbst were trying to match. 

Dal Davles mentioned at Woods Hole that when he looks at 
teleselsmlc data of what are presumed to be Russian shots 1n the 
Soviet Union, he sees very little evidence of surface reflections. He 

Preceding page blank 
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is wondering if tne surface reflection is so attenuated by trying to 
get past the inelastically deformed zone that the surface reflection 
isn t very important in this particular case. 

Obviously, a reduced displacement potential, by itself, will 
never give you Love waves. I also wonder if it will really give you 
the picture you need for Rayleigh waves for the following reasons. 
Again let us forget about the complicating effects of earth layering, 
and let us say we have a re?l deep explosion, such that we don't have 
any surface spall at all. I am not sure about Rulison, but I am quite 
sure that for every other explosion we have ever fired, including 
Salmon, there always has been some regie« of surface spall. So even 
in deeply buried shots, we have an inelastic region of some shape, say 
roughly spherical around the explosion, and we also have another 
inelastic region at and below the free surface (Figure 66a). We have 
evidence at the test site that sometimes there are distinct geological 
layers at which the spall occurs, so here is a layer of earth that gets 
thrown up and falls back down and then-wham! Bill Perret talked about 
some of the high g's recorded when the ground comes down and hits 
bottom. 

As we go to shallower depths (again I am just drawing 
pictures because no one really knows what these regions look like) 
the surface spall region will grow (Figure 66b). Finally we have the 
limiting case of a cratering shot in which we have the initial 
inelastic deformation merge into the spall region, so we have millions 
of tons of rock which are thrown up into the air and then come down 
again. To take something that Ted Cherry said earlier this morning: 
when we talk about generating surface waves, we deal with the radiation 
in all directions, that is, with the interaction of these rays with the 
free surface and with layering, so on and so forth. Therefore, I am 
asking the question of the seismologists, don't you think it is about 
time for tbe code calculators to break out of their one-dimensional 
world with the reduced displacement potential and to run some problems 
in two dimensions with failure mechanisms to find out really what is 
the true shape of the elastic boundaries both around the explosion and 
in the spall regions? 

MR. ALEXANDER: The answer is yes. 

MR. SMITH: I cm a little confused about this unloading near the 
surface. The high g's that you referred to, they were with reference 
to a cavity collapse I understood, rather than the spall? 

MR. RODEAN: Yes, but I think the same thing would happen with respect 
to contained explosions—even though we would not form a crater or have 
cavity collapse. I am talking about the phenomena associated with the 
reflection of the outgoing explosion-produced shock waves from the free 
surface and the resultant spall. The spalled region will go upward in 
a ballistic trajectory and then fall down. When it hits bottom again, 
there will be a sharp .... ^ 
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MR. SMITH: This is the nonlinear magnification Carpenter was waving 
his arms about. 

MR. RODEAN: Perhaps. 

MR. SMITH: And you can do that, you think? 

MR. RODEAN: I think with perhaps the right failure models, this could 
be done with two-dimensional codes. 

MR. TR'JLIO: More difficult phenomena than that have already been includ- 
ed in cratering calculations. 

MR. RODEAN: Really what I am saying is that instead of calculating 
craters, we should use the same two-dimensional codes and calculate 
some contained explosions to see what happens in the near field, 
including the surf-:a. 

MR. CHERRY: One thing it would be very easy to save in the codes is 
the curl of the displacement. I don't think anybody is. I tried it 
for a while and nobody seemed to be interested. 

MR. RODEAN: So you could have CRT printout of the compressional wave 
going out, and then with the term that Ted talks about you could see 
where your shear waves are converted, and then you could also introduce 
problems where you would have different kinds of geological layering, 
too. 

MR. FERRET: Howard, one thing in connection with these spalls is that 
a part of the energy is trapped in the spall, so that the reflected 
wave that is coming back down below the spall does not include all of 
the initial energy. 

MR. RODEAN: Yes, there is some irreversible dissipation. 

MR. PERRET: When it comes back down that is put back in the ground 
except for what you have lost. 

MR. TRULIO: I guess I just don't understand why there are aiiy 
limitations on the code at all with respect to strain. 

MR. CHERRY: I did not say there were. I said we have been using the 
technique for 7 yr to rotate the stresses back to the coordinate 
system of the equation of motion. 

MR. ARCHAMBEAU: But you have not been putting prestress in. 
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MR. CHERRY:    No. 

MR. ARCHAMBEAU:    That is the only time that is important. 

MR   CHtRRY:    It could be important to put the shear-wave reflection 
back into a region that was stressed by the compressional wave, or 
something.    I don't know. 

MR. ALEXANDER:    There are in fart clearly observable SV waves, P to SV, 
associated with particularly larger explosions.    You can see them at 
teleseismic distances. 10 to 20-sec SV waves from "^lear explos^ns. 
and they, too, are practically overlays of one another.    ™ey come J«« 
the right tim^ to have been generated by P to SV conversion at the free 
surface. 

MR. CHERRY:    Of course, but that is in there. 

MR ALEXANDER: Yes. In other words, I am saying that you do have that 
included .and the kind of interaction you are talking about might con- 
vert those. 

MR. ARCHAMBEAU-    You have P to SV anyway. 

MR. TRULIO:    Something we have not done is to prestress the "jedium in 
shear in a way that might correspond to the types of deformation you 
showed. 

MR. ARCHAMBEAU:    Sure, your codes normally do that. 

MR. RODEAN:    I think the question I posed we have answered. 

MAJOR CIRCEO:   On the deep shot, is the spall "^W t»»* I1^^1*1 

i know that some of these surface accelerations are high   n the ve- 
locUies. but on Gasbuggy, say, was the spall really significant? 

MR. RODEAN:    I don't think as far as this is concerned--! am just 
SSklÜH Judgment-when you go reel ^ "^ÄJ^1!!!!,^ 
is probably not too important any more, but for a lot of the shallower 
NTS events, it may we1.1, be important. 

MR. PERRET:    It was significant on Milrow.    I don't think it was very 
significant on Gasbuggy.    I du.'t really remember for sure, but it 
seems to me it was not. 

MR. RODEAN:   Those shots were at comparable depths, but had a factor 
of about 50 or so difference in yield. 
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MR COOPER- There have been calculations made of the kind that you are 

going on. 

Mr. PERRET: I would be interested to know how you match the Sa'mon 
sjrface records that had -2.5 g's. 

MR.  FRASIER:    Keep rj^.l" ^1"^^^"«.^ 
Ä.^' SÄ llTntWZ t^e rero^eUJes of the layeHn, 
exactlyeUh to predict the fine ^^»"^^tstht   will give 
T, ^^^«^Ä.Ä.jR'Äv: not had 

StÄSS because we JSlS-jS'^rS» ^ M^t 
J^caiM«^ SpSTÄtÄltlS.'S SillÄ wha't the so.ce 

we give it to you? 

MR. FRASIER:    You will give --"ymany^re years of wo^^.There^re 
Carpenter pulses, there are all of ^ese things you     n   ^ ^^ of 

say this is fo^ a spherical fJ^^jJ^sKRJoii was showing just a 

MR   RODEAN-    Alotof these codes were originally designed, and their 

stuff is there. 

MR   FRASIER-    One thing that can be done, if you can actually specify 

think. 

• «.:t « -se. the^thl. ^^^«TVXt 
with two dimensions for a while. 

MR   Q0TENBER6-    I just wonder whether codes are the efficient way of 
SinfnfSii is.'whether one should do it digitally, or take some 
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plaster of Paris, foam rubber, and one thing and another, and I think 
somebody could build an analog computer. 

MR. KUDEAN: I think that, too, out I am talking about getting out ^o 
the boundary of the inelastic region. Yes, you can do some things 
like that with plaster of Paris, but how well could you mock up tuff or 
granite, or what have you? M 

MR. ROTENBtRG: I might ask the same question digitally. 

MR. COOPER: You can't do the  laboratory experiments alone, and you 
can t do calculations alone. You have to have experimental data. That 
keeps everybooy honest. 

MR. RODEAN: Now, for example, we can start out and check our codes 
against some existing experiments and analytic solutions, things that 
have been done in the laboratory. One example is in a planar system- 
some years ago Sherwood did both analytic calculations and 
experimental measurements showing the effects of a small charge on the 
surface of a pial9. He solved for the outgoing P wave, the S wave, 
and the head wave in between, as well as the Rayleigh wave going on 
out along the surface. Then Tsai and Kolsky did some experiments at 
Brown University. They measured only the surface waves from an 
explosive charge on the surface, and compared them with theoretical 
results based on the Miller.... 

MR. COOPER: Was this with glass? 

MR RODEAN: They did it first with glass and then with polyethylene, 
so that they had an "elastic" as well as a viscoelastic substance. 
Then they used the Miller and Pursey solutions to try to get an 
analytic solution. You can start out and check the codes against some 
of these other cases where we have solutions obtained by other means 
as well as experimental results. You match those so that you know 
that you have confidence that, yes, you are doing these things 
correctly. Then you go on putting in the best rock-failure models 
that we know of. 

MR. RINEY: I wonder if there is not the possibility of this being 
Brock-Coffin factors. Two-D code calculations with the zoning 
required for the accuracy tiiat we have been trying to do in one-D 
until the ILLIAC IV gets on the air are going to be an order of 
magnitude more expensive, and yet we have seen yesterday, I think on 
the experiments and the one-D calculations close in that we could not 
actually calculate the RDP accurately without looking inside the 
cavity. I think that was the conclusion yesterday. 

MR. RODEAN: Without looking inside of what? 
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MR. RINEY:    Without looking inside the original numbers you did close 
in, tne representation of the energy source, the finger was pointed 
at U as a possible source of .... 

MR. RODEAN:   Oh, you mean the peak in experiment versus calculation. 

MR. RINEY:   Yes.    It seems to me that in one-D we should •'o a better job 
there before we go into the two-D.    I think it might be \ -rthwhile to 
really understand and be able to verify that first. 

MR. RODEAN:    Except let us put it In perspective.   As far as'VELA Uniform 
is concerned, ARPA wants many of these answers in a few years, and who 
knows how long it will take to work up this other thing?   I think it is 
legitimate to use available tools to do a few representative problems 
now because at present the pictures I drew on the board are just hand 
waving. 

MR. COOPER:    It is not as if nothing was being done or has been done 
in this area. 

MR. RODEAN:    Let us recognize that what you say is true.    Let us also 
realize that we have been concentrating on a seismic source based Upon 
an assumed spherical explosion for 6 or 7 yr.    Really, the two- 
dimensional seismic source, which is much closer to reality, has never 
been addressed from the standpoint of our explosion-calculation point 
of view, so let us at least make a start.   That is what I am saying. 
I am not proposing a big parametric study or anything like that. 
These problems should be, at least in the beginning, few in number but 
well thought out. 

MR. COOPER:    Well, I would vote for parametric studies because I wonder 
if you know the details of the things that really count to define just 
a few problems.    I think this may be the thing that Dave is worried 
about.   Once you say you are goingto start into parametric studies, 
the alternatives, or parameters that may be varied are so numerous 
that you really have to do a lot of calculating. 

MR. TRULIO:   And if you do it in one dimension, it is hard to see why 
you won't have to in two. 

MR. HARKRIDER:    I have one question.    When you do the two dimensional, 
do you save the free-surface displacements if you do a free-surface 
problem? 

MR. TRULIO:    Yes. ' 

MR. HARKRIDER: Because speaking not only for seismologists, some of 
us are Interested in the generation of acoustic gravity waves in the 
atmosphere due to, say, the surface displacement, and use that as our 
driving force. We would like to have those if you have any. 
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MR^TRULIO:    We save the tapes for a certain length of time, like a 

wonder Is that toUHy out of tEe questfolTat™ e ^Jt?   that-    ' 

o'co^l^oJ.4.!^.*0^*!;^? ^JTlliso,ve lMs-rdo 

SS'ü'i'S SB SS!."" *■ "■''■'"" •"- »■• 
MR. RINEY:   That is true.    That would be the Initiation of it     T* 

experience with that kind of cracked ned um   In wh ch SwStlSf «lei 
lations were compared with experiments, and even experirent! with oÜ 
another, that says we don't kSow how to modefl hard cr^keS JoS. 

MR. COOPER:    It Is a thing of degree. Isn't It? 

K?; TR!14?; J
I> tMnking ^ NTS granite again, and the fact that Hard- 

hat and Piledrlver are not the same event scaled 

separation of Instrument stations from the tunSel floo^   ?n Jh 
perturbations,were small although prSJably preset 0 the 

MR. FRASIER:    I saw some accelerator records from shots—<;hpi+nn uiii 
probably remember--a couple of shoti at exartiv thf c«^     rJon wl11 
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MR. COOPER:   Are you talking about very close in? 

MR. FRASIER: Very close-in stuff, yes, incladinj initial wave, and 
all of the reverberations, all of the details afterwards for a long 
time.    I can't remember what events they were. 

MR. PERRET:    It sounds to me like the Sterling records versus Miracle 
Pl«^ data.   Those were the records that included compression wave and 
shear waves.   They did fit together very nicely but were from quite 
different kinds of shots.    One was a nuclear shot in a cavity and the 
other was a gas mixture in the same cavity. 

MR. FRASIER:    But that should be telling us something about the 
similarity of shot environment from shot to shot.    I wonder if the 
two codes for these two different type events would converge to give 
you similar records? 

MR. PERRET:   They should theoretically, anyhow.    If those are the ones 
we are talking about. 

MR. TRÜLI0:    I don't think there are good accounts of Salmon yet. 

MR. COOPER:   The data? 

MR. TRULIO:   The theoretical calculations. 

MR. RINEY:   There were some that were done. 

MR. TRULIO:   Yes, the way in which agreement was obtained with experi- 
ment was to ignore the lab data on strength, and again repeat the game 
that was played with Piledriver.    It is sort of a meaningless and circu- 
lar procedure if you want to develop a prediction capability. 

MR. COOHER:   But it is not entirely meaningless, I don't think, either. 
Again I refer to the experiments that we were involved in at Cedar 
City, Utah.   All of the experiments were very near the surface.   One 
thing that came through very clearly in terms of close-in phenomena 
near the surface was that the joints and the fractures in the rock 
controlled the late-time phenomena.    I think that this late-time 
phenomena is what you are really interested in, because that is where 
you get your low frequency input. 

MR. TRULIO:   What I am saying is that we should stay away from jointed 
rocks right now. 

MR. COOPER:   That is a great idea, but is it realistic? 

MR. TRULIO:   Alluvium and tuff and salt are the kinds cf media in which 
we ought to try to understand signal propagation before we try to under- 
stand them in rocKS that are cracked and faulted. 
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MR. COOPER:   But I did not finish niy point.   What we found was a lot of 
data scatter.    It may be that the best you can ever hope to do with the 
calculations is to fit the norm of the data scatter.    The experiments 
were conducted with high explosives in planar arrays that presumably gen- 
erated a plane wave over some region.   However, we found that the motions 
were not planar.    This is evident not only in the transient records, but 
also from pre- and post-test surveys that clearly show that displacements 
took place along paths of least resistance down the jointing planes. 

MR. CHERRY:   That may be true, but as far as Hardhat is concerned, I 
think we had three measurements there, two stress-histos7 measurements, 
and then some displacement records. 

MR. PERRET:   You had five or six stations. 

MR. CHERRY:    I don't know whether you can see this or not.    (Showing Fig- 
ures 28-30 from Cherry, J. T., and F. L. Petersen, Numerical simulation 
of stress wave propagation from underground nuclear explosions, Prooeed- 
inga of the Sympoeium on Engineering with Nualear Exploeivee,  1970, Las 
Vegas, American Nuclear Society)    The puzzle on Hardhat, 5 kt in granite, 
was that here the dotted line is the measured radial stress versus time, 
and the solid line is the calculation at 62 m, 4 kb.    At 120 m the dotted 
line is the measured value; the solid line is the calculated.    It is not 
bad agreement.   To go to the reduced displacement potential you find 
that the initial peak is missing, and I don't know what happened 
to it.    It is going to be very difficult, I think, to match the stress- 
history measurements at 62 and 120 m on Hardhat, and then still reproduce 
that peak on the reduced displacement potential.    I just don't see how to 
do it.    You are going to have to throw something out. 

MR. PERRET:   Are those the stress-gaie measurements or are those the 
stresses calculated from the velocity? 

MR. CHERRY:    No, these are stress-gage measurements. 

MR. HARKRIDER:   By the way, Hardhat was one of the most anomalous explo- 
sions we have ever observed in the sense that the Love waves were enor- 
mous.    We apparently had a great deal of tectonic release. 

MR. COOPER:   Let me finish.    I don't entirely disagree with Jack.    I 
think the problem of determining  rock properties for use in code calcula- 
tions is a problem of translatirg what you can measure in the laboratory 
with respect to material properties to a condition that relates to the in 
situ state of the rock.    In situ rock property ttesting is expensive, if 
the attempt is made to determine the general response of rock under all 
sorts of stress and strain. 
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MR. PERRET: I think one thing you have to remember about laboratory 
tests on cores is that they give upper bounds for the strength of 
materials, because if you can get a core out of a rock, you nave some 
of the better rock from that formation. If there are any close-joint 
systems or weak bedding planes you don't get much core. 

MR. TRULIO: What they do in the lab to get around that problem, arid 
nobody knows whether they succeed or not, is to crack the sample. 

MK COOPER: I agree that is th^ right direction. 

MR. ARCHAMBEAU: But what if the medium you are dealing with is stressed 
to a fairly high level? When you do the test in the lab, you are not 
stressing it at that level, and you are then measuring failure 
properties without prestress are you not? 

MR. PERRET: When you take the core out, you unload it  right away. 

MR. ARCHAMBEAU: Yts, I know; so it may  not be very relevant to the site. 

MR. TRULIO: In much of the work that has been done, the experimenters 
have attempted to get around that problem by prestressino their lab 
samples. 

MR. ARCHAMBEAU: Yes, if you know what the prestress in the earth is 
and if you deal wi„h fractured rock, that's fine. 

MR. COOPER: Are you familiar with the work that Wayne Brown has been 
doing? 

MR. BROWN: We have done about every kind of prestressing you can do 
111 a triaxial-test apparatus, which means o? is equal to 03. We have 
done this with various stress ratios and with constant confining 
Rressure. We have also performed such tests in uniaxial strain and 
ydrostatically up at stress levels on the order of 10 kb and with a 
variety of stress and strain conditions. The crack conditions we have 
been doing to date have been In specimens where we precracked the rock. 
We put a s^ft Jacket on the specimen and end load it until it fails. 
Then we carefully place this in a pressure vessel and apply triaxial 
loads. The initial crack pattern is random, and varies from specimen 
to specimen, but the triaxial results are reasonably consistent from 
specimen to specimen. 
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MR. ARCHAMBEAU:    The joint systems maybe lave a great deal of regularity 
to them. 

MR. BROWN:    Right.    One of the things we are hoping to do next is to look 
at specimens where we have well known joint systems. 

MR. ARCHAMBEAU:    What about edge conditions? 

MR. BROWN:    Edge conditions are something we can control in a triaxial 
test vessel to the extent of keeping 02 equal to 03, or in a cube-type 
test, where all three principal stresses may diffe».    However, the pres- 
ent method of performing the cube test is not very satisfactory for pre- 
cracked specimens. 

The other problem that Hank is referring to, though, is the 
gross problem of the in situ rock.    We have done some work on the Cedar 
City granite in situ.    Let me sketch the configuration of our in situ 
specimen. 

SutwAcf 

■ 

APPU€0    LOAD 

(FLAT JACKS) 

■ 

This work involves a specimen which is an end-loaded cantilever prism. 
The specimen is formed by cutting two parallel slots inclined at 60 deg 
to the horizontal surface of the rock such that they intersect.    A third, 
vertical, slot is then cut normal  to the other slots, forming the end of 
the specimen.    In an end view the specimen is an equilateral triangle. 
The load is applied at the free end with flat jacks.    Strain gages and 
displacement transducers attached to the surface record the rock defor- 
mation. 
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This test configuration has the advantage of being well 
defined in cross section. We apply a uniform stress to the end so the 
stress field in the specimen is well defined. In the tests conducted 
to date we have found that breakage occurs in the rock at stresses on 
the order of 1500 psi. This is from two tests, one with a specimen 
dimension 2-ft across and another with a width of 4 ft. A series of 
tests is being performed and other specimen sizes will be tested. 

Now, if we take samples of this rock into the laboratory and 
run unconfined compression stresses, we find compression-failure 
stresses of the order of 9,000 to 10,000 psi, considerably higher than 
the strength observed in field tests. Another interesting thing we 
fl« I is a size effect or. the modulus. We don't have the data fully 
reduced, but it appears that we are getting a size effect as we plot 
modulus versus specimen width, with the modulus decreasing with size. 
It is possible that the modulus is dependent on flaws. As the 
specimen becomes larger we take in a greater number of flaws and 
eventually the effect ought to level off as the size increases. 

MR. SMITH: At the small specimen-size end of the curve, do you go 
anywhere near the single-crystal measurements? 

MR. BROWN: In» laboratory samples are typically 1 in. in diameter 
and 2-in. long, and the larger grain dimensions are of the order of 
1/8 in. 

MR. SMITH: Does it look like it is heading up to what one expects? 

MR. BROWN: As far as the specimen dimensions, they are still on the 
low side. The modulus for lab tests will run typically anywhere from 
900,000 psi up to 3 million psi. 

MR. HANDIN: This rock has a porosity of about 5 percent. 

MR. BROWN: If you look at the data we have so far, it indicates that 
modulus is decreasing with size. For the smaller specimen it is on the 
order of 450,000 psi and for the larger one on the order of 700,000 
psi. We seem to be getting a size effect, and when this phase of the 
experimental program is complete, we should have a good idea of the 
size effects for Cedar City granite. Two things are apparent at this 
Hint. First of all, the strength is drastically lowered from nine or 
ten thousand to 1500 psi, and secondly, we find that the modulus is 
decreasing by a factor of two. The in situ measurements are showing a 
significant decrease with size in both strength and in modulus. 
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An n-f MI ^Jeror not this happens in a dynamic test we don't know 
pilrtc ch teStS IThaVe described were quasi-static, so no inertia! 
cafcSlat o^c UP-    I PreSU,ne these wil1 be W*™* ?« the cide 

effJtT10^ If' and l0m 0^ers that we don,t "»^1. such as dispersive 

propagation, it is going to have to come from calculations [n sift ?ock 

MR. ARCHAMBEAU:    For now. yes. 

MR. BROWN:    Yes. but I think that is quite a different situation 
s^f i1 'T S^SSeS hifh eno^h t0 start closing cracslSelow- 
strSctu^615 Wlth aC0USt1C Sl9nals (ton,t d0 ^"9 to the rock 

MR   COOPER:    Maybe I am not understanding you.    If you ro laboratorv 

ffilf^SL .Ä Wfat yOÜ would 9et from seism1c measurements in the field, the seismic measurements are lower. 

MR. SMITH:    Mo. I think in the laboratory if you reoroduce the 
pressures you are looking for you get quite gSoS c5?r2s^ndence. 

lo'wer^n^tha'?: ^ ^ l0Wer-   The f1eld-va1^ «ismic values are 

S'ifSffi    Y0U 9"ys/re talking on the basis of different experience 
^lL>alk n9^S ! se1s,n?l09ist and you are talking about using 

ÄIMSJ ÄeerÄ-?^u p^Ä-fT '" 

TU; fü^LA ?USS th? inrerence fro» that is the reason we don't see 
the size effect there is that all of these cracks are all closed up 

üRsur?a«-tyJeStel;.0Ur ^ ^ iS ^ COnfln1n9 preSSUre-    Th1s is 
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MR. CHERRY: How important is the viscosity of the rock in affecting 
both the attenuation and the transmission? 

MR. ARCHAMBtAU: It has a very strong effect on the high-frequency 
waves. The effective Q for transmission of body waves is like 1000 in 
the crust and decreases to something of the order of 100 in the upper 
mantle. 

MR. CHERRY: How would that Q go into a stress-strain rate formulation? 

MR. ARCHAMBEAU: I was referring to a measured or an observtd Q. You 
can interpret the observed Q in several ways. One of the ways we treat 
it analytically is to specify an operator equation relating stress and 
strain such that an operator P acting on the stress is equal to some 
operator Q operating on a strain, and that both operators a/e linear 
combinations of differential and integral operators in time. So if you 
use that in the equations of motion, what comes out are complex moduli, 
which are in general functions of frequency. 

MR. CHERRY: Is it the Voigt solid? 

MR. R0DEAN: You are talking about things like the Futterman theory of 
attenuation, essentially. 

MR. ARCHAMBEAU: Yes, basically the same sort of thing. You get a 
generalized solid which has elastic moduli that are frequency dependent 
in a particular functional way, since you assume linear operators which 
are either of convolution-type or time-derivative operators, and if you 
take the Fouritr transform of the stress-strain relationship, then all 
you get out of that are complex moduli, and they are frequency 
dependent in some complicated way. 

MR. CHERRY: Maybe we could make it simpler. 

MR. ARCHAMBEAU: It is a generalized viscoelastic medium. 

MR. CHERRY: If you stay in the time domain, it is just like 
aerodynamics. A strain rate appears in the stress in the same way as 
in aerodynamics. 

MR. ARCHAMBEAU: You mean the linear viscosity? 

MR. CHERRY: Yes. 

MR. ARCHAMBEAU: No. 
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MR. CHERRY: Could you write a formulation down? 

MR. ARCHAMBEAU: What you want to construct is a formulation which is 
a generalization of Hooke's law, so you define some operator P, where 
P is an integral-differential operator with the general form: 

N M p{f) = £ *" Sf<t)+Z 'S1* - T) f(T) dt 
n-o      3t m=o o 

where f is any function of time and the spatial coordinates.    Now this 
is the "stress-operator" form, and Q, the "strain operator", has this 
form as well with different coefficients, so we have 

^g>   "   L c* ~rg(t) + Y AUt - t) gd) dr 
ii=o   *■ n1 1^6 o   K 

MR. CHERRY:    Does the convolution give you a solid with memory? 

MR. ARCHAMBEAU:    Yes. 

MR. HARKRIDER:    It is rate and memory. 

MR. ARCHAMBEAU:    Now the stress-strain relation is: 

P(oij> - «&Ki) 
where o^- is the stress, eia is the strain, and c^} is the normal 
matrix of elastic moduli. I've employed the summation convention in 
writing this, so there is an implied summation over both k and I.    The 
coefficients in the operator Q, such as the ce, would normally depend 
on the indices k and ä, but I'll suppress that here for brevity and 
clarity. 

Now, you can take a Fourier transform of this. Then what you get if 
you operate on this with the Fourier-transform operator on both sides, 
since P and Q have the properties of bet-ig differential- and 
convolution-type operators, is: 

P(M) a..(.) = Q(«) [c*J ek£ 

These are the simple algebraic products, and the P's and Q's are: 

N n       M 
PC")   -    Z   V   +  Z   bja) 

n=o m=o 
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with a similjr form for Q((Jü). 

then you £t%T* * Wr1t£ d0Wn ^ effect1ve *""' "«t«tt. 

'ij Sk£ 

The constants [QM/PM] cff are your effective elastic constants. 
You just Insert this constitutive relation Into the eouatlnr      * 
motion and what you arrive at Is the oSli^^StlJS of St^n In 

tt e^t^ a?"" ^^ the **U*"C" "^ tLt^r^ 

[fü c1j 
and are frequency dependent. 

4. th«       L* !• unfortunate l "sed Q as the notation for the ooerator 
for Ehp%a

eJtUhat]0nS* bUt Wf 0?Serve that the anelastlc propert^or S 
lulnl S^lL* Vr^ Sl?wly varyin9 ^"0" of frequency over quite 
?hl r^iÄ1?^*-;*.1635* U.m can so far detemlne.    So whatever 
the ratio Q/P is. it Is very slowly varying as a function of frequency. 

In any case, from this rough formal soeclflcatinn   im.. ^a« 
calculate what attenuation and phase%h1?t «n brexpect^' y 

IILfo^nll *When ru peoPle talk about the velocity at the core- 
vlscJsllyJ ^ mUCh 0f thiS Vel0cUy is ^^"«"«d by ?hl 

It Is not Influenced particularly by MR. ARCHAMBEAU:    Very little, 
the viscous properties. 

MR. RINEY:    Do you believe the possible f ^quency dependencv of thp 
earth properties Is due to viscosity o,   .s It soL other mechanism? 

MR. ARCHAMBEAU:    No, at least not In the usual sense     The con- 
struction I just went through Is purely forma       What vou w^J to 
consider are the solid-state' mttSSum tha? re apSrop? a?e     Thev 
and' iÄT1^ r!lafat1on "-echanlsms assoclated^Uh     slocal ons 
and defects in crystalline structure.    Seismic waves have associated 

ow stresses, so what you want to look at as candidates ?o? 
absorption in the earth are effects actlvat-d at very low stress 
levels     There are a large number of such possibilities! InclSdlnq 

dnisVÄo0ns!nterSt1tial at0mS in the 1att?ce and the diffusion 0? 
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MR. RINEY: How about water in the pores? 

MR. ARCHAMBEAU: Yes, partial melt, in the upper mantle for example, 
would be a possibility, along with pore water in the crust. All of the 
ones I previously mentioned can be described, if you like solid-state 
terminology, in terms of defect structure and dislocation phenomena. 

MR. FRASIER: One thing you see is you see waves going all the way 
through the earth, through the core to the other side, that are not 
dispersed at all, body waves of one cycle, say. They are very, very 
sharp wave forms, so they can't have been dispersed. 

MR. ARCHAMBEAU: The dispersive effect of this attenuation is very, 
very sit« 11. 

MR. RINEY: On this wavelength. 

MR. ARCHAMBEAU: In the seismic bandwidth. At very high frequencies, 
of course, dispersion is going to be important, but we don't work in 
that high-frequency range, simply because the attenuation associated 
with these mechanisms is very strong for high frequencies and we just 
don't see them of course. 

MR. RINEY: Could that make some difference in our calculated reduced 
displacement potentials? 

MR. ARCHAMBEAU: In the near-source zone? No, you are talking about 
effects that are much stronger than what we are talking about here 
and involve different physical mechanisms. 

MR. COOPER: If you look at the data from the underground tests and 
compare the propagation velocity of the peak stress or the peak 
particle velocity with seismic velocity, you will find that the wave 
spreads as it propagates. Most of us do code calculations that involve 
stress-strain curves that are concave upward. This would lead to a 
shocking of the wave front as opposed to the observed spreading. Thus, 
we are missing something that the effect under discussion woi^d provide. 

MR. ARCHAMBEAU: What do you do about viscosity? You are putting 
artificial viscosities into your program, but there are real physical 
processes which would give an effective viscosity. 

MR. COOPER: It Is generally smaller than the Q that Is used. 

MR. ARCHAMBEAU: Smaller than the Q magnitudes that I am talking about 
here? 

MR. COOPER: Thai the Q that Is used for the artificial viscosity. 
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MR. ARCHAMBEAU:    Yes. but that is an artificial viscosity you are putting 
in just to keep your program from having a fit. F«wni 

MR. RINEY:    I think you are agreeing. 

MR   ARCHAMBEAU:    Yes, but there are real, nonlinear dissipative effects 
anfÜr t0.EUt in KalS0-    They aro different *« thSse r^ntionen and probably can't even be reasonably approximated as a viscous effect 
The mechanisms are different, because you are dealing with a high-stress 
mechanism, if you like, dislocation climb, grain mtltion, and so on 

?LC(J0PfR:    I^0n't !fnow what the reasons are-    The dispersing thing 
that Jack was discussing would give you pulse gradients. 

?f'JiRULI2i:i !f;.and that *es.not h^ aoything to do with dissipation 
at all.    All of the energy is either kinetic or potential. 

raihe^than ÜH" ^^"^^""^^i  .^es could be concave downward 
rather than upward.    If that were so, it would cause the pulse to soread 
Sh/nK Just

+ 
00k "9 u

f0r reasons for ^ t0 haPPe"- All I ^ s^yfng is 
the observation is thut the wave spreads. Iton't you have sore fix on 
that by the eno-gy that you calculate? 

S; S:E^DER:    \l 1S the erer3y that 1s P^Pagated aw^y and accounted 
for by theory.    It was on the order of 2 percent at one^range in sore 
cases and 0.5 percent in others. y 

fSLThnn^ Uhl d?n,t üe break for 1unch' gentlemen, and then after 
lunch I hope in about an hour or hour and a half we can attempt to sum- 

rih! Joucf0*"? cul?t!?nal s1de of the house and «* SSSloS   3e 
°h™5re^awdif0pefully We can have som direction to march to in the months anl dollars and years ahead. 
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CODE CALCULATIONS: REVIEW OF CURRENT OUTPUT CAPABILITY 

John G. Trulio 
Applied Theory, Inc. 

We can now solve routinely problems of one- and two-dimensional 
ground motion. For the purposes of this meeting, the one-dimensional 
problems of interest are spherically symmetric and determine the field 
of motion on region* whose breadth is very small on the te'.eseismic scale 
of distance. Perhaps an hour of UNIVAC 1108 time is r-quired to calcu- 
late spherically symmetric ground motion from an explosive source to a 
range somewhat greater than the largest range at which shear failure 
occurs, if the calculation is carried to the point where all material 
within that range has come to rest. 

The output ^rom such a calculation can consist of just about 
anything you want to see. If you want displacement as a function of 
time at a point in the field just outside the 'iitimate range of shear 
failure, that can be obtained; so can the reduced displacement potential. 
In fact, those quantities are presently part of our standard code out- 
put. Radial stress, or almost any other continuum-motion variable can 
be exhibited in a table or graph as a function of time. 

For two-dimensional continuum-motion fields I would say that 
present capabilities are about like this: ^ane-symmetric fields 
(which are probably not of much Interest here) and axi-symmetric fields 
can be calculated by expending about 10 or 20 hr of UNIVAC 1108 time. 
In such a calculation, the number of zones might be 20,000, that is, an 
array of 400 x 50 mesh points rclght be employed. You can see that even 
for 10 or 20 hr of 1108 time the fineness of definition of the field of 
motion is not as great as that obtained in the spherical case at a cost 
of 1 hr. On the positive side, the amount of information generated for 
the field calculated is simply enormous. The output again can consist 
of almost anything, including, if you want, the scalar and vector dis- 
placement potentials all over the region of linear motion. At the 
moment our codes do not contain routines for generating those particular 
quantities, and I don't know whether other people compute them; what is 
put out now are the standard variables of stress, strain, and velocity. 

In both the one- and two-dimensional cases, we should be 
helped a great deal by what I have heard here. Your Interest as the 
motion progresses, centers on longer and longer wavelengths, and if we 
put in the right kind of dispersive and dissipative mechanisms, we are 
helped by that fact. We start with fine definition of the spatial 
region of disturbed material. Since our continuum equations and their 
discrete analogs are written to accommodate quite general mesh-point 
motion, the points of a mesh can be made to spread in such a wa,> as 
always to cover the field of motion even though the number of poi.its 
remains constant. Then, although the points move farther apart, accu- 
racy is retained for your purposes because as time goes on and frequency 
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SS^ILfUUl!?1? in ^fPö't««», UN wavelengths of disturbances that 

*o Mi       i1!! S?- two-d1mensional case we have also carried calculatinnQ 
ha-   'oSoId"^6?6 the S"^ b0Und1n9 the spatia? reglonlf's eäJ fl??2re 

I think that any major parameter of motion can he computed to wiSin a 

motion expands, with particle' speed     In ST&SinSliriJ   I don't ?hink I 

rl^ffLfi* I "r^ Srlut1on errcrs '«»'th« 20   e?cent   2 e 
ioJon   y y ZOned Pr0ble,,1• errors less than 10 Percentwould be un- 

error has M^lInfÄ^irJ^^^ nOW set up so that ^ound.off «1™^   "o.signyicant effect on the numerical solutions; wherever 

oy cimestep.    For example, in computing strain the displacement fi^TH *«: 
updated, and not just the particle position field   aisp,ace,nent field 1S 

,•„ 4.M  • I iuink ft** for us and for you the main problem realIv arises 
in defining the medium in which propagation takes olace     rtrfnic !Ii 
matter to the codes whether the Sedium i   Jreslressed o^ not     It if 
litera ly just about as easy to solve a problem in which Sn initial 
tectonic stress distribution Is prescribed a   U^to sol Je tJe slme 
spt?e fesof

a^
t;ont;nth%h;,no9^eou! ^i^-^m ^T^tiz, stresses, and go to the trouble of putting the detail of their distri- 

bution into the initial conditions of the problem  You therefore wint 
s^teMa??^llu^ll^-^ are rePresenti"9 some material o? some site rea istically  Otherwises all we normally put into these calcu- 
lations is an overburden stress, making sure t^t tn tiallv the JhS"; 
earth is in a geostatic equilibrium state. Up to now we have qene?anv 
put in overburden stresses as uniform hydrostatic pressures ft anv 
HS?t;tJnhenP0!h

nt iS.that P^sent Pract^e does notrlfZll any Sasic limitat on on the codes or the methods that they implement; more elabo- 
rate initial stress distributions could be assumed! and the f?e?ds of 
motion calculated to the stage where maximum strain aSpluSdeo? about 

20° peJcln^thrÄSr ^^ ^ ^ ^ L* ^^ 
f^c * 4.uThe Probleni *hen remains of representing the mechanical Drooer- 
tilt ?o SVtlT* Tdla Wh0Se motion we ^ t0 compute. I iSSdPsay that to date we have been most successful in the case of a recent shot 
in tuff. In our calculations and in others as well, the objective has 
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lations employed descriDtions Jf tS «ÄJn kII!d.0f me?1um- The ca1^- 
on laboratory data) mght express extr^Ln^-J We tt0U9ht (based mainly 

,  otherwise the calculatfon wa? thl same ?n p°ThltS mc*™^  behavior; 
'  velocity-time pulses were rouahf! IT. I    each case. The predicted 

Interesting range of calculatiS^ L .hf 0f tW0 aPart over most of *** 
range exhibited a WS?t Je Dhl^^VJ6 P+

U SeS "lculated at a S^M 
• minor wiggles  L It turJÄJ !h a n?9atlve Phase followed by some 

between t9ge ?wo c 1 ^a ed'ex ernes a't'a f^hp'3' Were me?SUred 'e11 
were also fortunate in that fhl ™!   511 Jhe ranges we looked at. We 
one another; Sis1 not^'L^ ^f"^ pu^«.^ we^ consistent with 
medium and for a small vlJ d ^hiJf itt'    I think' in th1s k1nd of 
homogeneity over aba eiouah lutJrl ITtJt**™  t0 hope for loca1 
are observed in the mLLTed monL  it .-^'f n0 Se::0US asymmetries 
medium is not thoroughly cracked and it 11111° Wrth  ?0ting that the 
built-in directional^iLe^'In^odSct^y^.^'st'm^ ^ 0f the 

material ^euTt^effwirof^^ki ^"5 fhJ inclus1on in the 
partially healed, some ODen--iS nn?nn tn 

a?d.Jo:"ts--some healed, some 
renrp^pn^tinnr <U *u 0P*" '? g01ng to limit the accuracy of the 
w'hfle6!6";^ n0'  eVaVe6 srs lut9ioOnUtm?Ht1t0n "W*"™  ^oV uite a 
problem of modelling cracked haid^nL that.P^l^i. What makes the 
field measuremen  oVqSantlt L like Lrt'fHl31^ forbidding ^ that 
and sometimes at almost the slme llfSuth ^Jll ^ 0Clty at a given ran^. 

the softer geoloqic materi^ LH f« P ,, veil as  amplitude. But for 

because of the grwt scltter ?n n^ nl^!  9r0ünd motlon fl'eld accurately 

convincing theoretical exDW on 'nT^
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motion, but it. seems to me that comparable accuracy is possible even 
for layered media provided that the individual layers are reasonably 
homogeneous and at worst orthotropic. 

I think that is where the sUite of the art stands—although 
this has been the briefest of summaries, and there are probably impor- 
tant aspects that 1 have not touched. I think the best way to get at 
them is just to answer questions. 

MR. BLACK: Let me ask you a question. Jack. The event that you are 
referring to, the two curves or the two sets of predictions that you 
made for that event were based on a very, very extensive set of experi- 
r;)ental measurements of the physical properties, Hugoniots, isothermal 
compression, the whole works? 

MR. TRULIO: Yes, 

MR. BLACK: What would you say you would get, or how much difference 
would it have made if you had not had that vast amount of experimental 
data, and suppose you had to make a guess as to what the kind of tuff 
would have been? 

MR. TRULIO: I think the best way to answer is to say that some of that 
data is just essential. Without it, you don't mai^e a calculation that 
is worth doing. 

MR. CKERRY: I agree. As far as I am ccncerned, without some of it, and 
the "L-.ome" I include is the logging data, the compressional velocity, 
and the in situ density, plus the isothfrmal compressibility. I feel 
these are absolutely essential. 

MR. TRULIO: You must know the water concent, and the compactibility of 
the material, and it is hardly possible to proceed without loading and 
unloading hydrostatic data of the kind Ted just mentioned. 

MR. CHERRY: Yes. Once you have compressed the rock in the laboratory 
test, you can just release it. That is no problem. 

MR. TRULIO: I would say you don't need much data at mean stress levels 
as great as 40 kbar, but you certainly need all the data you can get up 
to a kilobar or two. 

MR. BLACK: I guess I am asking the people who have vorked with this, 
certainly LRL, and you. Jack (for tuffs that you are all familiar with) 
could you hazard a guess as to what kind of range in factor you might 
expect to get if you just use average numbers out of the tables? Is it 
very large? 
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MR. BLACK:    I think it is very unlikely. 

MR. TRULIO:   And you don't know how much polity the material actually 

MR. CHERRY:    That is possible. 

MR. BLACK:    You may know the porosity. 
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MR. TRULIO: That is absolutely necessary. 

MR. BLACK: These arc numbers that are in the comiiion geologic literature 
for description of geologic materials worldwide. You do have this kind 
of data. It is not complete, but there is something to guide you. 

MR. TRULIO: If you give the porosity alone, and a general descriptive 
category like "tuff", then you won't know the water content, so   

MR. BLACK: Maybe you can't answer the question. I am just asking could 
you hazard a guess as to what kind of range you might expect? 

MR. TRULIO: I am talking about reproducing the velocity-time pulse at 
an interesting distance, for instance where the peak stress is half a 
kilobar. 

MR. CHERRY: We tried to model the French data with just the name 
"granite", and some of their description of the kind of rock. I just 
used the Hardhat granite model. 

MR. BLACK: As you pointea out, it didn't fit. 

MR. CHERRY: It did, but I had to assume that the rock was dry. 

MR. RODEAN: And consolidated. 

MR. BLACK: By assuming it was Hardhat granite, you mean what, then, Ted? 

MR. CHERRY: Assuming it was Hardhat granite unfractured and   

MR. BLACK: You mean in terms of density and that sort of thing? 

MR. CHERRY: Yes. It was really the same equation of state as for 
Hardhat granite, except for the wet crack strength curve, I used the dry 
consolidated curve for the material. 

MR. TRULIO: Let us draw a sharp line here between pre-shot and post-shot 
predictions. They are much different beasts. To account by choice of 
appropriate parameters for an event that has alrr.ady taken place and 
whose results are known is one thing. To go out ahead of time and say 
"This is what the burst will do in that medium", is something else again. 

MR. ALEXANDER: Which were you referring to here now? 

MR. TRULIO: Pre-shct. 
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MR. ROTENBERG: Do you think this tremendous amount of detail that the 
rock-mechanics people are able to present is really necessary to give a 
source function to seismologists of the same order of accuracy as they 
are able to cope with? They don't need six-decimal accuracy, do they? 

MR. TRULIO: Well, the kinds of errors I was quoting were not in that 
ballpark. 

MR. SMITH: No, but the critical thing is that we don't need 20-cycle 
information, either. You are suggesting that a magnitude-yield relation- 
ship would be off by one magnitude unit here, and we don't think it is 
that bad at longer periods. 

MR. TRULIO: I am glad .o hear that. 

MR. ARCHAMBEAU: How are you judging that you are off by an order of 
magnitude, in the shape, in the amplitude? What quantitative way do you 
have to describe your fit? 

MR. TRULIO: The only real check we have after a calculation is made is 
a subsequent measurement of actual motion in the shot that is supposed 
to have been calculated. First, we examine gage records, comparing them 
with one another. Are they consistent? How big a spread is there in 
the experimental data? Then we compare the most probable measured 
velocity-time histories with those calculated. 

MR. ARCHAMBEAU: Is the shape of the curve off, or is the amplitude off? 

MR. TRULIO: We are talking about both shape and amplitude now. What I 
am saying is that for some media--the relatively homogeneous ones--you 
won't be off by as much. That leaves out NTS granite, even though 
Hardhat was predicted well enough by Ted (and by us), but then, why 
was Piledriver motion different from Hardhat motion? 

MR. SMITH: If you low-pass filter this stuff, you would not find 
nearly that much variation. 

MR. ARCHAMBEAU: That is what I am suggesting by my question. He should 
look at it in a frequency band of interest, and then talk about how badly 
you are doing, or how good you are doing. 

MR. BLACK: How can they, though? The measurements that they get up 
close are not in the band of interest at the teleseismic distances. 

MR. SMITH: Well, you have to low-pass filter those, too. 

MR. ALEXANDER: Just run these through a low-pass filter, cutting out 
anything above a few cycles. 
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MR. ROTENBERG: We could do fairly rough calculations, rough with 
respect to our own standards, and still yield one-cycle information that 

MR. TRULIO: Yes. 

MR. ARCHAMBEAU: The only thing that bothers me is that you are really 
dealing with a messy physics problem here, a nonlinear problem, in your 
zone, so you might not be able to get too sloppy about it, because you 
have frequency transfer, that is, energy transfer between different fre- 
quencies. 

MR. TRULIO: For the sources that can reasonably be considered spherical 
(and the experimental data are the ultimate test of that) there is no 
worry about the cost of doing the calculations. They are not expensive. 
You can put in all the zones you need, especially if (as I suspect) the 
calculation of wave propagation from the seismic source we supply is a 
much more elaborate and expensive job than getting the source itself; the 
calculation of the seismic source might just as well be done accurately. 

MR. RINEY: Jack, in your calculations for tuff, how did you represent 
the source: Accurately, or did you use the adiabatic expansion? 

MR. TRULIO: The burst to which computation I keep referring happened to 
take place in a cavity. We put in only a little device detail because 
the cavity was large compared to the device, but we made sure that we 
included the detail that prior experience showed to be necessary. 

MR. RINEY: Okay, I realize there was not too much detail. It was not 
merely the adiabatic-expansion type of thing. 

MR. TRULIO: Oh, no. 

MR. RINEY: I think that is important. 

MR. TRULIO: Well, for a cavity whose volume is only double that of the 
device, for example, you calculate the explosion; it's not a difficult 
thing to do. 

MR. RINEY: But it is not done quite often, I think. 

MAJOR CIRCEO: Say, Jack, your first calculation of this shot was done 
with the information from the tuff in Area 12, isn't that right? 

MR. TRULIO: That ts not quite right. Doug Stephens put out a report on 
work done (I think) at least a year before the shot we were calculating, 
and maybe earlier, in which he defined an "NTS tuff" supposedly repre- 
sentative of the many tuffs found at the whole site. Data for Area 12 
tuff influenced Stephens' "NTS tuff" somewhat. 
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MAJOR CIRCEO: If you get average physical properties in the area, you 
could probably come pretty close. 

MR. TRULIO: That might be fortuitous. I think that the important 
properties of Stephens' average material really do bound the corre- 
sponding properties of the material we happened to be modelling; other- 
wise the fact that the experimental data were bracketed by our "bounds" 
would have little or no meaning. We computed two fields of motion,, I 
think one really presents a lower bound to the principal parameter«; of 
ground motion and the other an upper bound. Now that I think of it. I 
believe (a) the only important feature of the material's behavior that 
was not included in the material model is the strain-rate dependence of 
the stress, and (b) if strain-rate effects were incorporated in th« 
?S^eI* ^1 i:esultin9 ^T of Peak velocity vs range would lie between 
the two that we presented as pre-shot bounds. 

MR. CHERRY: I think it might be interesting to go through how an equa- 
tion of state of a site is developed for a calculation, and have you 
people criticize it in terms of the physics that you think may be missino 
for the kinds of wavelengths you are interested in. 

MR. TRULIO: Or any other things that might be missing from the calcu- 
lation. 

MR. CHERRY: Of course. 

MR. TRULIO: For example, and remembering that the calculations are 
carried to a point where material experiences maximum stress excursions 
that are maybe 10 or 20 percent of the overburden, we may need to define 
better initial conditions on the field of motion. 

MR. CHERRY: But I don't see the problem, because once the reduced dis- 
placement potential that the code calculates does not change as you move 
to the next point that you call for, then you are by definition in the 
elastic region as far as the code is concerned. There is nothing else 
you are going to get out of this calculation by running it further. 

MR. TRULIO: Not only is that a true statement, but we have used the 
principle that underlies it to shorten the time required to calculate 
seismic source functions. From the equations of linear elasticity we 
constructed a boundary condition for spherically symnetric motion that 
would permit computation to be confined to a finite range without any 
errors other than those of discretization. I have not finished 
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formulating an analogous boundary condition for two-dimensional motion, 
which is much more complicated than the case of spherical svnmetry; the 
displacement fields are rotational and require the evaluation of shear- 
wave source strengths as well as compressional wave sources. For 
spherical motion we tested the boundary equations by applying them at 
the boundary of the region of inelastic deformation, and comparing the 
resulting field with that obtained when the entire region of disturbed 
material was included in an ordinary continuum motion calculation. The 
differences between the fields generated in the two calculations 
amounted to no more than the usual discretization error. 

MR. ARCHAMBEAU: You treat the medium as an elastic plastic medium, but 
in real earth, of course, you get fracture phenomena, radial fracture 
phenomena. 

MR. TRULIO: Yes, but brittle and ductile failure are represented in 
the same way in our present material model—on some surface in stress 
space the material fails in shear. Inelastic hydrostatic deformation 
is treated in another way, although it is also possible to define 
failure surfaces which yield inelastic volume changes. 

MR. ARCHAMBEAU: In one case it is microfracture. In the other case, 
that is not the situation. I mean plasticity is really just micro- 
fracture, if you want to look at it that way. When you get farther 
out, you get radial fractures, and that is important. 

MR. CHERRY: That is the same failure surface, except you are in a 
different stress state. 

MR. ARCHAMBEAU: Okay. 

MR. TRULIO: All types of shear failure are given c /e and the same 
kind of mathematical representation. 

MR. ARCHAMBEAU: A prestress would modify that. 

MR. CHERRY: You would start out at a different stress state. The 
strength may be correspondingly better. 

MR. ARCHAMBEAU: Then that may be an important feature to have the 
prestress in just for that? 

MR. CHERRY: I agree. 

MR. TRULIO: If the initial field contains material in various states 
of shear stress, then such details should be included in the specifi- 
cation of initial conditions, because the initial shear stresses will 
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affect the amount and kind of burst-induced deformation required to cause 
shear allure in the material. 

MR. ALEXANDER: But you don't make any attempt to program in a certain 
pre-existing crack distribution? 

MR. CHERRY: No. 

MR TRULIO: No, and I want to reiterate that if the ground medium con- 
tains such a crack system, then it is not a good idea to use as a seismic 
source the results of a current state-of-the-art calculation of ground 
motion. * 

MR. ARCHAMBEAU: Can't you nu Jel that by some anisotropy factor, because 
a joint system mainly controls fracture and all of these things in the 
outer zone? Can't you modify your yield criteria to put in an aniso- 
tropy so things fail easier along certain planes? 

Mr. CHERRY: Yes, but remember, with the present limitations of t.ne cede, 
that joint system has to be either horizontal or vertical. 

MR. TRULIO: I have not said anything about calculations of tor ^- 
dimensicr.al motion. There are a few very special three-dimensional 
problems hat might be solved numerically to study the effects of aniso- 
tropy on computed flow. 

MR. ARCHAMBEAU: It might be nice to do one of those very simple cases 
You said it has to be horizontal or vertical. 

MR. TRULIO: You can have concentric cylindrical surfaces, if you like. 

MR. ARCHAMBEAU: Yes, it might be interesting to see what the effect is. 
even if you did it in that very crude way. The physics is there at 
least. 

MR. CHERRY: Yes, of course. You could make it a slip line, so that you 
just get slipping along that boundary after the stresses have exceeded 
some value. 

MR. TRULIO: I believe we have already done that for one or two üurst< 
on layered media. Interior coordinate lines representing interfaces were 
treated either as surfaces along which frictionless sliding could take 
place, or as surfaces on which the material could also be considered 
bonded--or anything in between, for example, a certain amount of friction 
might be required to induce the sliding of material at an interface. 

MR. CHERRY: That is clever, but a simpler approach might be just to have 
a small layer representing that joint pattern, and have that layer be 
very weak in terms of its strength properties. 
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MR. TRULIO: You can enforce a condition between perfect slip and tight 
bonding. 

MR. ALEXANDER: What is not clear is really the importance even of that 
on the low-frequency radiation? It is still going to perturb only that 
high frequency, and we don't really care one way or the other. It is a 
question of what effect is that going to have on the long wavelength 
radiation? 

MR. TRULIO: Those are the really interesting and difficult problems. 

MR. ARCHAMBEAU: Ycu have to address yourself to those problems eventu- 
ally. 

MR. TRULIO: Yes, but I want to point out again that there are some 
fairly simple (but not trivial) problems that now appear to be tractable 
from the point of view of defining source fields. 

MR. ARCHAMBEAU: You clearly don't want to do anything really elaborate 
until you try out some of these simpler cases. 

MR. CHERRY: My feeling is, before we go to the field we ought to go to 
the laboratory and do model studies, and normalize the codes from the 
results of the model studies. I think that is the first step. Ap- 
parently ARPA has people conducting experiments in prestressed pieces 
of plexiglass with notches .... 

MR. RUBY: That was not supported by ARPA; I think that is DASA. 

MR. CHERRY: There is absolutely no reason why the codes could not be 
used in conjunction with those small model studies to look at the 
details of the stress-wave properties. First of all, see if the codes 
are handling the effects that you want to predict properly in the labo- 
ratory. At LRL we are looking at the ef*'cts of material properties on 
model studies trying to use the codes to reproduce the results of small 
explosions in grout, sand, ice, and water, as well as other things. 

MR. SMITH: There is one other important thing that we are leaving out 
here, and that is the interface between the aistant seismic observations 
in the codes, that interface with the close-in measurements, and what I 
heard at this meeting. My impression is that those measurements are not 
adequate for the kinds of problems we are talking about. First of all, 
the dynamic range of the close-in accelerometers is not adequate that 
one can recover the low frequencies in that initial pulse. 

MR. CHERRY: We are going through the normal standard equation of state 
procedures to get the material properties to throw into the codes. Then 
we do the experiment in the laboratory with the proper pressure trans- 
ducers, and see if the results match. 
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MR. TRULIO:    I think DASA and ARPA have done at least one. 
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MR. ARCHAMBEAU:    Of course, anything you do in the problem we are dis- 
cussing will be helpful in those other problems as well, because 
presumably you would be modeling the media in some better way. 
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MR. RODEAN: Yes, a1.though real close in, it almost does not make any , 
difference what your material model is. 

MR. ARCHAMBEAU: You are overdriving the thing to such an extent that 
you could have cheer.e there and it would not matter. 

MR. RODEAN: Yes. That is why real close in, the Taylor-Sedov similarity 
solution is a good first approximation, even to explosions in rock. 

MR. TRULIO: Stewart stressed the importance of long wavelengths, and I 
would like to add a comment or two on that subject. Happily, short. 
waves are the hardest to compute, because disturbances narrower than the 
spacing between adjacent mesh points can't be resolved in a finite- 
difference calculation. In fact, it requires something like eight mesh 
points along a line to propagate a harmonic wave with reasonable accu- 
racy. Accordingly, the codes do quite well for long wavelengths. 

MR. ROTENBERG: You can't treat the short wavelengths too cavalierly 
close in. 

MR. TRULIO: No, because there is mode conversion. You only know from 
running calculations with different finite-difference meshes whether you 
have converged numerically on a solution.   ' 

i 

MR. ROTENBERG: You don't mean mode conversion. You mean frequency con- 
version, i 

MR. TRULIO: Well, all right, frequency conversion. There are no normal 
modes for the nonlinear problem. 

I wonder, though, if we have to run the calculations so far 
that the disturbed region covers distances like the wavelengths of i 
interest. i 

MR. SMITH: That is not necessary. 

MR. TRULIO: I would have guessed not. The low-frequency content of a 
much shorter signal is probably the item of greatest interest. 

MR. ALEXANDER: Yes, if you can give us the low-frequency contribution 
to it, that is all we care about. 

MR. TRULIO: I think that gives us a really good place to start1. There 
is a point of contact already. I think that at least one or two 
reasonable sources have been tested experimentally in th6 field; the 
sources were calculated and checked against data from those fields. 

MR. ALEXANDER: The other thing of concern is the fact that at large 
distances we are really looking at the bottom, or looking essfentially 
right under the event, äs opposed to these measurement? that are made 
out to the sides. If we have some feeling for what you expect the 
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variations to be, say in a layered system directly below the shot as 
opposed to the side, it would be very helpful. 

MR. CHERRY: LRL can talk about that. 

MR. RODEAN: Yes, but not at this meeting, though. The report is still 
classified. 

MR. TRULIO: For the source I would suggest, the flow field really is 
well approximated as spherically symmetric. There may be layers of 
material below the source, but any such layers lie so deep that they do 
pot interfere with the symmetry of the motion on the region of calcula- 
tion. 

MR. CHERRY: What happened in the shot they were talking about is that 
the elastic radius below the shot ran into the water table horizontally. 

MR. TRULIO: Yes, and we have also done layered calculations of surface 
bursts in which the top layer of earth was blown away out to an 
appreciable radius, but I think we should try to define seismic sources 
for simpler media. 

MR. ALEXANDER: In the magnitude-yield relation, what we are seeing as 
far as the teleseismic P-wave magnitude is concerned is the energy that 
is going out on a small cone about the vertical axis. 

MR. ARCHAMBEAU: That and the reflected wave which involved any spal- 
ling would be of some importance. 

MR. ALEXANDER: The surface waves that are generated by the P waves that 
propagate to the sides would be the most relevant to the near-in obser- 
vations. 

MR. CHERRY: It probably is the whole thing. You are sampling the 
entire source region for the Rayleigh waves, some inglts more than 
others. 

MR. BLACK: I would like to ask you a question Ted. Suppose that we 
wanted to predict the seismic signals for a nuclear explosion from some 
specific place in the world. Suppose geologists tell us that the geo- 
logic map shows that there is tuff at the specific site we have chosen. 
Let us suppose, further, that the geologic literature provides us with 
a geologic description of the tuff, possibly including data on density 
and seismic velocity. Could you calculate the seismic source function 
as a function of yield by using ranges of physical property values for 
tuff based on your knowledge of the variation of the seismic source 
function with variation in source rock parameters? 

MR. CHERRY: The best thing to do is to go to the equation-of-state 
efforts that we have done and just see if you can't find a tuff that fits 
the density or whatever description you have . 
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MRo RINEY: I might mention that we have taken all of the data on tuff 
that you have generated, and some data that came from experimental sta- 
tions, and we have been able to model a consistent picture out of all of 
that, given the crystal density, porosity, and this is dry material. We 
are working on water as the next thing. These were really considered as 
two phases, pores and dry, and now we are working or water as the third 
phase. I think, within that context, we might be able to make a pretty 
good guess based on the inputs that you have given us and data that you 
have generated. 

MR. BLACK: Assuming that you had all of that information, would you 
agree with Jack that depending on the actual properties, you might be 
off by an order of magnitude in the seismic signal? 

MR. TRULIO: No, a factor of three is what I said for a medium like tuff. 

MR. BLACK: You said a factor of two if you had real good data. 

MR. TRULIO: Even better—50 percent if we had really good data. We 
found that we could place bounds on the motion such that the average of 
the bounds did not differ from the bounds themselves by more than 50 
percent. A factor of two, perhaps, but I think tnat with really good 
material properties data, 50 percent is feasible. With not-so-good data 
for a tuff, the bounds might differ from their mean by a factor of three. 
But for a cracked granite, I don't think a factor of   

MR. BLACK: Do you agree with a factor of three? 

MR. CHERRY: I think as long as you have a handle on the density and the 
elastic velocity, you can probably get within a factor of two of say the 
reduced displacement potential. 

MR. TRULIO: The biggest worry I would have is this: You need to know 
the mean stress as a function of excess compression (which is equivalent 
to the cubical dilatation). However, a loading curve will look like 
this for one material, and like that for another material of the same 
kind, but at different locations. Both samples may even unload from 
high stress in the same way, but at low levels of loading stress it 
matters a great deal whether the residual strain on unloading (com- 
paction) is 2 percent or 3 percent. The irreversible work done in 
compacting material has an almost overriding effect on stress attenua- 
tion as you go away from the source. Measureirents of compactibility are 
really important; lacking such measurements, one night guess at the com- 
pactibility, and I think most of the factor of three would originate 
with that guess. 

MR. BLACK: As I understand it, you are telling me that with a reasonably 
good geologic description for a material like tuff, you could estimate 
the source function to within a factor of say 0.3 of a magnitude. The 
process of converting the source function to a seismic signal at 
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teleselsmic distances produces no further scatter and the seismic signal 
can be predicted to within a factor of roughly 0.3 of a magnitude? 

An empirically derived curve for tuff, from our llrited source 
area at NTS, shows a similar scatter of about 0.3 of a magnitude for a 
given ylela. Do I need these calculations, therefore, for the purpose 
I have discussed, namely, prediction of seismic signals from unknown 
areas—unknown except for the geologic literature? What will the calcu- 
lations provide that cannot already be obtained from the empirical 
magnitude-yield data derived from NTS tests? 

MR. RODEAN: Rudy, you could say it in another way that sort of ties in 
with my plot (Figure 8, p. 32). I found that if we exclude unsaturated 
alluvium shots, then 80 percent of all of the data points I could find 
are within plus or minu^ 0.2 of a magnitude unit. 

MR. BLACK: ARPA and DASA have a number of reasons for developing a com- 
putational capability to predict close-in ground motions that have 
nothing to do with the problem of predicting yield-magnitude relationship 
for teleselsmic distances. For that long-range prediction of seismic 
amplitudes, as functions of source media and yield, problem, is it likely 
that the theoretical calculations are going to Improve our estimates from 
empirical measurements? 

This is the problem. I want to predict seismic signal 
amplitudes for a given size explosion in a given country to which I do 
not have access and from which I cannot obtain samples for Hugoniots, 
Isothermal compression, or other physical property information. I am 
forced to look in the literature for a description of the source materi- 
al. For any country in the world you can find some kind of geologic 
description, and let us assume I have a geologic description of a parti- 
cular source medium. From that description, I would like to be able to 
compute the source function for say 10 kt fired in that particular ma- 
terial. I would then ask the seismologists to take the computed source 
function, propagate it to some hypothetical or some real network of 
seismic sensors, and determine the seismic detection threshold for that 
system. That is what I want to know.. 

I can get that information now, and we do, by using empirical 
yield-magnitude curves of the type that we showed here yesterday. With 
the empirical data I think that we can predict seismic magnitudes within 
0.3 or 0.4 of a magnitude for a given yield in a given source. 

The question is this, is it likely that we will be able to do 
very much better with code calculations (assuming imperfect know'edge of 
the physical property input parameters) in predicting teleselsmic signal 
amplitude than we can currently do using empirical data? 
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MR. CHERRY: If you have the experience, scale it. My code "s not set up 
for guesses. It is set up to use material properties data that the rock- 
mechanics people furnish me, to get answers in an environment that may 
be totally different from any experience that we have. 

MR. BLACK: Right. The point is tnat the rock-mechanics people may not 
be able to do better than quote ranges for a medium which they know only 
from a geologic description in the literature. 

MR. TRULIO: You already have a yield-magnitude curve. 

MR. BLACK: One of the major reasons for ARPA support of the work in 
developing computer codes for prediction of ground motion was the an- 
ticipation that they could be used for prediction of the amplitude of 
seismic signals at teleseismic distances under circumstances when we 
could get a good geologic description, and that detailed work would have 
been done on geologic materials for which detailed properties were 
available, that it would be possible to make some reasonable extrapo- 
lations to the untested material, and therefore come up with a better 
answer than we could estimate from empirical yield-magnitude data. That 
was the argument. What do you think of the argument now? Was it right 
or wrong? 

MR. CHERRY: We can do better extrapolations than we could have a year 
ago, but can we do better than 0.2 of a magnitude unit? Maybe 0.15? 

MR. TRULIO: Yes, but the only materials you really have good curves 
for, empirical curves, are tuff and alluvium. What about other kinds of 
ma rial? 

MR CHERRY: Look at it a 1ittle differently, Rudy. There are two neat 
things about the codes. First they take the mathematics out ot the 
wave-propagation problem, so you don't have to spend your time keeping 
track of poles and branch points, and still make assumptions about the 
distance you are away from the source. That is the first one. Mathe- 
matics is gone fror the wave-propagation problem. 

The next thing that is neat about them is that you can change 
the physics in the constitutive model almost at will. Right? 

MR. TRULIO: Yes, there is no problem in doing that. 

MR. CHERRY: It takes you like half a day to throw in a different 
failure criterion, if you like. 

MR SMITH: At the risk of being really redundant here, I think that 
your question can't be answered without coming back and saying, look, 
these code calculations at high frequencies are irrelevant to the 
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problem, and that the variations are going to be a whole lot less than 
a factor of three when one looks only ,t the low-frequency limit. I 
just don't think It makes any sense at all for us to be talking about 
one cycle at one end, and I don't know, 20 or above on ^he other, and 
talk about comparing them. It doesn't make any sense. That has been 
said several times. 

MR. TR'ILIO: You say you can look at a yield-magnitude curve and you 
don't have to have a detailed source. 

MR. BLACK: You don't have to know source details If you are going to 
use the empirical yield-magnitude data for prediction. I'm sure we all 
recognize the limitations of such a procedure, namely, that the yield- 
magnitude data 1s all from one source region, or almost all from one 
source region, and that region Is not necessarily like the rest of the 
world; secondly, the empirical yield-magnitude data base does not repre- 
sent the total variety of possible source media. It Is very restricted. 
For example, we only have two shots to rny knowledge, or maybe three, 
that are off NTS In new materials. We have Gasbuggy, Rullson, and 
Salmon. So what do you know about what happens If you shoot In llmpstone 
somewhere else, or suppose you shoot In sal* somewhere else, or In thick 
shale or something like that? 

It was hoped that, when the coi**  had been developed and 
tested sufficiently so that we could hi e confidence in predicted 
seismic source functions, it woi'ld be possible to use ranges of proper- 
ties that people know about for shales, for example, and derive source 
functions corresponding to the range of shale parameters for a particu- 
lar yield in shale by pumping in real parameters. 

MR. TRULIO: That you can do, if you want bounds. I  believe those 
bounds would be much better than to a factor of two. 

MR. BLACK: Okay, but that is an approach to this problem. 

MR. TRULIO: But you posed another question, namely, how well can we 
predict a shot of I certain yield at a certain place where we had only 
fragmentary data about the behavior of the material? I would still say 
a factor of three for soft rock or earth. But for bounding the possible 
range of responses, I think those bounds would be good ones. They might 
be a factor of three apart. 

MR. SMITH: What about the cavity size? How close can you get in that' 
That is not a factor of three off if you don't know the materials. 

MR. TRULIO: Some important aspects of ground motion are very sensitive 
to specific material properties. Even the answor to the question, what 
can be done with fragmentary data at a specific site for a specific 
yield, really depends very much on what those fragments are. If we had 
some loading and unloading data, or just the loading curve since it is 
not a bad approximation to unload with nearly infinite bulk modulus if 
you have no other data   



MR BLACK: Jack, suppose we had never fired a shot in thick shale. Let 
us also suppose that OM have developed confidence in the procedures 
Lt you are using in making code predictions, based on physcal proper- 
ties of the source meJia, by testing predictions against field measure- 
nint. for test" in a give.* rock type. For the shale. In which we have 
Td' o expeHe^ oSTould vary^he "de input palters to tae into 
account the normal phy.ical property variations that geolonists know 
ex st n sha?eTnd determines upper and lower bound for ceresul ting 
ground motion in a medium for which there is no experimental data. That 

is useful. 

PH. TRULIO: There is no question about that. Those bounds will be cor- 

rectly set. 

MAinp riRCEO- As a matter of fact, if we look at the comparison between 
KSra^te charts at tet.st site and the French charts., the geology 
ftlelf was cSmJfetely different, and yet for some unexplained reason we 
get similar magnitudes with yields, if we can believe that curve. 

MR TRULIO- I don't know why the two gave similar magnitudes. Was the 
^hara aranite event predictable? For a competent granite, meaning one 
th^does nit have lots of cracks and faults in it, probably tt* response 
to a aiven explosion is predictable. Maybe the French test was pre- 
SctabetbSt thai would not imply predictability J^«^ "J11"" 
that is highly cracked and jointed. You might conclude that the two 
burstl woild produce nearly identical seismic cources, but I would not 
place much reliability on a prediction of that sort. 

MR RODEAN- When I heard this, I was very startled at the difference in 
c^itS volume, ad then I almost immediately remembered a f 9"^ n the 
SIPRI report that said seismologically they are the same, and I said 

"What gives here?" 

MR. R0TENBER6: It could be just a conversion from French units to 
English units. 

MR CHERRY- It would be very difficult to obtain a factor of five dif- 
? ^HceTn'caIu%lu-. chLey volu^, and cracking radius, and then, 
to expect the same body-wave magnitude out of the two shots. 

MR. TRULIO: It is. 

MR. ARCHAMBEAU: That may not be so peculiar fter all. For a body-wave 
magnitude, people allocking at 1 sec  For the spectrum at 1 sec the 
cavity size is not going to be that important. 

MR. ALEXANDER: The radius of the cavity is small compared to the wave- 

length. 

MR. SMITH: The strength of the source is the pressure times the volume 

in some way. 
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MR. ARCHAMBEAU: The spectrum in the two cases may be like this. 
(Figure 67). This is one cavity size. But they are measuring body- 
wave magnitude out here. 

MR. CHERRY 

MR. RODEAN 

MR. CHERRY 

That is the point that Howard made, I think. 

That is what I was saying. Maybe it is the distance. 

If that is all there is to it, then I guess that is it. 

MR. ALEXANDER: I still come back to the question, where in all of the 
code calculations do you think the mistake is when you make a mistake in 
predicting? Is it the values that you get out of these laboratory 
measurements are not truly representative of the in situ properties? Is 
it because of the geometry of the calculations versus the geometry of 
the actual shot point? 

MR. CHERRY: If you are asking me what things need to be improved in the 
calculations, there are two. The way we handle the nuclear source, I 
don't think that is right. The other thing that needs to be done is to 
include the stress-strain measurements that the rock-mechanics people 
o^velop in the laboratory. As the codes stand now, we are only using 
their final stress or failure data. We only tak, their final stress 
data, and say that is representative of failure, where in fact they 
are now starting to produce stress-strain curvec as they load the 
sample up in triaxial compression. These data have to be matched by the 
codes. They ^ave to be taken into account by the codes. The stress- 
strain path that they take to get up to failure as far as I know is not 
being used in the codes right now. 

I guess what I am saying is that we are not usirg all of the 
data that they can furnish us, or that they are now starting to furnish 
us. We still have to learn how to use their strain measurements. 

MR. ALEXANDER: Then there is another step, and that is how does that 
information relate to the in situ behavior? 

MR. TRULIO: I would place the emphasis there myself. For materials 
like tuff and soil, we probably lack important strain rate data; with 
such data we may be able to predict motions in those media to within the 
accuracy that they can be measured. There seems to be little point in 
going beyond that. I think the biggest problems lie in representing 
materials in situ, and the problems are most formidable when the medium 
is cracked and jointed. 

MR. RUBY: If I understand you here, I have an interest. What you are 
saying is we still havo a reason to do a lot of rock mechanics, to 
sharpen your model. 

MR. TRULIO: Yes, I think so. 
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Figure 67. Hypothetical Spectral Amplitudes for Two Explosions With 
Different Effective Cavity Radii, R] and R2. Here R? > R] 
and the peak in the spectra are controlled to a large extent 
by the source dimension, the peak moving to lower frequencies 
for larger source dimensions. Since Mk is measured from the 
amplitude near 1 cps this shows that the two explosions could 
have nearly the same Mb value, yet have quite different 
source dimensions so long as both Ri and R2 are large enough 
to give a spectral peak at a frequency significantly lower 
than 1 cps. 
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MR. RUBY: We never have any hope of getting such data for somewhere 
else, and it is worth getting for us to sharpen your models. 

MR. TRULIO: I can see the possibility, for example, that a badly 
cracked material can be simulated in the labs, but that has to be proven, 
Maybe you can crack a laboratory sample on a small scale and relate the 
properties of that aggregate to the properties of the cracked medium in 
the field. But that has not been done; neither has anybody included 
the dispersive effects of the whole crack system into his material model. 

MR. RUBY: DASA is starting a program this year of field tests with ex- 
plosions that may shed some light there. But you see, the thing we are 
looking into is, are we spinning our wheels trying to get data? If I 
understand what you are saying, no, because it hopefully will end up in 
making your models better. 

MR. TRULIO: I don't see how it can fail to do so, but to extend labora- 
tory data to the field is a big step for cracked granite. It will take 
work and time to learn to make that extrapolation. 

MR. BLACK: Why don't we close the gap now between what ycu are doing 
with the codes (coming up with source functions) and what the seis- 
mologists need. You mentioned the frequency. Is there anything else? 
Dr. Archambeau? 
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SEISMIC CALCULATIONS: REVIEW OF INPUTS NEEDED 

Charles 3. Arohambeau 
California Institute of Technology 

c^-ic^T •I4.Wil-1?
Uu up a couple of things. and undoubtedly the other 

seismologists will have something to say as well. 

S^HK^KSPi Jre ^uV go1n? t0 Put Just the things that we need to 
satisfy ARPA or the things that we are interested in? 

MR ARCHAMBEAU: We hope they will be both. We will put up evervchinq 
and then we can put little asterisks on some of them to indicate thngs 
most important to the discrimination problem. 9 

,-+ m.e* • We.need something equivalent to a pressure time function, and 
t must üe given at a distance such that the strains are about 10-4 or 
lO-ö. The specification must cover the frequency band from 0.01 or 0.02 
cps up to about 2 cps  That is probably the most important thing. 
Next, in the context of what was already said, you want the source 
function for more and more sophisticated representations of the medium, 
more and more sophisticated codes. «••"■• 

To start out with, I think we could utilize what you have 
already done in your one-dimensional codes, and look at that, and as 
time progresses hopefully there will be other results coming out which 
take into account cracking, prestress, and all of these other things 
that we have talked about. 

«.v. M   ^Ü.1? something else that would be nice. I will put down 
the things I think of, and then other people may have some other things 
to suggest. We would like to inow the fracture-zone radius. We want 
to know the radii or the dimensions of the various nonlinear zones 
One of the reasons we would like the zone radii would be for our cal- 
culations involving stress relaxation. 

A third item would be a description of surface spall effects 
in terms of energy propagating back down into the medium. That would 
be useful to us because we do get, of course, teleseismic signals 
corresponding to a surface reflection. It clearly is not a linear 
phenomenon. Some more precise kiowledge of this signal or pressure 
wave would be very useful indeed, particularly because that gives us 
some information on source depth, which is a discriminant. If the " 
phenomenon is nonlinear and gives us a bigger signal with a different 
waveform than we might expect from an ordinary elastic reflection, then 
that is very important. This then would be usable information, parti- 
cularly if we could obtain a good estimate of the waveform. 

All of these things would be given as functions of source 
parameters, of course, for a variety of materials. I think that is 
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about all I can think of right now. This is really all we need. We 
can go from there. 

MR. ALEXANDER: If you could just add on one more thing that would be 
ideal, although it is very difficult I realize to get it, and that is 
the pressure-time function over some reasonable volume enclosing the 
sources. 

MR. ARCHAMBEAU: Yes. It need not even be specified on a spherical 
surface. The elastic zone is not necessarily going to be spherical, 
especially in more complicated situations. This is important, too, in 
the stress relaxation phenomenon that we have been talking about. This 
interior region around the exposion is a zone of highly disturbed 
material, and it clearly would have different properties than the 
material farther from the explosion, and you* might want to worry about 
interactions of a large zone which has elastic properties that are very 
different from the medium around it, just because it has been shocked. 
I don't know how different one might expect the shocked zone to be, but 
it might have an effective rigidity that is small. Some of the problems 
we have had in the past have been: what the shape of this zone would 
be under different conditions, and how it might affect surface-wave 
generation and the static field in the surrounding elastic medium. For 
stress relaxation calculations, if we had this information, we would 
have one less unknown parameter to solve for when we are trying to 
reconstruct things. 

MR. CHERRY: Can you take velocity instead of pressure? 

MR. ARCHAMBEAU: Oh, sure, you can give us medium velocity, displace- 
ment, or stress, any one of which is essentially equivalent. We don't 
care, because we work in the frequency domain. 

MR. CHERRY: What are your input functions? The thing I have not been 
clear about yet is what sort of input functions have you been using, 
and how different are they from the ones that Bill Perret measures, or 
we think ought to be given? 

KR. ARCHAMBEAU: For the explosions, we use a pressure function 
specified on a surface in the elastic zone. The overpressure has the 
character of a step but with a finite rise time, followed by a slow 
decay to zero. This can be modeled by a simple functional representa- 
tion. In the frequency domain we have used spectral representations 
of the pressure that look like the Sharpe solution with an exponjitially 
damped step function. You see, we are interested again in the seit-mic 
band so very high frequency behavior is not important. 

MR. CHERRY: And the reduced displacement potential? 

MR. ARCHAMBEAU: Yes, that is adequate also. 
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MR. HARKRIDER: I have also used the Haskell time functions for the 
reduced displacement potentials. How good are they? That is one of 
the things I would like to know. 

MR. RODEAN: That is really based on four measurements. 

MR. HARKRIDER: Yes, but how good are they? That is what I have had to 
use because that is all the data I had. 

MR. CHERRY: How good are you doing? 

MR. ARCHAMBEAU: People adjust the available parameters in order to get 
a fit, and the question is, do the parameter choices they make, make any 
physical sense? They don't know whether they do or not. 

MR. COOPER. How do we affect those parameters here? 

MR. RODEAN: To me it is very interesting that from the long-period 
waves, surface waves, you infer an impulse function for this cavity 
pressure that decays down to zero. Yet our code calculations and 
Bill Ferret's measurements reflect the permanent set with definite 
finite. 

MR. ARCHAMBEAU: You are referring mainly to data in the nonlinear zone, 
the zone near the explosion? 

MR. RODEAN: No, we are talking in the elastic zone. 

MR. ROTENBERG: You are looking at 20 cycles. 

MR. RODEAN: .What I am saying is some of the low frequencies that you 
are talking about, your 20-sec periods, are in that which you throw 
away, because that pulse there lasts only about 1 sec. 

MR. HARKRIDER: I had better clarify this. I don't know that any of us 
has synthesized Rayleigh wave using that. I used Haskell's results and 
I have not compared it to the data yet because I also wanted to calcu- 
late the difference between Ms for explosions and Ms for earthquakes. 
I calculated these things maybe a year and a half ago, and I just drew 
a curve to see what the yield versus magnitude was, Ms versus yield was, 
for just granite, I think it was, but I went on to something else and 
haven't gotten back to actually comparing it to observed data yet. 

MR. RODEAN: By Haskell's you are talking about his analytic approxi- 
mations for measured curves? 

MR. HARKRIDER: Right, his parametrics, and that is all I had. What I 
want to know here is, if you have better ones, I would sure like to use 
them. 
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MR. TRULIO: Here again the distinction between pre-shot and post-shot 
predictions is probably important. He worked back from the signal to 
get a close-in wave shape that would give him the signal he worked bac 
from. 

MR. SMITH: Howie, I think you didn't have the scale right on this 
pulse. It was a very long pulse, perhaps as long as a minute. It 
might well be a step function, because it seems to have a band-pass 
filter that does not include zero frequency. 

MR. ARCHAMBEAU: Actually, people have used step functions for the 
pressure-time function and they work almost as well. 

MR. RODEAN: Maybe I was misreading the horizontal axis, but I thought 
it was a much shorter pulse. 

MR. ALEXANDER: Whatever that function is, it is slowly varying from 
shot point to shot point. 

MR. COOPER: Yes, but how well do you need to know it? 

MR. CHERRY: Hold it a second. The point is how much is it influenced 
by things that we don't have in the code right now, like condensation 
of the cavity gas from just heat transfer? 

MR, ALEXANDER: That is what we do not know. How well can you predict 
what we observe is really the question. What we can say from observa- 
tions is that whatever that source-time function is, it does not change 
too much from event to event, as far as these low frequencies are 
concerned. 

MR. COOPER: Suppose you were to take a calculation of an event that 
has been done, is existing right now, and take information that you 
can get in the low-strain region? 

MR. ARCHAMBEAU: Yes, that is what we ought to do. 

MR. COOPER: Why don't you do that? 

MR. CHERRY: There are some things that we have confidence in. I think 
Gasbuggy is one of them. There is some question about Hardhat. 

MR. RODEAN 

MR. COOPER 

MR. RODEAN 

MR. COOPER 
that. 

I think Salmon and Gasbuggy are about the best. 

Salmon won't give you the Love waves. 

Well, the reduced displacement potential won't. 

One of the things he does not have on the list up here is 
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MR. TRULIO: I would like to ask if you have a transfer function for a i 
gnd that covers the whole earth at regularly spaced points? i 
MR. HARKRIDER: You mean the real earth?     . 

MR. TRULIO: The real earth. An event occurs somawhere, and you make 
measurements at many other pi aces; 

i      i 

MR. HARKRIDER: You mean an observed one, not a theoretical one? 

MR. TRULIO: An observed one. Is there such a thing now? 

MR. SMITH: It turns out that there is just a tremendous variation from 
one place to another that is not very far away, because there are 
lateral variations in the earth. 

MR. TRULIO: Okay, but that has to do with how fine a grid you need 
For J start, grid points might be spaced every hundred miles along ' 
longitude lines. We would have conducted «jm explosion, or an earthquake 
would have occurred near the hypothetical burst, and you would record 
the signal transmitted from the burst point to every other point. 

MR. SMITH: That does not exist. The .distribution of sources is not 
that adequate. None of the earthquakes is in ? very narrow band. 

MR. TRULIO: You might use explosions to do that. > 

MR. COOPER: If you attempt to do this sort of thing,' can you expect 
reciprocity? It would seem to be essential to that kind of approach. 

MR. TRULIO: It is a linear field. 

MR. COOPER: Right, but the concept is based on an a priori assumption. 

MR. SMITH: Not if there are lateral inhomogeneities you don't have it. 

MR. ARCHAMBEAU: Yes, reciprocity works out. 
i 

MR. SMITH: Not in the sense he is talking about here, i 

MR. TRULIO: Another thing you have going for you, as large a job as 
it seems, is that there is only one earth. 

MR. ALEXANDER: In this situation you can finesse the whole problem by 
considering several events from a very localized area, £,nd if you can 
tell us the expected differences between those, we can measure the 
actual differences very well, and without the influence of propaqation 
distortion. r r »  i 

MR. TRULIO: You normalize it by having the experiment. ' 
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Sthlfilf^ Y0U d0n,t haVe t0 kn0W anything about the t^nsmlssion 

MR. SMITH: No, but you have to hive the data points. 

Zn JJHlfl   N0,-1t ,J a b^ck box* and you don,t even know the path. You know for a given input here what comes out over there. 

!S'.£I!NJ&f! .Le* me ask you a ^es-ion which will show how naive I 
am about this. Let us say you have an earthquake which you measure at 
JSKn  nJ« fh1"^ J0W y^ haye another ea^hquake and you measure it 
aboitJ^Mnn6 V^ ^r^k^ by ™* ^W now. and I am talking about something at magnitude six or something like that, does that 

is nfgJSd anymore?1 r0nrnent en0U9h S0 that y0Ur transfer faction idea 

MR ALEXANDER: At most it would change it in the very immediate vi- 
cinity of the source, because you have all of the rest of the path 
nü* A* +

By fa^ tJe m2!t imPortant factor in shaping the signals we 
get is the transmission through the earth, not what goes on at the 
source. So we have to get rid of this enormous effect in order to see 
what is going on at the source. 

MR. CHERRY: But that is not consistent with everything else you are 
saying. What you have just said is that the phase of the signal is 
determined by the transmission characteristics, and the amplitude of 
the signal is determined by what is going on at the source. 

MR. SMITH: No, the amplitude too. Both are affected by the source. 

MR. CHERRY: Yes, but they ought to be invariant. 

MR. ALEXANDER: The part due to the propagation. So is the phase part 
due to propagation. You can get rid of that. 

MR. CHERRY: But the source phase .... 

MR. ALEXANDER: That is still there. 

MR. CHERRY: But it is a minor perturbation. 

MR. ALEXANDER: I am claiming we can get it, though. 

MR. ARCHAMBEAU: We ian do well enough that we can get back to the 
source, but of course there will be an uncertainty in the result. 

MR. ALEXANDER: If we have a reference event, we can tell the difference 
in phase between two different events. 

MR. ARCHAMBEAU: If we study the earth carefully enough in some areas, 
we can infer the source spectrum without the use of multiple events. 
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Phase velocities ve know pretty well. Of course, you don't need that 
information if you have more than one event. That's Shelton's point. 
If you are only faced with comparing events, then we can tell differ- 
ences in the event spectra when they're in the same area and have 
common paths by dividing out the common-path effects. 

MR. ALEXANDER: If you give us one displacement potential and another 
one from another nearby event, we should be able at teleseismic dis- 
tances also to perceive the difference in these two, not what either one 
is absolutely, but we will give you the function that transforms one in- 
to the other. 

MR. COOPER: That may be a break for the codes, in a calculational sense, 
because WJ have a lot more confidence in our ability to compute relative 
effects than absolute numbers. 

MR. CHERRY: Yes. If you are only worried about relative amplitudes of 
.the source, I think we stand a good chance of helping, but if you are 
asking what are the detailed characteristics of the failure associated 
with the source, then I don't know. 

MR. ARCHAMBEAU: I think relative spectral differences will be useful, 
surely. 

MR. SMITH: The original problem abo'jt the mb thing is an absolute. 

MR. ARCHAMBEAU: That is absolute, that is right. 

MR. SMITH: That is amplitude. 

MR. ARCHAMBEAU: That is amplitude spectra, really. 

MR. SMITH: Frequency amplitude. That ought to work. I don't see any 
reason why ultimately that should not work. 

MR. TRULIO: Could I ask you also if there is some recording or detecting 
instrument that you consider standard, and for which you could give both 
the real and imaginary parts of the frequency response curve? 

MR. BLACK: The bulk of the teleseismic data used for magnitude-yield 
determinations was recorded by the LRSM stations, which have been oper- 
ated for ARPA by AFTAC. The LRSM stations use standardized instrumenta- 
tion for which response curves are available. 

MR. TRULIO: Do you have a reference in which I could just look them up? 

MR. ARCHAMBEAU: They are given in the SDL Shot Report?, that is, the 
Seismic Data Lab reports from Teledyne in Alexandria, \/a. 

MR. TRULIO: One of the things we should do its  standard practice in cal- 
culating earth motion for various source conditions is take our own 
elastic output and put it through that kind of a calculation. 
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MR. SMITH: If you are going to do that, you have to do the Q structure 
of the earth as well. 

MR. ARCHAMBEAU: Are you going to do our problem? 

MR. TRULIO: No, just use the response of a standard (mathematical) 
detector as a measure of source strength—and maybe a better measure 
than the crude ones we have used. It might be the best way to compare 
calculated sources. 

MR. HARKRIDER: These shot reports don't have the phase; they just show 
the amplitude response. You are not going to get the real and imagi- 
nary parts. 

MR. ARCHAMBEAU: There must be copies of the response curves around, 
maybe not in the later shot reports, but just write SDL. They should 
be able to dig up those. 

MR. BLACK: That is the best source. 

MR. ALEXANDER: They have on file a calibration for each station. The 
amplitude is actually field calibrated at different frequencies, so you 
can get an observed frequency-response curve. 

MR. SMITH: He does not care about the individual stations. He just 
wants the response so he can have a consistent thing to measure. 

MR. TRULIO: You could use that as a measure of what the source is 
putting out, and you could make variations in the source geometry, and 
you would want to know in a rough way what it does to the signals put. 
out. The criterion used now is a little too coarse—R26, where 6 is 
the displacement of some spherical elastic surface. 

MR. CHERRY: How sensitive is the phase of the recorded data to the 
phase of the source function? 

MR. HARKRIDER: For Ms measurements, for magnitude measurements, 
which is what ARPA wants, right? Not just shape. 

MR. CHERKY: Ms is surface waves. What you are saying is for surface 
waves the only thing that we have to look at is the amplitude of the 
source function. How about for the body waves? 

MR. COOPER: Did I misunderstand? Didn't you say that for the surface 
waves you really need the relative amplitudes? 

MR. ALEXANDER: In order to compare sources, ye,. 
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MR. CHERRY: The thing is, if we give you two reduced displacement 
potentials, one that has one shape, and another one that has a different 
shape, you would be very interested in that difference. 

MR. ARCHAMBEAU: This is in the time domain? 

MR. CHERRY: Yes. 

MR. ALEXANDER: We can derive a function that should take one of those 
into the other. 

MR. CHERRY: That is a separate problem though. 

MR. ALEXANDER: Yes, if we have that, we can relate it. 

MR. CHERRY: You would be very interested in that difference out here, 
is that true? 

MR. ALEXANDER: The whole thing, just the way you hav : gone. 

MR. COOPER: But you could make use of nothing more than the difference, 
even if you did not believe either number precisely. 

MR. SMITH: There is a discrimination problem, and then there is the 
absolute problem of determination of yield. 

MR. COOPER: I was talking about discrimination. 

MR. SMITH: I don't think this is very relevant to discrimination. 

MR. ARCHAMBEAU: What? The question of the difference? 

MR. SMITH: No, the reduced displacement potential I don't think is 
relevant to the discrimination problem. 

MR. ARCHAMBEAU: We would like to know the difference between the 
spectrum of the explosion and the spectrum of an earthquake. 

MR. SMITH: Yes, but that is only out at long periods. It is just 
the area under that curve that makes any difference at all. In the 
discrimination problem, we would be much more interested if you 
would give us the reduced displacement potential for an earthquake. 

MR. CHERRY: If you give me the stress distribution, I will try. 

MR. ARCHAMBEAU: I think I can do it already. 

MR. ALEXANDER: But you have to do an instrumented earthquake for us. 
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change of infSl' i^     ^veryL    ? th ^ ^fiTJ «n excellent inter- 
tenm, clearlv understänHQfhn «!u ^^ to use President Nixon's 
much. y understands the other one's problems.    Thank you very 

(Thereupon at 3:30 p.m., the meeti- ng was concluded.) 

264 

 . 



J 

A SYNTHESIS OF THE PROBLEMS IN SEISMIC COUPLING 

William R.  Judd 
Purdue University 

Introduction 

These two conferences (June 8-9, 1970: reported in ARP<V-TI0- 
71-13-1, and August 18-19, 1970: reported in ARPA-TIO-71-13-2) es- 
tablished communications between the diverse disciplines required to 
predict the shock effects from nuclear explosions out to telesnsmic 
distances. These disciplines involve the use of rock mechanics geology, 
nuclear physics, computer hardware and codes, seismology, and field 
instrumentation. Results from the conferences included (a) improvement 
in the communication links between the engineers and scientists engaged 
in research relevant to the seismic coupling problems, and (b) identi- 
fication of open circuits at some points along the communication lines. 
This paper focuses attention on those open circuits. 

In the prototype experiment a nuclear device is embedded in a 
hole (cavity)* at some specified depth beneath the ground surface. The 
device is exploded (triggered). The energy produced is partitioned into 
electromagnetic and radioactive radiation, thermal and mechanical 
(kinetic) energies. The radiation and thermal energies attenuate 
rapidly; therefore, their possible appearance at teleseismic distances 
is ignored. However, the kinetic energy stimulates intense motion of 
the earth media surrounding the explosion; the resulting body (mt,) and 
surface (Ms) waves can be identified and measured at distances ranging 
upwards of thousands of kilometers from the explosion (seismic) source. 

This simplified perspective is presented to show why several 
different scientific disciplines are required to interpret the effects 
at the measurement point. First, there must be an accurate evaluation 
of the partition of nuclear energy during and subsequent to the explo- 
sion; this quantifies the amount of kinetic energy available to stimu- 
late ground motion. Next, an understanding of how different 
characteristics of the earth media can affect the propagation of this 
kinetic energy is required. It is necessary to install instruments 
that can measure the resulting motions close in to the seismic source. 
These characteristics and measurements then can be introduced into 
computer codes designed to describe the orientation and amount of the 
stresses produced by the ground motion from close in out to teleseismic 
distances. These stresses can be resolved into the ground displacements 
that can be expected at teleseismic distances. Measurements are also 

*There appear to be differences in the use of the word "cavity". 
Dependent, upon the individual user, the word may refer to the hole 
produced immediately after the explosion, to the hole that develops 
after the ground in the explosion area reaches stability, or merely 
to the shape and size of the hole in which the nuclear device is placed, 
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made at teles.ismic distances  These are compared with predicted 
measurements to establish the criteria required to reveal the loca- 
tion and the yield of seisnrc sources that are inaccessible for U.5. 
measurements (U.S.S.R. anH Communist China). 

What Do We Know? 

A prominent scientist once said, when discussing the effects 
of shock waves on hardened installations, that a conference discussing 
what we know about such effects should be completed within a few hours; 
however, a conference that discusses what we do not know, would require 
many days. This philosophy guided the preparation of this report. Part 
of the conference time was a discussion of what we now can do to predict 
effects from nuclear devices, particularly at teleseismic distances. 
The objective was to explain how such effects can be extrapolated to 
define the yield of explosions that occur in inaccessible areas and also 
to discriminate between explosions and earthquakes. Our current capa- 
bilities in the latter cases had to be qualified by numerous questions 
relating to the gaps in our prediction ability. This paper summarizes 
these questions, describes the weak links in the commumcation lines 
between the different disciplines involved in the prediction problem, 
and directs attention to the research required to close the communi- 
cation gaps. 

Role of Geology and Rock Mechanics 

If frequent reiteration of a communication problem is any key 
to its importance, the most-significant problem is the lack of numerical 
methods that will describe the effects of geologic defects, anomalies, 
discontinuities, etc upon the seismic signal. Time and again the fol- 
lowing questions were raised: 

"What effect do fractures have upon the energy dispersal 
and the wave shapes?" , . 

"How can a computer code consider movements along joints.' 
"What effect will prestress (also termed 'residual', 

'ambient' or 'tectonic' stress) have upon the wave 
propagation?" . .  4 A 

"Can a dispersive model be constructed for jointed and 
cracked hard rocks?" 

"What is the effect of anisotropy in rock properties? 

Ancillary questions were related to the inherent integral 
properties of a rock element. For example, identification is 
required of those parameters that can significantly affect either labo- 
ratory or in situ tests. Attention has been directed at the changes in 
wave characteristics produced at various levels of compaction of the 
rock but there has been little attention to how tensile stresses might 
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affect such characteristics, and, because most waves have a rarefaction 
phase, it is possible that the behavior of rock in a tensile mode would 
be of significance. 

In Situ Vs Laboratory Properties of Rock 

One question that perhaps was most frequently asked was 
whether the in situ properties of the earth media can be accurately 
portrayed by laboratory testing. The answers to this question disclosed 
a divergence of opinion: one group believed it feasible to impose 
special boundary conditions on the laboratory test specimens to the 
degree necessary to simulate the prototype performance reliably. How- 
ever, some conferees felt that reliable answers could be obtained only 
by in situ tests. A major foundation for these diverse opinions was 
that because of natural fractures, the in situ media is not a continuum, 
whereas most laboratory techniques and concommitant analyses are based 
upon the assumption that the test specimen is a continuum. 

Laboratories have used artificially fractured material in an 
attempt to simulate the effect of joints or fractures. These tests 
have developed coefficients of friction for such fracture interfaces, 
but there remains the question of whether such coefficients are valid 
lor natural fractures. Resolution of this problem will require large- 
scale laboratory or in situ tests. A subsidiary problem is to identify 
the physical factors that can affect the coefficients of friction on 
such surfaces. 

There also is a need to know the pressures or frequencies or 
amplitudes that will cause fractures to close and perhaps become trans- 
parent to shock waves. Or will discontinuities of this type produce 
wave refraction and reflection? Most rock systems (and intact rock 
elements) exhibit some degree of anisotropy in their velocity charac- 
teristics, strength, and moduli. There is some evidence that the degree 
of anisotropy decreases with increasing loads, but further study is 
required to determine the influence of rock fabric and other natural 
constituents. 

As input to the code calculations it is necessary to have the 
true in situ compressional velocity, density, isotherm?! compressibility, 
water content, compactibility, and the loading and unloading hydrostatic 
data. At present these values generally have to be obtained or extra- 
polate J from laboratory tests, but their comparison to in situ proper- 
ties has not been quantified. For example, how does the density 
determined from an intact laboratory specimen compare with the density 
of the discontinuous rock system through which the shock-wave propa- 
gates? To evaluate the degree of accuracy necessary for such compari- 
sons it will be necessary to conduct parametric studies to define the 
variation permissible in such values when used in code calculations. 
A related information gap is the current lack of data on the aforenoted 
rock properties at pressures up to about 2 kb. There appears to be 
adequate laboratory data above that pressure level. 
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stems from the present assumption that once the depth to the water table 
is established, all media below that depth must be saturated. Observa- 
tions in deep tunnels, however, have disclosed tunnel walls that are 
relatively dry (or, at the most containing only a few percent moisture) 
even when there are perched water tables above the tunnel elevation. 
Thus, it is possible that a perched water table might introduce a 
spurious layering effect in the seismic signatures. There are other 
possible effects from the presence of water in the media. Relatively 
close in to the explosion the water may be converted to steam that has 
an as yet undefined effect on the stress distribution and wave propa- 
gation. Also, the effect of water on coefficients of sliding friction 
between rock elements has not been entirely clarified. 

Viscosity 

Another factor that appears to have been given too little 
attention in laboratory and field tests is the influence of the rock 
viscosity. Theoretically, viscosity should have a strong influence on 
the high-frequency waves; this has been learned during studies of the 
transmission of mb waves in the earth's crust. The effective Q for 
transmission of mb waves is on the order of 1000 in the crust but 
decreases to an order of 100 in the upper mantle. Related factors that 
may have to be considered in evaluating wave propagation through th»; 
crust and upper mantle are the possible movement of interstitial atoms 
in the lattice, and diffusion of dislocations, partial melt, and pore 
water. r 

Failure Criteria 

Perhaps the most significant gap in our knowledge of the 
fundamental properties and behavior of rock is the lack of a repro- 
ducible failure criterion. We require a criterion that can provide a 
mathematical description of the state of the media when failure occurs, 
including the stress distribution that develops at the failure point. 
The comparatively recent development of the "stiff" testing machine has 
made it possible to obtain complete stress-strain curves for many rock 
materials. For very brittle rock, however, the failure is too rapid to 
permit delineation P^ the entire failure path. Therefore, there is a 
need for a complete stress-strain curve for all rock materials that 
might house a seismic source. 

Reduced Displacement Potential (RDP) 

The seismologist measuring effects at teleseismic distances 
has found that the properties of the earth media definitely influence 
the reduced displacement potential, but quantification of these effects 
has not been too successful. The lack of success is attributed to the 
difficulties in developing a numerical description of geologic defects 
such as faults, fractures, joints, structure, and stratification. 
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Formulation of a theoretical method that will accurately 
translate a shock wave from an inaccessible seismic source to a measur- 
ing point thousands of kilometers distant presently encounters two major 
gaps in the transmission sequence: (1) the inability to translate the 
influence of geoloaic anomalies into numbers that can be used in code 
calculations, and (2) the lack of detailed knowledge of the rock proper- 
ties at the source and between tne source and the measurement point. 
Present opinion is that if we have a geologic description of the earth 
on la on the source we can extrapolate the value of the yield to within 
w  to 30 percent of its real value. Also we probably can get within a 
ractor of two of the actual reduced displacement potential if we are 
provided the density and the seismic velocity of the source material 
Our prediction accuracies could be improved if we could establish that 
the source material had geologic and physicomechanical properties that 
closely resembled some of the materials intensively studied in field 
and laboratory tests (such as granite, tuff, and alluvium). However, 
it was stated that the present dynamic codes might produce a yield 
prediction that could be in error by a factor of three up to an order 
of magnitude for such material as tuff! Also, we will require better 
correlation between the conduct and analyses of nuclear tests and the 
pre-explosion laboratory and field tests.    For example, it was suggested 
that an objective appraisal be made of the comparisons that havP been 
made between code prediction of nuclear test effects and the actual 
effects. 

Instrumentation and Measurements 

Many of our current problems stem from technical deficiencies 
in our instruments and our procedures. We now lack data on stress con- 
^I?nVlthe.typ0Cenfers of e^thquakes. Therefore we cannot accu- 
rately define the resulting seismic-source configuration and establish 
specific differences between it and a nuclear source. We are severely 
JZ«ehJnK^e ?-P-5 A0 Which w? can mke  in s1tu stress measurements! 
l^h « 5r™e~llu1ted Suc!:ess 1n stress measurements at depths of as 
much as 4000 ft; however, hypocentral depths are beyond our instrument 
(and possibly even our drilling) capabilities. 

In the laboratory tests, present techniques permit us to 
measure only the average stress. Thus we must consider the specimen 
in its entirety; our measurement techniques have not developed to the 
degree where we can pinpoint the effect of microscopic and, in some 
cases, macroscopic defects on the stress distribution in the specimen. 

nrr,,^  uh J"! ^^ T^ si?nificant gaps in our measurement techniques 
occurs when we attempt to relate laboratory to in situ measurements. 
Regardless of whether we are using static or dynamic loading techniques, 
as discussed previously in this paper, an acceptable correlation between 
laboratory and field measurements seems to occur as an exception rather 
than as a rule. Until this gap is closed, we will have to place in- 
creasing reliance on field measurements. However this requires us to 
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develop more reliable and relatively inexpensive methods of making in 
situ measurements. Also, as was pointed out by one of the conferees, 
we appear to have no way to make direct use of laboratory-determined 
material properties to estimate the late-time response of an in situ 
rock system to an intense shock wave. 

Available accelerometers and velocity gages are sufficiently 
rugged and sensitive to acquire usable information relatively close to 
the seismic source. However, we do not have a good displacement gage 
for such close-in effects, particularly one that is capable of measuring 
displacements on the order of feet in a small-diameter bore hole. At 
the other end of this spectrum is that because our close-in instruments 
primarily were designed to measure relatively high motion, they cannot 
measure strains down to the order of 10-5 to 10-*; consequently, in the 
purely elastic response region such instruments are not effective. We 
can make reliable measurements at teleseismic distances, but we need a 
parametric study of instrument capabilicies. This may enable the 
design of instruments having degrees of sensitivity that change with 
relation to their distance from the seismic source. 

Another problem occurs in the establishment of the instrument 
arrays at teleseismic measurement points. At oresent, extensive extra- 
polations of their data are required because only a relatively few 
instruments are placed at these distances. If we had more stations and 
azimuth control it could be ascertained whether the geologic structure 
at the measurement point or the properties of the media at the source 
control the radiation (of the shock effects) pattern. For example, it 
would be desirable to have two rings of stations fairly close in to the 
source and all located within one (geological) structural province where 
lateral variations in properties were known to be insignificant. Such 
arrays would permit a study of the radiation patterns as a function of 
frequency and thus determine whether the theoretical assumptions were 
correct. The design of such instrumentation, however, necessarily will 
depend upon a decision as to what parameters should be measured. There 
are some code specialists who believe that the Rayleigh wave would 
provide much better information for extrapolation of yield because it 
samples much more of the structural environment, whereas the Pn wave 
would not be too good because it considers only a small part of the 
source region. 

One suggested aid to the measurements is to monitor micro- 
seismic noises in the vicinity of the seismic source prior to the shot. 
This might provide a clue to the prestressed state of the rock because 
large stress gradients probably would give a relatively high frequency 
of noise. At the very leaft, it would enable a comparison to be made 
of the ambient stress situations at different shot environments. 
(Instrumentation for such measurements does exist, and it has been used 
frequently to monitor potential rock-fall areas in tunnels. Therefore, 
it merely is a question of adapting this instrumentation for the pur- 
pose suggested.) 
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The foregoing questions point toward the need for in situ 
measurement techniques that (a) have a greater reliability than the 
present ones, (b) can evaluate the changes in properties under dynamic 
loading, (c) can test several cubic meters of a roc'c s>ystem, and (d) 
can accomplish the aforenoted measurements without introducing new 
defects into the rock system. The latter accomplishment would rr^ke it 
possible to test the same rock system under different boundary con- 
ditions. 

Prediction Code Accuracy 

A definitive study of the different codes now used to calcu- 
late stress distributions close in to the source indicated that the 
primary differences between these codes are the manner in which they 
conserve energy and mass. Some conserve total energy by definition 
whereas others compute changes in both the kinetic and internal energy 
analogs and then check each time step to be certain that total energy 
is conserved to within one part in a very large number (such as 10D). 
Other codes use kinetic and internal energy analogs defined so that the 
finite-difference equations explicitly conserve total energy. 

Teleseismic Prediction 

The present codes were designed to study effects close to the 
source, and they have not been expanded to predict ground-motion effects 
at teleseismic distances. However, it appears to be within our capa- 
bilities to expand these codes so they will produce the latter effects 
because most, if not all, of the codes now can describe the stress beha- 
vior from the source to within the elastic zone. Their expansion to 
describe effects at teleseismic distances should be relatively simple 
because the earth media between the present prediction limit and the 
teleseismic point would be responding as an elastic body. 

The first step would be tc check the codes for the sensi- 
tivity of their calculations. We then could learn what parameters 
should be measured and just how precise these measurements should be. 
On the one hand, this will require the seismologists to input the 
degrees of sensitivity that they require and are able to measure; on 
the other hand, the rock mechanicist  11 have to state not only the 
available sensitivity of laboratory tests but, more importantly, the 
current capabilities of field instrumentation. For example, is it 
useful for laboratory measurements to be carried out to one or more 
decimal places when such precision is not feasible in the in situ 
measurements? Also codes are structured on the basis that the material 
being modeled is homogeneous, isotropic, and originally elastic, but, 
the true media may exhibit none of these properties. 
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0X^;JI^fOIT!:ir' We do not ^Vt 
seismic source.    And. it is not yet cllar whf^ 1a.that mi9ht house ^ 
effects are significant in st?ain-ra?P dlnln    /?Cu ProPert1es and wave 
of the latter information makes it imoossiMp^ behayior-    ^ absence 
stress levels where purely ^rS?^^^^ 

Effects of Heterogeneities and Defpr^ 

early stages"^1    od6 So   J"       ^IVS be USed t0 descri'be the 
duction of inhomogeneit^s Sr defect l*™0**™™*™^-    The intro- 
of at least two-D and pissiMy th'ee 0 ef^t^3/0^5 consideration 
three-D codes still are in thL. < !     effects-but such two-D and 
suggested that t     c   cu at on di    ^/S- HTÜ ca1culations.    It was 
if cracks were introduced as SnsoJrniH m;9ht be Partia1ly alleviated 
be assumed to be distributed ?n llrl S C Phenomenon. *•••.  "-hey would 
be no preferential  ?nfuence on S^wTJAI ^er that there would 
produce.    However, th     'ntroduces th^p^?^0^"1"1 eff6cts they ^uld 
defining the wave characterS^f fh! ,  rr.dlSCUSSed ^^'Culty of 
This factor „eeds ^3^   wrtlL^J^1i?:^^n.?W cr,«k»- 
rverththe WKare energy is too'we'ak   o c?o e ?te1j£kl,"f?h^StfnCe$ 
ry. the problem is to determine thTdm^l «!   cracks.    Thus. In summa- 

and rock Ätc^la^Ä^VcS^.^:? J0de are the ^^ 
conceived theoretical mnHpic E«!       ,    •    emulations force-fit pre-    ! 

even when ^ fl wl^UtlvSJ1?!1?!'"6^ t0 the l^oratory'data. 
stater     The requirement iTfor ^y   ma11 number of applicable stress 
face tontrollITliÄri and flS3 «LKra,,,Jtr1.c studies that ^er- 
tions.    Such studies would l^roJ! ?hl JJÄJ^^ .the code calcula- 
the in situ response to dynamfc effects Ve understanding of 

fuiiy by D^^^rihlÄfjid srÄJfrpredicted ™^- 
rock types appear to be indistinJu shabip 9 J^' CUrres for d1^rent 
tuff, granite, and salt all lir^JoJimJtelv on'r^61 unsaturated 
Theoretically, the inherent st^eSgToTtt^^a^eSL^tSid exert 
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^rh.nlf?  0n Sf ener9y dlsPersal and thus the inherent physico- 
mechamcal properes of the media should be significant  Reso S?inn 
of this apparent anomaly would indicate the direction for futurl 
T smaV^^0^ha^h^:ockTcha;1c^problems associa^ °?Ä 
It may be that very close to the source, the rock tvoe is rJaHuIi! 

?nemr0I a^.bUt at What .Crit1cal d^« does    t be'co^   nJuen   al i.e.. at what pressure and strain ranges does the rock tvnp hlr^:     * 
sigmfKant?   Also it would be of interest ?o find ?f defects anS 

a^Ä^r^ the r0lk SyStem exert "^ innuence on i ve   ropa- gation than do the properties of the intact rock element. 

Miscellaneous Considerations 

Urge volun^s of gas ?rom the e     osion * ? a   Z'CTtL~\'C':m 

may have the capabilit» to SmdlT. »i. J.2fi     e ILLIAf IV '»"Piter 
I.rly those proBSiJXfJ^S; ;woTor'tnh^e.TeoddePsr0b,em- Part,CU- 

ILLIAC IV 

where between 64 and 128 CDC-6600s te comParable t0 ^m- 
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Present codes presume a spherical cavity with a spherical 
field of motion. Either of these factors can become asymmetric with a 
resulting degradation in the accuracy of the computation. The amount 
of such degradation is unknown but it would be desirable to determine 
the influence of other than spherical cavity shapes and other types of 

275 

This new machine should facilitate two-D code work because of 
the mechods it would use to store a matrix and to perform finite- 
difference calculations. For example, if you want to do one manipula- 
tion in the interior of a mesl and a different manipulation on the 
boundaries, the ILLIAC IV storage capacity and arrangements make it 
possible to access and parallel all of the values on the top boundary 
anu the bottom boundary because they each are stored in different 
processing element memories. They then could be copied to the operating 
registers in para'lei and adjustment could be made of the boundary 
values. Reportedly, these types of calculations may have efficiencies 
in excess of 80 to 85 percent, i.e., the average number of processing 
elements turned on during a calculation is approximately 80 percent of 
64. Matrix calculation efficiencies generally will be in exepss of 50 
percent. 

On the other hand, accessing information in tables will not 
be too efficient if the table is so large it cannot be contained in the 
memory of a single processing element. In particle-motion problems and 
in nonlinear radiation transport whera the particles affect the 
absorption properties of the media through which they are being trans- 
ferred, the efficiency may degrade to as low as 25 percent. Another 
difficulty is that there are no parity checks in the machine at any 
point. The only way to determine errors is to run a confidence diag- 
nostics program that exercises all of the branches of the logic in the 
processing element. In other words, you would compute 64 answers 
simultaneously and determine if any one result differed from all of the 
others. If so, this presumably would be a logic error. 

(NOTE: All of the conferees' statements about the ILLIAC IV 
were presented prior to actual operation of the machine;, presumably, 
therefore, its precise capabilities and efficiencies are yet to be 
determined.) 

Bt»ck to the Codes 

A basic and recognized deficiency in code operations is the 
frequent lack of suitable input data. This deficiency would be alle- 
viated to a considerable extent if there was a comprehensive compendium 
of all of the test data that is relevant to the calculation of nuclear 
shock effects. Such a compendium would be particularly valuable if it 
included time-history details and peak-value tabulations. These would 
have to be listed in comparison with the more or less standard property 
data. Such a compendium also would identify significant gaps in the 
oata. 



wave shapes. This could be accomplished by a parametric study designed 
to evaluate the significance of the resulting differences. 

Another useful exercise would be to perform model studies 
with changing boundary conditions and changing inherent properties. 
Code calculations then would be performed to see if the results from at 
least small explosions can be reproduced by codes for various typ s of 
materials. The work on just one type of material, tuff, has considered 
crystal density and porosity but has not introduced water. The .c ^er 
work is now being initiated, and it is believed that water would intro- 
duce a third phase, the first two phases being a porous and a dry 
material. A related suggestion was to introduce ranges of properties 
about each main rock type and derive source functions that would corre- 
spond to the range of parameters for each ptrti-ular rock type for a 
particular yield. This study at least might establish the bounds for 
the rock types that are studied. 

Seismological Input and Output 

it would be desirable to modify the codes so they can compute 
mk waves and surface phenomena simultaneously with the production of the 
effects produced by Love waves. One difficulty is that most, if not all 
of the "large" explosions generate Love waves, but the Love wave does 
not appear in most lower-yield explosions. Therefore, for code compu- 
tations using these parameters it would be necessary to define the 
critical points or boundary lines betwern yield and the type or types of 
waves generated vs the distance to the .neasurement points. And, as 
stateu earlier, the code calculation «riould be extended to a radial 
distance sufficient to compute strain, as small as 10-5. This would 
permit a direct comparison between seismological and code calculations. 

One point remaining unclarified wa* whether the present codes 
can estimate the radial extent of fracturing and crushing out from the 
source. This definition is required for delineation of the earth-media 
model that must be used to characterize wave-shape changes and dis- 
persion. 

The seismologist would find it useful if the codes could pro- 
duce the displacement field in potential form within the elastic zone. 
This implies the definition of ground motions at stress levels of only 
a few hundred psi, and present codes do not have this capability. The 
present codes do not contain routines to generate ths scalar and vector 
displacement potentials throughout the region of linear motion. Two-D 
routines are required and the resulting errors can be on the order of 
20 percent or greater. A better feel for two-D problems with a failure 
mechanism included would permit determination of the true shc'pe of the 
elastic boundaries around the explosion and in the spall regions. There 
still would be a need to introduce geological anomalies such as faults 
but this might be approached by first doing a calculation that ignores 
the fault, and then consider the disruptive plane in a manner that 
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permits an inexpensive parametric approach. For example, the plane 
could be oriented in various ways to determine the orientation effect 
on the definition of pressure across the plane. This study could be 
expanded by evaluating the effect from slip-stick motion and from pre- 
stress in the media. 

The Teleseismic Signature 

The seismologist observes a signature on his instruments at 
the teleseismic recording point—what does it mean? This brings us to 
the final step in the sequencer of wave propagation. 

Reduced Displacement Potential 

The most important element in an accurate diagnosis of the 
teleseismic signature appears to be the prediction of the reduced dis- 
placement potential of the wave at teleseismic distances. A major 
control on the nature of RDP is the calculation of the radius at 
which the earth media starts to react as an elastic body under the in- 
fluence of the shock. Field measurements and calculations indicate that 
the RDP is affected seriously by the material properties such as hys- 
teresis and strength. This implies a need to determine late-time dis- 
placement in all possible media for all possible source configurations. 
Although it is known that the RDP is seriously affected by material 
properties, there is some doubt whether there is sufficient accuracy in 
the methods now being used to quantify the behavior of these properties. 
Thus we face the problem of accurately calculating the full range of 
effects from an explosion close in (where the pressure may  be in mil- 
lions of bars and the temperature in millions of degrees) out to tele- 
seismic distances where the pressures will be a small fraction of a 
bar and ambient temperatures prevail. 

Questions 

One diagnostic question is raised by the fact that cavern 
collapse (at the source) may  produce surface waves that appear almost 
identical to the surface waves produced by the explosion itself; yet 
the description of these two phenomena in a code calculation would be 
considerably different. Another question evolves from the situation 
where the crustal structure at the receiver significantly influences 
the wave form; therefore it would be desirable to calibrate each source 
region insofar as the signal level vs yield is concerned. 

In general, resolution of the following would assure a better 
diagnosis of the teleseismic signal and extrapolation back to its source: 

(1) How can correlation be achieved betwec-n the shot medium and the 
surface-wave magnitude? 

(2) Is It possible to predict which seismic signals in the pass band 
0.5 to 2.0 Hz actually propagate out into the elastic zone? 
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(3) 

(4) 

(5) 

(6) 

(7) 

Further attention should be directed to the use of spectral shape 
as a discriminant although it is recognized that this will not be 
feasible until there are several azimuths of instrument arrays. 

Earthquakes are more efficient in production of Love waves than 
Rayleigh waves, although the ratio is station depenLn? and Jhe 
energy distnbut.on in both time and frequency aft SSfeJJnt 
However, there is not sufficient earthquake data to achieve an 
of Lo^an^rr^ 0J  the Si9"?1 by «"P^-HI the spec^a radios 
S^SnSffÄ'lIfJiT"-. Althou9h the exact ^chanism of Love 
ac^i?ld ff {hJo^J r.iS U?kn?W^ a better ""derscanding might bl rhar,    i*       theoretical calculations were made near the source 
Then, it would be possible and desirable to design a shot that 
produced propagation effects similar to those frS an earthquake. 

Can we quantify data distortions that are caused in the short- 
JniMM datJ ^.atte''uatio". spherical spreading, and laylrinq^ The 
solution of this problem is the key to use of absolute siana?s J 
a means of determining the source parameters  There also is * 
requirement for a model that considers alTof the crusia? hltero- 
SS tl'ilÄ^"9^ faCt0rS aS the variation of veocity and 
media y.nJfhp?n5i the reasonsr

for wave attenuation in different 
media, and the influence of surface topography, subsurface strati 
ÄNÜtJ?^' iH4'  a1th0U9h weknoVthat he coup ng of 
£ 3*     5-rd r0ck ^  be an order of magnitude greater than that 
den?[fi>d aJ'tff theSe ^««"Ctlons in the source media be identified at teleseismic distances? 

The prediction accuracy would be enhanced by efficient ooeration 
of two-D codes, including use of a failure mechan? m to d^scrae 
the true shape of the elastic boundaries around the explosion nd 
n the spall region. Surface spall effects clearly are not 2 
linear phenomenon, therefore more precise data is needed Sn ?he 
description of these effects in terms of energy 'rSpaqati°" back 
down into the medium; also, ch.se factor, should be expr'sed as 
functions of source parameters for a variety or naterlils. 

More accurate predictions would be possible if more oretise data 
were available on the properties of source material that are 
inaccessible to U.S. investigators. [Author" Note: Such 
nnd^nal t^  mi9ht be extracted frJm the open Soviet literature 
?JrI?5 iÄ«Sth!S*f With^ the past decade- TMs li erat re e rarely indicates the geograohic source of the test soecimens Imt 
collation of such data may make it possible ?o group the rock tyoes 
having similar properties. And, it may be feasible to delete datf 
where the testing evidentially was related to civ 1. minfnq or 

K r:sew?;hneaetnyLptrojects- A.n?iyses of ^ *"& c
o
0

r
uld provide us with at least a reasonable rangp of expectable orooPr- 

ties in potential source materials.]       expectaoie proper- 
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(8) There is a requirement for something equivalent to a pressure-time 
function at a distance where the strains are on the order of 10-4 
to 10-3 and that cover the frequency band of 0.01 to about 2 Hz 
Further this pressure-time function should encompass some reasona- 
ble volume that encloses the source. 

(9) The present codes can predict relative amplitudes of the source 
but it is questionable if the codes can provide detailed charac- 
teristics of the failure associated with the source. This problem 
requires knowledge of absolute amplitude and frequency spectra 

. 
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