
UNCLASSIFIED

AD NUMBER

LIMITATION CHANGES
TO:

FROM:

AUTHORITY

THIS PAGE IS UNCLASSIFIED

AD914362

Approved for public release; distribution is
unlimited.

Distribution authorized to U.S. Gov't. agencies
only; Test and Evaluation; OCT 1973. Other
requests shall be referred to Air Force Weapons
Laboratory, Kirtland AFB, NM 87117.

AFWL ltr, 30 Apr 1986



47 v a w v i r w w r r . f » » • « —»' -« - -

AD <7/̂  jKZ 

AUTHORITY: 
frPuJL eA. 

i 3g> A*T ^ 

• 
! » 

L 



|P«Bi?R*!fflCTWW-T"- 

V 
AFWi-m-r 3-111 AFWl-TR- 

73-111 

T-l 

P 

/l 
/I 

1/ 

CALCULATION  OF VERTICAL 
AIRBLAST-INDUCED GROUND MOTIONS 

FROM NUCLEAR EXPLOSIONS IN 
FRENCHMAN  FLAT 

Henry   F.   Cooper,  Jr. 

RAD  Associates 

Santa Monica, California 

Jimmie  L Bratton 

TECHNICAL REPORT  NO. AFWL-TR-73-111 

]/ 

October 1973 

AIR FORCE WEAPONS LABORATORY 

Air Force Systems Command 
Kirtland Air Force Bat« 

New Mexico 

This research was sponsored by the Defense Nuclear Agency under 
Subtask Y99QAXSB144, Work Unit 03, Work Unit Title, "Phenomeno- 
logical Study of Ground Motion. 

Distribution limited to US Government agencies only because of 
.est and evaluation (Get 73).   Other requests for this document 
must be referred to AFWL (DEV), Kirtland Air Force Base, NM. 

in i 



■ 

1 

AFWL-TR-73-m I 
I 

r 

AIR FORCE WEAPONS LABORATORY 
Air Force Systems Coranand 
Kirtland Air Force Base 

New Mexico   87117 

When US Government drawings, specifications, or other data are used for 
any purpose other than a definitely related Government procurement operation, 
the Government thereby incurs no responsibility nor any obligation whatsoever, 
and the fact that the Government may have formulated, furnished, or in any way 
supplied the said drawings, specifications, or other data, is not to be 
regarded by implication or otherwise, as in any manner licensing the holder or 
any other person or corporation, or conveying any rights or permission to 
manufacture, use, or sell any patented invention that may in any way be 
related thereto. 

DO NOT RETURN THIS COPY.    RETAIN OR DESTROY. 



. ■■ 

■ 

AFWL-TR-73-111 

' 

CALCULATION OF VERTICAL 

AIRBLAST-INDUCED GROUND MOTIONS 

FROM NUCLEAR EXPLOSIONS IN 

FRENCHMAN FLAT 

Henry F. Cooper, Jr. 

R&D Associates 

Santa Monica, California 

Oimmie L. Bratton 

TECHNICAL REPORT NO. AFWL-TR-73-m 

This research was sponsored by the Defense Nuclear Agency under 
Subtask Y99QAXSB144, Work Unit 03, Work Unit Title, "Phenomeno- 
logical Study of Ground Motion. 

Distribution limited to US Government agencies only because of 
test and evaluation (Oct 73). Other requests for this document 
must be referred to AFWL (DEV), Kirtland Air Force Base, NM. 

1 



FOREWORD 

This report was prepared by the RiD Associates, Santa Monica, California, and 
by the Air Force Weapons Laboratory. The research was jointly funded by the U.S. |i 
Air Force under Contract F29601-72-C-0048 and by the Defense Nuclear Agency under 
Contract DNAOO1-72-C-0197,  The research was performed under Program Element 

11213F, Project 133B1302, Task 13. 

Inclusive dates of research were January 1972 through April 1973. The report 
was submitted 17 August 1973 by the Air Force Weapons Laboratory Project Officer, 

Mr. Jimmie L. Bratton (DEV). 

The authors wish to acknowledge the support of messrs.  Robert Thompson and 
John Levesque of R&D Associates who performed the calculations that were the basis 

of the analysis reported here. 

This technical report has been reviewed and is approved. 

JIMMIE L. BRATTON 
Project Officer 

i 

jttf^J^jiU^* 
RO^M.'GOODWIN ^LIA? BisAFDDIC0ET 

Lt^Colonel,  USAF ru^f civil Engineering Research Chief,  Facility Survivability Chief, Civil fcnginee      g 
„        , Division Branch 

ii 



ABSTRACT 

(Distribution Limitation Statement B) 

This report discusses vertical airblast-induced ground motions pro- 

duced by nuclear explosions over a dry soil medium taken to model French- 

man Flat of the Nevada Test Site (NTS). Material properties for use in 

first principle calculations were synthesized from very limited dynamic 

laboratory stress-strain data, various soil index characteristics, and 

seismic data. Parametric calculations with a one-dimensional, plane- 

strain finite difference code were used to define a "theoretical" simpli- 

fied model that expresses peak vertical particle velocities and displace- 

ments as a function of yield, peak overpressure and depth. Ground motions 

predicted by this model were then compared to ground motion data from 

nuclear explosions in Frenchman Flat. In particular, predictions of the 

simplified model were reasonably consistent with PRISCILLA data which were 

a primary basis of empirical prediction precedures widely used in the 

design and analysis of strategic structures during the past ten years. 

The theoretical model could be altered (where little or no dynamic soil 

property data exist) to provide even better agreement between calculated 

and measured ground motions. Conversely, study of qualitative features 

of the theoretical results provide insight into the basic wave propaga- 

tion phenomena in Frenchman Flat that could improve the interpretation 

of the experimental data such that a more consiatent comparison between 

theory and experiment may result. 
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SECTION I 

INTRODUCTION 

In recent years, great emphasis has been placed on the development 

of first-principle theoretical methods to calculate the ground motions 

from nuclear explosions.     Impressive computing capabilities now exist to 

perform detailed calculations, but an inadequate understanding of in-sltu 

material properties limit the credibility of quantitative predictions of 

two-dimensional near-surface ground motions.     In fact, major discrepancies 

between calculated and measured cratering and ground motion phenomena 

on recent high-explosive experiments are leading to a serious re-exami- 

nation of all previous assumptions basic to the state-of-the-art theore- 

tical predictive capability  (Refs 1, 2).    These questions are sufficiently 

serious that even the most primitive assumptions regarding the calculation 

of early time vertical airblast-induced ground motions under strongly 

super-seismic airblast loading conditions must be re-examined and validated. 

Our main purpose in this report is to re-examine this issue by consider- 

ing the vertical ground motions produced by nuclear explosions in Frenchman 

Flat.     Our approach is to: 

• Formulate a theoretical model for the mechanical response of the 

Frenchman Flat soils from the available geologic and material 

property information; 

• Using this jodel, perform sufficient first principle calculations to 

estimate the vertical airblast-induced ground motions as a function 

of yield and peak overpressure; 

• Compare the results of these calculations with experimental data to 

evaluate the validity of the theoretical model; 

• Based on any discrepancies between calculations and experiments, 

suggest improvement» to the material property model that may better 

represent the observed in-situ vertical response of Frenchman Flat. 



We note that the first two of the above steps are standard procedure 

in state-of-the-art attempts to calculate the ground motions at any given 

site.    As is discussed Section II and Appendix A, our knowledge of the 

soil properties in Frenchman Flat is considerably more limited than at 

many sites of strategic interest.     Nevertheless, sufficient data are avail- 

able to formulate a reasonable model for the shallow soils and,  to the 

extent that the material property model and calculational procedures applied 

in this study are representative of the current state-of-the-art.    Our third 

step is an evaluation of the state-of-the-art.    As indicated by the fourth 

stup,  improvements to the theoretical model will be suggested following 

our examination of discrepancies between the calculated results and the 

nuclear test d?ta. 

1.    Key Uncertainties 

A one-dimensional, plane-strain Lagranglan finite-difference code 

(ref 3) was used to calculate the alrblast-lnduced vertical ground motions, 

assuming super-seismic airblast loading conditions.    The numerical error 

in peak stresses,  particle velocities and displacements from these calcula- 

tions is estimated to be less than -10%.       Thus, any gross failure to accu- 

rately predict alrblast-lnduced vertical ground motions from nuclear explo- 

sions in Frenchman Flat cannot be attributed to numerical error, but is a 

failure of the theoretical model,  i.e., an Incorrect assumption that verti- 

cal motions are represented by a one-dimensional model; an inaccurate 

material property model; and/or an Inappropriate assumed airblast over- 

pressure boundary condition.    We shall briefly comment on each of these 

key uncertainties. 

a.     One-dimensional Model Uncertainties - Figure 1 shows idealized alrblast- 

lnduced ground shock wave fronts produced by the decelerating blast over- 

^•The calculations used 1.5 and 6 inch zones to define the early time near 
surface particle velocity, and two foot zones were adequate to obtain accu- 
rate lower frequency displacements. 
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pressure predicted for PRISCILLA, a 37 KT   700 ft height-of-burst deto- 

nation in Frenchman Flat  (as defined by seismic velocity profiles discussed 

in Appendix A).     Only the effects of major interfaces at 170 and 650 ft 

depth are   Included in this schematic.     The initial wave-fronts in this 

strongly super-seismic case are inclined less than about 30 degrees from 

the earth's surface for ranges less than about 1000 ft (or overpressures 

greater than about 100 psi).    A one-dimensional, plane-strain theoretical 

model should accurately predict the vertical component of such strongly 

super-seismic ground motions at shallow depths and early times following 

passage of the air shock.    The one-dimensional model for Frenchman Flat 

is believed to be valid, at least for times less than a few hundred milli- 

seconds following the airblast arrival at overpressures greater than 50 or 

100 psi.     (Some comparisons between one- and two-dimensional calculations 

would suggest that the one-dimensional calculations are valid for predicting 

vertical motions under even less restrictive conditions.)    As indicated in 

Figure 1,   the front of the ground shock wave will have propagated to depths 

of several hundred feet in such a period of  time.     Two-dimensional  (and 

even three-dimensional)  effects that perturb  the motions at large depths 

and late time will not be considered in the current study.    If serious 

questions persist after attempting to resolve discrepancies between the 

one-dimensional calculational results and the vertical ground motion test 

data,   then two-dimensional calculations might be performed to better quan- 

tify the accuracy of the one-dimensional predictions. 

b.    Material Properties Uncertainties - The soil properties used in the calcu- 
lations presented here were derived from inadequate data in the sense that 

insufficient tests were conducted to define statistically meaningful esti- 

mates for  the dynamic stress-strain curves of the shallow soils.    No dyna- 

mic stress-strain data exist for soils deeper than 70 ft in Frenchman Flat. 

Studies of  similar aoili suggest that the effective modulus at pressure 

levels of  interest can easily vary by factors of two as a function of local 

variations within a given general area.     The  importance of such uncertain- 

ties,   that can be better assessed via calculations,  will be discussed later 



in the context of discrepancies between the calculated and measured 

vertical motions. 

c  Airblast Boundary Condition Uncertainties - As has been the case with most 

calculations of airblast-induced ground motions, we assumed pressure time- 

histories derived from Brode's Idealization for surface or very near sur- 

face burst configurations (Ref. 4). The airblast observed on nuclear tests 

in Frenchman Flat often differed from this idealized boundary condition in 

qualitative as we* . as quantitative features. Brode's more recent height- 

of-burst model (Ref. 5) may be more appropriate for estimating the over- 

pressure time-histories from many of the nuclear tests in Frenchman Flat, 

but preductions from even that more correct model sometimes differ from 

the observed data. For example. Figure 2 shows significant discrepancies 

between PRISCILLA data and the theoretical prediction for a 37 KT explo- 

sions at 700 ft height-of-burst.  The effects of these discrepancies, which 

will be discussed further in later sections, are sometimes more important 

than soil property uncertainties. 

2.  Report Outline 

Section 11 describes the soil properties assumed in the calculations 

to model the vertical ground motions in Frenchman Flat.  Section III then 

discusses the parametric study conducted to develop a simplified theoretical 

model to predict the vertical ground motions as a function of peak over- 

pressure and yield.  In Section IV, predictions from this simplified model 

are compared to ground motion data from nuclear tests in Frenchman Flat. 

Section V discusses possible modifications to the material property model 

that would improve the consistency between the theoretical calculations 

and the nuclear test data.  Section VI then summarizes the key lessons 

learned in our study, and Section VII provides recommendations for future 

work that could clarify certain of the discrepancies and reduce the uncer- 

tainties highlighted by our study. 
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SECTION II 

. MATERIAL PROPERTIES 

This section describes the theoretical model of Frenchman Flat geology 

and soil response characteristics used in the calculations reported in 

Section III.     This    first-cut    theoretical model was synthesized from 

incomplete data from the variety of investigations summarized in Appendix 

A.     Subsequent  to Section IV's comparison of calculated ground motion with 

test data from nuclear explosions in Frenchman Flat, we shall suggest 

modifications to this theoretical model that might lead to a better repre- 

sentation of  the in-situ dynamic soil properties. 

Frenchman Flat is at an elevation of about 3080 feet and is surrounded 

by mountains  that rise from 4500 to 6000 feet above sea level.    Materials 

eroded from high areas have been deposited in the low regions forming a 

large alluvial valley.    At the lowest point in this valley, a small shallow 

lake exists for short periods after unusually large rains.    Fine particles 

deposited by this stagnant water comprise the major constituents of the 

near surface playa soil. 

The soil in the upper 200 feet may be described as being   uniform 

in appearance and composition;  and is a hard, friable, tan silt or clayey 

silt with varying amounts of cementation.    Although no sharp interbedding 

or layers were visually detected during the drilling and sampling at the 

site,   the playa has a stratified nature with thin zones of well-cemented 

material (caliche beds) in some areas.    Such conditions can cause aniso- 

tropic stress-strain characteristics because different moduli and strengths 

exist normal and parallel to the natural bedding planes.    As discussed in 

Appendix A,  limited static compression tests in the vertical and horizontal 

directions on companion samples from the same boring and depth showed a 

significantly larger (by a factor or 2 or 3) modulus parallel to the bedding 

planes  (in the horizontal direction).    Such orthotropic properties are 



properties are probably unimportant to the theoretical model for one- 

dimensional calculations of early-time, vertical motions when the state- 

of-stress is closely approximated by that associated with uniaxial strain. 

However,  if two-dimensional gro".nd motions are of interest,  the effects 

of such anisotropy must be more seriously considered. 

A primary purpose of this study is to compare results from theoretical 

calculations with vertical ground motions measured on nuclear tests to ob- 

tain some measure of  the confidence one can place in state-of-the-art cal- 

culations of super-seismic airblast-induced ground motions.    We eliminated 

any subjectivity in defining the loading stress-strain curves for the near 

surface soils in Frenchman Flat by using Davissen's dynamic uniaxial strain 

test data (ref 6) without alterations;  although some adjustment might have 

been justified on the basis of dicussions in Appendix A.    The test device 

used in conducting the dynamic tests could not be unloaded immediately upon 

reaching peak stress so that in several instances significant creep and 

reloading took place.     In order to synthesize unloading stress-strain curves, 

the unloading portion of all the tests (ignoring the creep and reloading) 

were normalized to the peak stress and strain reached on loading.    Because 

the normalized    unloading    curves    for    all the available    tests were 

similar,  the same normalized unloading curve was assumed to model all 

layers. 

To be reasonably consistent with the seismic data discussed in Appen- 

dix A and Davissen's dynamic soil property data available only at 0,  20, 

40 and 70 ft depths, we did apply some subjective judgment in defining the 

five layers shown in Figure 3, with stress-strain characteristics as shown 

in Figure 4.  , No stress-strain data are available for the bottom layer. 

Thus, properties were assumed for a homogeneous layer between 170 and 650 

ft such that the loading modulus was consistent with the seismic velocity 

and the unloading modulus was consistent with the unloading modulus of 

the shallower soils.     A rigid boundary was Introduced at 650 ft to repre- 

sent the Interface and provide a reflected compresslonal wave, consistent 

with the appropriate physical effects. 

8 
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As will be discussed In the following section,  compresslonal waves 

reflected from the 170 ft interface cause displacements to peak for yields 

less than about 100 kt and overpressures greater than about 100 psi.    For 

higher yields and lower overpressures, reflections from the 650 ft inter- 

face may be required to reverse the downward motions (see figure 1).    For 

the one-dimensional calculations to be studied here,  the detailed properties 

of these deeper layers may not be important because their primary function 

is to reflect compressions! waves that in turn limit the vertical motions. 

However, knowledge of the location of the Interfaces, and a reasonable 

representation of the wavespeeds for the Intervening media are Important 

in determining the correct arrival time for the reflected waves.    In efforts 

to predict near-surface peak vertical displacements, uncertainties in these 

key parameters can be Important. 

In this regard, we emphasize that no dynamic material property data 

exist for the soils deeper than 70 ft depth, an observation that will be 

Important In our interpretation of discrepancies between calculated and 

measured peak displacements near the earth's surface.     It turns out that 

the theoretical model defined here underpredicts the initial arrivals of 

the compresslonal wave in the soils below about 50-75 ft.    Hence, cal- 

culated pulse widths are slightly too long.    The resolution of such dis- 

crepancies will be discussed in more detail In Section V, where we propose 

modifications to the theoretical model presented here that will provide a 

more consistent representation of the in-sltu response of the deeper soils 

in Frenchman Flat. 

11 
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SECTION III 

THEORETICAL MODEL FOR VERTICAL GROUND MOTIONS IN FRENCHMAN FLAT 

This section interpolates between the results of the 25 one-dimen- 

sional calculations indicated in Table I to develop formulae that purport 

to predict the vertical ground motions caused by near-surface nuclear 

explosions in Frenchman Flat, as modeled in Section II.    As shown in 

Figure 5,  the range of yields and peak overpressures considered in Table 

I are associated with a significant variation in overpressure waveforms 

during the first several tenths of a second following the airblast arrival. 

Increases in explosive yield and decreases in peak overpressure both tend 

to broaden the overpressure waveform,   i.e.,  to decrease the rate of decay 

behind the shock front.    Perhaps of greater inportance,  the positive phase 

at the lower yields is shorter than the time required for the reflection 

from high impedance layers  (Figure 1)  that play a role in reversing the 

downward motion at large yields.    Thus, a possible mechanism for free- 

surface spall exists for low yield explosions when these waves reflected 

from the 170 ft interface return to the earth's free surface.      Such 

phenoratna may be suppressed by the overpressure at high yields.    However, 

TABLE I 

CALCULATIONS MATRIX FOR MODELING VERTICAL 

AIRBLAST-INDUCED GROUND MOTIONS FROM NEAR-SURFACE 

NUCLEAR EXPLOSIONS AT FRENCHMAN FLAT 

Yield 

(KT) 

Peak Overpressure (psi) 

10            30         100          300        1000    \ 

1 X X X X X           | 

10 X X X X X 

100 X X X X X             i 

1000 X X X X x        1 
10000 X X X X X           \ 

12 
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reflection from deeper layers,  such as the 650 ft interface, might produce 

similar spalling phenomena at  the higher yields. 

We shall first discuss the basic phenomena by considerii g the vertical 

ground motions calculated for the 100 psl peak overpressure boundary condi- 

tion and the full range of yields.    After identifying the key wave propa- 

gation characteristics, we then construct formulae that interpolate betveen 

ehe results of calculations in Table I. 

1.    Vertical Ground Motions at the 100 psi Overpressure Range 

This section discusses the effect of varying the yield on the ground 

motion amplitudes and waveforms calculated for the 100 psi peak overpressure 

boundary condition.    These results demonstrate most of the key wave propa- 

gation features associated with the specific site model.     Subsequently, we 

shall generalize this discussion of the basic phenomenology to also account 

for variations in overpressure. 

Figure 6 shows the effect of varying the explosive yield between 

1 kiloton and 10 megatons on the vertical    particle velocity and displace- 

ment of the earth's surface at the 100 psi overpressure range.    Reflections 

from the more compressible soils between 10 and 50 feet produce a downward 

acceleration beginning at about 0.01 seconds, and cause the maximum particle 

velocity for the larger yields.    Subsequently, major perturbations in the 

waveform result from the arrival of the compresslonal waves reflected from 

succeedingly stiff er layers at 50, 170 and 650 ft depth.    At the lower 

ylelds, the reflection from 170 ft is sufficient to reverse the downward 

particle velocity at about 0.2 seconds.    In calculations for these low 

yield cases,  a free surface spall occurs because the positive phase duration 

of the overpressure is shorter than 0.2 second and consequently only gravity 

would resist the upward earth motion.     Because these calculations did not 

include the effect of gravity,  the upward motion of the free surface Is 

unimpeded;  and the calculated spall may be exaggerated. 
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Although reflections from the compressible layers between 10 and 50 ft 

are more apparent  for the larger yields,   they have a qualitative effect on 

the particle velocity waveforms for all yields.     For example, Figure 7 com- 

pares the surface particle velocity waveforms with the overpressure pulse 

for the 1 kiloton,   100 kiloton,  10 megaton yield cases to emphasize this 

point.     If  the impedance and compressibility of  the soil were constant or 

monotonically increasing with depth,  then the particle velocity waveforms 

would be qualitatively similar to the overpressure pulse shape.    Because 

some of the underlying soils are softer than the surface soils in the 

theoretical model,  the particle velocity waveforms fall above (at early 

times)   those that might be expected on the basis of exponentially decaying 

overpressure waveform. 

Following the airblast arrival,  the surface particle velocity jump 

is given by v * AP/pc where AP is the peak overpressure and pc is the 

characteristic impedance of the surface  layer (computed from the density 
2 

(p)  and effective modulus   (pc ) at the peak overpressure of  interest). 

In some cases,  such as considered here, where a layer of compressible 

soil underlies a relatively stiff surface layer,  the peak particle velocity 

may not be associated with the initial jump;  rather it may occur later. 

As shown in Figure 6, the effects of such reflections become more pro- 

nounced with increasing yield;    causing the peak particle velocity at 

the surface for yields greater than about 100 KT. 

Figure 8 shows the calculated near-surface attenuation of peak stress, 

particle velocity and displacement with depth as a function of the explo- 

sive yield.     Straight line  (exponential decay)  fits to the calculated peak 

displacements are quite good, but peak stress and particle velocity atten- 

uate more rapidly near the surface than at depths greater than about  30 ft. 

■••Because  the purpose of these calculations was to develop a simplified model, 
the smooth line fits to the data do not necessarily pass through all of the 
calculated data points.    Rather the fits are taken to represent simple func- 
tions that are consistent with the calculated data points  (usually  to within 
± 10 percent). 
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Thus,  a single straight line fit is an inadequate fit  to the peak stress 

and particle velocity attenuation with depth, except for the larger yields 

where very little attenuation occurs in the top 30 ft. 

Although the rate of attenuation of peak displacement appears to be 

relatively independent of yield, peak stresses and particle velocities 

attenuate significantly less rapidly with increasing yield.     Figure 9 

shows  that this effect causes peak particle velocities at a given depth 

to increase with increasing yield; and the rate of increase with yield 

increases with increasing depth.    The second peak in Figure 6 produces an 

increase in peak surface velocity with Increasing yield for yields greater 

than about 100 kt.    For the higher yields,  the surface soils move downward 

with a maximum velocity equal to the peak velocity of the top of the 30-50 

ft layer,  i.e.,  there is little attenuation of the peak particle velocity 

above 30 ft.     The most rapid attenuation occurs in the very compressible 

soils between 30 and 50 ft. 

If there were no geologic layering,   then peak vertical displacements 

would be approximately proportional to the overpressure specific impulse, 
1/3 which in turn scales as W        (W is the explosive yield). However, geologic 

layering perturbs such scaling because stress waves reflected from high 

impedance  (as conpared to that of the surface media) deep layers cause the 

downward displacements to peak at times earlier than predicted on the basis 
1/3 of W        scaling.     In fact,  from Figure 9,  peak vertical displacements  from 

the 100 psl peak overpressure at the surface of our model for Frenchman 

Flat are approximately proportional to W        for yields less than about 

500 KT.    At higher yields,  peak displacements from these calculations are 
1/12 even less sensitive to yield,   tending toward a W dependence. 

2.    Model Development for Surface Motions 

Much of the previous discussion of basic phenomena in the 100 psi 

overpressure case can be generalized with slight modifications for other 

overpressures.    For example. Figures 10 and 11 show that qualitative 

features of the surface motions of the 10 psi and 1000 psi overpressure 
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ranges, are similar to those indicated for 100 psi in Figure 6. At 10 

psi, the peak surface particle velocity is caused by reflections from 

the sof  layers between 10 and 50 ft for yields greater than about 1 KT. 

On the other hand, the i'nitial velocity jump constitutes the peak surface 

particle velocity for 1000 psi and all yields considered. Between these 

two overpressure ranges, the peak surface particle velocity is sometimes 

caused by the initial jump, and sometimes by later reflections depending 

on the yield. At 100 psi, for example, the initial jump constitutes the 

peak surface particle velocity for yields less than about 100 KT, but 

later reflections cause the peak velocity for larger yields. Although 

different physical phenomena can lead to the peak surface velocity at a 

given overpressure for different yields, this study suggests a maximum 

variation of about 20 percent for yields between 1 KT and 10 MT. Figure 

12 shows that the calculated peak surface particle velocities are given 

very closely by 

vo = 50(iöi^i)    IPS- (1> 

On the other hand,  there is a substantial variation in peak surface 

displacements at a given overpressure, depending on the yield.    These 

calculations suggest  an overpressure dependence for AP ^ 100 psi that 

differs from the overpressure dependence for higher peak pressures.    This 

variation is caused by differences in late time reflection phenomena. 

For high overpressures  (and yields less than about 100 KT),  the peak 

displacements occur when the compressional wave reflected from the 170 

ft interface arrives at the earth's surface.     (See Figures 6, 10 and 11.) 

For peak overpressures less than about 100 psi  (and yields greater than 

about 100 KT),  the strength of this reflected wave is not sufficient to 

reverse the motion; and the displacements peak with the arrival of a 

later compressional wave reflected from the 650 ft interface.    The effect 

of this difference in phenomena Is also indicated by the breaks in the 

solid lines of Figure 13.    Also shown in Figures 12 and 13 are a set of 

dashed straight lines that are within 10 percent of the calculated data. 
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Figure 14 presents these straight line  (on log-log paper)  approximations 

for the yield and overpressure dependence in normalized form,  i.e., dis- 

placements  for any overpressure and yield were divided by the peak dis- 

placement calculated for that same overpressure and 1 KT.     From simple 

analysis of these plots,   it can be shown that the peak surface displace- 

ment can be approximated by 

(2) 

where 

AP     \0'16 

0'15(lÖ0lSi ^ (3) 

AP     \0-78 

dl  =  7(l00 psJ for 10      "        100< m 

3.    Attenuation Characteristics 

Figures 15 through 18,  in conjunction with Figure 8, provide the 

calculated attenuation of near-surface  (0 to 100 ft depth)  peak stress, 

particle velocity,  and displacement.    These theoretical results show: 

a. Displacements attenuate exponentially with depth for all 

yields and overpressures considered. 

b. The attenuation curve for peak particle velocity ac 

overpressures greater than about 100 psi is qualitatively different 

than the attenuation curve for low overpressures, particularly in 

the top 30 ft.    This qualitative difference is caused by the fact 

that the peak particle velocity is associated with the initial jump 

for overpressures greater than about 100 psi (for all depths and 

yields less than about 1 MT); whereas the reflected waves from the 

softer layers cause  the peak in the top 30 ft for the lower over- 

pressures and all yields considered.    In this latter case,  essentially 

no attenuation of peak particle velocities occurs in the top 30 ft. 
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In the former case, considerable attenuation occurs In the upper 30 

ft,  especially at the higher yields.    The attenuation of peak parti- 

cle velocities below 30 ft can be approximated by an exponential decay. 

c.     The calculated peak stresses do not attenuate greatly at 

the lower overpressures.    For overpressures of 100 psi and above, 

significant attenuation occurs  in the top  30 ft, depending on the 

yield.     The peak stress between about  30 and 100 ft does not atten- 

uate appreciably except for very low yields;  in which case the decay 

can be reasonably approximated as an exponential decay. 

As indicated above, the attenuation of peak displacements between 0 

and 100 ft depth and peak particle velocity between 30 and 100 ft depth 

can be approximated by an exponential decay.    Figure 19 shows normalized 

peak particle velocity and displacement attenuation curves which indicate 

a slight overpressure dependence.    For overpressure between 100 and 1000 

psi,  these attenuation curves are reasonably approximated by 

V3o e-0.0085(Z -30)  for30  , z,100ft (5) 

d  = do e-
0-0085* for o $ z  5 100 ft (6) 

where      v^ - peak particle velocity at 30 ft depth 

do - peak displacement at the surface 

z = depth  (ft) 

The above expression for peak particle velocity is primarily applicable 

for depths between 30 and 100 ft.    At shallower depths (and overpressures 

greater than 100 psi), Eq.  5 significantly underestimates the peak parti- 

cle velocities shallower than 30 ft depth,  expecially for low yields and 

high ovepressures.    For these shallower depths,  Figure 20 provides a use- 

ful graphical means of predicting peak particle velocity. 
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The surface displacement (d ) can be obtained from Figure 13 and from 

Eqs 2-4.  Similarly, we can use Figures 21 and 22 to derive prediction 

formulae for the peak particle velocity at 30 ft depth; i.e., 

{P V30 = VlMr 1MT (7) 

where 

V^ • 50(iöriii i     <IPS> <9> 

4.   Summary 

In the preceding analysis of results from a series of one-dimensional 

calculations, we developed graphical means of predicting vertical, airblast- 

induced velocities and displacements as a function of yield, peak over- 

pressure and depth.     Estimates of the graphical results that were developed 

to interpolate between the calculated results are summarized in Table II. 

The systematic theoretical study of vertical ground motions in French- 

man Flat has  led to the following observations that should be carefully 

considered in examining the nuclear test data: 

a. For a given yield, near-surface peak particle velocities and dis- 

placements are both strongly dependent on peak overpressure; e.g., 
0 95 0  78 at z =  30 ft, v » AP '      and d » AP .    Thus, uncertainties in 

predicting peak overpressure as a function of range are translated 

into nearly equivalent uncertainties in predicted near-surface peak 

vertical airblast-induced ground motions. 

b. For a given peak overpressure, near-surface peak particle velocities 

and displacements are weakly dependent on explosive yield; e.g.,  at 

37 



o 
s 
VI 
N 

V( 

u 
o 

s 

o 
o 
H 
Ml 
N 

V? 
o 
u 
0 

I -I 
M 

•3 
H 

s 

g 

u-i 
oo 
o 
o 

N 
in 
00 
o o • 
o 

I 

01- 

en 
»0, 

o 
II 

N 

in 

o 
II 

in 

(0 

o 
o 

m 

•H 
Ö) 
Pu 

O 
O 

CO 

o • 
o 
ii 

CXI 

<u 

^ 

11 

PL4 

< 

•H 

a 
o 
O 

o 
II 

Ö 

0) 

0) 

38 



a ß 
z - 30 ft, d » W    and v » W   where 0.15 < a <, 0.21 and 0.07 S 3  S 0.16 

for 100 ^ AP $ 1000 psi.    Thus, uncertainties in specifying the explo- 

sive yield are only weakly translated into uncertainties in pre- 

dicting the peak near-surface vertical ground motions. 

c. The calculations suggest that peak vertical displacements attenuate 

exponentially with depth at a rate that is relatively independent 

of yield and peak overpressure.    Peak vertical particle velocities 

below about 30 ft also attenuate exponentially, but at a rate that 

is usually less rapid than at shallower depths.    In general,  the 

attenuation rates increase with increasing peak overpressure or 

decreasing yield. 

d. The response of the softer layers below about 30 ft leads to a 

downward acceleration of the surface such that a residual downward 

velocity remains,  even after the overpressure positive phase is 

over for low yields.    This downward motion is reversed by reflected 

compressional waves from either the 170 ft or 650 ft interface, 

depending on the yield and peak overpressure.    Such downward coast- 

ing phenomena could easily be misinterpreted as a base line shift 

in the analysis of test data. 
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SECTION IV 

COMPARISONS OF CALCULATIONS WITH TEST DATA FROM 

FRENCHMAN FLAT 

This section compares the ground motions predicted by tue simplified 

model developed In the previous section with those measured oa several 

nuclear events In Frenchman Flat.    We emphasize the comparison with 

PRISCILLA data because they were the primary basis of empirical prediction 

procedures developed In the early 1960's and applied to develop criteria 

for many existing strategic system« (Ref.  7, 8).   Comparisons with data 

from SMALL B0V will be presented In a separate  report 

i.    In-Sltu Impm-ince 

Figure 23 compares  the calculated ln-situ "Impedance" of the very 

near surface soils data from five nuclear tests In Frenchman Flat.    Both 

die calculated and experimental data were derived by dividing the peak 

overpressure by the peak particle velocity at the indicated depths 

(pc ■ AP/v).    Thus,  the term Impedance strictly applies only for the 

free surface because peak particle velocity and stress attenuate with 

increasing depth.    This attenuation, which is less significant at the 

low overpressures and high yieldt;,  Is the cause of the variation between 

AP/v for 0 and 10 ft depths and for the yield variation between 1 and 

100 kilotons. 

Out-running conditions exist for peak overpressures less than about 

25 pal in Frenchman Flat.    Nevertheless, a jump in particle velocity is 

caused by the arrival of the alrblast so that the low overpressure near- 

surface data in Figure 23 may be appropriate even though out-running 

conditions exist. 

In any caso, the calculated AP/v appears to be somewhat higher than 

the analogous nuclear test data from the upper 10 ft of soil  in Fienchna;! 

Flat.    This result implies  that the loading stress-strain curve assumed for 
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the 0-10 ft layer of Frenchman Flat may have been too stiff.     The experi- 

mental data suggest that AP/v - 20 psl/fps as opposed to the calculated 

surface Impedance of 24 psi/fps   (or even larger values at 5 and 10 ft 

depths).     Thus,  the calculations would be more consistent with  Lhe experi 

mental data if the modulus of the surface layer (for the peak pressures 

of coi.cem) were reduced by about 30  to 50 percent; an alteration that 

would produce only a minor increase in the surface displacements and no 

change in displacements below 10  feet. 

2.     Comparison of Simplified Model with PRISCILLA Data 

We shall now compare peak particle velocities and displacements pre- 

dicted by the simplified theoretical model for a yield of 37 kilotons wifh 

the experimental data from PRISCILLA (Ref.  10, 11).   Although the equations 

jummarized in Table II could be used as a basis for comparison, we inter- 

polated between the peak displacement and particle velocity attenuation 

c.irveo in ""igure 8 and Figures 15 through 18 to obtain Figure 24 for the 

case of a  37 KT near surface burst.    These attenuation curves,  in conjunc- 

tion with  the surface peak particle velocity and displacement given by 

Figure 12 and 13, define the ground motions in the upper 100 ft as a func - 

tion o£ peak overpressure. 

Figure 25 compares measured near-surface peak particle velocities and 

displacements with predictions from the simplified model.     As noted pre- 

viously,  the theoretical model tends to underestimate the near-surface 

peak particle velocity experimental data.    Peak displacements predicted 

by the simplified model lie more in the center of the data scatter. 

Figures 26 through 29 compare peak particle velocity and displace- 

ment data at depth with predictions from the simplified model procedures. 

In cases where Independent peak overpressure data were reported by Sandla 

and SRI,  the simplified model is unfolded for both cases.     It  is difficult 

to  evaluate, the accuracy of the predicted attenuation characteristics  from 

these plots because insufficient data exist at each range to define the 
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inherent data scatter as a function of depth.    To present the data in a 

form that allows a more representative comparison,  the reported vertical 

motion data were normalized by the best estimate fit to the experimental 

surface data shown in Figure 30.    Note that the estimate from the simpli- 

fied model is an adequate fit for peak displacements but is about 20 per- 

cent  lower than the peak particle velocity data.    The normalized data are 

conpared with the predicted attenuation of vertical peak particle velocity 

and displacement,  as shown in Figure 31. 

It is also instructive to compare calculated and measured arrival 

times.    Figures  32 and 33 show measured arrival times obtained from the 

free field acceleration records.    These data can be put on a useful dif- 

ferential time scale by subtracting the arrival time at the earth's surface, 

as shown in Figure  34.    The calculated initial arrival times are earlier 

than measured at shallow depths and later than measured at depths greater 

than about 50 ft.    The calculated peak particle velocity arrivals are more 

consistent with the experimental data,  indicating that the theoretical 

material properties reasonably represented the  in-situ confined modulii 

at overpressures of concern and shallow depths.     Furthermore,  Figure  35 

shows  that SMALL BOY time-of-arrival data (Refs.   12,  13) are consistent 

with  the material property model of peak wave speeds down to 400  ft.     The 

initial arrival  times below 170 ft are also consistent with the  3600 fps 

seismic velocity that was the basis for the loading portion of the stress- 

strain curve for the 170 - 650 ft layer  (Figure 4).    However,  there is a 

significant discrepancy between the calculated and measured wave speeds 

(based on initial arrival times)  for the shallower depths - particularly 

between about 50 and 170 ft. 

3.     Calculations Using Measured Overpressure Boundary Condition 

The simplified theoretical model was based on the overpressure boundary 

condition predicted for a surface burst,  and prediction formulae were ex- 

pressed in terms of peak overpressure.    To reduce the possible ambiguity 

in interpreting discrepancies between the results of theoretical calcula- 

49 
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Figure 35. Comparison of Calculated and Measured 
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tions and experimental data fom other than surface bursts, we calculated 

the ground motions directly for the 650 ft and 1,050 ft ranges on PRISCILLA, 

utilizing fits to the measured overpressure as shown in Figure 36,  Figures 

37 and 38 compare calculated particle velocity time histories with measured 

particle velocity time-histories.  The calculated particle velocity wave- 

forms are qualitatively similar to those measured, but some quantitative 

discrepancies exist. As Indicated previously, the calculations underesti- 

mate the near-surface peak particle velocity data. Perhaps of greater 

importance, the calculated positive phase durations are consistently longer 

than those reported by SRI (and sometimes significantly shorter than those 

report by Sandia). Even so, the calculated and measured peak displacements 

in Figure 39 differ by at most a factor of 2, i.e., less than discrepancies 

between some of the SRI and Sandia data. 

Figure 40 compares relative displacement data with calculated results 

for the 650 and 1,050 ft ranges (assuming the measured overpressure as a 

boundary condition. The calculated results underestimate the data at 

shallow depths suggesting that the surface layer may be more compressible 

than we assumed. On the other hand, the measured relative displacements 

between the surface and 50 ft depth and between the surface and 200 ft 

depth differ by significantly less than calculated, suggesting that our 

model for the soils between 50 and 200 ft may be too compressible. The 

reasonable comparison between calculated and measured peak wave speeds in 

Figure 35 suggests that this discrepancy in peak relative displacements 

results from differences between calculated and measured late-time pheno- 

mena rather than phenomena associated with the arrival of the particle 

velocity peak. 

4.  Peak Overpressure Uncertainties 

As indicated by Eqs. 1 and 4, surface peak particle velocities and 
0 78 

displacements are proportional to AP and AP '  resoectlvely.  Therefore, 

discrepancies between theoretical predictions of peak pressure and PRISCILLA 

airblast data cause comparable discrepancies between ground motion data and 
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predictions using the simplified model. 

The comparisons between the simplified model for Frenchman Flat 

and PRISCILLA data assumed that the overpressure was known at the range 
of interest.    Thus,  one must predict the overpressure as a function of 

range to apply the simplified prediction model in predicting ground motions 

at a given range from a given yield explosion.    Hence, an evaluation of our 

overall predictive capabilities requires an assessment of the accuracy of 

theoretical predictions of both alrblast and ground motion phenomena. 

Figure 41 shows that Erode's predictions (Ref.  5) for the peak pressure 

and impulse from a 700 ft height-of-burst,  37 kllotons event overestimate 

the PRISCILLA data at the close-in ranges.    For overpressures less than 

about 200 psi,  the PRISCILLA data and theoretical predictions are more 

consistent; perhaps with the peak impulse data falling somewhat above the 

theory. 

Figure 42 shows that near-surface ground motions are consistently 

less than predicted on the basis of Erode's height-of-burst theoretical 

predictions of the PRISCILLA alrblast.     In other words,  first principle 

calculations  (starting with only the yield, height-of-burst,  and our 

estimates of the soil properties for Frenchman Flat) would overestimate 

surface peak particle velocities and displacements measured at a given 

range on PRISCILLA.    The largest portion of this discrepancy appears to 

result from the difference between predicted and measured blast over- 

pressure;  rather than discrepancies between predicted and measured ground 

motions once the blast overpressure boundary condition is known.    One 

should not generalise this observation from the comparison with PRISCILLA 

to other cases because the source of the air blast discrepancy has not 

been evaluated;  and therefore its reproduciblllty is not known. 

5.     Summary 

Comparisons of experimental data from nuclear explosions in Frenchman 

Flat with theoretical estimates based on the calculations presented in 
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Section III show good consistency In both qualitative and quantitative 

aspects.     In general,  there was much less than a factor of 2 discrepancy 

between calculated peak particle velocity or displacement and best 

estimates of the ground motions for a given overpressure derived from 

the experimental data.    In fact,  It Is Interesting that. In estimating 

ground motions from PRISCILLA as a function of range,  a larger discrepancy 

resulted from uncertainties in predicting the overpressure as a function 

of range than from ground motion calculations once the overpressure was 

known. 

The comparisons between calculations and data indicate some short- 

comings in the theoretical material properties model, e.g.,  the surface 

layer is perhaps too stiff,  and some layers deeper than about 50 ft are 

possibly too compressible.    Calculated initial arrival times are consis- 

tent with the assumed seismic velocities. 

Our premise that the assumed theoretical stress-strain curve for 

the surface layer was too stiff is based on observations that: 

(a) The calculated impedance of the surface soils was 

about 20 percent higher than indicated by the test 

data from all nuclear experiments in Frenchman Flat; 

(b) Calculated arrival times were early in the upper 10 ft, 

and 

(c) The calculated relative displacements at shallow depths 

were lower than measured. 

The premise that the theoretical model may have underestimated the 

in-sltu modulus of some of the deeper soils is based jn the observations 

that: 

(a) Calculations underestimated the initial arrival times 

at depths greater than about 50-75 ft (although peak wave 

arrival times were reasonably modeled throughout);  and 

(b) The rate of Increase in calculated relative displacements 
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between the surface and 100 or 200 ft  exceeded that observed 

on PRISCILLA. 

On the other hand,  some discrepancies between calculated and measured 

ground motions may result from incorrect judgments made by the early 

Investigators when correcting baseline shifts of the Integrated accelero- 

meter data.    For example.  Swift, et al. (Ref.  11) state: 

"The criterion for specification of the time that the velocity 
is zero was difficult to establish.    After considerable study. 
It was decided that,  for local air-blast Induced effects only, 
the end of the overpressure positive phase would constitute a 
reasonable criterion for velocity equal to zero." 

In our calculations,   the positive phase duration of the particle 

velocity is determined by the arrival of compressional waves reflected 

from the 170 ft interface;  i.e.,  there is no simple causal relationship 

between the positive duration of the overpressure pulse and the positive 

phase duration of the particle velocity.    Thus, we recommend that the 

raw data from PRISCILLA be re-examined and reinterpreted in light of our 

current understanding of wave-propagation phenomena.     Such a re-examina- 

tion may lengthen the positive phase duration of the Integrated accelero- 

meter records and increase peak vertical displacements reported by SRI. 

66 



I 

SECTION V 

SUGGESTED MODIFICATIONS TO 

TKE MATERIAL PROPERTIES MODEL 

Although the calculations based on the material properties model 

discussed In Section II agreed reasonably well with the PRISCILLA data, 

some Improvement can be made by using the ground motion data from nuclear 

tests to iterate toward an "in-sltu" model of the vertical uniaxial 

stress-strain curves for Frenchman Flat near-surface soils.    The major 

suggested alterations are: 

a) a 30 to 50 percent reduction of the secant modulus (to stresses 

greater than several tens of psi) of surface layer to improve 

the comparison between calculated and measured near-surface 

peak particle velocities (figures 23 and 30); 

b) an Increased initial modulus of the soils shallower than 170 ft 

to better reproduce the initial arrival data (figure 35). 

As noted previously, some comparisons between calculated and measured 

ground motions suggested that the in-sltu secant modulus of some soils 

below about 50 ft may be slightly greater than predicted by the theoretical 

model based on the laboratory properties.    However, the calculated peak 

particle velocity arrival times were reasonably consistent with the data 

(figure 35) and the discrepancies between calculated and measured relative 

displacements   (figure 40) may be reduced by the alterations a) and b) 

suggested above.    Thus, no modification to the secant moduli of the deeper 

soils is suggested until the effects of the above alterations are evaluated. 

Based upon our examination of the seismic data (in the Appendix)  and 

the initial arrival time data from PRISCILLA and SMALL BOY, we suggest 

the initial moduli shown in figure 43.    Also Indicated in figure A3  (com- 

pare to figure 3)  is a 50 percent reduction  in the secant modulus  (to 300 

psi)  of the surface layer.    The alterations to the initial loading portion 

stress-strain curves  (figure 4) are then indicated in figure 44.    With the 
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UNIT WEIGHT  POROSITY  SECANT MODULUS  SEISMIC VELOCITY INITIAL MODULUS 
(lbs/ft3)   (PERCENT) AT 300 psi (psi)     (fps)        (psi) 

90 43 16,000 1100 23,500 

92 43 22,000 2000 79,000 

50 
95 41 12.000 2000 82,000 

TOO 102 40 36,000 2800 168,000 

i 

Q. 
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50 

200 109 33 360.000 3600 360,000 

650 L 
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V///////////////////////////////////// 

Figure 43.    Suggested Improved Model for Frenchman Flat 
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exception of the surface layer,  the modifications to the laboratory data 

appear to be minor on the scale of several thousand psi  (which was the 

scale of  the laboratory data).     However,  the Impact of the charges  con."1 

significantly alter the predictions of ground motions resulting from 

several hundred psi peak, overpressures—generally in the direction of 

reducing peak displacements. 

In this reg..ird,  it should be emphasized that the initial slopes of 

the altered stress-strain curves are based on arrival time data and are 

fairly objective.    However,   the manner in which the modulus of the assumed 

stress-strain curve departs from the initial modulus was somewhat arbi- 

trarily chosen co fare the suggested loading stress-strain curves  into the 

laboratory data at a few hundred psi. 
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SECTION VI 

DISCUSSION AND CONCLUSIONS 

Our purpose in the research reported here was  to obtain the best 

possible theoretical model  (based on existing soil sampling and laboratory 

test information)   for vertical airblast-induced ground motions in French- 

man Flat, and to compare predictions from that model with the available 

nuclear test data.     Such a comparison allows an assessment of the current 

predictive state-of-the-art to the extent that the theoretical model is 

representative of the state-of-the-art.    The calculational procedures 

were certainly representative of the state-of-the-art.    However,  the 

available dynamic material property data were limited to five data points 

for the upper 70 ft at a single location within Frenchman Flat   (not in 

the  immediate vicinity of the nuclear experiments) ; whereas state-of- 

the-art soil sampling and laboratory testing procedures would require 

a considerably larger data base at any given depth.     Based on our current 

understanding of the pertinent wave propagation phenomena, the soils at 

greater depths also would be sampled and tested in developing a theoretical 

model. 

In any case,   the dynamic uniaxial strain test data from these five 

samples, in conjunction with relatively straightforward judgments derived 

from static test information aid seismic surveys, were the basis for a 

theoretical model that was taken as a first order model of Frenchman Flat 

in the vicinity of the above-surface nuclear experiments.    In view of the 

sparsity of the dynamic soil property data and the extrapolation from a 

single location to model Frenchman Flat, it is perhaps surprising that the 

comparison between calculated and measured ground motions was as good as 

indicated in Section IV.     In fact,  in this specific exercise,   the discre- 

pancies between predicted and measured alrblast boundary conditions as a 

function of range   (for PRISCILLA) were greater than the discrepancies be- 

tween calculated and measured ground motion induced by the measured over- 

pressure boundary condition. 
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Based upon our analysis of the  test data from Frenchman Flat, we 

conclude that the measured dynamic stress-strain curve taken to model 

the surface layer (between 0 and 10 ft depth) was too stiff.    A 30 to 

50 percent reduction in modulus (at stress levels of a few hundred psi) 

would considerably reduce the discrepancy between the calculated and 

measured near-surface particle velocities without significantly altering 

peak displacements.    We also believe that our theoretical model for 

Frenchman Flat would be more representative of the in-situ properties 

If we assumed somewhat stiffer initial modulii (for stresses less than 

about  100 psi)   for the soils between about 50 and 170 ft.    This altera- 

tion would reduce somewhat the positive phase duration of the near-surface 

particle velocities,  thereby providing greater consistency with the 

reported SRI data for PRISCILLA.     Even transitional properties  that 

gradually increase with depth below 50 ft would lead to shorter durations 

and smaller displacements near the earth's surface (Ref.   14).   However, we 

point  out that the SRI corrections  to the raw accelerometer data were 

based   upor  an incorrect assumption;  so that it would be fortuitous if 

their  late time data are accurate as reported. 

These altered stress-strain curves, based on analysis of nuclear test 

data are far more indicative of the in-situ response of Frenchman Flat  than 

any of the sparse data available for our formulation of the theoretical 

model  in Section II.     In fact,  it might be argued that the nuclear test 

data provide more information on the dynamic in-situ properties   (in ver- 

tical  compression) of Frenchman Flat    ' an is available for any other 

geologic area of comparable size,   i.e., geographic areas on the order of 

a square mile. 

Although the previous section's modifications to the material pro- 

perties are clearly improvements,  sight should not be lost of the fact 

that  reasonable consistency between the calculated and measured vertical 

ground motions was achieved with the initial model described in Section II. 

This  result provides some degree of confidence that reasonable estimates 
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of the veitical airblast-induced ground motions can be made on the basis 

of limited laboratory dynamic soil test information and seismic data—at 

least for such dry, porous soils as exist in Frenchman Flat. In all 

cases, the discrepancies between a best fit to the experimental data and 

the calculated peak vertical particle velocities and displacements were 

no greater than a factor of 2, even including the effect of the largest 

single discrepancy that was discovered—that between predicted and meas-

ured blast overpressure conditions. 

To reduce this discrepancy the airblast boundary condition must 

better account for the real surface effects that lead to precursors. A 

better theoretical treatment of the thermal and mechanical surface 

interaction is probably required to accomplish this goal. A simple 

extension of current state-of-the-art 2D blast calculations is unlikely 

to substantially improve the theoretical predictions. 
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SECTION VII 

RECOMMENDATIONS 

The comparison between calculated and measured vertical motions from 

nuclear explosions in Frenchman Flat provides new insight into the ground 

motion environment produced by several nuclear tests conducted during the 

late 1950*8 and the early 1960's.    This Improved understanding indicates 

that certain subjective decisions made during data reduction activities 

following the nuclear tests were incorrect.    Thus, we recommend that the 

raw data from those experiments be re-examined and that a new data report 

be issued in the light of our improved understanding.    A recommended course 

of action Includes: 

(a) obtaining the raw data  (accelerometer, velocity gages, and strong 

motion seismic data)  from all nuclear experiments conducted in Frenchman 

Flat and subjecting them to modern data reduction procedures, 

(b) analysis of the raw data by a working group consisting of some 

members who are familiar with theoretical studies such as presented in 

this report,  and other members who are well acquainted with instrumenta- 

tion used in the nuclear experiments. 

It is also recommended that theoretical studies be considered to 

complement the data analysis.     Studies of two-dimensional motions produced 

by nuclear explosions in Frenchman Flat would be a natural extension to 

the work presented here.    In particular,  calculations of PRISCILLA and 

SMALL BOY may be beneficial.    Those performing such theoretical studies 

should carefully consider previous one-dimensional studies such as pre- 

sented here and in References 15 and 16 and previous two-dimensional cal- 

culations go ground motions that purport to model cratering and ground 

shock phenomena at the Nevada Test Site   (e.g., Refs. 17,  18).    A material 

property program,  including some form of in-situ testing,  is recommended 

to support the theoretical effort.    This program should attempt to determine 

any anisotropy that might exist and evaluate this effect on calculated late- 

time ground motions. 
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Appendix 

GEOLOGY AND MATERIAL PROPERTIES FOR FRENCHMAN FLAT 

Knowledge of the in-situ uniaxial stress-strain curves for the near- 

surface soils is required to accomplish one-dimensional calculations  to 

accuratel> model strongly superseismic vertical early time ground motions 

(from airbtrsts) over Frenchman Flat.    Because the primary effect of the 

deeper,  higher Impedance soils is  to reflect compressional waves that 

cause surface displacements to peak, knowledge of the location of inter- 

faces  that produce such reflections may be more important than detailed 

stress-strain characteristics of the underlying media.     In any case,  the 

following sections describe the basic data (existing when this study was 

initiated)  that were considered in estimating densities and uniaxial 

stress-strain curves used in the calculations reported in the body of 

this report. 

1.     Site Geology 

Frenchman Flat is at an elevation of abcu*- 3080 feet and is surrounded 

by mountains  that rise to 4500 - 6000 feet about sea level.    Materials 

eroded from high areas have been deposited    in the low regions  forming a 

large alluvial valley.    Frenchman Flat is located at the lowest point in 

this valley where a small shallow lake exists for short periods after 

unusually large rains.     Thus,  fine particles deposited over a long period 

of time by this stagnant water comprise the major constltutents of  the near 

surface playa soil in Frenchman Flat.     Cementation in the overburden soils 

make seismic reversals common and interpretation of deep refraction surveys 

difficult. 

Because the geology of the Nevada Test Site is very complex  (consisting 

of faults,  uncomformities,  intensive and extrusive rock masses)  extrapola- 

tion of geologic formations are speculative at best (Ref.  19).     The best 

estimate of the geologic section through Frenchman Flat is shown in Figure 

(Ref.   20), and the location of this section is shown with the area geology 

75 



o 

_i on 
—I LU 
I-« rv: 
<_> 
co 
i—i 
a: 
a- 

i 
I 

I 

/   I 

o o 
o 
CM 

o 

o 
>- 
cc 

Q 
LU 

LU i—i 

a:      tu 

< a: i-H 
=J< z 

LU      • 

l-< u. 
i—i 3 
co crco 
o — o 
a. z 
Lu s: t-H 
a r) oc: 

>- =J 
< —i ^ 

Q. < o 
i— to 

Q. lO  O 
OCrh- 

c 
o 

o 
00 

to 

o 
s_ 
o 

en 
o 

o 
en 

in 

O 
O 
i—i 
M 
O 
00 i 

Q. LU 

cr 

o 
o 
«a- 

o 
o 
o 
CM 

U - NOIiVA313 

76 



in Figure 46.  Question marks Indicate regions of major uncertainty in 

the profile. 

2. Seismology 

Previous seismic surveys of Frenchman Flat were conducted by Geo-Recon, 

Inc. (Ref. 20), the U. S. Army Engineer Waterways Experiment Station (Ref. 21), 

and U. S. Geological Survey (Ref. 22).  Geo-Recon conducted both refraction 

and uphole tests; WES conducted near surface refraction and vibration tests; 

the USGS conducted a refraction survey.  The reported compressional and shear 

wave velocities are shown in Figure 47.   These independent investigations 

are reasonably consistent, but there are discrepancies in the estimated 

depths to some layers. Perhaps the most important inconsistency is the 

velocity reversal at about 36 feet suggested by Geo-Recon, Inc., but not 

by WES or the USGS.  Such seismic reversals (which are not uncommon in such 

geology) cannot be detected with refraction surveys alone and can lead to 

erroneous Interpretation of refraction data from deeper layers.  The WES 

time-distance plots suggest an abnormality at about 30 ft depth which 

could be indicative of a velocity reversal, and no alternative explana- 

tion for the phenomena was given in reference A-3. The seismic reversal 

indicated by the Geo-Recon uphole survey is consistent with material property 

test results to be discussed in the next section. 

The deep refraction survey conducted by Geo-Recon suggested that the 

compressional wave velocity increased from 2800 fps to 3600 fps at a depth 

between 160 and 190 feet. A second Increase from about 3600 fps to 10,300 

fps was estimated to occur at a depth between 720 and 860 feet.  This 140 

foot variation in depth to the 10,300 fps medium occurs 2000 feet from the 

PRISCILLA ground zero. 

The U. S. Geological Survey data, summarized in Table IV,  provided 

less detail near the surface than the Geo-Recon survey.  As indicated 

above, the velocity reversal revealed by the Geo-Recon uphole survey was 

not recognized.  If such a low velocity layer does exist, then their near 
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surface values are probably in error. However, the data from large 

depths should not be affected because the transient times to and from 

large depths are long with respect to the transient time across the low 

velocity layer. 

TABLE III U. S. GEOLOGICAL SURVEY SEISMIC DATA 

\              Depth 
!   (ft) 

Velocities      | 
(fps) 

;   o-io 

10 - 175 

175 - 650 

650 

1200 

2600         ! 

3000         ! 

10,000         | 

Based on our study of the data referenced above, we defined a "typical" 

Frenchman Flat seismic profile as summarized in Table IV. Variations of 

several feet in interface depths are clearly within the uncertainty of our 

knowledge of their precise depth at any given location in Frenchman Flat. 

TABLE IV BEST ESTIMATE SEISMIC PROFILE 

j   Depth 
(ft) 

1      Cp - • fps C - fps        1 
i     Recomm Range Recomm Range   i 

0-10 1,100 900 - 1350 |   500 290 - 770 

j  10-20 1,500 1100 - 1750 1   700 620 - 900 i 

j  20-36 2,400 1750 - 2750 1,200 800 - 1600 i 

36-58 1,500 - i 

58 - 170 2,800 - 1,780 1 
170 - 650 3,600 - 

650  — 10,300 — 
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3.  Soll Description 

The soil in the upper 200 feet of Frenchman Flat is very uniform in 

appearance and composition; and is described as a hard,  friable, tan silt 

or clayey silt with varying amounts of cementation (Ref.  23).    The silt 

classifies as an ML (silt of low plasticity)  according to the Unified Soil 

Classification System.    No systematic bedding planes or layers were reported 

as being visually obvious during the drilling and sampling at the site, but 

playa deposits typically have a stratified nature and then zones of well- 

cemented material are known to exist in some areas of Frenchman Flat. 

a.    Moisture Density 

Considerable variation in the moisture content and "in-situ" unit 

weight is indicated by scatter in test data taken at different times.    Some 

systematic variation is probably related to different rainfall conditions 

immediately prior to soil sampling (several feet of water sometimes stands 

in the Frenchman Flat lake bed following heavy rainfall).    For example, 

heavy rains fell between Flat Top II and III, and the moisture content from 

the borings near Flat Top II and Flat Top III ground zeros^ increased by 

about 10 percent at most depths, and the wet unit weights Increased accord- 

ingly.    See Figure 48  (Ref.  24).      As would be expected, dry unit weights 

show very little variation and no definite trend. 

Figure 49    shows moisture-density data from soil samples taken by three 

different sampling methods from the FRISCILLA test area.        The samples 

tested by CERF (Ref.  25)   and Davissen (Ref.  23)  were taken from a large 

(4 ft diameter)  shaft, and the soil samples may have dried somewhat because 

they were exposed to the air for an extended period of time.    The S&W boring 

(Ref.  20) were made with a Pitcher sampler using drilling mud to cool the 

bit and remove the cutting, a procedure that may have allowed some water 

to penetrate the samples.    However, the fine grained silt is relatively 

The soils at these locations were described as being lithologlcally the 
same at those at the FRISCILLA and SMALL BOY ground zeros. 
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impermeabl«. The WES sampling procedure (Refs. 26 and 27),  used com- 

pressed air to cool the bit and remove the cuttings, and should have 

produced the best quality samples.  In any case, the variation In moisture 

content derived from these three sampling techniques Is smaller than that 

caused by the heavy rains between the Flat Top events. The dry unit 

weights from the three Investigations are in good agreement; with the 

exception of several samples (tested by CERF) that were probably dis- 

turbed during shipment or handling. 

The WES samples were taken In conjunction with the PRISCILLA event 

whereas the other samples were taken several years later. For this reason, 

the moisture content obtained from the WES samples are felt to be most 

representative of the PRISCILLA area at shot time. Because the hand carved 

aamgleg from which the dynamic stress-strain curves were derived (see the 

following section) were drier, they were probably more compressible than 

the PRISCILLA site at shot time. 

b. Streas-Straln Properties 

The quantitative soil property Input data for the one-dtmenslonal 

calculations reported In Section III were derived from dynamic unlaxlal- 

straln tests reported by M. T. Davissen, Foundation Engineer (Ref. 23). 

These were the only dynamic tests of Frenchman Flat soils available at the 

time this study was conducted. The tests were performed on hand carved 

samples taken from three four-foot diameter shafts at depths of 0, 20, 40 

and 70 feet. Because only a very limited number of samples were available, 

only one dynamic test was run on the 0, 20 and 40 feet samples. Two dynamic 

tests were conducted on the 70 foot sample, but the resolution on the two 

tests was not comparable. Static and "rapid" tests were also run on samples 

from each depth to Investigate strain rate effects. All of the tests were 

run to maximum stresses of several thousand psi; therefore, the resolution 

was relatively poor at a few hundred psi (the range of greatest Interest 

in comparing calculated and measured ground motions). 
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The rise time to peak stress was several seconds, 100 - 150 msec and 

2-3 msec for the static, rapid and dynamic tests respectively. Figures 50 

through 53  show no appreciable difference in the stress-strain character- 

istics derived from the static and rapid tests. However, the stiffness from 

the dynamic tests is somewhat greater than for the static or rapid tests. 

The initial portion of all of these stress-strain curves is concave to the 

strain axis, an effect that probably results from an incremental breakdown 

of cementation. After the cementation is broken down, the curves become 

concave to the stress axis indicating an increase in stiffness with Increas- 

ing compression, typical of uncemented sands. 

The deposits that make up Frenchman Flat Playa are often stratified 

with numerous thin cemented zones referred to as caliche beds. This condi- 

tion can lead to orthotroplc material properties (normal and parallel to 

the natural bedding planes). Only two static tests were conducted on 

samples such that the loading was parallel to the bedding planes. Com- 

panion samples from the same boring and depth were tested with the load 

applied normal to the bedding planes. As shown In Figure 54,, both tests 

show the material at low stresses is stlffer in a direction parallel to 

the bedding planes. The Indicated orthotroplc response of the shallow 

(14 ft deep) sample was not great, and disappeared for stresses above about 

700 psl. On the other hand, a significant orthotroplc response persisted 

throughout the test of the deeper sample (up to almost 1500 psl). Although 

this data is limited, it suggests that the soil may be significantly stlffer 

in the horizontal direction than in the vertical direction, an pffect that 

should be considered if two-dimensional calculations of ground motions in 

Frenchman Flat are attempted. 

4.. Theoretical Model 

Because a primary purpose of this effort was to compare one-dimensional 

calculations with vertical ground motions measured on nuclear tests, we 

attempted to minimize subjective judgments in selecting the soil properties. 

Thus, Davisson's dynamic uniaxial strain test data were used exactly as 
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reported to model the loading stress-strain curves, in spite of the fact 

that some systematic differences might be associated with known moisture 

content variations as discussed above. 

The test device used in conducting the dynamic tests could not be 

unloaded immediately upon reaching peak stress so that in several instances 

significant creep and reloading took place.  In order to synthesize un- 

loading stress-strain curves, the unloading portion of all the test data 

(ignoring creep and reloading hysteresis) were normalized to the peak stress 

and strain reached on loading and plotted as shown in Figure 55.  This 

figure shows that the normalized unloading curves from ten tests (for 3 

loading rates and 4 depths) are very similar.  Therefore, an average curve 

was drawn through this normalized plot and was used for all layers. 

Examination of the seismic data suggested that the dynamic data, 

available at only four depths (0, 20, 40, and 70 ft) may be representative 

of four layers:  0-10 feet, 10 - 30 feet, 30 - 50 feet, and 50 - 170 feet. 

No stress-strain data were available for depths greater than 70 ft; so 

bilinear properties for the 170 - 650 ft layer were assumed such that the 

loading modulus was consistent with the seismic velocity and the unloading 

modulus was consistent with the modulus of the shallower soils. A rigid 

boundary was introduced at 650 ft depth to provide a reflected compressional 

wave, consistent with the appropriate physical effects of the high impedance 

soils estimated to exist below 650 ft. 

These material properties show a rather unusual trend. Normally one 

expects a gradual increase In stiffness with depth when the soil type does 

not change. However, Figure 56 shows one of the stiffest samples to be 

from near the ground surface where the softest layer would normally be 

expected. Figure 47 shows this sample to be considerably more dense than 

any of the other samples in the upper 10 feet. This high density may be 

anomalous and could represent local effects of desiccation. As discussed 

above, the moisture content of the near-surface soils at the time of 
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I 

PRISCILLA probably increaBed the "In-situ" density and stiffness.    Tae 

most compressible soils simple was from the 40 foot depth, consistent 

with the Geo-Recon paismic Investigation and the static compression test 

results. 

In considering the test data from the two 70 foot samples  (Figure 53) t 

the stress-strain curve from sample B-2-70a was used to model the soils 

between 50 and 170 ft because it allowed better resolution at the stress 

levels less than 1000 psi.     In addition,  the proving ring capacity was 

exceeded during the tests of sample B-2-70b; casting some doubt on the 

results. 
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