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INTRODUCTION

This state-of-the-art review was prepared at the request of the
Shock Physics Directorate, DASA, to provide the following:

1. A definition of the present level of blast and shock measure-
ment instrumentation development

2. A survey of the instrumentation systems now available and
being used

3. A medium for the exchange of information among agencies
and individuals engaged i1 developmental work

4. A document with insight into the field for the interested
engineer or scientist who has had little previous contact with
blast phenomenology or blast and shock measurement.

With the above in mind, the material in this review is organized
to give the reader first an overview of the phenomena associated with
an explosive detonation, and thern an introduction to methods and
equipment used to measure the various blist and shock effects.

The introductory paragraphs provide a background to nuclear blast
research efforts and instrumentation requirements and give a brief
outline of the DASA blast and shock test instrumentation development
(TID) program. Section | contains a summary of blast phenomena
and includes descriptions of shock formation, air blast, ground
motion, underwater phenomena, and target response to shock loading.
Section 2 is an introduction to measurement systems and describes
the principles of the various sensing elements, gages, and trans-
mission and recording systems used in biast and shock research.
These brief summary sections are not definitive sourcebook presen-
tations, but are intended to place both the measurement objectives
and measurement methods in a meaningful order. The remaining
sections discuss the existing types of measuring systems grouped
by physical phenomena measured. In describing the systems a
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pragmatic approach has been used and although the response charac-
teristics of individual components are noted, the limitations of the
entire system (when known) rather than those compo.ents are empha-
sized. Where possible, details are given for the problems noted, and
solutions advanced to solve these problems, in the field use of the
described systems. *

BACKGROUND=BLAST AND SHOCK RESEARCH

A great deal of theoretical and experimental work has been under-
taken to determine the nature and the effects of explosively-produced
shock waves. In order to predict the damage from a nuclear weapon,
it is necessary to gain a thorough understanding of the varicus
possible interactions of shock waves and targets, as well as knowledge
of the magnitude of the modification of these interactions due to
changes in burst conditions or alterations of the target. For some
cases, simple exposure to a blast is adequate, such as in proof testa
of existing equipments where the effects may be determined visually
after the detonation. But in order to establish design criteria and
to verify laboratory and theoretical studies, a more fundamental
approach is needed.

The primary purpose of a given effects test is to gain information
on phenomenology —not to develop instrumentation. Thus the
researcher tends to use a particular assembly of gages that seemed
to have worked on the preceding test. One adverse effect of this
procedure is that little critical study has been performed to deter-
mine which portion of a particular observed response could be an
actual parameter of the shock wave and which portion was artificially
dictated by the design of the gage or recording systemn used.  Nor-
mally, in any weapons test series a few prototype instruments are
tested, the main criterion for acceptance being performance that

¥"The identification of commercial products by name is for convenience
only. No criticism or endorsement of these products is intended, and
none should be implied. None of the statements regarding the per-
formance of a particular instrument were experimentally verified by
DASIAC.

* Thie is not to say that unforeseen or incomprehensible perturbations
in data are not often ascribed to vagaries in gage or recorder response.



exceeded the current instrumentation for that test. These proto-
.lypes, usually with modifications, are then often considered as
-standard instrumentation for a future seriés. An important recent
. development has been the specification (usually by the contracting
agency or laboratory) of certain fragility, radiation, acceleration,
:and temperature limitations on proposed instruments to be used to
gather data. The value of these specifications has long been recog-
'nized, but simulation of the conditions encountered in nuclear
‘environments is a formidable problem.

Some of the earliest instruments employed in nuclear weapons
‘test work were primarily used to determine the perc‘e‘ntage‘df avail-
‘able energy that went into the blast wave. As the importance of
‘blast as a damage mechanism was emphasized, field studies centered
on testing the reliability of empirically determined scaling laws and
;overpressure versus height-of-burst curves. Investigation of
.response of structures and equipments to blast loading in the 10- to
‘25-psi region, with the objective of strengthening existing structures
‘to what was at that time considered to be high overpressures, was .
:conducted concurrently. With the shift of interest to underground
.defensive structures, and the later transfer of all nuclear testing
‘'underground, most work on blast loading and free-stream param-
‘eters in the high shock region above 100 psi was halted, and the
‘major emphasis was on the study of energy coupling into the ground
‘and the resultant ground motions.

~ In general, the field of blast phenomenology is fairly well under-
stood for a surface burst with the exception of high pressures,
‘dynamic pressures in water- or dust-laden air, or blast wave inter-
'action with a non-ideal terrain. Since few measurements are avail-
able from high-altitude or space bursts, the existing predictive
‘theories cannot be verified. Underground phenomena in the domain
"of non-linear elastic and hydrodynamic responses are yet to be
-adequately documented.

_Today the measurement requirements encompass a wide research
‘area designed to augment the existing knowledge of blast phenomena
and target interaction. In addition to the continuation of studies on
‘the loading and response of various military structures and equip-
ments at relatively modest overpressure levels, there is a renewed
interest in the [ree-3stream high-overpressure region--the basic
‘blast and shock phenomena, structural loading, and structural
‘response —to enable design criteria to be formulated for the
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construction of hardened structures which cannot be buried under-
ground. There is now a requirement to determine the loading and
response of targets exposed to detunations at extremely high altitudes
in order to establish the vulnerability of rocket-launched vehicles
entering the atmosphere. The increased use of the oceans as pro-
tective cover for mobile missile launching sites requires more
knowledge of the coupling of airblast energy into water. Finally,
there is interest in both the underground and underwater phenomena
close to the center of the detonation.

DASA TEST INSTRUMENT DEVELOPMENT
PROGRAM REQUIREMENTS

Current DASA interests in developmental programs fall into two
distinct areas of research. First, under the safeguard prcvisions
by which the United States Congress ratified the Limited Nuclear
Test Ban Treaty, the scientific community, through DASA ard the
AF.C, maintains a six-months readiness capability to resume atmosa-
pheric testing. For instrumentation this directive entails defining
the systemn to be used for a particular test, upda.ing existing instru-
mentation systems incorporating new techniques and developments,
initiating new developments for particular problem areas, and long-
rsnge instrumsnt development planning for the post-test period. The
second broad area concerns the lJuclear Weapons Effects Resezarch
{NWER) and the Nuclear Weapons Effects Test (NWET) programs for
simulation testing using (for blast studies) high explosives or deton-
able gases, shock tubes, and blast load generators. Systems designed
for the readiness program often are tested in the simulation
environments.
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BLAST PHENOMENA



SECTION i
BLAST PHENOMENA

FORMATION OF A SHOCK

The almost instantaneous release of thermal energy during an
explosion produces a sudden local pressure incrzase. This local
pressure unbalance is relieved by an intense pressure wave (or
shock wave) traveling radially from the detonation center. Although
the shock front actually has a small but finite thickness which may
be calculated, for computational convenience the shock front may
be considered a discontinuity of the pressure, density, temperature
and particle velocity parameters which define the wave.

A fully developed shock-wave system forms with about the same
general configuration, irrespective of the assumed initial positive
pulse; the propagation of the shock depends almost entirely upon
conditions met in the surrounding media. The wave moves through
an isotropic medium with a constantly diminishing velocity which is
in excess of the sonic velocity in the medium, If the shock is expand-
ing into a continuously larger volume, its strength decreases rapidly
with increasing shock radius.

The molecules or particles which mzke up the wave in the medium
must always move at velocities less than that of the shock front.
Both the particle and wave velocities are functions of the pressure,
but the relationship between pressure, shock velocity, and particle
velocity is independent of the magnitude of the explosion. The dis-
tance from the detonation at which a particular pressure or velocity
is observed and the relation that governs the time interval between
the initiai pressure increase and the return of pressure tc ambient
are functions of the magnitude of the explosion (and the properties
of the media of propagation).

AIRBLAST

The compressional shock wave propagating in air is called a
blast wave because of the strong wind associated with the wave., A
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typical biast wave, as observed at a location away from the center
of the explosion, has the configuration shown in Figure 1. At least
three parameters must be measured to describe the blast wave com-
pletely:

1. Initial shock intensity, usually identified by a measure of
maximum or peak overpressure, but aiso by any parameter
mathematically related to the intensity, such as the Mach
number or particle velocity

2. Time duration, usually the duration of the positive phase

3. The impulse, or force-time product®,

Usually a single instrument records the intensity, duration, and wave
decay while the impulse is integrated from these parameters.

It is usually important to differentiate between measurements
specifying the blast wave per se and those indicating how the wave
parameters are modified when the wave interacts with a boundary
or target.

The magnitude or intensity of the pressure wave (usually expressed
in pounds per square inch Lpsi]above ambieat) meas¥red side-on to
the advancing wave, is called the incident pressure.’ The time
interval between the initial pressure rise and the return to ambient
{the positive duration) is usually taken as proportional to the cube
root of the explosive yield and varies from a few milliseconds for
high explosives to seconds for large nuclear detonations. Ina
homogeneous medium, the maximum pressure decreases and the
positive duration increases with increasing distance from the
detonation. The positive phase of the wave is followed by a negative
phase (a pressure below the pre-shot atmospheric) which has a
duration longer than the positive and is associated with a reversal of
the particle flow. The negative phase has its origin in the inertia
of the particle movement associated with the movement of the com-
pressional wave because the initial particle displacement is to a
distance which is greater than the distance corresponding to a state
of cquilibrium with the atmospheric pressure. ‘

* The impuloe measurement can refer to the force from either the
incident overpressure or the dynamic pressure.

t There are 2 number of synonyms for this phenomenon—static pres-
sure and side-on pressure being the most common. See Appendix A
for blast and shock tarminology.
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Since the blast wave produces particle motions, static measure-
ment of the incident pressure is complicated by dynamic effects.
The side-on measurement must be made in such a manner that the
particle flow over the sensing element is, as nearly as possible,
identical with that which would occur in the plane of the sensing
element if the gage were not present. A sensor at an angle to the
wave will experience a force component resulting from a deflection
of the motion of the particles in addition to the side-on component.
When the measurement is made at an angle to the blast wave (facing
toward the direction of propagation), a reflected pressure develops
on the sensor, or target, surface. * The maximum refl~cted pressure,
recorded when the sensor is normal to the blast wave, is greater
than the incident pressure by factors of from about 2 for weak shocks
to almost 8 for incident pressures of 10, 000 psi. Since the reflected
pPressure is superimposed on the incident pressure, the duration
of its influence is a function of the time required for the particles in
the blast wave to clear the target.

In contrast to the static forces of incident and reflected pressure,
a dynamic pressure results from the transient velocity and density
of the particles in the blast wave. Since targets impede the flow of
these particles, a force results which has a duration dependent upon
the weapon yield and maximum pressure level. The dynamic dura-
tion increases both with increasing weapon yield for any particular
pressure level and with distance from detonation for a given yield.
The maximum dynamic pressure decreases with distance from deto-
nation. The measurement of dynamic pressure is complicated by
the fact that large quantities of dust (or possibly water for an over-
water detonation) are often raised from the earth's surface and
carried along in suspension with the wave. This dust loading alters
the flow of air and constitutes in itself a significant source of target
damage in that it (1) increases the density, thus increasing dynamic
pressure; (2) directly impinges on the target, eroding the surface
and increasing the loading by dust momentum transfer; and (3) resuilts
in mumentum cxchange between the decelerating dust and the more
rapidly decelerating air, causing an increase in the pressure in the
gas phase of the mixture in the area ahead of the target.

v Actually, both reflected and transmitted waves are created. The
partition of energy between the waves is dependent on the relative
density and rigidity of the media on both sides of their boundary.
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The force on a target resulting from the air particles coming to
rest on the reflecting surface and transferring their momentum to
static pressure is termed head-on or stagnation pressure.* This
pressure is sustained as long as there is flow, and its rnagnitude,
being a function of the flow velocity and density, will be greater than
the incident pressure since it is the sum of the incident and dynamic
pressures.

When the spherical shock wave from a detonation in the air strikes
an infinite boundary, like the.earth's surface, the reflected wave which
is formed travels through the air already traversed by the incident
shock. This reflected wave will propagate at a velocity greater than
the initial blast wave sinc~ it travels through a medium shocked to a’
higher pressure and greater temperature by the passage of the initial .
blast wave. The expanding circular area of regular reflection ends
when the angle of shock wave incidence reaches a critical value and
the intersection of the incident and reflected wave fronts form the
upper perimeter of an expanding and rising cylindrical shock front
known as the irregular region or Mach stem (Figure 2). Measure-
ments of blast wave parameters made in the Mach stem region are
often termed ''free stream' measurements while the "free air"
parameters usually refer to measurements made above the rising
Mach stem, i.e., in the region of regular reflection. The junction
of the incident and reflected waves and the Mach stem is termed the
triple point, although actually it is a ring. The locus of the triple
point trajectory defines a slipstream, or density discontinuity,
involving no pressure change but separating singly-shocked from
doubly-shocked air.

The intense prompt thermal radiation from a nuclear burst can
generate a hot surface layer through which the shock wave must
propagate. This hot layer, by changing the local ambient conditions,
leads to a distortion of the blast wave, forming a precursor shock
and a pseudo Mach wave. t Ssince the thermal output decreases
rapidly and is attenuated by the atmosphere, the effect decreases
with distance from burst, and the true Mach {ront soon catches the
precursor, reforming into an ideal wave.

¥The stagnation pressure is equal to the sum of the incident over-
pressure and the dynamic pressure at low pressure levels where the
compressibility of air is negligible.

* Present theory indicates this precursor formation would not be
expected over heat-reflecting surfaces such as concrete or water,
but would be enhanced over a dusty surface or a heat-absorbing one.
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INCIDENT SHOCK

AREA OF o "ULAR REFLECTION | AREA OF MACH REFLECTION
i o o

Figure 2. Blast wave terminolegy for low air burst.

The phenomena thus far described refer to a near-surface burst.
In a surface burst, often referred to as a contact burst, the region
of regular reflection does not exist and a Mach stem: does not form.
A fraction of the downward-directed energy of the blast is coupled
directly into the earth and is dissipated by mechanisms described
in a later section. The incident blast wave retains its normal
characteristics, but it appears to contain almost twice its normal
energy.

As the height of an explosion is increased, those relations between
overpressure, distance, and time (which depend on the ambient
conditions of the atmosphere) vary with the change in ambient pressure.
With incressing altitude the absolute value of overpressure from a
given yield at a given distance, measured at the altitude of the burst,
decreases, and there will be a concomitant increase in both the
shock arrival time and the positive duration. For moderate changes
in altitude, these values may be obtained by relatively simple scaling
laws.

At high altitudes, say above 100, 000 feet, the initial thermal
energy, which is the 3ource of the blast wave, is distributed through
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the tenuous atmosphere over a large volume of space. The time
necessary to form a shock wave is greater and the maximum shock
pressures are lower. At extremely high altitudes, i.e., 250, 000
feet, the radiation which produces the thermal heating is distributed
over kilometers of space, and the actual debris from a nuclear
explosion will be a primary source of the shock phenomena.

At the other extreme of underground or underwater explosions,
the air shock which may be produced is a complex function of the
energy coupling into the medium and of reflection and rarefaction
phenomena (and bubble formation for underwater bursts). The air
blast from such explosions is generally characterized by multiple
peak pressures and a non-ideal waveform. The wave form is so
non-ideal, in fact, that some investigators prefer to use the term
""pressure increase' rather than '"shock wave, " since the term
“"shock wave' implies an almost instantaneous pressure rise.

GROUND MOTION PHENOMENA

Energy from a surface or near-surface detonation may be coupled
into the ground to induce a motion by two distinct processes. The
first process is an air-induced (also called blast-induced and slap)
shock caused by a blast wave moving over the ground surface gene-
rating time-dependent stress waves into the ground. The second
mechanism is by ground-transmitted shock which is a direct conver-
sion of the hydrodynamic energy of the detonation into mechanical
energy in the immediate vicinity of the explosion resulting in a wave
motion that is essentially seismic in character. The almost instan-
taneous loading of a small surface element constitutes the initial
disturbance, and the elastic waves which are propagated outward
from the loaded segment are quantitatively similar to those emanating
from a shallow-focus earthquake.

The height (or depth) of burst is critical in determining the initial
partition of energy between the blast-induced and the direct-induced
mechanisms; i. e., for an air burst both the air- and direct-induced
energies have their source in airborne shock waves, but the seismic
energy received by the ground from a subsurface burst is imparted
directly. In the region of normal interest, i.e., areas subjected ic
stresaas irom a low-air or contact-surface burat, the observed
motione are a complex result of the two disiributions of strees gena-
rated by the air- and direct-induced componenta.
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In general, when the earth is subjected to a shock stress, dila-
tational, distortional, Rayleigh, and Love waves are generated into
the medium.

The dilatational wave (P wave, longitudinal or compression
wave) effects ground motion by imposing compressive or
tensile stresses. The velocity of the wave corresponds to the
soil, or rock, seismic velocity.

The distortional wave (S wave, transverse or shear wave)
induces ground motion by imposing horizontal shear. These
shear stresses are of lesser intensity than the compressional
stresses and the shear wave velocity is less than that of the
dilatational wave.

Rayleigh waves are surface waves which induce vertical particle
motion in a radial plane extending outward from the source.
Absolute particle motion for Rayleigh waves is retrograde
elliptical with the vertical displacement being about half the
horizontal displacement at the surface. Rayleigh waves attenu-
ate rapidly with depth. Since their arrival time usually coin-
cides, or is masked by, the arrival of the air shock, it is
difficult to evaluate their effect.

The Love wave is characterized by particle motion in a hori-
zontal plane. Its presence depends upon the existence of
impacted shear energy and reflective containment through the
presence of a low seismic velocity layer overlaying a higher
velocity layer.

In a layered medium, the phenomenology of shock propagation
becomes extremely complex due to effects of boundaries, disconti-
nuities, and density gradients.

The partition of the observed ground effects into direct- and air.
induced components may be convenient for a broad description of
the events which follow an air burst, but these definitions are not
entirely unambiguous. The seismic energy is not coupled into the
ground instantaneously and the blast-induced component does not
appear until the Mach stem is formed. Thus, since blast energy is
actually coupled to the ground continuously, these somewhat arbi-
trary definitions cannot provide a means of determining the time at
which the transfer of seismic energy is complete, or the time at
which the ground haains to receive blast-induced energy.
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Usually the effects of air-induced and ground-induced ground
motion are discussed separately. Each, however, has dcfinite ''zones"
of interest. For the ground-induced motions, the foliowing three
areas based on the resulting deformation of thc ;o0il or rock mass are
generally recognized:

The hydrodynamic zone—characterized by an inelastic transfer
of energy in which the tensile and shear stresses are far in
excess of that which the medium can transmit

The plastic or visco-elastic zone—which is a region of per-
manent non-linear deformation

The elastic zone—in which earth motion is (as the name implies)
elastic in nature, exhibiting either a transient movement with
no permanent displacement, or a linear resgonse to the stress.

The following three zones are usually recognized for air-induced
ground motion also, but these are defined by the relationship between
the velocity of the blast wave and velocity of the ground wave rather
than by the effects produced in the medium:

The superseismic region—close to the point of detonation, in
which the airblast velocity will be greater than the velocity
of the dilatational waves in soil

The t-anseismic region—in which the airblast velocity has
decreased below that of the dilatational wave but still remains
above the distortional wave velocity

The subseismic region—in which the velocity of the airblast
has dropped below the distortional wave velocity.*

The overpressure at which the ground shock "outruns'' the xir-
blast, i.e., in the subseiamic and transeismic regions, depends on
both the yield of the device and the seismic velocity of the medium.
Table | (taken from Reference 1) presants the approximate over-
pressure at which outrunning occure from a large-yield surface
burset.

¥Some investigators prefer to use two divisions, superseisrmc and
subseismic, referring the airblast propagation velncity to the dilata-
tional wavc only.
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Table 1. Overpressures ot which the velocity of wave propagation
in the ground exceeds the airblast velocity.

Formation Overpressure || Formation Overpressure

(psi) (psi)
Alluvium <40 Shale 650-2,500
Gravel, dry 10-100 Metamorphic > 1,000
Gravel, wet 40--500 Limestone >1,500
Sandy ciay 100-500 Granite > 3,000
Sandstone 500-2,000

In the field of underground study, it is often a misnomer to use
the terms '"'shock waves' or '"ground shock' because the use of these
implies a sharp rise in pressure. Most workers prefer either
"'stress wave'' or '"grournd motion. "

UNDERWATER PHENOMENA

A detonation under water produces a shock front by compressing
auccessive shells of water around the burst point. The shock wave
produced has an extremely high pressure and a higkl initial particle
velocity which is rapidiy attenuatnd to acoustic values, ite velocity
being that of the speed of sound in water, or about 5,000 ft/sec. The
peak pressure decays less rapidly with distance than does a pressure
wave in air; thus peak values in water are much greater than at the
same distance from an equivalent explesion in air. The overpressure
durations are quite short, on the order cf milliseconds, comared to
airblast durations. Due to the comparative incompressibility of
water, the initial pressure puise has a very small negative phase;
however, the initial shock wave is reflected from the air-water
surface as a refraction wave which interacts with the direct pressure
wave and may result in pressures slightly belew the preshot ambient.
This interaction of the direct and refraction waves becomes an
important factor in target response studies by causing a sharp
decrease in the water shock pressure (the surface cutolf).

In general, the surface phenomena can be divided into two major
categories: first, those produced by the initial shock wave, and
second, those produced by the mass motion of the water which
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accompanies bubble pulsation and its emergence to the surface. The
actual observed surface effects depend on the size and nature of the
explosion and the depth at which it is detonated.

The gas bubble formed by the explosion products expands to a
maximum size, dependent upon the yield of the explosion and the
depth of burst. After reaching the maximum, this bubble contracts
to a minimum size or state of high compression before expanding
again. During the short interval of high compression, a second
compressional wave is propagated through the water. This "first
pPulse wave' exhibits a definite rise time rather than the almost
instantaneous discontinuity of the initial shock wave; it also shows a
slower rate of decay. The gas bubble continues to oscillate and pro-
duce bubble pulses during its upward migration toward the surface.
The absolute motion of the bubble is affected both by its buoyancy and
by the proximity of the water-air surface, the sea bed, or other
boundary surfaces. Since the damage to a target is due to both the
shock wave and the subsequent bubble pulses, these effects must be
evaluated separately. One measurement usually made is that of the
bubble period of oscillation—the time intervals between successive
minima in the bubble radius. The length of the first bubble period
is related to the energy left after passage of the shock wave. In
general, the longer the period, the greater the energy.

The pressure field in water is usually complicated by reflections
from various boundaries within the system; the reflected wave from
a rigid surface is a wave of compression and that reflected from a
free surface, like the air-water interface, is a wave of tension. The
parameters of a pressure wave at a distance from the blast whsre
the wave is of acoustic intensity may be affected by such other factors
as refraction by velocity gradients and attenuation by viscosity eftects.

TARGET RESPONSE TO SHOCK LOADING

An analysis of a particular structure or equipment subjected to the
forces of blast or shock resolves to a problem of response tu rapidly
applied dynamic forces. The complete configuration of a deforming
complex structure usually defies accurats mathematical description,
for the dynamic behavior of most targets is exceedingly complex.
There are mixtures of elastic and inelastic vibrational modes;
diffurent parts do not respond in phase with each other, and differ-
ences in strength, mass, ductility, and general design greatly affect
response.
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The forces which result from the action of shock pressure are
termed "loading.' Airblast loading is a function of both the charac-
teristics of the incident blast wave—the overpressure, dynamic
pressure, rise time, decay, and duration—and the shape, orientation,
and rigidity of the target.

The response or distortion of a structure due to 2 particular
loading may be described as having two components —diffraction-
induced and drag-induced.

Diffraction loading results from the differential forces of an air-
blast wave as it strikes an cbstacle and is deflected around it.
Different surfaces of the structure are subjected to different peak
pressures and pressure-time histories; the time required for a wave
to engulf the target and pressures on the first-struck face cause net
lateral loads in the direction of wave motion. The damage caused
during the diffraction stage will be determined by the magnitude of
the loading and its duration, which is, of course, related to the peak
overpressure,

The loading caused by the transient aerodynamic winds behind the
blast front is termed 'drag loading.' A target will be subjected to
this loading during the entire positive phase duration of the wave.

A target will undergo both the drag and diffraction phases of
loading; however, some structural types will be more sensitive to a
particular loadirng. For instance, a box-like structure with few
openings will be diffraction sensitive, while a structure with a large
percentage of openings, such as a truss bridge, will be primarily a
drag-sensitive target.

In order to evaluate the response and structural integrity of
underground targets subjected to the effects of a surface nuclear
detonation, one must first determine the surface loading, next
evaluate the underground stress field and resultant motions caused
by these surface loadings, and finally assess the ability of a narti-
cular structure to withstand these motions. Thus, in addition to the
paramecters of acceleration, velocity, displacement, and deforma-
tion measured on a target subjected to an airblast, an underground
target must be instrumented to determine its ressponae to various
specialized soil-structure interactions.
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Two aspects of the propagation of stress waves through soil or
rock are important to understanding buried-structure response: the
attenuation of the pressure pulse, and the development of a finite
rise time due to the non-lirearity of the earth stress-strain curve.

As the pressure pulse traverses the underground structure, the
loading on that structure is uneven and unsymmetrical. In order for
the structure to deform to those unequal loads, it is necessary for
the soil adjacent to the structure to also undergo deformations. It

is in this broad area of study, which is not concerned directly with
structural response but rather with the extent to which deformation

of structures is influenced by the surrounding medium, where surface
and underground response measurements differ. The three major
areas of concern are (1) reflection of pressures at the interface
between the soil and the structure, (2) arching, which is a function

of the shear strength of the medium and the flexibility of the structure,
and (3) depth of earth cover required to reduce the sensitivity of
buried structures to unsymmetrical load distributions.

The loading on an underwater target from an underwater explosion
depends not only on the magnitude of the explosion and its distance
but also on the geometric relationship between the burst point,
the target, and the surface. These three distances control the time
interval between the direct and reflected shock waves which, in
turn, determines the shock impulse on the target before the surface
cut-off effect is produced.

BASIC REFERENCES

Possibly the finest single unclassified source of information about
phenomenology and target reaction is The Effects of Nuclear Weapons,
Samuel Glasstone, Ed., 2nd Edition, 1962, prepared by the
Department of Defense and published by the Atomic Enexgy
Commission.

Other general references treat a particular aspect of the subject,
usually with a rather high degree of scientific sophistication, and
are recommended for a broad background in shock studies.

For Air Blast:

Explosive Shocks In Air, by Gilbert Ford Kinney, MacMillan
Company, New York, New York, 1962.

Primarily an exposition of the characteristics of a non-nuclear air-
blast and the general mechanism of airblast ulzhmnge.
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Underwater

Underwater Explosions, by Robert H. Cole, Princeton University,
1948 (also published by Dover Publications, Inc., 1965).

The standard sourcebook for underwater shocks.

Underground

Nuclear Geoplosics: A Sourcebook of Underground Phenomena
and Effects of Nuclear Explosions, in 5 volumes by the staff of
Stanford Research Institute, Fred M. Sauer, E4d., DASA 1285, 1964,

Covers the entire underground subject field from the theories of
ground motion to the effects on structures and equipment.

A Review of Nuclear Explosicn Phenomena Pertinent to Protective
Construction, by H. L. Brode, RAND Report RM-425-PR, 1964.

Augments The Effects of Nuclear Weapons by including information
about the very high overpressure region.

Air Force Design Manual: Principles and Practices for Design
of Hardened Structures, by N. M. Newmark and J. D. Haltiwanger,
AFSWC-TDR-62-138, 1962.

Readers with access to classified documents should include:

Introduction to Underwater Explosion Research (U), by A. H. Keil,
U.S. Navy UERD Report 19-56 (C), 1956.

(U) Both a theoretical and empirical study of the applied mechanics
of damage processes to naval structures exposed to underwater
blasts.

Nuclear Weapons Blast Phenomena (U), by J. F. Moulton, Jr.,
3 volumes, DASA 1200 (S), 1960.

(U) The definitive work using weapons test data.
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SECTION 2

AN INTRODUCTION TO MEASUREMENT
SYSTEMS AND METHODS

The particular methods of obtaining shock wave measurements
and the systems used to obtain these measurements will vary greatly
depending on the source of the shock and the objectives of the experi-
ment. However the final results may differ, all systems have a
great deal in common and the useful methods of measurement are
based on few physical phenomena.

Two basic systems are in general use: optical systems (described
on page 93 et seq), and gage systems.

All shock measuring gage systems are cornposed of four major
elements: first, a sensing device which converts shock-induced
motion into a mechanical or electrical signal that is proportional to
the parameter of experienced motion; second, a gage or instrument
containing one or more sensing devices in a particular housing®;
third, a transmission system which can transfer or modify the
response of the sensing element; and finally, a recording mechanism
to make a permanent record of the phenomena measured by the
sensing device.

There are three types of gage measuring systemas: (1) purely
mechanical, such as a diaphragm (the sensing element) with an
attached scribe (the trunsmission system) scratching a plate (the
recorder) within a housing (the gage); (2) purely electrical, where

* The word transduceyr is often used synonymously for both the
sensing device or element and the gage. This usage can be confusing
when a gage contains more than one sensing element. In this report,
sensing devices may be interchanged with tranaducers but the term
transducer will not be used as a synonym for gage. The reader is
cautioned, however, that in reports of field experiments this dis-
tinction does not often exist.
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the sensing element directly converts the energy of the forcing
function into an electrical pulse which is transmitted and recorded;
and (3) electroniechanical, where there is either an electronic ampli-
fication of a mechanical response or a mechanical linkage between
the forcing function and an electronic sensing device. Most present
gage systems are electromechanical.

The sensing elements within a gage may be broadly classified as
either mechanical, self generating, resistance, or reactance. The
mechanical sensor requires little explanation; it is usually configured
as a deflecting plate or deformable bellows for pressure measure-
ments and as a mass-spring system for low-frequency displacement
measurements. In a self-generating sensor, the electrical charge
is generated as a direct result of the applied force. * In a resistance
or reactance circuit sensor, the applied force is converted into a
corresponding change in the electrical characteristics of either a
solid material, for magnetostrictive and piezoresistive elements,
or in the electrical constants of inductance, capacitance, or resis-
tance. In the brief review that follows, piezoelectric sensors are
the only ones considered under the heading ''Self Generating." In
fact, of course, those inductive-type sensors that operate under the
principle of electrodynamics, electromagnetics, eddy current, and
magnetostriction are by encyclopedic definition truly self-generating
sensors, but they require outside excitation.

SENSING ELEMENTS
Reaoctance Sensors

Variable reactance sensing elements convert displacement into
corresponding change in the electrical constants of inductance, or
capacitance. These elements may be arranged electrically as
voltage dividers or bridge circuits. These circuits must be ener-
gized by a source of outside power, either ac or dc depending on
the type of sensor.

Varioble=Inductance Sersors

Sensing elements which function in accordance with variations in
the principles of magnetism are used extensively for blast and shock

¥ 0ften a self-generating piezoelectric sensor is used as, and called,
a gage. This gage, of course, would be a purely electrical gage.
However, the self-generating element may also form the sensing
portion of an electro-mechanical gage.
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measurement. The change in inductance of an indicator as the
result of relative displacement of its elements may be readily mea-
sured. The inductance change may be achieved by a change in mag-
netic core position, by a variable air gap (i.e., the movement of
an armature position with respect to a coil), or as a result of a
change in mutual inductance between two coils by varying their dis-
tance, relative location, cross-sectional area, or the magnetic
permeability of an iron core coupling the coils. Underlying the
principle of operation is the fact that large variations in the reluc-
tance of the magnetic circuit result from relatively small displace-
ments of the armature.

Two general types of variable-inductance sensors are now
employed: the differential transformer and the variable 1reluctance
and permeance type. Differential transformers sense the displace-
ment of a magnetic armature by translating the physical change into
an a~-c voltage which is a linear function of the displacement over a
particular range. The differential transformer is composed of
primary and secondary coils wound on a ferromagnetic or air coil.
A movable armature is used to'control the electrical coupling
between them. Variable reluctance sensors consist of a coaxial
coil and a high-permeability probe assembly. Movement of the
probe causes a variation in coil inductance causing a shift in carrier
frequency of an associated oscillator circuit.

The linear variable differential transformer (LVDT) is normally
used in gages designed to reapond by a linear motion to the param-
eter they measure (for example, strain gages). The LVDT most
common in blast and shock studies measures the position of a mov-
able ferrous armature in relation to three coils —an exciting coil
between two signal coils. When the middle coii 18 excited with
carrier voltage, the difference between the voltages induced in the
outer coils, obtained by connecting them in series opposition, is a
(nearly) linear function of the position of the armature around which
the coils are wound.

The variable reluctance sensor is used in gages responding to
non-linear or rotational motions, such as airblast gages, velocity
gigeo. and accelerometers. A form commonly encountered in
blast studies is shown in Figure 3. The movable armature, A, is
activated by the carrier voltage. Movement of this armature asym-
metrically changes the reluctance in the magnetic path of the induc-
tances L} and L,, which are connected as two arms of a bridge or
balanced modulator circuit.
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Figure 3. Schematic diagram of a variable reluctance sensor.

Due to the inherent strength of their mechanical parts, inductance
sensors used in blast studies are usually considered less vulnerable
than other typecs of sensors to either blast-produced failure or to
environmental conditions encountered in field use. Their low impe-
dance output enables them to produce relatively large currents which
often reguire no amplification. However, the sensor is operative
only when the carrier voltage is ac, and the resolution of most
inductance sensors is not adequate to measure very small
displacements.

The main radiation weaknesses of the variable-inductance sensors
involve the use of silicon transistors, fluorine-evolving insulation,
and organic damping-oils. Most of these weaknesses can be
corrected. If attempts are made to modify the component parts of
the sensor to enable it to operate in a nuclear environment, the
radiation damage threshold should approach 1018 n/cm2 and
10l ergs/g gamma (Reference 2). It should be remarked that the
radiation damage levels cited in this section refer to the sensor
only. In most cases the actual gage is more vulnerable. These
values should be considered as an upper limit for radiation hardening
under current technology.

Veriabls=Capacitance Sensors

In this class of sensors, the output is proportional to the change
in capacitance between two plates. The electrical capacitance is
varied by a change in the spacing between plates, a change in the
area of the plates, a change in the dielectric conetant of the dielectric,
or a combination of these.
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Two types are in use: one consists of a stretched metal diaphragm
moving between two electrodes; the other type, usually used in high-
pressure gages, consists of a double diaphragm which forms a capa-
citive circuit transformer coupled by a coaxial cable to the recorder.
The signal from the sensor can either modulate an a-c carrier or
the sensor may be biased with a d-c voltage through a high resistance.

Capacitance sensors are highly sensitive to small displacements
but the electronics and required auxiliary equipment are relatively
complex because a high-frequency carrier oscillator system must
be used to reinote-record the vibration frequencies encountered in
the blast measurement. There are advantages, however, in the
simplicity of installation, sensitivity, wide displacement range, and
wide frequency range.

Existing sensors exhibit a radiation threshold between 1013 and
1016 n/cm2 and 105 to 109 ergs/g for gamma. It is believed
{Reference 2) that the organic materials used in the conventional
sensor can be replaced easily with a ceramic- and mineral-filled
epoxy which will substantially increase both the radiation tolerance
and the operating temperature.

Eddy=-Current Sensors

When a nonferrous plate of low resistivity is moved in a direction
perpendicular to the flux lines of a rmagnet, a current is generated
in the plate which is proportional to the displacement of the plate.
Theae eddy currents set up a magnetic field in a direction oppoamg
the magnetic field that creates them.

The use of a high-frequency oscillator circuit allows extremsly
high-frequency redponse from the sensor. For a particular sensi-
tivity range, the limiting frequency response will be the resonant
frequency of the nonferrous piate.

Varigbie-Resistonce Sersors

Force is measured by an element which changes its electrical
resistance as a function of pressure. A common form »f resistance
sensor employs a contact sliding along a continuous resistor, or
potentiometer. The uverpressure physically moves the sliding
contact. The input power can be obtained {rom a low-voltage supply
and the relatively large potentiometer output signal can drive »
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galvanometer without amplification. The sensor is usable at dc, and
will measure a permanent displacement. Because resolution is
limited by the diameter and spacing of the resistance wire, there

is a finite resolution, or incremental output. This type of sensor is
used mainly in displacement-measuring instruments or strain gages,
aithough the principle can be applied to a very-low-frequency
accelerometer.

Unfortunately, the elements used in the construction of a poten-
tiometer which provide the extreme accuracy, good linearity, and
temperature resistance characteristics, are usually the same
materials that are affected most by high-energy particles and gamma
rays (Reference 2). Materials of known resistance to radiation are
now being incorporated into the manufacture of these sensors. The
approach has been to eliminate as many organic materials as possible,
to use ceramic-coated wire, metal-film depositions on ceramic base,
glass insulation and potting, and lubricants known to be resistant to
breakdown under a flux of ionizing radiation. Present threshold
ievels for radiation damage in sensors utilizing the high-radiation-
tolerant materials approach 1018 n/cm? for fast neutrons and
10!! ergs/g gamma irradiation.

Strain-gage sensors convert a physical displacement into an
electrical signal by using the principle that as a strain-sensitive
element (such as a resistive wire) is stretched, its diameter
decreases and its electrical resistance changes in proportion to the
strain. The strain is in turn proportional to the displacement of
one end of the wire. Three general classes of strain gages have
been developed~—the unbonded, the bonded, and the solid state. New
techniques of manufacture and design have eliminated some of the
disadvantages of strain gages, such as their fragility, limited fre-
quency response, and temperature sensitivity, and the principle is
finding almost universal acceptance in recent measuring systems.

——

Wire and foil strain gages can be used in a radiation environment
only when the basic materials used in their construction are care-
fully selected and protected. The Radiation Effecte Information
Center lists four types of radiztion damage which must be considered:
(1) weakening of the bond between the bridge legs and the base, (2)
breakdown of insulation between the bridge leg terminals and the
metal supports of the base, (3) changes in resistance of the sensing
wire itself, and (4) a change in sensitivity or gage factor due to aging
and flexing. One major problem encountered wiih strain-gage sensors
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operating in a nuclear environment is an insulation resistance break-
down in the leadwire, causing degradation of performance.

Unfortunately, the wires and foils which have a desirable strain-
sensitivity also exhibit a change in resistance with temperature
variations. Partial temperature compensation can be obtained by
tl.- proper arrangement of the legs in the Wheatstone circuit.

The unbonded strain-gage sensor consists of a grid of fine,
strain-sensitive wire strung under slight tension between a station-
ary frame and a movable armature. The force to be measured can
b2 made to move the arrnature with respect to the frame, increasing
tension in one-half of the grid and decreasing the tension on the rest.
The change in resistance is measured on a Wheatstone bridge circuit
whose cutput voltage is amplified to drive a recording instrument
with a self-balancing bridge. Since the initial forcing function
requirement of unbonded strain elements is low, small-size and
low-range sensors are readily available. Substantial overload pro-
tection and damping are easily incorporaied into the sensor or gage.
The sensor can be fabricated of entirely inorganic and high-
temperature-resistive materials permitting operation in radiation
and extreme temperature environments. Unbonded, temperature-
compensated strain gages have been made to operate at temperatures
as high as 1, 600° F and in radiation fluxes of 1015 to 1018 n/cm?
and 1010 ergs/g gamma (Reference 2).

The bonded strain gage is also a strain-sensitive wire or foil,
but is entirely attached by an adhesive to the member whose strain
is to be measured. The bonded sensors will operate in tension,
compression, and bending modes. They can be used only in the
location where they are originallv applied and, if not mounted in a
gage, cannot be removed successfully for subsequent use. Elec-
trical insulation is provided by the adhesive or insulated backing
material. A gage may be constructed by bonding the strain gage
to a diaphragm or rod; however, the force required to produce a
displacement which can be measured is greater than that required by
an unbonded sensor because of the additional stiffneas of this
member.

Since the gage measurement is obtained by transferring the strain
from the metal member through the bonding adhiesive and backing
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material, the accuracy of the measurement is limited by the response
characteristics of these materials.*

The commonly used adhesives and backings are usually of epoxy,
which has low radiation tolerance and thus restricts the use of
bonded gages in radiation environments. These adhesives disinte-
grate at temperatures above 250° F. Further, there have been
problems of gage separation from a rapidly stressed structural
member. The temperature sensitivity can be compensated for, in
part, by using dummy arms on the bridge circuit, and high-
temperature .eramic bonding adhesives have greatly decreased both
temperature and radiation sensitivity. Recent developments in
weldable strain elements hold promise of solving all three problems.

The phenomenon of piezoresistance in semiconductors is also
used in the design of strain-gage sensors. To some extent all
materials exhibit the piezoresistive effect, but in silicon semi-
conductors the effect is very large.

The silicon crystals are grov:n with a controlled dopant content to
obtain the required properties of resistance, thermal coefficient of
resistance, gafe factor (i.e., the fractional change in resistance of
the sensor with applied strain), thermal coefficient of gage factor,
and stability. These properties can be controlled and optimized for
a specific application by changing the dopant level; however, the
properties cannot be controlled independently and must be selected
as a group. In general, the silicon strain-gage sensors provide a
higher gage factor than do the metal wire and foil sensors. Values
as high as 200 may be obtained for semiconductor sensors, compared
to gage factors of 2 to 4 for conventional strain-gage elements.

A rather recent development has been the introduction of a thin-
film semiconductor strain-gage sensing element. These are manu-
factured by vacuum deposition of a thin film of a piezoresistive
material, such as silicon or calcium, on an electrical insulating
substrate. The sensing element may have any configuration and can

* A reviewer of this document—who shall remain anonymous —wanted
this paragraph to conclude "... and the technician's ability to produce
a decent job. Human error has accounted for more loss of data than
the gages themselves. ' However, since the main topic of this section
is description of types of sensors rather than gages per se, this
comment was not included.
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be deposited cn diaphragms, beams, or columns. The four deposited
arms of a bridge circuit are electrically connected and the leadwire
attachment is made directly to the film.

The resistance of the gage is controlled by the thickness of the
deposited film; thus resistance can be held to a constant value even
if the physical size of the gage is reduced. The high resistance of
{l.e bridge permits higher excitation voltages at the same power
input, proportionally increases the output level, and provides a
higher signal-to-noise level. '

The semiconductor strain seasor exhibits a very non-linear,
strain-dependent response. There is a possible problem of misg-
match between the thermal coefficient of expansion of the semi-
conductor and sther materials.

Nuclear radiation damage can be permanent, because of changes
to the structure-sensitive and surface properties, which are of
major imaportance in semiconductors, or it can be temporary, such
as a decrease in insulation resistance due to a prompt gamma pulse.
It is estimated that flux levels of 1012 n/cm? and 10’ ergs/g gamma
could be tolerated, whereas levels above 1613 n/cm? and 108 ergs/g
gamma would render these elements inoperative; however, the level
of dopant in the silicon can control to some extent the radiation
sensitivity. It is possible that higher levels could be reached.

Piezoresistive wire is used as the sensing element in some very-
high-pressure gages. Gold-chromium and manganin wire are ordi-
narily used because they have unusually low-temperature coefficients
of resistance, but other materials, such as lead, indium, and
cadmium, have been considered and tested. Manganin, which is an
iron-nickel alloy, is preferred and is used in most gages. A helix
of coil of wire or a metal foil is embedded in an insulating material
{usually an epoxy) and oriented to present a thin surface to the
direction of shock propagation. Since the wire is very thin and
" because the pressure and particle velocity are continuous across the
interface between the manganin and the insulator, the waves of
reflection from the two interfaces will very nearly cancel each other.
within a few hundredths of a microsecond, the pressure in the wire
will have come to equilibrium with the incident pressure. The
pressure record is readable for a longer period of time than the
record from a quartz gage which shows the shock-wave reflections.
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A manganin gage, when exposed to a short p.lse of 25- to 30-Mev
electron radiation (Reference 3) to determine the magnitude of
radiation-induced spurious output, exhibited a sizable response to
the emission of secondary electrons. Grounding the gage reduced
this radiation-induced signal by two oxders of magnitude.

The manganin sensor responds to pressures from 30 to almost
200 kb, and there is a requirement for measurements in the 1- to
20-kb range. Recent work by SRI (Reference 4) with a vacuum-
deposited film of piezoresistive calcium shows promise at pressure
levels from 5 to 25 kb.

Othezr materials which exhibit the changing properties of electrical
conductivity due to pressure, such as sulphur, and even water, have
been used in the construction of gages. This area of technological
advancement is one of the most rapidly expanding today.

Piezoelectric Sensors

Some materials produce an electrical charge on each crystal
surface when subjected to a mechanical strain along certain axes, a
phenomenon known as piezoelectricity. This fact has long been
utilized in the construction of pressure transducers. Tourmaline
crystal gages were in use prior to World War II and were among the
first electrical gages to supplant mechanical gages in blast studies.

Piezoelectric substances occur naturally, e.g., quartz and
tourmaline. They are manufactured as synthetic crystals, such as
lithium sulfate or Rochelle salt, and as ferroceramics like barium
titanate and lead zirconate. Although the ferroceramics do not have
piezoelectric properties in their manufactured state, they can, by
special polarizing techniques, be made to behave piezoelectrically.
The electrical charge, which is proportional to the applied pressure,
is distributed over the gage and cable capacitance and leaks off with
a time constant determined by the resistance and capacitance of the
associated measuring circuit. *

Piesoelectric crystals are generally mechanically rugged, exhibit
a linear and reproducible response, and have a high natural frequency.
These sdvantages, however, are offset by a rather low signal output
which usually requires an amplifier, by the need to pay considerable

¥ 1n order for ths sensor output to represent accurately the forcing
function, the time constant must be small with respect to the duration
of the signal being measured.
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attention to electrical insulation, by the fact that most piezoelectric
materials exhibit no steady-state response to pressure and must be
calibrated dynamically, and by the fact that piezoelectric materials
are, for the most part, also pyroelectric and thus temperature
sensitive.

Pyroelectric effects, or the appearance of charge on the crystal
faces due to a change in the temperature of the crystal, are observed
with materials such as barium titanate and tourmaline which have a
unique polar axis. The magnitude of the pyroelectric effect depends
upon whether or not the thermal expansion of the crystal is prevented.
If a mechanically-constrained crystal {i.e., a crystal subjected to
hydrostatic loading) is heated, the primary pyroelectric effect io
noted. An unclamped crystal, which is sensitive to hydrostatic
pressure, will also exhibit secondary pyroelectric properties super-~
posed on the primary effect due to the volumetric change which must
occur due to uniform heating. *aA crystal which is not hydrostatically
sensitive is not likely to exhibit pyroelectric effects except insofar
as thermal gradients may induce non-uniform stresses producing
strains along certain axes~—termed tertiary pyroelectricity. The
charges produced by the temperature fluctuations which may be
expected under normal working conditions may be comparable with
the pressure-induced signal and such crystals are only useful for
very short duration measurements. The use of these pyroelectric
crystals involves a continual adjustment of recording equipment to
correct for drift, right up until the instant of making the dynamic
measurement.

A crystal can be oriented with respect to three orthogonal axes
designated X, Y, and Z. The Z axis is one of optical symmetry.?
Light passing through the crystal along this axis suffers no change in
polarization. Plane-polarized light transmitted through the crystal
along the Z axis is not affected by rotation of the crystal about this
axis either in intensity or plane of polarisations. This effect is used
to determine the axis of the crystal.

¥ The primary effect arises from a change in the electror‘\\diutribution
in the crystal, whereas the secondary effect is mainly the resvit of
the relative displacements of positive and negative ions.

t The X axis is the electric axis and the Y is callad the mechanical,
or third, axis.
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When quartz is straired in the direction of a polar axis only,
charge separation occurs. Equal and opposite charges are induced
in conductors placed on surfaces cut perpendicular to a polar axis
and the charge is a linear function of the strain. X-cut crystals
{major surfaces parallel tothe Z and Y axes) are generally used in
quartz pressure gages in preference to Y-cut crystals. There are
several reasons for this. Charge appears on the surfaces in the
same plane in which the pressure is applied (termed the dj-strain
coefficient for X-cut crystals). This makes electrode connection
somewhat easier. The crystal is employed in a thickness vibration
mode which gives a high natural frequency. Further, the crystal
acts under simple compressive and tensile stresses. The use of
other piezoelectric strain constants, i.e., recording the charge
produced on the surfaces normal to the plane in which pressure is
applied, would necessitate applying the pressure as a shearing or
bending force and connecting electrodes to crystal faces other than
those on which the load was acting. These alternative modes are
sometimes used in order to obtain higher gage sensitivities, but at
the expense of frequency response.

Quartz is chemically stable, free from hysteresis (the residual
charge in a crystal that remains atte: a pressure cycle), mechani-
cally strong, available as high quality material, easily worked to
close tolerances, and not primarily pyroelectric. The quartz
crystals have disadvantages, however. They have a low piezoelectric
constant, a high impedance output, and are not sensitive to hydro-
static pressure. They only give reliable measurements when
stressed below the dynamic elastic limit of quartz; stress wave
reflections from other faces of the crystal result in short readable
records. The firast three disadvantages can be offset by using mul-
tiple crystal piles, a high resistance amplifier, and by ensuring
that pressure is applied only to certain faces of the crystal.

Tourmaline exhibits a hydrostatic response, but material which is
free from internal flaws is difficult to obtain., Natural tourmaline
sources are nearly, if not completely, exhausted, and large crystals
(2 inches or greater) are practically non- existent outside of museums,
Smaller crystals (less than 1 inch) of good quality are etill available
in a stock maintained by the Naval Ordnance Laboratory. Invsstiga-
tion of practical methods for growing tourmaline crystals has indicated
that this is possible, although none are being produced at the present
time.
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Because of their high dielectric constant, sensitivity, and ease
of fabrication (and hence lower cost), polarized ferroceramics
usually can be used to measure smaller stresses extending over a
longer period of time than can piezoelectric crystals such as quartz.
However, most ceramics suffer from hysteresis effects. The main
advantage of barium titanate is its high piezoelectric strain constant,
whereas that for tourmaline is comparable to quartz (X-cut quartz
has a piezoelectric constant d); equal to -2,04 X 10-12 coulomb/N,
Z-cut tourmaline d33 equal to -1.84 x 10-12 coulomb/N, and
BaTiO; equal to -5.6 x 10-11 coulemb/N). A major disadvantage of
the ceramics is that the piezoelectric (i.e., polarization) charac-
teristics are Jost if the Curie temperature of the material is
exceeded. This seriously restricts these sensors at the high tem-
Feratures which are encountered in nuclear blast measurements.
Other disadvantages include relaxation effects at shock pressures
greater than about 100 psi which cause erroneous results in mea-
surement of shock-wave decay, marked temperature sensitivity in
addition to the Curie effect, and change in calibration after being
shocked.

Other piezoelectric materials, such as lithium sulfate, Rochelle
salt, etc., are very brittle and sensitive to humidity. Some will
lose waier of crystallization and break up. Others attract water and
tend eventually to dissolve.

Piezoelectric sensors are subject to degeneration of crystal
characteristics when exposed to intense nuclear radiation; this
degradation is especially apparent in high-frequency characteristics.
It has been reported (Reference 2) that quarts crystals are not
appraciably exposure-tate sensitive and that crystals with high
natu:al frequencies are affected by prolonged irradiation approaching
1020 n/cm? of fast neutrons. Changes occur in density and lattice
parameters. The self-generating characteristics of the ferro-
ceramics are degraded about 10 percent when the material is irra-
dinted to a flux level of 1016 n/cm2.

Table 2 lists a summary of the characteristics of sensing elements.
It must be remembered that some of the parameters are affected by
the gage housing or the associated electromics, or both,

Those readers who wish a more thorough deecription of sensing
devices are referred to the following:
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Shack and Vibration Handbook, Vol. 1, Basic Theory and Measure-
ments, by C.M. Harris and C.E. Crede, McGraw-Hili Book Co., Inc.,
New York, 1961.

A definitive text on measurement systems.

Telemetry Transducer Handbook, Vol. I, Flight Control Laboratory,
Wright-Patterson Air Force Base, WADD TR 61-67, 1961 (available
from the Defense Documentation Center as AD 267 367).

A rather full treatment of transducer fundamentals.

GAGES

The sensing elements described above may be employed singly or
combined in gages used to measure a variety of physical phenomena.
The following paragraphs do not describe a particular gage but rather
list general requirements for any gage. More specific requirements
for each measurement will be given in the sections describing exist-
ing measuring systems.

Fundamental Considerations

LINEARITY OF RESPONSE. It is highly desirable, but not strictly
essential, thai the gage response be directly proportional to the forc-
ing function withi: some specified operating range. A non-linear gage
response increases the complexity of data reduction and usually
results in a variable gage accuracy, which is also a non-linear
function.

TIME- AND ABSOLUTE-LOADING SENSITIVITY. The amplitude
of the signal generated should depend only on the magnitude of the
forcing function and be independent of its rate of application, within
the expected range of measurement. Further, the gage sensitivity
should not depend significantly on its past history of loading.

RESPONSE FREQUENCY. The gage must have a response time
adequate to the parameter being measured. The natural resonant
frequency of the sensing element bears a relation to the function of
the gage in which it is used. A sensing element with & low natural
frequency usually requires a sizable displacement to generate a
signal. Since the element must sense this disp/acement without load-
ing the systemn being measured, the low-frequency sensors are
usually used in gages designed to measure displacement, strain,
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stress, and velocity. Sensing elements with a high natural frequency
are better suited to measure minute displacements, and usually are
used to measure rapidly changing pressure, acceleration, and
velocity.

It is the frequency response of the gage that is the important
factor, however, and the interaction of the sensing element and the
gage must be considered. The same high-frequency response sensing
element can, when coupled with a stiff spring and/or to a light mass,
produce a gage with a high natural frequency, or, if coupled to a
heavy mass and/or compliant spring, function as an instrument with
a low natural frequency.

FREEDOM FROM FALSE SIGNALS. The gage should respond
solely to the forcing function. Three common sources of false

records are:

1. Distortion of the gage body by the pressure field, inducing
a spurious output by straining the sensing elements

2. Stress waves, induced in the gage body at a point other
than at the sensing element, traveling through the gage body
and stressing the sensitive elements

3. Thermal effects in either the sensing element or in the gage
body inducing strains and generating a spurious signal.

RUGGEDNESS. The gage must withstand the application of the
force being measured without distorting the signal transmitted.
This does not necessarily mean that the gage must be designed to
survive in the environment being measured, or be recoverable for
further use, but the gage must transmit a valid representation of
the forcing function before it is damaged or destroyed.

SENSOR SIZE. That portion of the gage which senses the forcing
function must be small enough so that no significant stress gradient
exists across its surface. If the gage uses a diaphragm to transmit
the forcing function, its thickness must be adjusted to the measure-
ment requirement. The thicker diaphragm may be able to withstand
the greater loading but it results in a reduced frequency response.

Othat Considarctions

In addition to the fundamental design requirements for all gages,
particular environments or specific measurements impose further
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constraints on'gage design. For instance, a gage designed to measure
incident pressure is usaally configur~d 16 insure that the sensing
element is parallel to the particle flow of the wave.

For target response studies, a priine consideration is that the
gage should add negligible mass to the target, but its presence s™culd
not alter the response.

It is in underground measurements that the design of the gage
assumes a paramount importance. To measure soil stress and ac-
celerations accurately, the gage must be small, muat be density-
matched to the displaced soil, must be insensitive to lateral strecs,
must exhibit a minimum friction between the gage and the soil, and
finally must not resonate in the frequencies being measured.

THE TRANSMISSION SYSTEM

Classically, a measurement involves a calibrated reproduciotes
measuring device or sensor, a means of information transferzl, and
a recorder of adequate dynamic range, fidelity, and frequen.y
response.

The terms "transmission system'’ and 'telemetry' are considered
synonyms. They may be defined as any system by whick .nalogs of
a measurement performed at some location are reproduced at
another location in a form suitable for display, recording, or inser-
tion into data reduction equipment. In this report, "iransmiaasion
system" is used to cover all of the methods of signal transfer, and
"telemetry' is restricted to data transfer by -adio waves. This is
in line with recent usage which differentiates betwaen ''teizmetry™
and "wire transmission.'" This section will itot deal with tne intricate
methods of linkage and transfer in mechanical gages.* We will
restrict this brief discussion to the transmission of signals from
electrica) and electromechanical gages.

Trarsmisslion Fundamentais

The output signal from a gage can be transmitted at signal fre-
quency if the sensing element is self gancrating, or if 1t is used to
modulate a direct-current carrier. Most systems, however, utilize

¥ Where applicable, these mechanical probiems are discussed in the
sections on mechanical airblast gages and long-span dispiacement

gages.
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the signal from the sensor to modulate an a-c cairier, for this
generally results in a lower noise level than the direct transmission.

An important requirement for any modulated carrier syeteni is
that the maximum signal frequency be much lower than the frequency
of the carrier wave; otherwise the carrier cannot be properly
modulated.

There are two fundamental methods of car: er modulation: ampli-
tude modulation (AM) and frequency (or phase) modulation (FM). The
FM system is usually preferred because it provides superior signal-
to-noise ratio. A discussion of the relative merits of the two systems
is beyond the scope of this report.

It is possible to multiplex a number of independent data signals on
a single carrier channel and transmit them simultaneously and
unambiguously. Two methods of multiplexing in common use are
frequency division and time division.

Frequency-division multiplexing may employ a multiple-modulation
technique; each signal modulates a scparate subcarrier of different
frequency, and all the subcarrier frequencies modulate a main carrier
wave. In some instances, such as a short wire tranexisiion link,
the subcarrier frequencies may be fed directly to the line. The
received and detected carrier (i. e., all the subcarriers), or the out-
Put of the wire link, is fed to a s=t of tuned subcarrier discriminators
{receivers) which separate the individval subcarriers. The latter are
then demodulated in the usual mann-:.

In time-divirion multiplexing, the signals sre sampled in a definite
sequence by a switching device called a multiplexer or commutator.
This system is most appropriate when the sigral magnitude does not
vary rapidly with time, and thus finds lit2le uvee in the measurement
of transisnt blast waves.

Either AM or FM ¢sn be used to modulate either the subcarrier or
the carrier. FM is moet frequently used in thock studies. A system
in which both subcarrier and carrier ave frequency-modulsted is
designated an FM/FM system.

For any carrier frequency, 18 subcarriers, with center (unmed-
ulated) frequencies ranging from 400 to 70, 000 Hs, have been stan-
dardigcd by the Inter Range Instrumentation Group (IRIG). These FM
subcarrier irequenciec are shown in Table 3.
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Table 3. IRIG band frequencies.
SUBCARRIER BAND
Center Subcarrier Maximum
Bond Lower Limit Frequency | Upper Limit Deviation intel. Frequency
(Hz) (Hz) (Hz) (percent) (Hz)
1 370 400 430 +7.5 6
2 518 560 602 7.5 8
3 675 730 785 £7.5 [
4 888 940 1,032 t7.5 14
*5 1,202 1,300 1,398 £7.5 20
* 6 1,572 1,700 1,828 7.5 25
*7 2,127 2,300 2,473 t7.5 35
* 8 2,775 3, 000 3,225 £7.5 45
*9 3,607 3,900 4,193 +7.5 60
*10 4,995 5,400 5,805 t7.5 80
*N 6,799 7,350 7,901 t7.5 110
*12 9,712 10,500 11,288 7.5 1¢0
*13 13,412 14,500 15,588 +7.5 220
14 20,350 22,000 23,650 7.5 330
15 27,750 30, 000 32,250 7.5 450
16 37,000 40, 000 43,000 7.5 600
V7 48, 560 52,500 56,440 7.5 790
18 64,750 70,000 75,250 £7.5 1,050
OPTIONAL BANDS
A 18,700 22,000 25,300 15 6604
B 25,500 30,000 34,500 15 900
*C 34,000 40,000 46,000 £15 1, 20044
D 44,620 52,500 60, 380 15 1,600
*E 59,500 70, 000 80, 500 =15 2,100%#%
* Preferied Bands T Reference: Inter Range Instrumentation Group of the
Range Commander's Conference Document No. 106-60.
MOTES:
A. This band may be employed by omitting the 30~kHz band.
B.  This band may be employed by omitting the 22- and 40-kHz bonds.
C. This band may bn employed by omitting the 30- and 52.5-kHz bands.
D.  This bond may be employed by omitting the 40~ and 40~kHz bunds.
E This bond may be employed by omitting the 52.5 kHz band.
?  For occeptable lower sigml-fo:noise ratio this figure may be increased to 3,300
Hz max.
##  For acceptable lower signal-to-noise ratic this figure may be increased to 6, 000
Hz mox.
#H1  For acceptable lower signal-to-noise ratio this figure may be increased to 10,500
Hz max.
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Since the maximum permissible IRIG deviation ig 7.5 percent of
the subcarrier center frequency, the higher frequency subcarriers
have increasingly greater signal carrying capacity. The lower fre-
quency subcarrisrs are suitable only for modulation by signals that
change relatively slowly with time, i.e., low data rates. The higher
bands are employed for high-frequency data.

In FM/FM transmission systems, the electrical data signal from
the sensor iz used to frequency-modulate a subcarrier oscillator
in one of the standard IRIG bands. The outputs of the subcarrier
oscillators are mixed and used to frequency-modulate the transmitter.
After transmission (by either a radio or wire link), the FM/FM out-
put composite is separated into the various subcarriers by band-
pass filters and the equivalent data signal is recovered by FM
discrimination.

The FM/AM technique is basically the same as FM/FM with the
exception that the FM outputs of the subcarrier oscillaters modulate
the amplitude of the transmitter, rather than the frequency. At the
receiving terminal, the AM receiver output feeds the composite
subcarriers into standard bandpass channel filters and discriminators,
whose output is the equivalent data signal.

The time-division multiplexing systems, such as pulse amplitude
modulation (PAM), pulse code modulation (PCM), and pulse duration
modulation (PDM), which are popular in space telemetry, are not
used in blast and shock research. Data rates are lower and equip-
ment tends to be more complex and costly than for FM/FM. The
newest solid-state commutation equipment used in pulse systems is
capable of about 50, 000 samples per second; this may prove adequate
for blast studies. The data is converted from analog (voltage) to
digital form (usually binary coded) and can be made directly suitable
for data reduction in a digital computer. The PAM, PCM, or PDM
signals may be transmitted via either AM or FM; the latter is
usually preferred.

Dato Transmission

Two classes of schemes may be used for relaying data in electric
current or voltage form (analog or digital) to the recording equipment:

1. High-quality cable
2. Broadband telemetry,
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The cable has the advantages of being simple, hard, and dependable,
but it does necessitate physical connection of a continuous long metallic
conductor to the sensor, and its consequent penetration of the explosive
environment is potentially a source of severe (local, at least) pertur-
bation. In addition, in a nuclear environment such a cable can pick up
spurious EM signals in the manner described below.

Breoadband (microwave) telemetry tends to become complex, volu-
minous, unreliable, and lacking in dynamic range; but it does, in
principle, eliminate the long conductor penetration. For close-in
nuclear measurements, it would be seriously attenuated (probably to
cut~off) by the ionized medium at all but the earliest times.

Current developments in millimeter wavelength techniques offer
promise for overcoming this obstacle. Even more promising is the
possibility of going to optical wavelengths. Laser schemes for this
purpose are being developed. Some of these use a flexible fibre
optics light plant to eliminate the need for a precisely aligned optical
path.

HARDWIRE TRANSMISSION. Recording equipment is usually
situated far enough from the burst point to minimize explosion effects,
but close enough so that transmission effects do not interfere with
reliable recording. In practice, an upper limit of cable length
between gage and recorder is about 8, 000 feet; some sensing elements
require shorter spans. Higher carrier frequencies, which accom-
modate higher data rates, are somewhat more difficult to transmit
because of the cable losses and greater bandwidths involved. Hardened
recorders partially offset this restriction by permitting the recorder
to be placed closer to the gage.

In addition to the normal problems of hardwire cable, such as the
possibilities of moisture or dirt affecting connections or inadvertent
breakage, the explosive nuclear environment imposes rather severe
forces on any cable transmission system. Three basic effects may
be recognized: physical damage by the shock wave, transient
radiation-induced effects, and electromagnetic effects.

Physically, a cable may be broken by ground motion or crushed by
a pressure pulse. The crushing effect may degrade the signal or it
may destroy it. ¥ The importance of these effects depends on the

¥ This crushing effect can, in fact, be used as a method of determin-
ing the speed of shock propagation. See the section on SLIFER
cables in Part 4 of this report.
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time when destruction occurs in relation to the time of interest of
the parameters being measured.

Intense pulses of radiation can produce egignificant perturbation
in electrical cables and wiring, especially coaxial signal cables.
Even with no voltage applied, a cable may exhibit a signal when
exposed to a radiation pulse. These "TREE' effects on cables are
discussed on page 200 in Section 6 of this report,

In addition to the radiation-induced effects on the hardwire trans-
mission system, a detonation will produce a low-frequency electro-
magnetic pulse which can be transmitted along the wire. The EM
pulse has been responsible for a great number of instrument failures
during nuclear tests.

A section of this report dealing with the effects of these radiations
on entire measurement systems and methods used to counter these
effects begins on page 48.

RADIO TELEMETRY. It is often impractical to recover an
instrument canister or to use hardwire transmission of data. In
such cases radio telemetry is employad.

Usually the measured quantities are telemetered in real time
as the actual measurement is being made. Timing information
generally is added at the receiving station. However, wher the
instrument package, or the data link, is exposed to the highly-
ionized ragion, or other disturbances caused by a nuclear blast, it
sometimes is desirable to record the data locally for later trans-
migsion. When data is transmitted in this manner, timing must be
added at the time of recording.

A typical FM telemetry transmitter is crystal stabilized, has an
average powser output of 2 to 5 watts, and utilizes a carrier {requency
in the 215- to 260-MHz range. An RF amplifier may be added to
increase the power. High-gain antennas often arz used for tranamit-
ting, receiving, or both. Not only is the signal strength increased,
but interference is reduced. Antenna arrays for increasing the gain
are relatively simple structures if great physical strength is not
required. Multiple receiving stations are sometimes usad to insure
an unobstructed line of sight.

The 215- to 260-MHz band is more susceptible to signal loss due
to atmospheric ionization than are the higher-frequency bands. The
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factors affecting propagation disturbances are covered in Electro-
magnetic Blackout Handbook (U), DASA 1580-1, Volumes ! and 2 (SRD).

The receiver is usually of a tunable design which can receive any
frequency within the telemetry band being utilized. When better sta-
bility is required, the receiver frequency can be fixed and controlled
by a crystal oscillator. The receiver system separates the composite
subcarriers from the carrier signal through a filter and discriminator
network.

The telemetry ground station, in addition to the ground-based
components of the RF link mentioned above, usually contains equip-
ment for processing and recording data. The subcarrier signals
are still in a multiplexed state at the receiver output and must be
separated and demodulated in order to recover the data.

RECORDING

The cutput from the sensors can be preserved by a variety of
methods. Recording galvanometers, photographic reproduction of
the raster display of a cathode-r~»y oscilloscope, and magnetic tape
recording have been used, either singly or in combination, to record
the output from electromechanical gages. Scratches on glass,
plastic, or metal make a permanent record from mechanical gages.

The recording systems used by most laboratories are commer-
cially available, augmented by special equipment to fit a particular
need. Normally the cost of a recording sysiem is so high that an
agency ia committed to its use for a number of years with only cer-
tain modifications and renovations being financially feasible. The
availability of a specific recording system often dictates the types of
other components selected in a measurement system.

Electromagnetic Oscillograph

There are two basic types of oscillographs using galvanometers:
the direct writing and the light beam type. The basic component in
both forms is a moving coil galvanometer., In concept, the galva-
nometer employs the principle that like magnetic poles repel each
other. If a wire coil is energized with electric current, a magnetic
field is developed. When this coil is suspended in the field of a per-
manent magnet, it tends to orient its field with that of the permanent
magnet. If the coil is energized by the output of the sansing element,
its deflection will be proportional to the energizing current.
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In the direct-writing type of oscillograph, a pen attached to the
moving coil traces an ink record on a continuously moving paper
strip. The time dimension is usually determined by a known speed
of paper movement and is accurate to + 5 percent. When the fre-
quency of the wave being recorded exceeds about 100 Hz, the required
speed of the pen is too high for accurate readings.

The light-beam type of oscillograph is more accurate and records
frequencies as high as 5,000 Hz. In this device the coil, with an
attached mirror, is suspended from a copper or gold ribbon a few
thousandths of an inch wide and less than 0.0001-inch thick and serves
as an optical pointer to indicate the coil position by reflecting a light
beam. The recording is accomplished by the effect of the light on a
sensitized paper strip. Manufacturers have reported galvanometer
resonant frequencies as high as 20, 000 Hz;* however, the galvanom-
eter resonant frequency must be considerably higher than the highest
frequency of the waveform being detected.

It is common practice to duplicate the recorders for better relia-
bility. Dual-channel galvanometers, of different sensitivities, are
used to provide a wide dynamic range. A separate timing backup
system may be used.

Oscillographic recorders may have as many as 36 data channels
per recorder. Paper speed may be varied from 1/4 inch to 160
inches per second. Normally Eastman Kodak type 809 photographic
paper in 250-foot rolls is used. This paper is reasonably good as
far as radiation effects are concerned. A 10-roentgen exposure will
produce some fogging, but readable records have been produced with
radiation exposures of between 50 and 100 roentgens. The sus-
ceptibility of the recording medium to radiation exposure and the
consequent requirements of shielding and early recovery are major
drawbacks of this type of recording system.

In addition to being radiation sensitive and having rather low
frequency responses, galvanometers are extremely fragile and can
tolerate only low levels of shock and vibration. This limits their
application in field tests unless special shock-mounting techniques
are used.

Care must be taken to prevent galvanometer burnout from the
electromagnetic pulse. This can be accomplished by extremely

¥ This may be wishful thinking. The highest galvanometer response
that BDRL has heard of is about 13, 000 Hz.
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careful shielding or by electrical disconnection of tiis gage and gage
cable from the recuorder at zero time for a few milliseconds. The
EMP effect has been the greatest single factor contributing to data
loss during nuclear field experiments.

Cathode-Ray Oscilloscopes

The high-frequency limitation imposed by the mechanical inertia
of the sensing element of an electromagnetic oscillograph is largely
overcome by use of the electronic cathode-ray oscilloscope. These
devices have improved remarkably in recent years. A typical upper
limit of frequency response for continuous display of repetitive
waveforms is about 50 MHz, with 1,000 MHz possible through the
use of special sampling techniques which systematically measure
very short samples of the signal voltage and display them as a series
of dots to reconstruct the waveform. Very low frequency signals
can be conveniently observed by the use of storage tubes, with
adjustable persistence of the trace, so that the entire waveform can
be "painted" on the CRT (cathode-ray-tube) phosphor and retained
for as long as desired—several minutes, or even an hour. Accuracy
has been improved, so that vertical and horizontal displacement,
corresponding to signal voltage and time, can be measured to + 3
percent with standard built-in circuitry, and accuracy can be
improved with special calibrating devices. Some designs eliminate
parallax errors by placing th2 graticule on the CRT face in the same
plane as the phosphor, or by mixing calibrating markers with the
signal so that they are subjected to the same distortions as the signal
and displayed with it. Rug,ednegs has been increased and size,
weight, and power consumption reduced by the use of designs utilizing
solid-state circuitry. Photographic attachments are available which
make the recording of either repetitive or transient phenomena much
more convenient.

The upper frequency limit of a CRT oscilloscope is determined by
the characteristics of the amplifiers and other circuitry associated
with the CRT, and by the brightness of the trace produced on the
phosphor. That is, a signal cannot be usefully displayed if it cannot
pass through the amplifiers and cause deflection of the electron
beam in the CRT, or if it causes the beam to move so rapidly that
insufficient light is produced when the stream of electrons excites
the phosphor. If the signal is repetitive, the phosphor integrates
the efisct of succassive writings of the electron beam, and substan-
tially higher sensitivity results than in the case of single transient
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signals such as shock waves. However, transients may be recorded
for later observation by automatically triggering a camera using
very fast film, available as standard equipment.

A major use of CRT oscilloscopes has always been the design,
trouble-shooting, and calibration of all kinds of electrical equip-
ment and instruments, in both the laboratory and the field. With
more rugged and compact designs and improved photographic tech-
niques now available, the CRT oscilloscope is increasingly important
as an ingstrument in its own right.

A major problem with the CRT oscilloscope in field recording of
blast and shock data has been triggering the scope sweep to coincide
with the arrival of the signal to be measured. One solution to this
problem is given on page 215.

Magnetic Recording

Since about 1946, magnetic tape recording has advanced from a
technique suitable only for audio work to a very high quality method
for recording signals from scientific instruments. Although video
tape is used to record television signals with frequencies up to 4
MHs, the recording method introduces distortion which, although
acceptable to the television viewer, is intolerable for scientific
purposes. Frequencies up tc perhaps 1 MHz can be recorded on
modern instrumentation-quality tape recorder:. However, most
instrumentation recorders are designed with multiple channels on
one tape, typic.lly 7 channels on a 1/2-inch tape or 14 channels on
a l-inch tape, and each channel is limited in upper frequency response
to 100 to 250 kHz. Each channel may be used to record multiplexed
signais. Hence, a very large number of measurements can be
recorded simultaneously.

A magnetic tape instrumentation recorder includes three basic
components. The magnetic head records information on the tape
and recovers it from the tape. The tape transport system moves
the tape across the magnstic heads smoothly and at a constant speed.
The record and reproduce amplifiere process the input signals going
to record heads and the output signals coming from the playback or
reproduce heads.

A magnetic head consists of a coil wound on a magnetic core.
The core is very carefully machined so as to form a ring which is
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closed except for a narrow non-magnetic gap. The tape is trans-
ported past the head, and against the gap, so that the iron oxide
particles deposited on the plastic tape act as a part of the magnetic
circuit. When electrical current representing a signal flows through
the coil, magnetic flux 1s set up in the core and the tape. The oxide
particles on the moving tape become magnetized in proportion xo

the flux strength. (The magnetization curve necessarily is far from
linear, since the particles must retain induced magnetization.)
During playback the magnetized tape passing the gap induces flux
through the core, and thus a voltage in the conil.

The mechanical precision required of the tape, heads, and trans-
port mechanism is difficult to maintain under field conditions; dust,
temperature variation, moisture, etc., can cause difficulties.

To overcome the inherent non linearity of the magnetization of
the tape, either d-c or high-frequency, a-c bias may be used,
usually the latter. The process by which a-c bias causes the record
characteristic to become linear is often described as quite myster-
ious; understanding of the phenomenon is not quite so uncertain as is
implied, but is beyond the scope of this review.

Frequencies below about 50 Hz will not produce usable signals
because the rate of change of flux is too low. When such low fre-
quencies are to be recorded, ar indirect method is employed. A
carrier signal is frequency modulated with the desired signal, then
recorded on the tape. Not only is the low-frequency limitation
overcome, but the FM carrier is essentially insensitive to the non-
linearity of the tape if the recording signal is made strong enough to
saturate the recording medium. Further, a number of AM, FM, or
pulee signals may be placed on the same FM carrier, using IRIG or
other multiplexing techniques (discussed earlier), and a number of
carriers may be recorded on the same tape (using a separate head
for each channel).

Blast and shock magnetic recording is accomplished almost exclu-
sively in the FM mode; however, the direct recording of pulses on tape
is more prevalent today in other scientific fields because of the popu-
larity of computers. The data processing machines rely heavily on tapes
for input, output, and storage. Simple yes-no binary pulse recording
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is the most reliable; tape vagaries which would disable an amplitude -
sensitive system are ignored by a pulse system. * The equipment
external to the tape recorder which is required for pulse recording
is formidable, and is not yet in wide use for field records. How-
ever, since digital (pulse) records are compatible with automated
data-processing techniques and offer great advantages over analog
records in terms of the accuracy attainable, they are finding
increasing use.

A decided advantage of multiple-chanrel recording on the same
tape is that time synchronization between channels and events is
more readily established than when separate records are made.
The importance of the absolute time base is much reduced; the
emphasis shifts to the calibration of electrical delays and mechan-
ical imperfections, such as skewness of the recording and reproduc-
ing heads, tape stretching and flutter, etc. A 100-kXHz sine wave
often is recorded on one channel of the tape to serve as a time
reference and, through use of feedback and frequency-measuring
circuits, to assist in controlling the speed of the tape drive mech-
anism during playback.

Records from tape may be played back at speeds different from
thoge at which records were made, so that the time base can be
expanded or compressed. This feature may be very advantageocus
in producing paper tapes from the magnetic tapes, in making spectral
studies, in searching for specific events, etc.

When periodic signals are immersed in uncorrelated (random)
no.se, the desired signal sometimes can be recovered from the
masking noise by forming tape loops and piaying the tape back into a
memory device, such as a CRT oscilloscope, with a medium- or
long-persistence phosphor. Although this technique will not work
for single-transient signals, such as those usually encountered in
blast studies, it may be applicable to structural-response studies or
others in which resonance of a mass-spring svstem is being
observed.

¥ A heavily-saturated FM recording is almost like a pulse recording,
except that the precise width of the FM "pulse' (i. e., the time of
zero crossing) is important, whereas in true binary recording only
the existence or non-existence of magnetization within an allocated
zone is important.



MEASUREMENT SYSTEMS 47

THE MEASUREMENT SYSTEM IN FIELD TESTS

A fundamental consideration for selection of instrumentation for
field studies involves a tradeoff between complexity and reliability.
This does not necessarily mean that all complex systems will be
unreliable, but it does point out a primary difference between a
laboratory experiment and a field experiment. In a field test there
may be but one opportunity to obtain data; thus instrument relia-~
bility must be high. In the laboratory, however, an experiment may
be repeated a number of times, and instrument malfunctions are
usually annoying rather than disabling.

A system which performs poorly in the laboratory obviously
should not even be considered for a field operation. But having a
system which performs well in the laboratory is not, in itself, a
guarantee of good, or even adequate, performance in the field. The
problems of EM shielding, atmospheric dust, dirt, and moisture,
in addition to the unavoidable rough handling in field transport and
installation, may prove insurmountable to a laboratory system.

In selecting a particular system, six major factors should be
considered. First, what is the physical quantity to be measured
and which instruments are available for that measurement? Second,
what is the accuracy requirement of the measarement? This dictates
the dynamic response and the frequency response of the entire system.
Third, how many separate measurements are required and what is
the time period of measurement? Fourth, what is the environment
which the system, or individual components of the system, must
withstand? This must include a consideration of the normal environ-
ment as well as the test environment. Fifth, what are the human
factors involved? The degree of instrument complexity, the place-
ment of the sensors, and the proccdures used to check out and main-
tain the systam: imust be considered against the experience and
fmotivation of the technical personnel involved in the project and the
time available for these procedures.

The sixth factor, aithough frequently overlooked when designing
a measurement system, is essential. To avoid burial under a mass
of data, careful thought must be given to the various alternative
forms of data output so that the necessary data processing can be
handled quickly and accurately. Data reduction must be programmed
during the design of an experiment, not afterwards.
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When attempting any measurement in an intense nuclear radiation
eavironment, an investigator is faced with severe restrictions with
respect to the choice and deployment of his ingtrumentation. Two
radiation manifestations are noted: first, an effect on electronics
due to transient radiation (TREE) caused by the direct interaction
of the ionizing radiation with the measuring system, and second,
electromagnetic pulse (EMP) effects whereby the measuring system
acts as an antenna to receive a transient EM signal produced by the
burst. * :

For many systems, the problem of the effects of nuclear detona-
tions cannot be clearly segregated into EMP problems, TREE prob-
lems, thermal problems, blast problems, =tc. Rather, these effects
can interact in a way such that the combined effect ia much more
serious than is any particular effect taken alone. A related design
problem is that while it is often comparatively simple to protect a
system from one particular effect, the protection can actually soften
the system to some othes effect. Thus, the systems designer must
aiways keep in rzind the necessity of obtaining a realistic balanced
system hardness,

TREE

The TREE cifects on electronic measuring systems can be both
transisut and permanent in nature. The permanent effects are
waually due to displacement of atoms located in crystalline lattices
and are produced by close collisions between incident nuclear
particles and the crystal atoms. These permanent effects are nor-
mally of little concern in blast and shock meaaurements, for they
degrade only such semiconductors {and quarts cryestals) which depend
upon a very high degree of crystal regularity for proper function.

¥ Thie EM signal is not unique to a nuclear detonation, but can aleo
be observed in large ciiemical explosions,
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Most transient effects result from the generation of ion pairs in
the system by the incident radiation. These ion pairs ultimately
cause either photocurrents in transistors, or diodes or leakage
currents in dielectrics. Data indicating the magnitude of TREE
effects in various cables are presented starting on page 200.

The radiation effect of major concern to blast and shock experi-
menters is EMP and will be dealt with in some detail below. The
following paragraphs were adapted from unclassified portions of
Electromagnetic Pulse Phenomenology and Effects (U), DASA 1731
(DASIAC SR-41), 1966 (SRD).

EMP

The EMP signal is characterized by high power but low energy,
a consequence of its highly transient nature. Low-frequency com-
ponents of the pulse may propagate both electric and magnetic
fields to considerable distances from the burst and to considerable
depths below the earth's surface (Reference 6). The signal peaks
at about 10-8 seconds and lasts about 5 to 10 microseconds, but the
effective fields are reduced to 1/10 peak magnitude within one
millisecond. '

EMP Generation

The chief agent for the production of electromagnetic fields from
nuclear explosions is the gamma radiation. The Y rays produce a
current of Compton recoil electrons which acts as a source of fields,
and by ionization processes, makes the air a conducting medium.
However, most of the detonation energy is ordinarily emitted in the
form of x rays. By Compton scattering and photoelectric absorption
in the air, these also produce electric currents and lead to effects
similar to the Y-ray-induced effects, especially at high altitudes.
The fields produced by these effects are generally smaller than
those produced by ¥ rays.

The gamma radiation from the explosion of an atomic bomb may
be subdivided into seven components which have a relative importance
depending upon the time scale of interest and altitude of the explosion.
Thesa components are:

¢ Prompt—those gammas emanating from the bomb itself

v Ground and air inelastic~—those gammas resulting from
faet neutron int. .. = in the ground and with the air
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® Ground and air capture—those gammas from neutron
capture after slowing down

% Isomeric—those gammas emanating from decay of isomers
of the fission debris

¢ Fission product—those gammas resulting from beta decays
of the fission products.

The descriptions of these various components may be made with
varying degrees of assurance and, in general, are dependent upon
calculations which have only partly been verified by experiments.

The electron current which initiates the nuclear electromagnetic
pulse (EMP) and the conductivity which shapes the EMP pulse are
products of Compton collisions of prompt gamma rays. The Compton
current and the ionization rate are complicated functions of time at
any point. These functions reflect the arrival times, angles, and
energies of gamma rays. For use in a gamma-ray transport theory,
the prompt gamma rays can be effectively considered as coming
from an isotropic point source. The finite dimensions of this source
can be neglected in calculation because of the much larger dimensions
of the effective EMP-producing source region (on the order of
hundreds of meters to several kilometers at sea level). Source
isotropy is a reasonable assumption because the environmental
anisotropies are usually more severe than the weapon anisotropies.

NEAR-SURFACE BURST. The gamma rays that enter the ground
{or ocean) from a detonation slightly above the surface are absorbed
in a very short distance, a few meters at the most. Thus, over
most of the distances where there are sizable Compton currents in
the air, there are none in the ground. We thus have a hemispherical
distribution of Compton currents in the air. However, the ground
is usually a better conductor than the air (except very near the
burst), so that the current of conduction electrons, instead of flowing
radially inwards, will flow partly to and in the ground (Figure 4),
Thus current loops are formed, with Compton electrons flowing out-
ward in the air, and conduction electrons returning in the air and
ground. These current loops give rise to a magnetic field, which
is largest at the surface of the ground, and which runs clockwise
azimuthally around the burst point. The electric field is tilted near
the ground so as to be roughly perpendicular to the ground, and is
directed upwards so as to drive conduction electrons into the ground,
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Figure 4. Influence of ground on return conduction current.

FREE AIR BURST. The previous paragraph discussed the fields
produced by the gamma-ray induced Compton recoil electrons,
neglecting the effect of the earth's magnetic field. In all cases the
asymmetries (ground, air, and bomb) were in the gamma-ray flux
and production of Compton electrons and ionization. The net electron
motion was radial, and thus the source for the EM fields was a pulse,
a radial current expanding with light speed from the burst point.

In the presence of the geomagnetic field, the Compton recoil
electrons are deflected from their initially radial directions. The
current pulse then contains transverse as well as radial components.
Thus, even with complete symmetry of gamma-ray flux and electron
production, there are sources for magnetic and non-radial electric
fields. In fact, this mechanism generates very intense high-frequency
EM fields and becomes increasingly important as the burst altitude
is increased.

EMP Interaction with Systems

The EMP interaction with systems is singular among nuclear
weapons effects in that the interaction is often with the configuration
of the entire system and not necessarily with any subsystem by itself.
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The complete system forms an antenna which responds as a whole to
the EMP. Damage may occur at the gage, in the cable, or at the
recording site.

GAGES. The major problem results from transducer inductance
coils being short circuited. Damage has not been significant with
balanced-reluctance gages. The most serious trouble has been
- permanent grounding of one circuit by flagshover, causing distur-
bances on other traces.

The record for resistance-wire strain gages is much poorer,
and reports show losses up to 100 percent.

Gages using inductive sensors generally flash over at about
1, 500 volts, usually at the glass feed~-through insulators in the gage
case. Paper-base strain gages mounted on metal flash over at
about 500 volts, through the paper base, with accompanying des-
truction of the gage. Bakelite-based gages flash over at 1, 500 and
2,500 volts, and then only at the edge where the lead wires protrude,
without destroying the gage. If the lead wires are positioned so that
they extend vertically well inside the edge and are surrounded by a
spot of insulating cement, they will withstand 5, 000 volts, and final
failure is at 7,000 to 10, 000 volts. These bakelite-based gages
appear to be satisfactorily rugged, but the effects of unbalanced
currents resulting from flashover at a terminal cannot be ignored.
The windings of a variable-reluctance transducer will survive a
short current pulse of several watt-seconds, while a strain gage
winding is destroyed by a short pulse of 0.1 to 0.2 watt-seconds,
even though it will dissipate several watts continuously. The damage
due to flashover at a terminal or elsewhere can be much greater,
therefore, for a strain gage.

INDUCTION OF CURRENTS INTO CABLES. The influence of the
electric and magnetic fields near the surface of the ground on
electrical conductors depends on the configuration of the conductor.
The manner in which the conductor is coupled to the electric field
is affected by the presence or absence of insulation, the type of
insulation, and the quality of contact between the conductor and the
soil. The effectiveness of shielded cables depends on these factors
and the manner in which the shield is terminated. In addition, the
implications of a signal induced on a conductor are largely deter-
mined by the sensitivity of the system served by the conductor.
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Thus, for example, a given pulse may cause serious malfunction if
it is induced in a circuit designed for low-level signals, whereas the
same pulse induced in a power circuit would be of no consequence.
Two theoretical models have been used to calculate the current
induced in a conductor located 1n or near the ground by an electric
field directed along the conductor. The first, called the wave
impedance model, is applicable to groups of conductors that are
50 clcsely spaced that mutual coupling effects are significant. This
wave impedance model was developed to study the currents flowing
in the radial conductors of antenna ground systems. The wave
impedance model considers the intrinsic impedance of the soil
shunted by the wave impedance of the grid of conductors. The
total current induced in the grid-soil complex by an electromagnetic
v ave propagating into the soil is divided by the soil impedance and
the impedance of the grid of conductors. The wave impedance of the
s, rid of conductors is determined by the condactor size and spacing.
The wave impedance theory is applicable to conductors that are
spaced leas than two or three skin depths (in the soil) apart and are
tightly coupled to the soil.

The second theoretical model, called the transmission line
model, is applicable to conductors that are sufficiently far from
neighboring conductors so that the electric field strength in the
vicinity of the conductor of interest is not appreciably affected.

In this model, the conductor is visualized as a coaxial transmission
line, the ground serving as the return conductor. The line will
have an impedance per unit length and an admittance per unit length
that are determined from the electrical properties of the conductor,
its insulation, and the soil. From these properties a propagation
factor and a characteristic impedance can be determined. When a
radial electric field is established in the ground, the field may be
visualized as a distributed generator driving the line along its entire
length.

The transmission line theory and the wave impedance theory pro-
vide methods of computing the current induced in either insulated or
bare conductors. The problem of practical concern, however, is
that of computing the current induced in the core wires of shielded
or sheathed cables. Unfortunately, no detailed analysis of the
coupling of the EMP-generated surge currents into the inner con-
ductors of a cable is presently available,
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INSULATED CONDUCTORS. Insulated conductors are defined
here to be insulated wires and cables on or below the surface,
and either insulated or bare wires above the surface. These
conductors all have in common the characteristics that (1) the
coupling between the conductor and the electric field in the
ground is through the capacitance of the insulation, and (2) the
attenuation of signals propagating along the conductor is rela-
tively low. The capacitive coupling of the electric field to insu-
lated conductors means that these conductors are affected most
strongly by the high frequency (early time) components of the
electric field in the ground, At very high frequencies, where
the insulation reactance is negligible, the insulated wire behaves
as a bare wire,

The propagation factor for the insulated conductor is very
nearly equal to the propagation factor for the insulating material,
Since the insulating material is in many cases almost lossless,
currents induced in the conductor in high field regions can
propagate great distances along the line with little attenuation.
Furthermore, if the conductor is not terminated in its charac-
teristic impedance, the induced zignal will be reflected from
the terminations and will travel back and forth along the conduc-
tor until it iz dicsipated in line and termination loss. Thus,
under some conditions, a pulse of electric field will induce a
train of pulses in the insulated conductor.

BARE CONDUCT<QS. Bare conductors on or below the
surface are generaliy characterized by tight coupling to the
soll and high attenuation of signals propagating alcng the con-
ductor. Since the conductor is in contact with the soil in which
the electric field is established, the coupling is direct and
stiong at all frequencies. However, since ti:e propagation
factor for the bare conductor is almost equal to the propaga-
tion factor for the soil, currents induced on the conductor are
attenuated very rapidly as they propagate down the conductor.
In general, the currents induced on bare conductors in contact
with the soil are determined by local fields in the soil, since
the currents induced more than a skin depth or so away do not
appreciably affect the magnitude of the current at a particular
point of interest, Likewise, reflections are of concerr only
within a skin depth or 8o of the termination of the conductor,
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since the reflected current ie attenuated to an insignificant
value within a short distance of the end.

SHIELDED CONDUCTORS. The shield on shielded cables
behaves in the same way as a conductor of the same confi-
guration and relation to the soil; i. e., the insulated shield
behaves as an insulated conductor, and the bare shield behaves
as a bare conductor., The current induced in the core con-
ductors is a result of the field that penetrates the shield. The
core wires themselves are capacitively coupled to the fields
penetrating the shield, however, and currents induced on
these wires behave in a similar manner to those induced in
the insulated conductors described above. Thus the currents
in the core wires propagate for great distances without sig-
nificant attenuation, and these currents may be reflected back
and forth from the terminations several times before the cur-
rent is dissipated in line loss or termination loss. One con-
sequence of this characteristic of the shielded cable is that the
current induced in the core wires, in the region where the
field penetrating the shield is strongest, is propagated on the
core wires to points quite remote from the high field region.
Such currents are, of course, much smaller in the shielded
case than they would be if no shield were present.

Two types of shielded cables are of special interest because
of their wide use. These are the coaxial cables, such as RF
transmission lines and shielded single conductors, and the
larger, multiple-conductor shielded cables in which individual
channels are carried on balanced, twisted pairs of conductors.

The coaxial cables are inherently unbalanced in both theix
transmission line properties and their coupling properties.
The current induced in the outer conductor is much greater
than the current induced in the inner conductor, since the
outer conductor acts as a shield for the inner conductor. The
consequences of this unbalanced coupling to the coaxial con-
ductors depend tc a great extent on the way the circuit is ter-
minated, If the outer conductor is terminated on a conducting
housing that completely encloses the terminal equipment
serviced by coaxial line, the large current in the outer con-
ductor enters the system directly only to the extent that it
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penetrates the conducting housing, and the only signal seen by
the terminal equipment is that induced in the center conductor
and propagated along the interior of the line. If, however,
the coaxial pair is used to service unshielded terminal equip-
ment, so that the large signal propagating on the outer con-
ductor can combine with the signal propagating along the
interior, the relatively large undesired signals propagating
on the outside of the outer conductor can enter the terminal
equipment. This latter method of terminating the coaxial line
compromises one of the principal advantages of the coaxial
geometry and should be avoided if possible.

The above remarks on coaxial conductors are also applic-
able to certain characteristics of multiconductor shielded
cables, particularly when the shield is insulated. It is con-
ceivable, for example, that improper termination of the shield
of a cable which has an insulated shield could completely
negate th» effect of the shield by allowing the curr~nt induced
in the shield to propagate along the outside of the shield into
the terminal equipment. The shield termination at the point
of entry into the terminal equipment should be a completely
enclosing connection (as opposed to a pigtail or ground strap)
to the shield of the terminal equipment, On buried cables
with bare shields, the current induced in the shield does not
propagate over large distances, so that the problem is less
severe on these cables. In doubly shielded cables in which
the inner shield is insulated from the outer shield, current
induced in the inner shield will propagate in the same manner
as on cables with insulated shields. In the doubly shielded
cables, current induced in the inner shield will be much
smaller, but if full advantage is to be taken of the double
shield, the inner shield must be just as carefully terminated
as is the outer shield.

The currents induced in the balanced, twisted pairs in
shielded cables are, in principle, common mode currents
that are exactly equal in each conductor of the twisted pair.

If the terminal equipment is also balanced and has adequate
commmon mode rejection, these currents are of no consequence.
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it is important to note that a balanced terniination for the twisted
pair implies that both conductors, cach viewed as a transmission
line, are terminated in the same impedance. If the individual
conductors of the pair are terminated in different impedances,
the reflected currents will not be common mode currents, and
part of the incident current will affect the terminal equipment.
Stray capacitance at the termination can be particularly trouble-
some in that it can cause an unbalance which is most severe

for the high frequency (fast rise time) components of the signal.

CABLE TERMINATIONS. The most common method of terminating
both the bare cable and the insulated cable is to attach the outer shield
directly to a large buried metallic structure, such as a buried shielded
room. When the transverse dimensions of the metallic structure are
comparable to a skin depth in the ground, then the termination impe-
dance is much less than the impedance of the cable and acts like a
short circuit. This means that signals are reflected without loss in
energy and the current at the termination can be as much as twice
the cable current far from the termination.

Another common termination is made with a grounding rod driven
vertically into the ground and attached to the outer conductor of the
cable. Rods commonly used for this purpose are | to 2 meters long
and | to 2 centimeters in diameter.

A theoretical study has been performed on the impedance of various
grounding arrangements. The short length of the rod insures that
its inductive effects are small. For an insulated cable in extremely
high conductivity soil, the resistance of the rod is an order of mag-
nitude less than the cable impedance. However, {or average or low
conductivity soil, this grounding arrangement does not reduce the
termination impedance appreciably below the cable impedance. In
particular for bare wires, the wire itself may be a much better
grounding arrangement than the vertical grounding r+d.

RECORDING SYSTEMS. Whereas in the case of long cable systems,
the EMP coupling was principally through the electric field, the EMP
coupling into compact recording systems is principally a magnetic
field interaction. Time-varying magnetic fields induce circulating
currents in conducting loops found in compact systems. Associated
with these circulating currents are voltages determined by a
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characteristic impedance of the loops. These voltage differences
appear to systems as signals and may cause severe disruption in
system operaiion.

Magnetic cores, tapes, and tape heads have been found relatively
insensitive to pulsed magnetic fields. In experiments, typical
selections of these components have withstood pulsed fields of over
10 gauss with no detrimental effect to either the component or the
system. Thin-film memory devices, however, are expected to be
more sensitive to transient magnetic fields.

The importance of the EMP interaction with a recording system
is determined by (1) the magnitude of the induced signal; (2) the
normal signal levels in the system; and (3) the filtering and noise
rejection properties of the system. Methods for minimizing the
EMP interaction with recording systems are discussed below.

EMP Protection

The preceding paragraphs have shown that the nuclear EMP pene-
trates into a systemn principally in two ways. Firet, the EMP fields
can penetrate through shields into the recording portion of a system
and induce spurious, disrupting signals. Second, the EMP can induce
current surges on the cables which tie a system to the measurement
environment, These spurious signals can seriously impair the
operation of the system.

In this section, methods of reducing the field penetraticn into a
system and surge induction into cables are described. Techniques
to minimize the EMP effects on the ~lectronics of the system, once
the system has been penetrated by the EMP, are also discussed.
Finally, a summary is given of many methods employed in the past
to increase the EMP '"hardness' of systems.

REDUCTION OF EMP FREE FIELD PENETRATION INTO
SYSTEMS. In blast-hardened systems, which must be located near
the detonation, circuitry and instrumentation are usually enclosed
within relatively small volumes. Often the easiest method of pro-
tecting them from the direct effects of the EMP fields is to shisld
the entire volume where thy instrumentation is located. Localized
shielding around separate sensitive units might in special cases be
a more sconomical tec! nique than maximum seasitivity shielding
for the whole volume; however, the primary interaction of EMP with
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the system usually is through interconnecting wiring and not through
effects on components or small subsystems.

If analyses indicate a high degree of EMP susceptibility, it may
be possible to reduce the problem by redesigning certain circuits
ang introducing more durable components. For instance, vacuum
tube circuits {depending on the type of tube and how it is being used)
can withstand hundreds of volits in short surges without damage, while
50 to 500 volts or less is sufficient to permanently damage many
transistors. On the other hand, transistor circuits are far more
compact than tube circuits and therefore are more economical to
shield. Tradeoffs between increased shielding and subsystem rede-
sign with consideration of the operational functions of the individual
circuits and components may make it possible to design a less vul-
nerable system with no loss in capability.

PROTECTION AGAINST CURRENT SURGES. It is necessary to
protect cables and associated equipment from nuclear electromag-
netic pulse-induced current surges to preserve their measuring
capabilities. In general, methods used for protection against lightning
surge effects afford a good guide for EMP protection. A significant
reduction in vulnerability is obtained by reducing to a minimum the
number of conduction paths entering the system. All conducting pipes
and conduits entering both recording and instrument facilities should
be grounded at two points: to the main outside ground point and to
the point where pipes or conduits enter the shelter. These simple
precautions in design will keep to a minimum the number of external
conducting paths which can carry high-surge currents and fields to
the system instrumentation.

In the preliminary shelter design, all nearly closed conducting
paths formed by water pipes, rebar, steel I beams, etc. (but not by
signal, power, cr ground cables), should be completely closed. This
provides added system shielding and prevents possible arc-over (with
subsequent RF noise harmful to many systems).

A loop of heavy conductor called a guard ring may be used to
increase the L/R time of a loop system to a value which is large
compared with the EMP field duration time. A large part of the
energy stored in the guard ring may be put back into the magnetic
field after the EMP transient has passed.



RATT T T TR s

60 DASA 1986

For protecting cable runs external to shielded instrumentation
centers, a continuous metal conduit surrounding the cable provides
maximum shielding. Continuous steel conduits, 1/4- to 3/8-inch
thick, reduce the high slectromagnetic fields and the induced cable
currents to a level at which typical circuits would not be disrupted.
Moreover, supplementary low power protection devices could easily
control any residual currents.

A significant amount of induced current protection can also be
provided by the cable sheath. The cable sheath is normally a conduit
of aluminum, lead, or steel, about 50 to 100 mils thick, built into
the cable for the purpose of preventing structural damage to the inner
wires. To maximize the shielding effect, insulation of the calle
sheath should be avoided, or at least the sheath should be grounded
as often as possible, since insulation prevents rapid spatial and
temporal decrease of the induced currents. Insulation over the
sheath also produces higher core-to-sheath voltages and increases
the opportunity for high-voltage insulation puncture. If insulation
is necesaary, an insulation shocld te used which is lossy and which
will not char and becom¢ conductive when punctured by high voltage.

A third technique of cable prctection from EMP-induced currents
is the use of guard wires. A guard wire is a low-impedance wire
(such as a low-gaugec copper wire, AWG 1/0, or a larger diameter
wire), placed a few inches over the cable to be protected. For buried
cables protected by overhead guard wires, the currents induced in
the guard wires create magnetic and ~  tric fields which oppose the
incident fields. The cable and guard wii2s share the induced current
approximately as the inverse ratio cf thei impedances. However, to
take advantage of this shiclding effect, the cahle must be within a
few inches of the guard ware {or additional guard wires on the sides
are necessary) to prevant the fields from circumventing the shielding
effects of the tup wire. The guard wirec should also be bare, so
that the electric field is erfectively shorted.

An impox‘ant poiut to consider wheo designing or specifying

conduits, guard wires, -nd cable sheath armor is the maintenance

of electrical continuity throughout the length of these devices. Dis-
continuities cause the induced current to prrduce high voltages, which
may cause insulation breakdown. Multiple guard wires provide some
insurance against this, paxticularly if they are connected together at
irtervals. Guard wire protection is especially important at the ter-
mination of the cabie sheaths and conduits. To prevent arcing over
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to the inner conductors, place protection devices at the terminations,
ground the shield to the chamber which the protected cable enters,
and/or connect the ends of all conduits, sheaths, and guard wires
with low-impedance grounded metal sheets outside the installation.
The conduits and guard wires protect in two ways: they offer a path
other than the signal and ground lines to the earth currents, and they
carry these currents away from the internal instrumentation con-
nected to these signal >nd power lines. (lonsideration of both of
these points is essential in providing adequate system protection.

The first step in reducing voltage from several thousand volts
down to the order of a hundred volts may be handled by lightning
arresters such as the carbon block and the gas diode. The carbton
block device is essentially a spark gap with two blocks of carbon as
the electrodes. These devices can fire on signals as low as 400 to
500 volts; however, below this level the gap becomes too small and
leads to the possibility of a short circuit. The principal advantages
of a carbon block arrester are its fast response time, i.e., less
than | microsecond, and relatively low cost.

Gas diodes are spark gaps within a closed container filled with
some inert gas at a fixed pressure. This spark gap may be set to
spark as low as 70 to 80 volts. Unfortunately, gas diodes are more
expensive and larger than the carbon blocks, a fact which may limit
their applicability for complete aystem protection. Furthermore, if
the tube leaks, the spark-over voltage may increase by an order of
magnitude. The greatest disadvantage of the gas diode is its slow
response time. For a moderate-to-fast rising surge current, the
gap may hold off voltages 4 to 5 times its d-c arc-over voltage.
However, a new type of gas diode employing a pre-ionized gas may
eliminate these disadvantages. The main advantage of the gas diode
over the carbon block is the elimination of any possibility of short
circuits from residue buildup. To use arrecters as curient curge
limniters, attach them to a ground in conjunction with a2 heavy-duty
inductance in the line. This produces the high voltages necessary
to short out the abnormally high curreats in the lines eveu if the
line itself has too low an impedance to generate sufficient voltage.

When set up in proper staging, voltage and current limitars have
proven to be protection against ligatning~induced surges and, when
selected to give sufficiently fast response and racover'r time, shauld
also protect against an EMP-induced surge.
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RECORDER PROTECTION. To raise the susceptibility level of
a system, the following requirements should be incorporated into the
design and installation of the system.

l. Insure that the viiring between gage and recorder conforms
to a '"tree' or radial viring scheme as shown in Figure 5.
Using such a scheme, the system susceptibility level can be
greatly improved. To be effective, the tree system must
include all signal, power, cnd ground cabies and have a single
ground point.* If two or more systems are involved, they
must be either electrically isoiated at all points other than at
this single ground point or combined in a single tree
configuration.

2. Resistance checks should be performed borh during the
initial equipment installation phase ana during any system or
equipment modification phases to insure that there are no
violations of the tree wiring scheme. Violations of the tree
configuration can occur by introduction of loops formed by:

Signal cables

Chassis-to-chassis grounding

A-c power conduits

A-c safety (3rd wire) grounds
Equipment-to-floor or equipment-to-wall contact
Signal grounds

Telephone system grounds

Building construction grounds

Accidental contact of grounding elements.

EMP Protection Summeary

In most cases, instrumentation surge tolerance rather than cable
tolerance will be the determining factor in specifying system pro-
tection. Vacuum tube circuits can probably survive the 500 volts
remaining after carbon-block arresters fire. However, over 50 volts

¥t should be noted that some investigators prefer to "float" the
entire system, i.e., have no ground at all.
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Figure 5. Wiring to reduce EMP susceptibility (A} Radial, (B) "TREE"
wiring system,
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will permanently damage many transistors and semiconductor diodes.
and signal/noise levels of 0.6 volt can cause data degradation. These
low tolerance levels require the use of Zerne> diodes or other low
power protection devices in the circuitry.

The following is a partial list of recommended construction prac-
tices which have preven effective in reducing problems of EMP
interference and/or damage of instrumentation on nuclear tests.

1. Isolate power by either using internal motor-generator
sources or putting lightning arresters on lines.

2, Put wires in boxed, grounded conduits.

3. Use a grounded screen over shelter air-conditioning outlets
and ground all ducts.

4., In hardened shelters and instrument locations, ground the
rebar (steel reinforcing bars in reinforced concrete), especially
if it is tack welded.

5. Use largest available lightning arresters on power station
transformers.

6. Put spark gaps on telephone lines from the recording
shelter.

7. Ground cable outer shields and make them continuous;
aplicers often do not solder the shielding.

8. Insure that signal cable shields are well grounded at their
point of entry to the shelter. Large transients inside screened
rooms have been traced to poorly-grounded coax shields.

9. Bury cables as deeply as is economically feasible (> 3 feet)
to reduce current surges.

10. Tie water pipes and other entries into the grounding system.

11. Equipanyantennasand input leads which cannot be directly
grounded with lightning arresteras.

12. Adopt protection procedures to fit requirements of parti-
cular areas. Shield only the critical areas.

13. When a lead is tied into a coaxial cable, do not interrupt
the shielding provided by the outer conductor. A grounded
copper plate mechanically crimped to the cable shield has been
used effectively.
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14. Ground all seemingly nonessential equipment, such as
elevator hoist cables.

15. Because natural grounds are often unsatisfactory, use a
counterpoise at each site. Note that counterpoise requirements
will vary with geographic location, since earth conductivity
varies greatly from place to place,

16. Insure that the entire conduit system is well grounded.

17. Avoid use of nonconducting lubricants when putting conduit
pipes together.

18. Insure that electrical contact exists between conduit and
terminal box. Frequently the conduit is pushed against the
box but insulated from it by paint.

19. Install a grounding strap from terminal box to door of box.

20. Use lightning protection techniques on all above-ground
lines.

21, If power equipment supplies several sites, install lower-
value fuses at the equipment end rather than the power end of
a system.

22. Use circuit breakers rather than fuses, since breakers
can be set more closely and reset more quickly. Check fuses
periodically for deterioration.

23. Do not use slow-blow or delay fuses or breakers.

24. Design breakers (where feasible) to take no more than the
largest expected load.

25. Put single-phase protection on each phase of three-phase
power systems.

26. Use passive L.C. radio interference filters on signal, .
control, telephone, and power lines.

27. The EMP fields in the corners of a shielded structure are
usually higher than in other parts of the structure, so that
curner areas should be avoided or used with caution.

28. Insure that the intrasystem wiring conforms to a tree or
radial wiring scheme. Include all cables, power, signal, and
ground, in this scheme.
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SECTION 3
AIRBLAST MEASURING SYSTEMS

The pressure range of curvent primary interest in airblast meas-
urements extends from fractions of a psi to over 10,000 psi. Envi-
ronmental conditions range from ambient (which, under some field
conditions are quite severe) to those encountered well within the
nuclear fireball (see Appendix B).

Gages for use in field tests have incorporated reluctance elements,
strain elements (bonded, unbonded, and solid state), resistive and
piezoelectric transducers. The earliest gages and recording systems
were not required to withstand deleterious environmental conditions
since they measured relatively low overpressures and were thus lo-
cated at some distance from the detonation, Since the data recording
bandwidth was about dc to 500 Hz, these early systems were not suit-
able for accurate measurement of high-frequency phenomena. This
was a particular problem for short-duration shock waves. The pre-
sent higher-frequency response systems, with better recorders and
faster gage rise time, follow more closely the forcing function, and
provide better fidelity of the data acquired,

In atmospheric nuclear tests, the variable-reluctance-type ele-
ments have proved to be the most successful for obtaining meaning-
ful data; however, the techniques of production and use of other sen-
sors have progressed to the point where they will increase in useful-
ness.

In the following paragraphs, various gages in current use are de-
scribed. In these descriptions, instruments used to measure stag-
nation and irncident pressure are listed first, followed by a discussion
of gage mounting, then the methods and instruments used to measure
dynamic pressure. Within this framework the various gages are
grouped by principle of sensing element and are presented in the
same order as the discussion of sensing elements in Section 2.
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OVERPRESSURE AND TIME HISTORIES
Electromechanical Gages

Wiancko

The Wiancko 3-PAD* ig, in terms of years of continuous use, one
of the oldest nuclear-blast pressure-measuring instruments, The 3-
PAD is a variable differential inductance gage. The sensing mech-
anism, a bourdon tube flattened and twisted about its long axis, is
contained in a heavy brass canister to minimize the effects of short-
term temperature changes, One end of the tube is open to the atmos-
phere and rigidly held to the gage frame, while the other end is closed
and attached to an armature held in close proximity to an E-shaped
coil, Overpressure tends to untwist the bourdon tube; this rotation
changes the air gaps in the electromagnetic circuit, thereby changing
the circuit inductance. The inductance change can ue used to modu-
late a carrier voltage to produce a signal as a function of pressure.

The Wiancko has a high output, is very rugged, and has been proven
under field conditions. It is relatively insensitive to accelerations
and ambient temperature change. The low impedance reluctance
bridge allows the signal to be fed to the recorders cn long pairs of
wire, and does not require coaxial cable. The usual field practice
has been to record the output signal on Consolidated Electrodynamics
Corporation System-D equipment. The gage can be used to measure
pressurecs as high as 10, 000 psi; however, its response time of sev-
eral hundred microscconds is too slow for short-duration, high-
pressure measurements, The gage exhibits a limited frequency re-
sponse and proximity to magnetic objects or fields causes erratic
performance. It is rather insensitive to EM pulse and radiation.

Stanford Research Institute reported (Reference 7) results of tests
of acceleration sensitivity of the Wiancko. Acceleration forces are
generally assumed to act on both arma of the rocking-armature simi-
larly with respect to both coils and thus maintain balanced conditions.
However, a change in the relative geometry between the force and
the gage will seriously affect its response, Figure 6 shows typical
results from 30-psi gages tosted on a spin table with radial accele-
rations to 90 g. There was found to be a considerable variation be-
tween gages of the sameo pressure range. Higher range gages (100

*Reference to cormmercial products in this report does not imply
approval or criticism by the DASA Information and Analyeis Center
or the United States Government.
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to 300 psi) showed smaller errors while the 10-osi gages have slightly
larger errors,

Ultradyne

The Ultradyne Engineering Laboratory of Albuquerque, New Mexico,
makes a gage similar in principle to the Wiancko but differing in con-
struction details, It has a reported rise time of 750 microseconds
(Reference 8). The gage is a variable-inductance-type diaphragm
about 1 inch long and ! inch in diameter. The displacement of an
Invar diaphragm flexing under the applied pressure produces changes
in the inductance of coils situated just behind the diaphragm. A re-
mote oscillator, incorporating the coil as circuit elements, gene~
rates a signal whose frequency is prcportional to the pressuze.
Stanford Research Institute used this gage in a nuclear test and ob-
tained data at levels above 200 psi (Reference 9).

cce

The Cunsolidated Controls Corporation produces an electromechan-
ical differential gage, the PFS400NA, which also utilizes the variabtle
reluctance principle. Overpressure is converted to frequency varia-
tion by use of a clamped plate diaphragm moving in 2 magnetic field.
This gage is made to measure pressures up to 300 psi.

The Naval Ordnance Laboratory has successfully used this gage
at pressure levels belov 15 pai with the gage coupled to either a
Genisco No. 10-110 or Leach No, 800 miniature recorder with an
Electromechanrical Research No, 189 FM Plug-in discriminator (Ref-
erence 10), The gage was considered adequate by NOL~its accuracy
and reproducibility were above average. The principal shortcomings,
non-linearity and a 2-kHz limit to high-{requency response, are ’
balanced by the instrument's ease of use—direct FM output and valid
static calibratior,

Twc problems were noted in field usa. First, the gage occasionally '
exhibit.d a decrease in sensitivity, probably caused by mechanical
changes in the diaphragm- coil relationshipy due to atmospheric cor-
roaion {the fieid ure was near salt water). Sescondly, care was re-
quired in interpreting the cutput records. Since the gage measures
a presaure difference across a diophragm betwesn two chambers,
cunditions of blast loading nay deform or displace the diaphragm and
thus cause appreciuble deviations of the pressure in the reference
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chamber, These deviatioii become significant, greater than +1 per-
cent for side-on pressures below 5.0 psi. This deviation must be
accounted for during data reduction by correction factors based on
overpressure,

Fhotocon

The Photocon Research Products Corporation manufacturers the
Model 352 Dynagage System which has been used in a nuclear environ-
ment to obtain surface level pressure and time history data at about
1500 psi, but a gage at 500 psi failed—presumably because of radiation
effects (Reference 1), The sensor operates on the variable capaci-
tance principle utilizing a double diaphragm. The outer diaphragm
is connected to the inner sen<ing diaphragm by a central stud so
that high thermal temper:tures do not arrive at the sensing element
in time to affect the measurement. Gage ranges are available to
about 90, 000 psi. In the nuclear field test further protection was
provided by a perfu-ated metal blast shield which prevented direct
radiation from reaching the outer diaphragm, The gage had a high
natural frequency, 60,000 Hz, ard was used with a tuned system
operating at a carrier fresuency ¢f aboui 1 MHz, but the company
rates the system output as flat to 10 kHz only. Stanford Research
Institute recommended that, in view of the success of this gage in the
field (at least to 1500 psi), it be used as a primary instrument for
obtaining high-pressure data from nuclear tests.

Kuman Nuclear

The gages listed thus far have been standard pressure-measuring
devices that were adapted to measuring nuclear blast waves. The
Kaman Nuclear Corporation radiation-hardened blast pressure trans-
ducers, along with the accessory K-5000 oscillator-demodulator,
were specifically designed tor pressure measurements in high-
radiation level nuclear bursts. The Kaman gage has been tested in
very severe simulated environments (References 12 and 13) and has
been found t . be relatively insensitive to the effects of radiation,
acceleration and temperature. Tests have included:

1. INeutrons
Total dose 1.0 x 1013 Nvt (> 10 kev)

Flux 2.0 x 1017 n!cmz - sec

Integrated flux 1.0 x 1014 n/c:mz
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2. Gamma

Dose rate L0 x 10® rads/sec

Integrated dose 1.0 x 105 rads '
3. EMP

Electric field strength 1x 10° volts /meter

Magnetic field strength at 4
pulse frequencies near 30 kHz 1 x 10" ampere-turns /meter

4, Temperature

Ambient -65 to +300°F
Transient 4000°F for 200 milli-
seconds

5. Shock and Vibration
Shock 700 g for 2 milliseconds
Vibration 50 g (rms) for 20 to 5000 Hz

The Kaman transducer, shown in Figure 7, utilizes the effect of
eddy current loss in a metal diaphragm on the impedance of a nearby
small air-core inductor. The flat, stiff metal diaphragm, moving
in an air gap between two stationary air corz coils, is the only moving
part of the gage, There are no magnetic components. Two air
core ccils and diaphragms are contained in a stainless steel housing.
The two coils are connected as two arms of a Wheatstone bridge, which
is completed by two resistive arms contained in the oscillator-
demodulator. The active coil is in such close proximity to the non-
magnetic pressure sensing diaphragm that small deflections of the
diaphragm result in sufficient eddy current loss to significantly change
its impedance. When the coils are properly phased, electrical pickup
or radiation-induced noise sensad simultaneously by both coils is can-
celled out in the electrical bridge circuit, of which the transducer
forms a part, and thus reduces or eliminates the sensitivity to high-
flux nuclear radiation effects.

Al]l organic materials huve been eliminated from the coil assembly.
The coila are wound on ceramic coil forms made of 99-percent alumi-
num oxide with ceramic insulated magnet wire. The coil and coil
forms are emnbedded in the gage case with a special, boron-free encap-
sulant, The standard transducer is build with both an active and an
inactive coil-diaphragm assembly mounted in the same housing (or
with minimal separation).
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Figure 7. Kaman K-1205 rodiation hardened pressure goge.

The bridge is driven by a 1-MHz carrier at 5 volts rms. The pres-
sure to be measured is admitted to the diaphragm through a main
inlet port. The overpressure causes 2 deflection of the diaphragm
which unbalances the bridge. The i-MHz bridge output is rectified
through a ring demodulator, amplified, and filtered to produce a 1-
volt full-scale dc output, proportional to the applied pressure, with
a frequency response from dc to 10 kHz, Since small deflections of
the diaphragm may be resolved, it can be unusually stiff with a nat-
ural frequency that is high when compared with the 10-kHz data out-
put response. No mechanical damping is attempted; electrical fil-
tering of the amplifier output reduces any ringing signal from the
diaphragm. The output of the demodulator is fed directly to a voltage-
controlled oscillator and amplifier and thence to a magnetic tape
recorder. The cable length between the gage and the demodulator
must be less than 50 feet. For greater distances, only certain cable
lengths can be used without introducing cable effects because the
cable must be cut and tuned to specific wave lengths. *

%A recent development is an instrumeut-cable matching device which
permits the use of long cables,
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A Kaman gage has been used to measure airblast pressures as
high as 75,000 psi in an underground nuclear test (Reference 14), and
has produced excellent data from high-explosive simulation experi-
ments. In one HE field test, however, BRL reported situations in
which the pressure orifice became plugged with dust and did not
function properly. The major drawback to the Kaman gage appears
to be its cost. Unless a measurement requires a gage with special
radiation-hardened design features, laboratories use the less expen-
sive unhardened gages,

Strain gage sensing elements are finding increasing use in airblast
measuring instruments, Bonded and unbonded wire and the newer
solid state and deposited strain elements are all represented in cur-
rently stocked gages.

Norwood

The Norwood gage (Models 111 and 211 used by AFWL) is a flush-
mounted transducer manufactured by the Detroit Controls Division
of the American Standard Products Corporation (Figure 8), A flush
catenary diaphragm, when exposed to the pressure input, loads the
end of an internal tube and axially compresses it. The wire strain
elements are bonded both circumferentially and longitudinally to the
internal cylinder, and the dimensional change of the strain tube is
reflected by an equivalent change in the resistance of the bonded strain
elements. Use of the catenary diaphragm results in a minimum
volume change within the pressure vessel and also somewhat mini-
mizes the effects of temperature changes on the output signal. The

Figure 8. Norwood controls transducer.
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gage has a natural frequency of 45 kHz and can be excited by either
ac or dc.

AFWL reports that at high pressure levels there is a tendency for
a zero shift to occur, probably caused by structural deformation of
the strain tube. The temperature sensitivity can be compensated
for with an ablative coating of 1/16 inch GE or Dow Corning silicon
rubber without affecting output response. The gage is not damped
and, thus, rings, The Air Force Weapons Laboratory is experiment-
ing with oil damping but is experiencing leakage problems because
the Norwood is not a sealed gage; however, some success has been
achieved with a dual column damping system.

Dynisco

The Dynisco PT 76 and PT 136 are almost identical to the Norwood
gage except for external configuration (Figure 9). Conventional 4-
active-arm strain elements are bonded to a thin cylinder which has
one end secured to the case and the other attached to the diaphragm,

Figure 9, Dynisco RC transducer PT 76,

The small mass and minute deflection resolution result in very-
high-frequency response characteristics, but the low sensitivity of
the bonded strain-wire gages—output about 2 to 4 mv/v full scale—
requires signal-conditioning equipment and dc amplification for com-
patibility with voltage-controlled oscillators used in wide-band FM
recording. The design and assembly of the gages make them insen-
sitive to vibration and acceleration. Bonding the strain gages to the
tube rather than directly to the diaphragm delays the effects of
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thermal transients, and the two passive arme of the bridge circuit
are used for temperature compensation which further reduces ther-
mal effects.

BRL has conducted a number of tests on the Dynisco gage (Ref-
erence 15)., They performed a limited test on the response of both
the Norwood and Dynisco gages to thermal transients on a special
thermal pulsing device that exposed the gage diaphragms to a 1550°F
propane torch flame for about 90 milliseconds. These test conditions
produced voltages corresponding to about a 3-percent error in the
Norwood and 0. 3-percent error in the Dynisco. The particular gages
tested were for different pressure ranges (the Dynisco, 2000 psi,
the Norwood, 500 psi), but it does appear that the Norwood is more
temperature-sensitive.

In an attempt to reduce the temperature response, BRL tested
Dynisco transducers fitted with special diaphragms. The normal
stainless steel diaphragm was replaced with others of various aater-
ials intended either to reflect, insulate, or evenly distribute the heat.
Nickel, copper laminated with stainless steel, stainless steel covered
with Teflon, and stainless steel coated with flame- sprayed aluminum
oxide were tested., Only the aluminum oxide significantly reduced
thermal shock., For very high pressure studies near the detonation
point of underground nuclear blasts, BRL protects the diaphragm
with a baffle consisting of a heat shield with eight double-angle inlet
ports and a small cavity between the inlet holés and the diaphragm,
as well as the aluminum oxide (Figure 10).

A model PT 76 tested for leakage in a vacuum showed a creep in
zero balance (about 0. 1 percent after 45 minutes in vacuum). This
unbalance remained after return of the pressure to ambient. It is
believed that all-welded construction would be required to give a
better seal.

BRL notes that although the Dynisco is well-suited to laboratory
use, a number of electronic difficulties have been experienced in HE
field tests. Current BRL plans include use of the Schaevits-Bytrex
gage for future high-pressure field work. However, a Dynisco Model
PT 136 was used successfully to obtain very high air pressure data
in a recent underground test (Reference 14).
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Figure 10. BRL high pressure airblast gage using the Dynisco pressure transducer.
CEC

Unbonded strain-gage windings connected in a four-arm bridge
comprise the sensing element of a number of Consolidated Electro-
dynamics Corporation variable-resistance type transducers. Pres-
sure against the flush diaphragm produ:es a displacement of the
sensing element, thus changing the resistance of the two active arms
and producing an electrical signal proportional to the applied pressure.

According to the manufacturer, acceleration and vibration have
little net effect on the bridge output, as they are cancelled by the
geometry and winding arrangement of the star-spring-type sensing
element. Compensation for the effects of wide ambieni-temperature
variations is provided by the location of the two inactive arms in close
proximity to the active windings.

Unbonded wire strain gages can be produced with excellent resis-
tance to both neutron and gamma radiation; however, they are usually
so sengitive to shock that thay are used at pressure levels where the
radiation is no problem,
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Statham

The Statham Instrument Company manufactures a line of deposited
strain gage pressure transducers. A strain-sensitive film is vacuum-
deposited on a diaphragm and arranged electrically in a conventional,
halanced four-active-arm Wheatstone bridje. Applied pressure
causes tension stress in one pair of the arms and compressive stress
in thu opposite arms. The pressure is measured by the resistance
change in the bridge circuit.

Theoretically, this gage should have excellent resistance to shock
and vibration. The all-metal and ceramic construction should be
very radiation-resistant; however, tests of a Model PA 801 exposed
to the radiation from a nuclear test (Reference 16) indicated a recor-
der (Genisco) saturation after zero time. Further analysis of both
the gage and the data from this test are required to determine if the
observed effect was caused by the transducer or by the associated
cables and instrumentation.

Micro Systems

Piezoresistive elements replace the conventional strain gage ele-
ments in a four-arm bridge circuit in Micro Systems gages. These
piezoresistive elements produce an electrical resistance change
with pressure that is about 15 times that produced by the metallic
bonded strain-gage.

The elements are bonded to the back of a 1/4-inch diameter flush
diaphragm, Pressure ranges to 500 psi are available, Shock tube
tests at BRL indicated a base line shift due to thermal effects after
about 20 milliseconds, but more recent gages are reported to be
thermally protected. The solid state elements used may be a poor
choice for field measurements in a nuclear environment unless the
elements are doped to withstand radiation. The Micro Systems gage
is very small and would be a good choice for model target-response
studies,

Schusvits-Bytres

The Schaevits-Bytrex Corporation also manufactures semiconductor
strain-gage pressure gages with various pressure ranges. The sili-
con element is mounted in a stainless steel case. Overpressure
applied through a diaphragm produces strains and resistance changes
in the semiconductor members. The resultant current change in a
modified Wheatstone bridge circuit produces a voltage which varies
directly with pressure.
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The Model HGF 2000 is used by AFWL for non-nuclear laboratory
high-pressure work., The gage has a high natural frequency, 100 kHz,
and a high output, 200 Mv full scale, but low pressure ranges are not
available in this model=-2000 psi is the lower pressure limit.

Either an ac or a dc recording system may be used, but high
bridge impedance will cause cable noise problems, AFWL has experi-
mented with plate-damping this gage. An ablative coating is applied
to a thin steel plate placed over the sensing element. This tends to
increase the general ruggedness of the gage; further work may eventu-
ally make it available for field use. The plate also reduces temper-
ature sensitivity; however, the natural frequency is reduced to 60 to
75 kHz.

Although AF WL has reservations about using the HGF 2000 in
field studies, BRL, as noted in the discussion of the Dynisco gage,
has used the gage in underground airblast studies to obtain very high-
pressure data (Reference 14). In  BRL version, the diaphragm is
protected with a heat shield. Eigh:. mall, double-angle inlet ports
lead to a small cavity between the sensor diaphragm and the heat
shield. The shield allows for an even distribution of the initial ther-
mal pulse, prevents debris from damaging the diaphragm and, to
some degree, shields the gage from EM pulse (Figure 11).

At present, the HGF 2000 suffers the same limitationa to a nuclear
environment as do all the silicon semiconductors. However, Schaevitz-
Bytrex makes a special silicon element for Sandia that is reported
to be radiation resistant., These elements could probably be adapted
to the high-pressure gage.

A model HGF 25 gage was subjected to a nuclear environment
(Reference 16), and after the test the gage exhibited a shift in zero-
presgure dc outputlevel; when ac excitation was applied, no change in
operating characteristics was observed,

MIT Panocake PR,

The Department of Aeronautics and Astronautics at Massachusatts
Institute of Technology has designed a pancake pressure gage, utiliz-
ing (at the present time) two Schacvitz- Bytrex HF-100 sensing ele-
ments. The gage is used in rocket sled blast studies, The 4-inch
diameter by 1/2-inch thick probe uses the strain-gage elements on
opposite faces, The Schaevitz-Bytrex elements were selected because
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Figure 11. Bytrex pressure transducer used by BRL.

they had exhibited high degrees of accuracy, stability, and repeata-
bility in MIT blast work (Reference 17). In field use, the plane of

the probe is oriented vertically, with the axis through the stem
directed toward the blast, Recording is on a Tektronix No, 551 dual-
beam oscilloscope in the laboratory and on a 14-track Leach No, MTR
1200 in the field.

Extensive testing of the probe in a laboratory shock tube and later
HE trials gave the investigators confidence in the overpressure data
in the region of the blast between the shock front and the contact sur-
face up to a flow of Mach 0,75,

Two modifications were suggested for possible improvements.
First, a reduction of probe thicknese was proposed to help reduce
gage oscillation, The oscillation, with a period of about 0, 6 milli~ ..
second, was observed in the record immediately after shock arrival,
particularly at higher Mach numbers. The magnitude of the oscil-
lations was found to be proportional to the thickness of the probe ar1
was attributed to the diffraction of the initial sbock and successive
shocks and rarefaction waves. The second modification propossd
was a reduction of probe size. Since the acrodynamic response time
of the probe is expected to scale with probe sise, it would seem -
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worthwhile to reduce probe diameter. lHowever, this must be tested
carefully; when the diameter is reduced, the thickness ratio increases,
which increases the ringing of the gage.

There are many systems using piezoelectric sensing elements., It
is interesting to note that investigators using identical equipment on
similar projects may express widely divergent opinions on the worth
of a particular gage.

General Atomics

The General Atomics Division of General Dynairics offers several
standard-item bar gages, all of which operate on the principle of con~
ducting the pressure pulse down an elastic bar to a sensor which is
shielded from the environment affecting the bar. Reference 18 dis-
cusses thearetical aspects of bar gages and the different configurations
possible,

Gen Atom Quariz Pressure Bar Gage

In General Atomics Quartz Pressure Bar Gage, the pressure pulse
induces a strain in a 1/4-inch by 24-inch tungsten rod which in turn
loads the quartz sensing element. Beyond the sensing element is a
magnesium rod. The rods and the quartz are securely cemented
together with an epoxy cement. In theory the contrast between the
acoustic impedances of the two rods causes the stress applied to the
quartz sensor to be much lower than that in the tungsten rod, so that
measurement of pressures up to 5 kilobars (about 75,000 psi) will
not shatter the crystal.

The time duration which can be measured by this bar gage is 260
microseconds. This duration is determined by the time required
for the reflected stress waves to return to the sensor from the ends
of the two rods and perturb the output of the sensor.

When tested by MIT (Reference 19), the gage exhibited an extremely
fast response to the pressure wave (about 3 microseconds); however,
there was a slower rise in the signal above the initial jump to a peak
about 80 percent higher in 80 microseconds. It was believed that the
overshoot was due to an impedance mismatch between the quarta
crystal and the tungsten rod; however, when an aluminum rod was
substituted the overshoot was not eliminated. Swift at SRI (Reference
20) points out that the basic assumption of any bar gage, i.e,., that
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the stress wave is tranamitted down the rod without distortion, is
not true. The speed of initial loading can cause oscillations and pro-
duce overshoot,

SRI Quartz Bar Gage

The Stanford Research Institute proposed a simplified bar gage
suitable for high prassure studies, capable of handling a signal of
longer duration than the 260 microseconds of the General Atomics
gage (Reference 13). The SRI design would sacrifice resolution by
accepting a rise time of about 10 microseconds. This would allow
the use of a continuous rod with one or more sensors located 4 feet
or more from the sensing end for better shielding, and with at least
6 feet of rod beyond the nensor, allowing an operation tine of some
750 microseconds. It may be possible to extend the bar much further,
or to terminate it to avoid reflection, but the iimit is probably 1 or
2 milliseconds of useful measurement time,

SRI felt that there was some advantage in using two types of sen-
sors on the same gage. A high-impedance piezoelectric sensor can
be made to delivar a large signal, wut it is sensitive both to the EM
signal at zero time and to the nuclear radiation. A low-impedance
strain sensor puts out a smaller signal, but its sensitivity to outside
sources is low, so its signal-to-noise ratio may be better,

Sendis Quarts Pressure Gage

The quartz pressure gage designed by the Sandia Corporation and
described in the section on earth strain gages (page 127) would pes-
sibly prove adaptable to extremely high peak-preasure measurement
in a nuclear environment.

Kistler

The Kistler Corporation produces a line of quarts wafer pressure
gages which have been used with considerable success in shock tube
and laboratory work but with less satisfactory results in field studies.

Both the 600 and 700 series gages bave been tested in the field,
principally the 60) and 603, The output from the Kistler gages is
usually fed through a Kistler No. 503 electrostatic charge amplifier
to convert the signal to a low impedance compatible with long cables

and ordinary recording equipment.



AIRBLAST. 83

The 601 accommodates pressures from 10 to 300 psi and is physi-
cally small, thus well adapted to mounting in dynamic probes and
stingers, MIT (Reference 21) reports a 10-microsecond response
time using optimum electrical filtering, but there was a large oscil-
lation in the signzl, Using a 44-kHz second-order filter (3 db down),
the overshoot was reduced to 5 to 10 percent, but the response time
increased to 12 mnicroseconds,

The 603 is slightly smaller and should have a higher natural fre-
quency, a faster rise time and should be less responsive to accele-
ration, AFWL reports a temperature sensitivity which can be cor-
rected by an ablative silicon rubber coating (this is now a standard
feature available on Kistler gages)., MIT (Reference 21) tests show
a response time of about 7 microseconds, but the gage output, like
the 501, oscillates. With a lower frequency fiiter, the response time
was reduced to 10 microseconds, but a 15-percent overshoot remained;
the oscillation of the signal was about +10 percent from the mean to
the peaks.

SRI Pressure Probe

Poulter Laboratories of the Stanford Research Institute has de-
signed a pressure probe for measurement in the 200 to 50, 000 psi
range (Reference 22) which uses the piezoelectric principle in a unique
way. A radially polarized piezoelectric ceramia (PXT-4) ring is
fixed around a cylindrical sapphire rod. Overpressure stresses one
end of the rod, and a pressure pulse is propagated along the rod which
stresses the sensing element in a radial direction. Transient tem-
peratures as high as 150, 000°K for 100 microseconds can be tolerated.
Static and dynamic calibration in a hydraulic press (to 36,000 psi)
and by a dropping rod (to 10, 000 psi) indicates a linearity of response
of about 2 percent. A cathode follower is required to isolate the gage
from the high capacitance associated w.ith long cables,

Atlantic Research Corporation

Three Atlantic Research Corporation piezoelectric gages, the L.C33,
LC71, and the 1.D80, have been used in blast work., The LC33 is a
high presaure pencil-typs probe about 1/2 inch in diameter and 10-
inches long, Its rated maximum pressure is 1000 psi; however, the
2-percent linear range is about 100 psi.
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MIT (Reference 21) measured the dynamic response of an LC71
mounted on a 1-3/8-inch thick steel plate at the end of a shock tube
at 100 psi, The gage proved to be linear within 2 percent of full
scale, Its sensitivity varied between 85 and 130 picocoulombs/psi.
‘The measured rise time was 5 microseconds. However, the signal
exhibited a large oscillation. Electronic filtering to produce an
optimum compromise between signal response time and oscillation
resulted in a 6-microsecond rise time and about a 7~percent over-
shoot. The measured axial acceleration sensitivity was 0. 025 psi/g,
somewhat higher than the 0. 005 psi/g liasted in the manufacturer's
specifications,

In tests of the LD80, NOL has obtained rise times of about 1
"microsecond. This was without damping and oscillations were noted.
Since the LLD80 has a natural frequency of 500 kHz, second-order
filtering should be able to produce response times of about 3 micro-
seconds, It was found that a single layer of black electrical tape,
used as a thermal shield, helped to reduce the overshoot.

Susquehanna

The Susquehanna ceramic piezo-gage is used by AFWL as the
standard for low-pressure (i.e., < 1000 psi) shock tube work. Because
of the poor dc response and temperature sensitivity, the gage is not
suitable for field use, MIT shock tube tests (Reference 21) of the
ST 4 at 2000 psi and 3100°K showed a 3-microsecond response with
no overshoot or oscillations, On one test the rise time was 1 micro-
second, but the limiting factor apparently was the bandwidth cf the
electronics employed in the system; the rise time actually may be
much less. Black electrical tape was used as a thermal protection
with no indication of degradation of response, The gage wae linear
within 1 percent, and the sensitivity was within 3 percent of the man-
ufacturer's specifications, Of six different piezo-gages tested, MIT
preferred the Susquehanna for shock tube work, ¥

*The six were Susquehanna ST4-10K, Atlactic Rescarch LG?71,
Atlantic Research LD80-M1, Kistler 603M10], Kiatlu 501A, Gesneral
Atomic Pressure Bar 108,
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Endevco Corporation

The Endevco Corporation of Pasadena, California, offers a high-
frequency piezoelectric gage capable of measurement under severe
environmental conditions. The Model 2501 ig available in two pres-
sure ranges, 0 to 500 and 0 to 2000 psi. As in any high-impedance
gage, radiation effects are to be expected. These effects should be
manifested as a rapid voltage rise, followed by a slow decay depend-
ing primarily on the input impedance of the associated charge ampli-
fier,

In a radiation exposure test (Reference 16), the actual behavior
of the gage was obscured due to an amplifier saturation. This same
saturation condition could exist in a field nuclear test. As a cor-
rective measure it was suggested that either the shorting relay/charge
amplifier circuitry be modified to prevent amplifier saturation or
{preferably) the charge amplifier eliminated in favor of a radiation-
resistant voltage amplifier located near the transducer.

BRL Piezoelectric

BRL designs and manufactures their own piezoelectric gages to
meet a number of requirements. Under the supervision of Mr, Ben
Granath, the BRL approach has been to construct a special gage to
do a specific task. There is some transfer of use, however, and
gages originally designed for shock tube work are sometimes utilized
in field studies, Two basic gage types are made: (1) Bar gages,
where a sensing element is coupled to an acoustic wave guide in such
a manner that crystal resonance is dissipated within its backing, and
(2) "Commercial" type gages. Table 4 lists some of the pressure
ranges and sensing elements for representative BRL piezoelectric
gages.,

In general, the bar gages use a wafer of tourmaline or quartz that
is bonded to a metal bar., The gage uses either 0, 125~ or 0.25~inch
crystals in a 0, 5- or 0. 75-inch stainless steel case. Since the sen-
sing element area is the governing parameter for signal ourput, the
larger gage is used in the lower pressure region. The lengths of
the bar were chosen experimentally to minimige ringing. The bar
gage has a high frequency reaponse, but its useful measuring time is
only a few milliseconds, due to transient thermal effects. The shorter
bar is used for gages making incident pressure measurements in
order to minimise stresses due to unsymmetrical loading. The gages
can be used to {low velocities as high as Mach 20 without ringing.
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The Yellow-dot and Red-dot gages have a lower frequency response
than do the bar gages and are used in lower pressure areas where
response is not so critical. The Yellow-dot gage is limited to shock
front velocities of Mach 4 and lower. Velocities in excess of Mach 4
excite the gage to ringing,

In lower pressure areas, an enlarged version of the Yellow-dot,
using a 3/8-inch diameter element, is used. This gage, called a
Field Pickup, provides a greater signal to compensate for the in~
creased length of cable that is often required in field experiments,

A cathode follower is required to couple the high impedance gage
to a low-impedance amplifier, Recording in the lab is on a Tektronix
543 oscilloscope with 53=54D preamplifier. Field recording is on a
variety of instruments; CEC System D and the Leach and Weber re-
corders have been used.

Mechanical Systems

The Ballistic Research Laboratories have carried on the develop-
ment and improvement of self-recording mechanical systems since
the early 1950s. Many variations have been constructed, using vari-
ous combinations of sensing diaphragms, recorders, and timing ele-
ments, to reduce the size of the system while increasing its reliability
and ruggedness.

In all the gage types, a deflection of the sensor diaphragm is re-
corded on a glass or stainless steel element as a scratch by an
osmium-tipped phonograph needle stylus arm linked to the center of
the diaphragm. A separate timing scratch is provided by an oscil-
lator.

BRL Self-Recording System

The latest model of the BRL system (Figure 12a) has seventeen
interchangeable sensors providing pressure ranges from 0,03 to at
least 1000 psi with a rise time of approximately 0.2 to 0.5 milli-
second when critically damped (Table 5). Damping, to minimize
overshoot and oscillation, is adjusted by the size of the orifice which
admits the pressure pulse to the diaphragm, The single-diaphragm
sensors are constructed of NiSpan C stainless steel in a convoluted
flexure disc welded to a mounting ring for ease of interchange (Figure
12b). The stylus and its spring arm are attached to the diaphragm by
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Teble 5. Characteristics of BRL mechanical self-recording diaphragm sansors.

Sensor Characteristics
Sensor
Sensor Natural Deflection ot Linearity
Ranges Frequency Rated Pressure H ysteresis (terminal
-~ (psi) ) (Hz) (mils) (percent) | based)
0-1 820 15.30 0.7 1.60
0~2 1085 19.60 0.87 1.68
0-5 1570 20,20 0.00 - 1.60
0-10 1895 26.80 0.67 2,69
0-25 2726 23.90 0.20 0.70
0-50 2995 24.20 0.30 2.40
0-100 3615 28.60 0.35 0.87
0-200 4351 31.35 0.75 3.57
0-400 5105 23.17 0.86 3.75
0-600 5955 20.82 ’ 0.52 2,16
0-1000 6990 20.10 - 0.59 0.45
0-2000° ’
0-3000°
0-10 1915 25.70 0.2 0.7
Negative
0-0.50 430 18. 15 0.55 1.7
0-0.125 250 | 17.4 0.60 4.9
00,030 250 18,2 1.10 4.2
MNOTE: |

% 'No data at this time.

L e



89

AIRBLAST
OSCILLATOR EXHAUST
RECHARGE ABLE
14 Vv BATTERY
TIME BASE
OSCILLATOR
ACT IVATOR MOTOR R
INITIATORS ECORDER

f+1INCH +f l

7F19!r57]20_-_BRLJeL&Iecopdin§5ﬁ+em_7 e o m e



90 DASA 1986

means of a short section of thin-walled stainless-steel tubing, As
the diaphragm flexes, the movement of the tubing is restrained to
one axis by a sapphire-jewelled bearing.

The latest mechanical recording device, a third generation recorder
developed from original BRL patents, uses a governed negator spring
motor drive and a separate tape for the recording medium (See Figure
12c). The new recorders, Exline Model 245, were considerably
smaller than previous units, and the frames more rigid. The new
recording tape was 0.001 inch thick by 3/8 inch wide type 410 stain-
less steel (magnetic) strip with one side vapor-honed to provide a
matte-finish recording surface. To help stabilize the tape (i. e. pre-
vent shifting) during shock, the magnetic tape was given a 270-degree
wrap around a magnetized recording pulley (an idler) located between
the supply drum and the take-up drum. The separation of the tape
functions simplified installation and replacement of the recording
tape, a particular advantage in field service. Two explcsive piston
actuators connected to redundant initiation circuits are provided for
unlocking and accelerating the recorder motor to normal speed (3
inches per second) within 5 milliseconds. Table € lists the capabilities
of the BRL gage.

The time-base generator is an all-fluid oscillator designed by the
Friez Division of the Bendix Corporation., The oscillator operates
by the Coanda effect by which a fluid jet will attach or flow next to
one wall of a specially shaped tube. Disturbing the jet flow causes it
to attach to the other wall, The frequency of oscillation between the
two walls is determined by the characteristics of a feedback mechan~
ism, The oscillating £luid pressure is used to perturb a small dia-
phragm sensor whose attached stylus places a sinusoidal timing mark
on the negator spring, At present, a 500-cycle oscillation is used.
Since the fluid used is high-pressure compressed gas, the timing
system is relatively insensitive to acceleration forces. *

An electromechanical time-base generator oscillating at 200 cycles
was developed, but it proved to be acceleration and shock sensitive.
At this time, no developmental work is being done to upgrade this
system, .

*A discussion of another fluidic device designed for blast and shock
work begins on page 100,

t
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Table 6. BRL blast pressure gage.
SENSOR Interchangeable assembly with O ring seal, align-
meni dowel pins and integral reference stylus,
Range Up to 1000 psi. Higher ranges feasible.
Deflection 0.015 in. minimum, full scale each-range.
Lingarity 5 percent maximum.
Hysteresis 1 percent maximum.
Natural Frequency Greater than 1 kc except in ranges below 0-2 psi.
RECORDER Negotor spring powered with separate metal record-
ing tape. Nominal tape speed of 3 ips and 20 sec
minimum running time. Start-up time with explosive
piston actuator: 0.5 ms,
Recording Tape Magnetic stainless stcel, 3/8 in. width x0.001 in,
thick x 60 in. maximum length.
TIME BASE Fluidic type time marker, nominal frequency 475
cps £ 1 percent at constant temperature and nominal
20 psi gas supply pressure.
INITIATION External line (electrical) or gamma radiation of
1.5 x 10* rad/sec or more.
POWER Rechargeable dry cell, 12 volts nominal.
PHYSICAL SIZE
Gage 4 3/4 in. diameter (Flange) x4~1/2 in. length.
Fluid Supply ond
Regulator 4-11/16 x 2-11/16 x 1-3/4 in.
MOUNTING Flange.
WEIGHT 4.6 Ib.
ENVIRONMENTAL
Temperature (Timer only) =65° to +165°F,
Vibration 10 to 80 cps, 0.06 in. double amplitude and 80 to
2000 cps ot 20 g,
Acceleration 75 g tested,
Shock 100 g, 10 ms. At shock levels of 300 to 500 g, the

pressure trace is subject to an error of 3 to 7
percent.




AIRBLAST 93

Since there are no electronic circuits in the sensor, recorder, or
time base, the mechanical system is insensitive to TREE and EMP
effects, The components used have high radiation tolerance, With
proper shock mounting and thermal protection of the diaphragm, the
system should be able to measure pressures in excess of 1000 psi.

The system has withstood 100 g acceieration without affecting response.
Tests are now being conducted at 500 g for 8 to 10 milliseconds,

A major drawback to a mechanical self-recording system is that
it must be recovered before the record of the shock is available.
In high pressure-level areas of nuclear tests, it may be days before
the gage is recovered. At present there is no method of obtaining a:
zero-time mark on the record, although an earlier model which re-
corded on a disc had provision for a light-activated zero-reference
trace.

BRL is continuing to improve the existing gage. Some of the pro-
posals for change are: use a porous stainless steel in place of the
orifice to improve damping characteristics; improve the frequency
response of the sensor (which is evidently limited by its existing dia-
meter); develop a fluid amplifier to increase sensitivity; improve
the fluid oscillator timer to give a more nearly perfect sine curve,

Optical Measuring Methods

Application of the Rankine-Hugoniot equations of s*ate enables the
physical parameters immediately behind a shock to be derived irom
a knowledge of shock velocity. The use of high-speed cameras to
photograph the expanding shock bubble against a suitable background
is a standard measuring tool for determining the peak shock pressure
as a function of distance. However, the standard calculations {rom
the shock velocity technique for peak pressure give no information
about the pressure distribution and flow characteristics of the wave,
and they may not be applied to measurements where the Rankine-
Hugoniot characteristics are poorly known, or when a suitable back-
ground cannot be provided.

Moulton and Simmonds (Reference 24) discuss a photo-valocity
technique, employing refractior: of light through a shock bubble,
This approach t» the determination of pressure from velocity data
has been used in nuclear studies since 1950, A suitable background
is prepared either by firing a group of smoke rockets to form a grid,
or emplacing a canvas painted in a grid pattern. A high-speed camera,
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positioned so that the shock wave travels between the camera and

the grid, photographs the expanding shock bubble. The edge of the
shock is easily visible on the photographs as a distortion in the image
of the grid caused by the effect of the refraction of light passing from
the grid to the camera through the density discontinuity of the shock.
Since the framing speed of the camera and the geometry between the
grid, shock wave, and camera are known, accurate values of velocity
may be obtained. Table 7 liste selected characteristics of some of
the cameras used in this type of measurement,

The photo-velocity technique is suitable for pressure determina-
tions at very high pressures, and good agreement with analytically
determined curves has been obtained to about 150 atmospheres; how-
ever, the system is subject to large errors at low overpressure
values.

Recently BRL, particularly Mr. Noel Ethridge of the Terminal
Ballistics Laboratory, has been conducting feasibility studies on
other optical techniques and methods of optical data analysis. These
techniques are intended to provide a comparatively inexpensive yet
accurate means of measuring shock parameters at high altitudes
where direct measurement methods are both difficult and expensive.

The BRL method applies the Gladston- Dale relationship to relate
the index of refraction to air density (Reference 25). By shadow-
graph photography using a point light source, a refraction profile of
the shock is obtained from which it is possible to calculate a density
profile of the shock bubble and determine the pressure profile of the
shock. Experimenta have been performed using the solar disc and
point light sources (Reference 26). In an HE field test using the solar
disc as the light source, the density profile converted to an over-
prossure-time profile was found to be in agreement with the BRL
self-recording gage results (Reference 27).

For a point light source, the density profile can be determined
only for the region immediately behind the shock front. For an ex-
tended background light source, information can be derived over ¢
correspondingly larger portion of the blast wave. During the Sailor
Hat HE tests, camearas recording the event fortuitously viewed the
earth's horison; examination of the photographs showed an effect as
from a solar disk of infinite radius, so it may be possible to use the
hkoriscn to record the density profile of a shock during most of its
titne history.
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The lower limit to which this technique may be extended is a func-
tion of both the magnitude of the density discontinuity behind the
shock and the resolving power of the camiera and film, Potentially
the method may extend measurements into very low overpressure
levels,

It is suggested by BRL that the concept of observing the passage
of a shock from a nuclear blast against the solar disc may have other
applicationa, Since the sun provides a background radiation source
with a wide range of frequencies and spectral emission and absorp~
tion lines, a measure of air, or shock, temperature may be possible
by recording the extent io which nitrogen spectrai lines are absorbed.

BRI (s also conducting studies to apply laser mapping techniques
to the determination of blast parameters, Varioua tracking systems,
doppler shift meagurement, and interferometric methods are being
considered. It is suggested that the radius versus time, Jdensity pro-
file, particle velocity, and velocity profiles may be obtained.

SPECIALIZED AIRBLAST MEASUREMENTS

Both mechaaical and electronic gages are used singly and in com-
bination to obtain blast data at high altitudes or at great distances
from the detonation.

Low Pressure Measurement

Microbarographs may be divided into two general classes: the
very sensitive "absolute" dc instruments, and "high-pass' instruments.
Abgolute ingtruments have a flat response from zero to cut-off fre-
quency, and high-pass instruments measure the difference between
the present pressure and a weighted average of the prior pressures.
This weighted average is determined from a reference volume of
air which is connected to the atmosphere by a slow leak., Often an
acoustic low-passg filter—a leak in series with the volume~is included
to filter out turbulence and high-irequency noise. An equivalent
electrical circuit may be constructed in which the leaks are repre-
sentec as resistances and the volumes as capacitors,

- Most meterolcgical measurements are made with absolute instru-
ments using an anerola bellows ox bourdon tube sensors, The data
obtainod velate to very very low frequency atmospheric fluctuations,
i,e. cycles/hour, Atmospheric deviations as small as 0,04 mb
{0.0006 psi) may be mcasuced, and ranges of 500 mb (7.25 psi) are
available,
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Since each microbarograph is designed and constructed to operate
in a particular frequency range, the sensitivities are correspondingly
szlected. At the present time any single instrument cannot be used
over a large range of frequency and signal levels. Table 8 indicates
the response characteristics of three commercially available high-
pass microbarographs which might have application to blast measure-
ment (Reference 22 A).

Table 8. High~pass microbarographs.

; » Manufacturer
ype Globe ‘ Teledyne Colymbia=Pace |
Sensor Capacitor microphone-| Variable capaci-| Variable reluctance
amplifier tance oscillator | bridge and amplifier
Flat frequency| 0.1-400 Hz 0.002-1 Hz 0.0003~1 Hz
range
Maximum ~500 pb +100ub 12500 ub
pressure
Linearity <5 percent ~5 percent 0.5 percent
Output Voltage, 20 v peak FM signal Voltage, max
to pedk, 0.5 v/ub 7 Hz/ub 10V dc,
0.0004v/u b

A few low-level measuring instruments have been specifically
designed for blast measurements,

The low-pressure range sensors for the BRL self- recording gages
are intended for measurements of minute pressure changes at great
distance from the blast and have made earth-based measurement of
high-altitude detonations.

For very low-level measurements, the Sandia Corporation (Ref-
erence 23) uses a Wiancko 3-PBM-2 twisted bourdon tube microbar-
- ograph sensor capable of recording blast waves of l-microbar to 48-
millibar overpressure. An amplifier and a two-channel Brush pen-
type recorder, with difference in sensitivity of 4:1 between channels,
complete the unit. The recording paper speed most often used is
about ] inch per second, but faster and slower speed settings are
available, A time-marking trace is provided on the edge of the re-
cording paper. This equipment has been used for years, with some
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minor modernizations, for recording distant waves from nuclear
tests. It gives about 95-percent amplitude response to a square-
wave pressure input in about 30 milliseconds. It has an adjustable
bleed plug which can be set to allow a compression to bleed off to 1/3
of the initial amplitude in 20 to 50 seconds. This equipment is con-
sidered to be satisfactorily accurate for recording acoustic waves
from yields ranging from 100 pounds to about 20 megatons. Calibra-
tion and linearity checks have shown that these sets will record within
a 3 20-percent amplitude accuracy about 85 percent of the time with-
out on-the-spot recalibration. This is comparable to most blast-
wave recording systems, unless very detailed and careful calibrations
are performed for each usage.

ROCKET AND BALLOON-BORNE MEASUREMENTS

Two systems will be discussed: The BANSHEE instrumentation
used on high-altitude HE simulation tests and the proposed Blue Rock
system, Botl systems are self contained with the sensor, recorder
and power supply located within the instrument canister. In each
system the canister also contains instrumsnts measuring other pheno-
mena.

During the BANSHEE tests, a single balloon carried both the mea-
suring instruments and the HE charge. Two types of gage were con-
tained in the instrument canister; the BRL self-recording mechani-
cal gage and piezoelectric gages.

The canisters used to house the electronic and mechanical gages
were metal cylinders approximately 5 feet in length by 4-3/8 inches
in diameter. The end of the canister that faced the charge ended in
a right circular cone; the opposite end of the canister was flat. The
canister at Station No. l=the gage station closest to the detonation—
was made of steel, The remaining three canisters were made of
aluminum, Each canister consisted of a number of individual cylin-
ders that were fastened together to form the complete canister cylin-
der. Joints were sealed with rubber "O" Rings and the interior of
the entire canister assembly was bled to ambient pressure through
a 1/8-inch diameter bleed hole located on the flat base of the canis-
ter during the balloon ascent to altitude. During the ascent and
floating phases, each canister was encased in a polystyrene thermal
jacket deaigned to maintain the interior of the canister at approxi-
mately 70°F, The thermal jackets were jettisoned approximately 2-
1/2 minutes prior to charge detonation or missile interception,
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The mechanical gage was constructed as a complete sub-assembly
of the instrument canister, and the gage housing became a cylindri-
cal section of the canister.

Kistler MIC and BRL lea¢ inetaniobate electronic gages were re-
corded on Leach MTR-500 l4-channel miniature tape recorders. The
sensing surface of one lead metaniobate gage was covered with a
protective cap so that it would indicate effects on the gages which
might not be directly related to blast pressures,

After the detonation, the instrument string was parachuted to
earth and recovered.

Two problems were noted with this system, * Firsi, there was a
shock induced through the suspension system which caused the elec-
tronic gage pre-amplifiers to saturate. Evidently, the pre-amps
were sensitive to both the mechanical shock and the induced accele-
rations. Secondly, there weire often failures with the thermal jackets.
It is believed that gage sensitivity was reduced due to cooling of the
gages,

The Blue Rock system is designed by NOL to measure blast pres-
sures from high-altitude explosions. Magnetic tape recorders in-
side parachute- or balloon-supported canisters record pressure-
time data from sensors located in the noses and at four uniformly
spaced positions about the mid-sections of the canisters.

The pressure sensor used is an aluminum piston supported by a
thin aluminum tube operating within a steel cylinder, Two active
semiconductor strain gages are bonded to the outside of the thin
tube and react to stresses induced in the tube by pressures exerted
on the piston face. Twn additional identical strain gages, which com-
prise the remainder of the bridge, are packaged within the aluminum
tube. A full-scale pressure applied to the sensor piston face pro-
duces an unbalance of 12 mv/v in the strain gage bridge. The lowest
mechanical resonance of the sensor asgembly is approximately 30
kHz,

*Sub- system and component malfunctions were also noted, but,
since these are almost normal for a field operation, only those prob-
lems unique to the ballocon-borne system are discussed,.
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Bridge controlled oscillators associated with the sensors produce
signal frequencies proportional to bridge unbalance. These FM sig-
nal frequencies, proportional to applied pressures, are then recorded
on the internal tape recorder,

Fluidic Devices

In addition to the fluid oscillator time-base generator described
(on page 90) and the contemplated development of a pure fluid ampli-
fier, Bendix-Friez developed for BRL a liquid mass, self-damping,
triaxial self-recording accelerometer which merits mention. Although
the device has not yet performed to specifications, it holds promise
of evolving into a reliable, radiation-resistant field instrument.

All components of the prototype gage except the high pressure
gas supply and pressure regulator were housed within an aluminum
alloy cylinder with a stainless steel cover and mounting plate. The
overall dimensions were 11-1/2-inches long by 4-3/4-inches diam-
eter at the mounting plate. The gas supply and pressure regulator
were housed in a separate cylinder 5-1/2-inches long by 3-1/4-
inches diameter. The two containers were connected by preumatic
tubing and an electrical cable.

The following were principal components in the accelerometer
housing:

1. A liquid mercury seismic mass, housed within a roughly
cubical cavity, with a Ni Span C membrane mounted on each
of the six cavity walls

2. Six conduits containing the silicone fluid coupling liquid,
starting at the outer surface of each of the six membranes
and terminating at a Ni Span C diaphragm in each conduit

3. A metal tube, carrying a stylus, connecting the outer
surfaces of the diaphragms, in pairs, for each of the
three orthogonal axes of the seismic cavity

4. A spring-powersd tape recorder in which a negator
spring supplied the motive power and the recording sur-
face

5. A fluid oscillator timer operating a stylue at a calibra-
ted frequency of approximately 500 Hsz
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6. A fixed or reference stylus
7. A bgttery

8, An ekploaive piston actuator
9.

A manual arming switch,

In operation, a remote initiating switch is closed to fire the explo-
sive piston actuator to accelerate the tape recorder to normal tape
speed within five milliseconds and start the regulated gas to flow to
activate the fluid timer. The recorder tape runs at about 3 inches
per second for 20 seconds. Accelerations sensed by the instrument
appear as deflections in the traces scribed on the tape by one or more
of the three sensing styli, At the same time the fixed or reference
stylus and the timer stylus scribe respective traces on the tape.

The principle of operation of the sensing system may be described
as follows: when the accelerometer is subjected to acceleration,
the liquid mercury tends to move in the direction of the resulting
" force, Motion of the mercury deflects one or more pairs of mem-
branes on the cavity walls and thus imparts motion to the silicone
fluid in the coupling lines. The coupling fluid transmits motion to
the diaphragms which, acting in pairs, deflect the attached styli.

Data is obtained from the instrument by removing the tape from
the recorder and examining the traces under magnification, Acceler-
ation values are determined by comparing the observed deflections
with calibration data. Time intervals are determined from the num-
ber of cycles of known frequency traced by the timer stylus. The
refcrence trace serves as an indicator of tape stability, Table 9 lists
the characteristics of this device,

Two major drawbacks to field use exist, First, the use of mer-
cury as the sensing mass produces a very heavy instrument. Secomd,
undesirable cross-talk was prevalent in drop tests. Cross-talk in
these triaxial accelerometers may be roughly defined as a recorded
response in one or both axes at right angles to the direction of the
input acceleration,

GAGE MOUNTING

The gage syatems described in the preceding section may be used
to measure either stagnation or incident pressurs, depending on the
method of mounting the gages and their orientation with respect to
the direction of blast wave propagation,
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Table 9. Triaxial accelerometer capabilities.

Range

Stylus Deflection
thurai Frequency
Damping Ratio
Recorder

Recording Tape

Time Base

Initiation

Power
Physical Size

Accelerometer
Fluid Supply and
Regulator

Mouqﬁng
Weight

Environmental
Temperature
Vibration
Shock

0—75 g and 0—150 g built and tested, ranges up to
0—1000 g are feasible.

0.010 in. minimum for 75 g (tested).
Approximately 60 Hz for 75 g unit.
0.35 for 75 g unit.

Negator spring powered with separate metal
recording tape. Nominal tape speed of 3 ips and
20 sec minimum running time. Start-up time with
explosive piston actuator: 0.5 ms,

Magnetic stainless steel, 3/8 in. width x 0,001
in. thick x60 in. maximum length.

Fluidic type time morker, nominal frequency 475
Hz + 1 percent at constant temperature and
nominal 20 psi gos supply pressure.

External electrical line or gamma radiation of
1.5 x 104 rad/sec or more.

Rechargeable dry cell, 12 volts nominal.

3-3/4in. x4-1/2in. x9-1/2in,

4-11/16 x 2-11/16 x 1-3/4 in.
Bulkhead
12 Ib.

Timer only -65° to +165°F.
0~2000 Hz ot 20 ¢
2509, 1l ms,
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For stagnation measurements the pitot tube is usually employed
(Figure 13). Pitot tubes for both subsonic and supersonic flow have
been designed (Reference 9).

Care in gage orientation is required to insure that incident pres-
sures are actually measured. Two methods are currently standard,
The first uses a side-on baffle, consisting of a 1/2-inch thick alumi-
num disc, 18 inches in diameter, with the gage mounted flush with
the center of the disc (Figures 14 and 15). The baffle allows the
blast wave to develop a steady laminar flow past the inlet port of the
gage. Orientation of the baffle is critical; the face of the disc must
be parallel to the direction of the shock propagation. Yaw angles
of 10 degrees can produce a 5-percent error in the blast record. In
regions of supersonic flow, above-ground mounting of the side-on
baffle is not desirable because of the difficulty of constructing a rigid
support structure; therefore, the second mounting method places the
gage face flush with the earth's surface, usually in the center of a
large mass of concrete, and often attached to an aluminum baffle
which is, in turn, mounted flush with the concrete.

Figure 13. Pitot tube gage mount.
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PRESSURE INLET

BLEED PLUG INSERTED
IN OPENING TO REAR
CHAMBER

Figure 16. NOL airblast gage with hemispherical baffle.
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12 INCH OUTSIDE DIAMETER
1/2 INCH THICK AL UMINUM
SPHERICAL SHELL WITH 24
11/2 INCH DIAMETER HOLES

AT SELECTED POSITIONS

GAGLE

ACCESS PORT

Figure 7. BRL non-directional gage mount for the BRL mechanical self-
recording gage.
required. The main consideration is survival of the gage (and its
transmission line) for the duration of the pressure pulse., The im-
portant functions ¢f the gage mount are:

1. To absorb as much as possible of the energy imparted
to the gage by the blast pressure loading

2. To shield the gage and its associated input and output
cables from the intense electric and magnetic fields gen-
erated near a nuclear explosion

3. To protect the gage from the thermal pulse and radia-
tion produced by the device

4. To protect the gage output lines from crushing,
Solutions to these problemrs exist (Reference 14).

In general, special gage canisters are designed using soft metals,
silicon rubber, and plastics such as polyethylene and polycarbonate
{Lexon) to protect the gage. Recording times of 3 microseconds at
pressures in excess of 4000 psi have been obtained.
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DYNAMIC PRESSURE

Dynamic pressure may be calculated from the separate measure-
ment of stagnation and incident pressures; it may be obtained from a
special gage configuration employing a sensor, or two or more sen-
sors, to record the differential pressure between the stagration and
incident measurement; or it may be derived from the calibrated re-
sponse of drag-sensitive targets.

Caiculation

In the calculation method most oftern used, the stagnation and inci-
dent pressures, as functions of time, are obtained from separate
instruments. A correction factor,which is a function of the Mach
number of the particle flow behind the shock,is : pplied to the stag-
nation pressure velue in order to determine the true pressure in the
absence of the probe. For a clean {e.g., non dust- or water-lcaded)
blast wave which can be expressed mathematically in terms of isen-
tropic flow, the Rankine-Hugoniot equations whicn relate the incident
overpressure, the air flow and the ratio of specific heat of air at
constant volume and constant temperature are used to find dynamic
pressure. The calculation of the correction factors for Mach coms
preseibility, the factors required, and methods used for dynamic
pressure determination in dusty air are found:in References 29 and
30.

Since two measurements of pressure are made, the curmulative
errors in calculated dynamic pressure are multiplicative, not addi-
tive. To help reduce error, it is important that the separate gages
be placed close enough together to simultaneously sense the shock
wave, yet far enough apart so that neither gage perturbs the flow
around the other gage.

Direct Measurement

A logical refinement to the meothod of obtaining data from separate
gages is to obtain both required measurements from a single gage
either by using a single sensor to register the difference in pressure
between the head of the probe and an entry port along the probe body,
or by (wo or mcre seneors to make theze measurements. Usually
the single probe,is used only in regions of subsonic flows because
the use of side ports on a supersonic pitot tube requires a rather
long span between these ports and the nose of the instrument in order
to assure unpertarbed flow at the side ports. This requirement
leads to a mechanically weak probe.
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Three gages have been considered 'standard" for dynamic pres-
sure measurement in guclear testa. Although not used today in high-
explosive testing, these gages, perhaps with newer-type sensing
elements, would probably be used in an atmcapheric nuclear test if
testing were resumed. Their general features are described below.
Reference 30 discusses the relative merits of each gage,

Sandia Corporation Pitot Static

The Sandia Pitot Static Differential Cage is a snubnose probe, 2
inches in diatneter and about 18-inches long, Pressure entry ports
are located at the tip and about 6 inches from the tip. Two Wiancko
variable- reluctance sensors measure the difference between the
stagnation and the incident pressures and the incident pressure,
respsctively.

BRL “q

The BRL: "¢" Gage is similar in external appearance to the Sandia
Pitot Gage but is about 3 inches in diameter. Normally, only the
stagnation pressure is measured, but one model, called the QGS,

meagures both stagnation and incident pressure (Figure 18). The
sensing element is a BRL self-recording gage.

The Sandia and the "q" gages were designed to measure dynamic
pressure at rather low dynamic pressure levels. The hemispheri-
cal shape of the probe tip and the location of the side ports cause
the correction for Mach number to become large at flows above Mach
0.9.

SRI Total Head

SRI developed a Total Head, or "Z' gage specifically to gather
data used. to calculate dynamic pressure in regions of supersonic
flow, The probe has a sharp tapering nose, a dust vent, and a fil-
ter to prevent sand and dust from reaching the sensing element.
Only stagnation pressure is measured.

MEASUREMENT IN DUST-LADEN AIR. Dust loading of air by a
blast wave influences the dynamic forces, Special instruments have
been devised to determine the characteristics of a dust-laden blast.
Two instruments, the Snob and Greg gages, have been used exten-
sively to obtain dynamic pressure.data from atomic tests. They
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supplement each other in field use. Reference 30 gives a detailed
account of these gages as well as the standardized procedures for
the reduction of their data,

Snob

The Snob, so named because it is intended to ignore the dust, ob-
tains incident pressure- ard dynamic pressure-time measurements
in clear or dusty air. The gage diameter is made so small, com-
pared with the average distance traveled by a dust particle to reach
stagnation, that the dust loading is insignificant. The Snob has a
very small-diameter nose with a streamlined tip. The stagnation
pressure is transmitted from a point close to the probe tip through
a set of small holes, and then to the forward pressure sensor which
is located near the middle of the probe. A long cylindrical cavity
designed to decelerate and capture dust particles also opens to the
probe tip. The incident pressure is sampled through eight ports and
is fed to the rear of the sensor to obtain a differential pressure,
There is also a sensor to measure independently the incident pressure.
The response time of the stagnation sensor is about 3 milliseconds.
The overall response time is dependent on the difference in fill time
between the two cavities and is about 4 milliseconds. Some error,
about 4 percent, was noted in the pressure levels recorded by the
incident pressure sensor; this was assumed to be due to flow per-
turbations, introduced by the gage support and mount (Reference 30),

Greg

In the Greg gage, a different concept is involved. By stopping the
flow completely on a surface, the total momentum flux can be deter-
mined. The gage thus needs to measure only stagnation presaure.
The gage consists of a flush diaphragm s-nsor, mounted on a probe
with a hemispherical tip., The diaphragm is protected from abrasion
or puncture by several layers of silicon rubber. The Greg, like the
Snob, employs an Ultradyne variable-reluctance sensor.

By comparison of the measurements of the two types of gages,
both the clear air dynamic pressure and the effect of dust loading
can be determined.
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BRL Self-Recording Gages

BRL has ronstructed self-recording versions of both the Snob and
Greg gages by replacing the normal sensing element with a seif-
recording gage (Reference 31). After this modification, the Snob
gage measured only stagnation pressure and it was necessary to use-
the incident pressure determined nearby to calculate dynamic pres-
sure, The Greg gage was further modified by placing a free piston
in a sliding fit in the pressure port. The piston sensed the pressure
and transmitted the combined air- and dust-stagnation pressure to
the self-recording gages. Hydraulic brake fluid was used to fill the
pressure sensor, the small volume behind the piston, and the con-
necting passage.

SRI-MAD

A modern descendant to the Snob and Greg is the Stanford Research
Institute MAD (Measurement of Air and Dust) gage—a total pressure
probe which measures the dynamic pressure of the air phase and the
momentum flux of suspended dust almost independently, and can ex-
tend the measurement into the 500-psi region. The basic element
in the latest version of the SRI-MAD system is a vented pitot tube
about 6 inches long with ports for measuring the local pressure at
two locations along the tube length (Figure 19). Pressure is measured
as near the forward end of the tube as possible and again as near the
rear as possible. Free stream incident pressure is measured through
static taps in the wall of the gage body. Venting of the pitot tube (to
avoid plugging with dust) is controlled by a metering orifice at the
rear of the tube.

As the stream of dust-laden air encounters the nose of the tube,
the air phase decelerates almost immediately to the velocity of the
metered airflow within the tube. The dust particles, being consider-
ably more massive, decelerate gradually dua to air drag, slowly
transfer momentum to the air, and cause a corresponding increase
in pressure with distance along the tube length. The pressures from .
the front and rear ports are transmitted through separate passages
to variable-inductance pressure sensors (at present, Ultradyne Model
S-30). Data from the front port and the static port are used to com-
pute the air dynamic pressure, while the difference in pressure ve-
tween the front and rear port is a measure of the dust momentum
flux,
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An inductive frequency-modulated-multiplex (FMX—[the X stands
for experimental]) system is used to transmit signals from the MAD
gage. Each of three sensors in the gage (measuring front port pres-
sure, incident pressure, and rear port pressure, respectively) con-
sist of a diaphragm sandwiched between two coils, with a sealed
cavity between diaphragm and coil on each side. As the cavity on one
side is pressurized, the diaphragm is displaced, causing a change in
the inductance of each of the two coils—an increase in one and a de-
crease in the other. The coils are active members of tank circuits
of two separate oscillators; therefore, as the inductance of the coils
changes, the frequencies of the two oscillators also change, one in-
creasing and the other deécreasing. The oscillators' basic frequen-
cies, when subtracted, provide a frequency which falls in one of
the bands of a standard t4-kHz constant-bandwidth carrier system.
This FM signal is combined with other FM signals in the carrier
system and is transmitted to the data collection center on a single
pair of wires. The composite signal is conditioned for the correct
level and transmitted to a magnetic tape recorder. The signal-
conditioning system is also capable of separating each band from the
composite for quick-look evaluation.

The interpretation of data from the MAD gage requires a knowl-
edge of the dust particle size. Therefore, a dust sampler is always
used in conjunctian with the MAD gage to obtain samples for lahora-
tory determination »f particle size distribution.

The dust sampler is a 2-inch L. D. tube, open fore and aft, and
equipped with two explosive closing devices in tandem and about 30
inches apart (Figure 20). When the advancing dust cloud interrupts
a light beam, the devices fire simultaneously, pinching off a section
of the tube and capturing a sample of dust-lad:n air., In supersonic
flow, isokinetic sampling can be achieved if the shock wave attaches
to the forward ~nd of the tube and if velocity equilibrium between
dust and air is re-established before reaching the location of the
first closing device. Therefore, the leading edgea of the samplers
are sharp, to minimize shock detachment distance, and, although it
is estimated that velocity equilibrium is re-established within about
three diameters, the first closing device is piaced about six diameters
aft of the nose. It is estimated that the closing signal lags the dust
cloud arrival by not more than 5 or 6 milliseconds; simultareity of
of closure is assured to within 1 or 2 microseconds. Field experi-
ence has indicated that the explosive closure devices on the dust sam-
pler require redesign or modification.
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Figure 20. Dust sampler (explosive closures not shown).

Indirect Methods of Measurement

Drag-sensitive targets may be used in two ways to determine dy-
namic pressures: (1) as an active gage where the pressure-time
response is recorded; and (2) as a passive gage where only the effect
of the dynamic force is noted.

DRAG GAGES. Total-drag probes which directly measure the
drag force on a specifically shaped body are representative of the
active gages.

NOL Three-Component Force Gages

NOL developed and used three-component force gages in a num-
ber of nuclear tests (Reference 63 ). These gages measured the
blast-wave-induced forces on a small target in three mutually per-
pendicular axes.

The targets were 4-inch and 10-inch diameter spheres, 4-inch
and 10-inch cubes, 6-5/8-inch diameter cylinders, and 6-5/8-inch
parallelepipeds (the last two measured in two axes only).
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The NOL system consisted, basically, of a variable-inductance
sensor, a FM multiplexer, and magnetic-tape signal recording. The
sensing elements contained within the target responded to the excita-
tion produced by the blast wave and modulated the frequencies of
oscillator units located in close proximity to the gage. Each compo-
nent, in conjunction with its associated oscillator, operated on a dif-
ferent frequency. The signals from each gage were multiplexed and
transmitted as a single FM signal on up to one mile of field telephone
wire to an instrument shelter where multichannel magnetic tape re-
corders received the signal. Calibration and timing signals were re-
corded simultaneously.

The sensors were supplied by Schaevitz Engineering Company and
Ordnance Engineering Company. Both manufacturers used the same
basic desigr for the mechanical and electrical systems of the gage;
however, construction details differed. The principal features of the
mechanical system were the three independent and orthogonal axes
which restrained the target motion to translational displacements
only. The restraining force of each axis was provided by a pair of
springs which could deflect only in a direction perpendicular to the
plane of the springs and only when a force or a component of force
was in this same direction, Because of great stiffness of the springs
to forces in directions other than the one just mentioned, springs
themselves were used as rigid supports for the structural members
of the other two axes. In this way, the orthogonal components of a
vector force acting on the gage influenced only the respective recti-
linear axes of the gage.

The points of difference between sensors supplied by each manu-
facturer were in the type of springs used, the material emplcyed in
the electromagnetic circuit, and the maximum translational motion
the model allowed.

Each axis of ithe force gage had its own natural frequency, The
frequencies were limited by the mass of the moving parts of the
gage and the spring constants required to allow this mass to move
only as far as necessary to generate the reauired electric signal.
These {requencies ranged from 85 Hz to 550 He. This relatively
low frequency response prohibited the use of these gages for mezsur-
ing short-duration diffraction forces; hence, their usefulness was
liruited to the long-duration drag phase of the shock wave interaction.
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SRI Total Drag Probe

The drag-sensitive target in the SRI Total Drag Probc is a hollow
3-inch long section of a 3-inch diameter mounting cylinder, 33 inches
in total length (Figure 21), The mounting cylinder is rigidly posi-
tioned with its long axis parallel with the ground and at right angles
to the direction of air flow (Reference 32). The target element is at
the center of the mounting tube in order to minimize the effects of
flow around the end of the element. The target section is restrained
axially by set screws to avoid binding at the interface with the mount-
ing cylinder,

The sensing elements are strain gages attached to an octagonal
proving ring within the hollow target cylinder. Blast-induced drag
forces produce a small displacement of the target cylinder, which
is measured by the strain gages on the proving ring.

The initial design was for four different maximum overpressure
ranges varying from 50 to 500 psi. The natural frequency of these
gages varied from 4 kHz to 5,5 kHz. The sensitivity was adequate
for measurement from as low as one percent of the predicted maxi-
mum loading to a dust-loaded force up to five times the predicted air
loading.

SRIBRL Drag Force

SRI constructed for BRL a number of special cross-section drag
gages which used the same sensing element as the SRI Total Drag
Probe (Reference 33). The main design features of these gages
are listed below and are shown on Figure 22.

SRI-BRL Square Croas-Section Total-Drag Force Gage

A cylinder of square cross-section was used in place
of the original cylindrical target.

SRI-BRL Cubical Total-Drag Force Gage

A cube of the same edge dimensions as the cylinder
of square cross-section was located at the erd of the
mounting tube,

SRI-BRL Circular-Plate Total-Drag Force Gage

Similar to the cubical gage except that an 8-inch
diameter plate was fastened to the surface of the
target facing the blaet.
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Figure 21. Total drag probe assembly: (a) exploded view—drag probe
shown is for 50 psi overpressure region, (b) 500-psi probe
shown on calibrating jig, (c) schematic cross-section.
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a. SRI-BRL cylindrical drag force goge of squore cross-section.

b. SRI-BRL cubieal drag force gage.

__c. SRI-BRL circuler plotedrogforce goge. —

Figure 22. Drag force gages.
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In an HE simulation test, 2ll the gages except the cubical one showed
severe initial oscillations. Since the cubical and the circular plate
gages both contained a high-viscosity silicone oil for gage damping,
it is difficult to assess the significance of these oscillations,

BRL Bi-axial

BRL has constructed a bi-axial drag gage for measuring the mag-
nitude and direction of dynamic blast pressure. The sensing element
is a load cell in a target area that behaves approximately like a sec-
tion of a cylinder of infinite length.

The Schaevitz-Bytrex Corporation provided BRL with a special
load cell l1-inch square by 1-1/2-inches long that would sense forces
in two cross axes. A cylindrical drag gage was designed around this
load cell. Figure 23 is an assembly drawing of the completed
probe.

The conical base was designed to give rigid support to the active
elements and to provide easy mounting in a 3-inch O.D. by 2-inch
I.D., tube. The base is firmly held in the tube by a series of set
screws and the bi-axial load cell is affixed to this base. The center
section encloses the load cell and provides support for the nose cone.
A minimum clearance is allowed between the center section and the
load cell to allow for the flexing of the cell. The drag cup is the sen-
sitive section and provides a frontal area of 1 inch by 1-5/8 inches.
The central web of the drag cup is firmly screwed to the top (moving
element) of the load cell. The four legs of the center section fit
through clearance holes in the web of the drag cup. To these legs is
mounted the threaded nose cone ring on which the nose cone is screwed.

On the high range gages, 250 and 750 pounds force, the components
are made of a high strength aluminum alloy 7075T6. On the low
ranges, 25 and 50 pounds force, the base cone is of a milder alu-
minum alloy 2024T3, and the drag cup is made of magnesium. The
magnesium drag cup is of sufficient strength for the lower ranges of
gages, and being lighter, permits a higher natural frequency of the
moving elements to be realized.

The entire surface of the gage from the noae cone to the cylindri-
cal center section is given a rough knurled finish. This is to promote
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Figure 23. Assembly drawing of BRL bi-axial drag gage.

turbulent flow about the body and minimize variations in drag coef-
ficient in the transition region of flow.

Four ranges of bi-axial load cells were made for BRL by Schaevitz-
Bytrex., The ranges were 25, 50, 250, and 750 pounds. All ranges
used solid-state strain patches, giving the gages a high output signal
of approximately 20 millivolts per volt full scale. The input signal
was 5 volts. With the drag cups mounted, the load cells had natural
frequencies which varied with the rated range:

25-pound gage - 2.5 kHz natural frequency
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50-pound gage = 3.5 kHz natural frequency
250-pound gage = 5.0 kHz natural frequency
5.0 kHz natural frequency.

750-pound gage

One would expect the 750-pound gage, having naturally a more rigid
member, to have a higher natural frequency than the 250-pound gage.
The 750-pound element, however, is made of tool steel, while the 250~
pound element is made of aluminum alloy. The increase in mass of
the steel element over the aluminum element apparently nearly can-
cels the advantage of the increase in spring rate, resulting in similar
natural frequencies.

GATC Tri-axial

The General American Transportation Corporation has proposed
the construction of a tri-axial aerodynamic drag gage. The gage
would consist of a hollow, 3-inch diameter sphere, mounted by means
of a unique omnidirectional spring to the tip of a stinger. Blast-
induced displacement of the sphere in each of three mutually perpen-
dicular directions would be measured directly by three linear vari-
able differential transformers (LVDT). The transformer signals
would then be proportional to the three components of drag force
acting on the sphere,

The preliminary design was for a gage capable of withstanding a
100-psi incident pressure (with a generous overload allowance}, and
having a natural frequency of about 20,000 Hz, Schaevitz-Bytrex
would provide an LVDT radiation-hardened to 3 x 1020 n/em? and
1013 ergs/g of gamma. The status of this proposed gage is unknown
at this time.

PASSIVE DYNAMIC PRESSURE GAGES. Passive gages are little
used today because they indicate only total force and specify nothing
of the time histories which are so important in formulating predic-
tive damage schemes,

Dr1

The Australian DPI gage has been used in HE nuclear-simulation
studies. It is representative of the passive gage. The DPI consists
of a rigid stem and cylindrical target supported by a flexible aluminum
hinge (Figure 24). The blast loading on the target causes it to de-
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flect away from the blast until the energy imparted to the gage is lost
in plastic deformation of the hinge. Measurement of the angle of
deflection, when applied to a calibration curve obtained in a shock
tube, is a measure of the dynamic impulse of the shock wave,

Targets with different frontal areas are available to measure a
wide range of overpressures. The gage is rugged, insensitive to
radiation and EMP effects, and easy to install and maintain in the
field. There is, however, some problem of interpreting the results
when reflected blast waves from nearby objects deform the hinge,
and the lack of a time history is a handicap.

Other pas.ive methods have been used to determine response to
dynamic pressure. One is the very pragmatic approach, where a
piece of military equipment, such as a tank or jeep, is placed inthe
path of the blast wave, and its response to blast pressures is photo-
graphed. Often, only the total final damage is assessed without use
or analysis of the motions recorded photographically. High~speed
photography of the motions of aimple objects of difierent size and
shape in the blast wave is also used.



SECTION 4
UNDERGROUND MEASUREMENT SYSTEMS



125

SECTION 4
UNDERGROUND MEASUREMENT SYSTEMS

INTRODUCTION

Three major divisions exist in the types of measurement required
of underground shock phenomena: first, a determination of the earth
stress and pressure attenuation as the shock wave propagates through
the soil or rock; second, a measure of strain; and third, a recording
of ground motion, either as acceleration, particle velocity, displace-
ment, or shock spectra. All of these parameters are determined as
functions of time, distance from burst, and depth of burial. In addition,
the strain and ground motion measurements require specification of
both the horizontal (radial) and the vertical components,

In theory, only the stress measurement and one determination of
ground motion are required, since acceleration, velocity, and displace-
ment may be derived from each other by differentiation or integration
with respect to time, and strain may be found by differentiation of
displacement with distance (or vice versa). However, the accuracy
of the calculations is dependent on an assumed perfect medium which
is not encountered in field tests —or in laboratory tests, for that
matter.

Studies of stress, strain, and ground motion have been made in the
three response domains described on page 13 . The earliest measure-
ments were at stress levels within the region of elastic response;
recent studies have obtained data from the plastic and even hydrodynamic
zones at pressures of hundreds of kilobars,

It is believed that the most important loading imposed on an under-
ground structure will be produced by direct airblast-coupled loading
on the earth's surface rather than by energy transmitted through the
ground from regions closer to ground zero; therefore, the greatest
amount of effort has been to obtain underground measurements in the
high-overpressure region, i.e., airblast overprcssures greater than
about 100 psi, where the air shock uutruns the ground shock, Measure-
ments in the hydrodynamic domain are required to improve understanding
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of the mechanisms of energy coupling into the medium, in order to
design super-hard installations.

Since the interpretation of the data {rom underground measurement
is intimately connected with an understanding of soil mechanics, the
normal problems of gage design and adequate matching of gage response
to the type of measurement being made are compounded by two other
factors which rnust be considered. Thevy are:

1. The properties of the soil or rock medium where the measure-
ment is made

2. The interaction of the medium and the gage.

Soils and rock are nonhemogeneous, anisotropic, and non-linearly
elastic. The stress-strain relationships are dependent upon many
natural factors such as soil or rock type, particle or grain size,
porosity, water content, local voids and inhomogeneities, shear
strength and past pressure experience.

Since the gage is, in effect, an inclusion within the medium, care
must be taken that neither the gage nor the techniques used in emplacing
the gage alter the local free-{ield stress-strain conditions. The degree
to which a gage and its placement can achieve this goal determines the
accuracy and repeatability of the measurement. The gage should
assume the modulus and density of the medium in which it is placed,
and its size and shape, relative to tlie size of the sensing area, should
not be responsible for arching effects, In placing the gage within the
medium, care must be taken to assure that the gage is mechanically
coupled to the medium by seeing that no voids exist between the gage

.and the medium and that the material placed around the gige i» impedance-
matched with the rmedium. Various methods of gage placement hnve
been attempted. They generally fall into two categories:

1. Compactiag voil around the gage
i ertihg.
Neithar method has been shown to be clearly superior in field tests.
The choice of method iz usualiy made for other reasons. For example,
gruuthzg is the only poasible method when placing & gage in rock, and

it io the only reasonable method wher the gagos are locned far from
t’\e surface ina bore hole. .

~ in the ‘g%qtiom that follow, only insiruments for measuramen in
© .the hydrodynamic and the elastic regions are considered as separate
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categories. A load which causes a plastic deformation of an instrument
(especially a non-linear plastic deformation) will distort that portion

of the output signal generated during the deformation; thus most investi-
gators prefer to use instruments designed for the elastic domain and
disregard that portion of the time history which is distorted. Also,
there is a great overlap in pressure ranges for elastic and hydro-
dynamic domain gages. Only those gages and systems of recent

design or current use are discussed here; the reader is referred to
Volume III of DASA 1285, Nuclear Geoplosics, for a presentation of

the many different types of gages which have been used for underground
measurement.

HYDRODYNAMIC ZONE MEASUREMENTS

In the hydrodynamic zone, stress is much greater than the strength
of the materials used to construct gages. The problems of survival
of gage and cable until the complete stress-time relation is recorded
are formidable, and have not yet been solved. Only the peak values and
early time histories of shock pressure and particle velocity, and a
determination of shock position, are presently possible.

Shock Pressure

Piezoelectric and piezoresistive principles are applied to obtain
pressure-versus-time data. The approaches have socme overlap in
their respective useful ranges, with piszoelectric quartz finding
application in the 1- to 35-kilobar (kb) region. The piczoresistive
technique utilizes different sensing elements to achieve ranges from
5 to 400 kb,

Quarts Gages

Quarts gages have fairly rapid response times. Rise times in -
the order »f a few microseconds are possible. The accuracy of
pressure-time measurements ghould be better than 15 percent,
with repeatability of i to 2 percent. These numbers are probably
more a function of the knowledge of the properties of the material
being subjected to shock than the gage per se. Soms improvement
tnight be expected for sraller area active electrodes with an attencant
reduction in output signal level,

- Sandia Corporation makes two different types of quarts gage, a
tiick-element poge and @ thin-eclement gage, These quartz crystal
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sensors show linear response to at least 25-kb pressure. The gages

are useful somewhat beyond this range, but tend to become non-linear
" up to about 35 kb, This latter figure is generally considered to be

the upper limit for quartz gages. '

Sandia Thick Quartz Gages

The Thick Quartz Gages are fabricated from synthetic-grown
material (termed "stone') supplied, cut, and polished to very close
tolerances by the Valpez Corporation, Massachusetts. The thick gages
were designed to measure shock propagation in metal plates and
require a flat surface for bonding. Their use in field studies will
depend on either finding a method of obtaining an adequate bond, or
using an impedance-mismatch technique where the shock input into
the quartz is from a material with a known Hugoniot,

The X-cut crystals have a diameter which varies from 2 to 4
inches and a thickness of 0.5 to 1 inch. Since the speed of shock
propagation in quartz is about 0.23 inches per microsecond (or
4.4 microseconds for a 1-inch gage) the thinner gages produce
shorter usable records before the signal is obscured by reflections
from the back face of the crystal due to impedance-mismatch effects.

The latest model gages are 4 inches in diameter and 1 inch thick,
The ratio of diameter to thickness is important in determining the
accuracy of the gage because of shock reflections from the side
surface of the disc. A ratio of 4:1 results in an accuracy of about
1 percent.

The polished crystals have metallic electrodes vapor-deposited
on the front and back faces as thin (100 microinches) films. The most
common electrode material is silver over a sublayer of chrome. *
A guard ring or groove 0.003- to 0. 004-inch wide is cut through the
back surface electrode. The diameter of the circle formed by the
ring is 1-1/2 times the thickness of the gage. The guard ring is
electrically connected to the front surface electrode through a low
value bleed resistance (50 to 100 ohms) to match the electrical
impedance of the center, or active, electrode. The active electrode

*Gold over chrome is available but appears less desirable, since during
l.ter soldering operations the gold tends to form an amalgam with the
lead in the solder, leading to poor bonds.

L



UNDERGROUND 129

is attached to the center conductor of a coaxial cable. The outer
shield of the cable is connected to the junction of the front surface
and the bleed resistor. The gage is pressure-bonded to the sample
under testi with a thin layer of epoxy.

A high output signal level is realized whose magnitude is a function
of the area of the center electrode. As an example, a 3/4-inch electrode
will result in an output of approximately 50 to 60 volts for a pressure
of 15 kb, Consequently, the gage can be used to produce a signal
which can be transmitted over long wires directly, without need of
amplifiers. Signals can be sent through over 2,000 feet of cable in this
manner. Some form of equalizer is employed at the end of long cables
to reshape the pulse before driving the scope or recorder. This
technique has been used very successfully in reading out quartz data,
although the signal strength may be reduced by approximately an
order of magnitude in the pulse forming network.

Sandia Thin Quartz Gages

The Sandia Thin Quartz shock pressure gage uses one or two X-
cut synthetic quartz discs 0.5 inch in diameter aad 0. 05-inch thick,
mechanically coupled to the surrounding medium (invariably rock)
with a matching grout. Figure 25 shows the two types of gages.

Unidirectional stress along the X-axis produces a piezoelectric
charge proportional to the area of the 7  :z, the stress level, and
the piezoelectric constant of qua-tz. This charge is integrated by
accumulation on a capaciter, and a voitage- .ontrolled oscillator
located near the transducer is ased to provide “n amplified signal
for recording.

The quarte delivers a net posgitive charge; thus, should a negative
charge from so.ae cther source be stored in the capacitor, the voltage
out of the emitter fullower could indicate a stress lower than the
actual stress because a portion of the positive charge from the quarts
would be required to dectroy the negative charge stored on the
capacitor.

In one applicatior in HE simulation (Reference 34), the presence
of an EM-like disturban~e triggered the recording oscilloscopes and
the data were either obscured in the disturbance or arrived following °
the oscilloscope sweeptirne, Fortunately, the data were alao being
recorded on FM tzpe so the pressure records were not lost. If nothing
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else, this experience should indicate the value of dual recording and
show that even in chemical explosions, precautions must be taken to
avoid the biag of recorded data from electrical disturbances resulting
from the detonation, '

Manganin Gages
Manganin gages to measure pressures of 20 to 450 kb have been
produced by a number of organizations, e,g., Harry Diamond Labora-

tories, Stanford Research Institute, Sandia Corporatior, and the Nlinois
Institute of Technology Research Institute.

A typical pressure gage is fabricated from 3-mil (0. 003-inch)
diameter manganin wire which undergoes piezo-resistive changes
when subjected to pressure. To bias the gage, a constant-current
supply is triggered by an external sensor, located in the area of
measurement, just prior to the production of the pressuze pulse to be
measured, The power supply delivers from 0.2 to epproximately 2
amperes of current in a pulse about 50 microseconds wide (or longer
if greater recording time is feasible). The actual change in resistance
of the manganin due to the pressure pulse is detected as a change in
voltage occurring between two voltage probes. The timing of trigger-
ing the constant current supply is obviously critical since it must
coincide with the arrival of the pressure pulse.

To give some feel for the sensitivity of the manganin gage, a 30-
percent change in resistance might be expected for a peak pressure
of 100 kb, The gage is linear between about 25 and 400 kb, Up to
50 microseconds of write time can be obtained with the manganin wire
gage. Rise times of 5 shakes (5 x 10-8 seconds) are possible with 3-
mil wire and some work has been accomplished using 1-mil wire, or
ribbon, with a somewhat faster response time. The gage is considered
to be very good for peak pressure measurements, although long pres-
sure tails might be somewhat difficult to measure accurately.

Manganin gages respond to the pressure in the medium in which
they are embedded. Thus, if the embedding material material replicates
the properties of the earth (or rock) in which shock propagation is
being studied, the gage output is proportional to the earth pressure.
However, when the gage is embedded in & medium different from the
surrounding earth, the gage output mvst be corrected for impedance
mismatch between the embedding material and the earth. The correction
can be calculated if the equation-of-state of both the soil and the embed-
ding material is known.,
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When used as a pressure gage, the wire is embedded close to the
surface of an insulating material and the gage placed in contact with
the surface to be sensed. As long as the wire is insulated properly,
a variety of materials may be used to mount the gage. For example,
the wire may be attached, with an epoxy, directly to a granite core.
The gage may be used to sense pressure in curved surfaces,

The lower limit of usefulness of the manganin wire pressure-time
gage is generally considered to be approximately 20 kb, However,
examination of static pressure data seems to indicate that, with
some further development effort, the range of the gage might be
extended to as low as 1 kb.

HDL and IITRI Manganin Gages

Both the HDL and the IITRI gages use a manganin spiral about 3/8
inch in diameter, embedded in either plexiglass or epoxy insulator,
and oriented so that the plane of the spiral is parallel to the shock
front. The manganin measures the shock profile existing in the
insulator. The corresponding peak pressure in the adjacent medium
depends on the shock impedance and the equation-of-state of the two
media,

The HDL gage, designed for material response studies, uses three
coplanar spirals embedded so that their centers lie along radii 120
degrees apart and 1 inch from the center of the gage. By determining
the arrival time at each spiral, the obliquity of the shock front may be
determined. Sandia (Reference 35) uses a similar technique with their
impedance-mismatch gage.

SRI Mangsnin Gage
The SRI Manganin Gage (Figure 26) uses a grid of 3-mil wire

embedded in a C-7 epoxy insulator, The manganin wire is an active
resistive element of an electrical four-arm bridge circuit, Up to

at !225% 150 kb, the C-7 behaves ideally, i.e., as a fluid of low
electrical conductivity. The initial goal of the gage design was a

0. l-microsecond rise time, >50-microsecond recording time and

a 110-percent accuracy in the range from 10 to 500 kb, These goals
are gradually being met, Durations of about 30 microseconds at
pressures of about 30 kb, and 20 microseconds at 100 kb, have been
achieved with a gage 4 inches thick and 6 inches in diameter. Pressures
have been recorded at temperatures up to the melting point of manganin,
1020°C {Reference 36).
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INSULATOR
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Figure 26. Configuration of SRl manganin gage in C-7 epoxy gage.

In addition to the G7 epoxy, SRI has successfully constructed
manganin gages using aluminum, granite, limestone and highly-
compacted tuff as the embedding medium. Studies are now being
performed to determine methods of embedding the sensor in playa
{earth) material which has the same density and water content as
the soil where the measurement is to be made.

Sendis Mengenin Cage

The Sandia Manganin Gage, similar to the SRI gage, uses both a
grid of wire and the C-7 epoxy insulator, The gage is larger, 6-
inches thick and 8 inches in diameter, and has achieved a recording
time of 50 to 60 microseconds before the gage fails and the wire
breaks.

Other materials besides quartz and manganin are used in high-
pressure gages. BRL has coastructed a gage which depends on the
change in electrical conductivity of sulphur subjected to pressure;
SRI uses the piesoresistive properties of calcium; an IITRI] gage
depends on electrolytic properties of solutions; and the UCRL plastic
gage depends upon the depolarization of a solid.
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Figure 27. BRL sulphur goge.

BRL Sulphur Gage

In the BRL Sulphur Gage (Figure 27) the main body of the gage is
made of Teflon, which was selected because it is non-polar and does

not generate spurious signals when shocked, does not conduct at
pressures bzlow several hundred kilobars, and is a close match to

the shock impedance or sulphur. The gage is prepared by machining

a shallow cavity in the Teflon base. The Teflon is drilled and copper
electrodes are pressed into place. Gald foil, 0.001-inch thick, connects
the copper electrodes to the cavity region where the sulphur is placed.
Vacuum-melted sulphur is cast into the cavity. After it solidifies, the
excess is ground away, leaving a thin layer of suiphur, 0.007-inch
thick, to bridge the gap between the gold foils. The 0. 007-inch sulphur
thickness permits adequate time resolution for most measurements.
Teflon front-insulation, usually 0. 010-inch thick, is bonded to the
surface with an epoxy matched to the density of Teflon by the addition
of inert fillex. The 0. 010~inch thickness of the Teflon {ront permits
the sulphur to be close to the point where the measurement is desired
and minimises attenuation (Reference 37).
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While some degree of success has been achieved using this gage in
the laboratory, no attempt has yet been made to use it in field tests.
Some possible shortcomings should be pointed out, First, the influence
of temperature on conductivity has been neglected, in that the com:-
pression-temperature relationships associated with the shock yimps
used for calibration have been assumed to be the same as the corryrecsion-
temperature relationships existing under conditions of the pressure
profile measurements. Second, although compressed sulphur is
assumed to be an intrinsic semiconductor, impurities may influence
the conductivity and could iniroduce reproducibility problems. Both
of these shortcomings will be considered in further investigations.

SRI Calcium Gage

The SRI Calcium Gage is designed for measurements in the 5-
to 25-kb range. A thin film of piezoresistive calcium is vacuum
vapor deposited on an optically flat substrate, The general configuration
of the sensor is shown in Figure 28. The piezoresistive element is
located within the insulating medium and lies in a plane which is

0.032" COPPER LEADS

CALCIUM ELEMENT

INSULATOR

90 LAYER THICKNESS
EXAGGERATED

GOLD TIPS ON ALL LEADS

SIDE ViEw

VACUUM DEPOSITED
CALCIUM ELEMENT
ON POLISHED SURFACE

HI-D GLASS

SOTTOM VIEW

Figure 28. SRI calcium pressure gage.
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parallel to the shock front, It is in the form of a four-terminal

network which permits resistance measurement of only its central
portion, thus avciding effects due to contact resistance between the
leads a-d the element, Electrical connections to the piezoresistive
element ar. by means of four leads embedded in the insulator and
oriented perpendicular to the plane of the shock front. When the

shock crosses the element, it produces simultaneous compression

and acceleration. The result is a fast transducer response with
preservation of electrical continuity. A rise time of 20 nanoseconds

and a 10-microsecond recording time have been achieved (Reference 38).

HITRI Electrolytic Cell

The IITRI Electrolytic Cell utilizes a piezoresistive liquid (Fig-
ure 29). Two platinum spheres act as electrodes in an electrolyte,
whose composition varies according to the pressure to be measured.
The cell constant, ion concentration, and ion mobility of the electrolytic
cell each undergo reproducible changes during shock loading. The net
result of these changes is a change in the electrical resistance of
the cell. The gages are calibrated in an explosively loaded water
column. Three solutions are presently used to provide three
pressure ranges:

1. Carbon tetrachloride 150 to 350 kb
2. Paraffin 50 ta 150 kb
3. Ammonia ‘ 5 to 50 kb.

Recording times of from 5 to 200 microseconds have been achieved,
depending on the peak pressure level and the distance from the burst.

Like the manganin gages, the IITRI cell iz subject to the triggering
problem for oscilloscope recording, but this purely electronic prob-
lem can be solved with the present level of technology. There is the
possibility that the EM pulse and initial radiation in a nuclear burst
will produce changes in the cell that will result in a false determinstion
of pressure. The developers of the gage at XITRI feel that this is not
the case and are now testing the gage in simulated nuclear environments,

UCRL Plastic Gage

The UCRL Peak-Pressure Plastic gage is shown schematically
in Figure 30, A 30-mil thick Lucite shell is coated on both sides .
with a conducting silver paint, which also torms the ground connection
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to the cable shield. The Lucite globe is filled with epoxy for
increased mechanical strength. When a stress front traverses the

thin wall of the gage, a current whose amplitude is proportional to

the peak stress flows through a load resistor connected to the inner
and outer surfaces. It is postulated that, since the lighter compcnents
of a molecule have higher mobilities, the passage of a shock will
preferentially align the molecules in the direction of the shock travel,
For materials whose molecules have a permanent dipole moment,

the charge liberated varies linearly with the peak str-ss over a region
bounded by a threshold pressure and a saturation value. It is linear
over the stress range, which is 50 to 180 kb in Lucite. The correspond-
ing range in the detonation medium depends on the impedance mismatch
between it and Lucite (Reference 39).

Sandia Impedance Mismatch Gage

Sandia (R:ference 35) has developed an impedance mismatch gage
to measure pressures up to 1000 kb, with rise times of less than 1
microsecond. The gage measures shock transit times in samples
of known Hugoniot. Whsn a strong shock wave propagates through a
medium whose equation of state is unknown and then meets two or more
materials whose Hugoniots are known, these materials acquire,
from the shock, a pressure-particle velocity which can be determined
by measuring the transit time of the shock. By applying the conser-
vation equations to the system of waves resulting after the shock
passes the interface, the pressure and particle velocities in the
reflected wave, (which must lie on the reflection Hugoniot—or
mirror image of the Hugoniot—of the medium), may be calculated.

In the field use, a core sample from the emplacement hole is cut
into a flat disc about 8 inches in diameter and 1 to ¢ inches thick.
On this disc are mounted three smaller discs, 1-1/2 inches in
diamete: and 0, 394 inches thick. Two of these smaller discs are
mismatch material and one is of the rock medium. Centers of these
discs lie at 120-degre= intervals on a circle oi 1-1/2-inch radius.

A shock detector is positioned on each disc, and three more are

placed in a circle of 3/4-inch radius inside the small discs. The

shock detectors are small wafers of PZT (Clevite Corp., Cleveland,
Ohio), 0.120 inch in diameter and 0,020 inch thick, sandwiched into

a small brase housing to which a standard Microdot coaxial cable

is connected. The signal from the detectors is fed into a delay-time
coding mixer circuit which can identify the direction of shock propagation.
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Speed of Shack Propagation—Peak Pressure

A numerical solution for pressure and particle velocity may be
obtained from tirme-of-arrival data combined with the equation of
state of the propagating medium. The complications ia this numeric
solution lie in the matrematics to handle the divergence of the cross-
sectional area with increased radial distance frem the burst point,
and in the accurate determination of the in situ Hugoniot of the prop-
agating medium. Unfortunately, only the peax pressure ard peak
particle velocity may be determined using this technique.

Pressure Switches

The earliest method of obtaining shock wave time-of-arrival and
velocity data in the hydrodynamic zone utilized the leading cdge of
the shock front to crush specially-designed, normally-open presavre
switches. The switches triggered a pulse generator whose outpu:
was presented on an oscilloscope, along with a crystal-controiled
time reference signal, and photographed by means of a high-speed
camera.

The switches were p!2ned at known distances from the ceater of
the burst and were sequentially crushed. Each switch had its own
individual pulse generator which produced a characteristic pulse 2o
that each switch could be identified on the film. Referznce 40 gives
a complete description of the pulse system and coding used. :

The major shortcoming of the pressure switch system was ‘its
susceptibility to multiple triggering. This phenomenon usually ,
resulted {rom the alternate opening snd shorting of the switch cables
which occurred as thie shock wave traveled along their length, In an’
installation requiring the use of cables several hundred feet in length,
the number of extranecus pulses generated could easily be several
times as great as the number of useful palses and thus seriocusly’
complicate the analysis of data. A number of different electronic,
triggering systems have been devised to m!mmize tbe exﬁnnéc;ns
pulul (Referencc 41). : - - :

Soxiiia Shock Detector : -

Sandia Corporation has developed a shock wave detcctot which is
& modification of the prauure-owit h {Rcference 39) Twe lead-
girconate-tiianate piezoelectric . mga dater! the strul wave arr(vll
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(Figure 31). The loc:! shock velocity can be calculated from the time
difference in triggering the two elements if the emplacement geometry
of the gage is accurately known,

UCRL Pin Gage

UCRL (Reference 39) has modified a pin gage, originally designed
for labcratory measurements, to obtain field data. Small electrical
contactors, or pins, are placed at accurately measured pomtmns within
and near the upper surface of an aluminum block located at the bottom
of the gage and oriented toward the direction of shock propagation
(Figure 32). TlLe time sequence of pin closures is recorded, yielding
botg shock and free-surface velocities. Since it has been shown
that to a good approximation the free surface velocity is Just twice
the particle velocity, the peak pressure in the aluminum may be
calculated. If the shock compression curve of the medium is known,
graphical mismatch calculations can be used to calculate a medium
pressure. It s:ould be noted that the fres-surface information is
actually not required since the relation between shock and particle
velocity is well known for aluminun:. This redundancy is nevertheless
desirable in a field in:.irument. Peak pressures from nuclear detona-
tions in granite and voicanic tuff have been successfully measured with
this gage.

Variations of this gage exist where the aluminum is replaced by
sali, the medium being measured, in order to reduce the complexity
of the calculations., (The gage must be adequately coupled to the
medium. ) :

Sandia Plexiglass Gage

Sandia {Reference 35) uses plexiglass, which closely matches

the Hugoniot of Nevada desert alluvium, as a matrix in which they
embed small PZT shock detectors (or a double PZT ring), The
gage consists of a pair of PZT wafers 0.125 inch in diameter by

0. 020 ir 1 in length separated by 2. 23 inches of plexiglass. The
equation-of-state of plexiglass is well known so the time difference
betv-2en the PZT signals indicates the shock velocity. They have
obtained a pulse of 300 volts from the PZT rings at a pressure level
nf 150 kb, witk a rise time of 1 microsecond. SRI has recorded the
“output from this gage on a dual-beam oscilloscope (Tektronix-555)
using the signal received from the front PZT wafer to trigger the
scope sweep.
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SLIFER Coble

The gages discussed above give only discrete determinations of
shock velocity at specific locations. The effect of the sheck crusking
a cable may be utilized to obtain a continuous measure of shock
frort poeition. The Duppler or SLIFEK (Shorted Location Indicator
by Frequency of Electrical Resonance) gage used by Sandia is an
electrical transmission line—embedded in the earth so that the stress
wave will move along the length of the cable—which is physically weak
in comparison with the stress produced by the shock front and will
thus be shorted at the shock front by crushing. This short will move
with the local shock velocity in the medium,

The transmission cable coastitutes an inductive impedance in a
tuned circuit of a Colpitts oscillator, its inductance being related
to the cable length. As the shock front continucusly shortens the
buried cable, the frequency of the oscillator is increased in direct
relation to the shock front position along the line. The output of the
Colpitts oscillator is heterodyned with a crystal oscillator and the
difference frequency recorded on magnetic tape.

The derivative of the relation of shock front position versus time
provides a measure of shock velocity versus distance. If the equation
of state of the shocked medium is known, the shock pressure versus
distance can be inferred.

In field operations, 1/2-inch air-dielectric coaxial Telcon cables
are installed radially from ground zero at various depths, and
attached to the oscillator. The Telcon cable has been found to crush
at pressures above 1 kb. A solid-dielectric coaxial cable, RG-8,
has been used when it was necessary to guard against the possibility
of water penetration into the Telcon, or where there was danger of
damage by the backfill operation. The RG-8 crushes at pressures
above 10 kb, *

Calibration of a resonance cable requires two measurements of
the oscillator frequency, one with the cable shorted at its extreme
end and the other with the cable shorted at the oscillator, For a
cable 100 feet long, typical frequencies will vary from about 500 kHz
at full length to 700 kHs at zero length. The frequency can be adjusted

¥After-the-detonation retrieval of the cable and a measurement of the
distance of crushing serves as a check on the SLIFER technique since
the distance to a presaure level of 1 kb (or 10 kb) can be directly
measured.
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by changing lumped values of capacitance and inductance in the
oscillator circuit, '

Errors in shock position using this technique, arising from the
measurement method and from the survey of initial cable placement,
are believed to be no greater than abecut 6 inches. The accuracy of
the pressure calculated from these positions is determined by how
well the backfill matches the irnpedance of the undisturbed medium,

In HE field tests it is common to position the cable three to six months
in advance of the test to allow for natural settling and compaction,

Particle Velocity

In the sense that pressure-determining instruments rely to some
extent on calculations of impedance mismatch between the shocked
medium and the gage material, they may all be termed particle velocity
instruments, for they establish a point on the pressure-velocity curve,
The pin gage, using a slab of the medium in place of the aluminum,
measures the free surface velocity directly, but can be used in only
a few media. The basic fault of the pin gage is that it measures only
the spall velocity at a single instant, At best, this is only the peak
spall velocity; nothing can be inferred about conditions in back of the
shock front.

The Engineering Physics Company (EPCO), Rockville, Maryland,
conducted a literature survey and analysis of the various methods
used for close-in particle velocity measurement, together with their
respective advantages and disadvantages (Reference 42). They con-
sidered the application of

1. Pin gages

2. Impedance mismatch

3. Radar doppler

4. Laser deppler

5. Magnetic induction
and concluded that

1. Contact pairs of pin gages and impedance mismatch devices
do not afford a time record of the particle velocity. This
provision is considered to be essential in any new gage design.

In addition, data reduction to particle velocity in the case of

the impedance-mismatch concept involves debatable assumptions,
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requires a trained interpretation, and is inherently accurate
only to within approximately 5 percent.

2. Although the doppler radar gage is claimed to be capable
of time recordings, it was pointed out that any interferometric
(doppler) concept is prone to gross error in data interpretation
unless a {ransmission medium is employed whose dielectric
constant is unaifected by pressure. Since no material, save a
vacuum, satisfies this requirement, the doppler concept is
deemed unreliable for the measurement of particle velocity
except when the transmission medium is free space (vacuum),
in which event the device serves as a free surface or spall
velocimeter. The doppler radar and laser methods are too
expensive and complicated to supplant the contact pair concept
for such a free surface or spall application, As a result, the
doppler radar and laser concepts are considered unsatisfactory
for the field measurement of particle velocity.

EPCO Velocimeter

EPCO designed and constructed two gages using the effect of
mutual induction to measure particle velocity (References 43 and
44). An electrical conductor moving in a magnetic field will-have an
electronic potential developed across its terminals. Specifically, if
a wire conductor is buried in the soil near an explosion, in the presence
of a magnetic field, a voltage will be generated at its terminals when
it is caused to move through the magnetic field by the impinging shock
wave,

EPCO Faraday Gage

In the Faraday induction velocimeter (Figure 33), a deformation of
a wire by the shock wave, in the presence of the earth's magnetic field,
gives riae to the measured voltage.

EPCO Sslf-Inductance Gage

In the self-inductance velocimeter, shown schematically in Fig-
ure 34, a strong magnetic field is established by passing a large
current through a paraliel wire system. As this electrical configura-
tion is deformed by the shock wave, the voltage generated is used to
measure particle velocity, The mutual inductance per unit length
betwean the two circuits is measured as the shock front shortens the
circuits along the X-axis, The device was designed to measure veloci-
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Figure 33. EPCO Foraday induction velocimeter.

ties as high as 1000 ft/sec., The limiting factor in recording time
is the technical problem of keeping the conductor in one piece in the
presence of the shock wave, as times of up to 100 microseconds are
anticipated.

Since the EPCO analysis of methods of particle velocity measure-
ment was made, laser technology has undergone a tremendous advance-
ment. It is probably technically possible, using a vacuum light pipe -
or perhaps fiber optics, to determine the particle velocity. The
advantages of a laser technique would be considerable in that EMP
would be less of a problem.

Swift of SRI (Reference 20) has suggcsted using a velocity pickup
gage to determine particle velocity. A velocity pickup is a mass-
spring system operating at frequencies above its undamped natural
frequency, so that the relative displacement between the mass and its
case is essentially the same as the displacement of the case (the mass
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Figure 34. EPCO self-inductonce particle velocimeter.

remains essentially stationary). The output is usually the voltage
produced by the relative velocity of motion between a coil and a magnet,
of which one is attached to the case and the other is a part of the seismic
mass. The output, then, is proportional to the velocity of the case

for frequencies well above the natural frequency and amplitudes less
than the limit of trav.]l of the mass with respect to the case,
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CEC Velocity Pickup

One type of velocity pickvp which Swift considered was the Con-
solidated Electrodynamics Corporation (CEC) Model 4-106H, This
device is a spring-magnet type with . total travel of 0.5 inch. A
spring-magnet type was chosen because it needs no unsupported
leads from the coil to the terminals.

The gage was modified by rewinding the coil with a larger wire
and fewer turns to produce a voltage in the 500-ohm load of about
40 mv per inch per second of velocity, If subjected to a velocity of
about 500 in/sec, the peak signal would be a very respectable 20 volts.
The low-frequency response limit is set by the natural frequency of
5 Hz which permits satisfactory operation at 10 Hz and above. The
gage was tested on a shake table and found to be operative at 4000 g,
Swift concluded that it was probably that the first peak could be ob-
tained with the instrument, and possibly a portion of the time his-
tory. .

Crescent Velocity Pickup

The Crescent Manufacturing Company velocity gage is self-generating
and consists of a solenoid and a magnetized plunger. The solenoid is
composed of two coils mounted end-to-end within a nonmagnetic tube.
Motion of the magnetized plunger induces a voltage in each winding
proportional to the particle velocity. The gage is arranged as a
closed cylinder with the magnetic plunger resting at the lower end.
Earth motion causes the cylinder to move relative to the plunger,
creating an electrical vutput. Motion of the plunger compresses the air,
which damps the motion of the plunger relative to its case. Output
of the VE-200 series was determined by SRI to be 100 mv/in/sec
with the two windings connected in series adding.

The CEC gage and Crescent Manufacturing Company gage (Model
101258, in which the magnet moves inside the coil rather than on the
outside) were used in an underground nuclear test and recorded
particle velocities in excess of 8 ft/sec (Reference 45).

Accelerution

At present no adequate method exists to measure directly accelera-
tion in the hydrodynamic zone. In a recent underground nuclear test
(Reference 45), SRI attempted the measurement with two different
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gages—~a commercial piezoelectric accelerometer and a spscially
constructed gage—and obtained questionable data. Since the problem
appears to be in the transmitting and recording systems, it will be
worthwhile to describe the gages used.

Endevco Accelerometer

The Endevco Corporation manufactured the lead-zirconate-titanate
piezoelectric units, which were calibrated to 15,000 g. These gages
are nearly undamped resonant systems with natural frequencies to
about 80 kHz. The gage, amplifier, and an active calibration unit
were incorporated in a single canister. Mechanical protection for
the electronics was provided by flow-coating them with hard epoxy
and potting them in the canister with a resilient silicone rubber.

During the test the acceleration rise time evidently approached
or exceeded the frequency response of the recording system and
resulted in a degraded record,

SRI-FMX Accelerometer

Thne SRI-FMX accelerometer is a variable-reluctance diaphragm-
type gage. Acceleration orifices deflect a stainless steel diaphragm
supported between two coils (Figure 35). As the diaphragm and
its associated ferrite discs (used to achieve a high frequency
response) change position relative to the coils, the change in
inductance changes the frequency of each of two FMX oscillator
circuits.

The ultimate range of this accelerometer is stated to be dependent
only on the material of the gage body, which at about 125,000 g begins
to yield under its own ianertia. The range of the gage is set by varying
the diaphragm thickness. Since these gages are essentially undamped
resonant systems, and are expected to ring and overshoot if excited
at frequencies near their natural resonance, every effort is made to
make the natural frequency as high as possible.

During the test, EMP effects seriously affected the FMX multi-
plexing system used to transmit the data.

Strain

SRI (Reference 45) constructed a strain gage designed to measure
the strain in a grouted hole in a direction radial to the shot point,
The gage was designed to withstand a 20,000-g shock load.
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SRI-FMX Sirain Gage

The SRI-FMX strain gage (Figure 36) was constructed of a 3-inch
long piece of 1-1/2-inch diameter stainless steel tubing (the strain
element) capped with stainless steel reference-point caps at each eri.

Inside the tubing were two coils assembled so as to face each other,
on the longitudinal axis of the gage, 1/4- to 1/2-inch apart. The coils
were mechanically fixed relative to each other and one reference
flange. A ferrite-disc steel-disc ferrite-disc assembly was placed
between the coils and was mounted on a steel shaft which slid through
center holes in each coil assembly; the shaft was fixed to the other
reference flange,

Compression or extension of the strain element due to forces on the
caps caused the disc assembly to move relative to the two fixed coils.
Movement of the disc assembly relative to each coil changed the
inductance of each coil, which in turn changed the frequency of each
of the two FMX oscillator circuits. For calibration, the shaft on
which the disc assembly was mounted was made a threaded connection
to the flange to permit disc-to-coil relative motion. The shaft
was fixed in position and waterprooied upon completion of the calibra-
tion sweep.

The steel strain element tubing was designed to give the same
strain for a given force as did the grout slug which was displaced.

As with the accelerometer, failure to obtain data was due to EMP
effects rather than malfunction of the gage.

ELASTIC ZONE MEASUREMENTS

The instruments used for elastic zone measurement are not as
specialized as those used in the hydrodynamic zone, and some are
available as off-the-shelf items from industrial manufacturers,
Emphasis has shifted irom new designs to the analysis of the per-
formance of existing equipments.

Soll Stress

There is an ambiguity in the terminology used by both investigators
and gage manufacturers to describe shock in earth, Tle particular
term used depends both on the viewpoint of the investigator and the
use which is to be ultimately made of an individual measurement.
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Soil Stress infers only a golid medium of shock propagation;
The term is adequate for rock but not for unconsolidated soils,

Soil Pressure implies a hydrodynamic medium—which may
describe rock and saturated soils at higher pressure levels,

Soil Shock infers the propagation of a discontinuous shock
front—this may be the case at high pressure levels from
hydrodynamically compelled blast energy, but does not describe
airblast-coupled energy or lower pressure phenomena,

Pore Pressure refers to the hydraulic pressure in the interstices
between small soil masses and is usually used only to describe
soil properties, but is occasionally used as a measure of blast
erergy and coupiing,

Carlson-Wiancko

One of the earliest gages used to measure soil stress in the elastic
zone, the Carlson-Wiancko gage, is still occasionally used. The
basic grge is a modification of an instrument designed by Dr. R. W,
Carlson for the measurement of static siress in fourdations and grades.
The gage coneists of two flat rigid circular metal plates connected
at their periphery by narrow annular diaphragms and separated
by a thin circular space filled with viscous silicone oil. Ome plate
is concentric, the inner face in contact with the fluid, and responds
as a diaphragm to a fluid pressure developed by a loading normnal
to the parallel faces of the gage, A Wiancko variable-reluctance
sensor generates a signal proportional to the diaphragm deflection.

The Wiancko gensnr is used at pressure levels below 300 psi
and is replaced by the smaller Ultradyne unit for pressures from
300 to 500 psi (see page 68 and page 70 for descriptions of these
sensors), The mismatch betweer the gage and typical soils limits
the usefulness of this gage.

The United Electrodynamics Corporation has constructed for
AFWL two types of stress gage: a Spool Gage and a sand Dollar
Pancake Gage (Reierences 46 and 47),

UED Sgool Gage
The spool gage, which measures pressures up to 5000 psi, is made
up of two sections. Each section consists of a thin circular disc,
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4 inches in diameter, attached to an aluminum tube or stem. The
stem of one section fits inside the other section, sliding freely on
ground and lapped cylindrical surfaces, The sensing element in the
latest version is either a Micro Systems or Schaevitz-Bytrex semi-
conductor strain gage; however, gages using both variable capacitance
and LVDT sensors have been constructed.

The gage is installed in soil with the stem along the axis of stress
to be measured; a pressure applied to one of the discs strains the
central aluminum column., The sensors on the column produce an
output proportional to the strain. The gage is installed with the sliding
stems extended, and soil from the gage location is replaced at its
original compaction between the end plates.,

The gage has an output of 100 mv full scale. It is very stiff and
has an aspect (height/diameter) ratio of about 1, 5:1; thus, there is an
effect due to shock transit time over the gage which stresses the soil
and the gage differently, and perhaps some effect due to shock focusing.
The density of the gage is about that of aluminum, or twice the density
of sand. AFWL has determined that, in dry sand, the gage over-
registers the pressure by factors of 1.1 to 1,2 for static loads and
1,3 to 1. 4 for dynamic loads.

The placement of the gage is a major problem especially when it
comes to backfilling between the discs to attain original soil density.

UED Sanc! Dollar Pancake Gage

The Sand Dollar pancake gage was designed for AFWL but appar-
ently was never used in a field test. This UED design was a very
thin disc incorporating a capacitance type of transducer.

The Sand Dollar gage attempts to minimize the effect of mismatching
the modulus of deformations between the soil and the gage by reducing
the thickness of the gage. The dilferential strain between the gage
and s9il is a function of their respective moduli of deformation and
the aspect ratio of the gage, As the aspect ratio is made to.approach
zero, the differential strain also approaches zero although the
relation between the moduli of deformation remains unchanged.

BRL Facake Gage

Bnth BRL and WES use thin .p;ncike-type gages. Thas BRL gage
has ¢+ $-arm bonded strain gage as a sensor, Its range is irom O to
60 pei with a 30-mv output at full scale and a frequency response of 0



154 DASA. 1986

to about 200 Hz. The gage is 3 inches in diameter and 0.4 inch

thick, with an aepect ratio of about 0.13:1. The total weight is 115
grams with a dengity of 3 grams per cc. The sensitive part of the
gage consists of a single diaphragm which takes up the central 65
percent of the total area of one side. The diapiiragm thickness con-
trols the flexibility or stiffness of the gage. Since the outer edge of
the gage is insensitive to pressure, arching effects concentrating near
the rim should be minimized. BRL has constructed a somewhat
smaller gage, a type J-2, 2 inches in diameter which measures soil
stress to 90 psi,

WES-SE

The WES-SE gage (Figure 37) is a double-diaphragm gage using
semi-conductor strain-gage elements as sensors. It records pres-
sures to about 1000 psi. The gage design is based on the principle of
a deflecting, rigidly clamped, circular diaphragm. The gage is wafer-
shaped with an active diaphragm in both the top and the bottom surfaces.
The semiconductor strain-gage sensors (Micro Systems Inc. PEI-16-
350, P type) are bonded to the diaphragms. The aspect ratio of the
gage is about 0. 1:1 but is adjustable by the addition of an epoxy ring or
baffle around the outer edge of the disc. Table 10 lists the main
gage characteristics. AFWL has found the SE to be a rugged, dependable
and repeatable instrument; however, they doubt its value at zero
depth of burial because of the difference in stress distributions in
air and soil, e.g., a uniform distribution in air and a non-uniform
distribution in soil, The overregistration factor was determined
by AFWL to be 1.1 static and 0. 85 dynamic in dry sand.

IITRI Pancake

ITRI makes for AFWL a single diaphragm gage that is very
similar to the WES-SE. The gage uses a 2-arm-bridge, semi- 7
conductor strain-gage as a sensor. Since there is but one diaphragm,
the gage records the stress at zero depth of burial. AFWL reports a
tentative overregistration factor 0.9 static and 1.1 dynamic; these
values are baged orn few data, however, and may change, The present
gage records pressure from 0 to 500 psi. ‘

Filpip Geage : » » .
The Spitz Laboratories, Inc., manufactures a thia wafe r-shaped
variable capacitanice gage, the Filpip, which is used to memnsure aoil
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Table 10. Characteristics of the WES-SE soil stress gage .

Overall dimensions

Diameter 2 inches

Thickness . 0.226 inch
Diaphragm dlmenslom

Diameter 0.75 inch

Thickness 0.075 inch
Linear range (approximate) 0~2000 psig
Output 0.0Y7 pv/v/psi
Linearity 0.4 percent full scale
Hysteresis 1.6 percent full scale
Temperature range ' Below 30° to 150° F
Recommended excitation 10 volts
Moximum excitation 21 volts
Acceleration sensitivity normal to diaphragm  0.04 psi/g
Apparent strain sensitivity 20 to 30 min/in/psi
Thermal sensitivity 1 psi/OF
Natural frequency ’ >40 kHz
Response time (to q step input) <6x 11076 sec .

pressure in laboratory work. Two ranges are available: -10 to +10 psi
and -10 to +100 psi. The gage is constructed of Saran plastic with stain-
less steel plates and mica dielectric. The diameter is 1 inch, and the
thickness is 0.035 inch. Static tests show the gage to be linear with
applied pressure and a static overregistration factor of about 1. 1to

1.2, The variable capacitance sensor is probably not the best available
for a nuclear environment but the gage might {ind use in HE field tests.

The Stanford Research Institute constructed a Surface Shear Gage to
measure airblast-induced surface shear forces in the 0- to 200-psi
overpressure region(Reference 32). The gage (Figure 38) consists
of a {lat plate, 1-foot square, supported on two octagonal half-rings
similar to the moving ring used in the SRI Total-Drag Probe (see
"~ P117). The strain rings in turn are fastened to steel mounting plates
which are attached necurely to a massive concrete base. The top
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surface of the gage is covered with ordinary stair tread material
providing a sandpaper-like finish in contact with the soil.

Two strain gage bridges are used in the shear gage to obtain
independent measurements of normal and shear forces, FEach leg
of the bridges contains two strain gages in series, one mounted at
each end of the strain-sensing element. Damping is obtained by
filling the gage enclosure with polybutene-20 which has a viscosity
of about 6,500 centistokes at 90°F.

Rensselaer Tri-Axial Gage

The Rensselaer Polytechnic Institute, Troy, N. Y., has constructed
for NCEL a tri-axial soil pressure gage to measure 0 to 100 psi with
a l-millisecond rise time. The shape of the gage is spherical, which
makes it independent of both the directions of the soil properties and
the directions of the stress field in the soil. The shell of the gage,
3 inches in diameter, is divided into 8 equal segments obtained by
one equatorial and two longitudinal planes of intersection at right
. angles to each other. These segments are made sufficiently rigid to
act as curved beams, each triangular segment being supported at 3
points. Six strain-gaged spokes extend from the center of the sphere
to the points of intersection of the covering segments. The system of
measurement is based on the requirement that the 3 space components
at each point of intersection can be measured separately. In total, 18
force components are required to establish the magnitude and direction
of the force acting on the gage in space.

A placement technique has been developed to minimize the effects
of the presence of the gage in the soil. Placement is accomplished by
surrounding the gages with a flexible elastic medium. The diameter
of this elastic medinm is sufficiently large to exclude the possibility
that the stress concentration effects, due to the rigid inclusion of the
spherical gage, will prevent significant displacement at its boundary.
Transfer of stresses acting on the outer boundary of the elastic medium
then occurs through the intermediary of 4 material with known properties
and dimensions,

The prototype gage exhibited undesirable characteristics of non-
linearity and hysteresis which were attributed to imperfect bonding
between the gage and the elastic medium. It is unknown whether
developmental work is continuing on'this gage.
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Soil Strain and Displacement Measurement

Since strain at any point is the space derivative of displacement,
these two classes of instruments will be grouped together, Usually,
a long-span gage is termed a displacement gage and a short-span
gage is used to determine strain, although this is not a universal
distinction.

Long-period displacement produced by underground nuclear explosions
may be measured by relative displacement devices, both fixed-base
and variable-base, and by inertial displacement, In addition, electronic
analog circuits (Reference 35), for single and double integration of
other measures, have yielded displacement data.

F1XED REFERENCE DISPLACEMENT MEASUREMENT. In order
to measure absolute ground motion directly, a reference point must
be chosen which remains fixed with respect to the earth. This reference
point is, in general, located at a great distance from the point of
motion. Usually the reference point is selected to be at some distance
below the earth's surface. Both rigid rods and stretched wire have
been used to measure gross ground displacement. '

Sandia Rigid-Rod Gage

The Sandia Rigid-Rod, Long-Span Displacement Gage consists of
a solid 1/2-inch aluminum rod 10 feet long, one end of which is
anchored through a plate to the earth., The opposite end of the rod
is free and carries the magnetic core of a Schaevitz linear variable
differential transformer. The transformer is anchored to the earth
through its canister. Hence, the LVDT output is an index of the
relative displacement of the two anchors.

The rod is protected and decoupled from the surrounding medium
by placing it inside a corrugated, flexible 3/4-inch metal tube which
also provides a watertight assembly. Tests have shown that the cor-
rugated tubing would withstand over 1000-psi external pressure before
starting to collapse and bind the rod.

Since the relative earth motions are generally small (0.0 to 0.5
inch in a 10-foot span) and the rod must be free to move, & means had
to be provided to zero the unit after it was embedded in the medium by
tamping or grouting.

During installation, the rod is clamped in the canister by 2 pin-and-
slot'arrangement. After the installation, a motor turns the sleeve
containing the slot, thereby freeing the rod to move longitudinally.
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A second motor then turns three jack screws which hold a cage carry-
ing the LVDT transfocrmer, thereby zeroing the assembly.

Sandia also makes a 3-foot gage, It is similar to the preceding gage
in that one end of the rod is terminated in a flat plate and the Schaevitz
transformer is in a canister at the opposite end of the rod. The size
of the canister is greatiy reduced, the locking motor eliminated, and
locking of the rod for installation is accomplished by cutting a groove
near the end of the rod, in which a bar is placed. When the zeroing
motor is operated in either direction, a cam pushes the bar out of the
slot and a spring catch holds the bar out of the way. Two motor-driven
jack screws move the LVDT transformer back and forth to zero the
unit. (See also the SRI Soil Strain Gage, pagel165.)

In a third model, the LVDT transfotmer is stationary in the canister.
The end of the rod is threaded for several inches and carries an internally
threaded cap. Mechanical stop- permit the rod to move freely over
a limited range, but the rod is not locked as in the previous models.
After the gage is embedded in the earth, a motor-and-gear arrangement
screws the cap, which carries the LVDT core, back and forth until
the unit is zeroed or balanced. In this position, the rod has at
least a 50-percent overtravel, the actual amount depending upon the
size of the LVDT being used. This unit is smaller in size, is more
rigid, and should be simpler to build, adjust, and operate than the
previous models. The canister, about 4 inches in diameter, has a
12- to 15-inch diameter anchor plate at one end. The cylindrical
portion is covered with a soft sleeve to decouple it from the earth.
These features give more precise reference points for gage length.

This model may be used with either the 3-foot or the 10-foot rods.

Sandia Wire Gage

Where relative earth displacements of several inches are anticipated,
the rigid-rod transducer becomes so unwieldy and large (hence per-
turbing the medium) as to be impractical, Also, long rods (over 10
feet) have a tendency to buckle and resonate when shocked, thereby
introducing noise into the record. Sandia developed long-span wire
gages using a spring-loaded wire, one end of which is anchored to the
earth while the opposite end is wrapped around a spring-loaded drum.,
A multiturn rotary potentiometer coupled to the drum-shaft indicates
any motion of the drum. A spiral clock-spring placed inside the drum
maintains 10 to 25 pounds tension on the wire. In some applications,
an external spring is anchored to the wire to provide tensions of
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50 to 150 pounds. The 0.026-inch music wire is encased in 3/16
inch bronze corrugated flexible metal tubing to decouple it from the
medium and to keep water out of the gage housing.

~ Most of the gages of this type are made by Sandia. Wire lengths
of 25 to 50 feet are most commonly used. Three- and ten-turn 500-ohm
potentiometers are used, with a 2-inch drum for the wire. The chief
drawbacks of these gages are the difficulty of adjusting both the spring
tension and the potentiometzr pusition, the high spring gradient, and
the ease with which the potentiometer may be damaged if the wire and
tubing are overstretched during installation. The gage is limited to
locations where the potentiometer may be manually adjusted after
installation.

For gages operating at greater spans, with displacements up to
3 feet, the upper anchor end of a 0. 060-inch stainless steel wire is
anchored to the drum of a motor-driven winch in a canister at the
bottom of the hole. These springs maintain an initial tension of 100
to 130 pounds on the wire, and were designed to provide at least 60-
pounds tension at the maximum displacement. Where the total
displacement is 12 inches or less, the 2-inch drum-and-potentiometer
assembly (previously described) has the 0, 026-inch wire fastened to
the 0. 060-inch wire in the bottom canister. Where the displacement
is more than 12 inches, a drum-and-potentiometer unit is used in
which two turns of the 0. 060-inch wire are wrapped directly around
the 3, 86 - or 4. 77-inch drums, giving 12- or 15-inches displacement
per turn of the shaft,

This gage is quite d.[ficult to install, has poor mechanical reliability,
deteriorates badly in the ground and does not reproduce high frequency
components of strain and displacement. However, it has been used
successfully in field tests,

ACF Inc. and Sandia have modified the long-span wire gage. The
sensing element in the new gage uses a light beam interrupter rather
than a rotary potentiometer. The new system has a higher frequency
response and is easier to install, but has a lower shock tolerance.

NON-FIXED REFERENCE VARIABLE DISPLACEMENT. The
direct, absolute measuring methods are impractical for most dynamic
measurements of strain. Measurement of differential displacement
may be accomplished by two methods:

1. A coupled strain gage where the gage connects two points
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2. An uncoupled strain gage with no physical connection
between the gage points.

UNM-AFWL Spool Gage

The Spool Gage* consists of two semi-rigid thin discs, connected
by a thin, sliding, hollow stem. The sensing element is either a
linear variable differential transformer or a linear potentiometer.
Relative movement between the discs is measured directly,

In a study of the methods involved in relative displacement measure-
ments in soil, Baker and Lynch (Reference 48), concluded that for
accurate measurement a spool gage should incorporate the following
features:

1. The ratio of the area of the end plate to the cross-sectional
area of the coupling shaft should be at least 60

2, The shaft should be in a segmented configuration to carry no
load and allow freedom of motion

3. ‘tLe lateral surface of the shaft should have a low coefficient
of friction and less than 5 percent of flexible material

4, The gage should be quite short compared to the length of
an input pulse

5. Data within increments of time smaller than those required
to assume a nearly uniform strain state between end plates are
not valid

6. End plates should be rigid, as thin as possible, and of low
mass.

The major problem with spool gages is their placement within the
soil mass in such a manner as to minimize arching effects and imped..m.e
mismatch caused by the gage and by possible voids in the backfill.
In general, spool gages have poor accuracy and poor resolution, It
is almost impossible to conatruct one that is waterproof.

*There is no commercial mancfacturer of this gage. A number of
laboratories have constructed modified versions of the gage [esee

DASA 1285-3], The gage described here is used by AF WL and was
design:>d by W,J, Baker, University of New Mexico (Reference 48),
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HTRI Coll G4gs |
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In the”HgI‘RI Coil Displacement Gage, the direct measurement of
differential displacement,is between two gage points which are not
mechanically coupled (Figure 39). The gage points are wire coils
encapsulated in 3/4-inch diameter by 1/16-inch thick discs embedded
in the soil, oriented to be parallel and concentric. A second set of

coils is positioned at a convenient locaticn. The principle of operation
is that of an air core differential transformer with a null balancing

system to permit accurate measurements of small strains (Reference 49).

In operztion, the drive-coil circuit is composed of a 50-kHz oscillator
and drive-coil power amplifier. The pickup coils are connected to an
amplifier, which in turn is connected to a synchronous detector, filter,
and meter. When the spacing of the two coil sets is different, a small
differential voltage appears a. the input of the amplifier. Once amplified,
the signal is the envelope of this high-frequency carrier., The syn-
chroncus detector (a conventional ring demodulator) separatcs the
envelope from the high-frequency carrier. The demodulator output
is zero when the carrier input is zero or nulled, and is either positive
or negative in polarity when the two pickup coil voltages are not equal.
The polarity depends on which coil has the larger voltage, thereby
indicating whether the coils embedded in the sample have moved closer
together or farther apart. The response time of the gage, defined as
the time from 10 percent to 90 percent of peak output, was determined
experimentally to be approximately 0.0l millisecond.

There are no mechanical counling effecta, as in the spool gage, but
the output is to some degree sensitive to lateral and rotational
misalignment.

IITRI has used coils up to 6 inches in diameter which allow gage
lengths up to 18 inches, and hence are less sensitive to local dis-
continuities in large soil samples. The system consists of two sets
of coils witha driver coil and a pickup coil in each set. A 10-Hs
oscillator is used to power the driver coils, The pickup coils from
each set are combined in two arms of a balanced reactance bridge,

The relative displacement between (wo coile of one set serves to
unbaiance the bridge. The amplitude modulated 2ignal is then demodu-
lated to obtain a dc signal proportional to the relative displacement
between the two embedded coils, A full-scale output of 0. 3 volts

(at maximum sensitivity) can represent 1. 4 percent strain in the 18-
inch gage span. The cross-talk between adjacent sets of coilr near
each cther is limited to | percent when a commeon oscillator s used
and a separation of nine coil diameters is maintained between coil sets.
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In the IITRI gage, waterproofing is not a problem and AFWL reports
vely good accuracy. Placement without disturbing the soil is still a

problem, however. At present, the IITRI system is strictly a laboratory
tool, still in the developmental stage,

SR/ Soil Strain Gage

The SRI-designed soil strain gage (Figure 40) consists of a long
tube, whose ends are securely fastened to the medium. The relative
displacement of the ends is sensed by an LVDT attached to one end
piece. The plunger, an armature, is extended by arod which varies
in length, depending on the strain range for which the gage was de-
signed. The LVDT displacement range was +0.25 c¢cm, and strains
of 0. 8 to 4 ppk could be realized with gage lengths of 60 to 300 cm.

ARMATURE EXTENSION ROD

Figure 40. SRI strain gage.

INER TIAL DISPLACEMENT GAGES. Both Sandia and SRI have
constructed gages using inertial principles.

In two types of gages desizned by Sandia, the relative motion
between sensing mass and case is reduced by coupling the linearly
moving sensing mass to a flywheel. This is accomplished by a
rack-and-pinion gear in one gage and by a recirculating ball nut in

the other, In the SRI gage, a pendulum geared to a flywheel acts as
the inertial element.

Sendia Rack end Pinion Gage

In the Sandia Rack and Pinion Gage (Reference 35), a moving
rack is fastened to a mass carried on a ball bushing which rolls on

a splined shaft. The signal output ia generated by a rotary differential
transformer. The maximum displacement measured is about 4 feet;

the rise time of the gage ic about 0.5 second, and the sensitivity of
the gage is 0,04 g.
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SRI Inertial Displacement Gage

The gage is housed in a 6-inch diameter sphere. A dc motor &nd
solenoid are included in the case to permit calibration and levelirg of
the inner cage after grouting.

The SRI gage (Reference 50) measures either horizontal or vertical
soil displacements of up to 36 inches for time periods of 2 seconis,
with an accuracy of about ! inch. Angular deflection of a geared
pendulum is sensed by an E-shaped Wiancko variable reluctance sensor
fastened to the gage case. The effective length of the pendulum, and
therefore its natural period, is substantially increased by gearing it
to a flywheel. The flywheel rotates through an angle of 15, 6 dejrees
for 1 degree of rotation of the pendulurn, resulting in small pendulum
me.tions for large earth motions, This arrangement results in the
instrument having a long natural period, i.e., 3 to 5 seconds. A
steel vane attached to the pendulum shaf: passes over the Wiancko
core and balances the irductances when the pendulum is in its neutral
position. The vane may be adjusted so that the electrical unbalance
of the coil varies linearly with pendulurn angle. In the vertical com-
ponent gage, the pendulum is held in a horizontal position by a weak
spring.

A number of other concepts and methods have been investigated
for strain and displacement measurement., They are listed in the SRI
report, DASA 1285, Nuclezr Geoplosics.

Two devices, although not today incorporated in soil strain or dis-
placement measuring gages, are worthy of further study.

The Kaman Radiation-Fardened Eddy-Current sensor, described in
the section on airblast measurements, is essentially a displacement
measuring device. It can accurately measure the distance between a
20-turn sensing coil and almost any metallic surface. Ranges of from
0-0.002 inch to 0-0.500 inch, with continuous resolution, are available.
Frequency response is about 100 kHz. The sensor output is repeatable
to within 0.1 percent and linear with 2 percent of full-scale output.

The high impedance of this gage allows the use of relatively long cables
‘between the sensor and the recorder.

Gulton Industries, Metuchen, New Jersey, has proposed using flexible
strain devices (which they manuiacture) to consiruct a triaxial strain
gage. The flexible elements, potted in RVT silicone rubber; could be
mounted in almost any solid matrix. ' ‘

PERMANENT SUBSURFACE DISPLACEMENT. Slope indicatora
and scratch gages, used in vertical cased drill holes, can record the
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change in sl.ope, the peak transient displacement and the magnitude
of permanent displacement as a function of depth.

Slope Indicator

Two methods are used; both are standard well-logging procedures.
One methcd uses a single, specially constructed tube or casing. A
slope indi:ator, called a mouse, which consists of a simple pendulum
with electrical contacts for determining the pendulum position, is
lowered into the casing to define the slope of various sections of the
cased hole both before and after the blast. The casing is constructed
in such a manner that each 2-foot section can partially telescope to
offset the efiects of the ground motion.

Scratch Gaye

In the other method, a second tube, coated with machinists' bluing,
is placed inside the casing and anchored to the bottom of the hole. A
scribe on the casing responds to the ground motion marking the inner
tube, After the test, the inner tube is rotated, so as not to obscure the
scribe marks of the transient motion, and removed to expose the
record of peak transient displacement. ‘

These methods are relatively cheap and reliable but are poor in
accuracy and, of course, give no time histories. The tube must
survive the ground motions in order to produce data.

Reference 51 records the use of these instruments during an HE
field test.

Soil Particle Velocity

Vertical and horizontal narticle velocities are measured directly
with gages designed by SRI and by Sandia-modified SRI gages.

SRI Merk 1

The SRI Mark I vertical particle velocity gage (Reference 52) uses
a linear difierential transformer as the sensing element (Figure 41).
A solenoid in the gage holds the transformer core in a raised position.
-The core is released and allowed to fall under the influence of gravity
in a highly viscous oil. The motion of the core raass is opposed by .
flow of the oil around the moving core. The core attains an approximately
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constant velocity for a fall time of about 2 seconds with a total travel

of 0. 3 inches. The flowing oil exerts a force on the core that is pro-
portional to the velocity of the mass relative to the case of the gage.
This force is equal and opposite to the inertial force on the moving
mass, The gages have a finite bandwidth over which displacement

of the transducer in its case is proportional to the particle velocity.
The. core release ie synchronized so that the ground shock (hopefully)
arrives at the gage while the core is falling at a uniform velocity and
while sufficient fall time remains to measure the velocity. The response
of the gage is within 5 percent from 0. 2 to about 200 Hz. The maximum
range is about 64 fps. 'This range can be increased by using a more
viscous oil; however, this would decrease the gage sensitivity,

The basic Mark 1 gage measures 1.2 inches in diameter and is 3. 3-
inches long (3.0 X 8.2 ecm). Normally, a mounting flange 2.5 inches
in diameter is attached to one end of the gage.

SRI Horizontal Gage

The SRI horizontal gage uses the concept of an overdamped, low-
natural frequency, pendulum accelerometer (Figure 42a). The maxi-
mum range of measurement is about 100 fps. The sensor is the coil
assembly of a Wiancko variable reluctance element and a cantilevered
mass in the form of a pendulum. The pendulum is flat in cross-sec-
tion and is surrounded with a heavy silicone oil to allow extreme
damping., With the pendulum hanging vertically, the undamped natural
frequency is about 5 Hz (this varies somewhat between individual
gages). When the pendulum is oil-damped, the frequency is lower due
to the mass of the oil which moves with the pendulum.

The deflecting coil assembly, which (when energized) pulls the
moving elements. off-scale to one side, serves several purposes.
" When the gage is mounted for true horisontal measurement, energis-
ing and then releas.ag this coil provides a record from which the low-
frequency time constants may be directly derived. When it is necessary
to measure at some angle other than horiszontal (up to 30 degrees from
the horizontal), this coil serves to trigger the release of the moving
element in a fashion similar to that of the vertical gage. Finally, for
field calibration, the coil is energized, the gage is turned on its side,
and a record is taken as the coil is released.
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SRI Mark 11

When positioned to measure vertical particle velocity, the coil
of the horizontal gage described above is unable to lift the armature,
SRI redesigned the gage to measure vertical motion by the addition
of a vreak spring which supports the pendulum in a neutral position
(Figure 42b). This yage, called the Mark II, has a greater flexibility
than the Mark I but is “nore susceptible to damage from severe shock.

SRI Mark 11

The Mark III Vertical Velocity Gage was developed by SRI especially
for an HE test in limestone to meet the need for a gage with an increased
frequency response (Figure 43).

The plunger in Mark III is the armature in the LVDT, instead of being
a separate part coupled to the transducer as in Mark I. This reduces
the mass of the moving parts of the gage. At the same time clearances
are smaller than in the similar Mark I gage to increase the viscous
force, and the length and oil volume are reduced to minimize false
response to acceleration by compression of the oil. The gage is
aperiodic, thatis, no spring is provided to maintain it in the null
position. A cocking coil is provided to lift the plunger to the top of its
travel before the shot. Gage response is from 0 to >3000 Hz and
measures velocities of 110 feet/sec.

Like the Mark I, provision was made to release the plunger at a pre-
determined time before the shot so that the plunger would be falling
during arrival of the signal, This feature produced much difficulty.
The precise timing of the release was a matter of considerable importance.
Since the rate of fall of the plunger is a function of the viscosity of
the cil, which is temperature-dependent, release times had to be
adjusted after the gages were in place and had come to thermal equilib-
rium with the surrounding rock.

Sendiu DX

The Sandia DX is a modification of the SRI design. The DX is
specifically designed to extend the range of particle velocity measure-
ments into the 300 fps region and to withstand shock loads in excess
of 1200 g. Sandia redesigned the pendulum suspension, the pendulum
and the armature assembly. They designed a system for {illing the
gages with damping flu.d (DC 200 silicone oil) under vacuum to eliminate
the possibility of air mixing with the damping fluid and causing
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Figure 42. Horizontal and vertical Mark 1l velocity gage.
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changes to the damping ratio, and they used a flexible bellows to accom-
modate temperature expansion of the damping fluid. Two models

of the gage are produced. One, with a brass pendulum, is designed to
measure velocities in the 0. 1- to 25-fps range, while the other, with

an aluminum pendulum, is for the range of 10 to 300 {ps.

However, there are problems with the DX gage:

1. With a 3-kHz carrier, the maximum frequency.response is
less than 600 kHz

2. The variable reluctance element can only be energized by an
ac system (AFWL considers this to be a disadvantage—Sandia
does not)

3. The mounting arrangement is poor, and a special housing is
required, which increase’ the size and weight of the gage system

4, Any oil-damped gage is temperaiure-sensitive.

Even with these limitations, AFWL reports that the DX is the best
available field gage. It is very rugged and has produced reliable
results from field tests.

SRI-AFWL Miniature Velocity Gage

At the request of the Air Fcrce Wecapons Laboratory, SRI redesigned
their Mark I velocity gage to decrease iis ¢ice and weight and increase
frequency response (Reference 62). The gage measures velocity tran-
sients from less than 2 cm/sec to above 600 cm/sec over a frequency
range from 1 to 500 Hz. It senses velocity along one axis only and
is not affected by crosswise accelerations up to at least 30 g. The
sensitive axis may be horizontal or vertical or inclined, provided a
small external adjustment is made to counteract gravity. The gage
is nearly a cube of about 5-cm edge length and weighs 375 gm.

The gage works on the principle of a highly ¢verdamped spring-mass
system with its undamped natural fraquency at the geometric mean of
its range. The relative displacement between mass and instrument
case is 8 direct measure of the velocity of the case.

In the present model the mass consists of a thin rod suspended
between two parallel cantilevered leaf springs, as well as a damping
cup and the core of a LVDT which are rigidly attached to the rod. The
cup slides with a radial clearance of about 0. 04 mm over a stationary
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piston and provides viscous damping by shearing a viscous oil film
between cup and piston. The LVDT, whose coils are embedded in
the stationary piston, records the relative motion between the piston
and cup.

The gage has been vibration-tested at frequencies from 0. 25 to 1000

Hz and appears to be flat in the range 1 to 500 Hz, to within 5 percent.

The smallest velocity it will sense is below 2 cm/vec, and the maximum
velocity is above 600 cm/sec. An over range of about 50 percent is
tolerated before the gage hits rigid stops, but the gage is nonlinear

in the over-range region. The gage appears to be unharmed by accelera-
tions as high as 40 g and perhaps more, but its acceleration tolerance
has not been determined.

Gage sensitivity is affected by temperature changes by about 1 percent
per ‘F. The gage shows a tilt signal which, for a horizontal gage, is
about 1.5 percent of full scale per degree of tilt. The gage is not
affected by loads of up to 1,000 pounds on the case. It will withstand
shocks of approximately 4,000 g along the sensitive axis and 1,000 g
along the cross axis.

Tests of the gage in soil indicate that its presence disturbed the
motion field to the extent that the measured velocities may have been
considerably in error; however, this same problem undoubte.! - exi4ts
with all other velocity gages used in soil. The results of thuse tests
indicate the gage measures the input velocity of shock-loaded sor:s to
within about 10 perceat. ' :

This version of the SRI velocity gage is probably easicr to use in
the field than any of its predecessors, The square ciee rmay be more
easily mounted on a surface than could the older round, peadulum-type
gages.

SRI calculations indicate that it may be possible to raise the upper
limit of the frequency range to 2000 or 3000 Hsi without sxtengive
redesign. At the same time, the maxiraum velocity allowed would be
increased from 600 to about 3000 cm/eec, Yt with a carresponding
drop in sensitivity. Conversely, an increase in sansitivity may be
achieved by weakening the springs. This could increase the sensitivity
by as much as a factor of four and lower the effective irequsncy range.

Shock Spectro

The peak relative response spectrum ef 3 masy-spring sysiem pro-
vides a useful structural design tool. A shock zpectrum is simply a
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graph of peak displacement, peak velocity, or peak acceleration of
a mass-spring system plotted against the system's natural frequency
for a specific forcing function.

DTMB designed a reed gage for analysis of vibration aboard ships
which has been adapted to shock measurement. It will not provide a
time history of underground shock but does provide an envelope of
expected maximum ground motion.

TRW Reed Gage

TRW Systems produces the only reed gage currently in use in field
studies. The TRW reed gages incorporate a number of masses on
cantilever springs, or reeds, mounted on a rigid base (Figure 44).
The masses and spring constants of the reeds are so designed that
their natural frequencies cover the range between 2 and 300 Hz.
There are two gage configurations with somewhat different rarges
of frequencies. For higher levels of ground shock the standard gage
configuration, which has ten nominal reed frequencies of 3, 10, 20,
40, 80, 120, 160, 200, 250, and 300 Hz, is used. For somewhat
lower levels of shock, the modified or low-frequency gage configuration
having eight nominal frequencies of 2, 3, 5, 10, 20, 40, 80, and 120
Hz is used.

Figure 44, TRW reed gage.
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The masses, which move in one plane, have scribers in contact
with a polished metal record plate. A thin layer of lamp black is
de=posited on the record plate prior to preshot installation, by smoking
it with a candle. When the gage base is subjected to ground shock,
the reeds vibrate and the scribers record their maximum displace-
ments on the record plate. After recovery of the record plates follow-
ing the test, the displacements are measured. These measurements
are converted to mass displacements by use of calibration factors
which take inio account such things as the location of the scriber with
respect to the center of the mass, the fact that the mass is distributed
rather than a point mass, and slight variations in reeds due to manu-
facturing tolerances. This then provides the frequency-displacement
data used to plot the shock spectra.

The gages may be positioned in such a manner as to record either
vertical or horizontal ground motion,

Time of Stress Arrival

It was indicated on page 125 that some of the characteristics of the
shock wave in soils and rock could be calculated from an accurate time-
of-arrival measurement. The measure of stress arrival time at known
locations may be inade with the various gages and recording systems
which have already been described; however, the cost per data channel
is very high.

AFWL TA System

The Research Division of the General American Transportation
Corporation developec a 100-channel inertial time-of-arrival system
for AFWL tc provide a low-cost-per-channel measuring system
(Reference 53).

In field operation a shock pulse associated with the dilatational and
distortional waves triggers a buried omnidirectional inertia-switch
sensor and a pulse is sent through high-level transmission lines. The
switch closure is converted to a unidirectional standard pulse by a
monostable single-shot multivibrator. This pulse energizes a neon
glow tube on a display console. The total optical display consists cf
a matrix of glow-tubes having a geometrical relation’to the sensor
locations. The glow tube output is photographed by a high-speed framing
camera. Timing is obtained by Beckman type 605A decade counting
units on the console. ' o
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A group of these sensors, distributed throughout the depth of vertical
holes, yields the time history of the waves at a given distance from
ground zero. By combining the data from a number of vertical arrays,
a two-dimensional time history of the waves may be found.

The sensors from each vertical array are connected to a trans-
mission cable through a junction box containing an EM pulse overvoltage
protection device. The system junction combines the two functions by
utilizing a printed-circuit spark gap for both the connection of the sensor
leads to the transmission cable and overvoltage protection. The
electronic input circuitry requires only the overvoltage be held to 50
to 100 volts. Thus, the printed-circuit gap and a conventional NE-2
neon glow lamp across the input of the electronics are sufficient.

The sensor consists of a heavy mass in the form of a ball suspended
on springs inside a light fluid-filled spherical shell. Changes in velocity
or acceleration of the shell result in relative displacements between
the mass and the shell. When the relative displacement equals the
clearance between the ball and the shell, contact is made, a circuit
is closed and the signal generated. Preliminary laboratory tests
have indicated sensor closure rise times were less than one microsecond.

The response threshold of the sensor can be varied by changing
the springs which support the mass, or by changing the viscosity of
the damping oil, or both. Thresholds as low as 0.5 g and as high as
20 g may be obtained; thus, the system can record times of arrival of
pulses of different magnitudes.

The system may also record the arrival of different waves since
the recovery time of the system is about 1 microsecond (somewhat
higher for the stiffer gages). The indicator on the optical display
is lighted for one multivibrator period each time the sensor is
activated, but a complete open-close-open cycle must be exhibited by
the sensor or no further multivibrator action will occur. High-
frequency ringing of the sensor will not result in more than one opera-
tion of the multivibrator since the oscillations will occur during the
dead time of the one-shot multivibrator (i. e., the time during which
the glow-tube is lit). A low-frequency ringing may be identified by
the repetitive pulse train and can be accounted for during data analysis.

By using a quasi-digital display and high-level transmission lines,
susceptibility to electromagnetic disturbances such as the EM pulse
is materially reduced., Converting the data to pulses gives more
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freedom from background and permits data gathering under conditions
impossible for conventional analog systems. Since the time-of-arrival
sensor operates as a switch sending a 12- or 24-volt signal to the
system, the signal level is sufficiently high to overcome the back-
ground noise which normally results in almost total signal obscuration
in the case of conventional analog systems operating at millivelt
levels.

AFWL has reported only one difficulty using the system. In one
test the sensors were pressure-grouted within deep emplacement
holes. The grout, under pressure, displaced the oil between the shell
and the ball mass and immobilized the ball,

AFWL believes that larger systems with 200 or 400 channels could
easily be made. This would further reduce the cost per data channel.

ANCILLARY EQUIPMENT FOR UNDERGROUND MEASUREMENTS

The usefulness of data obtained from instruments positioned under-
ground is often dependent upon a precise location and orientation of
the individual instruments. The following section, adapted from Sandia
Corporation Report SC-M-65-330, by Ted B. Morse, (Reference 54)
describes some of the instrumentation accessories and techniques
Sandia has developed to assure that a sensing device is properly
emplaced.

Assembly and Instrumentation Shelter

Instrumentation arrays are frequently 20 to 35 feet long. Trans-
portation and handling problems require that the various units of the
array be shipped separately and assembléd at the site. As many as
five or six arrays may be required at one hole and all must be ready
to go down-hole at the same time.

Field experience necessitated the development of a transportable
assembly, checkout, and installation shelter with the frllowing
characteristics:

1. Skid-mounted so as to be movable from hale to hole by
truck or tractor

2, High enough so that the whole array could be assembled and
checked out both mechanically and electrically

3. Removable end bracing so that the shelter could be skidded
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over the hole casing which may extend 2 to 3 faet above the
ground surface

4. Protection from the weather

5. A cable trough on the roof so the cables from the reels could
be inspected for mechanical damage as they are fed vertically
down-hole; also a provision for snubbing the cables

6. Safe working platforms at convenient heights over the hole
7. Light and power outlets

8. Exhaust fans

9. A monorail and chain hoist for each array

10. Movable work benches.

As the arrays are lowered, an observer on the roof monitors the
dynamometer and footage counter. Another observer inspects the cable
jackets as they pass over the roof. Tension in the cables is maintained
by a workman braking each reel to maintain an appropriate sag between
the shelter and reel.

Recent installations have used balanced-torque cable which has a
twist of less than 10 degrees per hundred feet under load. Ordinary
cable may twist several hundred degrees under similar conditions,

After the arrays have been lowered to the desired depths, a tie-off
stand is placed over the hole with the hoist cable clamped to it, and the
instrument cables are supported from it with Kellum cable grips. A
3- or 4-foot steel sawhorse is satisfactory.

The shelter may or may not be skidded away from the hole before
the grouting is done.

. A typical installation is a 12 X 24 X 20-foot high shelter with an I-
beam or 6 X 6 timber framework and plywood or canvas sides. A

4 X 4-foot hole in the roof is provided about 6 feet from one end for the
steel messenger cable, instrument cables, and grout hogces, Along one
edge, a sheet-metal trough (3-foot radius) provides a snubber and guide
for the cables. At the far end, 2-{foot diameter wooden sheaves guide
each cable from its reel which is placed on the ground, 50 to 100

feet from the shelter. '
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Inside, two platforms over the hole provide a safe working area.
A trap door permits the arrays to be moved over the hole on the
monorail while still allowing walking space all around the array,

After all sensor arrays are ready, a crane is positioned over the
hole in the roof. The steel messenger cable is wound on the drum of
the crane. The side of the shelter is removed so the operator can
see the workers around the hole casing and receive their signals,

Lead ballast weights, connected to the steel line by means of two
small steel plates, are lowered into the hole until a 1-inch bar placed
through the center rests on the top of the casing., This bar supports
the weights while the cable is disconnected and the array (from the
monorail) transferred to the steel line and bolted to the top holes of
the steel plate. The grout hoses and instrument cables are clamped
and taped to the steel cable as it is lowered into the hole. (Power
wrenches are used for attaching the clamps to the cable.)

Instrument Canisters

Very few end instruments are designed to be buried directly in soil
or grout; hence, they must be protected from the elements. At the
same time, they must be well-coupled to the earth or environment
they are to measure. Instrument canisters in deep holes may be
subjected to high hydraulic pressures caused by the head of water
and grout when they are installed.

Aluminum tubing has proven to be a gsatisfactory material for
canisters, since the sonic velocity nearly matches that of many
surrounding media, and its high damping coefficient reduces ringing
when subjected to shocks. In early tests, accelerometers were
mounted on blocks or angles bolted to the canister. As the instrument
ranges were increased, these had a terdency to ring or deflect.

More recently, an aluminum tube is machined with a 2-degree

_ (per side) internal taper on each end, leaving about 1 /2-inch aluminum
thickness, Matching tapered solid plugs have holes bored for the
various accelerometers and velocity gages in the proper relative
orientations in respect to locating pins and grooves in the plugs and
shell, After the gages are installed in the plugs and wired, the two
plugs are inserted and wedged together in the tapers by tightening

two 3/8-inch bolts. The plugs may include a tilt mechanism for the
velocity gages.

. Some difficulty was experienced in fishing through the wires {rom
the lower plug during final assembly, so the latest design has just one
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plug. An increase of 1 inch in diameter and 2 inches in the length of
the plug permit the installation of all the gages in it. This change
decreased the overall length of the canister by several inches.

For locations where only one or two gages are required, solid
aluminum blocks are machined to provide space for the gages and
accessories. A 1/2- to l-inch cover is bolted over the assembly,

Canister Sealing

Sealing to exclude deep hole water is a problem in buried canisters.
Covers can be sealed with O-rings if the tolerances of mating parts
are maintained and the proper O-ring diameters are used for the
working pressure expected. Covers with a 1/4- to 1/2-inch step
to guide them into the canister tube, and with 0.005- to 0.0010-inch
radial clearance and an O-ring groove to give axial compression as
the cover bolts are tightened, have withstood 4000~ to 5000-psi
external pressure, provided the O-ring grnoves are made according
to the manufacturer's recommendations as to proportions and surface
finishes.

Radial compression designs (piston-ring style) were tried, but
were ruled out because of the difficulties of assembly and removal,
the ease of damaging the O-rings and mating surfaces on assembly,
and the very close radial tolerances required of the parts. The
same troubles were encountered with the 45-degree corner O-ring
designs. Both types had a tendency for the O-ring to extrude into
the crack under high pressures.

Sealing of cable entrances has required the development of special
high-pressure cables and connectors, The basic sealing element is
a neoprene O-ring clamped in axial compression. (See the section
on Recorders for cable termination methods. )

Manusl Installation of Gage Canisters

The installation of gage canisters near the surface does not present
a great problem. In general, these are within 10 feet of the normal
ground surface and are installed in open cuts.

The latest style Sandia surface canisters have an 8- to 10-inch
spike in the bottom and a 2- to 4-foot rod or handle on the top,
An index mark on the case is oriented toward ground zero. The
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spike is driven into the undisturbed earth, and the top rod is manipulated
as the grout is poured (or as the earth is tamped) around the canister,
to maintain the gage's level.

In canisters containing a pendulum-type velocity gage, the gage
itself is monitored and used as the level indicator. In other cases,
spirit levels are used on the rod extending from the top of the canister,

In holes from 10 to 150 feet deep, where the canisters are not readily
accessible, several other means are employed. In general, spring
spiders are included in the array to keep the canister centered in the
hole so that the grout can flow completely around it. If the canister
is to be turned after insertion, the spiders are free whezling. If the
canister does not have to be turned, or if it contains a mechanism to
rotate another canister, the spider grips the walls to resist the torque.

The actual insertion is done with rigid rods. If the presence of a
rod or pipe will not perturb the medium and influence the records,
thin-wall conduit from 1/2 to 2-1/2 inches in diameter is fastened
to the canister and grouted into the hole. (This conduit may also
contain the instrument cables and serve as some mechanical protection
for them.)

If it is felt that such a tube would perturb the medium, the rods
must be removed before the grout seta. Originally, 20-foot sections
of 1.1/2-inch-square aluminum tubing were coupled and bolted together,
and used to push the canister into the hole and to rotate it. After the
grout was pumped in, and before it started to set, a locking mechanism
{Bal Lok) was actuated by a cable running inside the tubing - This
disconnected the rods from tha canister without disturling .ts position,
and the rods were withdrawn.

Considerable time was spent in coupling and uncoupling the rods.
The 20-foot lengths were difficult to maneuver in cramped under-
ground tunnels and they were quite susceptible to damage. Handling
and storage were also problems. Sandia developed a pin and tongue-
and-groove quick-disconnect coupling of 1-inch (1/8-inch wall) aluminum
tubing in 5-foot (0. 1-inch) sections using a Bal Lok disconnect on the
lead rod. The pull wire was permanently threaded through a1l the
rods, which ware kept in a partitioned carrying case to prevent tangling
of the pull wire,

In use, the first rod with the locking unit {s fastened (o the canister
and pushed into the hole so the trailing end protrudes a few inches.
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The next section is coupled to it by holding the latter at right angles to
the first rod, pushing the two sections together (being guided by the
pin and tongue-and-groove), and straightening the rod to be in-line with
the first rod. It is then pushed into the hole, and the process repeated.

The distance the canister is pushed into the hole is measured by
counting the number of 5-foot sections used. The rods and couplings
are rigid enough so the canister can be accurately located longitudinally
and can also be rotated. Thirty rods are in a set, giving a working
distance of 150 feet. The carrying case is 4 X 24 X 64 inches, and
can readily be carried by two men.

In vertical holes, compass units (described below) are generally
used to determine the azimuth orientation. If the holes are large
and the depth shallow, the compass unit may be omitted and a stripe
on the canister top, illuminated by a lamp, may yield sufficient accuracy
for orienting the canister. In other cases, two lamps on the top of
the canister have been surveyed-in with a transit at the surface.

In horizontal holes, visual methods (stripe on the can), electrolytic
potentiometers, contact-making pendulums, or the gages themselves
have been used to indicate when the canister was properly positioned.

Some inertial instruments, such as the mechanical displacement
gage and the pendulum velocity gage, which depend upon gravity to
null them, require rather precise leveling after they are installed in
the earth.

Tlhe double-integrating mechanical displacement gage consists of
a free mass on a guide shaft which must be maintained level within 15
minutes. A motor-driven worm-and-gear sector tilts the {frame sup-
porting the gage proper, after the canister has been tamped or grouted
into place. An electrolytic potentiometer level (Hamlin Model EP 10-12),
mounted on the gage proper, is used to indicate when the gage frame
is level.

Pendulum-type velocity gages have an operating range of 15 degrees
from true vertical. To cover a reasonable span, the pendulum should
be zerced within £1/4 degree of the center position. This can only be
done by leveling the instrument case. Velocity gages on the ground
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surface are leveied manually as they are tamped or grouted into
position,

Since deep-drilled holes can vary 2 or 3 degrees from the vertical,
some means must be incorporated in the instrument canister to level
the gage after the grout has set.

The first leveling device consisted of a solid block in which the
velocity gage was mounted, and which was tilted by a motor-driven
worm and gear. A few preliminary tests showed that the gear backlash
introduced excessive play when the unit was shocked.

The second version consisted of pivoting the gage and block through
the center of gravity and using a motor-driven screw to compress an
opposing spring to about 200 pounds force. These forces, reacting
through spring-loaded (300 pounds) ball pivots on the block, provided a
gage mount capable of transmitting 100 g to the gage, with very little
distortion in the sensitive axis.

Compass Indicator Units

In order to position a gage canister in a vertical hole at known agimuth,
some fixed reference is necessary. Gyroscopic compasses were first
considered, but the cost per unit and the drift over a period of hours,
makes them unattractive for this application. In addition, it is often
desirable to check the orientation of the unit months after the installation,
Various radio compass devices were considered, but the power and
electronics required became rather excessive. Magnetic compasses
were the reasonable answer.

Sandia constructed a 1-1/4-inch compass card with a 0.028-inch
hole drilled 0. 475 inch from its center. A light source above the
card illuminates a photodiode below the card when the hole is in
alignment. This assembled section is placed in a cage on a shaft so
that it can be rotated by a motor in the top section of the canister.
Geared to the cage-shaft is a 10,000-chm,10-turn potentiometer for
indicating the position of the light-and-diode with respect to the canister.

The early-modcl canisters consisted of several machined sections
welded and bolted together. All joints were potential sources of leaks

‘when submerged. Extensive pressure tests of O-ring configurations

developed a canister in which there were only two possible sources of
leaks, i e., at the cap and at the cable entrance. Later developments
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combined the instrument canister and the compass canister, thereby
eliminating the cable entrance as a possible leak.

The first models contained two sets of carbon-zinc batteries, two
relays, and miscellaneous hardware, including a slip-clutch. Zinc-
carbon batteries, operable to 100°F, are useless in deep holes with
high temperatures. However, mercury batteries are usable to 185°F.
The slip-clutch and mechanical stops required considerable machining
and were replaced by pins in the potentiometer-gear and small micro-
switches. The switches also indicate when the compass-cage has
reached the end of the travel. Magnetically shielded permanent magnet
motors are used for ease of reversibility over a single pair of wires.
The limit switches are shunted by diodes to reverse the motors when
the limit has becn reached.

In the control box, two independent 28-volt dc power supplies are
included, one for the motor control and the other for the potentiometer
bridge circuit or the photodiode circuit. A zero center 100-micro-
amperes meter serves as a galvanometer and an indicator for the
photodiode circuit. Two diodes, back-to-back, control the galvanometer
sensitivity and avoid pegging the meter. A single two-position switch
changes all circuits to either function. One two-gang, 200-ohm
potentiometer in each lead of the lines to the compass unit below com-
pensates for line resistance in the bridge circuit. All controls are over
- five conductors, one of which may be the shield of a four-conductor
cabie.

Practically all of Sandia's work has been in media (soils, granite,
salt, and alluvium) which are relatively free from magnetic materials
of pockets. Experience by oil-field-logging companies has indicated
that there is relatively little change in the direction of the earth's
magnetic field from the surface to several thousand feut down. What-
ever error exists is small compared to the accuracy required for this
work.

However, if steel cables are used to suspend the ballast or weight
below the instrument arrays, the spurious magnetism of the steel
cables would affect the compass and cause unpredictable errors.
Therefore, it is the practice te use phospher bronse cables of 1/2-
or 3/4-inch diameter when the array is to be bypassed. Originally,
two cables were used, but it was found that there was a tendency for
the cables to twist around the array and to bind the canisters when an
effort was made to rotate them.
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Canister Rotating Unita

Three types of devices have been used for rotating the instrument-
and-compass canister assemblies,

The first unit used consisted of a Bodine KC-22 115-volt, 60-cycle,
condenser-run, induction motor (0.001 hp, 0.9 rpm) stepped down
through a 1:3 gear ratio to drive a shaft from which the iistrument-
compass assembly was suspended. A slip-clutch and mechanical
stop permitted 370 degrees of rotation. The output torque was about
20 ft-1bs. Spring fingers on the outside of the canister prevented
rotation of this unit in the hole. Gear trouble led to the development
of a sturdier assembly.

The second-generation rotating unit consisted of a Borg 11-watt,
4.7-rpm, 15-inch-ounce torque, 115-volt, 60-cycle, condenser-run
induction motor driving a planetary reduction gear and an output shaft
having a torque output in excess of 50 ft-lbs.

Both these designs used motors whose output torques were voltage-
sensitive and which required three conductors for operation. As holes
became deeper, both these factors became undesirable.

The third version of the rotator adopts a Giobe Industries 115-volt,
1/30 hp, dc permanent-magnet motor with a 5700:1 integral gear box,
requiring only two conductors for bidirectional operation and whose
torque is proportional to current (which can be monitored from the
control box at the ground surface),

In past operations, difficulties were experienced with the canister
sticking and the springr slipping, bending, and taking a psrmanent
set, thereby imparting erratic motion to the instrument and compass
canisters as they were rotated. To overcome these difficulties, a
scissor jack and motor were added to the rotating canister to lock it
more effectively to the hole walls to counteract the torque of the
rotating mechanisms., However, the jacking mechanism recently was
found to be unnecessary on long strings whare the ballast (lead weights)
exceeded 1000 pounds; consaquently, it was eliminated, and the
canister was shortened appreciably. ’

wmdmm

When an instrument array is being lweud into a drmed hoh. it
is desirable to continucusly monitor both the length of cable installed
and the total weight on the cable. The length of cable installed.
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indicates the elevation of the instrument array with respect to the
shot elevation, The weight on the hoist cable is an index to the
smoothness and alignment of the hole, blockages, or the height of
water in the hole. Erratic -~ ..»3 may indicate spalling of sufficient
severity to juatify removal ai.. :nspection of the array for possible
damage or to bail out th.- 2-u1is in the hole.

Some drill hoists include a tension indicator but these are not
always readily accessible. The sensitivity of these indicators often
leaves something to be desired.

A clamp-on, three-sheave dynamometer was developed to monitor
the cable tension and the footage. This unit may be located anywhere
on the cable that is convenient. A Dillon 5000-pound dynamometer
measures the force on the center sheave, The assembly may be
calibrated statically with any known weight or force. The range of
the instrument may be varied by changing the spacer on the take-up
rod which is removed when the dynamometer is installed around
the cable.

The lower-sheave shaft operates a bi-directional revolution counter.
The diameter of this sheave is such that its effective circumference
is exactl; 2 feet when used with 3/4-inch steel cable. Calibration is
effected by moving the dynamometer a known distance along a cable
stretched along the ground under a tension approximating the average
load to be expecied, Accuracies achieved in the field have been better
than 20 percent on installation and removai. Some error was probably
due to stretching of the cable under load.

Toush-down Indicators .
In holss wnere spalling is severe, it is desirable to know whether
the debris has risea in the bottom of the hole sufficiently to prevent
- lowaring the array to the desired depth.

A wztarp:oot touch-down indicator was developed to indicate when
soiid bottom was reached. It consists of a canister (of the array
- diamaotar) sttached to the bottom of the lead weight through- rod by
‘means of a coupling and plunger rod. Tiie plunger rod is sealed
with O-rings and spring-loaded to 300- or 400-pound force with
automobile valve springs.
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When an obstruction is encountered, the spring is further compressed
and the plunger rod operates a microswitch to give a signal at the sur-
face.

The heavy spring preloading prevents operation of the switch by
hydrostatic pressure (when there is water in the hole) or by minor
obstructions which fall away.

Lead Weight Ballast

Since the canister assemblies are hollow, their effective densities
are often less than 1. 0; hence, they would float if water were in the
hole. When grout with a density of 2 to 3 is introduced, most
canisters definitely would float, or the tension in the array would be
insufficient to maintain the array in a vertical position. It is therefore
necessary to add weights to the bottom of the arrays to maintain tension
in the hoist cables under all conditions.

Originally, lead slugs of the required weight were cast in one piece,
but because of handling problems the lead slugs were redesigned into
4-foot units of 600 to 700 pounds each which are coupled together to
obtain the total weight required. Handling problems are greatly
simplified, '
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SECTION 5
UNDERWATER MEASUREMENT SYSTEMS

There are no fundamental innovations recently developed for use
in underwater shock research., This is because fundamental meas-
urement ideas developed ten to twenty years ago appear to be adequate
for today's measurement objectives. Advances are being made by
using modern solid-state techniques to increase reliability and flexi-
bility of instrumentation. Adaptation to the deep ocean environment
with its tremendous hydrostatic pressure is being successfully made.

Two distinct types of underwater pressure measurements are dis-
cussed here. One is a determination of the phenomena directly
associated with the shock and bubble pulse produced by an underwater
explosion, or by the water loading from an air or underground shock,
and the other is measurement of the surface wave motion produced by
the explosion. The pressures represented by these two measurements
are several orders of magnitude apart. It is difficult to design a gage
which will withstand the first and still measure the second.

The shock pulse irom an underwater burst is much greater than
that observed at an equal distance from an equal-yield burst in air or
underground., The pulse also shows a more rapid decay. Thus, all
electronic instruments used underwater should have the fast response
characteristics that are required of air or underground instrumenta-
tion, only close to the detonation,

SHOCK-WAVE PRESSURE MEASUREMENT

Pressure meacurements of the initial shock and the bubble pulsa-
tions are generally performed. In addition to peak pressure, a meas-
ure of the time-of-arrival of the various direct and reflected shocks,
the positive duration, the total positive impule and the energy flux
are desirables Mecsurement of negative impulse is important for
some studies, but it is usually an item of minor interest which {s ob-
tained only if it does not interfere with the other measurement,
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Mechanical Systems

Ball crusher gages, diaphragm gages, and other mechanical gages
have been extensively used in underwater work, Since most mechani-
cal systems do not supply a time history of the shock, but merely a
measure of the peak pressure or energy of the wave, they are usually
employed today only as back-up instrumentation.

Ball Crusher Gage

A Ball Crusher Gage consists of a steel piston, a soft metal ball
and a steel anvil. One end of the piston is in contact with a copper
sphere which rests on the anvil; the other end of the piston is exposed
to the shock wave. The amount of deformation of the ball is propor-
tional to the shock impulse. The response of the gage up to the time
of maximum deformation is equivalent to that of a mass-spring sys-
tem subjected to a force applizsd to the mass; the motion of the piston
can be described by the differential equation of a linear oscillator.

In order to integrate this equation to determine the maximum pressure,
it is necessary to know the shape of the pressure-time curve,

The NOL Ball Crusher Gage is a representative instrument, It
has either a 5/32- nr a 3/8-inch copper sphere as the deforming ele-
ment and can measure pressures from 300 to 1, 500 and 700 to 6, 000
psi, respectively (Reference 55).

Modifications of the NOL gage were made before the 1958 Hardtack
nuclear tests in order to waterproof the gage. Experience with the
system had indicated that the original gage would leak after a few
hours at rather moderate depths, and would leak almost immediately
at depths greater than 100 feet, Water inside the gages causes a low,
erratic response. Waterproofing is obtained by O-ring seals on all
screw joints and a rubber diaphragm over the piston. NOL reported
success with this system to 500 feet, the maximum depth they
instrumented,

NOL Self-Contsined Gage

NOL has experimented with self-contained mechanical systems
which produce pressure-time data, In the last system modified by
WES for use in a nuclear test (1958), the shock pressure pulse entered
a damping orifice and lead-in tube, causing rotation of a Wiancko
twisted bourdon tube pressure sensing element. A diamound-tipped
stylus fastened to the sensing element scribed a pressure-time trace
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on a rotating, coated-glass drum which was driven by a spring-
powered clock motor actis ated by an explosive escapement release
level, The amplitude of the scribed mark was linearly proportional
to the pressure. Timing marks were produced by a separate electro-
magnetically driven stylus. Tue response time of the system was

0. 3 milliseconds and pressure ranges from 50 to 3, 000 psi were
available (Reference 55),

This instrument is remarkably similar to the BRL mechanical
airblast system which was in use in 1958, * The newer BRL system,
with its more reliable drive and timing mechanism, is waterproof
and could be used under water; however, the maximum range of
3, 000 psi and a rise time of 0.2 to 0.5 milliseconds in the BRL sys-~
tem offer no measurement improvement over the older NOL gage.
The shock resistance of the mechanism is not known,

Electronic Systems

One of the major disadvantages of mechanical systems, even those
which record time histories, is that they must be recovered in order
to provide a measurement. This restriction does not apply to elec-
trical systems where the signal may be transmitted to a safe recording
location.

NOL-Wiancko A

Attempts have becn made, with varying degrees of success, to
encase an airblast gage in a waterproof housing to adapt airblast
sensors for underwater work, NOL (Reference 55) has used a
Wiancko P-9-1005 sensor with a Hartley oscillator (modified to
increase the base frequency to 25 Hz) within a ball-like waterproof
case. This system meacsured overpressures of from 300 to 3,500
psi ut 1, 000 feet below the water surface. A cable is used to deliver
power from a surface station to the oscillator and to transmit the FM
signal to the recorder on the surface.

*In fact, low range BRL gages were modified by Scripps Institute

of Oceanography for use in shallow-water wave measurement (Refer-
ence 56). A compliant bladder on the ocean floor, connected to the
surface supported by a hose, was pressurised with air until the
bladder began to fill. The air volume change caused by the bladder
expansion and contraction in response to wave pressure was recorded
by the BRL gage.
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Pisnsedoctvic Goges

The standard piesoelectric sensing elements used today are tour-
maline and some of the ferroceramic elements, Tourmaline is pre-
ferred because it is sensitive to hydrostatic pressure, and thus no
mechanical protection is required to insure that strain acts in a parti-
cular direction. Any such protective housing increases the effective
size of the gage which is a distinct disadvantage for an underwater gage
because of the rapid decay of the underwater pulse. As shown in
Figure 45, the smaller the gage, the more nearly the gage output will
follow the applied dynamic pressure. It is the usual practice to use
the smallest gage possible in order to reduce this crossing error, It
must be noted, however, that for nuclear detonations, the duration of
the shock waves are long enough so that the crossing error becomes
negligible and easily corrected,

TRUE PEAK OF THE
A" FORCING FUNCTION

\ RECORDED PEAK

l‘- GAGE DIAMETER

. -+ .
T Figure 45. Crossing-time ervor

The tourmaline gages used by NOL, WES, and DTMB are prepared
by Crystal Research Company, Cambridge, Massachusetts. Table 11
lists the output response of various sizes of tourmaline gages; all
consist of a pile of four plates,

Table 11. Toomllm‘oqo chorocteristics.
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Waterproofing is a problem with the tourmaline gages and their
cable connections. NOL hac attempted a number of different methods—
lacquer, silicone rubber—but always comes back to one of the first
methods used, that of coating the gage with a special wax mixture,
There may be some impedance mismatch between the water and the
wax but this is entirely negligible.

ARC PZT Goges

NOL has tested some of the lead zirconate titanate gages commer-
cially available from Atlantic Research Corporation. The manufact-
urer reports that pressures up to 10, 000 psi can be measured with
some models, and a variety of frequency responses, rise times, and
direction sensitivities are available., Most of the gages are water-
proofed with a bonded neoprene rubber sheath covering the sensor and
a monel mounting sleeve which connects to the transmission cable.
For shock wave pressures ofa few hundred psi or greater, NOL found
these gages failed to yield reliable results, and failed readily when
subjected to underwater shock, At very low pressures—a few psi~
these gages may provide usable data.

Pace Variable Reluctance

WES has recently reported success using Pace Engineering Com-
pany Model P24A electronic water pressure gages (Reference 58).
In this gage, a flush stainless-steel diaphragm moves a small mass
whose motion is sensed by a variable reluctance sensor. Ranges of
0 to 200 and 0 to 500 psi are available with natural frequencies from
30 to 35 kHs,

SHOCK WAVE TIME OF ARRIVAL

Doppler Sgetoms

Both pressure switches and the SLIFER, or Doppler, system
(described in the section on Underground Measuring Svstems) have
been used to obtain time-of-arrival data, Tho pressure switch is
essentially a crushable section of & coaxial cable, A small bracs
cylinder 1/4 inch in diameter and 1/2 inch in length is grounded elec~
trically to the outer sheath of a coaxial cable. A central rod, which
is an extension of the central conductor of the coaxial cable, is insu-
lated by air from the outer case. A shock greater than 4,500 psi
crushes the case {in less than | microsecoud) forming an electric
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short in the cable. A puls- generator codes the signals for trans-
mission and recording. The main problem in a field test (Refer-
ence 58) was waterproofing. The use of air-dielectric cables in a
SLIFER system should end most of the waterproofing problems (a
solid dielectric coaxjal cable would not be susceptible to water leak-
age, but would measure only pressures above 10 kb).

Some of the gages developed for very high-pressure underground
measurements could easily be adapted for high-pressure underwater
work., Of particular interest is the IITRI electolytic cell which is
not directionally sensitive and responds to shocks from 5 to 350 kb,
and the manganin wire gages developed by SR] and Sandia.

WAVE MEASUREMENT

Measurements of low-frequency, water waves involve determination
of the height of the crest above still-water level, the depth of the
trough, and the surface velocity of the wave train. There is also a
requirement to determine the distance of wave run-up on the shore.

Mechanical Systems

Mechanical self-recording, pressure-time gages,normally used for
shock pressure measurements, may be positioned in shallow water to
record the pressure change due to the passage of surface waves (see
page 191). Both modified BRL mechanical gages and bourdon tube-
driven stylus gages have been used (Reference 56).

Cen Gage

The maximum wave amplitude can be determined by noting the
high water mark on a vertical post or pole. Usually this measurement
is made by attaching small cups on the pole at known heights and
determining if water is in the cups after the passage of the wave,
Similarly, open cans have been buried flush with the sand surface on
a teach at various distances from the water. The presence or absence
of water in the can is a measure of wave run-up,

Optical Systems

The absolute motion of a fleat ou the water surface may be photo-
graphed from a fixed land station, The float motion is related to the
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motion of the wave passing beneath, Accurate elevation-versus-time
curves derived from the photographs give data on wave position,
period, and height.

WES Grid Board Gage

A more quantitative measure may be obtained by a photographic
recording of the wave passage against a fixed marked staff or a grid
board. A grid board gage used by WES (Reference 59) will be
described as representative of this system. The WES grid gage con-
sists of an 1/8-inch thick aluminum plate, 4 feet by 8 feet, painted to
provide a contrasting background on which horizontal lines (at 0. 2-foot
intervals) are painted, The gage is positioned with the 8-foot length
parallel to the water surface on a radial line from the point of detona-
tion. The midheight of the gage is adjusted to be at the water surface.
A motion picture camera records th= wave action. A time reference
is provided by an accurate electric clock within the field of view of
the camera,

Asrial Photography

Aerial stereographic photography of a larg: segment of the wave
train may be performed. Standard photogrammetric procedures on
the stereo pairs yield data on the amplitude and location {and hence,
the speed) of the various waves,

Electronic Systems

Inverted echo sounders positioned on the sea floor, resistance
gages, and pressure gages (both commercial and specially constructed)
are used to provide amplitude-versus-time records,

Two types of variable resistance gage are in current use; the wave
rod and the parallel wire gage,

WES-Wave Red

The wave rod is essentially a step resistance wired in series with
an oscillographic galvanometer (Reference 60). The resistance rod
is placed vertically in the water with the static water surface near the
center of the rod., As the water surface changes level, the water con-
ductor path along the rod between the resistors and a conduction strip
changes the current flow to the galvanometer.
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WES Poullsl Wie Cage

The parallel wire gage (Reference 59) consists of two 20-mil diam-
eter stainless-steel piano wires (about 5 feet long typically) spaced
approximately 1/2-inch apart and stretched between two circular
pieces of micarta. A steel rod also extends between the micarta to
give the gage its necessary rigidity (and to enable the tension in each
wire to be adjusted). The gage is connected to one leg of an ac bridge
circuit which has a 10-volt, 60-cycle output, Changes ir water level
are reflected ae changes in gage conductivity which, in turn, cause a
change in the bridge circuit power output. The output is rectified,
filtered and fed to a sensitive galvanometer for recording.

Tounemi Gages

Scripps Institute of Oceanography uses very specialized long period
wave recorders (Tsunami recorders) for both open water measure-
ments, on deep water taut wire mooring, and near-shore studies
(Reference 60). A basic characteristic of these recorders is a hydrau-
lic filter system (and a very deep-placed pressure entry port) which
suppresses the effects of normal tide, wind-driven short-period swell,
and surf beat.

Scrippe Pitch-Angle Recorder

Scripps has also experimented with a self-referencing recorder
(Reterence 56). Since the pitch angle of a float, or vessel, follows the
slope of the surface, a recording of the slope-versus-time curve can
be integrated to yield the wave height history. A Minneapolis-Honey-
well LABS gyro, designed to give pitch and roll information to an auto-
matic pilot, was modified to record measurements of pitch to 30
degrees and yaw to 160 degrees. In actual use, there was a base line
shift on the output record which complicated the problem of data
reduction,
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SECTION 6

TRANSMISSION, SIGNAL CONDITIONING
AND RECORDING

Common to all measurement is the problem of accurate transmis-
sion and recording of the data signal. Most of the problemet in trans-
mission, signal conditioning, and recording are related to the need
to record at a distance trom the sensing device in a blast and radia-
tion environment which is severe, unusual, and not very well under-
stood in many respects. The output of most sensors is extremely
low, and the signal requires amplification for transmission and r2-
cording.

Two basic philosophies, r.ot mutually exclusive, have developed
about methods of recording nuclear blast data. Each has its parti-
cular advantages. :

The first method is to record on equipment which is essentially
of a laboratory type by moving a portion of the laboratory into the
field in an instrument bunker or a apecially desig.;:ed instrument
van-trailer. Recording in this manner enables a researcher to use
rather sophisticated equipment buv* > must usually locate the recor-
der ot great distances from the sour.e of the signal. The second
method is to design a special hardened recorder which may be
installed near the wignal source, The s'.nplicity of use and (hope-
fully) the reduction of coet with a hardenad recorder must be traded
off against the likelihood that the recc rder cannot be recovered for
some time after a nuclear test, dus to radiation hasards, or the need
to remove debris to gain access to the recorder emplacement.

RECORDING SHELTERS
Bunkers

Bunkers, usually of reinforced concrete, buried or located above-
ground, can be large enough to house over 100 channels of recording
equipment, or so small that they protect a single instrument. Usually,
the larger installations have proved to be more useful because it is
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possible to maintain, by air conditioning, the environment required
by most laboratory instruments,

Vans

Most agencies have found it easier to use a van-trailer both to
transport the instruments to the field and to house them whiie they
are there. A trailer used in this manner will eliminate the field time
required to mount the instruments in the bunker and reduce the time
necessary for instrument checkout, The trailers may be buried or
protected by sand bags or earth berms to guard against blast, ther-
mal, and radiation damage.

AFWL Hordened Shelter

A unique portable hardened instrument shelter has bsen developed
by AFWL. The shelter, approximately 12 feet long and 8 feet wide,
ia constructed of 3/8-inch corrugated steel plate. It is capable of
withstanding a 50-psi overpressure. Signal conditioning and record-
ing equipment for 100 channels is shock-mounted inside. The unit is
self-contained with its own generator, air-conditioning and receiver
for WWYV timing signals., Its size and weight are such that it can be
transported by air, if necessary; however, it is usually located on a
flatbed trailer along with an equinment work shop.

CABLES

A great number of different types of cables are baiag used in field
test programs. The actual cable selected depends on the type o sig-
nal, the number of signals to be transmitted and the type of recording
equipment being used.

- The NOL, for instance, uses Signal Corps field telephone rable
(type WWD-1-TT) to connect ultradyne-type gages to the recc.ders.
This cable has been used where gages were as much as 2 miles from
the recorders. . :

Type AWG 20 four-conductor coaxial cable is used by many field
groups for underground tests. AWG 29 ie a twiated 96-strand,
braided, shielded cable with a naoprcne Jacket. The cable is about
1/2-inch in diameter and weighs aAb~ut 0.1 }b/ft. Laboratory tests
" have shown a tensile strength of about 700 pounds, with a 3- to 4-
perceut elongation. Howaver, the anchoiing staength of the Cotiax-type
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connector with which the cable is usually connected to the canister,
or gage, is only 100 to 200 pounds, 'After one nuclear test, prac-
tically all the connectors examined showed evidence of the cables
moving out of the canisters. Crushing tests at Sandia showed the
cable withstood pressures of 1200 to 2200 pounds when compressed
between 1/4- to 2-inch cylinders and a flat plate, and 18, 000 pounds
between two 6-inch flat plates, When the cable was placed inside a
3/4-inch garden hose, it did not fail ai 20, 000 pounds, the limit of
the press.

Cable Survivel

One of the problems of hardwire transmission has been the sur-
vival of the cables long enough for the major portion of the event to
be recorded. This is especially critical in the plastic and crushing
sones near an underground detonation. A gain of anly a few milli-
seconds of recording time often justifies the exponditure of consid~
erable effort and expense.

Most failures have been due to tension failure of the cable. At
points where crushing of the jacket was evident, the conductors
appeared to be intact.

A number of methods have been attempted to protec’ the cables
mechanically from the effects of ground motion., To some degree
they are all successful; however, no optimum method has been devised
for mechanical protection. Among the cable-protecticn methods are:

1. Placing the cable inside a 3/4-inch garden hose~
this inexpensive method seems to work as well as any
other

2. Placing cables inside 2-, 3=, or 4-inch flexible
Graenfield conduit or reinforced high-pressure rub-
ber hose

3. Placing cables inside 2=, 3-, or 4-inch aluminum
or stesl tubing

4, Colling the cables into a helix, inserting the helix
into a steel tube, and filling the tube with grease to
permit frae cable movement after grouting

5. Back-mling trenches with md or nmlcunu
after the cables are snaked in the trenches :
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6. Spiraling the cable around 3/4-inch Bungee cord
or 3/4-inch garden hose and placing the whole assem-
bly inside 3-inch Greenflold flexible metal conduit,

Sandia (Reference 54) reports success with special cables. For
the Shoal detonation they obtained two different types from the Vector
Cable Company, Houston, Texas, One was a 4-conductor AWG 20,
shiclded, double-armored, jacketed cable. A special connector
anche red both layers of armoring strands by clamping; a tension of
about 5, 600 pounds was required to cause the wire strands to slip.
The other cable consisted of six 4-conductor AWG shielded, jacketed
cables spiraled around a 1/2-inch (1/16-inch wall) rubber tube, all
of which was covered with a 1/10-inch neoprene jacket. The outside
diameter was 1-1/4 inches. At locations of major earth movement,
the cables were installed in 3-inch (1/8-inch wall) aluminnm tubing
for additional protection.

If a high-mechanical-strength cable is required, a type AGW 20
can be obtained which will not fail at a static load of 56,000 pounds
pull. The armor consists of twenty-four 3/16-inch, 7 x 7 stranded
steel cables spiraled at 23 degrees over the jacket, The strands are
brought through a2 special connector, turned 180 degrees and clamped.

TREE Effects

Transient radiation (TREE) effects produce signals which have
proven to be very detrimental to measurement systems. The current
associated with this signal may be defined as a replacement current,
since it is most likely to be a current in an external circuit which is
necessary to replace electrons, or other charged particles, which
are knocked out of their usual posilion by the radiation. The magni-
tude of the radiation-induced signal changes with the voltage applied
to the cable. The change in current, relative to the current with no
potential applied, is defined as a conduction current, since it is pro-
bably due to the conductivity induced in the insulating dielectric by
slectrons produced by the radiation, o

Conduction in the insulator is frequently characterised by two com-
ponants. For very short radiation pulses, there is a prompt compo-
nent whoge magnitude is a function only of the instantaneous exposure
rate. At the end of the radiation exposure, thare is'a delayed com-
ponent havtn; an approximately cxpotlatht dcuy '
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Ra-iation effects on selected coaxial cables exposed in a linear
accelerator are summarized :n Table 12 (from Reference 5).

Toble 12. Radiation effects on coaxial cal las exposed in a lineor

accelarator to 30-Mev electrons ot =10

roentpens/sec.

Replacement Current, Conductonce,
10~14 coul/cm- 1017 mho-tec/
Cable Type roentgen cm-roentgens
RG-8/U Solid -70(@ 0.5
RG-58/U Solid +3 <1
RG-572/U Solid - 2.4 1.2 prompt
~2.£ tolms

RG=-62/U Semisolid - 2.4 50 ®)
RG-114/U Semisolid - 0.5 5
Teflon RG-62/U | Semisolid -4 16
Teflon RG-115/U Solid -7 s
Teflon RG-141/U Solid -4 <1
Teflon RG-210/U | Semisolid -3 30
Foomed RG-8/U Cellulor -3 15
Foamed RG-62/U | Cellular + 8 25
Roamed RG 1-in Cellular +34 15
“special cable L »
NOTES: )

o May be too large due to stopping of a portion of primary beam.

b Averoge over 4,5-microsecond pulse. Initial spike (3 microseconds)

about a factor of 10 larger,
* Reference 5.

Thermal-neutron- 2nd fast-neutron-induced replacement currents
are opposite in direction to that ¢f the gamma-ray components,
The magnitude of these replacement currents are such that, in typi-
cal pulsed reactor exposures without selective shielding, the gamma
and neutron contributions are almost equal and opposite. ¥ Hence,

%It should be noted that the time sequence of the arrival of gamma
and neutron radiation from a nuclear weapon may be different from

~ that of a pulsed reactor; thus in a nuclear environment the magnitude
of the replacement current may be preater than indicated in Table 12.
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the net signal observed can actually represent a small difference
between two large components.

The replacement currents appear to be independent of the inte-
grated flux and expodure rate. The fast-neutron component of the
‘replacement current, however, exhibits a saturation such that the
current per unit of flux decreases by approximately a factor of 20
after an extensive irradiation.

Wiring with thin in~ulation is not expected to exhibit the radiation
effects behavior observe in coaxial cables. In particular, the lim-
ited measurements reported in DASA 1420 (Reference 5) indicate
that the replacement current is primarily a function of the gamma
environment. To a good approximation, it can be assumed that the
radiation environment will amount to the emission of between 1 and
5 x 10~3 electrons for each gamma photon traversing the object,

A reasonable average value corresponds to about 3 x 10° 3 coulomb/
cm- roentgen,

The conduction current is a very sensitive function of the amount
of insulation around a wire and its nearby environment. For a bare
wire in air with a grounded plane nearby, the predominant conduction
is due to the ionization produced in the air. This ionization current
is a strong function of air pressure and also is a nonlinear function
of the applied voltage, and the asymmetric dependence of current on
applied voltage is due to the fact that most of the current is carried
by free electrons,

Placing insulation around the wire would clearly reduce the con-
ductance, but at the price of increasing the effective area of the wire,
and hence, the effective replacement current. At present, the best
information seems to indicate that a layer of insulation having a diam-
eter a few times the wire diameter is optimum, A more detailed
investigation of the dependence of radiation-induced curreat on the
thicknoss of insulation around the wire is needed.

Cable Connectors

One of the weak points of the instrumentation systems is the entrance
of the cables into the instrument canister. Cable sheaths are rela.
tively free of pinhole leaks, and the heavy neoprens jackets withstand
considerable mechanical abuse, but securely anchoring the cabls to
the canister continues to be a problem. Even though the cable jacket



RECORDING 203

and shield may remain connected to the canister, the conductors
inside are often pulled away from their terminals, or the conductors
are broken inside the insulation, if the cable is disturbed sufficiently,

For surface canisters and shallow holes, Sandia has iound that the
Conaxn-type commecter is satisfactory (when properly insteils’; if {he
external hydraulic pressure is relatively low and movement of the
earth not too great. This connector consists of a base, cap, rubber
bushing, and pusher slug. The base has a 1/2-inch, -14 tapered pipe
thread, which is screwed into a tapped hole in the canister. The
cable is inserted through the cap, pusher slug, rubber bushing, and
base, into the canister. As the cap is screwed down, the pusher slug
compresses the rubber bushing so that the outside diameter expands
to seal to the walls of the base. At the same time, the inside diam-
eter compresses the cable to seal to the jacket. When the connector
is properly assembled, the cable has a slipping strength of 100 to 200
pounds, and will seal to 100~ to 200-psi external hydraulic force,
However, if the cap is tightened too much, the cable jacket may be
cut and the conductors actually broken.

Deep holes with high external pressures and canisters with 20 to

50 gages present different problems, The Vector Cable Company has
developed a termination capable of withstanding 4000~ to 5000-psi
external pressure. A flange and O-ring are bolted to the canister to
‘seal the connector. The cable passes through a sleeve in the flange.
Each conductor is terminated on a feedthrough bushing on an insula-

bulkhead. A neoprene boot is vulcanized outside the serrated
brass sleeve (on the flange) and to the cable sheath. Since the cable
contains no voids, external pressure tends to improve the seal
between the boot and brass above.

During preliminary tests, it was found that the cable had a ten-
dency to creep through the brass sleeve when externally pressurized.
A positive-stop bulkhead and feedthrough bushings, and the filling of
cable voids with 3 vulcanized rubber compound, sliminated this dif-
ficulty. This type of comnector proved ommem-y at tho Shoal and
Dribble operations.

Mecca c.bh and Service, Inc., of Houston, has developed i pin-
and- jack type of connector which has also proven satisfactory under
bigh pressure. The single-conductor type consists of a brass 1/16-
inch, 24-NPT portion with an O-ring. This screws into the canister
wall. A rubber jacket is molded around the brass fitting and has a
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half O-ring molded into the outside wall about 1/4-inch from the end.
The canductor or pin extends through an insulating bushing through
the brass tube fitting. The on-conductor cable termi .ates in a jack
which is covered by a rubber boot vulcanized to the cable jacket.
About 3/8 inch from the end of the boot, an O-ring groove is molded
on the inside of the boot, When the pin and jack are engaged, the
O-ring is engaged. External pressure increases the sealing pressure.

Sandia attempted to use glass-insulated feedthrough bushings man-
ufactured by Fusite Corporation, Cincinnati, Ohio, Type 1/16-27NPT-
FP., The bushings have maintained a seal to more than 25, 000-psi
oil pressure. These would have required insulating the exterior
connections.

An attempt to waterproof these terminals by potting in RTV Silas~
tic compound failed when 4000-psi water pressure caused a Conax
connector rubber hushing to cut the cable jacket, permitting water
to flow along the fiberglass cable filler to the terminals. Ponding of
the silastic compound to the neoprene jacket was also unsatisfactory.
Bonding to the aluminum canister, however, was good.

RECORDING EQUIPMENT

Most recorders in use today are off-the-shelf items of commercial
manufacture; a few, notably the AFWL DAQ-PAC and Harry Diamond
Laboratories WETR, were produced by special order. A great many
combinations and permutations of recording, and signal coadition
system eloments (off-the-shelf, specially designed and breadboard)
are employed, according to the particular requirements of a test,
squipment availability, past experience, and individual preferences
of a test group.

A typical system might use a MOD CAI0 Statham 10 KHsx (or a
Genisco 20 KHs or a Wiancko 3 KHs) carrier system; a Teledynamics
Type 1270 subcarrier oscillator; and an Ampex CP-100 tape recorder
and Tektronics No. 521 oscilloscops. FM carrier demodulation and
compensation for speed fluctuations in recorder tape transports may
be obiained with an Klectro-Mechanical Ressarch, Inc. discriminator.,
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CEC System D

The Consolidated Electrodynamics Corporation (CEC) System D
carrier-amplifier systern will be described in some detail because
it appears to be frequently used by field groups.

The System D is a carrier-amplifier system that will record eta-
tic and dynamic outputs betwzen dc and 600 Hx, It uses an amplitude-
modulated, suppressed-carrier signal, with the amplified gage sig-
nal transmitted to an oscillographic recorder. The system may be
used with two- or four-arm bridge transducers operating on the
resistance change or variable reluctance principle, A signal x %l
mv will cause a full-scale deflection, Attenuators enable the system
to operate with input signals in the range of +1 volt to -1 volt. The
system includes an oscillator power supply for sensor excitation
with an output of 10 volts at 3 Hz. an attenuator to vary the input sig-
nal levels, an amplifier to boost low signal levels, and a phase-
sensitive demodulator to provide correct polarity to the signal output.
Under the condition of zero stress on the sensor, the output signal
amplitude is gsero. The signal is amplified, transmitted, and admit-
ted to the demodulator, where the carrier is decoded and the proper
sign and magnitude given to the signal. This output is transmitted
to a current-sensitive oscillographic recorder where a permanent
graphic record of the signal is made on photosensitive paper.

The System D, although old, is still adequate for the needs of
most investigators. There is always a requirement for a higher fre-
quency response, but this is usually not critical except from gages
positioned close tc ground sero.

SYSTEM D MODIFICATIONS. Almost everyone who uses the
System D has made modifications on the equipment to meet their own
particular specifications. At WES, Mr. F. P, Hanes, in charge of
all electronic instrumentation, has modified the System D to emable
it to drive either a tape drive or a galvanometer, or both together.

A simple device has been designed at Sandia to mechanically change
tha attenuator setting of the input into a System D amplifier. In some
studies, Sandia wanted to record a phenomenon during a shot and
also for some period after the shot (e.g., the sarth movement at the
time of a shot and, later, the reflections and disturbances during the
collapse of the crater or cavity). The intensity of the signals from
these two events may differ by orders of magnitude. If the equipment



is set to record the firast event, the second event is 30 ocbscured in
noise as to be of doubtful value. If the equipment is set to record
the latter events, the initial signal saturates the system, and the
electronic equipment may not recover in time for the latter event.
Thus, it was necessary to change the sensitivity of the system
between the two events. A motor, slip-clutch, gears, adjustable
pinstop, etc., are mounted on the front of the panel of each ampli-
fier. This does not interfere with normal balancing of the unit in
setting up the system. After the systém : balanced, the attenuator
switch is left in the normal position for recording the main event,
A pin is placed in a hole corresponding to the attenuator setting
desired for recording the second event. A few seconds after the
main event, a timing signal applies 27 volts dc to the motors for 3
to 5 seconds. The motor turns the attenuator shaft until stopped by
the pin at the desired setting, then the ciutch slips until the power
is removed. The switching operation takes cnly a few milliseconds
and few data are lost in this interval.

SYSTEM D SIGNAL CONDITIONING. Since the input signals
required for System D use are relatively high, +1 volt, a low signal
conditioning and amplifying network is necessary. The Electro-
Mechanical Rasearch Corporation manufactures a unit with the follow-
ing specifications:

1. A variable dc voltage transducer power supply for
each channel, with a usable range of 5 to 20 volts

2. A balancing network for each channel to sero-null
any transducer unbalance in the range of 0 to 60 mv

3. A dc amplifier for each channel with a gain of 1,000,
thus allowing a 21 mv signal input to give a %l volt out-
put

4. A logic unit for eomploto ‘remote control tor all
phnu of the recording cyclo.

CEC System €
The CEC System E, like the Syct.m D, opontu on tho Au-wp-

brund carrier principle, and functions in _esumntially the sams way. o

as the System D; however, the System K uses a carrier frequency of

20,000 Hs, with a bandpass of 0 to 3000 Hs, wueup-mmueom.

of a much higher frequency from the gage. . -
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Hardened Systems .

Blast-hardened data acquisition systems are being employed with
increasing frequency in order to eiimminate lengthy signal cables.

The Leach, Model 800, and the Genisco Data Model 10~110 are
both small l4-channel recorders constructed to withstand shocks of

100 g.

Leach Hordened Recorder

BRL at one time incorporated the L.each recorder into a self-
contained system within a i0-inch diameter, 6-1/2-foot long cylinder
which was buried in an augered hole in the earth. Internal batteries
. provided the necessary power for operating the electronics for 30
minutes and the tape transport for 2 minutes., Thirteen data channels
were provided., The fourteenth channel was used for reference timing
and time-zero recording. Transducer excitation voltage was pro-
vided by the system: dc, 3, 10, and 20 Hz at 10 volts, When dc exci-
tation was used, 10 Hz data response was provided, by means of
wide-band FM (+40-percent deviation) with 54-Hz center frequency.
... Noise. levels. were on the order of 10 percent, full scale. The one
use of this system=to acquire nuclear blast data—failed. '

G:znisco Hardened Recorder

The Genisco Data 10~110 was designed for use in adverse environ-
mental conditions. The 10-110 is small (7 x8 x 12-1/2 inches), light-
weight (28 pounds), and portable., The system uses a unique Cobelt
tape drive and transport which eliminates many problems inherent
in tape transports using reels and pinch rollers.

The Cobelt drive scheme was first applied to the Genisco recorder
designed for use on a rocket sled. This recorder had several fea-
tures designed to permit it to operate satisfactorily under heavy
vibration and accelerations up to several hundred g. In the recorder,
no conventional reels are used. Instead the recorder is constructed
very rigidly on both sides of precision spaces only 0.000l-inch
thicker than the tape width., The tape, instead of being supported
between reel sides, is handled by the blocks of metal which form the
body of the recorder. When the recorder is assembled, the entire
tape guide function is carried out by these side plates, For with~
standing shock, this construction is much superior to one using a
reel of any kind since a reel side must necessarily be relatively

flimsy.
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The Cobelt drive, in order to maintain contact of the tape with the
head, consists of an auxiliary plastic belt which presses the tape
toward the heads. This belt also provides the drive normally supplied
by the capstan and pinch roller, The tape is thus both pulled along
by friction with the Cobelt and pressed by it against the heads. A
disadvantage of the Cobelt drive is that the lateral guidance of the
tap=, unless it is severely constrained, is related to the straightness
of the driving belt, and there is a tendency for the tape to wander,

In the Genisco recorder, this is kept to a minimum by the body of the
recorder.

The data channels are wide-band FM(+40-percent deviation) with
54-Hz center frequency, thus giving a frequency response of 0 to 10
Hz. The minimum invut to the VCO for full-scale deviation is 250
mv, Thus, a high output transducer may be used directly into the
VCO and give full-scale deviation without the use of a preamplifier.

An advautage of this recorder is its ability to operate with the
center frequency shifted, vhus giving a much higher signal-to-noise
ratio when using the extenced frequency band. With Fairchild dc
amplifiers, a sig-2l of 2 mv will drive the system to full-scale devia-
tion,

Two complete systems have been designed specifically for nuclear
atudies. They are the DAQ-PAC and the WETR.

Keltec Industries of Alexandria, Virginia, developed a hardened
Weapons Effects Test Recorder for Harry Diamond Laboratories.
Information on this equipment is not available at this time. '

DAQ-PAC

The DAQ-PAC eystem, devsloped by the MRD Division of General

- American Transportation Corporation for AFWL, is a self-contained
portabie package to obtain measurement under severe shock, pressure,
rad':tion and EMP environments. 'ra,ble 13 lists the operating en-
viroumentll spectficutxons. ’

The DAQ-PAC (Figure 46) consists buicany of two pnrto. {1)a
signal concitioning section which provides excitation voltages for trans-
ducers, automatic calibsation, bridge balance, bridge completion and -
a halanced differential preamplifier to provide adequate signal levels
for recording; and (2) an analog magnetic tape recording systet: for-

re-ording in both direct and FM format per IRIG upqciﬁcation 106-60
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Table 13. Operating environmental specifications for DAQ-PAC.

Shock 100 g, 1/2 sine wave, 11 ms duration

Neutron Rodiation 10 13 NVT (preomps ond record electron-
ics—1014 NVT)

Gaomma Radiation 108 rod C/sec intermittent, recover 0. l

ms; 100 rad C/sec continuous

EMP 16,000-ampere turns/meter magnetic
field; 5,000 volts/meter electric field
5 kHz to 25 kHz.

Temperature -20°C to +55°C
 Overpressure 500 psi minimum
Moisture Waterproof—150 psi hydrostatic pres-
sure

All components of the system are plug-in modules, so that a wide
variety of transducers can be used to obtain magnetic tape recording
without additional circuitry. After recording, the tape is recovered
and played back on any standard IRIG magnetic tape playback system,
A total of twelve data channels plus two channels for flutter compen-
sation and time reference data are provided.

The DAQ-PAC also contains a programmer, electromagnetic
pulse (EMP) input circuit protection and internal power supply. .
Upon activation by external control signals, the programmer auto-
matically directs the DAQ-PAC through a series of operations includ-
. ing pre-test warm-up and calibration, shorting input lines for EMP
. protection, data measurement recording, and post-test calibration.
Thus, the DAQ-PAC is a complete instrumentation system and requires
no external support other than the initial activation. The high shock
and nuclear radiation resistance has been obtained by an all solid-
~ state design and the careful selection of components.

The DAQ-PAC uses a modular construction to achieve a broad
flexibility for measurement purposes. A combination of modules or
cards are provided which allow measurement of low frequency pheno-
" mena (dc-600 Hz) using a 3-kHz carrier for transducer excitation, or
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wide band linear (200--2u0,000 Hz) processing for applications requir-
ing high frequency response. Wide band recording over the range of
dc to 20,000 Hz is also available as an optional feature for those appli-
cations where both relatively high frequency response and dc levels
must be recorded (see Table 14). ‘lape speeds of 3-3/4 ips to 60 ips
can be provided, depending on the frequency respcnse requirements.
The corresponding recording times range from 60 to 4 minutés, re-
spectively.

Table 14, DAQ-PAC specifications.

GENERAL CHARACTERISTICS

Accuracy. . . . 1 2 percent of full scale FM mode; £ 5
’ percent of full scale FM mode under
specified environment

Tape speed Stondard 3-3/4 through 60 inches/sec

Taope width 1 inch
Recording time 4 minutes ot 60 ips

Per IRIG Specification 106~60 (ana-
log) |

Track numbering and spacing

Recommended tape 3M Tope 9511

Start-stop time 1.0 seconds maximum

Tape speed accuracy

Flutter

Colibretion

Frequency response ond input
impedance

Transducer connection

0.5 percent from nominal ot 60 ips

< 1.0 percent peck to peak dc to 300
Hz ot 60 ips

Automatic 0 ond single shunt
See plug=in modules
Standard 4-wire system under emiron-

ment, 6-wire remote calibration for
long lines in obsence of EMP
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iSiza 24-l/4~inch diometer oblate sphere 20
inches high
Weight 275 pounds

PLUG~IN PREAMPLIFIERS

Wide bond preamplifier—model
_|1os3

Input voltoge
Step attenuator

Input impedance

Signal -to-noise ratio
Frequency response
Bridge excitation

Adjustments

200 Hz to 200 kHz £ 1 db

1 mv rms for 1 volt output
X0, X1, X10, X100

25.000 ohms, X0; 50,000 ohms ofl
other settings

30db

0—10 volts dc 1 watt

Attenuation, amplifier gain, bridge vol-
tage, and bridge balance

Carrier preamplifier—model
1054

Input voltoge

Step attenuator

Input impedance
Signal-to-noise ratio AA
Carrier frequency

Frequency response

1 mv sms for 2,5 volts dc output
X0, X1, X10, X100

1500 ohms minimum

30 db

3 kHz

0-600 Hz £ 1 db

| Bridge excitation
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Adjustments

Attenuation, ompliﬁer gain, bridge vol-
toge, and bridge balence

e

dc preamplifier—model 1062
lnp;Jl' voltoge o
Maximum peck input voltage
Gain stability

Step attenuator

Maximum source resistance
Frequency response

Bridge excitation

Adjustments

5 m\; for 2.5 volts output

+ 2.5 volts

+ 1 percent after 5-minute warm up
X0, X1, X10, X100

100 ohms

dec to 20 kHz

0-10 volts dc 1 watt

Attenuation, amplifier gain, bridge vol-
toge and bridge balonce

PLUG-IN ELECTRONICS

FM Record—model 1067

Input voltage
Frequency
Frequency response

Signal=to=noise ratio

Input impedance

Adjustments

+ 2.5 volts for + 40 percent deviation
108 Hz + 40 percent {60 ips)
dc to 20 kHz (60 ips)

30 db from dc to 20 Hz at normal record=-
ing levels

50, 000 ohms minimum

Signal omplitude, center frequency,
heat drive current
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Table 6-3. (Cont'd.)

Direct record—model 1057A

Input voltage | 1 volt P.P, for normal record level

Frequency response £ 2 db between 300 Hz and 200 kHz

Signal-to-noise ratio 30 db from 300 Hz to 200 kHz |

Bias signal 10 mHz -

Adjustments Signal amplitude, bics amplitude, heod
tuning

The DAQ-PAC is physically comprised of four major sub-assem-
blies: the electronics compartment, the tape transport, the battery
pack, and the external container. The container affords the necessary
environmental protection against EMP, overpressure, and moiature
as well as housing the other sub-assemblies, :

A boss is provided to mount a cable strain relief to minimize cable
breakage from motion of the DAQ-PAC due to ground motion, Shaped
as an oblate sphere, the container is constructed of three pieces of .
5/8-inch thick aluminum, a center section, and top and bottom covers.
Each cover is bolted to the center section with ten studs which can be
quickly removed for access to the inside or rapid data recovery.

The electronics compartment and tape transport, which form the
heart of the system, are hard-mounted to the center section as a
package. This assembly has been designed so that all the data chan-
nel modules such as the preamplifiers and record electronics ave
exposed at the top and are accessible for balancing, adjustment and
replacement when the top cover is removed. Similafly, the entire
tape transport can be quickly removed from the top for rapid recov-
ery of the rccording medium in the field,

The battery pack consists of a potted assembly of rcchargublo
nickel-cadmium batteries secured to the bottom cover. It is:coupled
to the electronics and transport through cables with connectors.

For airborne or space applications the electronics and tape record-
er can be removed as a package from the central section of the
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container and mounted elsewhere with no reduction in shock and fadi-
ation resistance. This effects a savings in weight, particularly if
‘thée internal battery can be eliminated by substitution of the vehzcle
‘electrlcal power, -

1

Raster Oscilloteow

SRI has reported success recording transient blast and shock
phenomena with a raster oscilloscope and camera. The raster oscil-
loscope used was Tektronix type 555 dual beam, The trailing edge
of one sweep gate was applied to the trigger of the opposite sweep,
producing alternating sweeps on the oscilloucope face. The sweeps
. have virtaally no "dead time" between the end of one and the start of
the other. The oscilloscope has a bandwith of 2 Hz to 13 MHz (26
nanoseconds) and a gain sensitivity of 0.05 volt/cm, The advantage
with this system is that data will not be lost if a time-of-arrival
switch fails to trigger a scope sweep, or if a timing signal is applied
to the trigger at the wrong time.

Tt

AUXILIARY EQUIPMENT = . ‘
B Northrop Ventuu Co:pormion has devoloped and tuted a num-

ber. d signal conditioning equipments in a nuclear environmeént. Ref-
erence 16 gives the: lpeciﬁootiom and operating characteristics. ot'

1. A vacuum tube voluge controlled oscillator

2. A tunriel-diode voltage controlled oscillator ~ |
3. A 100-kHs tuning oscillator

4 An ampllﬁor md &c to dc converter.

No\-thwp 1s‘also devoloping methods and cqnlpment for qling fiber
opuc: to tmtmit data,

. .',,» N i ST 3

EW“MP““.’ g . i Lo £ : : ."‘S“A‘? R |
The Endevco Corporation offers a small tube type amplifier, No,
2618B, with a gain variable from 4 to 17, It was desifiied for uié "
with pinoelectric tunnlucorl under severs radiation gnvlroumonhl

CMH*. AL . . o e IR

. it
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GATC VCO

The MRD Division of General American makes a hardened voltage-
controlled oscillator which employs RCA nuvistors as active elements
and wire wound resistors and mica capacitors as passive elements
to permit operation under nuclear radiation environments up to 1015
NVT. Potted construction is employed to allow operation under
shocks exceeding 50 g. . :

The MRD-VCO provides a full-scale frequency shift (140 percent
carrier frequency) with an input of +1 volt. Drift in frequency does
aot exceed 1 percent of double bandwith over a teriperature range.
of -20 to +80°F,. The unit contains its own voltage regulator and
operates from an unregulated 90-volt power supply.

Calibration

" Recorded data are useleas for making amplitude measurements
unless a known reference amplitude is recorded at the same time on
the same record through the complete recording system. Primary
input voltage and frequency, thermal effects on the cablés, ampli-
fiqrs, power supplies, etc.,, changes in sensitivity of the various
components with time, and other factors, all tend to change the over-~
. all system recording sensitivity. However, if a known step inpﬁt is
inserted into the complete system just before shot time, the drift -
until the main event is recorded is generally insignificant, The rel-
ative amplitudes on the record remain constant.

Much of the recording is done by recording the unbalance produced
in a two- or four-arm bridge circuit. K one arm is momentarily
shunted by a fixed resistance (and capacitor) to give a finite deflec-
tion equivalent to a known output of the gages, a known calibration
step is on the record. This step also may be used to determine
direction of the initial event on the record, and is an index to the line-
arity of the whole system in the svent actual amplitudes are greater
than anticipated. If the gage records an event directly, without
going through a bridge, & known voltage may be inurtod into tho
recording system to give the calibration step.

Sandia Colibration

At deie timé, Sandia mounted their "Cal +" unit, which pexforms
these calibration steps, in the instrument racks in the recording
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trailer, which was generally several thousand feet from the gage.
Since some time. would elapse between thz time the system was sest
up and balanced and the actual time of itie shot, temperature changes
and drift in the equipment and cables introduced some error in the
calibration step., Hence, it was decided to place the calibration unit
at the end instrument so that it would see the same changes as the
gage itself,

Sandia developed a unit to be placed in the instrument canister,
consisting of transformers, ruggedized relays, resistors, and czpa-
citors, all potted to further protect them from the environment. Two
or four complete units are potted into a pancake 4 inches in diameter
and 2 inches thick. These assemblies can withstand 1000-g shocks
without malfunction (Reference 54).
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APPENDIX A

GLOSSARY OF TERMS USED BY
BLAST AND SHOCK INVESTIGATORS

-

ABSOLUTE PRESSURE—Pressure measured with respect to a vac-
uum,

ACCELERATION--Time rate of change in velocity and/or direction.

ACCELERATION SENSITIVITY~ The difference between the sensor
output at zero acceleration and the output measured at a given
steady-state acceleration, Usually expressed in percent of full-
scale output per g.

‘Acceleration, Dynamic Transverse Excitation Sensitivity— The
+ * change in output of a sensor observed when 2 dynamic accele a-
tion, either sinusoidal or pulsating, is applied in any direction
* perpendicular to the sensitive axis.

Acceleration, Steady Transverse Excitation Sensitivity— The
change of cutput of a sensor observed when a constant accelera-
tion is applied in any direction perpendicular to the sensitive axis.

ACCURACY~—~Freoedom from mistakes or errors. A measure of con-
formity to a specified value.

ACTIVE LEG=— An electrical element within a sensor which changes
its electrical characteriatics as a function of the application of
the forcing function,

ANALOG OUTPUT-=Senscr output in which the amplitude is contin-
uously proportional to the stimulus, the proportionality being
limited by the reaolution of the transducer. Distinguished from
DIGITAL OUTPUT, _

BLAST LOADING—The total force on an object caused by the air
blast from an explosion striking and flowing around the object.
It is a combination of diffraction and drag loading.
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BLAST WAVE— The shock wave transmitted through the air, accom-
panied by winds, propagated continuously froman explosion,

BLAST SCALING LAWS—Formulas which permit calculation of the
parameters describing a blast wave at any distance from an explo-
sion of specified energy. The known variation with distance of
these parameters for an explosion of known energy is the reference.

COMPRESSION PRESSURE—See DYNAMIC PRESSURE.

DAMPING-— The resistance, friction or similar cause that diminfishes
the amplitude of an oscillation with each successive cycle,

Damping Factor—-(l) The ratio of any one amplitude and the next
succeeding it in the same sense or direction when energy is not
supplied on each cycle. (2) The percent of critical dampmg in a.
gage. Represents a compromise between frequency responae and
overshoot. The theoretical optimum figure is a damping factor of
0. 64 which corresponds to a frequency response flat + 2 percent
from gero (steady state) to 60 percent of the na.tural frequency of
the transducer. v :

Optimal Dampinge Damping ratio ehghtly lese than \mity wluch
limits sensor overshoot to a value less than the specified uncer-
tainty of the mstrument.

Critical Damping- The valie of sensor dampmg which providee
the most rapid transient response without overshoot.: :

Damping Ratio— The ratio of actual sensor damping to critical .

' damping. ‘May be expressed as the ratio of output under ltatic '
conditions to twice the output at the lowest frequency where a 90-
degree pha.ae shift is observed. :

Fluid Damping--Accelerometer. demping obtained !.hrough the dis-
placement of fluid by the mass and the accompanying dissipation
of heat.

Magnatic Damping— Damping obtained through the generation and
dissipation of clectromagnetic energy. A

DAMPED NATURAL FREQUENCY = The frequency at which a single
degree of freedom system will oscillate, in the presence of demp-
ing, upon. ‘momentary displacement from the rest _position by a
transient force.
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DEAD VOLUME~ The total volume of the pressure poft cavity of a
sensor with no forcing function applied,

DIFFERENTIAL PRESSURE~ The measurement of the difference be-
tween two pressures under consideration.

DIFFRACTION— The deflection of waves around the edges of cfbjei:is.
For a blast wave impinging on an object, diffraction refers to the
passage around, and envelopment of the structure by the blast
wave.

DIFFRACTION LOADING= The force (or loading) experienced by the
structure by the blast wave during the diffraction envelopment pro-
cess. The force results from the differential between incident and
reflected pressures of the blast wave in the early stages of target
engulfment. See also DRAG LOADING.

DIGITAL OUTPUT-—Sensor output that represents the magnitude of’
the stimulus in the form of a series of discrete quantities, Dis-
tinguished from ANALOG OUTPUT.

DIRECT SHOCK WAVE~— A shock wave traveling through the medium
in which the explosion occurred without having encountercd an
interface.

DRAG LOADING~ The force on an object or structure d\ie to the tran-
sient winds accompanying the passage of a blast wave. See also
DIFFRACTION LOADING.

DURATION;- The time required for the shock wave to pass a given
point. See also POSITIVE PHASE and NEGATIVE PHASE.

DYNAMIC PRESSURE— The air pressure which results from the mass
air flow (or wind) behind a blast wave. It is equal to the product
of half the density of the air through which the wave passes and the
square of the particle (or wind) velocity behind the lhock tmt as
it impinges on the object or structure,

DRIF T=A change in menuring .yotom output attﬂb\mbh to lny
cause,
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“E" CORE or "E" COIL— The configuration of laminations used in -
certain inductive sensors which resemblel the form of the capi-
tal Roman letter "E. "

EARTH SHOCK—See GROUND SHOCK.

ERROR— The difference between the indicated value and the true
velue of a menured paremeter.

FLAT FREQUENCY RESPONSE—Reeponae of a measuring eyefem
to a constant amplitude function which varies in frequency. The
, Tesponse is flat if it varies within specified limits of ampiitude.

' FORCING FUNCTION— The physical phenomenon such as pressure,
acceleration, velocity, or displacement which is measured by the
sensor,

FREE AIR-—A region of homogeneoue air sufficiently remote from
reflection surfaces or other objects so that the chere.cterietlce of
the direct shock wave are not modified by reflected shocks or
disturbances arising from scattering vbjects.

FREE AIR OVERPRESSURE— The unreflected pressure, in excess
of the ambient atmospheric pressure, created in the air by the
blast wave from an explosion.

FREE FIELD OVERPRESSURE—See FREE AIR OVERPRESSURE.

FREQUENCY RESPONSE—The porticu of the frequency spectrum of
the forcing function which is sensed by a system within specified
limits of amplitude error. \

PRI:QUI:NCY-MODULATED OUTPUT=An cutput which is obtained in
the form of a devhucn from a center frequency, where the deviz-
_ tion is proportional to the applied stimulus. ,

FREQUENCY RANGE--See FREQUENCY RESPONSE,
FULL mu:—m The maximurn value of forcing function the sen=

sor was deelgned to measure. (2) The magnitude of the output of
the sensor at the maximum forcing function.
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GAGE F_ACTOR—A measure of the transfer function of strain-sensi-
tive resistive materials. Numerically expressed as the unit
change in resistance divided by the unit change in length,

GAGE PRESSURE—(1) A differential pressure measurement in which
the ambient pressure provides the reference. (2) A pre<sure in
excess of the standard atmosphenc pressure at sea level and 70°F,
e.g., 14.7 psia,

GAGE SENSITIVITY—See GAGE FACTOR.

GROUND SHOCK- The transmission of a vibratory energy as waves
in rock or soil, causing a time-varying acceleration, velocity,
and displacement.

HEAD-ON PRESSURE-~The force resulting from the moving air
mass in a blast wave coming to rest on a reflecting surface and
transfering its dynamic momentum to static pressure.

HYSTERESIS (or HYSTERESIS ERROR)~ The maximum difference
between the readings of a sensor for a fixed value of the measured
stimulus taken when the stimulus is increasing and when it is de-
creasing, Hysteresis error is usually expressed in percent of
full scale.

IMPULSE-~ The product of the force from the blast wave and the time
during which it acts at a given point. It is computed as the time
integral of the variation of force at a given point, the integration
being performed from the time of shock arrival to the end of the
positive phase. It is generally convenient to use the concepts of
overpressure impulse and dynamic pressure impulse,

INACTIVE LEG=—An electrical element within a sensor which does
not change its electrical characteristics as a function of the forc-
-ing function. Specifically applied to elements which are employed
to comphh a Wheatstone bridge.

INCIDENT PRESSURE—Prounu muoured side-on to the advanc-
ing shock: wave.

INDUCED SHOCK WAVE=The shock wave transmitted into a medium
" when a shock wave traveling in one medium meets the lntertacc
between tho two mcdh ’




24 DASA 1986

INFINITE RESOLUTION— The ability of a sensor to provide a utepleu,
continuous output over the entire measured range, )

_ KILOBAR-A unit of pressure, 1 kilobar = 987 atmoopheru =14, 509
p.i. .

LINEARITY— The relationship existing between two quantities such
that the change in one quantity is exactly and directly proportional
to the change in the other quantity. The quantities and ranges in-
volved must be clearly specified.

LOCAL STATIC PRESSURE~See INCIDENT PRESSURE,

MACH STEM«The shock front formed by the fusion of the incident .
and reflected shocks from an explosion. : 4

NATURAL FREQUENCY— The frequencies of free oscillations in an
undamped body.

NEGATIVE PHASE— That portion of the blast wave in which pressures
are below ambient atmospheric pressure, .

NON-LINEARITY— The maximum deviation between a -ti-_;iﬁht, line
joining the sero and full-scale plotted output points of a sensor.
It is usually expressed in percent of full scale. S

OUTPUT~ The signal from a system or device which is a funcﬁon of
the applied stimulus or signal.

OVERPRESSURE—Pressure above ambient prouura. unully meas-
ured in pounds per aquare inch (psi).

ovnpussuu mvnsn-;s.. IMPULSE.

PEAK AMPLITUDE- The maximum dcvhthn of & pienomenca from
its average, or mean, position,

PITCH-Deviation of the direction of flow from a pcrdlol to the sur-
taco. Umrd is conddorod positive,

 POSITIVE PHASE— That portion of the blast wave in which pm;..‘...
-are sbove ambient satmospheric pressure,
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POSITIVE PRESSURE-—- See DYNAMIC PRESSURE

PRECURSOR-—A pressure which precedes the main blast wave.
psi==See OVERPRESSURE,

psia—See ABSOLUTE PRESSURE.

poig-— See GAGE PRESSURE.

RANGE—-A statement of the quantitative limis- of a phylica.l lyltem.

REACTIVE BALANCE— The capacitive or inductive balance which is
often required to null the output of certain sensors or systems
when the excitation and/or the output are given in terms of alter-
nating currents.

RAREFACTION WAVE— The wave which results as a shock wave en-
counters an interface of a less denre medium and imparts some
of the shock energy into that mediuin. See TENSILE WAVE.

REFLECTED PRESSURE— The total pressure which results instanta-
neously at an interface when a shock wi.ve traveling in one med-
jum strikes another medium.

REFLECTED SHOCK WAVE--The wave propagating back into the
transporting medium that results when a shock wave strikes an’
interface between two tnadia,

REFLECTION FACTOR-  hs ntib of the total, reflected pressure
to the incident pressure when a shock wave traveling in one méd-
fum strikes another. .

RELIABILITY - A measure of the probability that a system or device
- will continve to perform within specified limits of error for a
specified length of time undar specified conditions.

REPEATABILITY ~ The ability of a system to repeat & measuremeht
of a fixed stimulua to a specified nccuucy

vRI:SOLU'rION—Tho smallest change in applied !orclng function that
will produce & detectable change in the instrument cutpat. Meds-
ures the degree to which small increments of a forcing function
can L2 discriminated in terms of instrument output,



RESPONSE (SENSOR)-A quantitative expression of the output of a
transducer as a function of the mput under condxtiono which must
be explicitly atated... : E

RESPONSE (TARGET)~The action of an object under conditions of
shock loading.

RESPONSE TIME- The time required for the output of a sensor to
reach a stated value (usually 95 percent) of the full-scale output
when subjected to a step function input under conditions of critical
- damping. For an oscillatory output the time is computed from
the beginning of the initial variation to the fu-st oscilhtion peak.

RINGING- The oscillatory behavior of an object in responoe to a rap-
idly applied load.

RINGING FREQUENCY~ The frequency of oscillation of the sensor
in response to a transient forcing function. ' The ringing frequency
isa funct:on of the mass and the spring constant of the system.

RISE TIME— Time interval from the uhock arrival to the peak over-
.pressure. (For instrumentation, see RESPONSE TIME..)

SENSOR-A device for converting one io:-m of mergy into a dit‘terent
form of energy to facilitate meaaurement.

SHOCK FR.ONT—Boundary between the preuure diuturbanco ud the
ambient environment where abrupt changes in velocity,  pressure
and temperature occur,

4SHOCK STRENGTH— Ratio of the peuk blut wave mrprumre (plus
ambient pressure) to the ambient pressure..

SHOCK WAVE- A stecp-front pressure discontinuity propagating
through a medium as the consequence ot a sudden appucatlon of
pressure in the medium, :

vSlquQN PRESSURE~-See INCI.DENT PRESSURE.
SPAN- That portion of a unu over which (Y gqo il uud.

s'rmm-rmu Pussuu-s.. amn-ou pusauu. N
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STATIC PRESSURE-See INCIDENT PRESSURE,
STRESS~ The force acting in a unit area of a solid.

STRAIN~-The deformation of a solid resulting from a stress, meas-
ured by the ratio of the change to the total value of the dimension
in which the change occurred.

TEMPERATURE RANGE- That range over which the temperature
specifications of the gage are met.

Temperature Maximum Rnnge— The absolute range w1thout dam-
age to the sensor.

'k',I‘emperature QOutput Sensitivity Drift—The cha.nge oi sensor sensi-
tivity, expressed as a percent of full-scale output per unit of input,
_due to a change in temperature over a given range.

Temperature Zero Drift—The change in output due to temperature
_ change with no forcing function applied, 'Expressed as a percent
of full-scale output per degree temperature change from 7_0°F

TENSILE WAVE—The wave reflected back into a mediur. at the inter-
face of a less dense medium, Sée RAREFACTION WAVE.

TOTAL PRESSURE—See HEAD-ON PRESSURE

THRESHOLD OF SENSITIVITY--The. smlllest ‘change in. forcing func-
tion that will result in a detectable change in sensor output.

TRANSVERSE SENSITIVITY- The ratio of change in sensor output to
an incremental change in a given stimulus along any axis perpen-
dicular to the sensitive axis. In accelerometers, it refers to the

~ change in the sensor output at-sero acceleration and at some other
~ acceleration value applied along a pllna perpendicuhr to tho sen-
sitive udl. |

TRANSDUCER~See SENSOR.

YAW-Hori:onul deviation of flow direction from a line joinlng ground

sero and the gage. iy

ZERO UNBALANCE—- The outpﬁt of a sensor when no torclu tg.pction
is appuld. Mruud in te-,rml of- potcont of full :cdo gutput,



APPENDIX B
THE NUCLEAR BLAST ENVIRONMENT

In order to obtain an adequate and meaningful measurement of some
parameter. of the shock wave, consideration must be given to the
blast-produced environment in which the measuring device is expected
to operate. Shown below are selected environmental parameters (ob-
tained from a number of unclassified sources) for nuclear detonations.
Due to the uncertainty of the scaling factors involved, the values
given must be considered as approximate., A measured value from a
given test may easily differ \rom a factor of 2 to over an ordor of
magnitude from those listed.

BURST ENVIRONMENT AND WEAPON VYIEL
MEASUREMENT - 1KT 10KT 1MT 10M7
SURFACE BURST
Fireball radius ot breck-~ , , :
away (feet) 1o /4] 1750 - 4400
Maximum fireball rodius,
(feet) 220 550 3500 8800
Distonce from GZ for
100 psi (foet) j 330 1o 3300 7100
Incident overpressure ot . ,
1 mile (@al) 045]| 17 > 230
Positive duration ot | mile ' .
m’ OO“ 0.32 00‘5 o."
Dynamic pressure ot | -
mile :ﬂ) <0.1 O] 18 200
Time of shock arvivel ot | B _
© 1mile Ghconds) 4 341 Y41 06
Shock front volodtyd ' ’ : : "
Tmile (R/oec) ] 1200 | 1200 2000 | 4600
 Particle velocify ot I mile] R T




- BLAST ENVIRONMENT

BURST ENVIRONMENT AND

WEAPON YIELD

MEASUREMENT

1 KT

10KT

1 MT

10 MT

SURFACE BURST (continued)
Prompt gamma of 1 mile*
(rads)
Prompt neutrons ct |
mils (n/cm2)
Thermol ot 1 mile
(cal/em?) (cleor atm)

7x108

-]

70

2x 1ol!

15,000

2x1014

500, 000
7x104

SHALLG'Y¥ UNDERGROUND
BURST**

Peck siress, 500 yds
lateral (kb)

Peck stress, 500 yds
below (kb)

Maximum occeleration
at 500 yds (g)

Displacement ot 500 yds
(inches)

.02-,08
om-.'

~1073

.06~,1
07-.2

~10-2

1.5-20

225
20-70
12-23

SHALLOW UNDERWATER
BURST
Peck cir pressure ot 1
mile (psi)

2.2

DEEP UNDERWATER BURST
Water shock press.ce ot
1 mile (psi)
Shocl: velocity ot | mile
“(R/sec)
Impulse ot | mile
(psi=sec)

320
5000
L1

2 § 8

12,000
7400

* 50~50 fimlon~fusion ot sec level,

|** Porticuler medium is important.



MULTIPLY

Atmospheres

Atmospheres

Atmoepheres »

Atmospheres
Atmospheres

Atmospheres

Atmospheres

Atmosphsres
Bars

Bars

Bars

Bars

Bars
cmiig.

cmHg

DASA 1986
APPENDIX C
CONVERSION FACTORS
8Y TO OBTAIN
.007348 ton/in’
76.0 cm Hg
33.90 £t H,0(4°C)
29.92 in Hg (0°C)
1.0332 kgs/cm?
10. 332 kgs/m®
14.70 Ibs /in®
1.058 tons/0®
. 9869 atmospheres
10° dynes/cm®
1.020x10* | kge/m®
2,089  med
14.50 e/
401316 ' atmospheres
.1934 “thafnd <
.03342 | atmospheres
a2 mem®
.8 atmosgheres
Levi' 0 mesad
+ 06804 . atmospheres
3.0 = in.Hg
lasx10® [n_nm: S

ous o e/ta -
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