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ABSTRACT 

An analytical and experimental program was performed to determine the most 
promising techniques for simulating the air-blast-induced ground motions 
from a large-yield nuclear weapon. Two techniques were then selected for 
further development. One of the selected techniques employs a detonable 
gas mixture and the other a primacord matrix to generate a traveling shock 
wave which loads the ground. The nuclear air-blast overpressure environment 
is described and the simulation produced by either scheme is compared with 
this environment. The primacord technique was then selected because it 
was found to be the most practiced and economical. Sufficient data are 
presented to enable the design of simulation experiments which use either 

technique. 
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SECTION I 

INTRODUCTION 

The Air Force has a requirement to evaluate the survivability and the 

•vulnerability of its hardened, operational structures. The requirement for 

this evaluation is twofold. First, this information is necessary to provide 

a realistic basis for evaluation and planning of hardened facilities; second, 

such a program may reveal design or construction deficiencies that can be 

corrected to increase a facility's hardness. The moratorium imposed by the 

Test Ban Treaty of August 1963 has ruled out the possibility of testing 

operational facilities in an actual nuclear environment. Therefore, the Air 

Force Weapons Laboratory initiated a project to develop methods to simulate 

the air-blast-induced ground motions caused by large-yield nuclear weaoons. 

This project is to be accomplished in three phases. The objective of the 

first phase, which is described in this report, was to develop a suitable 

simulation technique. Phase II consisted of a large-scale field experiment 

to demonstrate the feasibility of scaling up the relatively small Phase I 

experiments and to define the mass of earth realistically affected by the 

shock pulse. Phase III will be a proof test of an operational hardened 

facility. 

At the onset of this project, several simulation techniques or schemes 

were considered. However, most of these techniques were quickly eliminated 

by considering the accuracy of the simulation produced by each. Some of 

the techniques rejected as a result of this study were FAX, high explosives 

placed in an array, hemispherical source of high explosives, and a buried 

shock tube. After this elimination process was completed, two techniques 

appeared worthy of further development. This technical report is a descrip¬ 

tion of the parallel programs initiated to develop these two techniques. 

The two most promising methods are the detonable gas technique and the 

priraacord technique. The idea behind the detonable gas technique is to 

select a combustible mixture of gases that will produce a detonation wave 

with the same pressure and velocity as a similar shock wave in air. The 

gas mixture is then confined in a flexible container which is placed over 

the surface of the ground. An overburden is placed over the container to 

1 
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obtain a greater duration of the pressure pulse. Finally, the container is 

ignited a.-on g one edge, and a detonation wave moves through the container 

and over the surface of the ground. In the primacord technique, a wooden 

structure buried beneath an overburden forms a cavity in which is suspended 

a matrix of primacord. The primacord has a burning rate greater than 20,000 

feet per second. By varying the placement angle in the matrix, different 

frontal velocities can be simulated. The combustion products from the 

burning primacord are released along the length of the cavity at a rate 

which is proportional to the placement angle. These products act as a 

piston which drives a shock out ahead into the air. The intense, short- 

duration shocks generated by the detonating primacord overtake the main 

shock and reinforce it. This produces a natural decay during the early part 

oí the pressure pulse. If the cavity size were fixed, the pressure in the 

cavity would soon settle down to the equilibrium pressure of the combustion 

products. However, the overburden begins to move, due to the force of the 

expanding gases. This expansion causes a gradual pressure reduction which 

simulates the later blast—wave decay. 

This report will first discuss the actual nuclear environment and the 

associated ground motion. Next, the detonation technique will be described 

along with experimental results. Then the primacord technique will be 

described. Finally, the two techniques will be compared. Two appendixes 

are included. Appendix I is a description of the method used to predict 

the duration of the simulated air-blast overpressure pulse. Appendix II 

is a description of the instrumentation used during the Phase I experiments. 

This report also presents information which will allow the design of 

simulation experiments which use either techniques. 

2 
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SECTION II 

NUCLEAR AIR-BLAST ENVIRONMENT 

Figure 1 illustrates the pressure decay with radial distance from a 

1-megaton surface explosion. The rate of pressure decay decreases with 

radius. At 1,500 feet from a 1-megaton weapon the overpressure is 1,000 

psig. At 1,850 feet the pressure has dropped to 500 psig and at 2,200 feet 

the pressure has decreased to 300 psig. In this total distance of 700 feet 

between the 1,000- and 300-psig pressure levels, the corresponding shock 

front velocity has decreased from 8,600 feet per second to 14 ,800 feet per 

second. The^total impulse contained in the air blast at 1,500 feet is 

55 Ib-sec/in“" as compared with 32 lb-sec/in2 at 2,200 feet. 

A number of blast wave parameters should be noted. These parameters 
are as follows : 

1. Peak overpressure 

2. Shock velocity 

3. Wave shape 

Shock pressure decay with radius 

3 
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SECTION III 

AIR-INDUCED GROUND MOTIONS 

oimple one-dimensioral elastic wave theory can be used to establish 

relationships between stress, displacement, strain, velocity, and accelera¬ 

tion in the earth resulting from an air-blast wave. Although this theory 

is higly idealized, it can provide an understanding of the basic relation¬ 

ships between the air-blast parameters and the stresses and motions induced 

in the soil. These results can then be corrected to take account of the 

other factors which influence the free-field behavior. Table I summarizes 

the one-dimensional wave propagation quantities. 

Table I 

SUMMARY OF ONE-DIMENSIONAL WAVE PROPAGATION QUANTITIES 

Quantity 

Stress 

Strain 

Particle velocity 

Particle acceleration 

Particle displacement 

where 

Equation 

0 * -P(t - z/C) 
lb 

ez * -P(t - z/C)/pC2 

uz = P(t - z/C)/pC 

\ ' ic af [p(t - I/C>] 

u * I/pC 
z 

az - normal stress in z direction, tension considered positive 

z * undisturbed location of a given particle, downward 
considered positive 

~P(t) » input pressure at the surface, z » 0 

C * velocity of the stress wave in the medium 

-P(t - z/C) = input pressure with time transformation (z/C is the time 
it takes the wave to propagate to the depth of interest) 

ez - strain in z direction, tensile strain considered 
positive 

5 
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p = mass density of the medium 

uz = particle velocity in z direction 

uz = particle acceleration in z direction 

uz * particle displacement in z direction 

I = integral of pressure-time curve at time of interest 

One-dimensional elastic theory shows that the stress in the soil propa¬ 

gates with an unaltered wave shape from the air-blast input. In reality 

three major changes take place as the stress wave propagates with depth. 

The rise time will increase, the impulse duration will be spread out, and 

the peak stress will decrease. Nonlinearities in the stress-strain curves 

of earthen materials are the primary cause of the first two factors. The 

variation in stress intensity with depth is caused by three separate phenom¬ 

ena. First, most earthen materials have highly nonlinear stress-strain 

curves which result In energy absorption. Second, when finite areas are 

loaded by transient inputs, rarefaction waves propagate inward from the 

boundaries (see figure 2). Third, spatial attenuation, or the spreading 

out of the load, results in reduced stresses at increasing depths. The 

first two phenomena must be studied experimentally; however, the third can 

be examined by considering an elastic half-space loaded by a realistic air- 

blast input (see figure 3). As previously described, the overpressure and 

shock velocity of the air-blast input are both decaying with radius. Each 

pressure level has a ray path along which it propagates and spatial diver¬ 

gence causes it to attenuate as it propagates. If a vertical section is 

examined, it can be shown that energy from higher overpressure regions will 

propagate into a radius of interest and locally reinforce the stress level. 

For a realistic air-blast input, the loading function parameters are changing 

at the appropriate rate to balance the effect of the spatial divergence at 

shallow depths, and no attenuation due to this effect takes place. Thus, 

the stress, which propagates to any depth z, Is a function of the air-blast 

input, the size of the area loaded, and the properties of the medium. 

The one-dimensional wave theory also shows that the strain and the 

particle velocity are affected by the magnitude and the wave shape of the 

air-blast input and the properties of the medium. These quantities are 

6 
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Figure 2. Side Effects Caused by Truncating the Area Loaded 
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Figure 3. Stress Waves in Elastic Half-Space 

8 
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affected by the same parameters which cause the attenuation of stress with 

depth. Acceleration is extremely sensitive to the initial shape of the 

air-blast input, particularly the rise time which increases with depth. 

Displacement depends on the impulse, which is defined by the integral of 

the stress-time history at the depth of interest. To realistically simulate 

displacements from a nuclear detonation, the impulse must match that of the 

nuclear explosion and the area loaded must be significantly large, in 

relationship to the depth of interest , to minimize the effect of rarefaction 

waves. 

Only vertical components have been discussed thus far. A traveling 

wave must be considered to stuoy the relationship between vertical and 

horizontal stresses and motion. Figure h illustrates a typical air-blast 

input, P{t), traveling on the surface of the earth with a shock front 

velocity, U. The velocity of the stress wave into the earth, C, is deter¬ 

mined by the intensity of the air-blast input and the properties of the 

earth materials. It is given by 

C = (1) 
p<r 

where 

M = modulus obtained from a one-dimensional test at stress 
level of interest 

p * mass density 

In this repo-i only the superseismic region, where the air shock velocity, 

U, is greater than the earth stress velocity, C, will be considered. This 

assumption is not overly restrictive since most hardened facilities are 

constructed in soil or soft rock to withstand high overpressures. At these 

high pressure levels, the stress wave trails behind the air-blast shock 

front and enters the ground with an angle a, which is defined by the equation 

9ln a “ U (2) 

As indicated In figure U, the initial earth motion is perpendicular to 

the stress wave front. Behind the front, the primary motion has a direction 

which lies between this initial angle and a vertical line. The components 

of either stress or motion can be approximated in a highly superseismic 

9 
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Figure U. Air-Blast-Induced Ground Motion 
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region by 

Horizontal component = value perpendicular to front x sin a 

Vertical component = value perpendicular to front x cos a 

Thus, the ratio of horizontal to the vertical component of stress and 

motion is a function of both the air-blast input and the material properties. 

This ratio is significant in determining free-field behavior and the loading 

on buried structures. 

The purpose of this discussion of air-blast-induced ground motion is to 

show that the peak overpressure, shock-front velocity, and wave shape are 

significant parameters in defining the environment to be simulated. In 

addition, the size of the loaded area greatly influences the attenuation of 

motion and stresses with depth. 

Provided a sufficiently large area is loaded, the peak stresses and 

particle velocities in the soil can be reasonably duplicated since the 

correct peak overpressure is applied to the surface of the soil. The peak 

accelerations in the soil will also be approximated fairly well since the 

rise time and the initial decay immediately behind the peak of the 

detonation wave and the air-blast Input are nearly identical. The ratio of 

horizontal to vertical motions and stresses will be simulated since the 

appropriate shock-front velocity is produced. However, the displacements in 

the soil will be smaller than those found in an actual nuclear blast since 

a truncated area is being loaded and the entire impulse of the actuad case 

cannot be duplicated. 

11 
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SECTION IV 

DETON AB LE-GAS SIMULATION TECHNIQUE 

The idea of simulating an air shock with a detonation was first investi¬ 

gated by the Stanford Research Institute (reference l). A traveling detona¬ 

tion wave in a small facility was produced utilizing a detonable gas mixture. 

However, mixtures were used that yielded detonation velocities too high for 

realistic simulation, because near stoichiometric mixtures of gases were used. 

Likewise, investigators at the Air Force Shock Tube Facility, Kirtland 

Air Force Base, New Mexico, did a small amount of research on the concept. 

They did not attempt to obtain a traveling wave since they were only interested 

in obtaining a technique for loading large soil areas to high pressures. 

The Air Force Weapons Laboratory became interested in this simulation 

technique after an investigation showed that the correct detonation velocity 

could be obtained for a wide range of overpressures. This was done by 

computing detonation properties for a wide range of initial gas mixtures 

and pressures. These calculations are reported in reference 2. 

As stated earlier, the concept behind this technique is the substitution 

of a detonation wave for an air-blast wave. One may regard the detonation 

wave as being headed by a shock front, which advances with a constant velo¬ 

city into the iujconsumed explosive, and is followed by a zone of chemical 

(reference 3). T..<s assumption agrees very well with observation and allows 

hydrodynamic methods to be applied to the problem. That is, the detonation 

shock is treated as a discontinuity and the conservation of energy and 

momentum along with the continuity equations are assumed to be valid across 

this discontinuity. Figure 5 schematically shows a detonation wave propa¬ 

gating into a combustible mixture. The subscript zero refers to the initial 

conditions of the reactants. It is assumed that the properties of the 

mixture change instantly to P1, T^ E1 behind the shock. Then, by 

assuming a coordinate system that moves with the shock front, the hydro- 

dynamic equations may be written: 

P0U * P^U-u) (continuity) (3) 

12 
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Figure 5. Detonation Shock Discontinuity and Reaction Zone 

P ♦ p U2 * P + p (U-u)2 (momentum) (M 
o o 11 

« 

P P 0 
E + —+ ¿-lI2=E+— +7 (U-u)2 (energy) (5) 
op 2 1 P- 2 

o i 

where u is the particle velocity behind the front (reference 3). 

These equations can be combined to give 

(6) 

U = 

(U-u) = P1 

(7) 

(8) 

The specific heat in the integral refers to the products; the Q represents 

the heat liberated from the chemical reaction at temperature Tq. The 

specific volume is denoted by v. Figure 6 is known as a Hugoniot curve 

and is a plot of equation 6. This particular Hugoniot is for a 3 to 1 

molar ratio mixture of oxygen to hydrogen initially at a pressure of 12 

psia. The missing portion of the Hugoniot curve is due to equations 7 

13 
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Figure 6. Rankine-Hugoniot Curve for a 3 to 1 Molar Ratio 
Mixture of Hydrogen-Oxygen Initially at 12 psi and 298°K 
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and 8 which indicate imaginary velocities for these value:, of P and v. The 

lower portion of the curve represents possible deflagration (combustion) 

and will not be considered in this report. The upper portion of the curve 

represents possible detonation pressures (reference 3). 

The tangent point for a line shown from P , v to the curve identifies 
o o 

the Chapman-Jouguet detonation pressure. Courant and Friedricks (reference 

U) offer a proof that this is the only stable detonation. The Hugoniot 

curve is tangent to the adiabatic curve at this point, and by equating 

the slope of the adiabat to the slope of the Hugoniot, it can easily be 

shown that the particle velocity relative to the front is equal to the 

local sound speed. Finally, it can be shown that the Chapman-Jouguet 

detonation is slowest of all detonation waves. Figure 7 is a plot of the 

velocity versus pressure expected from the above mixture. 

Probably the most important fact to be derived from this discussion is 

that for a given mixture, a unique stable detonation pressure and velocity 

exists for each set of initial conditions. This means that the properties 

of the detonation front will be constant with time. On the other hand, the 

properties of gas behind the front will change with the distance that the 

detonation wave has traveled. This can easily be shown if we assume that a 

centered simple wave is following the detonation wave and that the expansion 

behind the front is isentropic. This derivation is shown in reference 2 

and will lead to the result that 

dx 
dt 68.1 

Izi 
2y 

- 1 + U (9) 

where P;L is in ib/in2, p]L is in lbm/ft3, and U is in ft/sec. Figure 8 shows 

a graph of a centered, simple expansion. Observation has shown that a 

centered, simple wave approximates the expansion behind a detonating wave. 

Figure 9 is a pressure-time plot at a distance X from ignition. This figure 

is computed by selecting the desired distance from ignition of figure 8 

and constructing a vertical line. The values of pressure versus time are 

then read off along this line. The straight lines in figure 8 result from 

15 
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Figure 8. Detonation Wave Expansion 

Figure 9. Typical Detonation Wave Pressure—Time History 
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the assumption of a simple, centered expansion and indicate that for this 

idealized expansion the growth of the pressure duration behind the shock is 

linear with distance, i.e., D+ = KX. Therefore, a detonation wave propa- 
P 

gates through a combustible mixture with a constant peak pressure and with 

a duration that grows linearly with distance. 

Figur« 10 shows the simulation possible with pure hydrogen-oxygen mix¬ 

tures. These curves present the mixture ratios and the initial pressure 

required to simulate overpressures that vary between 300 psi to greater than 

1,200 psi. These curves were determined experimentally in the 80-foot-long, 

13-inch-diameter, high-pressure shock tube located at the Air Force Shock 

Tube Facility. The growth in pressure duration was observed along with the 

peak pressure and velocity. The experimental and theoretical work that was 

required to derive figure 10 are reported in reference 2. 

Theoretically, it is possible to simulate the pressures from 300 psi to 

greater than 1,200 psi from any given yield weapon with hydrogen-oxygen 

mixtures by selecting a mixture from figvre 10. This will give the desired 

pressure and shock velocity. Next, a detonation expansion can be calculated 

using equation 9. The results of these calculations are shown in figures 8 

and 9. For a good approximation, y may be assumed to be equal to 1.25. This 

calculation will determine the minimum distance that the detonation wave must 

travel to build up the required duration. In act al field conditions, 

greater distances will be required to compensate for the motion of the over¬ 

burden, since the motion of the overburden will decrease the duration. 

Therefore, the next step in the development of this technique was to 

predict the effect of the motion of the overburden. The method used to make 

these predictions is described in appendix I. Figures 11 through 13 illus¬ 

trate how to vary the duration to half pressure by varying the size of the 

flexible container, the weight of the overburden, and the distance from 

ignition for a 300-psi simulation. Curves similar to these for other over¬ 

pressures may be constructed using the computer program in appendix I. 

Up to this point, the simulation technique has been developed in theory 

with some verification under ideal laboratory conditions in the high-pressure 

shock tube. The next problem was to verify the simulation in large-scale 
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Figure 11. Duration to Half Peak Pres3ure~~Peak Press re = 
300 psig. Cavity Depth = 36 inches 
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Figure 12. Duration to Half Peak Pressure—Peak Pressure * 
300 psig, Cavity Depth « U8 inches 
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Figure 13. Duration to Half Peak Pressure—Peak Pressure = 
300 psig, Cavity Depth = 60 inches 
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field teats. To do this the facility shown in figure lh was constructed. 

A pit 20 feet x I4O feet in plan was dug and lined with a reinforced concrete 

retaining wall. The wall was 1 foot thick at the top and 7.5 feet thick at 

the base. The pit was 12 feet deep. A flexible container, or bag, is placed 

in the bottom of the facility and a waterproof cover is placed over the bag. 

Figure 15 is a photograph showing the facility with a bag in place. Next, 

the desired amount of overburden is placed over the waterproof cover. The 

bag is then filled with a detonable gas mixture and detonated along one end. 

The detonation wave moves through the bag and induces ground motions in the 

soil at the bottom of the pit that are similar to those motions caused by a 

traveling air shock. The gas in the bag is ignited by a 20-foot length of 

primacord with blasting caps placed at 2-foot centers. This amount of 

explosive was required to produce a detonation wave immediately. Tests in 

the shock tube showed that it would take more than 1j0 feet to form a stable 

detonation if a spark was used for ignition. 

Since a two-at mo sphere container had to be developed and was not avail¬ 

able at the beginning of the project, a series of three low-pressure tests 

was initiated. Figure 10 shows that two atmospheres is the minimum initial 

pressure required to produce a 300-psig detonation wave with the correct 

air shock frontal velocity of *4 ,800 feet per second. The purpose of these 

three tests was to obtain a stable detonation, to obtain predictable pressures 

and velocities, and to obtain some experimental overburden data. 

Since 6-mil polyethylene was readily available, three containers were 

fabricated using this material. Tests showed that these containers would 

hold only a one atmosphere mixture. The atmospheric pressure at the Air 

Force Shock Tube Facility was 12 psi on all three tests. A mixture with a 

three-to-one molar ratio of oxygen to hydrogen was selected for all three 

shots. This mixture ratio was calculated to produce a 150-psig overpressure 

(162 psia) detonation wave. The predicted velocity of 5,600 feet per second 

will be 60 percent too high to match an air shock with this pressure. 

Figure 6 is a graph of the Hugoniot curve for this mixture. The curve 

was computed using a computer program developed at the Air Force Weapons 

Laboratory. This particular program considers only the dissociation in the 

products of wauer to hydrogen and oxygen. This is a valid assumption 

23 
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at these lower detonation temperatures. 

Figure 7 is a graph of the velocity versus pressure along the Hugoniot 

curve. It was hoped to determine the pressure variation from the fluctua¬ 

tions in velocity. The assumption was that all fluctuations in velocity 

correspond to pressures on the Hugoniot. This seemed to be a reasonable 

assumption since the Hugoniot represents a locus of end conditions that 

satisfy the conservation of energy and momentum along with the continuity 

equation. High-speed photography was used to observe the detonation wave 

front. Figure l6 is a series of detonation photographs taken during the 

second test. The framing rate was 1,000 frames per second. This framing 

rate is too slow to resolve the variations in detonation velocity; however, 

the average velocity of 5,520 feet per second taken from these photographs 

agrees well with the calculated velocity of 5,600 feet per second. Note 

that the detonation front is very plane. 

Stable detonations were observed on all three tests. Excellent corre¬ 

lation was observed between the predicted pressures and velocities and the 

observed values. Table II illustrates this correlation. Surface pressure 

instrumentation was lost on test No. 2. However, some buried soil stress 

gages indicated an average pressure of l60 psia. 

Surcharge data are available from the first test only. In this test, 

a lightweight polyethylene bag was used to contain the gas mixture. This 

type of bag cannot support an overburden; therefore, steel plates were 

placed on the rim of the facility and over the bag to support the surcharge. 

This arrangement formed a 2-foot-high cavity for the inflated bag. A water¬ 

proof liner was then placed over the steel plates and a 6,^-foot-deep water 

surcharge was filled in over the liner. Figure 17 shows the calculated 

durations to half pressure as a function of distance from ignition. The 

observed durations are plotted over this curve. There are too few data 

points to draw any definite conclusions. At 10 feet from ignition, the data 

bracket the theoretical curve. At 20 feet, the duration was short, and at 

30 feet the duration was long. In addition to the spread in the data, the 

surcharge mass was great for the relatively short i*0-foot travel distance. 

Therefore, the theoretical curve is nearly straight. More data for different 

amounts of overburden must be gathered before any firm conclusions can be 

reached. 

26 
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Figure l6. Detonation Wave Photography 
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In each observed pressure-time history there was good correlation between 

the predicted and the observed wave shape. Figure iS illustrates the corre¬ 

lation observed in the first test on gage No. 1. 

Table II 

RESULTS FROM DETONATION TESTS 

Pressure (psia) Velocity ( fps ) 
Te3t Calculated Observed Calculated Observed 

1 162 162 5 ,600 5,625 

2 162 (not 5,600 5,520 
observed) 

3 162 180 5,600 5 ,820 

As stated earlier, more overburden data are needed to accurately predict 

durations. It was planned to obtain such data from a series of high-pressure 

tests; however, a satisfactory flexible container to hold pressures greater 

than two atmospheres was never developed. Figure 19 illustrates the container 

that was tested. This bag was manufactured of nylon-reinforced neoprene. In 

the first test using this container, the container ruptured under the two- 

atmosphere pressure. Fortunately, the bag was being filled with oxygen to 

its design pressure when it ruptured. The second container began leaking so 

badly it had to be detonatied prematurely, and there was not time for diffu¬ 

sion or adequate mixing. Shock-tube tests showed that at least two hours 

is required for adequate mixing under ideal conditions. High-pressure tests, 

which require a two-atmosphere container, were never performed utilizing the 

detonable gas method since by this time the primacord technique had been 

developed and appeared to be the more worthy simulation technique. However, 

the detonation technique would be an excellent simulation if an economical 

container could be fabricated. A flexible sheet metal container was designed 

to hold the two-atmosphere initial pressures required for a simulation, but 

this design was never tested. Another serious drawback to this simulation 

technique is the requirement for a very large facility. This drawback can 

be quickly verified using the data presented in figures 11 through 13. 

29 
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Figure 18. Test No. 1 Pressure Record 



, Figure 19. Two-Atmosphere Container 



SECTION V 

PRIMACORD SIMULATION TECHNIQUE 

The concept behind the primacord technique is quite simple. As shown in 

figure 20, a length of primacord is suspended in a buried detonation cavity. 

The weave angle ß is selected so that 

sin ß = -■ (10) 

where 

U = desired frontal velocity 

D « 21,000 feet per second = primacord detonation velocity 

Primacord woven at this angle should give the correct frontal velocity. The 

peak pressure is defined after all of the small transient shocks have died 

out and the cavity has come to thermal equilibrium. The overburden then 

begins to move upward and causes the cavity to expand. The gases expand 

adi abati cally in the cavity, which causes the pressure to drop. The cavity 

depth and the overburden mass may be adjusted to simulate the pressure decay, 

the method for computing the overburden motion is illustrated in appendix I. 

The desired peak pressure is computed by considering the cavity to be an 

insulated, fixed volume. The energy released from the burning primacord is 

then assiimed to be added isentropically to the fixed volume and the peak 

pressure computed. Figure 21 (from reference 5) illustrates the computed 

peak pressure versus the loading density. 

The computed frontal velocity Is shown in figure 22. These calculations 

were made using equation 10, assuming the primacord burning rate to be 21,000 

feet per second. The manufacturer of the primacord recommended this value 

for the burning velocity. 

The results of overburden calculations are presented in figures 23 through 

2?. The technique for computing tue*»«s displacements is presented in appendix 

I. The ratio of specific heats, y, was assumed to be equal to 1.3 for all 

cases, based on work presented in reference 5 
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Figure 20. Primacord Simulation Technique 
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Figure 21. Peak Overpressure versus Loading Density 
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Figure 23. Duración to Half Peak Pressure-Peak Pressure . 300 psig 
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Figure 2h. Duration to Half Peak Pressure—Peak Pressure » 1*00 psig 
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Figure 25. Duration to Half Peak Pressure-Peak Pressure = 500 psig 
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Figure 26. Duration to Half Peak Pressure—Peak Pressure * 750 psig 
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Duration to Half Peak Pressure-Peak Pressure = 1,000 psi* 
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Figure 27. 
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The next step in the development of the primacord technique was to field- 

test the theory. The field-test series consisted of four experiments. The 

first experiment was performed in the facility illustrated in figures lit and 

15. Figure 28 presents details of the first experiment. The primacord racks 

were placed in the center of a 2-foot cavity and are supported by the columns 

used to support the floor of the overburden. A 7.33-foot water overburden, 

which is equivalent to lt58 pounds per square foot, was placed over the floor. 

A loading density of 0.09^3 lb of PETN/ft^ and a primacord weave angle, B, of 

13.2 degrees was selected. Reference 5 served as a basis for the selection 

of these values, which were intended to produce a 300-psi overpressure shock 

wave. 

The second primacord test was similar to the first test in that it was 

performed in the same facility with similar construction techniques. However, 
2 

a 500-lb/ft earth overburden was used as surcharge over a 3-foot cavity. In 
3 

this experiment, a loading density of 0.1215 lb of PETN/ft and a weave angle 

of 11.78 degrees were chosen. 

Figure 29 illustrates the configuration of the third test which was 

conducted in an earthen embankment. This embankment enclosed a 20 foot x ¡40 

foot test area. In this experiment, a loading density of 0.0778 lb of 
3 2 

PETN/ft ,500-lb/ft overburden, and a weave angle of Q.3¡4 degrees were used. 

The fourth high explosive test was conducted by the Air Force Shock Tube 
0 

Facility in a facility similar to the one described in test No. 3. A ¡400-lb/ft 

earth surcharge was used, the cavity depth was 3 feet, and double primacord 

racks were used to accommodate the loading density of 0.25 lb of PETN/ft 

with a weave angle of 15.9 degrees. 

Table III and figures 21 and 22 present the pressure and the velocity 

results for the four experiments. The correlation between the simple theory 

and the results is unacceptable; both pressures and velocities are too high. 

Several explanations can be offered. The most reasonable argument is that 

the combustion products may be compared with the analogy of a piston in a 

shock tube, which is illustrated in figure 30. The piston is shown moving 

at a constant velocity, u. A shock is produced and moves out ahead of the 

piston at a constant velocity, U. The piston velocity, u, will correspond 

to the particle velocity behind the shock. Considering the old computed 

¡41 
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Table III 

RESULTS FROM PRIMACORD TESTS 

Test numbers 1 2 3 1* 

Loading density 

(lb of PETN/ft3) 

Primacord angle 
( degrees ) 

Cavity depth 
( feet ) 

Overburden 

(lb/ft2) 

Pressure 
(psig) 

Shock velocity 
( ft/sec) 

Duration to half 
peak press vire 
(milliseconds ) 

frontal velocity to be the velocity of formation of combustion products which, 

in turn, represents the piston in figure 31, a new shock frontal velocity 

was computed. The results of this computation are labeled the COMPUTED SHOCK 

In figure 22. There is still a large discrepancy between theory and observa¬ 

tion. A possible explanation for this discrepancy is that a small Intense 

shock is produced as each section of primacord detonates. This shock may be 

propagating rapidly behind the main shock. Each small shock will reinforce 

the main shock when it overtakes the main shock, which will cause a corres¬ 

ponding increase in the frontal velocity. 

An examination of figure 31 provides some basis for the above hypothesis. 

This is a typical pressure-time history from the first test in which the minor 

shocks are clearly seen. The reinforcement of the main shock by the minor 

shocks builds up a natural pressure decay that is independent of the over¬ 

burden motion. Since a significant portion of the blast wave impulse is 

0.091*3 

13.20 

2 

1*58 

395 

7,300 

7.8 

0.1215 

11.75 

3 

500 

1*50 

6,330 

IU.8 

0.0778 

9.3I* 

3 

500 

325 

1* ,330 

O.25OO 

15.90 

3 

1*00 

1,375 

7,280 

7.5 

1*5 
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is represented in the early part of the pressure pulse, this portion of the 

pulse cannot be ignored. The pressure was calculated for small time incre¬ 

ments by conserving the impulse during the increment. Next, a least-square 

fit was made using these pressure points. This was done for each pressure 

histoiy, and the average was assumed to represent the pressure obtained in a 

given experiment. 

The increase in pressure followed by a slow decay was observed in all 

pressure-time histories. This may represent the arrival of the combustion 

products; however, this phenomenon lagged the shock front by approximately 

the same time on all records. If this hump represents the combustion products, 

the lag time should increase with the propagation distance. 

In both figures 21 and 22 a least-square fit was made with all the data 

points. These fits are labeled OBSERVED in both figures. These two lines 

represent the revised predicted values that may be used in future tests. 

Duration predictions were revised by recomputing the overburden displace¬ 

ment using the observed average pressure for each test. These new values 

were then compared with observed values. Table IV illustrates this comparison. 

Table IV 

EFFECT OF CAVITY DEPTH ON DURATION 

Cavity depth Overburden 
(feet) (lb/ft2) 

Ratio of observed duration 
Pressure to computed duration to 

(psig) half pressure 

2 I458 395 

3 500 I150 

3 h00 1,375 

0.279 

0.1*U1* 

0.U33 

Two tests were made with a 3-foot cavity at two widely separated pressure 

levels. Also, the variation of the mass of the overburden between the two 

tests was 20 percent. The ratio of observed duration to computed duration is 

nearly constant. Assuming that the ratio of observed to computed durations 

will be insensitive to pressure and overburden for the 2-foot cavity, the 

variation in this ratio between the two cavity depths was assumed to be a 
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function of the cavity depth only. The ratio of observed duration to computed 

duration is about half that observed in a 3-foot cavity. Figure 32 illustrates 

the possible effect of varying the cavity depth. There is no real Justifica¬ 

tion for extrapolating the curve from the two known data points; additional 

data are required. The slope of the curve is forced to decrease since observed 

durations are not likely to be larger than the computed durations. Therefore, 

it is recommended that the values for duration given in figures 23 through 27 

be adjusted as indicated in figure 32. 

More data are required before all variables which affect the primacord 

simulation technique can be assessed. However, some reasonable predictions 

may be made with the available data. The recommended procedure for designing 

a particular simulation is to first select the loading density and the weave 

angle using the curves labeled OBSERVED in figures 21 and 22. Next, the 

cavity depth and the overburden mass are selected from figures 23 through 27. 

Values given in these curves should then be corrected using figure 32. 

This simulation technique will duplicate the shock pressure and the 

shock velocity over a point. The minor shocks are smoothed out after traveling 

a short distance in the earth. In the configurations tested, there is no 

decay with distance of peak overpressure, shock velocity, or impulse. There 

is a possibility that by varying the loading density, the weave angle, and 

the overburden with length, the decay of the pressure, velocity, and impulse 

might be simulated. As with the detonable gas technique, particle velocities 

and accelerations in the earth will reasonable approximate those produced by 

a nuclear explosion. The displacements will be small since the entire 

impulse from a nuclear detonation cannot be duplicated. 

1*8 
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Figure 32. Effect of Cavity Depth 
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SECTION VI 

CONCLUSIONS 

Both techniques will produce adequate simulation of the air-blast-induced 

ground motions from a large nuclear weapon. However» the detonable gas 

technique requires a flexible container that will hold a two-atmosphere 

mixture. This is an extremely difficult design problem and will be expensive. 

Also, the detonable gas technique requires a much larger facility than does 

the primacord technique. The primacord technique is safer; mixtures of 

hydrogen and oxygen are extremely unstable and relatively dangerous to handle. 

Finally, the primacord technique is the more flexible of the two methods. 

A wider range of peak overpressures can be produced and the correct associated 

shock velocities are more easily provided. In addition, it appears feasible 

to generate an air-blast wave in which peak overpressure, shock velocity, and 

impulse decay with distance using the primacord technique, if such be deemed 

necessary. 
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APPENDIX I 

DURATION CALCULATIONS 

In both the detonable gas and the priraacord simulation techniques, the 

motion of the overburden greatly influences the duration of the pressure 

pulse. This motion causes the cavity to expand with a resulting decrease 

in pressure. If the expansion due to the increase in cavity volume is 

considered to be isentropic, the following expression may be derived for 

the resulting pressure: 

Vo * PVÏ (11) 

PQ = peaJk equilibrium overpressure 

Y = ratio of specific heats of the explosion products 

P = pressure in cavity at some time , t, after detonation 

VQ » xQdA = initial volume of cavity (12) 

dA * elemental area 

xq « initial cavity depth 

V >■ xdA = volume of cavity at some time , t 

Po{xodA)Y « p(xdA)Y 

X * cavity depth at some time, t, after detonation 

(13) 

(HO 

To determine the motion of the overburden, the equilibrium equations were 

applied to an elemental volume. Figure 33 illustrates the force acting upon 

this volume. 

F » M (15) 

p(x) a - Mg (16) 

51 
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X 

Figure 33. Elemental Volume of Overburden 
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p(x) 
-Y 

a = atmospheric pressure 

m = overburden mass/dA 

Y p + a o 
M + g = 0 

(17) 

(18) 

For the primacord technique, pQ was assumed to be the peak pressure 

obtained from a least-square fit of the observed pressure-time history. For 

the detonation technique, pQ is a function of time and is obtained from the 

expansion calculation described in section IV of the report. 

Numerical integration had to be used to solve this nonlinear differential 

equation. A Kutta-Gill approximation to a Taylor series was used to start 

the computation. The equations used for this method are derived in reference 

6. These equations are 

.. A 
X . = 0(t, X, i) (19) 

dt 

Vl = xn + h*n + (mo + “l f "s) + (2°) 

Vl * *n + I (mo + 2,nl + 2¾ + m3) + o(-5) 

m « hGÍt , X , it 1 
o n ’ n ’ nj 

m, = hG 

= hG 

= hG 

‘n + i*’’ '‘n + K- ^ + K 

‘n + Xn + PK + V"0h' \ * k 

t +h,x +hx + h, x + m n * n n 2 1’ n 2 

h = time increment =* 0.0001 second 

(21) 

( 22 ) 

(23) 

(2M 

(25) 

(26) 

53 



AFWL TR-6e)-11 

These equations were used to obtain the first four points. Next, Milne s 

method, which uses Simpson's 1/3 Rule, was used to continue the computation. 

The computer program used to make these computations may be found at the end 

of this appendix. Table V defines the information that must be read into 

the program: 

Table V 

PROGRAM CONSTANTS 

T(2) Initial time » 0 

X(2) Initial displacement (inches) * xq 

Jt(2) Initial velocity = 0 

H Time increment * 0.0001 seconds 

TLIM Cutoff time 

INCOUT Time increment between print out 

3 
PS Overburden mass, lbm/ft 

Xq Cavity depth, inches 

01 Ratio of specific heats = 1.3 

These computations are greatly simplified by three assumptions. First, 

the ratio of specific heats is considered to be constant. Second, the expan¬ 

sion is assumed to be isentropic and to involve an ideal gas. Finally, no 

account is made for the motion of the earth being loaded. These effects can 

be substantial. The vhole purpose of making these duration calculations has 

been to get a qualitative estimate of the effect of varying the cavity depth 

and the mass of the surcharge. Accurate duration predictions must come from 

experimental data. 
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APPENDIX II 

INSTRUMENTATION 

1. General 

The design of the instrumentation system for Phase I was based upon the 

parameters to be measured, the availability and location of equipment, the 

requirement for the use of long lines, and the field conditions under which 

the tests were conducted. The parameters to be measured included air pressure, 

soil pressure, soil acceleration, detonation-wave velocity and profile, over¬ 

burden motion, and initial pit temperature. Because of the explosive nature 

of the tests, the test facility was located 500 feet from the available 

recording equipment. This required long lines for signal transmission. 

The recording equipment used during this test series was located in the 

Air -• orce Shock Tube Facility. Field conditions required that gages and cables 

be used which were compatible with dust, moisture, and other adverse field 

environments. The use of any piezoelectric gages was rejected because of the 

long line problem and because of the possibility of encountering moisture. 

It was decided that wherever possible, resistance-bridge-type gages would be 

used. 

A complete recapitulation of instrument characteristics is given in table 

V at the end of this appendix. 

2. Air Pressure 

Hie time history of the air pressure at the surface of the ground had to 

be measured. This would give time of arrival of the detonation wave, peak 

pressure, and pressure decay profile. The first gage selected for use in 

these tests was the Kulite-Bytrex HF 500 pressure cell. This Is a small semi¬ 

conductor resistance-bridge gage with extremely high natural frequency (100 kc). 

it consists of a small pressure cell and a bridge completion module connected 

by small wires. This gage was selected after shock tube tests showed that it 

had a sufficiently high-frequency response to prevent excessive ringing when 

subjected to a shock wave. However, the gage proved to be too delicate and 

unsuitable for use in the field. In addition, the very thin pressure diaphragm 

of this gage was easily driven off range by any material placed on the gage. 
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ihe second gage selected for use in the Phase I tests was the Norwood, 

both Models 111 and 211. This gage is a very rugged, conventional resistance- 

bridge device having a natural frequency of U5 kc. Although these gages rang 

somewhat in blast tests, they provided suitable air pressure data and were 

rugged enough to be used on repeated tests. The air pressure gages were 

mounted in metal housings which were imbedded in the surface of the ground. 

gages were shock isolated from the metal housings with nylon mounting 

grommets. The metal housings were waterproofed. 

3. Soil Pressure 

The lynch Soil Stress gage, recently developed at the Air Force Shock Tube 

Facility, was used to measure the pressure-time history in the soil. This 

gage contains a semiconductor strain gage bridge mounted on a small right 

circular cylinder. The cylinder is located in the gage housing such that 

soil pressure acts to compress the cylinder and the strain gage. These gages 

were placed e.t various depths below the surface of the ground from 3 inches to 

25 feet. The gages were placed at the selected depth in an 8-inch-diameter 

drill hole and then sand was rained into the hole. 

Soil Acceleration 

Accelerometers were placed inside waterproof, aluminum canisters and 

installed at various depths in 8-inch drilled holes. Back filling was a* ain 

accomplished with rained sand. The Pace model A-I8 accelerometer was selected 

for these tests because it had been used successfully at the Nevada Test Site. 

It is a variable-reluctance-type accelerometer with a high signal output. 

Its frequency response is only average but sufficient for this test series. 

It was driven with a 3-kc carrier system. A few Statham model A-5 acceler¬ 

ometers were also used. The accelerometers were oriented to measure vertical 

accelerations at various depths in 3 25-foot-deep drill holes. 

5• Surcharge Motion 

High-speed movie cameras were used on each test to record the motion of 

the overburden. Target stands were placed both on top and at the base of the 

overburden material so the relative motion of the top and the bottom of the 

surcharge material could be observed. 

On some tests, a high-speed camera was located on a boom above the pit to 

photograph the detonation wave. 
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6. Recording 

Signal conditioning for the variable reluctance gages vas provided by a 

CEC System "D" 3-kc carrier system. Signal conditioning for the other gages 

vas provided by Allegany Instruments Sensor Analog Modules (SAM-1) and Astro 

Data Model TDAB?!* amplifiers with battery gage excitation. The SAM-1 unit is 

a gage power supply, dc wideband amplifier, bridge balance and calibration 

device combined in one module. 

The output from the signal conditioning systems vas fed through a patch 

panel to Ampex CP-100 FM tape recorders. Timing control and serial time code 

vas supplied by the instrumentation recording complex at the Air Force Shock 

Tube Facility. 

Beiden six-wire shielded instrumentation cable was used for the long lines 

connecting gages to signal conditioning equipment. 

7* Problems 

Some setbacks were encountered in the instrumentation of the Phase I tests 

Continued difficulty was encountered with air pressure gage mounting. On 

several tests it appeared aa though the gage housings had been pulled from the 

ground by rebounding of the earth's surface after compression. There vas 

almost alvays cable damage to the air pressure gages. Later housing designs 

reduced this problem. 

On one test, the movement of the soil inside the test pit downward along 

the concrete wall sheared the cables at the point where they passed through 

the wall. On later tests the cables were placed in plastic pipe and buried 

at a depth of 3 feet to protect them from this shearing action. 

Waterproofing of cable splices remained a problem throughout the test 

3eries. Water entering a splice joint is carried down the cable and into the 

gage housing by capillary action. Summer rainstorms provided sufficient water 

to create a substantial problem. 
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Table VI 

PHASE I, INSTRUMENTATION EQUIPMENT LIST 

Tape Recorder 

A. Make: Ampex 

Model: CP-100 

Ampex Corporation Instrumentation Products 
931* Charter Street, Redwood City, California 

List of Characteristics: 

1. Tape Transport 

a. Tape Speeds: 60, 30, 15, 7-1/2, 3-3 A, 1-7/8 ips 
standard r 

b. Tape Speed Deviation: +0.35 percent maximum 

c. Start Time: 5 seconds or less at 60 ips or 30 ips 
3 seconds or less at 15 ips or 7-1/2 ips 
1.5 seconds or less at 3-3/1* ips or 1-7/8 ips 

d. Stop Time: Maximum of 2.0 second:* 

2. Direct Record/Reproduce System 

a. Frequency Response and RMS Sippal-to-Noise Ratio: 

Tape Speed 
_Ups) 

Bandwidth 
( cps ) 

RMS Signal to RMS Noise 
Bypass Unfiltered 

i-db) Filtered Wideband (db) 

60 
30 
15 
7-1/2 
3-3/1* 
1-7/8 

300 to 250,000 t 3 db 
200 to 125,000 i 3 db 
200 to 60,000 £ 3 db 
200 to 25,000 + 3 db 
200 to 12,000 + 3 db 
200 to 6,250 ■*• 3 db 

30 
30 
30 
28 
28 
28 

25 
21* 

23 
21 
19 
19 

level ; 
b. Input Level: 1.0 volt rms nominal 

operable from 0.7 to 10.0 volts rms. 
to produce recording 

with 27S ImPedance: Minimum 18,000 ohms resistive, in parallel 
with t75 micromicrofarads, unbalanced to ground. parallel 

d. Output Level: 
greater impedance. 

1.0 volt rms nominal across a 10,000 ohms or 
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18.2U kc. 

e. Output Impedance: Less then 100 ohms. 

w /; ^Cont^01 Track- Generator: Subcarrier frequency IT kc or 
Modulating frequency 60 cps +0.02 percent. Modulation 50+5 percent. 

3. Power Requirements 

380 to 1+20 VOltagoío 125 volts’ 8inßle Phase, 1+8 to 62 cps or 
UM cm a c L° V°lt3 ’ phase' UR to 62 380 to ^0 cps a.c. , or 26 to 30 volts d.c., ripple 2 volts peak-to-peak maximum. 

system. 
b. Power Consumption: Approximately 375 watts for a ll+-track 

Environment 

-20°F to l60°Fa- Tl"mperature: Gperating +l+0°F to +125°F. Storage/Nonoperating 

b. Altitude: Operating 10,000 feet; nonoperating 20,000 feet. 

space c* Native Humidity: Up to 95 percent without condensation 

II• Amplifier 

A. Make: Astrodata 

Model: TDA 87I+ 

Astrodata, Inc. 
21*0 E. Palais Road, Anaheim, California 

List of Characteristics: 

Gain Paxige: 1 to 5,000 in steps of 1,000, 500, 200, 100, and 

of*3 00nqthnCí reSp0nse is inversely proportional to gain, e.g. , at a gain 
01 3,000 the frequency response is down to 3 db at 75 kc. 

at 250°C, 

at 25°C. 

microfarad. 

2. Gain Accuracy: +0.02 percent, d.c. to 1 kc into open circuit 

3. Gain Stability: +0.01 percent, d.c. to 100 cps for six months 

Linearity: +0.01 percent, d.c. to 1 kc. 

5. Input Impedance: Greater than 100 megohms shunted by 0.0007 

d.c. to 10 kc. 
6. Output Voltage: +10 volts, limited at less than +13 volts, 
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T. Output Current: +100 milliampères, d.c. to 10 kc. 

8. Output Impedance: Less than 1 ohm in series with 50 microhenties. 

9. Rated Load Resistance: 200 ohms. 

10. Capacitive Load: 0.02 microfarad. 

11. Frequency Response: +0.1 db, d.c. to 10 kc, down 3 db at 150 kc. 

12. Drift: 1*0 hours, +2 microvolts referred to the input. Six 
months, +1* microvolts referred to the input. 

13. Noise: Less than 5 microvolts rms referred to the input plus 
150 microvolts rms referred to the output from 0.05 cps to 30 kc at 25°C. 

ll*. Common Mode Rejection: Greater than 11*0 db at d.c., 120 db at 
t'0 cps, 100 db at 1*00 cps for 1,000 ohms or less of source resistance unbalance. 

111 * Signal Condi ioning Equipment 

A. Make: solidated Electrodynamics Corporation 

Model: CEC System D (Type 1-113B Carrier Amplifier) 

Consolidated Electrodynamics Corporation, Data Recorders Division 
360 Sierra Madre Villa, Pasadena, California 

List of Characteristics: 

1. Full-Scale Output: +5 ma into a 26-ohm load. 

2. 
attenuation , 

Sensitivity: Input signal for maximum output, 1 mv with no 
1 volt maximum with full attenuation. 

3. Input Impedance: Approximately 1,800 ohms. 

1*. Input Attenuator: 1 to 1,000 in 20 steps. 

5. Bridge Balance System: Will accommodate four external bridge 
arms composed of wire strain gages or other resistance elements or two-arm 
variable-reluctance transducers suitable for use at 3 kc. 

6. Linearity: Output current proportional to input voltage within 
2 percent of maximum output. 

7. Frequency Response: Galvanometer trace amplitude constant (+2 
percent) for modulating frequencies from 0 to 600 cps. 
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B. Make: Allegany 

Model: SAM-1 

Allegany Instrument Company, Division of Textron Electronics, Inc. 
1091 Wills Mountain, Cumberland, Maryland 

List of Characteristics: 

1. Gain Range: 100 to 2,000, continuous with vernier. 

2. Amplifier Balance Control Range: +100 microvolts referred to 
the input. 

3. 

k. 

5. 
vernier fully 

6. 
to-peak, d.c. 

T. 

8. 

9. 

10. 

11. 

Ban an ce Range: +10 percent of scale standard. 

Linearity: 0.02 percent of full scale at d.c. 

Frequency Response: d.c. to Uo kc, Down 3 db at 1*0 kc with 
counterclockwise. 

Noise: 7 microvolts rms, d.c. to 1*0 kc. Two microvolts peak- 
to 3 cps. 

Drift: 0.3 micro volt/°F referred to input. 

Output Impedance: Less than 0.1 ohm at d.c. 

Output Voltage: 10 volts d.c. or peak a.c. to 20 kc. 

Output Current: 100 ma d.c. 

Coirmon Mode Rejection: 90 db at 60 cps. 

IV. Air Pressure Gage 

A. Make: Norwood 

Model: 111 Bonded Strain Gage Pressure Transducer 

Advanced Technology Laboratories, a Division of American-Standard 
369 Whisman Road, Mountain View, California 

List of Characteristics: 

1. Nonlinearity: Better than 0.5 percent of F.S. by terminal 
method or 0.25 percent by best straight line through zero method. 

2. Hysteresis: Better than 0.5 percent of F.S. 

3. Repeatability: Better than 0.1 percent of F.S. 
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planea. 

Resolution: Infinite. 

5. Acceleration Effect* r«eQ n . 
nect. Less than 0.1 percent F.S. per g in all 

3 planes. 6' Vit,ration Effect; Insensitive from 50 to 2,000 cps to 100 g 1„ 

excitation. ” Pressure 0utput: Less than +2 percent of F.S. at rated 

6. Resonant Frequency: Approximately 1.5,000 cps. 

9. Frequency Response: Flat within yb from 0 to 20,000 cps. 

percent forloo'^^rrange)!1 ml^^TîL^c^esluros0/”83^63 

U. Recommended Excitation: 10 volts d.c. or a.c. , 17 volts maximum. 

mv/v +2 per¿ent1forr-C35 mdP-36 brid^1' ~° percent for -3U bfldRe, 3.0 

B. Make: Norwood 

Model: 211 General Purpose Bonded Strain Cage Pressure Transducers 

Advanced Technology La.boratories a Divia-inn a j _ 
369 Whisman Road, Mountain VieC. ^iforoïa mdard 

List of Characteristics: 

best straight lin^through mrv^m^thod1^ nno^ °'75 percent °r F-S. by 
1 percent. . ^ “thod’ 5-000 t0 1°.000 psi units less than 

2. Repeatability: Within 0.1 nercent of F.S. 

3. Resolution: Infinite. 

u. Zero Pressure Output : Less than t15 percent of F.S. 

5. Re son cuit Frequency: Approximately 1.5,000 cps. 

scale for dynamic pr”sur«! 15° percent of f'-s- for static pressures, full 

T. Recommended Excitation: 10 volts d.c. or a.c, 1T volts maximum. 

C. Make: Kulite-Bytrex 

Model: HF-500 
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Bytrex Corporation, Kulite-Bytrex Corporation 
50 Hunt Street, Nevton, Massachusetts 

List of Characteristics: 

1. Output Signal: 100 mv F.S. minimum. 

2. Output Impedance: 1,300 ohms at 80°F, increase approximately 
0.015 percent/°F. 

3. Input Impedance: 500 ohms at 80°F, increase approximately 
0.06 percent/°F. 

Excitation: 20 volts d.c. or a.c. rms. 

5. Natural Frequency: 80 kc. 

6. Shock: Will withstand more than 2,500 g on all axes. 

7. Acceleration Sensitivity: 0.002 percent per g. 

8. Operating Temperature Range: -65 to +300°F. 

9. Nonlinearity and Hysteresis: Less than 1 percent, combined. 

10* Maximum Allowable Pressure: 150 percent of range without 
damage, 200 percent of range without rupture. 

11. Measuring Range: 0 to 500 psig. 

V. Accelerometers 

A. Make: Statham 

Model: A5-200-350 

Statham Instruments, Inc. 
12L01 W. Olympic Blvd, Los Angeles, California 

List of Characteristics: 

1. Acceleration Range: +200 g. 

2. Bridge Resistance: 350 ohms. 

3* Excitation: 11 volts d.c. or a.c. rm: . 

Full Scale Output: Approximately +LL mv. 

5. Operating Temperature Range: -l40°F to +20 °F. 

6. Direction of Sensitivity: Perpendicular to base. 
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T. Overload: Three times rated range. 

8. Transverse Acceleration Response: Less than 0.02g/g for trans¬ 
verse accelerations up to rated range. 

9. Nonlinearity and Hysteresis: Less than +1 percent of F.S. output. 

10. Natural Frequency: Approximately 850 cps. 

VI. Soil Pressure Gages 

A. Make: Lynch 

Model: Developed and fabricated in Air Force Shock Tube Facility 

List of Characteristics: 

1. Frequency Response: Greater than 100 kc. 

2. Range: 0 to greater than 2,000 pai . 

VII. Cable 

A. Make: Beiden 

Model: 8777 (Beiden 6-wire) 

Beiden Manufacturing Company 
P. 0. Box 5070A, Chicago, Illinois 

List of Characteristics: 

1. Gage of Wire: 22. 

2. Suggested Working Voltage: 300 volts. 

3. Capacitance between Conductors: 300 ramf/ft. 

I4. Capacitance between Adjacent Shields: 115 mmf/ft. 

5. Resistance between Shields: 100 megohms/M. 

6. Voltage Breakdown between Adjacent Shields: 1,500 voits. 

7. Working Voltage between Adjacent Shields: 50 volts. 
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13 ABSTRACT 

An analytical and experimental program was performed to determine the moat 
promising techniques for simulating the air-blast-induced ground motions 
from a large-yield nuclear weapon. Two techniques were then selected for 
further development. One of the selected techniques employs a detonable 
gas mixture and the other a primacord matrix to generate a traveling shock 
wave which loads the ground. The nuclear air-blast overpressure environment 
is described and the simulation produced by either scheme is compared with 
this environment. The primacord technique was then selected because it 
was found to be the most practical and economical. Sufficient data are 
presented to enable the design of simulation experiments which use either 
technique. 
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