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1.0  INTRODUCTION 

This document constitutes the final report on a study conducted for 

the Defense Nuclear Agency (DNA) under Contract No. DNA 001-74-C-0249. 

The study was designed to evaluate and summarize the state-of-the-art 

in nuclear air blast and ground shock phenomenology, and to recommend 

methods for predicting blast and shock environments for generic sites. 

The need for such information for hardened facility design and tar- 

geting vulnerability analysis has long been established. This is evi- 

denced by a large volume of published literature such as the nuclear 

weapon effects reviews of Glasstone, Sauer, Erode, and Newmark (Refer- 

ences 1 through 4) covering the time up to the Test Ban Treaty; Erode 

(References 5 and 6), covering the time to 1969/1970; and, more re- 

cently, the new Air Force design manual (Reference 7).  From a tech- 

nology point of view, the Test Ean Treaty forced the nation to develop 

(1) first principle calculational tools, (2) improved understanding of 

weapon effects phenomenology, and (3) simulation testing capability for 

use in providing reliable prediction for the blast and shock environ- 

ments for surface and above-surface bursts. 

By the 1969/1970 period, substantial progress had been made in the 

areas of dynamic soil and rock mechanical property definition; digital 

computation of large-scale nonlinear continuum wave propagation problems 

using the finite difference and finite element techniques; and blast 

and shock testing with chemical explosives. Progress made in these 

areas indicated that definition of ground shock phenomena can be 

achieved for geologies other than those encountered at the Nevada Test 

Site (NTS) and the Eniwetok Proving Ground (EPG). These sites are the 

location of U.S. nuclear surface and abo-e-surface burst testing but 

their geologies do not represent sites where land-based weapon systems 

were deployed or were being planned.  From a system point of view. 

■ ■--    —  
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1969/1970 was a time when ground shock environments were a key to several 

programmatic considerations.  The hardness assessment of the fully de- 

ployed MINUTEMAN force was ongoing, and planning and development for 

several major land-based hardened systems such as HARD ROCK SILO, 

MINUTEMAN Upgrade, Shelter-Based MINUTEMAN, SENTINEL/SAFEGUARD/SITE 

DEFENSE and SANGUINE was in progress. 

Ground shock studies conducted since 1969/1970 were typified by 

(1) calculational activities, such as those of the MINUTEMAN Free-Field 

Working Group, the SITE DEFENSE Criteria Development Working Group, and 

the DNA direct-coupling ground shock studies, (2) high explosive 

phenomenology tests such as PRAIRIE FLAT and DIAL PACK, and the MIDDLE 

GUST, MIXED COMPANY, and MINE SHAFT SERIES, (3) high explosive tests 

for simulation of nuclear blast and shock environments (e.g., the HEST 

air blast simulation), and (A) cratering and related effects studies, 

such as Cooper's ground motion crater volume scaling investigations and 

the DNA/AFWL EXPOE program.  These studies have furthered understanding 

of the ground shock phenomenology and have also raised a number of new 

questions and issues, such as. How can we reconcile observed differences 

in scaling of ground motion effects between events of different test 

series? and. What are the technology advancements required to obtain 

satisfactory continuum code calculation of high explosive test events? 

While these issues undergo scrutiny in the technical community, planners 

for new weapon systems and targeteers need sfte-of-the-art best esti- 

mates of blast and shock parameters for certain geologies of interest. 

It is not only desirable but necessary to periodically evaluate new 

data and results as they become available and to correlate them with 

existing information to provide simplified techniques for generating 

best estimate environment numbers and uncertainty factors. During 

the course of a study under DNA sponsorship on the application of the 

FAST (Failure Analysis by Statistical Techniques) computer program to 

? 10 
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the survivability evaluation of hardened facilities (Reference 8), it 

was found that the task of generating a set of blast and shock para- 

meters agreeable to experts in the technical community required a 

substantial effort. 

The present study undertakes to determine ground shock prediction 

procedures that incorporate results of data analyses generated during 

the recent years, and to summarize opinions from experts regarding key 

issues. The procedures can serve as a basis for updating ground motion 

sections of the DNA weapon effects manual EM-1 and provide ground shock 

input to the Vulnerability Analysis System (VAS) computer code currently 

under development by the Defense Intelligence Agency (DIA) for targeting 

analysis. As the study proceeded, the DIA/VAS requirement became the 

primary consideration and the study was redirected to provide specific 

recommendations for blast and shock parameters required for input to the 

VAS analysis.  These recommendations were obtained from the evaluation 

of test data and analytical results, the correlation of existing tech- 

nical information, the coordination of latest findings in the technical 

community, and the integration of results to form a set of prediction 

techniques for air blast and ground shock effects and corresponding 

uncertainties. 

The recommended environment prediction methods encompass variations 

of weapon yield (20 kT to 50 MT), burst height (surface to optimum), 

overpressure level (10 to 5000 psi) or ground range, depth (surface to 

50 ft), and site conditions.  Four generic sites were selected, in con- 

junction with DNA and its designated consultants, as being representative 

of most sites of interest. They can be characterized as dry soil, wet 

soil, soft rock, and hard rock.  Specifically considered are 

• Air blast definition for ideal and nonideal surfaces 

11 
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• Ground shock peak motion and stress parameters (displacements, 
velocities, accelerations, and stresses) for both air blast 
and direct-coupling related effects 

• Representative ground shock waveforms and corresponding shock 

spectra 

Obtaining the technical community's concurrence with the recom- 

mended methods was a goal of the study. As a result, the format and 

the content of the recommendations have been reviewed by appropriate 

experts, designated by DNA, before reaching their current status. 

Currently there is no complete prediction procedure available to 

determine ground shock waveforms for this range of conditions without 

performing large-scale computer code calculations. This report provides 

the basis for simplified prediction procedures and points out limita- 

tions and key issues of the technology.  In the attempt to be complete, 

some estimates of blast and shock parameters are extrapolated from a 

very minimal data base. However, the report is written in a form that 

could readily be updated as results of new studies become available. 

The next section discusses considerations for obtaining uncertainty 

predictions. The subsequent two sections describe the development of 

the air blast and ground shock environment predictions, respectively. 

The recommended ground shock generic site environments and their cor- 

responding uncertainties are summarized in compact form in the Appendix. 

12 

mmmiAimmmmmmm •■^^^—-^ mmmmm  .- 



.  Jl".      M -U j'liMii '.m»^! 

2.0  WEAPON EFFECT UNCERTAINTY CONSIDERATIONS 

It is vital to consider weapon effect uncertainties when developing 

design criteria or performing vulnerability evaluations for hardened 

systems. Best estimate predictions may indicate that a particular 

environment parameter is not critical to the system response.  However, 

a large uncertainty in the prediction of that parameter could, for 

example, cause a design impact if high confidence in meeting hardness 

design goals is required. 

Weapon effect uncertainties are related to the uncertainties in 

the site properties, in the test and analysis data base, and in the 

scaling of the data base to other geologies and weapon threat conditions 

of interest.  The uncertainty distribution for a weapon effect para- 

meter defines the probability of that parameter being less (or greater) 

than any specified value.  These distributions are usually assumed to 

be log-normal (i.e., the logarithms of weapon effect uncertainty 

variations are distributed normally), a form that evolves from 

considering the environments to be defined by first- and second-order 

moments (mean and variance, respectively) of empirical distributions 

which are more symmetric in log-space than in linear space. 

Uncertainty bounds are defined around best estimate values, which 

have 50% probability of being either too large or too small.  In this 

study, uncertainty "estimates" for environment parameters are given in 

terms of 2a K-factors, defined so that there is a la  (~95%) probability 

of the value of the parameter being between K and 1/K times the best 

estimate prediction. Thus, one might consider that there is "reason- 

able" confidence that the actual environment will be within the 

uncertainty bounds. 

13 
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These estimates are based on the availability and scatter of data 

and on the confidence in results from calculational studies. Although a 

detailed analysis of uncertainty factors is beyond the scope of this 

study these factors can be derived from the uncertainties in the more 

fundamental material property and analysis uncertainties, as discussed 

in Reference 8. 

: 
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3.0 AIR BLAST ENVIRONMENT 

In a nuclear explosion, large energies are produced in a short time 

as a result of the formation of different atomic nuclei accompanied by a 

net decrease in mass.  Two kinds of interaction, fission (involving high 

atomic number nuclei) and fusion (involving low atomic number nuclei), 

are present in this process.  This sudden liberation of energy causes a 

considerable increase in temperature and pressure so that everything 

close to the nuclear device is converted into hot compressed gases, 

referred to as the "fireball," which expands and initiates a hydrody- 

namic shock wave.  In the air, where strong winds accompany this shock, 

the environment is referred to as a "blast wave." 

Characteristic of the blast wave is a sharp pressure rise (peak 

overpressure) at the shock front, followed by an interior fall off. 

Most of the overpressure decay occurs just behind the front.  Fireball 

breakaway time is the time at which the arrival of the shock wave begins 

to precede the arrival of the fireball. Prior to the fireball break- 

away, the interior pressure is roughly one-half the peak overpressure. 

After breakaway, the free air decay follows spherical divergence laws 

leadiftg tc atmospheric pressure and below at the tail end of the wave. 

This study is concerned with the prediction of both air blast static 

overpressure effects, i.e., loading normal to the ground surface, and 

dynamic pressure effects.  The data base from which the air blast pre- 

diction methodology has been formulated is represented by available 

nuclear data, high explosive data, and calculational results.  The qual- 

ity and quantity of each of these data are discussed in this section as 

they pertain to the phenomenology described. The section is divided 

into three subsections, each treating a different surface type, i.e., 

ideal, precursor (nonideal) planar, and perfectly reflective bermed 

surface.  An ideal surface is one that is planar and perfectly 

reflective. 

15 
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3.1  IDEAL SURFACE EFFECTS 

Overpressure environments for an air blast over an ideal surface 

are supplied from three references: 

(1) Erode 1-kT free-air standard together with the Erode direct 
fit HOB interpolation scheme (Reference 6) 

(2) Air Force Weapons Laboratory (ATWL) 1-kT free-air standard 
(Reference 9) together with the Erode HOB interpolation 

scheme 

(3) Results from a series of experiments with 8-lb spherical 
PEX 9404 charges (Reference 10). 

The Erode HOE prediction scheme is based on free-air burst pressure 

histories, a knowledge of shock behavior in the regular reflection 

region, and the established correspondence between shock front pressures 

and shock interior pressures. This scheme prescribes a method for inter- 

polating between 2W (yield) scaling for predicting effects from surface 

burst air blast and from HOB reflection phenomena. This approximate 

solution has compared favorably with test data and two-dimensional cal- 

culational results. 

Developed by Needham as a fit to the results of radiation hydrody- 

namic and pure hydrodynamic calculations using first and second order 

differencing methods, the AFWL 1-kT standard provides the blast environ- 

ment for a free-air detonation at sea level. Calculated were pressure, 

density, and velocity fields for times ranging from less than 1 msec to 

over 5 min.  "Needham predictions" for HOE are obtained by applying the 

Erode direct fit methodology to the AFWL 1-kT standard. Currently, 

AFWL is performing HOE ideal surface first principle calculations. 

Small-scale high explosive experiments were conducted by TRW to 

obtain ideal surface HOE blast effects in the overpressure range of 

2000 to 200 psi. These experiments provided blast data for controlled 

experimental conditions that compared favorably with two-dimensional 

16 
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hydrodynanic code calculations made by the AFWL and a set of HOB data 

for an essentially ideal surface. 

3.1.1 Static Pressure 

Since few experimental air blast data exist above 200 psi for 

nuclear detonations in the vicinity of the earth surface, it is neces- 

sary to rely heavily on analysis and controlled high explosive test data 

to predict air blast effects for such explosions.  In order to determine 

which, if any, of the Brode or Needham prediction methods discussed best 

defines the air blast environment, a series of calculations were per- 

formed using both methods.  The results of these calculations together 

with available experimental data from Reference 6 are presented in Fig- 

ures 1 and 2. The figures show peak overpressure and peak impulse HOB 

data.  Comparison of these air blast definitions indicates that the dif- 

ferences are small compared with the scatter of experimental data. 

Figure 3 compares the results of each calculational method for 

determining the overpressure history initial decay time intercept, t00, 

as a function of peak overpressure.  Again the two different methods 

agree reasonably well. The parameter, t00, is important in calculating 

the response of structures to air blast loading, particularly for those 

structures that have a short period of vibration. Since both methods 

define the air blast environment adequately compared with the scatter of 

test data, the Brode standard with the Brode HOB interpolation scheme 

has been suggested for use with the DIA/VAS code because of its immedi- 

ate availability. Some of the effects of HOB air blast loading on sur- 

face flush targets are illustrated in References 11 and 12. 

Figures 1 and 2 underscore the uncertainty associated with the pre- 

diction of peak overpressures and impulses. The points shown were 

interpolated from test data to apply to the indicated overpressure and 

impulse values (Reference 6) and extrapolated to 1 MT. They represent 

17 
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data for real (nonideal) surfaces, which probably explains the tendency 

for the predicted HOB curves to extend beyond the data scatter.  For 

example, since real surface effects generally tend to reduce the static 

overpressure environment, ideal surface predictions will probably over- 

estimate the static overpressure effects. As seen from the experimental 

data spread, the 2o- uncertainty factors are on the order of 2 to 3 

depending on range and HOB.  For ideal surfaces, the lower bound factor 

of 2 is a reasonable estimate. 

To use small-scale high explosive data for predicting nuclear air 

blast environments, one must be aware of two basic differences between 

high explosive and nuclear detonations:  the high explosive source effi- 

ciency relative to the nuclecr source efficiency, and the influence of 

the high exrilosive yield to mass ratio compared with that of a nuclear 

•source.  Of nrimary concern is the potential match of the high explosive 

free-air shock overpressure decay with range to that of a nuclear source, 

and the high explosive pressure gradient behind the shock front compared 

with that of a nuclear source. 

With regard to efficiency, high explosive sources like TNT, PETN, 

PBX, etc. are approximately twice as efficient as a nuclear source in 

generating air blast, except in the extremely close-in region, where 

differences appear because of the mass to yield ratio differences. 

The influence of the yield-to-mass ratio on air blast environment 

is readily apparent when comparing high explosive and nuclear sources. 

A nuclear weapon detonated in the atmosphere will release its energy in 

two forms:  approximately half will go into blast and shock and the 

remainder into thermal and nuclear radiation.  A conventional explosive, 

on the other hand, will convert most of the energy released into blast 

and shock since the source temperatures are orders of uiagnitude less than 

those of a nuclear source. 
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From observations of free-air blast data, one concludes 

(Reference 13) that HOB curves for high explosive can be used to predict 

nuclear source values provided scaling is restricted to incident pres- 

sures below the order of 25 atm, depending on the high explosive source 

considered. Of particular use for this study ire the results from the 

highly controlled HOB experiments conducted by TRW.  The experiments, 

which were performed with 8-lb spherical PBX 9404 explosives over a well- 

instrumented nearly ideal surface, revealed the existence of a double- 

peaked static overpressure waveform. This exists for certain ranges of 

overpressure, HOB, and ratio of HOB to ground range (Z). The experiment 

shows that the double-peak phenomenon occurs in the Mach reflection 

region. These results have also been observed in shock tube experiments 

(Reference 13) where a flow stagnation phenomenon occurs in the Mach 

stem region above about 100 psi reflected overpressure which produces 

a second static pressure "peak" at the surface. The character of the 

flow encompassing the shock front and this second peak is more complex 

than the classical coicept of a single triple-point connecting the inci- 

dent shock, the reflected shock, and the Mach shock.  As overpressure 

increases, the flow changes ranging from a mere curl in the slipstream 

at the surface to a second or even third triple-point formation with 

additional Mach shocks extendi. ä to the surface (Figure 4).  Such a 

phenomenon can be important to blast loading of structures that are pro- 

truding above or are flush with the ground surface. 

A typical waveform for the double-peak region is shown in 

Table 1. At the shock front there is an initial peak overpressure, 

P , followed by a decay and a subsequent rise to the second peak, P^. 

Depending on Z, the maximum overpressure can occur with either the first 

or second peak.  Shown on Figure 5 are the normalized measured time 

intervals between peaks plotted against the ratio of ground range to HOB 

(1/Z) for the 8-lb test data. An approximate fit to the data is given by 
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TABLE 1.  DOUBLE-PEAK PREDICTION METHODOLOGY 

PARAMETER PREDICTION METHODOLOGY 

Maximum Pressure 
P1 or P2 

Erode (or Needham) free-air standard 
and Erode HOB Interpolation scheme 
(Reference 6) 

Lower Peak 

Pl 0r P2 

Equation 2 (ratio of Pn/P,^ 

Time Spacing 
Between Peaks 

At 

Equation 1, with t0 (arrival time at 
ground zero) calculated from Erode 
(or 'Jeedham) free-air standard 

Minimum Point 
Between Peaks 

PL = 0.6 P^ tL « t2 - 0.3 At 

Waveform 
p(t) 

(a) ^ < t < tL: straight line 

(b) tL < t < t2: straight line 

(c) t > t2: 7B (P2, W, t) - Erode 

(or Needham) HOE overpressure 
modified to conserve total 
Impulse 

3 
VI 
LU 
Of 
CL. 

< 

TIME, t 

WAVEFORM PARAMETERS 
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Figure 5.  Time Between Peaks for Double-Peak Waveform 
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Figure 6.  Ratio of Peaks for Double-Peak Waveform 
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2.3 

- 1 (1) 

for Z S 7/6, where tn is the shock front arrival time at ground zero for 

an 8-lb point source detonation at the same HOB.  This normalization was 

used for convenience in scaling the data to nuclear conditions.  For Z 

greater than 7/6 (close-in range), there is only one peak; for very small 

Z (large range) the second peak is small and occurs much later than the 

first, at a time when the overpressure has decayed significantly. 

Figure 6 shows the ratio of peaks for data from a fixed HOB plotted 

as a function of Z, thereby forming the family of curves (one for each 

HOB) shown. An approximate fit to this data was found to be given by 

2.5 - 
HOB /w1'3 

r
2 

A50  ft/kT l/3; 

HOB/W 
1/3 

(2Z - 1) 
5 

(2) 

V450 ft/kT 
1/3 

- 0.11 

HtT« the data show the second peak disappearing as Z goes to 0.5. 

Figure 7 shows the region (on a HOB-chart format) where the double- 

peak phenomenon has been observed.  Other HOB experiments employing an 

explosive driver source (Reference 14) have also shown the existence 

of a double-peak waveform, for cylindrical geometry, in roughly the 

same overpressure region.  Because the HOB high explosive experiments 

were carefully controlled and showed reproducibility of results, the 

existence of a double peak for the nuclear case with a nearly ideal 

surface is acknowledged.  To predict the nuclear environment with these 

data. Equations (1) and (2) are used together with HOB analysis tech- 

niques.  Table 1 presents the specific methodology for predicting the 

double-peak waveforms for a given yield and HOB. 
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Double-peak overpressure waveforms, for a 1-MT, 1500-ft nuclear HOB 

are shown in Figure 8 together with the single-peak waveform as predicted 

using the Erode direct fit methodology. As seen in the figure the double 

peak begins to appear near 1000 psi overpressure and Z near unity and 

vanishes in the neighborhood of 100 psi and Z ■ 0.5. 

3.1.2 Dynamic Pressure 

Effects associated with the strong transient winds behind the shock 

front can sometimes be of primary significance. In particular, some 

structure geometries are drag-sensitive because they protrude above the 

ground surface. The drag forces are a function of the structure geometry 

and the dynamic pressure. 

The dynamic pressure, q, results from the air mass flow (wind) 

behind the shock front and is defined as the local kinetic energy den- 

sity. As such, its magnitude is proportional to the square of the wind 

velocity, u, and to the density, p , of the air; namely. 

1   2 
IP U (3) 

When the appropriate Rankine-Hugoniot conditions based on mass, energy, 

and momentum conservation are applied, the peak dynamic pressure, Q, may 

be calculated as a function of peak overpressure.  Figure 9 shows this 

variation of peak dynamic pressure with peak overpressure for sea level 

conditions. Also shown on this figure is the positive phase duration, 

D+, for dynamic pressure resulting from a 1 MT surface burst. The peak 
u 
dynamic pressure and duration have been taken directly from Reference 5. 
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Reference 5 suggests that the decay of the dynamic pressure with 

time can be expressed in an exponential form as follows: 

q(t) = Q (1 - TV (de   + fe T ) (4) 

where 
t - t. 

T = 

and d,   f,   6,  and |  are functions of  overpressure defined in Reference  5, 

and  t,   is  this air blast  arrival  time. 

This  double  exponential  fit  is  based on data  and calculations  and 

has been  used  in estimating  dynamic  pressure histories  from nuclear 

bursts  for many years.     However,  a  simpler  expression for dynamic  pres- 

sure which approximates  the Erode equation  is given by 

q(t)  = Q   (1  - T) 
3( 10 psi ) (5) 

Comparison calculations  indicate  that  the differences between the  two 

expressions are small and well within  the  scatter of  the data.     The 

simpler  fit  is compared with the waveforms  from the double-exponential 

fit  in Figure 10  indicating good  agreement between the  two different 

expressions. 

In addition,   the dynamic pressure  impulse calculated from each  fit 

has been  compared with  that  presented  in Reference  5.     These comparisons 

are  given  in Figure 11.     Here the  simple  fit  appears more accurate.     A 

third  comparison considered  the initial  decay time intercept as  a  function 

of  peak overpressure.     These results  are  shown  in Figure 12.     Again  the 

comparison  shows  excellent  agreement.     As  a  result  of  these comparisons 
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it is suggested that the simple fit be used to estimate the dynamic 

pressure-time history resulting from a surface burst. Table 2 sum- 

marizes the dynamic pressure definitions. 

The HOB affects the dynamic pressures considerably since they are 

directional by definition.  The peak dynamic pressure in the Mach stem 

region is associated with the peak overpressure according to Figure 9. 

In the double-peak region. Carpenter (private communication) has indi- 

cated that the peak dynamic pressure is generally related to the first 

peak (shock front) overpressure.  The dynamic pressure history resulting 

from an HOB detonation is extremely complex primarily because of slip- 

stream effects and waveform predictions have not been made.  Here again 

calculations are underway at the AFWL which will help define HOB effects 

on dynamic pressure.  The 2a uncertainty factor associated with the pre- 

diction of peak dynamic pressure on ideal surfaces is estimated to be 3 or 

greater depending on the region of interest.  For lower overpressures 

(10 psi < P < 100 psi) a factor of 3 is a reasonable estimate of uncertainty 

For the higher pressures and in the double-peak region the uncertainty 

is greater than 3. 

3.2  NONIDEAL SURFACE EFFECTS 

Although the exact cause of precursor formation is unknown it is 

likely that when the intense thermal radiation from a nuclear detonation 

impinges on a heat absorbing surface like desert playa, a hot layer is 

formed near the surface.  Since the thermae radiation propagates faster 

than the air blast, this hot layer is formed ahead of the blast wave. 

Because shock propagation velocity in heated air is higher than that in 

the unheated air an auxiliary blast wave (the so-called precursor) will 

propagate ahead of the main shock.  The development of a precursor 

results in lower peak overpressures, increased rise times to peak over- 

pressure, and increased dynamic pressures. A feature of the increased 

38 
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TABLE 2.     DEFINITION OF DYNAMIC  PRESSURE HISTORY 

PARAMETER DEFINITION 

Peak Dynamic Pressure (see Figure 9)  

t. t, 

d, f, 6, 

Positive Phase Duration (see Figure 9) 

Time, Initial Arrival Time 

Parameters used for computing Erode dynamic 
pressure history q(t) (see Reference 5) 

Dimensionless Time 

t - t. 

q(t) Dynamic pressure history 

(a)  Erode double exponential fit: 

Q (1 - T)2  (de"61 + fe~*T) 

(b)  Simple Fit; 

Q (1 - T) 
3( 10 psi ) 

dynamic pressures is the greater air densities caused by dust from 

thermal radiation effects and blast wave scouring. 

Because the formation of a precursor is attributed to the presence 

of a hot thermal layer preceding the air blast, it is not to be 

expected for large HOB or for nondu^ty heat-reflecting surfaces such 

as snow, ice, or water.  Instead, it is most likely to occur over 

i 

J. MUH _ 

39 

miiiiiliiirri lüm J 



 m^mmmm. mmtum   .1.1 -—p— ^mmemimmmmmmmm 

. .-; HIMIIMMfllMMMIM 

I ; 

heat-absorbing materials such as dry soil.  In the low overpressure 

region (P < 10 psl) a precursor air blast will have "shocked-up" and 

show a more classical waveform. 

The significance of the precursor is dramatically illustrated by 

superimposing the Erode HOB ideal surface pressure-time prediction on 

the experimental precursor data from PRISCILLA. Figure 13 shows three 

such overpressure records. The precursor precedes the arrival of the 

predicted waveform for the ideal surface case. In addition, the peak 

overpressure associated with the precursor waveform is generally lower 

than the corresponding peak for the ideal surface case. The impulses 

associated with each pressure history are approximately equal. 

The data base for nonideal surface effects on air blast is small. 

A few overpressure histories were recorded on the PRISCILLA shot and 

records are available from the TEAPOT, UPSHUT KNOTHOLE (U/K), and 

TUMBLER test series, but again the data are scarce for the higher over- 

pressure regions.  Currently, the data base is being increased by the 

development of calculational tools and investigations into the feasibil- 

ity of conducting simulation experiments.  Specifically, the AFWL is 

performing first principle computer code calculations for describing the 

PRISCILLA air blast environment to validate a precursor prediction 

capability.  However, the thermal Initial conditions are a key uncer- 

tainty in these calculations. 

All this activity is current and consequently the only technique 

now available for predicting precursor phenomena is that which was ini- 

tially reported in DASA 1460 and incorporated in the Air Force design 

manual (Reference 7).  Figure 14, reproduced from these references, 

shows several characteristic waveforms which are used to describe pre- 

cursor effects.  The figure uses a HOB-chart format to illustrate the 

waveforms one might expect in the precursor zone.  For those combinations 

of HOB and ground range falling outside of the shaded area, precursors 

are not expected to occur. 
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Figure 14.  Precursor Formation Over Nonideal Surface for a 1-kT Burst 
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A lower-bound estimate for dynamic pressure effects for nonideal 

surfaces is that value predicted for an ideal surface.  This estimate, 

used in the past, stands to reason because a precursor surface reduces 

the overpressure and increases the corresponding dynamic pressure. 

Uncertainties associated with the prediction of air blast effects on a 

precursor surface exceed a factor of 3, since few data or analytical 

results exist tor such environments. 

3.3  BERMED SURFACE EFFECTS 

A particular case of interest to this study is the interaction of 

the free-field air blast with a bermed structure, defined as one whose 

front and rear surfaces are oriented at angles less than 45 degrees from 

the horizontal (Figure 15).  This type of structure takes advantage of 

the lower reflected pressures associated with the Mach reflection region. 

Exact theoretical solutions describing the gas dynamics of this region 

do not exist, so that prediction of the pressure loading on the front 

face of the berm can only be approximated. The AFWL is currently per- 

forming AFTON calculations to determine loadings on such structures, the 

results of which should give a reasonably accurate picture of the inter- 

action of the free-field air blast with a bermed structure. 

Techniques for approximating loadings on different structure shapes 

have existed since the early 1950^ (Reference 1).  In addition, the cur- 

rent Air Force design manual reproduces a number of these prediction 

techniques. A reasonable prediction method, applicable for incident 

pressures greater than 100 psi, has been reported by the AFWL in a study 

related to MX. 

Knowledge of the incident static and incident dynamic pressures are 

required to apply this prediction method (presented in Figure 15).  The 

average loading on the front face of the berm is then given by 

PF(t) = p(t) + Cp q(t) 
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Figure 15. Pressure Loading on Bermed Surface 
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where C is the average pressure coefficient given on Figure 15, whose 
P 

value has been established experimentally. A reasonable estimate for 

the loading on the top of the surface can be taken as the free-field 

overpressure history. The rear face of the berm will experience a load- 

ing which is estimated by 

pR = p(t) - Cp q(t) (7) 

The value of the pressure coefficient, C , is taken as the same for the 

rear face as it is for the front face.  This is a commonly accepted 

practice for predicting loadings on symmetrical structures.  As a result 

the net horizontal loading on the berm approaches 2 C q(t). 

The uncertainties associated with predicting the loadings on the 

bermed surface are the same or greater than those quoted for the other 

air blast effects. Current effort at AFWL seems to indicate that the 

values of C given on Figure 15 may be too low; however, they do repre- 

sent available data. 
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4,0 GROUND SHOCK ENVIRONMENT 

The amount of energy directly coupled into the ground depends on 

the weapon yield, design characteristics, and HOB, and the site prop- 

erties.  This direct coupling of energy and the air blast loading on 

the ground surface comprise the sources of the ground shock environment. 

Figure 16 exhibits the ground shock phenomenology associated with 

a surface burst detonation in homogeneous geology.  In the superseismic 

region, where the air blast wave speed exceeds the ground shock wave 

speed, effects from the ovethead air blast (air slap) loading arrive 

first, producing initially downward and outward motion. The ground 

shock wave front is attached to the air blast front, having a fairly 

shallow angle at high overpressure and becoming more vertical with 

increasing range as the overpressure decays and the air blast front slows 

down.  In the outrunning region, where the air blast speed lags behind 

the ground shock speed, more complex motion occurs on account of a more 

significant influence of upstream air blast sources. The ground shock 

wave front becomes detached from the air blast front and initial motion 

of a surface point precedes the air blast arrival.  The response result- 

ing from direct coupling of energy into the ground is termed "direct 

induced" (DI) when referring to early-time effects associated with the 

shock front, and "crater induced" (CI) when referring to later-time 

large outward and upward squish motion associated with the development 

of the crater and with other free surface effects. The DI/CI 

effects for surface burst ground shock occur in both the superseismic 

and outrunning regions, but follow the arrival of air-blast-induced (AI) 

effects. 

For nonhomogeneous sites, geological layering can significantly 

affect the ground shock response.  Shock signals travel faster in 
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underlying stiffer layers and the ground shock at depth can outrun the 

air blast while superseismic conditions still exist near the surface. 

Figure 17 exhibits the ground shock phenomenology for a two-layered 

medium.  The shock wave in the lower stiff layer induces a refracted 

wave into the upper layer. At some range, defined as the onset of out- 

running, the refracted wave will reach the ground surface at the same 

time as the air blast.  Beyond this point, first arrivals are upstream 

AI signals, with the initial surface motion being up and out. 

Figure 18 shows a typical response of a point, at a range R = Rj, 

located within the outrunning region.  The point will initially feel the 

refracted wave, followed by the air slap and, finally, the DI affects. 

At a larger range, the DI arrival begins to outrun the air slap arrival. 

A near-surface point located within the superseismic region, at R = R,, 

first experiences the arrival of the air-slap-induced wave, followed by 

the refracted wave from the lower layer; then comes the reflection of the 

air-slap-induced wave off the lower layer, and, subsequently, the DI 

arrival. 

In the outrunning region, the primary motion is typically oscilla- 

tory and low frequency.  The response has both AI and DI/CI components, 

but characteristics of the motion do not appear to be strongly linked 

to the source.  These low frequency motions are termed "ground roll." 

Their presence is not limited to the outrunning region since similar 

types of motions can occur, at later time, within the superseismic region. 

However, this report primarily considers the ground roll response for the 

transition and outrunning regions, where it is more dominant. 

Because of the complexity of the ground shock environment, attempts 

are made to separate the phenomenology into fundamental components. This 

is an engineering approach since the nonlinear interaction between 
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components does not allow for such separation on a theoretically sound 

basis.  Phenomenologically, it is convenient to think of the ground 

shock environment as having components that are due to the AI and DI/CI 

sources.  However, the test data, which are the primary basis for ground 

shock predictions, have components that are separable more by response 

characteristics such as frequency content and time phasing than by 

source. 

1/3 
For ranges closer in than the order of 5V   (Reference 15), where 

V is the apparent crater volume, the motion due to a surface burst is 

predominately composed of (1) air slap effects associated with the over- 

head surface pressure history and pressure gradients, and (2) the DI/CI 

squish motions.  For larger ranges, the low frequency ground roll oscil- 

latory type of motion begins to dominate, with the air slap adding a 

higher frequency component. The transition between close-in and far- 

out regions is marked by a change in displacement attenuation with range, 

shown in Figure 18.  The close-in squish motions attenuate rapidly, but 

the ground-roll-dominated motions attenuate much less severely. 

4.1 DATA BASE 

The ground shock data base for this study consists of nuclear and 

high explosive test results, calculational results, and material prop- 

erty data. This section provides a discussion of the data base for 

field test events and the associated sources of uncertainty. 

4.1.1 Nuclear and High Explosive Test Events 

Table 3 presents a summary of the primary surface and HOB field 

test data sources.  The table lists the test site and geology, the 

source type, yield, and HOB, and the medium properties and ground shock 

data sources.  Appropriate references of test event calculations are 

included in tne table. 
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The nuclear data consist of low yield near-surface and HOB tests 

at the Nevada Test Site (NTS) and higher yield, primarily near-surface, 

tests at the Eniwetok Proving Grounds (EPG).  These data are largely 

acceleration histories and permanent displacement passive measurements. 

The tests at NTS were primarily performed in or over fairly homogeneous 

fine grain silt (Frenchman 7lat Playa) or silty sand (Yucca Flat 

alluvium) medium with a deep water table and a very large depth to bed- 

rock.  The coral over limestone, typically ring-shaped, geology of the 

EPG area has not been representative of strategic sites of interest. 

Since the Nuclear Test Ban treaty, ground-shock-related testing has 

been performed with high explosive energy sources.  These tests have 

used (a) single high explosive sources (generally spherically packed 

TNT) up to 500 tons which have provided low yield AI effects and 

enhanced DI/CI effects (with respect to the nuclear environment for 

the same yield and HOB), (b) a High Explosive Simulation Technique 

(HEST) for providing a simulated nuclear traveling air blast environ- 

ment over a limited area, (c) a Berm-Loaded Explosive Simulation 

Technique ^LEST) which provides an equivalent (with respect to ground 

shock) nuclear surface loading over a large area, surrounding a HEST 

loading, through near-surface time-phase-detonated high explosive 

charges, (d) a Direct-Induced/HEST (DIHEST) which employs a buried 

vertical planar array of high explosive charges to produce calculated 

DI peak velocities and stresses at a point of interest, and (e) a 

cratering and related ground shock simulation technique which employs 

high explosive loading to produce the environment within the hydro- 

dynamic region. 

Numerous single-source high explosive tests have been performed 

in various geologies.  The most significant series include tests in 

thinly layered sandy silts and clays at the Suffield Experiment Station 
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(SES), Alberta, Canada; in tonalite at the MINE SHAFT site near 

Cedar City, Utah; in wet and dry (unsaturated) layered clay over stiff 

shale geologies at the MIDDLE GUST site in Colorado; in hard sandstone 

at the MIXED COMPANY site in Colorado; in coral at the PACE site in 

EPG and recently the PRE-MINE THROW IV tests in dry playa silt at 

NTS.  Currently, the DICE THROW test series, being conducted in clay 

and alluvium media in New Mexico, will provide cratering and ground 

shock data of value to the SAMSO MX Program. 

The HEST, developed by the AFWL, has been applied to four 

MINUTEMAN operational sites, the PRAIRIE FLAT, and other sites. How- 

ever, the relatively short ground shock simulation duration (compared 

with the air blast simulation duration) brought about by relief wave 

effects from the edges of the HEST loaded area has been a limitation of 

the technique.  To provide the loading outside the HEST cavity required 

to obtain longer ground shock simulation durations, the AFWL recently 

developed the BLEST for DNA. A HEST/BLEST simulation, currently being 

used in the HARD PAN test series of the SAMSO Structure-Medium Inter- 

action Program, will provide an important data base for AI high yield 

ground shock effects in strongly layered soft rock media. 

The DIHEST, also developed by the AFWL, has been used in testing 

related to the HARD ROCK SILO Development (HRSD) Program.  This tech- 

nique has a simulation uncertainty which is related to the large uncer- 

tainty in calculating the DI environment.  To provide a more complete 

DI/CI simulation, Physics International (PI) developed for DNA the 

technique to emplace distributed high explosives on a surface located 

within the hydrodynaraic region of the ground response to produce a cal- 

culated environment.  This technique was demonstrated in the MINE THROW I 

event at NTS, designed to simulate the JOHNIE BOY event. 
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4.1.2 Calculational Results 

In the late 1960*3, the development of continuum computer codes 

matured to tne point where they could be used for the calculation of 

layered nonlinear ground shock response. A number of axisymmetric 

calculations were performed by several organizations.  The priflftry 

data base includes AI calculations performed by Applied Theory, Inc. 

(ATI) for the KRSD Program; by ATI and the AFWL for the MINUTEMAN Pro- 

gram; by Weidlinger Associates (WA) and R&D Associates (RDA) for the 

SAFEGUARD and SITE DEFENSE Programs; and by the AF^L and RDA for the 

MX Ground Mobile Program.  This calculational data base is summarized 

in Table 4.  Other ground shock, calculational studies have been per- 

formed for DNA by Shock Hydrodynamics, PI, and WES. 

The ATI calculations for the MINUTEMAN Program have considered a 

nonlinear, elastic, ideally plastic material model which includes a yield 

surface, flow rule, and tensile cracking criteria.  Other calculations 

have used the CAP model, developed by WA (Reference 59).  This model, 

based on incremental plasticity theory, contains a loading function 

that serves as both a yield surface and a plastic potential. Compari- 

son calculations performed with both models (e.g., those for MIDDLE 

GUST II and the hypothetical DNA site U-2) show reasonable agreement. 

4.1.3 Material Properties 

In developing constitutive models for a nuclear or high explosive 

calculation, the typical procedure for the analyst is to start with uni- 

axial strain and triaxial stress mechanical properties for the strain 

rates of interest for layers down to a maximum of about 300 feet. When 

sufficient funding has been available, these properties have generally 

been obtained from analyses of laboratory test data on field samples, 

for at least initial calculational studies. The site layer properties 

for the above specific laboratory load paths are then generalized to a 

rate-independent constitutive model which governs the mechanical 

^Hk*,4 
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behavior of the medium for whatever stress path histories are experi- 

enced during the calculated ground shock response. Properties at 

depth, if required, are generally determined from the site profile, 

including geological definition, depths to water table and bedrock, 

and available seismic velocity information. 

Recent analysis of high explosive test events (e.g., MIDDLE 

GUST III and IV and MIXED COMPANY 3) has pointed out the importance of 

in situ test data for determination of site properties.  At a number 

of field sites, dynamic in situ tests have been performed, including 

(a) the Cylindrical in Situ Test (CIST), which applies an axisymmetric 

pressure loading on a vertical cylindrical hole, with a typical depth 

of 40 to 70 feet, and (b) the DISK HEST, which applies an axisymmetric 

pressure loading on the ground surface. For the DISK HEST loading, the 

response is one-dimensional for some time-space region.  If good field 

data are obtained this is the best test that can be performed to deter- 

mine the vertical uniaxial strain behavior. Performing a CIST, which 

provides data more related to the horizontal properties, is significantly 

less expensive.  However, a large stress attenuation with range is 

experienced and the stress paths are more complex than for DISK HEST. 

Data from both a CIST and DISK HEST can be used to determine material 

anisotropy at a site.  Seismic survey data are also important for 

determining site properties.  Analysis of data for tests performed in 

soft rock (MIDDLE GUST and MIXED COMPANY) indicates that the ground 

shock peak stress speeds correlate better with seismic data than with 

speeds calculated from laboratory modulus data (e.g.. Reference 60). 

Tests pe: !ormed in soft soils generally reflect peak stress speeds slower 

than seismic speeds. 
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The site constitutive model is by far the primary cause of uncer- 

tainty in AI calculations.  This uncertainty lies both in the site 

properties used and in the manner in which the site properties are 

generalized to establish the constitutive model. 

Primary sources of error associated with properties developed from 

laboratory testing are sample disturbance effects and uncertainty of 

in situ initial (lithostatic) stress conditions. A small loss of water 

during sampling of saturated soils can result in a significant reduc- 

tion in stiffness.  For cemented soils the sampling process can break 

down the cementation, also resulting in a softer laboratory modulus. 

Comparison between WES laboratory uniaxial strain tests on 5-in. 

Shelby tube samples and on hand-carved samples for cemented sands, 

for a MINUTEMAN site, has demonstrated this effect.  Vertical litho- 

static stress is simply determined from the weight of material above 

the sample. However, significantly larger horizontal lithostatic 

stresses can be present that introduce an apparent anisotropic effect. 

This may be a primary contributor to the reason for the laboratory data 

underpredicting the ground shock speeds for the MIXED COMPANY site 

(Reference 54). 

Another laboratory testing consideration has been the range of 

stress path histories that could be considered. For strongly super- 

seismic loading conditions, the uniaxial strain and triaxial stress data 

are probably adequate.  However, the stress paths are more complex for 

outrunning AI and for DI/CI motions. Tests on samples where all three 

principal stresses are independently controlled require cubical samples, 

a situation which may result in an unacceptable disturbance for soil 

materials except for sands that are rained in place (Reference 61). 

Another key material property difficult to obtain in the laboratory is the 
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tensile failure criteria and post-cracking behavior. Tensile spalla- 

tion has occurred in high explosive tests such as MIDDLE GUST III; 

however, there are few data on which to base this aspect of material 

behavior. 

If the constitutive model is based on any generalization of prop- 

erties developed from laboratory data, which does not violate any 

physical principles such as conservation of energy, some important 

aspects of the material behavior may not be included.  To develop an 

adequate constitutive model for a site, both laboratory and in situ 

studies are required.  In situ tests should be aimed at loading the 

material as close as possible to the stress paLhs of interest and the 

gage layout should be designed to help establish, as best as possible, 

fundamental aspects of the medium response (e.g., vertical and hori- 

zontal wave speeds).  Depending on the site of interest, the dynamic 

testing previously discussed and, possibly, static testing such as flat 

jack or Menard pressure meter tests might be considered.  At the 

MIXED COMPANY site, static testing of large sandstone blocks were per- 

formed (Reference 62). 

Constitutive model development is an iterative process that is 

completed when satisfactory agreement is obtained between continuum 

code calculational results for the in situ tests and the data. The 

form of the constitutive model should allow for modeling the key aspects 

of the material behavior determined from the laboratory testing and 

from analysis of the in situ test data. 

A constitutive model developed in this manner can then be tested 

against data for a large-scale high explosive or nuclear test for the 

site of interest.  Good test/analysis correlation is essential for 

(a) establishing confidence in nuclear computer code calculations for 
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related geologies, and (b) for validating scaling techniques for 

extrapolating data beyond the range of the existing base. 

4.1.4 Test Data Applicability 

Since calculational models are measured against their ability to 

unravel the phenomenology of field tests, it is important to evaluate 

the quality of the test data. A proper evaluation can be made only 

for test events where there is some measure of redundancy in the instru- 

mentation; namely, data for the same range and depth but for different 

azimuths (for essentially axisymmetric sites) or for different gage 

types (such as velocity and accelerometer gages) in the same canister 

or in neighboring locations.  Since the medium response can have non- 

axisymmetric characteristics, and gages in the same canister can record 

the same response with the canister response being different from that 

of the medium, this evaluation requires capabilities in both instrumen- 

tation and ground shock phenomenologies. 

The most extensively instrumented test series to date is MIDDLE 

GUST.  PRAIRIE FLAT and MIXED COMPANY also contained redundant measure- 

ments that can be used for evaluation.  The only nuclear test with use- 

ful redundant data is PRISCILLA.  Figure 19 shows a comparison of peak 

velocity data for the 500-ton PRAIRIE FLAT event (Reference 20 and 21). 

Both AI and initial peaks subsequent to DI arrival are shown.  The fig- 

ure compares integrated accelerop-ter data with velocity gage data for 

measurements in close proximity.  Also compared are WES and Stanford 

Research Institute (SRI) measurement results for azimuths which are 

120° apart. The data indicate that the accelerometer results are about 

20% higher than the velocity gage results and the majority of the WES 

and SRI data are within 30% of each other. 

A comparison of PRAIRIE FLAT waveforms for the 84-ft range and 5-ft 

depth (Figure 20) shows that the WES and SRI velocity gage data are in 

reasonable agreement for both vertical and horizontal measurements. 

61 

■—"•■^-—- - ■ ■ 

^^mimmmmmm^ 



in9iii^i..iiKi "■'" " 

(sdL) ViVQ AiI30"13A XV3d Sm 

(sdL) ViVQ y3i3W0a31333V a3iV«93iNI 

u o 
1-i 
0) > 

i 
o 

I 
u 
CO I o 

4) 
u 
3 
00 

62 

■■—-—  ' ■:---—^^.^iumi] 11 ii r'liriiiiiiiitiilnrifiiili'MriitB _— 



r i ■ J ,- ■J"!)immmmili^^K'^^m^mmMMM^mmmimyK»yi«>* . M ^^uM^mm^mm^-wM-w^w^^^1'^ -"| ^IPW^^^W 

to 

•-H I— «£ < S fe 
I- iiJ «C m s: Q 

0 1— 
Ol  Oi  CM 

5»   - '  UJ 
a: ^ o 
= uj z 
(_) UJ 

o a: 
l~« (— UJ 
o: o u. 
oo 3: u.' 

a. Q: 

H- o o 
o a: Qi 

>- 
3: 
«a; 
l_ 

o 

o o 

(sd^)  Ain013A IViNOZiyOH 

CM 

O 

00    UJ 

o  5 

-"o 

CM 

00 
o 
0) 

-Jo 

(sd^)  AiID013A IVOIi'dBA 

63 

Q 

01 
U) 
C 
<o 
Pi 

4J 
<4-l 

<" 
00 

0) ■ U c 3 
0 to 
ca w 

•H (U 
U M 
(0 a. 
0. M a CU 
0 1 
B ■H 1 
0 P. 

M-l 
OJ O 
> O 
R) »»o 
» ^H 

Pa 
M 

O 

11 

I 
9 

Bbi        i  ^.üiiii 



mmmmmmm 

Also the WES integrated accelerometer daca are in good agreement witl. 

the velocity data for vertical motion as is the case for the SRI hori- 

zontal motion measurement comparison. The largest difference (about a 

factor of two) is the SRI vertical motion comparison between velocity 

and integrated accelerometer data. Most of the data is in much better 

agreement and there is not a significant azimuth sensitivity between 

the WES and SRI gage lines. 

The DIAL PACK event was also a 500-ton test at the SES. Figure 21 

shows a comparison between test results for DIAL PACK and PRAIRIE FLAT 

for the 5-ft depth and equivalent ranges.  Reasonable agreement is seen 

for two tests at the same general area with identical explosive sources. 

In MIDDLE GUST III, measurements were made on four azimuths. Fig- 

ure 22 shows a comparison of the near-surface (1.5-ft) vertical velocit" 

histories for the 80-ft range for all four azimuths; the initial peak 

downward velocity has a very significant azimuth variation; but the 

subsequent motions out to about 150 msec are in much better agreement. 

A large azimuth variation in this peak is plausible, since the initial 

downward motion, due to the air slap, is shortly followed by the arrival 

of the refracted wave which opposed the air-slap-induced motion. Thus, 

the initial peak is a function of the impedance of the near-surface 

material and the small difference in arrival time between the air slap 

and refracted wave components. The figure also shows a good compari- 

son between the velocity gage records and integrated accelerometer 

data for the same canister. A similar comparison for MIDDLE GUST IV 

for the 160-ft range (Figure 23) shows the peak velocities from inte- 

grated accelerometer records to be larger than the corresponding 

velocity gage peaks.  Such a result is generally due to the higher 

frequency response characteristic of the accelerometer gages. 
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(a) VELOCITY GAGE AZIMUTH VARIATION COMPARISON 

UP 
AIR BLAST ARRIVAL   

AZIMUTH 
— 60° 
•••150° 
 210° 

 240° 

360^^     400 
IMil I I  in 

500 600 

DOWNV 

(b) VELOCITY GAGE vs ACCELEROMETER COMPARISON 

AZIMUTH 

VELOCITY GAGES 
  ACCELERATION GAGES 

y r^imi (msec) 

Figure 22,  MIDDLE GUST III Vertical Velocity Azimuth Variation, 80-ft Range, 
1.5-ft Depth, -lOOD-psi Overpressure 
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(a)    VELOCITY GAGE AZIMUTH VARIATION COMPARISON      AZIMUTH 

  60° 
I"AIR BLAST ARRIVAL  240° 

/^-^  330° 

{S^^"^'" '    jto 4(jb ^* 600 

(b) VELOCITY GAGE vs ACCELEROMETER COMPARISON 

VELOCITY GAGES 

ACCELERATION GAGES 

Figure 23. MIDDLE GUST IV Vertical Velocity Azimuth Variation, 
160-ft Range, 1.5-ft Depth, ~350-psl Overpressure 
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The effect of near-surface-impedance azimuth variation can be 

seen from the MIDDLE GUST IV 400-ft range comparison of Figure 24. 

The 1.5-ft depth vertical and horizontal velocity gage data show good 

agreement except for the vertical response for about 30 msec after the 

air blast arrival. That difference is corroborated by the integrated 

accelerometer records which are in good agreement with the velocity 

gage data (Figure 25). 

A comparison of the near-surface velocity waveforms for the 100-ton 

MINERAL ROCK event in tonalite rock (Reference 15) for the north and 

east gage lints is given in Figure 26.  Waveforms show the order of a 

factor of two agreement; however, the joint pattern would be expected 

to cause response differences between these two gage lines. 

In summary, the test data from well-instrumented high explosive 

events generally are sufficiently accurate to use as a basis for test/ 

analysis correlations.  It appears that in situ nonsymmetries are prob- 

ably the major source of observed variation in corresponding measure- 

ments at various azimuths.  However, the scatter of the data is within 

the current uncertainties in predictions of ground shock for nuclear 

conditions. 

4.2  GENERIC SITE PREDICTIONS FOR SURFACE BURST CONDITIONS 

When state-of-the-art ground shock predictions are required for 

nuclear loading conditions for specific sites, computer calculations 

are used as a primary basis for determining AI responses; and scaling of 

test data is used to determine the DI/CI portion of the response.  For 

the outrunning region, coarse-zoned calculations are used to determine 

the lower frequency (order of 1 cps) AI response. A short-time finer 

zoned calculation is then performed to determine the higher frequency 

air slap response.  These responses are then matched in Fourier transform 

space to determine the total AI response. 
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In this study, ground shock predictions for generic rather than 

specific sites must be determined; therefore, detailed calculations are 

not appropriate.  Rather, results of previous calculations and analyses 

of data have been reviewed as a basis for the predictions. 

Four generic site conditions are considered in support of DNA and 

DIA/VAS requirements:  (a) dry soil; seismic velocity less than 

3000 fps, (b) wet soil; seismic velocity between 3000 and 6000 fps, 

(c) dry soft rock; seismic velocity between 6000 and 12,000 fps, and 

(d) hard rock; seismic velocity above 12,000 fps.  Specific site prop- 

erty parameters for each of these four site categories were defined 

and corresponding ground shock predictions were then determined. 

The constrained modulus profile for each site model is shown in 

Figure 27.  The soft rock and hard rock sites have constant moduli 

down to 100 ft corresponding to stress wave speeds of 7500 and 14,000 fps, 

respectively.  Below 100 ft, the stress wave speed, C, for the rock sites 

increases with depth, z, in the same manner that seismic velocity 

increases with depth, according to the findings of Faust (Reference 63), 

C = C, 
-.1/6 

(8) 

where z = 100 ft and Cn is the stress wave speed between the surface 

and 100 ft depth.  Faust's Law is based on nearly 1,000,000 feet of 

section in 500 well surveys in the U.S. and Canada.  The materials 

considered were primarily shale and sand at depths below a few hundred 

feet.  The corresponding modulus relationship is then 

"^H 
1/3 

(9) 

ijtai 
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The dry soil and wet soil sites have a depth to bedrock of about 

270 ft and overlie the soft rock medium.  The soil variation of modulus 

with depth is based on typical site profiles and roughly obeys Faust 

scaling, which has been shown to also be reasonable for nearer surface 

media. The dry soil generic site is relatively soft, but stiffer than 

the playa at Frenchman Flat. 

For convenience in applying the generic site results, a near-surface 

water table was considered for the wet site.  For sites with a water 

table somewhere between the surface and the rock interface, approximate 

ground shock predictions can be obtained by interpolating between wet 

and dry generic site predictions. 

Generic site soil materials are assumed to have bilinear uniaxial 

strain properties, i.e., constant loading modulus and stiffer unloading 

modulus, with the unloading modulus given by 

% = 
10 psi 

L "L  J 

1/2 

*t M < 10 psi (10) 

This approximates the behavior of soils where softer materials have a 

larger ratio of unloading to loading modulus.  For the rock sites, both 

loading and unloading moduli are equal. 

The- wet soil was considered to have a loading and unloading shear 

modulus of 30 ksi and yield strength (peak stress difference) of 50 psi; 

the dry soil, a compacting material, was assumed to have a  Poisson's 

ratio of 0.33 under loading conditions; and the rock materials were 

assumed to be linear elastic with a Poisson's ratio of 0.25. For rock 
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sites, Young's modulus is a more frequently used material parameter 

than is the constrained modulus. Young's modulus and the rock quality 

designation (RQD) for the generic rock sites considered in this study 

are also shown in Figure 27. 

In a typical situation, dry soil materials with some cementation 

exhibit initial softening followed by a hardening behavior at higher 

stress. At low stress, before cementation has broken down, the modulus 

tends to be more related to the seismic velocity.  After cementation 

breaks down, the material softens significantly until lock-up occurs 

when the soil grains become compacted.  In this study the modulus was 

considered to be independent of stress for all materials, which is 

Relieved adequate for consideration of generic sites. 

The cratering efficiency for the hard rock is similar to that 

recommended by the Air Force design manual (Reference 7) and 20% lower 

for the dry soft rock site. The dry and wet soil generic sites have a 

rock interface at a depth of approximately 270 ft and, therefore, a some- 

what lower cratering efficiency is used compared with the values recom- 

mended by the design manual for uniform site conditions. However, the 

yield dependence on cratering efficiency is not considered in this study. 

The development of generic site ground shock predictions is dis- 

cussed for air slap, close in DI/CI, and further out AI and DI/CI ground- 

roll-related effects.  Subsequently, the synthesis of these components 

into waveforms for specific overpressure and yield conditions is considered. 

4.2.1 Air Slap Effects 

Data for ground shock due to air slap effects alone are obtained 

from the limited air burst test results.  For the high pressure region, 

the main source of meaningful data is fror th« DISTANT PLAIN 1A high 

explosive test event, which was a 20-ton TNT tower shot (30-ft HOB) at 
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SES. At lower pressure, the nuclear event PRISCILLA, a 37-kT balloon 

shot at 700-ft HOB over Frenchman Flat provides the main data base. 

The DISTANT PLAIN 1A event provides a good basis for evaluating 

the air slap calculational capability.  Since the site is layered, 

sufficient material property data have been generated and good quality 

measurements for both the vertical and horizontal ground shock components 

have been obtained. 

Figure 28 (Reference 50) shows the near-surface (1.5-ft) and 10-ft 

depth responses at the 35-ft range (1840 psi) for DISTANT PLAIN 1A. The 
1/3 

10-ft depth corresponds to a scaled depth (370 ft/MT  ), much greater 

than is of interest in this study. However, the response for this depth 

can be used in a study of the variation of effects with depth. 

Near the surface, the peak horizontal velocity is about an order of 

magnitude lower than the peak vertical velocity since the wave front 

angle is shallow at high overpressure.  The decay in peak velocity with 

depth is much less steep for the horizontal component than for the verti- 

cal. At the 10-ft depth, the ratio of horizontal-to-vertical peak 

velocity is about 0.3. 

The waveform shape is also different for both components. The 

vertical velocity decays rapidly when reflections from lower layers 

reach the point of interest.  Thus, the vertical motion at the 10-ft 

depth reaches peak displacement earlier than at the surface.  This is 

contrasted with the longer duration of the horizontal velocity pulse. 

Near the surface, there is an initial rapid horizontal velocity decay 

attributable to the surface overpressure decay and possibly shear wave 

effects. However, the stress gradients, caused by the overpressure 

gradient, have the effect of maintaining an outward velocity for times 

considerably longer than the duration of the vertical velocity. At the 

time that the reflected wave cuts off the vertical velocity, the horizontal 

76 

  



•mmr*  " 

t 

(sd^)  AiID013A IViNOZiaOH 

o 

f 

o 
<u 

. o 
ID   UJ 

o 
CO 

ft 

s 
6 /-N 
oj o 
t-l LO 

to 0) 

i c 
0) 
u 

T3 a» 
rH   4-1 

•H   PS 

•H 3 
H 
U) 
0) 

C 
> o 

^ I 

■ 
>»  P- 
4J     I 
•rl  O 
o -^t 
O 00 

>!. 
-a a) 
0)   oc 
+J C 

a-PA 
6 
0 w 
1 i 

m 

>4-l   < 

^      c « 

to 

o < 
O  H 

cn 
H 

• Q 
00 

o 
0) <4-l i 
3 
00 

•H 
(14 

(sd^) AiID013A "WMUflA 

77 

 ,  - .-v.. ...-.■..-^-^■■.^-r 
.-. ..   ,...,...,.  



' i -j.ii^mmmm^^mmm*wi*mmmmmmmi 

vclocity is enhanced, as is noted in the figure. At the 10-ft depth 

the peak vertical and horizontal displacements are about equal. 

Figure 28 also compares the data with computer code calculations 

performed by WES (Reference 50) based on soil models developed from 

laboratory test data for field samples. Very good agreement between 

test and analysis can be seen for the vertical response.  The peak 

horizontal velocities are in good agreement for the 10-ft depth, but 

may require finer zoning to calculate the near-surface peak.  However, 

the horizontal waveforms are not in agreement, as smaller displacements 

are obtained from the calculation. 

This correlation alone might tend to imply that the laboratory 

soil test data base is of high quality but incomplete.  The vertical 

response is primarily dependent on the uniaxial strain properties which 

are measured in the laboratory, while the horizontal response is more 

dependent on material behavior not directly measured in the laboratory. 

Figures 29 and 30 show the test/analysis comparison for the DISTANT 

PLAIN 1A 80-ft range (400 psi) for both velocity and displacement his- 

tories.  For this range very good agreement is obtained. 

The stress data at the 5-ft depth are compared with the computer 

code calculations for both the 400- and 1100-psi overpressure, stations 

on Figure 31. For the DISTANT PLAIN 1A 20-ton yield, a significant 

stress attenuation occurs between the surface and a depth of 5 ft. 

There is reasonable test/analysis comparison except for the vertical 

stress at the 400-psi station where the data are suspect because higher 

stresses were recorded than for the 1100-psi station. 

A similar study was performed for PRAIRIE FLAT (Reference 48) for 

the AI portion of the response.  The agreement between test and analysis 

for vertical and horizontal velocity Is about the same as that observed 

for DISTANT PLAIN 1A. Thus it appears that air slap ground shock 

responses can be computed reasonably well for a soft, nonsaturated layered 
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soil medium using state-of-the-art laboratory properties.  Better accu- 

racy is expected for the vertical response than for the horizontal. 

The PR1SCILLA event is significant because it provides the data base 

for the semi-empirical vertical displacement prediction technique recom- 

mended by Wilson and Sibley (Reference 64) and by the 1962 Air Force design 

manual (Reference 4). More recently, one-dimensional finite difference 

computer code calculations have been used for predictions of the vertical 

response in the strongly superseismic region. To help establish the 

validity of this approach. Cooper and Bratton (Reference 44) formulated 

a site property model and performed a one-dimensional ground shock cal- 

culational study for the PRISCILLA site. A comparison between peak velocity 

and displacement data and calculational results for the 37-kT PRISCILLA 

event (Figure 32) show the measured peak velocities to be about 40% higher 

than those calculated, and the peak displacements to be in good agreement. 

This correlation is within the accuracy expected according to the uncer- 

tainties in the air blast and ground shock data.  Other calculations per- 

formed by Jackson (Reference 45) show similar correlation. 

4.2.1.1 Vertical Motions 

Figure 33 shows the peak near-surface air slap vertical accelera- 

tion and velocity for high explosive events at the SES (Reference 15).  It 

is generally possible to separate the air slap near-surface peak vertical 

acceleration and velocity from the rest of the data, with a primary 

exception occurring when the air slap and refracted wave effects arrive 

at a point at about the same time.  The scatter of the acceleration data 

is on the same order for individual events as for all SES events.  The 

500-ton PRAIRIE FLAT and DIAL PACK events tend tj have higher velocities 

at the 1.5-ft depth than the other events which have lower yields of 

20 or 100 tons.  The scatter of the velocity data is slightly larger than 

for acceleration data, probably because of the higher yield sensitivity 
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of peak velocity.  However, both sets of data essentially fall within 

bands about a factor of five apart. The root-mean-square of these 

bands, given by the following expressions, reasonably represent the 

data: 

; i 

•f = 950 ß,s (idöo p>l) (11) 

vv = 540 ips    0 psi/ (lOOO psi) 
(12) 

The near-surface peak vertical acceleration and velocity data for 

MIXED COMPANY 3 and MIDDLE GUST III and IV are shown in Figure 34 (Ref- 

erence 15) and compared with the SES data band.  Between 10 and 300 psi, 

the MIDDLE GUST data are within the SES scatter hands but tend to be 

lower at higher pressure, possibly due partly to the clipping of the 

air slap downward velocity by the upward moving upstream AI refracted 

wave.  For MIXED COMPANY, all the data are within the SES bands. Thus 

the near-surface material for these high explosive test sites apparently 

does not have significant impedance differences for stress levels to at 

least 300 psi. 

In Reference 7, the peak vertical acceleration is given as 

av " U Z 

t_ = 0.001 sec + J- - |- 
R LL  C. 

(13) 
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where tR is the rise time to peak velocity, CL is the peak stress 

speed, C. is the seismic speed, and n is a factor greater than or 

equal to one that accounts for a nonlinear rise to peak velocity. 

This reference recommends a value for n of 1.2 for surface points, and 

n of 2.0 for points at depth.  The rise time to peak velocity at the 

surface of 0.001 sec is based on estimates of the rise time of the over- 

pressure pulse. Where detailed site data are not available, the peak 

stress speed CT can be approximated as half the seismic velocity C^. 
Li 

For the DIA/VAS environments, these equations are used for accelera- 

tion predictions. The value of n is taken as 2 for all depths because 

a continuous variation of acceleration is obtained and because the accel- 

eration of free-field surface points is rarely of interest.  The approxi- 

mation that C, is one-half (^ is also used. 

Acceleration and velocity data from SES in Figure 33 are consistent 

with Equation (13) using the near-surface seismic velocity of 1150 fps 

and n = 2.  In considering deeper gages, Hadala (Reference 46) documented 

an analysis of data for the 1.5-, 2-, and 10-ft depths for test events at 

SES and at Cedar City. He concludes that a better fit to the data is 

obtained by using a 0.002-sec rise time at the surface.  However, the 

effect of this modification is well within the prediction uncertainty. 

The vertical acceleration prediction equations are most accurate 

when the air blast is superseismic with respect to the near-surface 

medium. When this superseismic condition does not exist, then the air 

slap response is more complex.  However, it is not the dominant effect 

and the expression just given should be conservative for predicting 

acceleration. 
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The peak air slap vertical velocity at thp surface is deteriu^ned 

from the Hugoniot relationship 

PCT 
(14) 

which yields values of 540, 160, 65, and 23 ips for dry soil, wet soil, 

soft rock, and hard rock, respectively, for the lOOO-psi overpressure 

reference environment. 

At depth, the velocity is given by 

vv (z) 
"Vi 
PC, 

(15) 

where o... (peak incident stress) and pC  (impedance) are both a function 

of depth.  The variation of stress with depth is due to the peakedness 

of the surface overpressure history and the medium hysteresis and 

impedance variation with depth. 

One-dimensional stress (and velocity) attenuation has been evaluated 

(Reference 65) for an exponentially decaying, uniform, overpressure load- 

ing, P exp(-t/Tn), on a homogeneous bilinear (linear loading, linear 

unloading) medium. This attenuation, for shallow depths, can be 

approximated by 

— = exp - k 
CLT0 

(16) 

where k is a function of the ratio of loading to unloading speeds and 

Tn is the initial decay slope time intercept of the overpressure history 

(similar to t_n for the nuclear overpressure).  For nonhomogeneous media, 

enhanced stresses can be obtained on account of reflections at layer 
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interfaces for significant impedance increase with depth.  For most 

conditions of interest to DIA/VAS, the peak stress is within a factor 

of about one and a half of the surface overpressure. Hl^ner stress 

ratios are associated with sites with large impedance increase with depth 

and low overpressure and high yield loading.  Lower stress ratios are 

associated with soft homogeneous media, and high overpressure and low 

yield conditions. 

In the DIA/VAS environments, the peak vertical stress to the shallow 

depths of interest is taken to be equal to the surface overpressure. 

The vertical velocity attenuation, then, primarily results from the imped- 

ance variation with depth.  For wet soil and soft rock this attenuation 

is expressed in the form 

vv (z) = vv (0) exp 
z_ 

(17) 

where L0 is 250 ft for wet soil and 600 ft for soft rock.  The velocity 

attenuation with depth is neglected for hard rock. 

The effect of overpressure and yield on the vertical velocity 

attenuation for dry soil can be important. This attenuation was assumed 

to have the following form, suggested by Equation (16), of 

vv (z) = vv (0) exp L1 \1000 psi^  \1 MT^ 
(18) 

where the values of a  is 1/4, ß is -1/12 and 1^ is 50 ft were deter- 

mined from one-dimensional calculations for the dry soil site. 

89 

■HttMülMH 



I'l  ■!■  1 
^™, mmmmm ii   —^ 

s Peak, vertical displacement for  a  linear  elastic homogeneous medium 

would be proportional  to total  impulse,   or   (for the high pressure region). 

J/2 IJ
1/3 

d   ~ P W (19) 

However, for a soft compacting medium (with loading modulus independent 

of overpressure) overlying a shallow stiff bedrock, the near-surface 

displacements would be nearly proportional to overpressure and nearly 

independent of yield.  In general, the scaling of peak displacement is 

related to the ratio of the ground ^hock transit time between the 

response point of interest and the effective bedrock to a characteristic 

time of the overpressure history decay.  The Frenchman Flat site exhibited 

a scaling with yield to the 0.15 power at 100 psl and the 0.22 power at 

1000 psi (Reference 44). Other calculational studies have indicated that 

one-sixth power yield scaling is approximately valid for most sites with 

significant layering. 

One-dimensional calculations for the generic dry soil site resulted 

in the following peak vertical surface displacement scaling. 

dv - ^ in- (ioooP psi)      (rm) 

6  11000 psiJ 

(20) 

or 42  in.  of  displacement for  the reference  condition of  1 MT yield and 

1000-psi overpressure.    Parameter  calculations varying depth to bedrock, 

H,  have  shown the displacement  to scale as  H  *   .    According to calcula- 

tions,   the  same scaling applies to  the wet  soil  site with a displace- 

ment of   12  in.   for the reference condition. 
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The rock sites are nearly homogeneous and the displacements are 

computed from the uniform elastic medium relationship 

V  pC 
(21) 

where I is the total impulse and pC is the medium impedance.  The ref- 

erence values for the soft and hard rock sites are 4 and 1.3 in. 

respectively. 

These expressions define the air slap component of vertical sur- 

face displacement, which is essentially the total AI displacement in 

the strongly superseismic region.  In the outrunning region, the air 

slap response is superimposed on the ground roll motions. Therefore, 

the air slap response is not nearly as well defined as for the super- 

seismic region.  Until additional analysis is performed, the one- 

dimensional response is a reasonable estimate of the peak air slap 

vertical displacement for both regions. 

An exponential displacement attenuation with a depth of a form 

similar to Equation (17) is used. The attenuation constant, LQ, is 150 ft 

for dry soil, 250 ft for wet soil, and 400 ft for soft rock.  No attenua- 

tion of displacement from the surface through the 50-ft depth occurs for 

the hard rock site. 

The DIA/VAS air slap ground shock parameter definition for the dry 

soil, wet soil, soft rock, and hard rock sites is summarized in Tables 5 

to 8 respective) Y. The tables give best estimate peak values for dis- 

placements, velocities, accelerations, and stresses; and scaling with 

yield, overpressure, and depth.  In addition, 2(r uncertainty factor esti- 

mates are specified. 

■-■■-'- ■' ■   ■-■-"' fcirtrr   .tilii^ _. 
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TABLE 6.  SURFACE BURST WET SOIL PEAK AIR SLAP PARAMETERS 

Environment _ /Reference\ /_W \ / P \ 
Value     '  Value  / U MT/ \ 1000 psi/ 

exp - 
J0 

ENVIRONMENT 

PARAMETER 

dH (In) 

\ (if») 

vH (IP«) 

\ (•'•) 

%  (P-D 

aH (P*
1) 

REFERENCE 

VALUE 

12 

15 

160 

60 

830 

420 

1000 

1000 

SCALING FACTORS* 

(1) 

(1) 

0 

0 

0 

0 

0 

0 

B 

2/3 

2/3 

1 

0.6 

1 

0.6 

1 

I 

u0 
(ft) 

250 

00 

250 

00 

(2) 

(2) 

Scaling Range:  20 kT < W < 50 MT 
10 psi < P < 5000 psi 

* < 50 ft 

20 

UNCERTAINTY 
FACTOR** 

2.5 

3.0 

2.5 

2.5 

3.0 

3.5 

2.0 

2.0 

I 

(1^ A " 6 (lOOO psi/ 

0.23 

<2> VH 
5v, 

VilL g's/ips ,  z > 0 
fl + 9 ft/ 
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TABLE 7.  SURFACE BURST SOFT ROCK PEAK AIR SLAP PARAMETERS 

Environment _ / 
Value   " \ 

Reference 
Value ) ( 1 MT) ( 1000 psi/ 

exp 

ENVIRONMENT 

PARAMETER 

dH(in) 

vv (Ipa) 

vH (ips) 

aH (g's) 

aH (P«l) 

'0 

REFERENCE 

VALUE 

4 

A 

65 

40 

330 

330 

1000 

1000 

SCALING FACTORS* 

1/3 0.4 

1/3 0.4 

0 

0 0.6 

0 

0 

0 

0 

"0 
(ft) 

400 

400 

600 

00 

30 

30 

2a 

UNCERTAINTY 

FACTOR** 

2.5 

3.0 

2.5 

2.5 to 3,5 

3.0 

3.5 to 4.5 

2.0 

3.0 to 4.0 

Scaling Rar.ge: 20 kT < W < 50 MT 
10 psi < P < 5000 psi 

z < 50 ft 

H " VV for P * 300 pSi 

** When ranges of values are given, the uncertainties are 
largest for the lower overpressure, outrunning region; and 
smallest for the high overpressure, superseismlc region. 
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TABLE 8.     SURFACE  BURST  HARD  ROCK PEAK AIR SLAP  PARAMETERS 

Environment      /Reference\     /  W    \    /      P \ 
Value \     Value    /    \1MT/    llOOOpsi/ 

exp 

ENVIRONMENT 

PARAMETER 

dH (in) 

vv dp») 

vH dps) 

a, (g's) 

Oy  (P8i) 

«»H (psi) 

0 

REFERENCE 

VALUE 

1.3 

1.3 

23 

30 

120 

120 

1000 

1000 

SCALING FACTORS* 

1/3 

1/3 

0 

0 

0 

0 

0 

0 

B 

0.4 

0.4 

"0 

(ft) 

60 

60 

2o 

UNCERTAINTY 

FACTOR** 

2.5 

3.0 

2.5 

2.5 to 3.5 

3.0 

3.5 to 4.5 

2.0 

3.0 to 4.0 

Scaling Range:  20 kT < W < 50 MT 
20 psi < P < 5000 psi 

z < 50 ft 

** 
When ranges of values are given, the uncertainties are 
largest for the lower overpressure, outrunning region; and 
smallest for the high overpressure, superseismic region. 
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4.2.1.2 Horizontal Motions 

In the superselsmic region an Initial outward peak horizontal 

velocity occurs because of the compresslonal wave Induced by the air 

slap.  Analytical solutions exist for the resronE- of elastic and cer- 

tain nonlinear media to a uniformly traveling constant overpressure pro- 

file air blast loading.  This steady state loading is a reasonable 

approximation for determining air slap peak velocities in the super- 

seismic region. 

Sackraan developed a solution (Reference 66) for the ground shock 

response to a steady state load on a layered elastic medium.  Results 

for this solution Indicate that the peak air slap near surface horizontal 

velocity (Figure 35) for most of the superselsmic region is given 

approximately by 

H ~ pU 
(22) 

where U is the air shock velocity.  The horizontal velocity is larger 

in the lower layer, but still within a factor of two of this equation 

until near transseismic conditions are achieved. This trend agrees 

with test data for some events where the horizontal velocity does 

increase with depth, although it is not always due to air-slap-induced 

effects. 

The accuracy of horizontal air slap velocity measurements is not 

as good as the vertical response since the direct shear wave which fol- 

lows the compresslonal wave causes an inward component resulting in a 

short pulse width (higher frequency) response. For a low value of Pois- 

son's ratio, the shear wave component is quite large and the elastic 

solution produces inward displacements.  This type of response has been 

observed in test events such as MINERAL ROCK, where the medium has a 

high shear strength and modulus. 
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The near-surface peak air-slap-induced horizontal velocity for high 

explosive test events is shown in Figure 36.  The expression P/pU is 

somewhat on the high side of the data for sites other than Cedar City. 

Velocity attenuation caused by the compaction hysteresis of soft mate- 

rial near the surface would be expected at the 1.5-ft depth for the very 

low yield air blast loading. The data for the Cedar City events are for 

the transition region and are above the P/pU curve. 

The horizontal velocity variation with depth for higher yield 

nuclear air blast loading can be neglected for the depths of interest in 

this study.  In some test events, a velocity attenuation has been observed; 

for others, the velocity increased with depth. 

There is minimal calculational or field data bass for air-slap- 

induced horizontal velocities in the outrunning region, where the ground 

shock wave speed, C, is greater than U.  In such cases P/pU would pre- 

dict larger horizontal than vertic.il air slap velocities.  However, test 

data indicate that the peak horizontal and vertical velocities in the 

outrunning region are on the same order. 

For the reference condition of 1000 psi and 1 MT, the peak surface 

air slap horizontal velocities are 80 ips for dry soil, 60 for wet soil, 

40 for soft rock, and 30 for hard rock. This velocity scales as P ' , which 

is approximately the P/U scaling for tne overpressure region of interest. 

This decay is maintained until the horizontal and vertical velocities 

are about equal, and then both decay linearly with overpressure there- 

after.  At the reference overpressure level, the soft rock medium is 

near the outrunning region and the hard rock medium is well into 

outrunning. 

The surface horizontal acceleration and its attenuation with depth 

are computed in a manner similar to that for the vertical component.  For 

the soil medium, the same expression is used with the modification 
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(23) 

g 

and the horizontal acceleration is taken to be equal to that of the 

vertical for the rock medium. 

Calculations of the response of layered media to the air blast 

loading due to a high yield nuclear weapon for dry soil over rock, wet 

soil over rock, and clay over interbedded shale and limestone media 

were performed by ATI. The computations were performed out to approxi- 

mately the positive phase duration of the air blast for overpressure 

stations down to 150 psi. An analysis of the peak horizontal displace- 

ments in the superseismic region indicates that they correlate reasonably 

well with unloading shear modulus of the medium. The following relation- 

ship has been developed for the near-surface displacement 

du = 40 in. n L1 + 20oRftJ (U    vm) (24) 

••:here Gw is the unloading shear modulus and z  is the depth to bedrock. 

Only a small dependence of shear strength on displacement was observed. 

However, for most materials there will be a strong correlation 

between shear modulus and the better defined shear strength. Thus 

the horizontal displacement is primarily dependent on shear proper- 

ties of the medium, while the vertical displacement is primarily 

dependent on uniaxial strain properties. 

Using representative unloading shear moduli of 100 ksi for dry 

soil and 30 ksi for wet soil gives 1 MT displacements for overpres- 

sures of 1000 and 100 psi, of 9 and 3 inches, respectively, for dry 
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soil; and 17 and 6 inches, respectively, for wet soil. At the 

1000-psi overpressure, the horizontal displacement for dry soil is 

considerably lower than the vertical displacement; for wet soil the 

peak horizontal displacement is about one and a half times higher than 

the vertical.  The large horizontal displacements for wet soil are due 

to the low capability of the medium to resist horizontal stress gra- 

dients in the soil and for decelerating motion resulting from the air 

slfip horizontal velocity; therefore, the material tends to keep moving 

outward. There is a fairly small attenuation of displacement with 

depth, down nearly to bedrock, since the motion is predominantly a 

shearing of the wet soil near the bedrock interface. 

In calculations performed by WA (Baron, private communication), 

ratios of horizontal-to-vertical peak air-slap-induced displacements 

for wet soil were found to be about one, and the corresponding ratios for 

dry soil were about one-sixth at 1000 psi, about one-third at 100 psi, and 

about one at 10 psi.  These results are in reasonable agreement with the 

ratios determined from the ATI calculations considering the large uncer- 

tainties in horizontal displacement.  In the DIA/VAS environments, the 

WA ratios were used for dry soil displacement, while the wet soil hori- 

zontal displacements were taken as one and one quarter times the vertical 

at the surface. 

There is no significant field test or calculational data base *or 

air-slap-induced horizontal displacements for the rock sites. The design 

manual (Reference 7) recommends that the peak horizontal and vertical AI 

displacements in the superseismic regions be taken as equal when the stress 

wave velocity is greater than 0.71 times the air shock velocity. On this 

basis, the DIA/VAS air slap horizontal displacements are taken as equal to 

the vertical, for the rock sites. 

In the superseismic region the peak air slap horizontal stress is 

given by 

aH - Kov 
(25) 
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where K is a dynamic lateral stress coefficient.  This coefficient is 

generally low for dry soils (Reference 7) and a value of 0.35 is used for 

the superseismic 1000-psi overpressure reference condition for the dry 

soil site.  The scaling with overpressure is such that at 10 psi both 

components of stress are approximately equal.  Low shear strength wet 

soils cannot maintain significant stress differences and the vertical 

and horizontal components of stress are approximately equal for the whole 

overpressure range. 

The rock sites are in the outrunning or weakly superseismic region 

throughout most of the region of interest in this study and the hori- 

zontal stress has significant uncertainty for such conditions.  Steady 

state elastic analyses (e.g., Reference 66) predict large horizontal 

stresses near the outrunning region, but finite difference calculations 

for the HRSD Program exhibited horizontal stresses on the order of the 

vertical stresses.  The DIA/VAS horizontal stresses are taken to be 

equal to that of the vertical for the rock sites. However, both the 

stress and motion environments for the transseismic region is an area 

where the phenomenology needs better definition. 

The peak air slap horizontal ground shock parameter scaling and 

20 uncertainty factor estimates are given in Tables 5 to 8. 

4,2.2 Directly Coupled Effects 

Only a small fraction of the total nuclear weapon energy is directly 

coupled to the ground. This fraction is composed of internal energy 

primarily from radiative coupling and kinetic energy associated with 

weapon debris.  The energy coupling decreases rapidly with increased HOB, 

since the air absorbs radiative energy (which results in the fireball 

formation) and dissipates kinetic energy. 

Kinetic energy is fairly efficient in producing craters, and source 

details must be considered when direct coupling effects are evaluated. For 
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example, the KOA event, fired in a water tank, had a cratering efficiency 

about three times that of "hot" devices for comparable HOB and geological 

conditions.  This was due to the enhanced kinetic energy associated with 

effects due to the water tank. 

Early predictions for directly coupled effects (Reference 4) were 

based on accelerometer data for underground nuclear tests (primarily 

RAINIER fired in tuff).  Predictions for surface bursts were determined 

by applying (a) an equivalent yield factor to these data to obtain sur- 

face burst predictions, (b) empirical ratios of ground shock irrival time 

to peak velocity rise time and positive phase duration, to obtain peak 

velocity and displacement from acceleration, (c) hydrodynamic yield scal- 

ing, and (d) seismic velocity scaling, based 01 high explosive data, to 

apply these results to materials other than tuff.  At that time, the 

velocities and displacements from near-surface nuclear events were not 

studied in detail since the uncertainties associated with integrating 

the accelerometer records were considered too large.  The engineering 

approximations used to develop this methodology have proven to be good, 

considering the limited data base at that time, for the prediction of 

directly coupled effects in the far-out region.  Close in, the methodology 

did not account for the significant variation with range of the ratio of 

velocity pulse duration to arrival time, caused by free surface effects. 

This ratio remained constant in the far-out region. 

When the need developed for strategic systems to survive closer-in 

to ground zero, it became critical to develop higher confidence predic- 

tions for DI/C1 effects.  At this time, continuum code calculational tech- 

niques had been developed that could be used to calculate these effects. 

Initial efforts addressed the HRSD program requirements, with more recent 

calculations performed for a generic clay/shale site termed U-2. 

However, to date the theoretical techniques are not at the point where 
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credible calculatlonal results can be obtained. Ground shock calcula- 

tions for Site U-2 performed by ATI show little difference between the 

response to air blast loading only and the response to combined air 

blast loading and initial energy deposition (direct coupling) conditions. 

The latter calculation considered directly coupled effects using the DNA 

Source 3 model d-veloped by Systems, Science and Software (S ). How- 

ever, significant crater-related motions would be expected for this site. 

Preliminary results of similar calculations performed by PI show agree- 

ment with the ATI results. 

When the limitaaons in the calculatlonal state-ot-the-art became 

apparent, emphasis was again placed on empirical analysis of the test 

data. This effort was aided by data from better-instrumented high 

explosive tests at the SES and Cedar City test sites in the late INO's. 

In analyzing the project MOLE horizontal displacement data from 

the early 1950's. Cooper determined that the cube root of apparent crater 

volume scaled the data bett-r than all other parameters considered. 

This scaling parameter was then tested against the available nuclear and 

high explosive data and found to correlate quite well, as shown in Fig- 

ure 37 (Reference 7). 

For a given crater volume, above-surface detonations were found 

to be more efficient in producing horizontal displacement than half- 

buried and below-surface detonations.  Cooper indicates that this is 

possibly due to the fact that material ejecta is more predominant in the 

cratering process for surface and below-surface detonations.  This proc- 

ess could be less efficient in producing horizontal displacement than 

a compression-induced crater would be. 
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A fit to the data in log space was given by 

v4/3 
HOB > 0 (26) 

and 

v4/3 
dH = 0.10-3- HOB < 0 (27) 

where V is the apparent crater volume and R is the ground range.  The 

data available are not sufficient to accurately define a continuous 

transition from above-surface to buried-source conditions.  A surface 

contact burst is considered to be at a slight HOB, while a true surface 

burst Is one where the center of mass of the explosive is coincident with 

the ground surface. 

The data scatter in the correlation (Figure 37) is approximately 

an order of magnitude. However, the correlation achieved is quite good 

considering the wide range of geology and explosive sources included and 

the significant scatter of test data for individual events. 

Reference 7 also presents Cooper's permanent horizontal displace- 

ment data correlation for high explosive tangent spheres for events at 

SES and Cedar City and for the MOLE series. This correlation indicates 

that 

^/3 

HP 
0.2 HOB > 0 (28) 

For surface burst conditions, the close-in near-surface vertical 

response consists of downward motion brought about by the air slap and 
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followed by the upward motions associated with DI/C1 effects. Figure 38 

(Reference 15) shows a comparison between vertical and horizontal scaled 

displacement data for SES and Cedar City high explosive events, where 

close-in the crater-related effects dominate the response. The Cooper 

crater volume scaled peak horizontal displacement data are on the high 

side of Equation (26); and the vertical and horizontal peak displacements 

are approximately equal, with both data sets being essentially within 

scatter bands a factor of ten apart.  Analysis of nuclear data, by Cooper, 

for above-surface bursts in the EPG shows much scatter in limited data, 

but the trend is consistent with horizontal and vertical displacements 

being equal. 

Figure 39 shows the vertical and horizontal scaled displacements 

for the two 100-ton MIDDLE GUST and the 500-ton MIXED COMPANY surface 

tangent high explosive events. Also shown, for comparison, are the 

scatter bands for the SES and Cedar City data and the Equation (26) pre- 

diction line.  These horizontal displacement data on the average agree 

with the prediction equation; however, a marked geology dependence is 

shown.  The scaled displacements for MIXED COMPANY 3 (dry hard sandstone) 

are the largest, with the MIDDLE GUST dry clay/shale site having nominal 

values and the MIDDLE GUST wet clay/shale site having the smallest values. 

The peak vertical displacements are about a factor of two lower than the 

horizontal with the same geological separation. 

The MIDDLE GUST and MIXED COMPANY events are the first significant 

tests in medium with strong near-surface impedance mismatches.  Since 

many strategic sites of interest have strong layering features at compara- 

ble scaled depths, it is important to better define the effects of layer- 

ing on ground shock response. Possibly geological correction factors 

to crater volume scaling could be determined. 

Scaled displacement data for five of the e^ght 1000-lb calibration 

shots fired at various depths in the MIDDLE GUST wet site are shown in 
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Figure 38. Crater Volune Scaled Peak Displacement Correlation for Surface 

Tangent High Explosive Events at SES and Cedar City (Reference 15) 
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Figure 39. Crater Volume Scaled Peak Displacement Correlation 
for Large Surface Tangent High Explosive Events at 

MIDDLE GUST and MIXED COMPANY 
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Figure 40.  Surface tangent and half-buried conditions were obtained by 

excavating down to the depths of interest.  The site is not as strongly 

layered, in a scaled sense, for these smaller high explosive charges; and 

data for the surface tangent events are slightly lower than, but in rea- 

sonable agreement with, the prediction equation.  However, the half-buried 

event data are high compared with the prediction equation.  Actually, 

the calibration data do not exhibit a difference in crater volume scal- 

ing between half-buried and surface tangent events. 

Test events generally have data for gages from various depths. 

However, dimensional scaling considerations indicate that if the response 

is a function of depth, then it is more appropriate (for at least nearly 

homogeneous sites) to compare data from similar scaled depths.^Figure 41 

(Reference 67) shows that when SES data for only the top 0.1 V   are 

considered, then the scatter about the best fit line is considerably 

reduced. Figures 42 and 43 show these data for MIDDLE GUST IV and 

MIDDLE GUST III, respectively. 

The data base has received extensive study of various possible 

scaling parameters.  In Reference 67, Cooper presents a dimensional 

analysis for crater-related ground motion response in "uniform" geologies. 

The analysis considers as independent variables:  crater volume, V; 

medium density, P | and characteristic wavespeed, C; gravitational accel- 

eration, g; range from burst, R; depth, z; and weapon HOB. The influ- 

ence of material strength is assumed to be considered through the crater 

volume and, therefore, is not an independent parameter. Crater-related 

displacements can then be written in the form 

,1/3 
= f 

.1/3 

z    HOB 

,1/3 ' „1/3 
Si 

1/3" 
(29) 
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Figure 41. Crater Volume Scaled Peak Displacement Correlatlün 

for Top 0.1 V1'3 for SES Events (Reference 67) 
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Figure A2. Crater Volume Scaled Peak Displacement Correlation for Top 

0.1 V1'3 for MIDDLE GUST IV (Cooper, Unpublished Data Analysis) 
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Figure 43.  Crater Volume Scaled Peak Displacement Correlation for Top 

0.1 V1^3 for MIDDLE GUST III (Cooper, Unpublished Data Analysis) 
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The last term is analogous to the Froude Number used In fluid mechanics. 

In a report by Sauer (Reference 68), he indicated that crater-related 

motions are at least as well correlated with quarter-root of crater volume 

scaling as with cube root scaling.  This would imply that gravitation 

effects are dominant and that the Froude type of scaling is applicable. 

However, a more tsxtensive analysis of the data (Reference 69), including 

results of buried cratering bursts in alluvium and considering scaled 

depth effects, has led to a general acceptance of Cooper's cube root crater 

volume scaling for displacements which incorporates reciprocal R attenua- 

tion: i.e.. 

.1/3 
= f 

HOB 

v1/3 ' v1/3 
(30) 

r 

Applying the dimensional analysis to peak velocity results in two 

alternative forms for the scaling relationship, namely. 

V k R 

v1/3 •  v1/3 
HOB 

• vl/3 
Sv
1/31 

C ' c2 J 
or 

Vsv^ 
[R    _z_   HOB   gV1/3 

vl/3 ' vl/3 • vl/3 '  c2 J 
(32) 

These expressions are equivalent since they merely differ by the square 

root of the Froude type of scaling parameter. Similarly, time-to-peak 

displacement, t , can be written as 
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,1/3 = q 
I HOB 
373 ' ,ri/3 ■ „i/3 

tS. 
1/3 

(33) 

HOB 
vl/3  '  vl/3   '  vl/3   ' 

£ 1/3 (34) 

For a consistent prediction technique, the Foaling for peak velocity and 

time to peak displacement must be compatible with the peak displacement 

scaling. 

1/3 
The vertical and horizontal near-surface (<0.1 V  ) velocity data 

for surface tangent events at SES are shown in Figure 44 (Reference 15), 

plotted against scaled range. No trend separates the 500-ton PRAIRIE 

FLAT and DIAL PACK data from the 100-ton DISTANT PLAIN 6 data. In addi- 

tion, vertical velocities are about a factor of two higher than the hori- 

zontal velocities. This difference is possible due to the fact that the 

DI/CI motions are initially caused by a refracted wave which has a front 

directed primarily upward. 

The Cedar City near-surface-tangent event velocity data are shown 

in Figure 45 along with the SES data scatter bands.  The horizontal 

velocity is larger than the vertical for these events, fielded in the 

much stiffer medium. 

In order to determine geological effects, it is useful to compare 

data for events with comparable explosive source and differing geological 

conditions.  Figure ^6 shows the velocity data for 100-ton surface tan- 

gent and near-surface-tangent events for conditions from soft soil to 

rock. The peak horizontal velocity for this charge configuration is not 

very depfndent on geology, a trend also observed for air-slap-induced 

motions. Vertical velocities do depend on geology, being largest 
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for the softest medium.  The 20-ton half-buried events data (Figure 47) 

show horizontal velocities to be higher in the stiffer MIDDLE GUST 

sites. As the HOB decreases, this trend is expected since higher veloc- 

ities have been observed in stiffer medium tor fully buried detonations. 

However, the geological separation of the horizontal half-buried data 

is not large. The corresponding data for 1.0- and 0.9-diameter HOB 

100-ton events are given in Figure 48. 

Initial analyses of crater-related velocities for test site geolo- 

gies considered the Equation (31) scaling, with the seismic velocity at 

the depth of interest used as the scaling parameter, and reasonable cor- 

relation was obtained. The alternate form of Equation (32) accounts for 

gravitational effects which were not significant for displacement 

response and are also expected to lack significance for the higher 

frequency peak velocity response. 

The current Air Force design manual (Reference 7) uses an equiva- 

lent seismic velocity scaling of the form 

^=0.01V 
2/3 

(35) 

I 

where C is the range divided by the seismic arrival time at the point 

of interest, which applies to near-surface detonations.  The scatter bands 

of available data shown in the reference are about a factor of 4 up and 

down.  For the DIA/VAS analysis. Equation (35) is used with Ce taken to 

be constant for the generic sites considered. 

For a "uniform" medium cube-root crater volume scaling implies 

that the time to peak displacement, td, scales with the cube-root of 

crater volume for a given scaled range.  However, PRE-MINE THROW IV 

vertical motion data for Events 5 (1000 lb) and 7 (256 lb) in Yucca Flat 
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playa indicate that crater-related durations scale more like VT 

for the same cube-root yield scaled range (Reference 15).  Thus con- 

sistency between scaling of d, v, and td has not been demonstrated and 

additional analysis of the available data base will be required as 

results of the PRE-MINE THROW IV scaling experiments become available. 

At this time, cube-root crater volume scaling is recommended. 

The surface burst Dl acceleration at a depth below ground zero 

equal to the range of interest is a conservative estimate of the Dl/CI 

acceleration. On the basis of equivalent yield scaling of underground 

test data, the Air Force design manual (Reference 7) specifies this 

acceleration in the form 

a = a 0 1 Ml' 
R 

1000 ft 

-4 
(36) 

where a« is 140 g's for hard rock, 25 g's for soft rock, and 5 g's for 

dry soil. The value for wet soil is between that for soft rock and 

dry soil. 

The peak Dl/CI accelerations, needed to construct ground shock 

waveforms, should not be critical to response of near-surface systems 

since they are significantly lower than those caused by the air slap. 

Therefore, these conservative expressions can be used for the DIA/VAS 

environments. 

Few data exist regarding peak stresses associated with directly 

coupled effects.  Stress gages have been placed in some high explosive 

test (e.g., MIDDLE GUST, PRAIRIE FLAT).  However, these data are ques- 

tionable for the Dl/CI later time phase of the response. 

124 



•mm~~. t^mmmmmmmmm wmmmmmmmmrKmmK-n,^^ 

\ 

The peak stress can be written in the form 

ö= PC
EQV 

(37) 

where pC  is the peak stress equivalent impedance.  The peak particle 

velocity wave speed is a first-order estimate for CEQ.  For the PILEDRIVER 

event, the peak velocity wave speed was about 0.75 of the 19,000 fps 

seismic velocity (Reference 70). 

If both velocity and stress measurements are obtained, then a direct 

determination of the equivalent impedance can be made. High quality data 

for both of these ground shock parameters were obtained in 50-lb calibra- 

tion shots in dry clay for the design of the BLEST environment for the 

SAMSO HARD PAN series in Kansas.  These data indicated a value of CEQ of 

about half the seismic velocity.  Thus, the peak DI/CI stress can be 

written in the form 

O-YpC.v (38) 

where C. is the seismic velocity and Y is the ratio of the peak stress 

impedance to seismic impedance. A value for Y of 0.75 for the hard rock 

site and 0.5 for the other sites is used.  Lower values can be obtained 

for cemented dry soils with high porosity. 

The DI/CI ground shock parameter definition for the four generic 

sites is given in Table 9. The table gives best estimate peak values 

for displacements, velocities, accelerations, and stresses; and scaling 

with yield and range.  Since scaled depths are within about 0.3 V   for 

most of the conditions considered in this study, no variation with depth 

is specified. The table also specifies 2o-uncertainty factor estimates. 

mam 
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4.2.3 Ground Roll Effects 

Until quite recently, outrunning ground shock phenomenology has not 

received much systematic investigation.  in the early 1960's, ground 

motion criteria ^or systems designed to survive overpressures of a few 

hundred pounds per square inch and higher were considered to be governed 

by the softest site conditions where the motion was generally superseismic. 

Detailed structural loading definition was not available nor required 

since very conservative structure design procedures were utied.  Hardened 

systems, designed for overpressures on the order of a few tens of pounds 

per square inch generally consisted of protruding structures, and the 

dynamic pressure effects would govern the design. However, SAFEGUARD and 

SITE DEFENSE systems, which have been designed for the outrunning region, 

are sensitive to ground shock. The development of these systems has 

spurred the study of outrunning ground shock. 

Most of the more recent high explosive test events were fairly well 

instrumented in the outrunning region, where the ground roll response is 

the primary environment. An extensive review and analysis of these data 

has been performed for the SES and Cedar City events (References 46 and 

71) and for the MIDDLE GUST and MIXED COMPANY everts (Reference 71). 

The primary source of nuclear data for outrunning motions is the 

TUMBLER 1 HOB event at NTS.  Sauer (Reference 2) developed a vertical 

outrunning waveform definition based on the TUMBLER 1 integrated accel- 

erometer records (Figure 49). These data are about the only purely air- 

blast-indured outrunning records available, since all the high explosive 

event data exhibiting outrunning phenomenology also contain significant 

direct-induced effects. 

Data in the region of interest were also obtained for the near- 

surface-burst IVY MIKE event in EPG. The integrated acceleroroeter records 

(Reference 38) for stations at 18,300 ft range (%14 psi) and 21,300 ft 
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range (^12 psi) are shown in Figure 50. These stations are located on 

different atolls, quite distant from one another.  Since the outrunning 

range for EPG (2000 to 4000 ft/MT1/3) is about one-half that for NTS 

playa, the lO-psi IVY MIKE ground roll motions are more fully developed 

than the TUMBLER 1 motions for the same overpressure. 

In Reference 46, Hadala presents results of calculations for the 

TUMBLER 1 event.  Since there is uncertainty in the Frenchman Flat seis- 

mic velocity for the material between the 240 and 590-ft depths, different 

calculations were performed with nonlinear material properties consistent 

with the seismic velocity uncertainty band. Reasonable correlation was 

obtained for the stiffer site model. The test/analysis comparison 

shown in Figure 51 represents the first demonstration of the capability 

to compute outrunning motions. 

Hadala also performed calculations for the SES ground shock response 

to a 500-ton high explosive air blast loading, for comparison with 

PÄAIRIE FLAT and DIAL PACK data. The direct-induced response was inves- 

tigated parametrically by considering high stress, short duration, load- 

ing near ground zero. These studies indicated that the horizontal, but 

not vertical, response in the outrunning region is very sensitive to the 

close-in boundary conditions. A number of calculations were performed, 

however, good test/analysis correlation was not obtained. 

As previously discussed, reasonable test/analysis correlation has 

been obtained for the air slap response for PRAIRIE FLAT for a WES soil 

model. The lack of correlation for the Reference 46 study might be 

attributed to the fact that the basic soil property test data are devel- 

oped for stress path histories that are more related to air slap loading. 

However, the capability to perform adequate calculations of ground 

shock response due to the direct high explosive coupling with the medium 

does not exist. Calculations have been performed for other test sites 

with reasonable crater results being obtained for some cases (e.g., MIXED 
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COMPANY, Reference 56).  However, the ground shock response does not 

agree with data for these calculations. 

Analysis of data from the high explosive events suffers from the 

difficulty of separating AT ground roll effects from DI/CI ground roll 

effects. Separation is particularly important if scaling techniques to 

predict nuclear motions are to be developed from the data, since source 

coupling effects are significantly enhanced in the high explosive tests. 

As previously discussed, the initial response In the outrunning 

region, for layered media, is usually associated with a refracted wave 

caused by upstream air blast sources. However, for relatively homo- 

geneous media, outrunning occurs when the air blast slows down below the 

ground shock speed and the initial response is associated with a near- 

surface wave path. In both cases, the initial motion is upward and 

outward. 

Analysis of the initial upward vertical velocity (v^ for high 

explosive events at SES, MIDDLE GUST, MIXED COMPANY, and Cedar City indi- 

cated the data to correlate best with cube root of yield scaling of range 

(Reference 71). The reference shows the specific data points fo»: the 

individual events which indicate scatter bands varying from a factor of 

about 1.5 up and down for MIDDLE GUST II and III to a factor of about 

2,5 for MIXED COMPANY 2 and 3.  Separating near-surface from deeper gage 

data did not help reduce the scatter. The DISTANT PLAIN 6 100-ton-event 

data were significantly lower than the 500-ton SES events and were not 

included in the best fit.  However, the scatter bands for MIXED COMPANY 

contained most of the DISTANT PLAIN 6 data. The initial peak decay with 

range varies from R-1'5 to R-1'65. Higgins and Schreyer indicate that an 

R-1"5 decay is representative of most of the data.  Figure &2 shows' the 

Reference 71 fits to the data. 
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Figure 52. High Explosive Outrunning Vertical Velocity Peak 
Attenuation and Nuclear Data Conparlson (Reference 71) 
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For the layered sites, tne initial peak velocity is approximately 

proportional to the propagation velocity (phase velocity) of outrunning 

motions.  These phase velocities (Reference 71) are about 11,000 fps for 

the MIDDLE GUST wet site; 10,500 to 13,500 fps tor the MIXED COMPANY 

site; and 5,500 fps for the SES site. 

The initial p« Jt velocities for the Cedar City events are signifi- 

cantly below the MIXED COMPANY and MIDDLE GUST data even though the out- 

running propagation velocities are comparable. The Cedar City site is a 

fairly homogeneous medium with outrunning being initiated at the surface. 

Therefore, the initial peak upward velocity may not be as large as if it 

were due to a refracted wave whose wave front normal is more vertical. 

The jointing of the medium at Cedar City resulted in direction-dependent 

wave speeds of 8800 fps for propagation perpendicular to the jointing 

and 11,000 fps in the parallel direction.  The direction of propagation 

did not appear to significantly affect the initial peak vertical velocity; 

however, the horizontal response exhibited propagation direction-associated 

differences. 

Additional analysis of vertical refracted wave velocity peaks for 

MIDDLE GUST is presented in Reference 72.  This analysis indicates that 

the velocities normalized to a layer impedance factor correlate well with 

wave path length for a given event. 

Representative wave forms for the MIDDLE GUST, MIXED COMPANY, and 

Cedar City sites for the outrunning region are shown in Figure 53.  For 

these relatively stiff sites, the peak vertical velocity generally 

occurred after the first cycle of motion.  For the SES events, the late- 

time vertical oscillatory peaks were generally less than the initial peak 

for stations above 10 psi. The motion for this softer site contained 

more cycles, with the predominant frequency decreasing with time on 

account of the dispersive effects. 
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Figure 53.  High Explosive Event Waveforms for 
Outrunning Region (Continued) 

135 

""—*   __ 



■immiipgm ^^K^ni.   ■!    t    im    Km ii  I >*w*P*^varm^«-r »»"^»^W^^ 1 I"       •" 

  VERTICAL VELOCITY (UPWARD, POSITIVE) 
  HORIZONTAL VELOCITY (AWAY, POSITIVE) 

^\   y\        MIXED COMPANY 3 
\ /\/7v\        543-ft RANGE. 1.5-ft DEPTH 

MIXED COMPANY 3 
843-ft RANGE, 1.5-ft DEPTH 

Figure 53. High Explosive Event Waveforma for 
Outrunning Region (Concluded) 
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The analysis of Reference 71 indicates that the late-time peak 

ground roll velocities were not very geology dependent.  A fit to these 

data Is also shown in Figure 52.  The late-time peak vertical velocities 

attenuate slightly faster than R-1 and the data scatter varies from a 

factor of about 2 up and down for MIDDLE GUST II and III to a factor of 

about 3 for MIDDLE GUST IV and the Cedar City events, as discussed in 

the reference. A comparison of data for approximately surface tangent 

and one-diameter HOB conditions at the MIDDLE GUST wet site (Event II 

and III) with the Cedar City (MINE UNDER and MINE ORE or MINERAL ROCK) 

site did not show a significant HOB dependence for the vertical response 

at a given test site. 

For completeness, peak ground roll vertical velocities for the 

TUMBLER 1 and IVY MIKE nuclear events are also shown in Figure 52.  No 

equivalent yield adjustments have been made to account for differences 

between nuclear and high explosive efficiencies. The TUMBLER 1 data agree 

with the high explosive ground roll data. The IVY MIKE data are higher 

and are comparable to the SES initial upward vertical peaks. 

The horizontal ground roll response is more complex than the verti- 

cal and has not been analyzed quite as extensively in Reference 71.  The 

horizontal ground roll velocity response at MIDDLE GUST III was more 

severe and more rapidly attenuating than the corresponding response at 

MIDDLE GUST II, indicating a probable HOB effect associated with tie 

close-in coupling for this motion component. A similar behavior was 

also observed for the Cedar City events. 

The analysis of the high explosive data in Reference 71 considers 

only the peak velocity, which generally occurred on the initial pulse 

rather than both the initial and late time peaks.  The analyses of both 

Reference 71 and 46 indicate that the initial peak horizontal velocity in 
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the outrunning region is due to both AI and DI effects; therefore, it 

would have an HOB dependence. 

4 
At the maximum scaled range of interest in the study, about 10 ft/ 

MT  , the peak horizontal velocities for all events are on the order of 

0.3 fps except for the 0.9 diameter HOB MINE UNDER event which was about 

a factor of two lower. The horizontal and vertical late time peak veloc- 

ities are about equal for this maximum scaled range with the primary dif- 

ferences between the two components occurring in the initial peaks. 

Additional analysis of the horizontal velocity data should be performed 

to determine the geology and HOB effects on both the initial and the late 
-1.4 

time peaks.  The maximum horizontal velocity decayed with range (R    to 
—? 0 
R    for various events) more steeply than the initial vertical velocity 

(R~   to R~ '   for various events) possibly because the faster attenuat- 

ing DI effects had more influence on the horizontal.  It would be signifi- 

cant to determine whether the horizontal late-time peak velocities scale 

approximately according to R  as do the vertical. 

In comparing the test data waveforms in Figure 53, one sees that 

the Sauer Type II waveform is representative.  Even though it is appar- 

ent that the initial and late-time peaks scale differently, the under- 

standing of ground shock phenomenology in the outrunning region has not 

reached the point where this difference has been implemented in a pre- 

diction technique.  In this analysis, the peak outrunning velocity will 

be taken to decay with range as R~ '  and the Sauer waveform will be 

used.  However, it seems that more detailed analysis of the presently 

available data could result in a prediction technique that considers 

the scaling difference between the initial and the late-time peaks. 

On the basis of the available data shown in Figure 52, the  ground 

roll peak velocity for dry and wet soils is taken as 
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V 

v = 0.5 fps 
MT 1/3 

W1/3 104 ft 

-1.5 

(39) 

A velocity coefficient of 0.2 fps is used for the rock sites. 

Peak displacement data for the outrunning region for NTS events 

are analyzed in Reference 73. The analysis indicates that the displace- 
1/3 

ments shown in Figure 54 follow W   scaling.  In the outrunning region 

data for air bursts, surface contact bursts, and optimum depth-of-burial 

bursts all attenuated as R~ . The air burst data are about a factor of 

1.8 lower than the surface contact burst data, with the depth-of-burial 

burst data a factor of 2.6 higher.  Thus, in each of thee«3 cases the 

phenomenology should be similar since the attenuation rates are the same, 

the primary difference being the amount of energy causing the motions. 

For surface contact bursts, the peak outrunning displacement is given by 

1/3 
= 1.3 

W 

in. R 

w1/3 
MT1/3 

MTl/3 ID4 ft 

-1.0 

(40) 

with slightly higher motions expected for surface burst conditions. 

Since the Sauer outrunning waveform has approximately an equivalent 

period of 

we have 

T ^ 5 - 
v 

,1/3 
= 1.1 

sec 

MT 
1/3 

R 

W 
1/3 

MT 
1/3 

4 
10 ft 

0.5 

(41) 

(42) 
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Figure 54.  HOB Effects on Outrunning Peak Vertical 
Displacements for NTS Events (Reference 73) 
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This expression results in a period of 0.11 sec for 1-kT (TUMBLER 1) 

and 0.09 sec for 500 tons at the 10 psi station.  The PRAIRIE FLAT and 

DIAL PACK events had periods of approximately the latter value but also 

had very late time motions with periods on the order of 0.5 sec. The 
-3      1/3 

peak displacements for these SES events decay as R  for R/V   out to 

nearly 20; therefore, the low frequency outrunning phenomenology for 

the high explosive events at SES is different from the nuclear NTS 

events. The predominant TUMBLER 1 period «as about one and one-half 

times greater than that obtained from this equation. 

Tests at the MIXED COMPANY site for events of 0.5 ton to 500 tons 

have shown periods that approximately scale by the cube root of yield 

at a given scaled range. However, other studies have indicated that 

the period scales according to the sixth or eighth power of the yield for 

for the outrunning region of interest. 

The outrunning response modes are a function of the geological lay- 

ering and shear wave velocities. However, those modes which are excited 

are governed by the applied loading characteristic periods which scale 

as the one-third power of yield. Thus if geological layering consider- 

ations are important, the periods should scale less than the one-third 

power of yield and the scaling implied by Equation (42) should be con- 

sidered to have significant uncertainty.  Correspondingly, peak displace- 

ments in the ground-roll-dominated region also have significant uncertainty. 

The ground-roll-displacement scaling is of the form 

d 

w1'3 V/3 MT 1/3 

4 
10    ft 

-1 
(43) 

and only distinction between soil and rock sites is made in the value 

of y.     On the basis of  the analysis of  the NTS data,  the value of  y  is 

taken as 1.5  in./MT1'3 for surface bursts  for the dry soil site.     The high 
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explosive data indicate that the response frequencies are on the 

same order for the dry soil sites as for the soft rock sites. Therefore, 

the same ratio of velocity to displacement will be maintained for all 
1/3 

sites, resulting in a value for |Ji of 0.6 in/MT   for the soft and hard 
1/3 

rock, sites, and 1.5 in./MT   for the wet soil site. 

The DIA/VAS ground roll motion predictions for the four generic 

sites are given in Table 10. Again 2o-uncertainty factor estimates 

are also specified. 

4.2.4 Waveforms and Shock Spectra 

The 1-MT peak air slap, Dl/CI and ground roll displacements 

and velocities are shown for the four generic sites in Figures 55 through 

58. Cooper (Reference 15) indicates that the transition region should 
1/3 

occur at a range of about 5V  , which is approximately where the ver- 

tical close-in Dl/CI and the far-out ground roll dry soil displacements 

are equal in this analysis.  For other conditions, the displacement cross- 

over is farther out, as can be seen in the figures.  In this study, the 

Dl/CI displacements are considered applicable out to the region where 

the ground roil dominates.  Both Dl/CI and ground roll effects are 

derived from the same data base; therefore, the maximum horizontal or 

vertical upward displacement should not exceed the larger of the two com- 

ponents in the transition region. 

However, a consistent theory has not been developed to synthesize 

waveforms from these components so that a continuous variation of wave- 

form with ground range can be defined. To develop waveforms for a given 

weapon yield and range from ground zero, simplified waveforms were 

developed for each motion component. Waveform equations for peak accel- 

eration, velocity, and displacement have been previously developed by 

TRW for application to hardened facilities analysis.  These waveforms 

(Figure 59) do not exhibit all of the features of data but are repre- 

sentative. They have been used to construct near-surface vertical and 
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Figure 55.  Dry Soil l-MT Surface Burst 
Near-Surface Motion Peak Values 

144 

_M_< 



.. .   .. M.......^ m^rw^mmim   <      <     im.m^   n« JJ»"JrJIJil»S,t^-U^i!!a*.i!p^S 

o. 

8 

10' 10* 
OVERPRESSURE (psi) 

Figure  56.     Wet  Soil 1-MT  Surface Burst 
Near-Surface Motion Peak Values 
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Figure 57.  Soft Rock 1-MT Surface Burst 
Near-Surface Motion Peak Values 
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Figure 58.     Hard Rock 1-MT Surface Burst 
Near-Surface Motion Peak Values 
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horizontal waveforms for the four generic sites, accounting for the 

phasing of the motion components. 

The air slap motion arrivals are determined directly from the air 

blast arrival.  The DI/CI arrival is based on the transit time from 

ground zero, and the ground roll arrival is based on the first outrunning 

or refracted wave arrival. 

With arrival times and peak motion parameters established, represen- 

tative waveforms can be constructed.  Both horizontal and vertical wave- 

forms for 1000, 100, and 10 psi (Figures 60 to 63), and corresponding 

shock spectra (Figures 64 through 71), were constructed for each generic 

site.  The horizontal and vertical components of ground roll were phase- 

adjusted to correspond with data, i.e., taken as out of phase. Approxi- 

mate shock spectra amplification factors are (1) air slap; 1 to 1.5 for 

displacement, 1.3 to 2 for velocity and 2 for acceleration, (2) ground 

roll; 2 to 3 for displacement, 3 to 4.5 for velocity and 4 to 5.5 for 

acceleration and (3) DI/CI; 1 to 1.5 for displacement and velocity. 

For all site conditions, the 1000-psi waveforms contain the air slap 

and DI/CI components, and the 10-psi waveforms contain the ground roll 

and air slap components.  However, the 100-psi waveforms for the soil 

sites were not as easily definable. The wet soil site was considered to 

have, in addition to the air slap component, both ground roll and DI/CI 

motions - adjusted so that maximum motion predictions were not exceeded. 

The duration of the dry soil waveform was reduced, since 100 psi is only 

the beginning of the outrunning region. 

Stress waveforms have also been estimated for each of the generic 

sites. The air slap waveforms are based on characteristics of computer 

code calculational results and the peak stress values.  Free surface 

effects tend to reduce the stress and increase the duration of the velocity 

pulse. The DI/CI stress duration is related to displacement time to 

peak for deep points not influenced by free surface effects. 

(Text continues on page 164) 
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Little analysis has been performed for stresses due to ground roll 

effects, which are not considered in this study.  However, the peak 

stresses should be associated with either the air slap or Dl/Cl com- 

ponents of motion.  Representative stress waveforms are shown in 

Figures 72 and 75, except for the 10-psi station for the rock sites. 

The uncertainties are currently too large to present waveform estimates 

for those conditions. 

4.3 GENERIC SITE PREDICTIONS FOR HEIGHT-OF-BURST CONDITIONS 

Use of a surface equivalent yield facilitates the prediction of air- 

slap-related ground shock, crater volume, and DI/CI motions, as well as 

ground roll effects.  Air slap motions and stresses depend on the sur- 

face pressure loading.  For a fixed peak pressure, several surface burst 

overpressure histories are compared with those for approximately optimum 

HOB (Figure 76).  The major differences in the waveforms are in the value 

of tnn, the initial slope intercept.  The impulse associated with the 

HOB case Is generally within 50% of that associated with the correspond- 

ing surface burst. 

Displacement, which is the only air slap motion parameter signifi- 

cantly scaling with yield, is related tc the air blast impulse; conse- 

quently, one may determine an equivalent surface burst yield, W  , by 

L 
w 
EQ 

W HOB 

[SB 
(44) 

where W is the actual yield, I,,,-,, is the impulse from the height-of-burst 

case, and ICD is the impulse from the surface burst case. This equation 
So 

represents a reasonable method for determining an equivalent yield for 

scaling air slap displacements which peak late time with respect to the 

air blast loading.  However, for cases where higher frequency response 

is involved an improved method for determining a surface equivalent 

yield is given by Equation (45). 
(Text continues on page 170) 
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Figure 76. Comparison of Surface Burst and HOB Overpressure Wavefcraa 
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WEQ = W 
^00^ HOB 

^OO^SB 
(45) 

The influence of HOB on DI/CI motions is directly related to the 

effect of HOB on crater volume. The Air Force design manual (Reference 7) 

gives the following relationship for wet soils, 

V   = V exp 
HOB      v 

HOB v^ 
30 ft/MT 

1/3 
(46) 

where V   is the HOB crater volume; the equivalent yield is then given 
HOB 

by 

WEQ " W ^P 
HOB /w1^ 

30 ft/MT 
1/3 

(47) 

This equation is then used for HOB scaling of DI/CI motions. The 

equivalent yield is simply used in place of the actual yield to calculate 

DI/CI parameters. 

To determine the influence of HOB on ground roll motions, data 

reported by Cooper in Reference 73 have been examined. Figure 54 shows 

the scaled peak displacement range decay for three burst positions, i.e., 

optimum burial, surface burst, and air burst. The outrunning displace- 

ments for air bursts are reduced to 60% of the surface burst values. 

Thus, the ground roll displacements can be written in the form 

SB •••(ArN-W 1000 ft 
B (48) 

where d  is the ground roll displacement for the reference conditions. 
SB 
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5.0    SUMMARY 

i 

This section briefly summarizes conclusions and recommendations 

determined from this study of air blast and ground shock, prediction 

techniques and indicates those areas which most influence the environ- 

ment uncertainties. 

5.1 AIR BLAST 

The current standard for computing height-of-burst (HOB) overpres- 

sure waveforms for ideal surfaces is the Brode 1-kT free-air environment 

definition together with a surface reflection interpolation scheme (Ref- 

erence 6). The resulting peak overpressure contours show that nearly optimum 

HOB detonations have a larger ground range to a specified overpressure 

than does a surface burst of the same yield.  This phenomenon has 

received attention with regard to the vulnerability of overpressure 

sensitive targets to air bursts. However, there is uncertainty as to 

whether this enhancement would actually occur in the high overpressure 

region.  To resolve the issue, the AFWL is currently performing a series 

of HOB finite difference computer code calculations.  It has been neces- 

sary to rely largely on analysis and high explosive test data for air 

blast prediction for the higher overpressure region, since most nuclear 

air blast data have been recorded in the lower overpressure regions. 

Recent high explosive HOB tests with 8-lb charges (Reference 10) 

have revealed the existence of a double-peak air blast waveform associ- 

ated with slipstream effects which are averaged out in the Brode inter- 

polation scheme. This double-peak phenomenon can have a significant 

effect on reducing the dynamic pressure when the first peak is not the 

maximum overpressure.  In this study, a prediction methodology for 

double-peak waveforms has been devised from the 8-lb test data. 
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The dynamic pressure environment for surface burst, ideal surface 

conditions has been defined by a double exponential waveform expression 

developed by Erode.  This expression contains a number of parameters 

which are functions of the peak overpressure.  During the course of this 

study it was determined that the dynamic pressure history could be 

expressed more simply as a function of only the peak overpressure and the 

dynamic pressure peak and duration. The differences between the two 

expressions are small and, therefore, the simpler fit is adequate. 

For HOB conditions, the. dynamic pressure environment is quite com- 

plex and a waveform prediction technique has not been devised.  Peak- 

pressure HOB curves have been developed, but they have very large 

uncertainty for high overpressures especially in the double-peak region. 

In this region, the peak dynamic pressure may be more related to the 

first peak (shock front) overpressure. The HOB ideal surface air blast 

calculations being performed by the AFWL will help to better define this 

environment. 

A method for predicting the precursor overpressure history for non- 

ideal surfaces is contained in the Air Force design manual (Reference 7). 

In addition, tha AFWL is currently performing first principle calculations 

for precursor air blast environments which consider an initial thermal 

profile based on a separate analysis of the dust/air interaction. These 

calculations will also define the dynamic pressure, which is enhanced in 

the precursor region.  The initial thermal conditions are the primary 

source cf uncertainty in this analysis since there are almost no relevant 

data. Calculations will be performed for the PRISCILLA event for valida- 

tion of the approach. 

Recent calculations have also been performed by the AFWL to deter- 

mine the air blast loading on a perfectly reflective bermed surface. 

The results indicate that a significant nonuniform loading could occur 

I 
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for berms with slopes of 1:A. Previously, slopes this shallow were not 

considered to influence the air blast loading. 

5.2 GROUND SHOCK 

This study has considered the ground shock environment for 

the near-surface region (between the ground surface and 50-ft depth) 

which results from both air-blast-induced (AI) and direct-induced/ 

crater-induced (DI/CI) effects. 

For the close-in (or strongly superseismic) region, the surface 

burst ground shock environment is caused primarily by effects from the 

surface overpressure history and overpressure gradients of the air slap 

(overhead air blast loading) portion of the AX loading and by DI/CI 

effects. However, the DI/CI effects diminish rapidly as the burst 

height above the surface increases. 

In the outrunning region, the typical motion for both surface and 

above-surface bursts is that of low frequency oscillation, termed 

ground roll. The initial arrival is usually due to upstream AI loading. 

However, for surface bursts, later events are due to both AI and DI/CI 

sources. 

Ground shock predictions are developed for peak motion and stress 

parameters related to air slap, close-in DI/CI, and AI and DI/CI ground 

roll effects for the four generic site conditions. They are expressed 

in the form of simplified prediction equations appropriate to the 

DIA/VAS analysis. Uncertainties in the predictions are estimated from 

uncertainties of the test data and of the scaling and computer code 

analyses which form the technology base for this study. 

Of all ground shock effects, the vertical air-slap-induced response 

for superseismic conditions has the least uncertainty since it is based 

on first principle analysis validated by comparison with field test 

data. The uncertainty in this response is based primarily on 
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uncertainty In the properties of the medium and In the definition of 

the alrblast. Available test data and analysis Indicate that for super- 

selsmlc conditions the horizontal air slap velocity Is not very sensi- 

tive to the properties of the medium, while the horizontal displacement 

Is very dependent on the shear properties of the medium and has large 

uncertainty even in the superseismic region. 

In the outrunning region, the initial response is due to upstream 

AI loading. The phenomenology of the response has much uncertainty 

since good correlation of test results with analysis has not been 

obtained for the relevant high explosive events which comprise the pri- 

mary data base. Calculation of response for layered sites with large 

Impedance variations requires fine zoning to minimize numerical calcu- 

lational errors. Lack of good correlation, however, is due primarily 

to the uncertainty in the in situ constitutive properties of the medium, 

both in the form of the constitutive equations and in the material 

properties used to fit these equations. It is quite important to have 

a laboratory program and a field test program for determining good 

in situ properties. Within the current state-of-the-art, adequate 

unlaxial strain definition can be obtained. However, there are not 

sufficiently adequate techniques for determining in situ shear stiff- 

ness, anisotropic effects, tensile failure criteria, and post-cracking 

behavior and interface conditions which can be significant factors in 

ground shoüc response. 

To obtain a good definition of the ground shock response, it is 

Important to first correlate test results with analysis for events in 

related media. Then material models can be validated and used for 

calculating nuclear response. 

Both ground roll and close-in DI/CI effects are determined in this 

study primarily from scaling of test data. A principal area of uncer- 

tainty lies in the scaling of waveform durations with yield. Analyses 
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of peak DI/CI displacements and velocities indicate that although cube 

root of crater volume (or yield, for uniform geologies) scaling is 

reasonable, this scaling is not consistent with time to peak displace- 

ment results from the PRE-MINE THROW IV experiments at NTS.  Further 

analysis of the data oase will be required to resolve this issue. The 

peak ground roll velocity and displacement scaling imply cube root of 

yield time (and frequency) scaling. This situation is consistent with 

results of experiments at the MIXED COMPANY site.  The uncertainty in 

this scaling is related to the fact that geological layering would be 

expected to make these frequencies less sensitive to yield.  Further- 

more, there are other data which imply W   or W   time scaling. For 

both the DI/CI and ground roll environments, peak velocity and displace- 

ment data have been weighted more heavily than frequency content. 

Waveforms have been synthesized from air slap, close-in DI/CI, and 

further-out ground roll components, for three overpressure stations and 

the four site conditions.  The ground roll waveform was developed by 

Sauer (Reference 2) from nuclear test data for NTS.  However, for some 

high explosive events differences are observed between the scaling of 

peak velocities associated with the initial portion of the pulse and 

with the later time motion.  These data must be further analyzed to 

develop waveforms that consider these scaling differences. 

Adequate waveforms can be developed for the vertical response 

brought about by superselsmic air blast effects.  But nuclear wave- 

forms for other conditions are based primarily on test data for low 

yield high explosive events and have significant uncertainty. To 

improve the capability of predicting waveforms for generic site conditions, 

it would be important to obtain correlation between data and valid 

calculational results and a simplified prediction scheme for the geolo- 

gies and overpressure levels of interest.  Such investigations would 
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also further the understanding of the test event phenomenology and point 

out which parameters, other than peak motion values, are required to 

adequately describe the ground shock environment. 

. 
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APPENDIX 

ENVIRONMENT RECOMMENDATIONS 
FOR THE VULNERABILITY-ANALYSIS SYSTEM 

OF THE DEFENSE INTELLIGENCE AGENCY 

This appendix summarizes the ground shock environment scaling 

recommended for DIA/VAS. The following tables specify the peak surface 

burst values for horizontal and vertical displacement, velocity, 

acceleration and stress for the air slap, DI/CI (close in), and ground 

roll (further-out) components. Within the transition region where the 

DI/CI and ground roll effects are on the same order, they should be 

combined in such a manner that the peak displacement or velocity is not 

greater than that predicted by either effect alone. Scaling of tne 

peak ground shock parameters with HOB is given in Section 4.3. 

Representative motion and stress waveforms are given for near 

surface response to a 1-MT surface burst detonation for ranges corre- 

sponding to 1000, 100 and 10 psi peak overpressure for each generic 

site in Section A.2.4 (except for the 10 pci overpressure stress wave- 

forms for the rock sites). The undamped shock spectrum for each ground 

motion waveform is also presented in that section. 
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TABLE A-l.     SURFACE BURST DRY SOIL PEAK AIR SLAP PARAMETERS 

Environment       /Reference\     /  W    \    /       P \ [      z_| 
Value \     Value    /     U MT/    \ 1000 psi/      ^ | " Ln | 

ENVIRONMENT REFERENCE 
SCALING FACTORS* 2a 

UNCERTAINTY Lo 
(ft) 

PARAMETER VALUE A B 
FACTOR 

c^ (in) 42 (1) 2/3 150 2.5 

d, (in) 7 (1) 1/3 500 3.0 

vv (ips) 540 0 1 (2) 2.5 

vH (ips) 80 0 0.6 T 2.5 

av (g's) 2800 0 1 (3) 3.0 

aH (g's) 400 0 0.6 (3) 3.5 

a
v (Psi) 1000 0 1 aa 2.0 

aH (psi) 350 0 0.8 00 3.0 

Scaling Range:       20 kT < W < 50 MT 
10 psi < P  < 5000 psi 

z < 50 ft 

(1)    A " 6    (lOOO psi) 

0.23 

-1/4, 
(2) Lo -50 ft (lööTüi)    (rsr) 

1/12 

5VV H 
(3)   «v H - /    v'"    r   g' s/ips ,  z > 0 
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TABLE A-2.     SURFACE BURST WET SOIL PEAK AIR SLAP PARAMETERS 

a 

Environment  /Reference\  / W 
Value   " \ Value / U )A( ?   )B 

ml   \iooo psi/ 
exp 

z 

'Lo 

ENVIRONMENT 

PARAMETER 

REFERENCE 

VALUE 

SCALING FACTORS* 2o 

UNCERTAINTY 

FACTOR** 
A B 

Lo 
(ft) 

dy (ln) 12 (1) 2/3 250 2.5 

dH (in) 15 (1) 2/3 00 3.0 

vv (ips) 160 0 1 250 2.5 

vH (!?•) 60 0 0.6 00 2.5 

av (g's) 830 0 1 (2) 3.0 

aH (g's) 420 0 0.6 (2) 3.5 

0
V (psl) 1000 0 1 00 2.0 

aH (psl) 
1000 0 1 00 2.0 

Scaling Range:       20 kT < W < 50 MT 
10 psl <  P < 5000 psi 

z < 50 ft 

(1)    A = 6    (lOOO psi) 

0.23 

5v, 

<2>     •?,■ 
YJL 

(1 + 9%) 

g's/ips,   z >  0 
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TABLE A-3.     SURFACE BURST  SOFT ROCK PEAK AIR SLAP PARAMETERS 

 A   ,        „ .B .     .    , 

Value I  Value | ll MT/ ' U000 psi/ 
>' 

ENVIRONMENT 

PARAMETER 

REFERENCE 

VALUE 

SCALING FACTORS* 20 

UNCERTAINTY 

FACTOR** A B 
Lo 
(ft) 

dy (in) 4 1/3 0.4 400 2.5 

dH (in) 4 1/3 0.4 400 3.0 

vv (ips) 65 0 1 600 2.5 

vH (ips) 40 0 0.6+ 00 2.5 to 3.5 

% (g's) 330 0 1 30 3.0 

aH (g's) 330 0 1 30 3.5 to 4.5 

ov (psl) 1000 0 1 oo 2.0 

aH (psi) 1000 0 1 00 3.0 to 4.0 

Scaling Range 20 kT < W < 50 MI 
10 psl < P S 5000 psl 

z < 50 ft 

+vu - v„ for P < 300 psl 
H   V 

** When ranges of values are given, the uncertainties are 
largest for the lower overpressure, outrunning region; and 
smallest for the high overpressure, superselsmlc region. 
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ABBREVIATIONS AND SYMBOLS 

Abbreviations 

AFDM 

AFWL 

AI 

ATI 

BLEST 

CI 

CIST 

DI 

DIA 

DIHEST 

EPG 

FAST 

REST 

HOB 

HRSD 

NTS 

PI 

RDA 

RQD 

SES 

SRI 

s3 

VAS 

WA 

WES 

Air Force design manual 

Air Force Weapons Laboratory 

air-blast-induced 

Applied Theory, Inc. 

Berm-Loaded Explosive Simulation Technique 

crater-induced 

Cylindrical in Situ Test 

direct-induced 

Defense Intelligence Agency 

Direct-Induced/High Explosive Slamlation Technique 

Eniwetok Proving Ground 

Failure Analysis by Statistical Techniques 

High Explosive Simulation Technique 

height-of-burst 

Hard Rock Silo Development 

Nevada Test Site 

Physics International Company 

R&D Associates 

rock quality designation 

Suffield Experimental Station 

Stanford Research Institute 

Systems, Science and Software 

Vulnerability Analysis System 

Weidlinger Associates 

Waterways Experimental Station 
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Symbols 

a 

A 

B 

C 

C 
e 

Ci 

C 

8 

G 

H 

I 

L 
o 

n 

P 

P 

P„ 

peak, ground particle acceleration 

ground shock yield scaling parameter 

ground shock overpressure scaling parameter 

ground shock wave-speed 

average seismic wave-speed 

seismic wave-speed 

peak stress ground shock wave-speed 

pressure coefficient for bermed surface 

peak ground particle displacement; also, coefficient 
in double-exponential dynamic pressure definition 

dynamic pressure positive-phase duration 

coefficient in double-exponential dynamic pressure 
definition 

acceleration due to gravitational effects 

ground medium unloading shear modulus 

depth to bedrock 

air blast positive-phase impulse 

air slap ground shock depth-attenuation parameter 

ground medium loading-constrained modulus 

ground medium unloading-constrained modulus 

ratio of peak acceleration to average acceleration 

overpressure 

peak overpressure 

average overpressure on front face of bermed surface 

minimum overpressure between peaks in double-peaked 
region 

average overpressure on rear face of bermed surface 
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Symbols 

q 

Q 

R 

t 

'R 

■oo 
i 

:00 

u 

U 

v 

V 

w 
z 

Z 

Y 

6 

a 

initial peak overpressure in double-peaked region 

second peak overpressure in double-peaked region 

dynamic pressure 

peak dynamic pressure 

range from ground zero 

time 

time to peak ground displacement 

ground particle velocity rise time 

air blast arrival time at ground zero 

overpressure initial decay time intercept 

dynamic pressure initial decay time intercept 

air blast arrival time at ground range, R 

time of second peak in double-peaked region 

time after air blast arrival, normalized to dynamic 
pressure positive-phase duration; also, ground roll 
waveform period 

air blast particle velocity 

air blast shock speed 

peak ground particle velocity 

apparent crater volume 

weapon yield 

depth below ground surface 

ratio of weapon height-of-burst to ground range 

ratio of peak stress impedance to seismic impedance 

exponential parameter in double-exponential dynamic 
pressure definition 

standard deviation; also, ground shock stress 

exponential parameter in double-exponential dynamic 
pressure definition 
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Symbols (Subscripts) 

BR bedrock parameter 

H horizontal response parameter 

HOB height-of-burst parameter 

SB surface burst parameter 

V vertical response parameter 
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Division of Headquarters Services 

ATTN:   Doc. Control for Class. Tech. Library 

U. S. Energy Research & Development Administration 
Nevada Operations Office 

ATTN:   Doc. Control lor Technical Library 

Union Carbide Corporation 
Hollfield National Laboratory 

ATTN:  Civil Def. Res. Project 
ATTN:   Doc. Control for Tech. library 

OTHER GOVERNMENT AGENCIES 

Central Intelligence Agency 
ATTN:   RD/SI, Rm 5G4C Hq.  Bldg. for 

NED/OSI-5G48 Hqs. 

Department A the Interior 
U.S. Geological Survey 

ATTN:   Cecil B. Raleigh 
ATTN:  J. H. Healy 

OTHER GOVERNMENT AGENCIES (Continued) 

Department of the Interior 
Bureau of Mines 

ATTN:   Technical Library 

Department of the Interior 
Bureau of Mines 

ATTN:  James J. Scott 

NASA 
Ames Research Center 

ATTN:   Robert W. Jackson 

Office of Nuclear Reactor Regulation 
Nuclear Regulatory Commission 

ATTN:   Lawrence Shao 
ATTN:   Robert Heineman 

DEPARTMENT Oi  DEFENSE CONTRACTORS 

Aerospace Corporation 
ATTN:   Prem N.  Mathur 

2 cy ATTK:   Tech. Info. Services 

Agbabian Associates 
ATTN:   M. Agbabian 

Analytic Services, Inc. 
ATTN:  George Hesselbacher 

Applied Theory, Inc. 
2 cy ATTN:   John G.  Trulio 

Artec Associates, Inc. 
ATTN:   Steven Gill 

Avco Research & Systems Group 
ATTN:  William Broding 
ATTN:   Research Library, A830, 

Battelle Memorial Institute 
ATTN:   R. W. KUngesmlth 
ATTN:   Technical Library 

The BDM Corporation 
ATTN:  A. Lavagnlno 
ATTN:   Technical Library 

The BDM Corporation 
ATTN:   Richard Hensley 

The Boeing Company 
ATTN:  Aerospace Library 
ATTN;   R. H. Carlson 

Rm 7201 

Brown Engineering Company, 
ATTN:   Manu Patel 

Inc. 

California Institute of Technology 
ATTN:   Thomas J. Ahrens 

California Research I Technology Inc. 
ATTN:   Technical Library 
ATTN:  Ken Kreyenhagen 
ATTN:   Sheldon Shuster 

Calspan Corporation 
ATTN:   Technical Library 

Clvll/Nuclear Systems Cor;. 
ATTN:   Robert C. " lord 
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n                 nPDARTMFNT OF DEFENSE mNTRACTORS (Continued) DEPARTMENT OF DEFENSE CONTRACTORS (Continued) DEPARTMENT Ot UEti^t, i-      . 

i r.f.Wh«.nd Missiles & Space Co., Inc. 

' 

Communications Satellite Corporation 
ICnth  Jim Petrousky 

University of Dayton 
Industrial Security Super KL-505 

ATTNi   Hailock F. Swift 

University of Denver 
Colorado Seminary 
Denver Research Institute 

ATTN:   Sec. Officer for J. Wisotsta 
ATTN:   Sec. Officer for Tech.  Library 

EGSiG, Inc. 
ATTN:   Technical Library 

Electric Power Research Institute 
ATTN:   George Sliter 

Engrg. Decision Analysis Co., Inc. 
ATTN:   R. P. Kennedy 

The Franklin Institute 
ATTN:   Zenons Zudans 

General American Transportation Corp. 
General American Research Division 

ATTN:   G.  L. Neidhardt 

General Electric Company 
Space Division 

ATTN:   M. H. Bortner, Space Science Lab. 

General Electric Company 
Re-entry & Environmental Systems Division 

ATTN:   L. D. Audrea 
ATTN:   Arthur L. Ross 

General Electric Company 
TEMPO-Center for Advanced Studies 

ATTN:   DASIAC 

General Research Corporation 
ATTN:   Benjamin Alexander 

Honeywell Incorporated 
Ordnance Division 

ATTN:   T. N. Helvig 

HT Research Institute 
ATTN; Technical Library 
ATTN: Milton R. Johnson 
ATTN:   R. E. Welch 

institute for Defense Analyses 
ATTN:   IDA Librarian,  Ruth b.  Smim 

J. H. Wiggins, Co., Inc. 
ATTN:   John Collins 

Kaman AviDyne 
Division of Kaman Sciences Corp. 

ATTN:   Norman P. Hobbs 
ATTN:   E. S. Criscione 
ATTN:   Technical Library 

Kaman Sciences Corporation 
ATTN:   Paul A.  Ellis 
ATTN;   Library 
ATTN;   Frank H. Shelton 

Lockheed Missiles & Space Co. 
ATTN:   Technical Library 

Lovelace Foundation for Medical Education & Research 
ATTN:   Asst.  Dir. of Res.  Robert K. Jones 
ATTN:   Technical Library 

Martin Marietta Aerospace 
ATTN:   G.  Fotieo 

McDonnell Douglas Corporation 
ATTN:   Robert W.  Halprin 

Merritt Cases, Incorporated 
ATTN:   J.  L.  Merritt 
ATTN:   Technical Library 

Meteorology Research, Inc. 
ATTN:   William D. Green 

The Mitre Corporation 
/VTTN:   Library 

Newmark   Nathan M. 
Consulting Engineering Services 

ATTN:   Nathan M. Newmark 

Pacifica Technology 
ATTN;   R. Bjork 
ATTN:   G.  Kent 

Physics International Company 
ATTN;   Doc.  Control for Tech.  Library 

Doc. Control for Robert Swift 
Doc.  Control for Coye Vincent 
Doc. Control for Dennis Orphal 
Doc. Control for Charles Godfrey 
Doc. Control for Fred M. Kauer 
Doc.  Control for E. T.  Moore 
Doc. Control for Larry A. Behrmann 

ATTN; 
ATTN: 
ATTN; 
ATTN: 
ATTN; 
ATTN; 
ATTN: 

R&D Associates 
ATTN:   Bruce Hartenbaum 
ATTN;   Henry Cooper 
ATTN:   Albert L.  Latter 
ATTN:   William B. Wright, Jr. 
ATTN:   Technical Library 
ATTN:   J. G.  Lewis 
ATTN;   Arlen Fields 
ATTN;   Paul Hausca 
ATTN:   Cyrus P. Knowles 
ATTN:   Harold L. Brode 
ATTN:   Jerry Carpenter 

The Rand Corporation 
ATTN:   C.  C.  Mow 
ATTN;   Technical Library 

Science Applicat'ons, Inc. 
ATTN:   D.  E.  Maxwell 
ATTN:   David Bernstein 

Science Applications, Inc. 
ATTN:   Michael McKay 
ATTN:   Technical Library 

Southwest Research Institute 
ATTN:   A.  B. Wenzel 
ATTN;   Wilfred E. Baker 
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