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Last November | received a letter from Allen
Ross, the coordinator of this symposium, describ-
ing the plans that were being made for the sympo-
sium and inviting me to -peak at this, the opening
session of it. The program certainly sounded like
an interesting one, and, in a weak moment, when
May 10, 1383 seemed to be a long way in the future,
| accepted his invitation.

But | must confess to some uncertainty as to
the extent to which my background will permit me
to contribute usefully to the subject being ad-
dressed by this symposium. After all, while |
have been rather closely involved over the years
with problems related to the tchavior of struc-
tures when subjected to the effects of nuclear
weapons, and with the development of procedures
and criteria for the design of structures to re-
sist nuclear weapons' effects, | have had rather
limited and somewhat indirect experience in re-
gard to the response of structures to the effects
of conventional weapons. However, upon reflec~
tion, it did seem possible that the problems and
questions being addrzssed here this week might be
placed in useful perspective if someone were to
address them, in very general terms, against a
background of the concepts and the experimental
and analytical methodologies that have been devel-
oped in recent years in an effort to understand
the response of structures to the effects of
nuclear weapons.

To place the questions and problems that are
being addressed here in perspective, we should re-
member that the most recent pullications that at-
tempt to define the state-of-the-art in this area
are the Department of the Army TM5-855-1 (Fundamen-
tals of Protective Design, Non-Nuclear), which is nowbe-
ing revised, but which was published in 1965, and
AFWL-TR-70-127 (Protection from Non-Nuclear Weap-
ons), which was published by the Air Force Weapons
Laboratory in 1971. There is, additionally, a
tri-service report entitled '"Structures to Resist
the Effects of Accidental Explosions' dated 1969,
which also holds some interest for us. The young-
est of these documents is now 12 years old, and
the research data upon which they relied were gen-
erally much older, except to the extent that re-
search into the behavior of structures under nu-
clear weapons' effects was extrapolated for appli-
cability to the behavior of structures under con-
ventional weapons' effacts.

S N I T ok Rl e B R T g
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HAS A DECADE MADE A DIFFERENCE?

J. D, Haltiwanger

University cf Illinois
Urbana-Champaign

In preparation for this symposium, and to
increase my familiarity with the state-of-the-art
as published in the area of protective design for
non-thuclear effects, | spent a substantial amount
of tine studying the documents notea above. As !
studi those documents, | was struck by several
factors Xiprobably the most significant of which
was that/fhe design of structures to resist con-
ventional weapons' effects is significantly more
complex than is the design of structures to with-
stand the effects of nuclear weapons. In the case
of nuclear weapons' effects, there are. really,
only three problems that face the designer of a
protective structure. These problems can be iden-
tified, in genera. terms, as follows:

(1) bpefine the free-field, blast~induced environ-

rnmn;.in.m.i_Ch the structure will exist; "

(2) Cpefine the time-dependent and spatially dis-
tributed forces and motions that are imposed
by this environment on the structure. 5,5

(3) “Compute the response of the structure to

these blast-imposed excitations.

As those of you who have been involved in
protecrive construction for nuclear effects will
agree, this is a bit of an oversimplification, not
in the statement itself, but in the implications
of it. In most cases, there exists within each of
these three steps in the study process some very
big questions to which we still have very poor
answers, despite the decades of research and study
that have gone into them. For example, we are
still unable to predict the free-field, blast-
induced environment with confidence, under other
than the most ideal of circumstances. {llustra-
tive of this is the fact that we are still able to
plot free-field overpressure and dynamic pressure-
time functions with confidence only when the blast
is propagated over an ideal surface. I[f we intro-
duce dust and moisture into the air, or propagate
the blast across an irregular surface with obstruc-
tions on it, we are in trouble.

And even if we do define the free-field,
blast-induced environment with confidence, it is
no mean trick to develop from thase 'known'' free-
field effects, the forces and/or motions that they
impose on a structure which they envelopa. Anong
the early problems of nuclear protective construc-
tion with which | was associated back in the mid~
fifties (almost 30 years ago) was the behavior of
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typical mill buildings to nuclear air blast load-
ings. To this end, we tested such structures in
futl-scale and in small-scale models, and we
developed simple analytical models in an effort
to replicate analytically the results that were
observed in the tests. But what many of you may
not know is that this work continues to this day.
Within the last two years, there have been more
tests and more analyses in a continuing (or, in
this case, more correctly, a renewed) effort to
define, in time and in spatial distribution, the
forces produced by the air blast on the structure.

Similarly, back in the mid-fifties, my col-
leagues and | were interested in the behavior of
shal tow buried, reinforced concrete box-type
structures. And we tested some and we analyzed
them. And on this basis we evolved failure cri-
teria and design procedures for such structures.
But within the last two years, under a program
furnded by DNA and conducted experimentally by the
Waterways Experiment Station, with analytical
support from other laboratories, it has been
shown that our earlier work in this regard was
totally inadequate. The interaction between the
structure and the soil around it is much more com-
plex than was earlier assumed, and such shallow
buried structures are, generally, much more resis-
tant to nuclear blast effects than they were ear-
lier thought to be.

And the illustrations of the problems that
persist in our efforts to learn how to design
structures to resist nuclear weapons' effects
could be continued. It takes very little imagina-
tion to recognize the problems that are associ-
ated with the design of an above-ground arched
structure, or of the same structure partially
buried or mounded, or of a minuteman silo. But
despite tiie complexity of the problem, in each
case, the total problem can be reduced to the
three components that | identified earlier --

(a) Definition of the free-field, blast-induced
environment.

(b) Definition of the forces and/or motions im-
posed by this environment on the structure.

(c) Computation of the response of the structure
to these blast-imposed excitations.

In the case of conventional weapons, it
seems to me that the problems are far more com-
plex. To be sure, the design of a structure to
withstand the effects of conventional weapons can
be reduced to the same three problem components,
but for conventional weapons each of these three
primary problem components contains a subset of
clearly distinguishable problems.

For example, for a nuclear protective struc-
ture designer, the threat is rather completely
defined by specification of the weapon yield, its
height-of -burst, and the ground range and depth-
of-burial (if any) of the target structure. With-
in the limits of currently available technology,
this should permit us to define the blast~induced
environment around the structure, estimate the
forces and/or motions thus imposed on the struc-
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ture, and then to analyze the structure. Clearly,’
this scenario presumes that the structure of in-
terest is also defined, as are the properties of
its materials and of those materials which are
around it.

But for a protective structure to resist
conventional weapons' etfects, the problem is not
nearly so simply put--even acknowledging an over-
simplification in the preceding statement descrip-
tive of the nuclear case. for the nuclear case,
at least as far as the structural designer is con-
cerned, there is only one weapon of interest.

But ''conventional weapons' includes a host nf dif-

ferent types, which produce different environments

around and responses of a structure. Reference

to the previocusly cited most current reference

manuals on this subject identifies a number of

different weapons of potential interest, a partial

list of which would include:

Projectiles: Armor Piercing Solid Shot

Armor Piercing with Bursting Charge

Armor Piercing, Capped, with Burst-
ing Charge

High Explosive Shell

each of which come in an assortment of sizes and
with a variety of delivery systems.

And, then, we have bombs of several differ-
ent types: General Purpose, Semi-Armor Piercing,
Armor Piercing, and Fragmentation, each of which
also comes in a variety of sizes and charge
weights, and high explosive content.

Each of these weapon types poses its own
unique set of problems ror the engineer who would
design a structure to resist its effects. For
penetrating weapons, the depth of penetration is
a function of the weapon characteristics (its
weight, shape, resistance, fuzing, incident veloc-
ity, angle of incidence, and angle of yaw), and
the properties of the target material (its
strength, density, porosity, ductility, and thick-
ness). And associated with weapon penetration, we
mist be concerned also with front face cratering
and rear face scabbing under conditions of partial
penetration or ricochet, which are also functions
of the type of weapon, its velocity and angle of
impact, and of the thickness and properties of the
slab surface being impacted. Clearly, these are
factors which must be considered when designing to
resist conventional effects, but which are of
little or no concern to the nuclear protection
designer.

Even the blast effects, as opposed to impact
and penetration effects, are more complex for con-
vencional weapons than for nuclear weapons, be-
cause of the diversity of explosive types, the
size, shape and strength of casings, the orien a-
tion of the weapon with raspect to the surface

-being loaded and indeed, the tocation of the point

of detonation with respect to the ground surface,
either above or peiow it. All of these factors
influence the variation of blast-induced pressure
with time, as functions of distance from the point
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of detonation. The blast loading problem is fur-
ther complicated for conventional weapons by vir-
tue of the fact that the dimensions of the loaded
structure are frequently of the same order as are
the distances from the structure to %“ine point of
detonation. As a consequence, thz dynamic force
applied to the structure by the blast varies not
only in time, but also spatially over and around
the structure. The same problem exists when a
structure is loaded by a nuclear blast, but in
this case the dimensions of the structure are,
generaltly, sufficiently small relative to ids dis-
tance from the point of detonation that, tor free-
field effect determination, the structure can be
considered a point target. Such is clearly not
the case for conventiona! weapon effects.

And associated with this greater non-
uniformity of blast~induced loading on the struc-
ture, relative to the situation that prevails
under nuclear effects, is a correspondingly great-
er uncertainty or variation in the possible or
probable failure modes of structural response
that must be investigated. Under nuclear blast,

- failure usually manifests itself as excessive de-

formation in a readily definable mode, generally
the fundamental mode, of a critical element (a
wall or roof) of the structure. The non-
uniformity of the loading imposed by the blast
pressures from conventional weapons will excite
more complex responses. As a consequence, one
must anticipate the possibility not only of domi-
nant response, up to and including failure, in
the fundamental modes of the loaded walls or other
external structural elements, but also of severe
localized deformations, including the possibility
of localized penetrations, in regions of intense
blast-induced pressure.

If the comparisons just drawn leave us a bit
discouraged, then they have had the desired effect.
A decade of neglect, albeit benign, has made a
difference. While we have worked with reasonable
diligence during the last decade to improve our
ability to design structures to resist the effects
of nuclear weapons, we have made relatively little
progress in the realm of structural design for
conventional weapons' effects.

To be sure, within the last decade there
has been a substantial amount of research that is
directly applicable to protective design for con-
ventional weapons' effects, but the effort in this
regard has been rather fragmented. And some of
the recent research to improve our ability tc de-
sign protective structures for nuclear effects
finds applicability also in the realm of protec-
tive design for conventional effects. But because
of the differencas in the problems that are faced
in these two cases, as illustrated earlier, tech-
nology transfer between them is not as gre.t as
one might expect, or hope.

Consequently, it is important (Perhr «
should say “imperative'.) that we concent our
attention again on the effects of conver i
weapons. Wnere recent data exist, we stould
transiate those data into conveniently usable
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design criteria and procedures. And wiere ade-
quate data do not exist, we should undertake the
research needed to obtain them. Fortunately,
despite my earlier rather gloomy comparisons,
there does now exist a2 significant amount of com-
paratively recent, directly applicable research
data, as well as the potential for substantive
technology transfer from the nuclear protection
arena. But to compensate for the slow rate of
progress during the last decade, we need now to
redouble our efforts to develop new and improved
methods of providing the needed protection to the
effects of conventionol weapons.

| feel this now much more strongly than |
did even a few weeks ago. It was my privilege,
then, to visit a number of our air bases in
Europe as a member of an ad hoc committee of the
Air Force Science Advisory Board. This committee
was established last Fall to give guidance to
Gen. Wright's shop--the Engineering and Services
Division-~in regard to the research that is needed
to improve the ability of his people to provide
the services that are desired and expected of tham.
And the primary job that is expected of them in
wartime is the provision of an operational base
from which aircraft may be launched and to which
those aircraft may return, and be launched again,
and again, and again. To do this, we must provide
adequate protection for both sensitive equipment
and operational personnel. And, at the moment,
this is not b~.ng done to the extent that it should
be done

The personnel in the field feel very
strongly about this, and | think that you and 1
would share their sense of urgency if we were to
trade places with them. May { share with you a
shopping list, as it were, of research require~
ments in the area of protective construction that
was developed recently by Air Force Civil Engi-
neers ncw stationed in Europe. This list was pre-
pared by Maj. Bartel and Maj. Chisholm, both of
whom are now stationed at Ramstein Air Base in
West Germany. A sampling of their requests would
include but would certainly not be limited to the
study of:

(1) Precast mcdular protective structures -
i.e., the AMF-80 (French sewer pipe) -
Advantages: Rapid fielding

Natural camouflage by bsrming
Quality control

(2) improved antipenetration systems - possibly
rock rubble over reinforced concrete to im-
prove the probability of reducing the effec-
tiveness of the weapon or, perhaps, even
destroying it.

(3) An enhanced conventional weapons' effects
program - To obtain better definitions of
blast, shock and fragment loads on protective
structures.

(h) Tests of semi-hardened walls.

{5) Modular concrete revetments.

(6) Effects of earth berms on the hardness of
structures.

(7) Design criteria for blast valves.

{8) Design guidance for shock isolation of
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internal equipment. And finally,
(9) Publication of a revised and updated Protec-
tive Construction Manual.

Clearly, this is but a sample of the prob-
lems that need to be addressed as we renew cur re-
search and development program in the arca of pro-
tective construction for conventional weapons'
effects. And | amheartened in this regard as |
review the program of the symposium that we are
convering here this morning. !t addresses not
only the specific and immediate problems posed by
Majors Bartel and Chisholm from their unenviable
vantage point of vulnerability in Europe, butmuch,
much more. it is, indeei, a comprehensive pro-
gram that embraces the full spectrum of problems
that confrcat us. It represents impressively the
recently reawakened interést in protective con-
struction to resist the effects of conventional
weapons and it brings to bear on these problems
the technologies of a multiplicity of disciplines.
It does, indeed, provide a strong springboard for
the further development of protective construction
technology. Let us hope that the impetus provided
by this symposium will not be lost, but that the
work here begun will be continued. We can ill-
afford another decade of relative ipactivity in
this very important aspect of our nation's mili-
tary preparedness.
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‘ ABSTRACT

This paper discusses several  topics
associated with the analysis and prediction of
ground shock from buried conventional
explosions. The paper is not intended to
provide detailed equations for ground shock
predictions. Other papers in this conference
provide such information, Rather, this paper is
intended to address topics associated with
general methodology and uncertainty. As a
background for discussion, the first part of the
paper 1lists and briefly discusses the major
parameters which govern the ground shock. Some
of the parameters are treated in more detail in
later sections of the paper. The second and
main part of the paper treats scaling. It
attempts to put the usefulness of dimensional
analysis, scaling and theoretical calculations
in perspective. The third portion of the paper
discusses the characteristics of a limited data
set with respect to material properties and
depth of burst factors. Some brief comments
about soil-structure interactions and loads on
structures are made in a fourth part. Finally,
research needs to enable improvement in
conventional ground shock and soil-structure
interaction technology are mentioned.\

N

PARAMETERS INFLUENCING GROUND SHOCK

The term ground shock as used here includes
all of the stresses and wmotfons induced in the
ground as a result of an explosion. The
stresses are most important from a structure
survivabiTity viewpoint while the motions affect
the response of structure contents (equipment
and people). Particie velocity is also
important as an indirect measurement of stress.

In general, structures are designed to
resist a very near hit by a conventional
weapon. As a result scaled ranges of interest
are in _the range of 0.5 ft/1bl/3 to
1.5 ft/161/3 (4 to 12 ft' for a 500 1b bowb).
Under this condition the ground shock very
close-in tc the detonation is {mportant.
Figure 1 1illustrates two of several potential
conditions under which close-in ground shock

"
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SOME CONSIDERATIONS IN THE ANALYSIS AND PREDICTION
OF GROUND SHOCK FROM BURIED CONVENTIONAL EXPLOSIONS
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Figure 1.
parameters musy be characterized. Several
factors can be observed. First, it is apparent
that the wave contours near to the source are
not spherfcal. Hence, the stress conditions at
the wavefront are ‘nonuniform. Second, because
of the nearness of the free-surface, relief
waves are initiated shortly after detonation.
The amplitude and arrival time of these waves at
some point are dependent upon the devth of
burial, Third, it is likely that the weapon
will be oriented in some inciined position with
respect to the free surface and the structure,
Hence, the problem is {inherently three-
dimensional,
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A full list of parameters {influencing the
ground shock includes:

® Weapon Shape

® Case Properties

® Explosive Type and Amount

® Depth of Burial

® Geologic Material Properties
® Layering

Tne following paragraphs briefiy describe the
importance of each parameter. The layering
category includes the burster slab problem as a
subset. This topic fs not covered here but is
discussed by others in this conference.

Conventiocnal weapons, for aerodynamic
stability, penetration and other reasons, are
normally not perfectly spherical. Rather, they
are more cylindrical or cigar shaped. In the
close-in region this shape will have an
influence on the ground shock characteristics
but the amount of influence is uncertain. It is
often assumed that detailed shape effects cannot
be detacted at distances from the explosions
which are 1large compared with the explosive
dimensions. However, there {is some evidence
that, although attenuation rates at large
distances are spherical, the actual amplitude of
ground shock 1is different from spherical.
figure 2 compares ground shock measurements from
three explosions of 40 tons of ammonium nitrate
sturry. One explosfon (DIPIA) was concentrated
while the other two were in rectangular vertical
arrays of different sizes. The data indicate
that ground shock amplitudes from the arrays in
a direction perpendicular to the array are
reduced in the close-in region but more intense
at greater ranges. It appears that the
distribution of explosive has an influence on

100
g y ——e DIPIA Concentrated Charge
DIPIIA 35 ft x 208 ft Array
DIPVA 204 ft x 1136 ft Array
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ground shock in both the near and far regions

but this effect has not been thoroughly -

evaluated.

In the ground, as opposed to in the air,
the effect of the case is thought to be small

because all of the energy transmitted to the
case is ultimately coupled into the ground. It

is possible that the mass, stiffness and -

strength of some cases might serve to contain .-

the explosion to some extent and thereby stretch
the stress wave leading to a somewhst reduced
pressure for a given dimpulse. The high
impedance of the case might also serve to alter
the boundary condition at tha <cxplosive/soil
interface.

The amount of explosive simply determines
the range to which ground shock effects of a
given level will propagate in a given material.
Explosive type §s important because it
determines the initial conditions 1in the
explosion. Explosive parameters of importance
include detonation pressure, detonation speed,
initial density, initial specific energy and
ratio of soecific  heats. In general,
equivalencies between explosives have been
determined on the basis of {nitial specific
energy and, sometimes, on the basis of measured
effects. This latter m:thod is a good method if
adequate measurements . re available but specific
energy alone 1s unsatisfactory. As will be
shown later, all the other explosive parameters
are also important.

Burial improves coupling and, therefore,
increases the range to which ground shock levels
of a glven amount persist. Coupling factors
have been developed by varfous investigators for
different parameters (e.g. pressure, impulse,

100
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Figure 2. INustration of Effect of Charge Shape on Ground Shock
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velocity, displacements}, For example, Lampson
(Ref. 1) suggests a single coupling factor for
all parameters. The factor achieves a m/a;imum

at a scaled depth of burst of 2.0 ft/1b!/3 and
even diminishes for greater depths., There are
several concerns with this relationship. First,
one would expect the coupling to achieve a
maximum at some depth and then remain at that
maximum rather than decrease., Second, it is
expected that maximum coupling for some
parameters (e.g. stress, velocity, acceleration)
would be achieved at a more shallow depth than
parameters which are integrated quantities (e.g.
impulse, displacement). Figure 1 i{llustrates
the effects of the free surface. A major relief
wave, which results from the free surface
reflection, penetrates back into the ground and
erodes the back end of the initial pulse.
Beyond some depth, the relief wave arrives too
late to affect the peak parameters. At more
shallow depths, it has an effect but the
parameters which occur close to the wavefront
are affected last. Also, it is apparent that
positions beneath the explosion are affected
tess than positions to the sides of the
explosive which are nearer to the free surface.

Material properties of {importance inciude
constrained modulus, hysteretic compaction,
shear stiffness and strength. As will be
illustrated in a 1later discussion, it s
becoming apparent that a multi-phase modei of
the air, water, and grain matrix may be
necessary for modeling wet material. Grain
matrix models which include coupling of
volumetric and deviatoric strain will be
necessary to predict multi-phase response.
Geologic layering in the vicinity of the burst
can intensify the ground shock due to
reflection. This can be important if a near-
surface water table is present.

Figure 1 also 1illustrates some of the
complexities associated with the interaction of
the free-field waves with structures.
Generalized incident normal loads are shown,
The word "incident" 1{s used here bacause the
actual 1load experienced by the structure is
dependent upon complex soil-structure
interaction. Three important points must be
made. First, the loading is nonuniform both in
time and space. This results from the relative
smallness and nearness of the source with
respect to the structure, ac well as the
geometry of the structure in the case of the
arch, Second, the load is generally asymmetric
with respect to the structure Jleading to
important three-dimesfonal effe-ts. Third,
although not {1lustrated, there are strong shear
load components with respect to the structuves.
These result from the Tlarge spatial load
gradients. The time history of the load has not
been shown although it is known to be highly
transient in nature. A1l of these conditions
combine to complicate analysis and prediction of
sofl-structure {nteractfon and the resulting
actual 1loads experienced by the structures.

s

Some comments on soil-structure interaction are
given in a later , rragraph.

DIMENSICNAL ANALYSIS AHD SCALING

The subject of scaling continually arises
as various investigators attempt to analyze and
collapse the results of experiments and to use
these results to predict new conditions. Cube
root of yield scaling 1is well known and
reasonably accurate so Tong as yield variations
are within about an order of magnitude {i.e.,
gravity effects are small). Scaling to account
for material properties however has not been
successful. This section reviews dimensional
analysis and scaling concepts in an attempt to
reveal the usefulness and shortcomings of
scaling &as w.11 as provide some insight into
observed behavior.

The need for scaling derives from the fact
that the phenomena involving explosive sources
in  inelastic media are so complex that
mathematical formulation of closed form
solutions is extremely difficult. As a result,
it 1s common practice to evaluate the phenomena
experimentally or numerically and develop
empirical relations from measured or calculated
response data. The main quantitative relations
are derived from data but calculations are
useful in providing qualitative guides to
behavior.

Whether a theoretical or an experimental
approach is taken to a problem, the inftial
steps in the analysis must be, first, a
qualitative evaluation of the phenomena and,
second, identification of the important physical
parameters which control the phenomena. The two
approaches  depart at this  point, The
theoretical approach attempts to develop a
mathematical model for the problem which will
lead to the mathematical relations between the
parameters, while the experimental appreach
attempts to estabiish the relations by means of
experiments 1in which the governing parameters
are varied in a reasonable way.

Experiments are expensive, and it s
important .~ keep the experiment size and the
number of parameter variations to a minimm,
Further, it is important to have a uniform guide
for “scaling" and evaluating experimental
results from different experiments so that
empirical relatfons among the parameters can be
developed. Dimersional analysis is a very
useful tool in meeting these cequirements. The
fundamentals of dimensional analysis are
described 1n a number of references (e.g.
Refs. 2 and 3). Some of the basic results are
reviewed here and used to develop consistent
scaling parameters for various high explosive
configurations.

Dimensicnal analysis is based upon the fact
that most of the purameters that are dealt with
in physical sciences depend in magnitude upon
the scale used to measure them. Such parameters
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are called dimensional quantities. Non-
dimensional quantities are independent of the
system of measurement. The establishment of
units for three physical quantities fis
ordinarily enough to define the units for any
other physical quantity. Mass, length and time
or force, length and time are convenient units
usually selected and they are called fundamental
or primary units. In thermodynamic problems a
fourth unit, perhaps temperature, 1s aiso
necess’ry. Other units, for example velocity,
may be derived from the fundamental units and
these are called derived or secondary units. If
force, length and time are selected as
fundamental units, the associated dimensions can
be written:

dimension of force 3 {Fl
dimension of length dm

dimension of time g [T)

where 5_1 indicates dimensfonal equivalence and
the brackets [] indicate the dimensions of the
quantity. The dimensions of any physical
quantity can be written as a monomfal power of
the three fundamental units or

dinensions of a quantity d [F]a[L]b[T]c

where a, b, and c are exponents. If the
quantity is dimensionless then a = b = ¢ = 0.

Physical laws are function relations
between the parameters which define the
phenomena. Since the phenomena are independent
of the system of measurement, the functional
relations must be independent of the systems of
measurenent. Hence, if the relation between the
physical parameters governing a particular
phenomena is

f(Al, AZ’ A3, PN An) =0 (1)
then

a a a
Y I TS N (Y LB (B d s
(2)

Equation 2 is a statement of dimensional
homogeneity and states that the most general term
in equation 1 must be dfmensionless.

Since the functional relation must be
independent of the system of units, equation 1
can be written as

f(sl, Tos ¥ .+ . e e am) =0 {3)

where 3, 12, . . . =y are dimensioniess
quantities and are functions of thé origiiik]
parameters. Buckingham's -Pi theorem (Ref. 4)
states that if equatfon 1 is completé, the =
térms of eéquation 3 are indépendent products of

R ™

the original parameters A: through A,, are
dimensionless in the fundamental dimensions, and
thut the number of terms in the solution m, is
less than the original number of terms, n, by a
factor, k, where k usually equals the number of
fundamental dimensions, i.e., m=n- k. A
proof for the theorem is given in reference 2.

I1f the number of fundamental dimensions is
3 (e.9. F, L, T) then the general relation
(Eq. 3) usually contains 3 terms less than the
original relation (Eq. 1). This simplification,
as well as the formulation of the non-
dimensional « terms, are the main advantage
which dimensional analysis lends to the analysis
of a physical problem. If the number of
fundamental dimensions equals the number of
physical parameters with independent dimensfons
which govern a phenomena, then the relations
will be completely determined to within constant
factor by dimensional analysis (Ref. 2). In the
most general case, however, dimensional analysis
does not yield the functfonal relation. It must
be determined from experiments.

In formulating a dimensional analysis, it
is necessery to include all the parameters which
may control the phenomena even if they are
constant. The derivation of the dimensionless
r-terms may then be determined in any number of
ways., Inspection is one approach, but the use
of the statement of dimensional homogeneity
(Eq. 2) provides a systematic approach.

One of the first to wuse dimensional
analysis to include material properiies 1in
scaling terms was Hendron (Ref. 5). He
considered the case of a spherical explosfon in
a hcmogeneous elastic soil. The parameters
Tistan in Table 1 were considered {mportant in
governing the phenomena. Dimensions of force,
Tength and time are taken as fundamental.

Tadle 1

Some Parameters Determining Explosion Phenomena
from a Spherical Source in an Elastic Soil

Paraseter Sywbo: __ Dimensions ]
1. Dependent
Peak Sofl Stress v F/2
Peak Particle Acceleration 2 L
Peak Particle Velocity v /7
Peak Displacement d L
Various Characteristic Times t T
2. Independent
Explosive Energy Eo FL
Range R 5
Soil Density [ FTé/L
Dilatational Wave Speed 4 L/
Pofsson's Ratfo v —
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The equations relating the dependent and

independent parameters are

o= fI(EO’ Ry 0, C, v) (a)
a= fZ(EO’ R, p, C, ¥) (b)
Vo= f3(E°, R, p, C, v) (c) (4)
d = f4(E;s Ry b, C, v) (d)
t = fs(Eo, R, o, C, v) (e)

Dimensional analysis can be used to reduce these

equations to the following non-dimensional
relationships:
2,1/3
g {pC°)"""R
—7z = f. I < v (a)
oC 1[ & ]

By similar application of the method illustrated
above, the relationships for the other variables
can be shown to be

1/3
Y (7 (b)
(oCB)173 " 72 5?3 ’
2.1/3
v {pC")"' "R
i fa[—pwg——, \’] (c) (5)
0
2,1/3 2,1/3
‘Dcl}3 d - f4[(9c1}3 R’ 9] (d)
EO E0
(pc5)1/3¢ (,c2)1/3
3" fol 13 " (e)
0 ]

The relations previously expressed in equation 6
in terms of five independent variables are now
expressed in terms of two  independent
variab.es. It is important to note that the
relations involve  three variables and,
therefore, the functions must be considered in
three-space.

A major advantage of equations 5 is that
they immediately show how the variables should
be scaled to determine if experimental data fit
the proposed scaling. Range, for example,
should be scaled by the inverse of the cube of
energy or yield* and, for experiments in
different materfals, by the cube root of the
constrained modulus of the material. Cube root
of yield scaling fs common, but the material
terms are not nomally {ncluded. Hendron's

*It should be roted that range scaling in

ground motior. ‘literature wusually considers
charge size in units of weight rather than
energy.  Since weight s prop.rtional to
chemical energy release  for a given type of
explosive, the scaling is equivalent, but the
range term is no longer run-dimensional.
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treatment was  simple and elegant  but
unfortunately the resulting =x-terms do not
-)11apse available data in different matericls.
Hendron's dimensional analysis is correct so ft
is necessary to search for other reasons for the
scaling failure. Since dimensional analysis
must include all physical parameters which
influence the phenomena, even 1if they are
constant, it is possible that some important
parameters are absent from Hendron's approach.
Westine (Ref. 6) introduced ambient atmospheric
pressure but achieved only Timited success.
Higgins, et al. (Ref. 7) suggested that the peak
pressure at the source may be an important
parameter, An explosive source which at
detonation 1is instantaneously converted to an
ideal gas which contains the ensrgy of the
explosion as i{nternal energy was considered.
The source characteristics were categorized by
the total mass of explosive, W, the {internal
energy per unft mass, eg, the initial density,
pp» and the ratio of specific heats, yp.
The peak pressure of such an ideal gas source is

Py = (Yr - l)paeo (6)
The total explosive energy used to derive
equations 15 is simply egW.

If Py, 1is included in the dimensional
analysis then an additional »-tem
P

122y (1)
oC

must be added to the relations expressed by
equations (5). The nrelations between the
degendent and independent parameters can then be
written

CZ 1 Po
—"-2- = fl(R(BE_) » '—-2', V) (ﬂ)
oC 0 oC

gl/3 P

1/
a o0 of 0
= fy(R{p=—) s V) (b)
2 2 1TE o2

21/3 P
& = FREE) P2 V) () (8)
0 4

ch 1/3

p
d(2§;) = R L S ) (@

3 c2 /2 P
= fS(R(-g-—) ’ _oz_’ v) (e)
0 oC

Recombination of »-terms can yield an alternate

set of relations

0
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a_,0,1/3 0,:1/3 o

13 < 1RG22 2 ) (b

%% "
P P

£, e, 23, ) () (9)
[+] oC

P_1/3 1/3

d, o 0 [+]
) = f{R™) , —mov) (D)
0 4 (] C ’

P 4 p
0,1/3 0,1/3 "o
Ct('ro-) = fs(R(r‘;) ’ :52-, v} (e}

There are many other possible formulations, all
correct so long as six independent »-terms are
included.

A comparison of equations {(8) and (9)
indicates that there is no unique way of scaling
range or the dependent variables, as was the
case in equations (5) when oniy a limited source
description was {included. The functional
relatiorsnips are multivariate. They cannot be
reduced to two-dimensions, as is often attempted
when scaled response parameters are piotted
versus some form of scaled range on log-log
paper, Even if the explosive type is the same
from event to event, (i.e., Pg is constant)
the relations remain multivariate as illustrated
in figure 3. The solution must be determined
empirically by seeking a fit to the data in
three-space (four space 1f Pofsson's Ratio is
varied). The solution will be a multi-
parametered general surface rather than a
curve, As more and more parameters are
considered (e.g. material nonlinearity,
strength, depth of burial) the number of
variables 1increases and the solution becomes
more complex.

The scaling considering an ideal gas source
was applied to  one-dimensional elastic
cylindrical calculations. The calculations
utilized an 1{deal gas pressure boundary
condition on three elastic wmaterfals with
properties ranging from those of a soft soil to
a moderately hard rock. The specific properties
are given in Table 2.

Table 2
Elastic Parapeters Used in Material
Property Scaling Calculations

Yo ETTE UMt VOt ETastic Vave —PoTsson's ]
{1bs/#23)  Speed, € {fe/sec)  Retlo, v

Elastic 1 109 £25 0.3
Elastic 2 115 2759 0.3
Elastic 3 140 8000 0.3

It was found that the scaling without a
source pressure term (Eq. 5§ adjusted to
cylindrical geometry) did not work but that the
scaling expressed in equatfons (9) was needed to

collapse the data. Scaling terms which reduce
the results to a tvo axis problem (i.e. scaled
motion versus scaled range) cannot be derfved
explicitly. However, the results of the
calculations were analyzed empirically, and it
was found that simple scaling terms were
present. The terms were

Radial Stress: g—- (a)
0
. oCV
Radial Velocity: R (b}
o
Radial Displacement: —17-2-°c2d {c) (10)
Y
Range: _1_17!? (d)
Y
Ct
Time: 17z (e}
Y
where
o = radfal stress
V= radial particle velocity
d = radial displacement
o = material mass density
C= material elostic ditational
wavespeed
t= time
Yy = lineal charge density
Po = peak source pressure

These terms are precisely those which are
implied by a closed form solution to the
response of elastic material to a spherical
ideal gas loading (Ref. 8)}.

The .orrelations which result from these
terms are shown for radial stress, radial
velocity, and radiai displacement in figures 4,
5, and 6 respectively. The P, term has been
dropped in these figures because it is constant
in the three problems. This of course would be
the case in the field where a common explosive
is used. It can be seen that the calculated
results are collapsed very well by the scaling
terms of equation 10. The scaling implies that
stresses a-e material 1independent, the velocity
scales by the material fmpedence (pC) and the
?1€g;aceeent scales by the materfal stiffness
P -

Aithough  the  scaling  described f{s
encouraging, 1t unfortunately sti1l does not
collapse measured data. Near-surface particle
velocities from surface tangent HE explosions on
different materfals, as shown in figure 7, seem
to be materfal {ndependent.  Drake and Little
(Ref. 10) have observed similar behavior for
velocities in different materials beneath
surface explosions. Bratton (Ref. 11) has found.
that the high stress leve)l data that he has
amlyzed, showm in figure 8, are not material
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independent brt, rather scale by the inverse of
the impedance. A1l of this suggests that a high
explosive sourca is more of a velocity boundary
condition than a pressure boundary condition.

It appears that higi explosive sources are
much mrre complex than implied by the simple
statement of a yield or total energy or modeled
as an ideal gas. Consider a high explosive
source which is characterized by the Chapman-
Jouguet equation of state., The conditions
behind the detonation front are given by:

1 2

PCJ = ;—;—f DOD (11)
Py = L;'—l %0 (12)
toy Y p? (13)

——

¢ (v" - Dy + 1)
D=C+u (14)
where Pcy, Pcy, and €cy are the pressure,
density and energy immediately behind the

detonation wave, D is the detonation velocity, C
is the sound speed behind the front and u is the
particle velocity.
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After detonation the explosive is converted
to a very dense, high sound speed gas which has
a very high acoustic impedance. This condition
is 1llustrated in figure 9. In order to
maintain continuity of stress and velocity
across the explosive-soil interface, it is
necessary to satisfy the standard {interface
condition (see e.g. Ref. 12}.

o = THY: % (15)
e

where %% = stress transmitted into soil

9 incident stress in explosive
_eC _ ol
Yoo " o) ~ 9ele
p = soil density
c = 801l seismic velocity
P0 = explosive initial density
D = explosive detonation velocity
pe = explosive density after detonation
Ce = explosive sound speed after

detonation

Figure 9. Real Explosive Inirial Conditions

Equation 15 can be rewritten
P

% (o]
T* K —-c-pe " {16)
where K = -r—g—‘b—
e

Stress can he converted to velocity hy the
standard wave propagation relation

g i7)
V= —pt- (
i éwwm‘«m P s AR R P AT

~—Tp—

where v = particle velocity. The particle
velocity is therefore
P
CJ
v=K -T (18)
Pee

The factor K is simply the transmission factor
for velocity across an interface. It is plotted
versus the ratio oC/pele in figure 10. It
can be seen that the maximum value of K is 2
while the minimum for most geolojic materials is

about 1.

The treatment of the continuity condition
acros: the explosive/soil interface cuggests
that the proper scaling terms involving elastic
material properties are:

Stress: K%C' {a)
Velocity: ‘K!' {b)
Displacement: re (c) (19)
K; /
a”1/3
Acceleration: T (d}
Time: %3- (e)
W

Since K varies by no more than about a factor of
2 (within the scatter in a weil {instrumented
experiment) and, on the average, is about 1.5,
this analysis suggests that real explosives act
more 1like velocity boundary ccnditions than
pressure  boundary conditions. The  high
impedence associated with c3se materials would
be expected to enhance <*hi: effect. These
results are now at Jeast qualitatively
consistent with the experimerta’ results.

The scaling given +¥n equation (19) was
evaluated against one dimensional spherical
calculations* 1in whick 7TNT explosive was
detonated in two eiastic materials, one
representing soil and the other rock. The
paraneters used in the calculations are
summarized in Tahle 3, Figures 11, 12, and 13
show the unscaled and scaled peak stress,
velocity and displacement versus range for the
two calculations. It can be seen that the
toundary condition s neither pressure nor
~locity but velocity is a better
- pyximation. The scaling of equations (19)
es a very-good job of coliapsing the two
calculations. The collapse is not perfect,
howeve~. The remaining difference may be due to
other explosive interaction not inciuded in the
scaling ond modeling 1inadequacies in the
numerical ¢ ‘an due to grid size and

artificial vicu..wy.

¥Made with the STEALTH finite difference code.
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Tadle 3

Parameters Used 1n Elastic Calculations
wi Source

Explosive Type: TNT

Yisld:

Charge Parameters:
Radfus:

512 kg

0.42 m

bgs Density: 1650 t9113

D, Detonation velocity: 6930 w/s
Cq» Sound Speed: 5070 w/s

Pw; Chapman-Jouget Pressure: 21 x 10° WPa
Ratio of Speciffc Heats a 2.728
og0 = 1.2¢ x 107 ag/ales

Materfal Properties

-

CES o hay e by

2

SR e

X

a 1) € -¥eioc nce
°y ¢ ot fatfo

_kg/m s tﬁ-s #C/oglq

3 Sofl 1762 910 1.60 x 106 0.14 1.75

§ Rock 2162 2040 5.28 x 106 0.46 1.3

§
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Figure 12. Poak Radial Velocities in Elastic Calculations Including

an Explosive Source

The calculations discussed to this stage
have been elastic. Labreche and Auld {Ref. 13)
performed calculations in inelastic wmaterials
tnvolving nonlinear, hysteretic constrained
moduli and faflure surfaces. Those calculatfons
were performed with an ideal gas source so that
the amplitude scaling is different than observéd
for an explosive source but the attenuation
rates that they computed are of interest.
Figure 14 plots the attenuation rates for
stress, velocfty and displacement 1in the
calculations versus a  scaled hysteretic
compaction parameter defined by

SRRt

R N o s s K <n

{1-ryg

where r = M /My = ratio of the

loading
contrained modulus to the unloading
modulus (recovery ratio)

CL = loading wave speed associated with
the loading modulus M .

The loading modulus s usually selected as the
secant modulus to the stress level of interest.
The loading wave speed is normally the speed
used to relate stress and particle velocity in
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Figure 314. Attenuation Rates from Calculations in Different
Inelastic Materials

6

inelastic materials. In dry soils it is about
0.5 times the seismic velocity, in wet soils
about 0.75 and in rocks 0.8 to 0.9.

The attenuation rates for stress and
velocity separate into two categories depending
upon the form of the failure envelope. The
attenuat'on rates in materials designated
Coulomb material increase more rapidly with
increasing compaction parameter than the rates
in the low strength von Mises material. The
Coulord materials had shear strengths which
increased with  confinement. The failure
cnvelooe was encountered on unloading, not
loading. Those materials designated as Jow
strength von Mises materials had low values of
shear strength which were independent of
confinement. The  failure envelope was
encountered on loading. This later condition is
similar to that which would occur in wet soils
although none of the models evaluated had
properties representative of wet soils. These
results, however, suggest lower attenuation
rates in wet materials than dry materials. The
attenuation rate for displacement seems to be
about constant in both materials. It appears
that unloading along a failure surface, whether
Coulomb or von Mises type, controls the
displacement attenuatfon rate. It should be
noted that the elastic attepuation rate in these
calculations is -1.4 while in the calculations
with iiie explosive source it was -1.6 which are
quite a bit higher than the theoretical elastic
attenuation rate. Hence there are numerical
dissipation mechanisms evident 1{in  these
calculations due to artificial viscosity, finite
zoning and other approximations. This increased
attenuation 1s common to all numerical
calculations although {ts amount {s dependent
upon 2zone size, viscosity coefficients and
actual material properties.
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This evaluation of attenuation rates
suggests that it will never be possible to
collapse the data from different inelastic
materials to a single relationship because the
materials have inherently different attenuation
rates. It may be possible, however, to collapse
them at a single position, i.e., the source
boundary.

CHARACTERISTICS OF A LIMITED DATA SET

One of the most comprehensive sets of
contained HE data comes of the MOLE series
(Ref. 14) conducted in the early 1950's.
Although somewhat old, the data set contains
substantial material and depth of burst
variations. The data has two major
shortcomings. The first is that there were no
close-in measurements (no closer than about 1.8
ft/1b1/3). The second is that there is only
Timited material property information
available. That consists of seismic velocity
and density data. Table 4 summarizes the data.
In addition, the table contains estimates of the
strain recovery ratio, scaled hysteretic
compaction parameters and predicted attenuation
rates for velocity and displacement based on
figure 14,

Table

In spite cf the MOLE shortcomings, the data
reveal some important behavior and will be
discussed here. Several additional tests have
been conducted since MOLE and a paper by Drake
in this conference provides a comprehensive
analysis of that data.

Figure 15 shows the variation of vparticle
velocity with range for all th? tests at scaled
depths of burst greater than 0.5 ft/1bl/3,
This appears to be the depth of maximum coupling
for particle velocity. Figure 15a shows the
data using yield scaling only. Overall the data
separates into two aroups: wet material and dry
material. Within the scatter of the data there
does not appear to be a major distinction
between materials in the two groups.

Figure 15b shows the data scaled by K, the
velocity transmission coefficient. Wet and dry
materials remain separated but the dry data
appears to tighten up slightly. Table 5
summarizes the parameters for fits to the groups
of data using the fit equation

4

Estimated Properties for MOLE Soils

Material Seisafc Velucity CL r —E—L n, ng
{ft/s) (ft/s) {s/ft)
gravel/sand 2900-3600 1600 0.1 2.7%X102 2.5 2.0
ytah dry clay 1550 75 0.1 1.2x10°3 1.9 2.0
Calif wet sand 5000 3150 0.5 1.3x10% 1.7 2.0
Calif moist clay 4000 3000 0.5 1.7x10-% 3.8 2.0
Table 5
Coefficients and Attenuation Exponents
for Fits to Yelocity Data
CI-CL" fl-CL
Material n, Unscaled _'C;- X 100 Scaled —cc— X 10C
(ft/s) (ft/s)
gravel/sand -2.96 77.4 - 0,26 24.0 1,62
Utah dry cly  -2.90 78.9 1.7 42.0 - 3.00
dry composite .2,87 77.6 - 43.3 -
Calif wet sand -2.10 86.4 -25.3 53,2 -24.4
Calif wet clay -2.48 186.9 61.7 113.5 59.2
wet composite -2.24 115.6 ——- 71,3 -

*Ce = Cy for composite
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n
v =c (Rl (20)

without material property scaling and

v 173,
g = C(RWT) (21)

with the material property scaling. The first
observation that can be made 1{s that the
attenuation exponents are significantly higher
than predicted in Table 4. This is apparently
due to the fact that the correlations of
figure 14 are too simple. Other parameters must
be considered.

A second observation is that there 1s no
major improvement in the correlations using the
material property scaling. This is shown by the
parameters (C; -~ C¢)/Cc which is a measure
of the difference between fits to individual
events and the composites, If one solves for
the range at which the wet and dry sof}
velocities become equal, the unscaled composite
fits yield a range of 3.3 feet while the scalad
fits yield 2.9 feet. Since the charge radius
for 256 1bs of TNT {5 0.84 feet, the result for
the scaled fit is more reasonable. The fact
that the velocities are equal 2 feet beyond the
charge boundary may be due to a disturbed zone
around the charge.

In summary, for velocities, the data reveal
relativa materfal independence within the two
distinct groups of wet and dry materials. The

18

P

groups decay at different rates with the wet
material exhibiting lowest attenuation. The
proposed  material property  scaling only
contributes a small improvement.

Figure 16 shows yield scaled MOLE
dispiacement; at depths of burst}) 0.5, 0.75,
1.0 ft/104/3.  The 0.5 ft/1bl/3 depth of
burst data have been separated from that for
depths of burst of 0.75 ft/1bl/3 or greater
because coupling for displacement does not reach
a maximm until 0,75 ft/1bl/3.  Material
property scaled displacements are not shown
because the scaling involving seismic veiecity
provides no apparent improvement. As with
velocities, the data 1in the different dry
materials scatter together. The wet dat? where
comparisons can be made at 0.5 ft/ibl 3 depth
of burst, show a small difference between wet
sand and moist clay.

The coefficfents and decay exponents for
the displacement data fit to equations of the
form:

n
3 . oyt (22)

4. N
arxent’ < T (riw/3y (23)
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Figure 16. MOLE Displacements at Depths of Burst of 0.5, 0.75 and 1.00 ft/161/3 (Yield Scaled Only)

with material property scaling are summarized in

Table 6, The values of the parameter
{C2 - Cc)/Cc  indicate that the prcposed
materia? property scaling does not improve the

unscaled data collapse. In spite of the fact
that the elastic scaling based upon an explosive
source does not make major improvements, it is
more consistent with the data than other
approaches, The results suggest that it will be
necessary to include aaditional material
properties, quite likely strength parameters to
collapse the data. Because of differences in
the decay exponent, the data will never collapse
entirely. But there may be soma overall
improvement in scaling in diffevent materiails.

The only comprehensive set of MOLE
experiments on depth of burst effects was for
the gravel/sand mix. Figures 17 and 18 shows

a near-surface charge may be greater than in a
lateral divection to the side of a charge. The
overall amplitude may be different as well.

The fact that both the overall amplitude
and the decay exponent change with depth of
burst implies that depth of burst effects cannot
be completely collapsed with a simple coupling
factor as is commonly attempted. Nevertheless,
it is interesting to compare the coupling factor
implied by the amplitude coefficients with those
in use previously. Figure 20 compares Lampson's
coupling factor with those computed here. The
MOLE results suggest that maximum coupling is
achieved at a much shallower depth than
suggested by Lampson. Further, maximum coupling
for velocity is achieved at a shallower depth
than for displacements.

tearn

the particle velocity and displacement data,
respectively. Both sets of data show both a
change 1n overall amplitude and a change in
decay exponent with depth of burst. Table 7
summnari zes the coefficients and decay exponents
for the fits to the data in the form of
equations (20) and (22). Figure 19 plots the
parameters versus depth of burst.

It s interesting that the data f:‘,’;,?g::; stress correlations in a paper in this

LOADS ON STRUCTURES

There are two cowponents involved in
determining loads on structuies. The first is
the freefield  stress. The second s
sofl-structure {interactiocn.  Uutil recently,
very few relfable stress measurements were
available in geologic materials. Fortunately,
this situation is improving and Drake provides

; surface bursts exhibit a much
o attenuation rate than when deeply burfed (3 -2 symposium. In the absence of stress data, ‘2":
k2 vs -2.9 for velocity). Measurements were made common to use the simple wave propajatio
A laterally on MOLE. This resul. suggests, relation g.ven 1in equation (24) to estimate
:; h however, that the attenuation vertically beneath stress:
“3%{ . o= pCy (24)
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Table 6

Coefficients and Attenuation Exponents
for Fits to Displacement Data

Scaled Depth of Burst of 0.75 and 1.0 ft/1p}/3

Materfal ng Unscaled €yt ot 100 Scaled L’z-c € x 100
- X X
(3 (S
¢, (rt10!/3) T, (r2l3)
gravel/sand -3.9 1.25 4.0 2306 92.8
Utah dry clay -2.78 0.53 38.0 437 -63.5
dry composite -3.45 0.85 —— 1196 ——-
Calif wet sand .1.88 2.38 - 7438 ———
Calif moist ¢lay -.- - - ——- —
wet composite -1.38 2.38 -e- 7438 ae-

*Ce = C2 for composite

Scaled Depth of Burst of 0.5 ft/1b1/3

Material ny Unscaled C,-C.* ® Scaled L}cc Y 10
- X1 B
c (]
¢, (fe/ml/3) T, 1ttt/
gravel/sand  -3.2 0.30 - 6.3 §53 5.4
Utah dry clay -3.32 0.37 15,6 305 -
dry composite -3,22 0.32 - 441 -30.8
Calif wet sand _2 56 5.97 RERL 18600 5.091
Calif moist clay _3.04 7.29 a- 17700 -—-
*Cc = C2 for composite
lue: sand s compared ta motst clay.
Table 7

Depth of Burst (00B)

Symbol (ftgb*ﬁ) Coefficients and Decay Exponent
for Depth of Burst

e
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where o = stress
p = mass density
C = wave speed
v = particle velocity

The wavespeed 1is taken as an effective wave
speed determined from the secant modulus to the
stress level of interest.

The actual load on a structure is dependent
upon the interaction of the incident stress wave
with the structure. Arching, in the static
sense, does not occur. Soil to the sides of the
structure cannot possibly mobilize to carry
loads away from the structure until a wave
reflection has taken place and communicated the
existence of a structure to the adjacent soil.
This process takes time. For conventional
explosives, the major wave reflection and
interaction is over before the adiacent soil can
“arch".

In general the interaction process is quite
simple and is related to the relative velocity
between the freefield and the structure
(Ref. 12).

The stress acting at a point on the
incident face of a structure buried at
sufficient depth so that free surface
reflections do not influence response nay be
approximated by

og(t) = 20f¢e(t) - pCpv(t) (25)
where

oglt) = total stress acting on the
incident face

22

off(t) = incident stress wave in the
freefield at the location of the
structure
[ = mass density of the sofl .
CL = compressional wave velocity of :
the soil
v(t) = velocity of the structure

The stress acting on an aboveground structure,
is approximately

Or(t) = pCLV(t) {26)

where op(t) 1is the stress acting on the
reactive face of the structure.

In general,

og{t) = opf(t) ¢ pCpLav(t) (27)
where
ot{t) = total stress acting on a point
on a structure surface
perpendicular to the direction
of incident wave propagation s
av(t) vee(t) - v(t)

vee(t) = freefield particle velocity at
the point of interest

The sign of the second term is taken as positive
for incident faces and negative for reactive
faces. Equation (27) indicates that the stress
on a structure consists of the freefield stress
plus or minus a temm which is related to
momentum exchange caused by the presence of the
structure. These relations are approximate
because they ignore communication betwcen
adjacent points on the surface. A similar
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relation exists for shear stress but the maximum
shear stress transmitted is 1limited by some
fatlure critaria.

Equation 27 and its generalization lead to
the obvious but d{mportant conclusion that
whenever the structure velocity differs from the
freefield velocity, stresses different from
those in the freefifeld will act on the
structure, Since buried structures of finite
mass cannot respond dinstantaneously to an
incfdent wave, reflections will persist on
surfaces facing the propagating incident wave
for some time foillowing the arrival of the weve
at the structure. The duration and importance
of the reflections depend upon the mass and size
of the structure, the properties of the medium,
the rise time of the incident wave and the
flexibility of the structure. The relatively
large mass and stiffness associated with buried
structures designed to resist conventional
explosions suggest that a reflection factor of 2
should be applied to incident freefield
stresses. As mentioned earlier, however, there
are large spatial gradients in load which should
be accounted for.

CONCLUSIONS AND RESEARCH NEEDS

The discussions ind analyses of this paper
lead to the following conclusions:

1. Dimensfonal analysis and scaling are
useful in interpreting data and developing
prediction relations but the analysis can be
complex.

¢. Parametric numerical calculations
provide an excellent means of {dentifying
physical trends and guiding data analysis.

3. The explosive source (not a simple
pressure  boundary) must be included in
calculations and dimensional analyses.

4, Material inelasticity dominates
response including attenuatifon rates and the
relationship of stress to velocity. There is a
marked difference between wet and dry soils,
Material parameters involving strength, and
possibly multi-phase behavior, will be necessary
in dimensional analyses to scale data in various
materials., In the meantime, existing data may
be used directly for predictions.

5. The MOLE depth of burst data suggest
different coupiing relations for different
ground shock parameters. Also, because the
decay exponent varies with depth of burst, a
simple coupling factor does not explain all
effects.
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6. Overall, data are sparse on the
following topics:

® close-in (0.5 to 1.5 ﬂ:/lbl/3 parameters
® shape effecte
@ case effects
® lateral versus  vertical behavior

beneath burst

o stress/pressure measurements in general

elayering effects (especially dry/wet
interfaces)}

® blast-induced 1iquefaction

e load amplitudes and distributions on
structure surfaces

This lack of adequate data leads to the
following research needs:

1. Parametric experiments using modern
fieldfng and measurement techniques to obain
comprehensive data on the main parameters
governing ground shock. These should include
measurements bothd Jaterally and verticaily
beneath the burst.

2. Parametric experiments in wet and dry
over wet sofls to characterize wet site behavior
and blast-induced liquefaction.

3. Development of instrumentation and
techniques for measuring total stress, effective
stress and pore pressures.

4, Development of multi-phase geologic
material models which include coupling between
volumetric and deviatoric behavior.

5. Parametric experiments to characterize
loads on structures for various structure
shapes, sizes and stiffness.

§. First principal calculations to guide
and aid in the prediction of the experiments, as
well as reveal the relative importance of
different parameters.
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ABSTRACT

B"I’lu‘.s research effort explored the feasibility
of using a centrifuge as an expeximental simulator
to measure free-field blast parameters very near
the explosive charge. A series ot experimenta’
blast events was conducted in the 30 u to 80 g
range using the centrifuge test facility locaed at
Kirtland AFB New Mexico. The results of .hese
tests concluded that the use of a centiituge
simulator is a workable concept for the
determination of blast parameters. The simulation
of high-explosive effects through qravity scaling
permits the use of small charges in the centrifuge
gimulator and it can easily be refurbished after
each test. More imzortantly, the use of the
centrifuge 3imulator preserves the gravity scaling
relationships s#hich are usually distorted during
replica model tesLirgN

Note' counterweights in forsground.

Figure 2. Genfsco t;entrifuge.
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CENTRIFUGAL MODELING TECHNIQUES
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INTRODUCTION

In the structural replica modeling process, it
is most commou to neglect the gravity distor!.on
which occurs in the scaling relationships. Quite
cften this is justified because the effects of
gravity are small [1]. However, in gravity
sensitive phenomena (i.e., cratering, spalling,
penetration. c¢esnsion cutoff, dead 1load, inertia
effects, etn...} the distortion of gravity may
induce very large errors in the structural
response. As the scale of the replica model
becomes smaller, these cigtortions can buecome very
great It is therefore advantageous to develop an
experimental technique which will preserve the
gravity scaling relationships in replica structural

modeling. The centrifuge offars such a technique.
TABLE 1., INDEPENCINT PARAMETERS FOR THE
CENTRIFUEAL MODELING OF BLAST PrESSURE.
Parameter Description Oimensions
Explostves Eaergy, £° L
Pressure, P, w-ir-2
{ Oeoth of Burial, O L
Burster-Stab Thickness, B L
Mass Oensity, o, M-3
Silatational Wave Spead, C Lyt
Poisson‘s Ratis, .y R
Streagth, 3, w12
Sotl (Sand) Mass Denstty, o, -t
Oflatational Wave Speed, C, [S4]
Poisson’s Ratio, iy .-
Strergth Parameter o, ®e11-2
Other Gravity, g ! L’ i
Parameters Bucket Dimensions, r,d ot !
! Range L
{ J
TABLE 2. SCALING PELATIONSHIPS FOR GRAVITY SCALING.
Quantity Full Scalei Mode) Scale
' Limar Dimension 1 1Un
) Area 1 1/n2
i votuma i 1/n?
! Tine i 1fa
I Velogity 1 )
H Acceleration 1 1 n
h Masy | 1 1/03
l Force | 1 i/n?
i Energy 1 e
Stress 1 )3
l Stran 1 1
| Jensity 1 1
{
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APPROACH

After a review of other blast simulation
techniques, the centrifuge concept was decided upon
because of its relative merits. A senes of
experimental blast tests was performed in ao
available centrifuge facility at Kirtland AFB, New
Mexico. The particular problem under investigation
at the time was th: measurement of free-field bldst

parameters under a reinforced concrete burster slab:

as shown in Figure 1. The weapon was assumed to
peretrate into the burster slab and then detonate
creating a crater and inducing a shock wave beneath
the burster slab. Table 1 and Table 2 illustrate
the independent. parametcrs and scaling
relationships used in the modeling process. The
acceleration (gravity) varies as the inverse of the
linear dimension. A (/50 scale model would be
tested at 50 g's in order to preserve similarity.

Fiqure 2 shows a photograph of the 6-foot
radius centrifuge apparatus which was used to mount
the test articles. The test bed 1s approximately
22 inches in dJdiameter and is secired to a free
swinging platform so that the induce?® gravity force
is always normal to the test article.

igure 3 shows the installation of the
simulated weapon in the burster slab. The weapon
was simulated using commercially available

"blasting cap" detonators and sized according to
the energy scaling relationships. The detonators
are available in a variety of sizes and shapes and
the casing thickness can be machined to produce a
repiica of any particular weapon, if desired.

0
-

Concrete slab (grout)

Epoxy

W
Y

Hole cast n ;ancrete
’

! L

Figure 3 Placement of detonator in burster-slab
i .
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RESULTS

Figure 4 shows the results of a typical

CONCLUSIONS

Recent advances in the miniaturization of

o0 Fwrd
G

burstcer-slab model after detonation at 50 g's. Tae experimental gages have made the feasibility of
separation of the wire reinforcement fabric structural modeling more attractive. Microetching
extended around the diameter of the breach in this techniques have been applied to the manufacture of
particular case. A variety of experiments very small strain gages and accelerameters.
involving wvarious combinations of charge weights, Microetching techniques are wused to produce
gravity levels and scaled distances were performed. microprocessors and "microchips" in the computer
The test matrix is shown in Table 3. A comparison industry. The result is a "microchip" gage which
of the test results and predictions is presented in is extremely small and relatively inexpens.ve
Pigure S. .he free-field pressure was recorded because of mass production techniques (2]. The
from miniature pressure gages, using standaxd gages are not only small but can contain
high-speed recording techniques. microprocessors to process the data prior to
transmission.
y——y T T T The use of a centrifuge as a simulator for the
\ ! determination of blast parameters appears to be a
10°h \ 1 ot 4 workable cc.ucept. Using “"microchip” gares and
miniature replica structural models in a centrifuge
simulator can provide meaningful response data very
2 &84 . ,105§-55‘ quickly and econumically. This type of apparatus
3 * 21003 would lend itself to the econamical production of
tata large volumes of data.
Ozta
e 1wy 1
SAMSON
e code
5 Pred!:t(cn-/\, v i .
- d. 1 i A 1 L
5‘ {a) %o burster slab {c} Xo burszer slab
- Tests with !
2 burster slab H
3 10 (data} 1 v
-1 325 :
~3 = 53791 @
\ ! i
\
M ~2 .u/“ \\
\
10°] 22000 —— 8 \
\\
; \
ety W vl *
urstes aish /\
_eatal ) 1 ()
T 2 6.5 1 2 s
et {d) Tests with burster slad
ISLTL ANV I
fo4e 5 Toepamison of test results, predictions, and SAMSOM code values. Figure 4, Postshot condition of model burster-slab--440 mg at 50 g
TABLE 3  TEST MATREX
g-Level . -
2 | 2 | « ] 4« s | % 1o

R e T

Explosive

Scaled Distance

weight, mgjd, X, X,l% i,

[N P VNN P

I R B R R R

880 1 2 3|5 .8
660  [en wn oofo --
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220 fee es wofee -
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dhts series was also
included in the test

conducted in a test series without @ burster-tlad
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' IMPACT AND ZENETRATION OF LAYERED PAVEMENT SYSTEMS

THOMAS E. BRETZ, JR.
AIR FORCE ENGINEERING AND SERVICES CENTER

TYNDALL AIR FORCE BASE, FLORIDA

! ABSTRACT
N

The Air Force is sponsoring research
>n  damage-resistant runway designs. The
designs are based wupon principles which
use high strength/high density materials
to resist weapon momentum. Initially, two
subscale pavement sections will be
designed, one representing a rigid pave-
ment for long-term aircraft traffic, ana
the other representing a redundant surface
to withstand limited aircraft operations,
The penetration resistance for both pave-
ment sections will be aetermined experi-
mentally. Penetration~resistant layers of
rock or concrete rubble will then .
designed as a sub-base to the pavement
sections and these designs will be tested
at subscale. Testing full-scale
penetration-resistant rubble layers will
be accomplished, and concept development
should be complete in the late 1980s.

BACKGROUND

~ The Unites States Air Force is
vitally concerned with airbase recovery
following a conventional air attack. One
area 1n which a great deal of research and
development 1is occurring is rapid runway
repair (RRR). Two technical areas of
research and development in the Air Force
RRR Program Office are rapic crater repair
and alternate launch and recovery surfaces

(ALRS}. In the rapid crater repair tech-
nical area, engineers are developing pro-
cedures to rapidly repair bomb craters.

In the ALRS technical area, engineers are
developing methods to construct alternate
airfield pavements which will provide the
capability to operate aircraft while the
initial craters in the main runway are
being repaired. These alternate pavements
will be constructed during peacetime.

There gre two aspects to the ALRS
technical area. One is based on pavement
,eredundancy. The idea here is to construct

large areas of aircraft operating surfaces
that are redundant to the main runway(s).
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These redundant surfaces need only with-
stana a limited amount of fighter traffic
since the surfaces are intended to func-
tion only until the main operating surface
is repaired. The other aspect of the ALRS
technical area is based on construction of
hardenea runways that, when attacked, will
sustain only 1limited damage which can be
quickly repaired, This 1s particularly
important for airbases that have insuffi-
cient lana area tor construction of vast
areas of redundant surfaces. The harcened

or damage-resistant runway research will
be aiscussed below.
OBJECTIVE

The objective of the damage resistant
runway research is to develop methods to
construct runway surfaces that are less
subject to bomb damage than existing sur-
faces. The term, "less subject," is basea
on time to repair. The time to repair
damage in a damage-resistant runway must
be less than 30 minuces per crater. Con-
cepts for damage-resistant runways must be
economically feasible for construction and
must be compatible with aircraft and air-
craft operations. Payoff from the damage-~
resistant runway research 1s expected in
the “ate 1980°'s.

RESEARCH PROGRAM

The Air Force Engineering and
Services Center is sponsoring =2 research
effort by the Southwest Research Institute
to cevelop a concept for construction of
hardened runways. The research is being
performed to determine the ability of a
layer of rock rubble or boulders placed
beneath a pavement's surface to cause pen-

etration path disruption or weapon
malfunction.
Background

puring the attack of the Nicosia
International Airport in 1974, daamage
created by 750-pound bombs was far less

than expectea [1].
attributed to a hard cap rock

Decreased damage was
located at
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an average of 4-5 feet below the runway
surface. In general, the bombs did not
penetrate the cap rock and, therefore,
detonated at shallow depths resulting in
small diameter (12-24 feet), shallow (3-5
feet) craters. Many of the bombs either
deflagrated or failed to function at all.
Rock rubble overlays have proven effective
as a means of defeating kinetic energy
penetrators attacking protective shelters
[2,3]. When properly sized, initial pen-
etration resistance of the rock rubble
closely duplicates the resistance of a
semi-infinite mass of rock. If opposed by
adequate resistance, penetrating bombs do
not perform to full potential and result
in much smaller craters, thus requiring
significantly less repair time.

Technical Approach

The design parameters important to
this study are shown in Figure 1.
Although Figure 1 is not all inclusive in
detail, it does illustrate the principles
involved. Details are described below:

Weapon Threat - 50C-poind class gen-
eral purpose bomb;

Impact Angle -a, maximum of 60°
(from horizontal) governea by deliv-
ery possibilities;

Impact Velocity - v, varies from 600
to 900 feet per seconu;

Surfacing Material - Zone 1: Rigid
or flexible. Rigid surface designec
to represent conventional runway;
flexible surface designed to repre-
sent redundant surface,

Base Course - Zone 2: Materials to
be comparable ana compatible with
anticipated repair backfill materi-
als, Thickness based upon strength
requirements to  support aircraft
loads and impart second shock loading
at rubble 2zone in resonance with
bomb's response to initial impact.
Separation between zone 1 and 2 must
bg maintained to prevent material
migration;

Sub-base - Zone 3: 1Individual pieces
to be twice the diameter of the
threat weapon. Depth of layer based
upon weapon impact parameters and
decelerations. Impact angles will be
considered between the threshold for
ricochet from surface (apg = 40°) and
delivery limited (ap;, = 60°). Thick~-
ness and hardness of the layer to be
determined from weapon characteris-
tics and expected velocity when z20ne
3 is encountered.

M
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DESIGN CONSIDERATIONS

@ COHVENTIONAL RIGID ( OR FLEXIBLE BASED UPON COST) DESIGN.

)] STRENGTH AND MATERIALS COMPARABLE AND COMPATIBLE WITH
BACKFILL MATERIALS USED IN RRR PROCEDURES. tz BASED ON
NATURAL FREQUENCY OF WEAPONS, IMPACT VELOCITY AND DECEL-

ERATION.

® ROCK RUBBLE SUB-BASE DESIGWED TO DEFEAT WEAPON THREAT
WITH RESIDUAL VELOCITY AFTER PENETRATING t1 AND tz.

FIGURZ 1. DAMAGE- RESISTANT RUNWAY CONCEPT.
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Weapon Response

Dominant response frequencies have
been measured for runway penetrators
impacting concrete targets. The penetra-
tor shown in Figure 2 was 1instrumented as
shown in Figure 3 and impacted with con-
crete targets in reverse ballistic testing
at Eglin (4]). Strain data were analyzed
using Fast Fourier techniques to determine
dominant frequencies. kesults from the
analysis are shown in Figure 4, The first
three natural frequencies of the penetra-
tor in a preliminary analysis were deter-
minea using a three-~degree-of-freedom
lumped mass model. Frequencies determined
analytically are also shown in Figure 4.
Natural frequencies of 2108, 3292, and
7791 hertz correspond to natural periods
of 0.47, 0.30, and 0.13 milliseconds. For
impact velocities below 1000 feet per
second into concrete sections approxi-
mately one foot thick, the penetrator is
experiencing high impact loadinygs through-
out the time period of maximum response
which means the maximum response is the
same as if the load duration had been

Larger class weapons such as
the 750-pound general purpose bomb have
natural periods in the 2 to 5 millisecona

infinite.

range. Thus, at highexr impact velocities,
larger weapons can penetrate thin surfaces
before ever reaching maximum response.
However, the process of penetrating a
series of properly spaced hard layers of
penetration barriers imposes a system of
pulsating forces on the weapon. Referring
to the concept of daynamic load factors
presented 1in Reference 5, 1t can be seen
that the maximum response 1ncreases tre-
mendously when loads pulsate at frequen-
cies near the natural frequency of the
structural system. igure 5 compares the
dynamic load factor (DLF) with the ratio
of load frequency (Q) to structural fre-
quency (w) for sinusoidal loads. The
proposed damage-resistant runway concept
will take advantage of the dynamic
response characteristics of the weapon
threat and use spaced, hardened layers to
impose pulsating loads into the penetra-
tor, Although preliminary analysis has
proven the concept feasible, more refined
analysis techniques will be applied during
the actual design of the concept.
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1
Penetration Modeling Task 2: A dimensional analysis
will be performed for penetration of a
Experiments will be conducted at weapon into the main runway and redundant
subscale for economy and ease of testing. surface sections designed in Task 1. The
Scale modeling has been employed exten- dimensional analysis will be usea to
sively in penetration testing. An entire design subscale experiments to determine
chapter of Reference 6 is devoted to penetration characteristics of the pave-
modeling penetration aechanics. Scale ment Sections with and withcut damage-
modeling penetration has proven valia, resistant concepts.,
provided physical parameters important to
the process are properly scaled in Task 3: An experimental program
relation to each other. will be conducted to establish baseline
penetration characteristics of the two
The Buckingham Pi Theorem will be pavement types before employing damage
applied to the penetration conditions resistant concepts., Penetration trajec-
illustrated in Figure 1. Important para- tories into targets will be recoraed with
meters to be considered include weapon high speed movies for the simulated full-
impact conditions, target response, and scale impact conditions shown in Table 1.
weapon response. Because response of the Target and projectile aamage will be
granular base and sub-base materials is recorded following each test.
deemed significant for proper modeling,
gravity will be included as a parameter, TABLE 1., TEST CONDITIONS
and dissimilar modeling of both the pene-
trator and pavement surfacing material Impact Angle Prototype Impact
will be used. (Measurad from Velocity (fps)
the horizontal) 600 750 900
Research Program
40° X X X
Concepts for damage-resistant runways
will be developed and tested in research 50° X X X
phases which are describea below. Once
concepts have been verified for subscale 60° X X X
models, a test plan will be developed for
full-scale test and evaluation. Task 4:  Sub-base rubble zones
will be designed to resist penetration by
the weapon threat. Designs will be based
1. Phase I - Concept Development upon impact conditions listed in Table 1,
weapon characteristics, penetration analy-
Task 1: TWwo runway pavement sis, ana results from Task 3 testing.
sections wil) be designed for subsequent
evaluations of damage resistant concepts:
(a) main runway, and (b) recundant
surface.
33
s Tt ; Y A - TS T N m e Eee T TS PRV Ay - T Em m e A S S mma e e T AR W e Nt

PR




ot prr e

Gl

o

.

2. Phase 1I ~ Concept Verification

A sub-scale test program will be
conducted to verify penetration resistance
of pavement sections designed in Tas) 4,
Testing will follow conditions and proce-
dures used in Task 3. Each conaition will
be tested twice. bata will be recordea
similar to Task 3 testing. Designs will
be modified during testing as necessary
for improved performance.

3. Phase IIlI -~ Follow-on Development

Basea on the results of Phases I
and II above, a test program will be
developed for full-scale testing of damage
resistant runway concepts. This test pro-
gram will include construction of target
runway sections, both conventional and
hardened, Live bombs will be  air-
delivered onto the sections and results
will be compared to verify the reduction
in cdamage in the hardened runway versus
the conventional runway.

SUMMARY

The  Air Force Engineering and
Services Center is performing a research
effort to develop a concept for construc-
tion of runways that are resistant to con-
ventional bomb damage. The concept being
investigated consists of using a layer or
layers of boulders in a flexible pave~-
ment's subbase course to disrupt penetra-
tion paths or to cause weapon malfunction.
The research is expected teo result in a
payoff in the late 1980s.
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Ve OF TWO PROJECTILE TYPES

Richard D, Szczepsnski

Shalimar, Florids

ADPO01753

; ABSTRACT

The purpose of the work was to develop
penotration/ricochet data for two projectiles
launched against 5,000 psi concrete targets and,
in addition, to measure the axial stress on the
nose of 8 projeotile during concrete penetra-
tion, The program employed projectiles 3.35
inches in diameter and approximately 27 inches
long with two different nose shapes. Threo
different types of targets were used., Targets
consisted of concrete slabs, 8-ft square and
with thicknesses of 4 inches, 12 inches and 30
inches. A ricochet relation was developed from
the data and the results seemed to correlste
well with some previous work., One test was
conducted in which an on-board shook resistant
recorder was used to collect a time history of
the output of a pressure transducer installed in
the nose of & projectile. The results of the
experimoent were compared with a hydrodynamic
code caiculation and showed ressonable agreement
for early times.

CONCRETE PENETRATION AND RICOCHET TESTING

Jokn A, Collins

Eglin Air Force Base, Florida

RICOCHET TESTING
Projectiles

The two types of prcjectiles used in the
program are shown in Figure 1. Both projectile
types woreo dexrived from the same basic design
and had identical outside diameters and interior
cavity geometries, The principal differences
were in the nose shape and the aft basepliug
design. The Type A projectile had a conical
nose shape and had a baseplug which was screwed
entirely into the aft end of the projectile
until it was flush with the aft surface. The
Type B projectile had a tangent ogive nose and
included a baseplug which had an interana) fitted
throaded soection and an aft closure equail to the
outside body dismeter of the projectile. The
Type A projectile wes approximately 27 inches
long while the Type b was about 26.5 inches long
with the baseplug instalied. Both projectiles
had blunt cylindrical nose tips 1 inch in diame-
toer and wore filled with a materisl that had s
density of about 0.058 pounds per cubic inch
(1.6 gms/cc). The projectiles were fabricated
of E4340 steel, heat treated to a Rockwell C
Scalo hardness of 42 to 46. Total losded weight
was about 36 pounds for each projectile.
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Targets

All targets were constructed of concrete
usiag a mix design intended to yield a compres—
sive strength of 5,000 pounds per square inch
(psi) after 28 days, The limestone aggregate
was specified to have a minimum compressive
strength of 17,000 psi and a maximum nominal
size of 3/4 inch, The targets were square
slabs, 8 feet on a side with thicknesses of 4
inches, 12 inches and 30 inches. All targets
were ceet se monclithic pours withsst istorasl
interfaces., At the time of pouring, tensile
beam and compressive test specimens were taken
from the concrete of each target. The compres-
sive strength samples were tested two at a time,
at intervals of 7 days, 28 days, and 90 days
after pouring with all of the remaining samples
tested duoring the week that the targets were
used, Figure 2 is a time history plot of the
average compressive strengths for the 12-inch
thick target. The others were similar,
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Figure 2. 12-Inch Thick Target Strength

Note that reinforcing rods were not used in
the central area of the target, Figure 3 shows
the geometry of a 12-inch thick target, The
steel reinforcement was purposely omitted to
insure that the ricochet data would be represen—
tative of the concrete snd not be influenced by
the steel reinforcement especially at the lower
impact velocities. The lateral sixe of the
targets, 8 feet on a side, was chosen to be as
large as possible based unpon the lift capability
of a2 crane used to pusition the largest target
which was 30 inches thick and weighed abouat 11
tons. In all tests, the distance from the
centrally located impact point to the nearest
edge was nominally 48 inches or about 14.3 cali-
bers based upon & projectile diameter of 3.35
inches.

The final overall target configuration
varied to the exteat that the 4-inch and 12-imch
thick targets were tested with the back side of
each resting on a sandy clay soil surface, while
the 30-inch thick targets were tested vertically
with the back sides being free surfaces exposed
to the air. The reason for the difference was
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that the two thinner targets were intended to
represent poured slabs resting on the ground,
while the 30-inch target was a better repre-
sontative of a semi-infinite concrete target,
Thus, all tests involving the 4-inch and 12-inch
targets were actually concrete—soil combina-
tions, The soil beneath each target was lightly
compacted by repeatedly driving a vehicle over
the surface after it had been built up to the
proper angle,
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Figure 3. 12-Inch Thick Target Design
Test Arrangement

The projectiles were launched from a 155mm
gon fitted with an internal barrel sleeve which
reduced the bore to about 85mm (3.35 inches).
The gun was mounted on the rear of a 5-ton truck
chassis and was capable of being moved in oleva-
tion only. Azimuth changes were made by turming
the truck. The alignment of the projectile
trajectory to the target normal wus made using a
surveyor’'s transit and a steel measuring tape.
The measurément scheme was capable of deter-
mining the obliquity anmgie to less than 0.2
degree. While the target position relative to
the lins—of-sight trajectory could be measured
to this accuracy, the targets could only be
located within 2 degrees of a desired angle
because of the difficulty associated with posi-
tioning the targets and/or the gun any more
precisely.

Two impact velocities were of interest, 700
feet per second and 1100 feet per second., Pro-—
jectile velocity was changed by vargying the
powder charge in the gun. The velocitv was
measured using two high speed framing c: 1eras
along with chronograph measurements of time
between screens placed in the projectile's
flight path to the target.

The test approach was based upon the up and
down method developed by Dixon in Referonce 1.
Obtaining the critical ricochet angle at each
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test condition required at least one ricochet
snd one penetration within 10 degrees of each
other. Then, if the outcome was a ricochet, the
angle between the target normal and the projec-
tile trajectory was decreased by 5 degrees for
the next test at that target/velocity combina-
tion. Conversely, if the outcome of the pre-
vious test was & penetration, the angle would be
increased by 5 dogrees. This procedure was used
until both a ricochet and s penetration event
hed cocnrred 2t thet pasticnler comhinetion,
Figure 4 is a schemsatic view of the ovexall test
arrangement for the slab targets,

Ricochet

Trap Target

Norpal

Velocity
Screens

Although these tests wero not part of the data
base used to develop the eguations, and the
projectile geometries were considerably differ—
ent from those used in Roecker's work, the cor-
relation with this data shows good sgreement.
Tke equations, as curren.ly defined, were not
spplied to the 30—-inch target data since none of
those projectiles penetrated in the target and
either ricocheted or rebounded. The 39-inch
data fit is the dashed line,

Launcher
Plywood

Blast Shield

-
o

Z{/' Target
Compacted Soil

\\\_Flash Lamps

Figure 4. Overall Test Arrangement
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Tables 1 and 2 contain a summary of the
test results for the Type A and B projectiles,
respectively. It may be noted that for the 4~
inch and 12~inch thick targets, all pemetrations
were actually perforations, since the projoctile
passed completely through the target and was
rocovered in the underiying soil. For the 30-
Inch thick targoets, all of the penetrations were
rebounds and none of the precjectiles stuck in
the target or psssed completely through, In
most cases, the rehounded projectiles were found
lying on the grouad in fromt of the target,
within 25 feet of the impact point.

Figures 5 and 6 are plots of the test data
for the Type A and B. projectiles, respectively.
The data for all three target arrays is plotted
on oach graph, The solid points indicate a
penetration and the open points indicate a rico-
chet, More scatter is ovident in the Type A
projectile data than in the otkher, These pro-
jectiles were fired first and some difficulty
was experionced in obtaining the desired launch
velocity due to gas blowby in the gun. As a
result, s aumber of velocity comditions were
repestsd. By the time testing hegan with the
Type B pro’ otiles, these problems had been
overcome and Iauach velocities wore nore pre—
cise,

After the testing was completed and during
our analysis of the test dats, an empirical
correlation developed by Roecker (Reference 2)
bocaus available. These egnations were unsed to
plot the solid lines in Figures 5 and 6.

TS e O R N T Al e o 4 i e R

The correlation developed by Roecker is
still under development and will not be pre—
sented in this paper. However, some information
can be stated. The critical ricochet angle is
determinod by summing three terms. The first
term has a relationship which explains the
changes in ricochet angle as a function of the
ratio of target thickness divided by the major
body dismeter (T/D) and tho ratio of body length
divided by the major body diameter (L/D). The
second term relates changes in ricochet angle
dus to projectile strength and is a function of
(L/D) and the ratio of minimum wall thickness of
the projectile to its major body diameter (W/D).
The third term related the changes in the rico-
chet angle as a function of velocity squared.
Terms due to nose shape or concrete strength are
not included at this stage of development.

PENETRATION TESTING
Backgroynd

Penetration calculations cozducted by
Osborn using hydrodynamic computer codes
(References 3 and 4) had resulted in a concrete
loading model which could be used to predict the
axisl stress loading on the nose of steel pro—
jectiles penetrating concrete targets. The
model was applicable for normal impacts ia the
range ~” 100 to 500 meters/second and considersd
both finice and semi~infimite targets. The
hydrocode calculations indicated that the sieady
state axial stress oz the nose of a tlunt pro-
joctile entering a concrete target, would be
less than 4.5 kilobars (65,000 psi) for impact
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% TASLE 1. TYPE A TESY SUMMARY TABLE 2. TYPR P TRST SUMNARY
. TARGET TARGET
; THICKNESS VELOCITY OBLIQUITY OUTCOMBE? TEXCKNESS VFLOCITY OBLIQUITY OUTCOMB
! {INCHES) (BT/SEC) (DEGREES) (R OR P) (INCHES) (FT/SEC) (DEGRBES) (o P)
g 30 1167 23 P 12 1185 50.2 »
H 3o 1030 28.9 4 12 1240 44.9 P
3 30 999 35.7 R 12 76% 40.8 4
! 30 783 24.5 R 12 710 45.6 x
\ : 30 741 20,6 ps 4 756 63.8 P
30 740 29.3 R 4 768 69.3 R
12 1159 34.3 P 4 1186 70.8 R
12 1005 45.0 P 4 1152 65.6 } 4
t 12 910 52.9 R 3¢ 733 23.6 R
12 721 9.4 R 30 745 18.3 P
12 768 34.4 P 30 1094 35.6 P
4 736 50.9 P 30 110§ 39.6 R
4 748 59.9 P
4 728 68.9 R NOTES:
! 4 1079 76.5 R 1 - R indicates & ricochet; P indicates a
4 1118 66.6 R penetration or rebound.
it 4 1088 60.3 P
' 30 970 33.6 R
12 1113 50.1 R
30 1097 33.8 R

NOTE3:

1- R indicates & ricoshet; P indicates a
penetration or rebound.

2 - Projectile was yawed 5 degrees at impact.
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Figure 5. Type A Projectile Ricochet Data
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velocitiss of less than 150 m/sec, Since pres—
sure transducers uscd for ballistic applications
+ve ocapable of reading ;:2ssures as higi as
100,000 psi (6.9 EKbar) it appeared that, by
inciuding & recording package in a projectile
and installing a suitable pressuro transducer in
the nose, it would dbe possible to obtain data
which would confirm the basic aspects of the
model and the concrete equation-of-siate,

Instrumontation

The trarsducer selected was the Mod.. 1094
manufactured by PCB Piezotromics, & type ordi-
narily used to meature breech pressures in bal-
listic applications. The transducer features an
internal transistor amplifier aad is deeigned to
withstand pressurss as high as 100,000 psi,
doveloping a low impedance output signal. The
active element is a piezoelectric crysisl which
is straimed by the externmal pressure applied to
the diaphragm. The transducex requires & con-
stant corrent source for driving the inteznal
smplifier and the output i. then coupled to the
appropriate recozding device using a blooking
eapacitor.

The recorder used for the test was Zuran-
ished by the Fuzes and Sensors Brsaich of ths Al
Feroce Armament Laboratory at Eglin Air Foone
Bass, Florids., Originally developed by MBB
(Messezschmitt-Bolkow~Blohm, GmbH), the device
featured & single channel input with s solid
stato memory to record digital data, Tre maxi-
mum sampling rste we: ome word per 21.9 micro-
seconds and the use f & 7-bit word resalted in
an amplitudo resoiution .f onse part in 128, The
recorder was powered by & rechargeable battery
and after being turned om, was capable of oper—

T 1 T L T T Y T T T T T T
0 100 200 30U 400 500 600 700 800 900 1000 1100 1200 1300
Velocity (ft/sec)

Type R Projectile Ricoc*et Data

A e o LR G P S A < ST SRR BTN o e T

ating from six to eight hours on & single
charge. The actual vriting of data into the
recorder memory was initisted by an input signal
from the transducer. Any output grenter than §
percent of the full scale signal was srfficienx
te tnrn on the recorder and store the dita
gonerated. The recorder had been previously
used in other projectile test progra=s using
acoslercacteor as the signal source and the dats
developed was judged to be satisfactozy.

Testd

Figure 7 is a schematic depiction of the
instrumentation urrangement as installed in the
projeotile, The test projectile was derived
from the copical nose (Type A) prciactile used
in tho ricochet test progrsm with . ~.ifications
to accommudate the transducer—recorder package.
For the test, the projectile was launched at the
center of & 4-inch thick vertical slab target
which was one of those constricted for the rico-
chet test program., The tergst had s measured
compressive strength of 5,542 psi. ‘The projec—
tile struck the taxget at a 90-degree obliquity
angls and with no measuratle yaw. The impact
velocity as determined from the two high spesd
camoras was 360.6 and 360.5 1t/sec. The impact
velocity measured bv the velooity .oresens was
362.4 ft/sec. Booause of the debris cloud and
obscucration, the exit velocity cof the projectile
was only avsilable from oae cameru sad wus
deterxzined to be 292 ft/svc. The projectile was
recovered and the dats stored was retrieved from
the recorder.
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Figure 7. Sectional View of Projectile Design Used For Dynamic
Pressure Measurements

Resuits

Figures 8 and 9 show the data wkich was
generated., The Figure 8 data is the complete
record of the event and oxtends to times weli
after the projectile had exited tha taxgst.
Sirce the transducer was a pressure device, the
output indicating negative pressureos was obvi-
onsly erroncous, The large negative signsl was
belicved to be caused by failure of the constant
current power supply to the transducer which was
battery operated and was found to be shock
sonsitive aftor the test. The tramsaducer itself
was returned to the manufacturer for checking
and recalibration and no failure was evident.
Based apon the transit time of the initial elas-
tic wave into the silicone rubber shock attenua—
tor which onclosed the battery, it was estimated

|

that the earliasst possible failure time was
sbout 35 microseconds after impact, Figure 9 is
an expanded time scale of the early stages of
the impact and indicates that the pressure trace
was positive for about the first 150 micro-
secouds before going slightly negative (~1,350
psi). Also shown on Figure 9 is a pressure time
histors derived from & HULL hydrodynsmic code
calculation of the penetration event. Fignre 10
shows the calculational geometry. The pressure
trace of Figure 9 shows relatively good agree—
ment with the early portiom of the recorded
data, the principal difference being the initial
stress peak which was not zecorded becanse of
the low sampling rate of the recorder. The
recorded data also indicate« the expected pros—
sure reliof in the transition from steady state
penetration to the terminal phase in the region
fzom 60 to 90 microseconds, Beyond 90
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microseconds, the calculsted pressures are dae
to the losding caused by fractured concrete as
it ir forced ahead of the projectile, The
recorded data did not show this loading, but the
failurs to do so was not completely unexpectsd
gince the transducer face was recessed about
0.060 inch from the front face of the projectile
and the opening was only about 0.090 inch in
diameter, Thus, concrete or aggrogate particles
much larger than 0.1 inch could have effective y
blocked the transducer opening and prevenmted 2
signal from being generated at the diaphragm,

;
;
i
i
!
i

Supmary

The program describsd above deviioped rico-
chet data for two types of projectiles and the
rescits showed good agreemeat with an empirical
correlation developed fxca a larger but dif-
foront dats base. A mothod was developed to
record the pressure genersied on tho nose of 2
projectile during concrete penmetration., VWithin
limitations of the off-the—shelf equipment used,
: the dats showed good agreement with a hydro-

dynamic code calculation of the event,
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ABSTRACT

L

fxperiments were pecformed with
6.8-cm-diameter shapel charges that pro-
duced jets with tip velocities in excess
of 1.0 cm/us. The charges were fired at
short standoff into l-inch steel and
10-inch reinforced concrete targets, and
the jets were radiographed to observe
their shapes and the distributions of mass
and velocity.D

e

“~The experiments indicated that a
mushroom-shaped jet tip can be effective
in perforating hardened steel plates by
the plugging process. Such jets can also
be effective in perforating very thick
concrete targets.

~
?\

Introduction

For many appli-ations the depth of
penetration is the . imary criterion for
the selection of a sihaped-charge design.
I some cases it is desirable to create a
large-diameter hole in the target. This
paper describes aluminum- 1ined shaped
charges that were specifically designed to
make large holes in both steel and con-
crete targets. It was found that a high-
velocity aluminum jet with a large-
diameter tip could be effective in such an
application,

Test Devices and Their Jets

Two liner shapes, designated "A" and
*B," were tested, For each liner shape,
two liner thickness profiles were =2valua-
ted. Figure 1 shows the test devices and
the jets they produced. Table I summar-
izes the test results. The thickness pro-
files for the Type A (Al and A2) liners
were identical at the apex end of the
liner; consequently, the jet tips are
identical. The Al and A2 ,ets were design-
ed to have respective tail velocities of
0.82 and 0.70 cm/us, respectively; the Al
liner is thicker than the A2 liner at the
base end. The “"lumps" in the Type A jets
were not intended. They resulted from

L
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INTERACTION OF HIGH-VELOCITY ALUMINUM SHAPED-CHARGE
JETS WITH FINITE STEEL AND CONCRETE TARGETS

Davison

Physics International Company

San Leandro, California

cystematic numerical errors associated
with 2oning boundaries in the two-
dimensional hydrocode model of the shaped
charges. The inner surfaces of the Tvpe A
liner were "wavy," yet the calculatad jet
velocity profiles were smooth. Special
care was taken to reduce the influence of
the zoning boundaries in the models of the
Type B designs.

The Bl jet is more uniform than the
Type A jet, except for a "fan" at the rear
of the tip. The Type A jets had mushroom-
shaped jet tips that apparently accounted
for the large hole diameters in the armor
plate targets. The B2 jet outline was not
compared to the Bl jet outline because the
Bl jet was not radiographed at a compar-
able time. The B2 armor target damage
resembles that of the Bl jet, so it is
likely that the jet tips resemblie one
another. The Bl liner is thicker than the
B2 liner except close to the apex, where
the B2 liner is thicker. The Bl and the
B2 liners were designed to have the same
jet velocity profiles; the Bl calculations
were done with an advanced jetting
algorithm.

Target Damage

The charges were fired at 2-caliber
standoff against l-inch armor plates and
10-inch concrete walls, The Al charge was
fired against 4 inches of armcr plate in
addition to the l-inch target. Reliable
penetration data were obtained for all of
the steel targets.

The Type B charges were fired into
large, specially built concrete walls.
The walls hud crossed, 0.5-inch reinforc~
ing bars at 12-inch intervals near both
surfaces. The concrete used in the walls
had a maximum aggregate size of 0.75-inch;
the specification minimized the influence
of the aggregate on the hole dimensions.
The compressive strength was measured to
be 4000 + 400 psi.

The Al design was fired against a
concrete slab measuring 2 feet dy 2 feet
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Table 1. Experimental jet masses, velocities, and kinetic energies.
Jet masses were calculated from jet outlines on early-time
radiographs. Velocities (and experimental kinetic energies)
were obtained from multiple-flash X-rays of the jets. The
masses for the entries marked with asterisks (*) were derived
from radiographs taken at about the same time, relative to
explosive detonations. The outlines of the jets are shown in
Figure 1. The estimated total kinetic energy includes the part
of the jet that extended beyond the range o° the radiographs.

Jet Velocities (cm/us)

Kivetic Energy (kJ)

Design Mass (g) Tip Tail Experi-ental Total
Al 5.7 1.08 0.85 326 -
* Al 6.8 - - -— -
A2 6.6 1.08 0.84 351 379
* A2 7.2 1.05 0.76 345 -
* Bl 6.3 1.06 0.88 334 414
B2 - 0.93 - - --

by 10 inches. The target was so small
th.at it was destroyed by the <hot, and no
reliable data are available on the per-
formance of the design against a concrete
wall. The A2 design was fired against a
large slab reinforced with parallel,
l-inch reinforcing bars centered between
the surfaces. The slab fractured along
its length and collapsed, so the hole did
not remain intact. The shape of tha hole
was estimeted from measurements on the
fractured slab.

Figure 2 shows the holes 1 inch in
armor produced by the four designs; it
also compares saw-cut sections of the
l-inch target and of the first inch of the
4-inch target penetrated by the Al charge.

For the l-inch target perforated by
the Al charge the section taken along the
plane of asymmetry of the jet reveals the
history of the penetration process. The
left edge of the hole was formed at an
earlier time than the right edge. The
front surface spall, caused by the tip of
the jet, is symmetrical with respect to
the axis, and the right edge of the hole,
further from the axis, was formed by
events occurring after the impact of the
tip of the jet. On impact, the bulbous
‘et tip (about 3 cm in diameter) fractured
the target, and the remainder of the jet
removed the particlés created by the
fracturing process. It should be noted
that the defeat mechanism observed for
these very hard steel targets does not
necessarily apply to targets made of
sof ter steels. Hardened steel is brittle,
and the defeat mechanism deperids on this

material property.

By comparison, the secticned first
inch of the thick steel target did not
have a pronounced front surface spall
ring, and the hole was narrower at its
rear surface. The minimum hole diameter
is about the same for both tests. Pro-
nounced bending can be seen at both the
front and rear edges of the first inch of
the thick target. The volume of the hole
created by the Al jet in the thick steel
target was 51,3 cubic centimeters.

The hole shapes in concrete are il-
lustrated in Figure 3. Perforation was
accompanied by considerable spall at both
surfaces of the targets. Except for the
A2 test, steel witness plates were spaced
behind each of the concrete targets. None
of the witness plates showed evidence of
jet penetration, although a small amount
of aluminum vapor appeared to have been
deposited on their front surfaces. The
charges were centered between the rein-~
forcing bars to minimize the hole size.

Conclusions

Efficient, aluminum-lined shaped
charges can be designed to create large
holes in both steel and concrete tar-
gets. A jet with a 3.0-cm-diameter,
mushroom-shaped tip perforated a l-inch-
thick armor steel target by the plugging
process, creating a hole approximately
4.0 cm in diameter. A similar jet perfo-
rated a 10-inch reinforced concrete
target.
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b. Cross section of the hole in the armor plate made by the d. Cross section of hole in the first of four armor plates, made

B1 charge at 2-caliber standoff. The hole outline was by the Al design at 2-caliber standoffs.

constructed from measurements on the target.
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minumum hole dimensions obtained from meassurements
on the target. Obviously visible fractures are shown.
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Figure 2. Holes in armor.
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PENETRATION EQUAT1ON FROM STEEL, ALUMINUM, AND TITANIUM PLATES
BY DEFORMING PROJECTILES AT OBLIQUITY

L

James S. O'Brasky
Thomas N. Smith

Naval Surface Weapons Center
Weapons Development Branch
Dahlgren, Virginia
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ABSTRACT

\

\

"‘K A similitude equation is offered for the
penetration of steel, aluminum, and titanium
plates at obliquities up to 70° by non-
deforming steel projectiles. The proposed
equation is confidenced and compared to the
accuracy achieved in single projectile-single
material relationships.

BACKCROUND

The penetration of armor by projectiles
has become one of the classic applications of
dimensional similitude techniques. One of the
earlier, if not the earliest such application
was made by L.T.E. Thompson, PhD, in 1927 at the
Naval Proving Ground (NSWC predecessor),
reference (a). During the 1930's and 40's, very
extensive experimental work was conducted by A.
V. Hershey, PhD, within similitude framework,
references (b), (c), (d), and (e). Although the
similitude analysis nas included provision for
considering materials of vastly different
mechanical properties and indeed for different
materials from the earliest derivation, mo
examples of such applications have been found by
this writer. A similar comment can be fourd in
reference (f) of 1973 vintage. The general data
presentation for armor penetration seems to be a
plot of Vgy vs plate thickness for a given
penetrator fired against a given plate material,
reference (g). Such data presentations lead %o
very large armor handbooks of quite limited
utility.
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OBJECTIVE

The objective of the work reported in this
paper is to determine whether the classical
similitude analysis cwuld be applied to the
general case of ductile target material, non-
deforming projectile-medium velocity penetration
phenomena.

DATA SOURCES

Since this effort was purely an exercise in
data analysis, existing data sources were used.
These sources are listed in Table I. Reference
{h) contains the results of the most extensive
armor material data analysis known to this
writer, penetration of Class B armor at cbliquity
angles of wp to 70°. References (i)} amd (j)
extended the data set to HYB0 and HY100 steels.
Refererice (k) was used for mild steel. Reference
(g) contains data on aluminum and titanium
alloys. References (k) amd (g) data should be
used with caution since these alloys were in tte
process of development during the period in which
the data was acquired.

APPROACH

The non-dimensional variables for the non-
deforming projectile-ductile plate prcblem are
shown in Table II. These variables were tested
using Analysis of Variation (ANOVA) Techniques to
determine which variables were significant. For
these cases in which ‘a single dependent variable
was significant, third degree regression
equations were generated amd confidenced. For
those cases in which multiple variables were
significant, multiple linear regression tech~
niques were used.

RESULTS

The results of the AXWA are shown in Table
I1I. Considering that three different materials
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(steel, aluminum, and titanium) were involved, (i)
it is somewhat surprising that only three

variable groups appear significant. Table IV

contains the regression equations. Note that

the single material equations and the multiple ()]
mechanical property equations have similar

R2 values and standard deviations. The

muiltiple material equation also appears to be

reasonably accurate, (k)

CONCLUSIONS

The similitude analysis provides a power-
ful tool which i~ applicable to the general
case on ductile armor penetration by non-
deforming projectiles in the medium velocity
range.

A single equation may b used to predict
penetration resistance of steel, aluminum, and
titanium armors. Within a single material,
the effects on penetration of mechenical
property variation can be acoounted for in
the equation.
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TABLE I

Target Projeccile Striking Valocity Obliquity
Material Material Range (ft/sec) Range (°) Ref
Class B, Steel 500 - 3500 0-70 h
Steel Amor
HYB0 Steel Steel 500 - 3500 0-70 i
HY100 Steel Steel 500 - 3000 0-17 3j
Mild Steel Steel 500 - 3000 0-45 k
5083, 7039, Ti Steel 500 - 3000 0 - 45 9
Aluminum
TABLE II
NONDIMENSIONAL VARIABLES
where:
m = Mass of the Projectile
Vi, = Limit Velocity
o = Yield Stress of the Target Plate
'3 = Ultimate Stress of the Target Plate
4a = Projectile Diameter
e = Target Plate Thickness
& = Obliquity Angle
Y - Angle Components of Projectile Yaw
E = Young's Modulus of Target Plate Material
4t = Poisson's Ratio of Target Plate Material
€ = Strain to Failure of Target Plate Material 29/d
7 = Change in Stress to Failure/Change in Strain Rate = =~ /9¢
€ = Density of Target Material
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TABLE II{

ANOVA RESULTS, BQUATTON!

_%_:S%g —5%?7 Sum % _S_anlai_es.g Mean fquate F Vilue

Regression Variable # 4 692,37 173.09 2543,50

d_“’i:;“' e 1 686,71 686.71  10289.28

Ll e - 1 1.72 1.72 25.73

L2 1 .26 .26 3.84

'?.T:‘ 1 3.68 3.68 55.17
Residual 8 14.54 .06674 -
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Target Material oF
All 223

Class B, HY 80, 147

HY 100, Mild

Steel

Titanium 34

Aluminum 5083 51

Aluminum 7039 30

All Aluminums 89

vh _ m VZ’Ctmfii
ere: X = ged

DF = Degree of Freedom
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TABLE IV
REGRESSION EQUATIONS

rR2

.979

.993

.989
.81
.92

.85

L T S

Equatia Std b
£
d " 01634 (<7 +1.4%X~-v+ 11.65 2) .258
e
d = -1,54 + 20,18 (X) + 12.95 (x2)2 - 2,24 (x3)3 1.05
e
d = 4,08 +118.32 v 214.6 - v2 + 193.4 v3 6.15
£
d ® -1.48 + 142,91 Y - 28.66 ¥2 + 2.69 v3 25.28
e _
d = .917 + 75.82 ¥ - 4.48 Y2 + .883 y3 29.64
e -
9 T -3.02 +151.40 Y ~ 35.24 ¥2 + 3.79 v3 29,15

2
Y = Me Z2 = ﬂi
o6 e
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PLAIN CONCRETE LOADED AT HIGH STRAIN RATES

Rodney G. Galloway

Air Force Weapons Laboratory
Civil Engineering Research Division

C:)i Kirtland Air Force Base, New Mexico

:.
ABSTRACT

Failures to reinforced concrete structures
subjected to blast and shock loads from nuclear
and conventional weapons generally occurs at high
strain rates from 0.1 to 10.0s55. In order to
analytically predict structural respeise, material
models are needed to characterize the strain rate
sensitive behavior. Data to verify and base the
material models is also needed. Some information
is available for strain rates from hydraulic
testing machines and drop hammers. This report is
to document the conclusions of the initial
simplified calculations performed trying to define
what infarmation is known about strain rate sen-
sitive behavior of concrete and how to set up an
experimental program designed to answer pertinent
questions. It was determined that the best
constant strain rate loading device would consist
of either a linearly increasing pressure load at
the concrete specimen surface or a piston driven
by a linearly increasing pressure.

i

ANALYTICAL MODEL

3

A series of one dimensional, muylti-detree of
freedom, dynamic spring-mass calculations were
performed to address pcssible parameters of
interest in setting up an experimental program.
The model was set up to determine what the criti-
cal parameters might be in testing a 6 inch by 12
inch concrfte cylinder at sti 'in rates of 0.1, 1.0
and 10. s=!, The computer code used is called
SPRINGMASS. 1t is capable of representing a
series of masses interconnected by springs. Two
types of material models were exercised in this
series of calculations: Elastic and eiastic-
perfectly plastic.

The major question addressed by the calcula-
tions was thz type of loading device that coulc be
used to obtain a constant strain rate during the
loading of the specimen. Four types of boundaries
(or devices) wera analyzed: (1) displacement
driven, (2) projectile driven, (3) pressure
driven, and (4) piston (pressure driving a projec-
tile initially at rest). The displacement driven
boundary was used as the basis of comparison for
all other calculations. This was felt at the

beginning of the calculations to simulate what the
best possible case would be in achieving a near
constant strain rate in the test specimen. This
was founc to not be the case in the calculations
as will be explained.

DISPLACEMENT DRIVEN BOUNDARY

This set of calculations provided a good com-
parison between the numeric results and exact ana-
Iytic solutions. The material was characterized
as linearly elastic with a Young's modulus egual
to about 4 (106) psi. This produces a
compressicnal wave speed of 11,414 ft/s. The
stress wave produced by the constant velocity dri-
ven boundary takes 175 us to transit from top to
boitaon. The first wave produces a shortening of
8.76 (10-5) times the strain rate as a step
increase in local strain. After one wave transit,
the next step increases is twice the first or 1.75
(10-4) times the strain rate. Each tramsit
thereafter increases the strain by 1.75 (10-4)
times the strain rate. This of course is true
since the sample is exactly one foot long. 1In
figure 1 the shape of the curves demonstrates the
discretization error in the spring mass
calculation. The exact solution is a square wave
that propagates fram top to bottom.

The over-shoot and ringing is due to the spring
mass approximation and directly related to the
number of masses and springs used in the model.
The results show the analytical approximation to
this square wave propagating through the cylinder.
It is also interesting to note that the material
in the cylinder only experiences the prescribed
boundary velocity while the stress wave passes by
on the way to the fixed boundary. The reflected
wave unloads all motion on the return trip.
Therefore, local material will not experience the
desired strain rate. It experiences a step
increase in strain and not a constant strain rate.
A point at middepth will be responding at the
boundary velocity for orly 1/2 the transit time
under this case. This demonstrates that to obtain
» constant strain rate a linearly increasing velo-
city -t the boundary is needed.
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PKOJECTILE DRiVEN BOUNDARY

The second type of possible boundarv con-
diticn is a projectile driven boundary. The force
jnteraction is one of mamentum transfer at the
interface between the concrete specimen and the
projectile. Some of the questions to be investi-
gated concern the mass and stiffness of the
projectile. In the cases investigated it was
assumed that steel wculd be used as the projectile
providing a stiff interface with respect to the
concrete. It appears fram the calculations that
this made the projectile driven boundaries appear
like the displacement driven boundaries generally
through the first wave transit.

There is very good agreement between a 10.0
ft projectile impacting the concrete sampie and
the boundary driven calculation on elastic
material. In figure 2 the load on the surface
degrades as the concrete interacts with the
projectile. By the third stress transit the input
velocity has reduced from 10 to 5 ft/s.

A calculation was performed that demonstrates
the extreme case of a small projectile. A projec-
tile one inch long is driven into the concrete at
10.0 ft/s. This produced a shock wave that trav-
eled through the sample and then the material
unloads in tensile spall. A triangular decaying
velocity wave propagates through the concrete to
the bottom and back up and reflects as a tensile
wave off the projectile's free surface.

The material does not hav-: time to yield in
compression before tensile failure occurs. This
calculation would be similar to the case where
projectiles of one type or another induce short
transients in material. Even though response can
be measured during the transmission of the stress
wave, response occurs so rapidly that insufficient
total strain might occur to damage the material.
Also, if the stress wave is not sustained for suf-
ficient time it would be a poor measure of strain
rate sensitivity. It might be necessary in some
cases to preload the sample into the nonlinear
portion of response (above 0.6 f!) and then induce
a stress transient co that the critical portion
of response is measured. That would occur around
the point of strain where ! would occur.

Still, in all the projectile driven boun-
daries that were considered, a poor cunstant
strain rate is achieved. Projectiles model the
displacement driven boundaries well.

PRESSURE DRIVEN BOUNDARY

Several types of pressure driven boundaries
were considered. The one that was found to give
the best results was a linear pressure increase
equal to a stress rate of 40(106) psi/s, This was
used to simulate a strain rate of 10 s-1 on a
elastic material with Youngs's Modules equal to
about 4.0 {106) psi. Figure 3 demonstrates that
this type of load approximates a constant strain
rate best. Even so, the strain rate varies fram
the top of the sample to the bottom. At the top,

the rate is about a constant 10 s-1; while at the
bottam, the strain rate is twice or 20 s-1 over
half the time and zero the other half. This is
because of the dynamic transfer of the load. This
type of loading approximates the desired strain
rate better than any others tried. It is dif-
ficult to match this type of toundary by typical
high explosives, so the rest of the pressure boun-
dary calculations were used to investigate
possible variations that could occur in the loading
of the sample.

PRESSURE DRIVEN PISTON

The last type of boundary condition that was
tried was where the projectile was at rest and
then driven by a pressure on the far end. A steel
piston one foot long was used in the calculation.
The peak pressure was 5,000 psi. A linear rise to
this pressure was used. This is the second case
where the desired constant strain rate was
achieved, It seems to be highly dependent upon
the ability of the loading device to transmit as
perfectly as possible a constant stress rate.

This might be achieved by varying the material
properties of the loading piston to allow some
type of material to crush at a given rate or yield
easily and gradually strain harden. This could be
investigated in more detail in experiments (see
figure 4).

SUMMARTY

These calculations reveal that several points
should be considered when designing a strain rate
effects test.

1. A constant strain rate is best achieved
by a constant stress rate. This is strictly true
for elastic response. After the material begins
to yield or fail, it is difficult to control spec-
imen response. It might be necessary to use a
strain controlled preload device to bring the test
specimen to the level at which strain rate sen-
sitivity is to be measured and then induce a
cnstant stress rate at the boundary. Strain
rate's influence on initial yield value should be
measured first then the effect of strain rate on
other parameters could be investigated.

2. If the piston or projectile driving the
test article is moving at a constant velocity, che
article will not respond at a constant strain rate
but Toad up in a sertes of wave transients.

3. If a piston is driving the test article,
a constant stress rate driving the piston will
closely match a constant strain rate in the test
article. High frequency pressure spikes with a
half period greater than 50 us will influence the
response. It is uncertain how small a pressure
spike must be before it could be neglected.

4. A drop hamer would approximate a
constant velocity at the boundary but, as

described, be a poor device to give a constant
strain rate.
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ABSTRACT

- ADPO00175%

A large-volume test frame designed for
standard tension, compression or fatigue loading
of massive samples has been modified to allow
dynamic loading at rates up to 102/s. Scale

model structures or structural materisis in an

arbatrary simulated environment may be tested in
a variety of biaxial containment frames. Flat-
jacks around the periphery of these frames allow
aplication of independently controlled stresses
or stress gradients. Dynamic overpressures
between 85 MPa gnd 4CO0 MPa are readily obtained
in specimens ranging fiom 0.2 to 0.9 m3 in volume.
The facility allows for rapid and economic evalu-
ation of structure or structural material re-
sponse, soil-structure interaction mechanisms,
and fundamental response of rocks or soils to
dynamic loading.

INTRODUCTION

Although there is no completely satisfactery
substitute for full-scale field testing under
realistic explosivs loading for effective evalua-
tion of weapons effects, there are also several
drawbacks to this approach. On. is that of cost;
full-scale simulators are tis:»-consuming and
expensive to build and operate, »articularly if
more than a few configuratioms a e ot interest.
Another is flexibility, since onl: minor changes
in test confitions, such as geologic setting,
angle of attack, or type or frequeacy of muni-
tions loading, may imply major changes in the
facility. The attempt to simulate nuclear bursts,
with their sharp rise time and extended pulse
lengths, using high explosives has presented
special problems, particularly those associated
with ringing in the resonance chambers of HEST-
type systems.

The alternatives to full-scale testing also
present difficulties. One approach is to deter-
wirz the basic material properties response of
structural elements in the stress/strain regimes
of interest and combine them by analytical means
to determine the response of the composite struc-
ture. Obviously, this approach is limited by the
capabilities of the computer codes used. Another,
somevhat complementary wmethod is to model the
structure on a scale ccmpatible with laboratory

LARQRATORY TEST FACILITY FOR STATIC AND DYNAMIC
LOADING OF STRUCTURES AND COMPONENTS

William J. Carter

Terra Tek Engineering
400 Wakara Way
Salt Lake City, Utah 84108

facilities and determine the response directly.
This approach is limited by constraints of scal-
ing, requiring strict matching of material prop-
erties and dynamic loading parameters between
model and prototype that can never be fully
realized in practice. Nevertheless, with care,
both these approaches can yield valuable insight
into the dynamic response of materials and struc-
tures of interest, and do so cost effectively.

Excluding field-scale explosive systems,
several alternatives exist for imposing large
dynamic loads in the laboratory simulating those
arising from conventional or nuclear blasts on
ground materials, structures or coastruction
elements. Such devices as Hopkinson bars oper-
ated in tension, compression or torsion modes,
laboratory confinement vessels for scaled explo-
sive tests, large diameter gas guns, or flying
plates are all useful for limited ranges of
expariments. All, however, suffer from restric-
tions either of size (test volume) or lack of
flexibility in loading rates and paths, both
serious factors for this application.

Inhomogeneous materials such as rocks and
soils, concrete aggregates, and composite con-
struction materials require measurements to be
nade over a test volume large in comparison with
*he inhomogeneities such as wvoids, inclasions,
gravel or reinforcing rods, unless the entire
system is scaled. Scaling, while useful and cost
effective, also introduces additional uncertainty
due to non-linearity of scale parameters or the
effects of parameters which do not scale at all.
In addition, small test cell volumes for shock
wave studies introduce side wall or end plate
rarefactions which can completely change the
scope of the experiment, and may limit the useful
data to very small regions of the cell and very
early times. Finally, the importance of repro-
ducing the loading strain paths and strain rates
predicted for an actual explosive event has long
been recognized, since the response, both defor-
mation and fracture, of many materials is strain-
rate or strain-history dependent at the high
rates encountered in such applications.

Conventional laboratory loading fromes
operate at maximum loading rates several orders
of magnitude below those generally of interest to
the weapons comsunity, and no piston-loading
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device offers an arbitrary and controlled strain
path as well. While the device described here is
capable of achievang the high rates of interest,
specification of the strain path would represent
a substantial advance in the state-of-the-art.
This development now appears to be technically
feasible, and should be the next step in con-
struction of a flexible and sophisticated test
and simulation facilaty.

FACILITY DESCRIPTION

Terra Tek has recently modified a major
laboratory test frame to attempt to overcome some
of these limitations. A large volume test frame
capable of standard tension-cowpress:on loading
to 1.7x10€ 1bf (7.6 MN) is shown in Figure 1. 1In
its simplest configuration, the sample under
study is installed in a massive biaxial contaiu-
ment frame of volume approximately 0 § m3.
Flatjacks, or inflatable steel bladder., around
the periphery of this frame allow the application
of independently controlled horizontal stresses
o, and Oy to 3500 psi (24 MPa). The flatjacks
may be installed in several zones independently,
simulating a stress grad.ent. Sliding the biax-
1al contaiment frame into the large axial frame
allows the application of a static vertical

Figure 1. Overall view of the facility, showing
the press used with the large~volume
containment frame. For testing, this
frame moves on air bearings to its
position beneath the 1loading ram.

- - Mok anFe K e RS A

stress, O3, of up to 5000 psi (35 MPa) cover the
area of 8.6 f12 (0.8 w?), repiesenting a veacticn
load of 6.12x10° 1bf (27 M¥)  Modest strain
rates can be achieved in this coafiguratisn as
well, since the axial lcad can be applied at the
rate of nearly 2x10% 1b/s (9.0 MN/s} using a slew
rate of 1.0 in/s (0.025 m/s) with a total stroke
of 10 in. (0.25 m). This is too slow for explo-
sive simulations, except for evaluating far-field
effects.

Figure 2 shows schematically the modifica-
tions recently made to allow high-rate loading.
The basic parameters of the machine remain un-
changed except for the loading rate. A high-
pressure gas reservoir 1s used to drive tme
locading ram through a maximum run of about 10
in., ~ompressing the specimen under test. Ordin-
arily, much shorter strokes would be used. Pulse
tailoring may be achieved, within 1limits, by
varying the driver plate mass, thickness. or
composition, or by introducing addiiional layers
of varying impedance into the driver system.
Lozding rates can be var:»d by changing the total
mass of the driver, impedance mismatching, or
changing the driving gas reservoir pressure, when

NN\
I~ 3000 PSI NITROGEN
F—10°1bf LOADING P3TON

I~ 3000 P§) HELIUM

CYLINDRICAL
CONFINEMENT |
VESSEL

LOADING RAM

CONFINING FLUID

t PLATE

TRANSDUCERS P
{TYPICAL)

7
REINFORCED
I . |~ CONCRETE
STRESS/STRAIN S B 1 ”/ SAMPLE

EXTENSOMETERS
({TYMCAL)

A,
_T_ a—_—_—,.,T

Figure 2. Schematic diagram of the gas-driven,
modified version of the facility. The
loading piston is driven by the high-
pressure nitroger reservoir when the
helium pressure in the lower reservoir
is released through the fast-acting
valve. A cylindrical confinement ves-
sel with a reinforced concrete sample
is shown here; overstresses up to
90,000 psi can be achieved in this
geometry.
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such changes are compatible with the requirements
of the specific experiment. Finally, the over-
pressure imposed on the sample can be varied
within wide limits by stepping down the loading
plate diameter and decreasing the sample size,
with proper consideration of{ the model scaling
limitations. Several confinement vessels are
available, allowing signi:ticantly higher axial
overstresses at the sac:ifice of sample size.
Figure 2 illustrates the press used with an
8-inch biaxial containment frame using a confin-
ing fluid and a jacketed sample instead of flat-

jacks. Steady-state axial stresses as high as
90,000 ps1 (600 MPa) can be achkieved in this
geometry.

While the dynamic modifications to the

machine are not yet completely operational, the
critical components have been individually analy-
zed and tested. The important question, of
course, is the flow rate of helium from the lower
chamber, which controls the differential pressure
across the loading piston as a function of time
and therefore the displacement of the ram with
time. A schematic of the fast-acting valve,
which ultimately controls this flow rate, is
shown in Figure 3. Gas pressure from the helium
chamber of the loading ram is used to seat the
poppet valve. Firing is achieved by introducing
pressure to the lower chamber of the fast-acting
valve, which quickly opens the poppet valve to
its full extent and allows vanid depressurization
of the lower chamber of the loading ram. Since
large ram displacements are not normally required
for testing of solid specimens, except for attain-
ing extreme conditions iu soils, inertial effects
can be minimized by using only a small part of
the loading ram stroke. With the 1lcading ram
piston one inch from the bottom of the stroke,
maximum raw displacement rates of 890 ft/s (270
m/s) are achievable within 20 ms. For a 10 inch
{25 cm) sample, this implies a maximum strain
rate of over 103/s. Realistically, strain rates
of 10! to 10%/s can be expected on samples of
interest for ‘blast effects modeling.

SEATING PORT

FROM LOADING RAM

UPPER CHAMBER
— LOWER CHAMBER

\ PISTON —__|
LOWER CHAUBER ———]
FIRING PORT —

POPPLT VALVE DISK

VALVE SEAT |

Figure 3. Detailed schematic of the fast-acting
release valve used to drawdown the he-
lium-filled lower reservoir. The valve
rugged, and
reliable. Firing is achieved by pres-
surizing the lower chaaber through the
firing port by solenoid release.

s St e

Data from the instrumented test specimens
are collected using a CAMAC-based digital data
acquisition system. Thairty-two data channels
collected at a maximum rate of 10° data points/
channel/second are stored in the LeCroy/CAMAC
memory and then trickled to a DEC PDP 11/34 for
data reduction purposes. Up ta 64 channels of
data may be collected at slower acquisition
rates. Typical instrumentation includes stress
and strain transducers of various types, as well
as total deformation indicators such as exten-
someters. A 12,000 frame per second rotating
prism camera is available to record dynamic
events photographically if the test geometry
permits; fiber optics access has been used suc-
cessfully for specific applications.

'3

prrzen

Figure 4. Overall view of the dedicated computer
cystem for digital data acquisition

and rapid data reduction and display.

SUMMARY

A test facility has been described which
allows dynamic loading of structures and mater-
ials under confinement and to high axial stress
levels. The facility is of sufficient size to
allow testing of large-scale models under labora-
tory-quality control and reproducibility, while

remaining cost-effective and allowing rapid
turnaround.
ACKNOWLEDGEMENTS
The design engineering and preliminary

testing for this facility was performed by Mi-
chael Wilson and Alan Black. Khosrow Bakhtar was
responsible for implementing the data acquisition
system.

A 61
S

%

A




< 4 e —— A dr——

ADPO01758

R .
Lo

9

et

\
\._;;}

Wayne A, Charlie

Associate Professor Instructor

George E. Veyera

BLAST INDUCED SCIL LIQUEFACTION
- State-of-the-Art -
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This paper reviews blast induced soil
liquefaction and deacribes an experimental labora-
tory testing program being conducted in the Civil
Engineering Department's Geotechrical Engineering
Laboratory at Colorado State University. The
study of the behavior of water saturated sands
under shock loadings is being conducted to evalu-
ate potential blast induced changes in dynamic
s0i)l properties and soil shear strength loss
(liquefaction). The facility is capable of gen-
erating single and multiple shock pulses with
milli~second rise times, peak stress amplitudes of
up to 35,000 KPa (5000 psi), peak particle veloci-
ties of 1000 cm per second (400 in. per sec.) and
peak accelerations of 2,000 g. Of major interest
is the behavior of the water pressure in the soil,
both during and after the passage of the stress
wave, as a function of strain, soil density, ini-
tial confining stress and the mwmber of loadings.
The information gained from the experiments will
assist in improving ground shock prediction tech-
niques for water saturated sands. W

INTRODOUCTION

Engineering designs presently incorporate the
assumption of little or no blast induced soil pro-
perty changes. However, evidence indicates that
blast induced soil property changes, such as
changes in shear strength, shear wave velocity,
daping and water pressure are 1likely to have
occurred at some test sites having loose saturated
grarilar soils (Charlie et al., 1981). For pore-
water pressure response, the three stages of
interest which may occur as a result of blasting
are the milli-second transient response directly
associated with -the passage of the stress wave,
the residual shortly after the passage of
the stress wave, and the longer temm dissipation
of the residual porewater pressires. Blast
induced residual porewater pressure increases have
been reported by Florin and Ivanov (1961), Kum-
meneje and Eide (1961), Terzaghi (1965), Damitio
(1972), lLangley et al. (1972), Perry {1972), Ban-
ister and Ellett (1974), Yamamura and Koga (1974},
Charlie (1977), Rischbieter (1977), Arya et al.
(1978), Charlie (1978), Damitio (1978), Kok
(1978) , Marti (1978), Studer and Kok (1990), Long
et al. (1981), Prakash (1981), and other ressarch-
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ers. Such goil behavior mey indicate that
liquefaction, described as a process in which a
saturated cohesionless s0il loses shear strength
as a result of increased pore pressures, may have
occurred at these sites. As such, an explosion
detonated in a s20il having a high liquefaction
potential could result in damage disproportionate
to the energy released.

A study of the behavior of saturated ocohe-
sionless soils under blast loadings was initiated
at Colorado State University in 1978. This study
has resulted in the development of a laboratory
testing facility capeble of subjecting a saturated
soil sample to single and multiple shock pulses
vith milli-second rise times.

ASSESSMENT OF PREDICTION METHODS

The state-of-the-art for assessing blast
induced residual porewater pressure increases and
liquefaction potential is limited at best.
Theoretical approaches are almost non—existent and
have not been verified by experimental testing.
Empirical scaling factors have been derived from a
limited number of field tests. A logical approach
would be to determine possible threshold particle
velocities, stresses or strains below which blast
induced porewater pressure increases should not
occur. Iyakhov (1961) noted that blast induced
liquefaction did not oocur in water saturated sand
with densities greater than 1.6 gm per cubic m.
For saturated soils at lower densities, Puchkov
(1962) found that soils did-not liquefy below a
peak particle velocity of 4 cm per second. Dami-
tio (1978) and Kok and Studer (1580) have reported
empirical relationships to predict the maximum
radivs of liquefaction from contained point
charges. ‘These relationships for loose saturated
sande indicate liquefaction mey occur above parti-
cle velocities of 4 cm per second. C(bemeyer
él:im measured no siguﬁmi: increase in t;ﬁ;

porevater pressures a hydraulic
tailings dam to blast generated pesk par-
ticle velocities of 2 cm per seconl., Several
earthfill dams have been subjected to wsubsrrface
nuclear detonations including Navajo Dem, New Mex-
joo (peak particle velocity of 1.3 cm per second)
and Rifle Gap Dm (peak particle velocity of 2.5
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cm per second) ., Measurements taken a few hours
after the tests showed little or no increase in
porewater pressures (Rouse et al., 1970; Ahlberg
et al., 1972).

Increased residual porewater pressure
increases were measured in a riverbed consisting
of clayey silty soils subjected to peak particle
velocities exceeding 11 om per second from an
underground nuclear explosion (Banister and
Ellett, 1974). Residual porewater pressures from
other field explosive tests have been reported at
peak particle velocities as low as 1 cm per
second. Marcuson (1982) suggests that liquefac~
tion should not occur where the peak particle
velocity is less than 2.5 cm per second. Sanders
(1982) and Seed (1982) related earthquake induced
liquefaction to peak particle velocity indicating
that a threshold particle velocity of 5 to 10 cm
per second was a value that may also hold for
blasts. For a 500 ton TINT surface explosion,
Langley et al. (1972) measured up to 35 KPa resi-
dual porewater pressure increases out to distances
of 170 meters from the detonation point. The
estimated peak airblast over pressure at 170
meters was 2000 KPa. Perry (1972 conducted shock
tube tests and determined that a loose saturated
sand oould be liquified at peak over pressures as
low as 250 KPa.

PROPOSED THRESHOLD STRAIN APPROACH

A threshold strain approach may prove very
useful for assessing blast induced residual pore-
water pressure increases six_ge shear or compres-
sion strain of less than 10 “ percent is generally
considered not to generate residual porewater
pressures upon unloading since strains are in the
elastic range (Dobry et al., 1982). Utilizing
equations given by Rinehart (1975) and Richart et
al. (1970}, _Jable 1 shows that a compression
strain of 10°“ percent in water saturated soils at
a void ratio equal to one corresponds to about 15
cm per second peak _l_gngitudinal particle velocity.
Shear strains of 10™“ percent correspond to about
1 om per second peak transverse particle velocity
for soils at a void ratio equal to one ‘luuated
near the ground surface. Based on scaling ractors
given by Dupont (1980), for a single contained
detonation of 100 kg of explosives, peak particle
velocities would exceed 1 cm per second within 200
meters from the detonation point. Table 2
presents several empirical scaling factors babed
on threshold strain, perticle velocity and field
tests to detemine the potential radius of
liquefaction and residual porewater pressuce
increases for various charge weights., Although
there are differences in the predictions, the
predicted residual porewater pressure increases
occur at distances greater than is generally ocon-
sidered to be hazardous to blast resistant struc-
tures. Based on the Fussian research with multi-~
ple charges, w S8 oomplete dissipation of the
residual porewatec Jressure can occur between
stress waves or between detonationg, the predicted
maxisam radfus of residual porewater pressure
increases wmay be greater than that given in Table

2.

LABORATORY FACILITY AND INSTRUMENTATION

Laboratory testing is currently being con-
ducted at Colorado State University to evaluate
the empirical scaling factors listed in Table 2,
to evaluate the effects of multiple shock load-
ings, and to extend the state-of-the-art in under-
standiiygy stress wave mechanics of two phase
materials. The objectives of the testing program
are to generate and determine the nurber of axial
compressive str-~ss pulses required to induce
liquefaction in saturated cohesionless soils as a
function of:

Initial Relative Density
Initial Effective Stress
Peak Particle Veiocity
Peak Strain Amplitude
Peak Stress Amplitude

I O I |

Data collection objectives include measuring
and@ recording both transient and long temm
response of the soil's:

Porewater Pressure
Particle Velocity
Strain

Stress

The soil is being tested in an undrained state
since little or no short temm drainage would occur
in deep field deposits of saturated soils.

The laboratory shock facility, shown schemat-
ically in Figure 1, consists of separate but inti-
mately related elements which irclude a gas-
charged cannon, two fluid filled stainless steel
tubes between which the soil sample is placed, a
rigid stainless steel sample container, flexible
mewmbranes, an electronic control system, and an
electronic monitoring and recording system. The
weabranes are utilized to apply the oonfining
pressure and allow the 80il to be tested in an
undrained state. The.cannon is designed to fire 7
cm diameter projectiles of various masses which
ispact a piston at the end of the fluid filled
gtainless steel impact tube. The piston imperts a
strees wave to the fluid which then transmits a
compressive shock pulse to the soil sample.

A pressure tramnsducer, positioned just
upstream of the saple is used to determine the
intensity of the stress imparted to the sample. A
second pressure transducer measures the pressure
in the fluid just downstream of the sample, and a
third pressure transducer measures porewater pres-
sures in the soil. The transiucers measure both
the peak and long-term porewater pressure
reaponse. The pressure transducers are ENDEVOO
Model 8511A-5K which have a porous metal. The
resonant frequency is.greater than 50C k Bz over a

c range of 0 to 35,000 KPa. Althouch parti-
cle velocities and strains in the semple have not
been measured to date, inductance strain gages
vith very small aasses (Bison Model 4104) and
accelerometers are currently being evaluated. To
ninimize reflections, an energy trap, which ocon-
siste of a 10 ca diameter, three meter long solid
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polyvinyl chloride (PWC) bar, is utilized. In
current testing the energy trap is placed at the
end of the sample.

Other instrumentation consists of a set of
three signal conditioners (ENDEVCO Model 4470),
three amplifiers (ENDEWO Model 4476.12), a
dynemic strain gage (Bison Model 4101A), a four
channel high speed digitizer (Biomation Model
2895), a desk top camputer (Hewlett Packard Model
9835) and a plotter (Hewlett Packard Model 9872C).
A time interval counter (Hewlett Packard Model
5300) is used to determine the impact velocity of
the projectile.

LABOPATORY RESULTS

Tests are being conducted on saturated sand
at densities ranging from 1.4 to 1.7 gm per cubic
om (0 to 100 percent relative density) with ini~
tial effective stresses from 100 to 1000 KPa.
This stress range oorresponds to the effective
vertical geostatic stress at a depth of approxi-
mately 5 to 100 meters below the ground surface.
All tests to date have been conducted in water
saturated Montery No. 0/30 (Muzzy, 1983) sand at a
dry density of 1.47 gm per cubic om under initial
effcctive confining stresses of 170, 345 and
690 Kpa.

Figures 2, 3 and 4 give the preliminary
results of shock testing of two samples of
saturated Monterey No, 0/30 sand r ced at a dry
density of 1.47 gm per cubic cm. 1In each of these
fiqures, part (a) shows the impact stress in the
fluid upstream of the sample, part (b) shows the
sample's porewater pressure response to this
impact stress, and part (c) combines both the
input shock and the sample's porewater pressure
cesponse. For the sand under an initial effective
stress of 170 KPa, Fiqure 2 shows that the sample
liquefied under one shock loading of 4000 KPa.
For an identical sample under an initial effective
stress of 690 KPa, Figure 3 shows that the
sample's residual porewater pressure increased by
200 Kpa after being subjected to a peak input
stress of 2000 KPa. This porewater increases is
about 30 percent of the increase required to cause
tiquefaction. Fiqure 4 shows that the same sample
liquefied when subjected to a second shock of 4100
KPa. The preliminary results of these and cther
tests are summarized in Table 3. The relation-
shipe aiven earlier in this paper predict residual
porewater pressure increases at these impact
stresses and strains.

CONCLUSIONS

Today's understanding of blast induced
liquefaction has advanced only slightly beyond the
point of recognition of its existence. Documented
occurence, although sketchy and often incamplete,
is available in the open literature. Although
considerable work remains to be done in projecting
this information into a comprehensive method of
predicting liquefaction for actual or hypotheticai
blasts, the limited data indicates that residual
porewater pressure increases should not occur in

soils subjected to strains less than 10~2 percent.
The laboratory facility described in this paper is
assisting in developing testing techniques for the
evaluation of blast induced liquefaction poten-
tial. The data will also be useful in verifying
and  developing empirical ocorrelations and
mathematical models.
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SOIL CHARACTERIZATION FOR NON DESTRUCTIVE IN SITU TESTING
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K. Arulanandan
Professor of Civil Engineering, University of California, Davis, CA 95616
A. Anandarajah
Asst. Professor of Civil Engineering, South Dakota 3chool of Mines and Technology, Rapid City, SD 57701
N.J. Meegoda
Graduate Student University of California, Davis, CA 95616
\ ABSTRACT nature of testing procedures and *he failure mode

A non destructive method of characterizing
particulate systems using <lectrical properties 1S
presented. The application of this methodology to the
classification of soils 1s demonstrated. The significance
of this approach is that electrical properties of soils
such as conductivity, ¢, and dielectric constant, €, as
a function of frequency, can be measured in situ. These
properties when suitably interpreted can be used to
quantify the structure of particulate systems. These
structural properties can then be correlated with

mechanical properties such as %?x’ K,é,' and M. This

approach provides a nen  desiructivé, method of

characterizing soils for the prediction mechanica.

behavior. (U
N Ll

INTRODUCTION

The solution of most geotechnical engineering
problems requires a knowledge of engineering properties.
One of the major difficulties in obtaining soil properties
accurately is the disturbance during sampling or the use
of penetration methods of in situ testing which alters
the engineering properties. In situ testiig techniques,
however, have begun to play an increasing important
role in the determination ~ soil propertiec. This trend
towards in situ testing techniquer couid be ascribed to
several reasons zs follows: (1) the soil is tested in its
in situ environmental conditions which influence the
engineering properties, (2) continuous data through the
profife may be obtained and (3) properties can be
obfained in cases where obtaining undisturbed samples
is very difficult, such as in the case of saturated sands.

Presently several in situ testing techniques are
employed for the evaluation cf soil properties and for
the establishment of empirical criteria for the prediction
of potential behavior of soils, The standard pene’ ration
test (SPT) and the cone penetration test (CPT) are the
most widely used in situ testing techriques, Cther in
situ testing techniques such as the pressure metsr test
(PMT), the lowa Bore Hole Shear Test (BST) axd the
dilatometer are being used on a modest scale,

The reliabjlity and usefulne.s of test results
obtained from the in situ testing techniques described
above are limited owing to various reasons. The drainage
conditions in soils during in situ testing may be unknown
in some tests, The failure modes may not simulate
those anticipated for the actual! project and in some
cases the a«act failure mode is unkrown. Due to these
unknown drainage and failure conditions, and the specific

s

L

simulated in different techniques, interpretation of the
test results is highly empirical at the present time. The
generalization of the test resuits, obtained from the
current in situ testing techniques in order to analyse
soil behavior under general loading conditions and various
drainage and boundary conditions, is ery difficult,

A non destructive method of characterizing
particulate systems is presented by considering the
elecwical properties of soils which can be determined
in situ without causing disturbance w0 the soils.

Characterization of Soils by Electrical Method for Soil
Classification

When an electrical impulse in the form of an
alternating electric field is applied to a soil water
system, a response is produced that can be measured in
terms of two voium > properties, the apparent dielectric
constant, € and th« conductivity, 6. When the € nd
¢ values of a 1.~ erogeneous scil water system are
measured as a function of frequency in the radio
frequency range, *he €” and & values remain constant
as shown in Fig. 1 for granular coils. In the case of
cohesive soils the values of €” decrease and the values
of ¢ increase as the frequency of the alternzting current
is incressed as shown in Fig. 2. Those responses can
be used to classify soil.
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Cohesive Soils

It has been shown that the principal factors
influenc g the electrical dispersion ot fine grained soils
in the radio frequency range (1 MHz-'00 MHz) are the
compositional properties of the different phases and the
heterogeneous nature of the system, Arulanandan et. al.
(1969) Arulanandan et. al. (1973), Smith (1971). The
difference between the maximum and minimum values
of the dielectric constant in the radio frequency range
is defined as the magnitude of dielectric dispersion, Ae o

A classification method for characterizing cohesive soils
is shown in Fire, 3,

MANNTVOL f LIELICTRX SWPLIWN OT,
%5 8 8 8 § § % 8 %

. Correlation Between the Magnitude of Dielectric Dispersion Aco and Clay Fraction

for Various Clay Types.

From the low frequency (= 1 KHZ) conductivity
measurements, the formation factor F is defined as the
ratio of the pore fluid conductivity, og to the soi. sample
conductivity, g, & follows.

F = 05/6 (1)

The formation factor has becn shown to relate to the
porosity and anisotropy of sand particles, Arulanandan
et. at. (1979).

The formation factor was shown to be a tensorial
parameter with tensorial components related t the
microstructural features in sands Da“alias et. alL, (1979a),
The average formation factor F and the anisotropy mdex,
;\nare defined, for a transversely isotropic soils, as

010WS:

70

_____

F = (FV + ZFH)/B . @
2 5 N
= FV/F (3)
where FV formation factor in the vertical direction

and F = formation factor in the horizontal direction.
An integration technique proposed by Bruggeman
(1935) was used by Dafalias and Arulanandan (1978) to.
derive an expression for average formation factor, F, .

as a function of porsity, n, and average shape factory- -

fas _ 3
F=n" (%)

The average shape factor f is the negative slope of the—“

log F-Log n plot. It is the first invariant of the second
order shape factor tensor f and it relates the electric
fields inside and outside the sand particles. It has been
shown both theoretically and experimentally that the
shape factor is direction aumendent and depends on
porosity, gradation and particle:* shape and orientation,
Arulanandan et. al. (1979) Arulmoli (1980), Dafalias et.
al. (1979), Kutter (1978). Since the average formation
factor is independent of orientation of particles, the
average shape factor, for a given sand, is expected to
be a function of porosity and the shape of particles.

The electrical parameters F, A, T of sand deposits
are governed by the grain and aggregate characteristics
of the particles.

The preceeding paragraphs have shown that F is
a unique function of porosity, 'A* quantifies particle's
orientation and f is a measure of the shape of the
particles, Thus F aid A may be used to quantify the
aggregate property., The aggregate property is sensitive
to sampling disturbance and needs to be measured in
situ. Grain property (shape) is insensitive to sampling
disturbance and can be determined on disturbed samples.
It should therefore be possible to correlate certain soil
properties such as lique.action potential, friction angle,
permeability and_compressibility; with a combination of
the parameters F, A and f. Empmml correlations of
this type could be extremely usefui in evaluating the
performar ce of sites which contain sand deposits.

For example the method of prediction of maximum
anamxc shear modulus of a sand deposit is described
Jow.

Laboratory Correlation Between Electrical Parameters
and Shear Modulus

One way of predicting maximum shear modulus,

G max? is by measuring the in situ shear wave velocity,

Vs, and using the equation

qu.pvz (5)

where p is the mass density of the deposit at the depth
of measurement. Investigations have shown that the
maximum shear modulus values for sands are strongly
influenced by the confining pressure and the void ratio
Hardin et. al. (1970), Seed et al (1970). A relationship
‘etween the shear modulus, G, in psf, and mean effective
confining pressure, “_, in psf, was given by Seed and
Idciss (1970) as: m

s
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G = 1000 K, (c% )" (6)

where the parameter K, depends on void ratio, strain

amplitude, geological age of the sand mass and in situ
stresses. Thus, the maximum shear modulus at very low
shear strain amplitudes is related to ¢ through

K2 max’ the maximum value of Kz, and is given by the
equation

%
G = 1000 . K, (c” ) (7)
max 2 m

In eq. (7), K2 m axdepends fargely on void ratio

and also on the age of the deposit Seed et. al. (1970).
A correlation between l<2 max and an electrical

parameter FAAD? was deveioped using measurements
made both 1n the laboratory and in the field Arulanandan
et. al. (1982). Field shear wave velocity measurements
were made using cross hole seismic metheds and the
electrical measurements i1n the field were made using
an Geo electronic electrical probe. The correlation 1s
shown in Fig. 4.

® (1. 1030y .i
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Provided that the parameter FAAD® can be

obtained from field electrical measurements, l<2 max

can be predicted using Fig. 4 and G max calculated frc

Eq. (7) for the depth of the deposit under consideration.

max Cans In turn, be used to determine the threshold
gzak ground surface acceleration, Anax? required to
nitiate the development of excess pore water pressure
at a given depth. A similar approach to that described
above has been used to predic. hguefaction potential
Aruimoh et. al (1981), Arulanandan é&t. =l (1981) and
pore presswe generation and dissipation during
earthquake, Arulanandan et. al. (1982).

Quantification of Structure of Fine Grained Soils

A three element electrical network mode! has
been used to explain the dispersion phenomera assuming

T TR amr—

L e ————— e e -

the vahdity of Maxwell-Wagner r xation mechanism
Arulanandan et. al. (1973, 1983), Tt :oncept of clusters,
t.e. the prunary soll particles ex in clusters in fine
grained soils Michaels et. al. (1954) and Quirk (1959),
has been utilized in deriving theoretical dispersion
relationships. According to this concept, a particulate
system 1s considered to have clusters, primary particles
+ 1nira cluster pores and inter cluster pores.

SN~

TAPORL

S
OGN

. Three Element Cluster Mode! Representing Current Paths Through Clusters, Solution

and Cluster and Solution

The electrical model shown in Fig. 5 considers
that the total current through a soil sample consists of
three components Arvlanandan et. al, (1983); (1) through
inter cluster solution and clusters in series, (2) through
clusters i contact with each other and (3) through inter
cluster solution only. The apparent dielectric constant,
€” and the apparent conductivity ¢ for the model can
be evaluated by elementary electrical network analysis.

The inter and intra cluster void ratios (ep and el)

have been expressed in terms of the three element
electrical model parameters Arulanandan et. al. (1583)
and Anandarajah et. al. (1982) by relating the Olsen's
cluster medel (Olsen, 1961) to the electrical mode!. The
detailed derivation of three element model and obtaining
inter ard intra cluster void ratios from model parameters
are presented by Arulanandan et. al. (1983).

The parameters utilized in developing the non-
destructive method of characterizing the behavior of
fine grained soil. are {, F, A, ep ep, and A€ o Based

on the mechanisms controlling different aspects of
mechanical behavior of soils and the factors influencing
the electrical parameters, appropriate correlation
between the electrical parameters and the mechanical
parameters A, X, and M would be established in the
icliowing sectir,.

Slope of kotr.nic Consolidation Line, A

Bolt (1¥56) attem;ted to predict the
compressibility characteristics of clays based on the
concept of osmotic pressure using G ouy-Chapman diffuse
double layer theory and Van't Hoff's theories of narallel
platy particles. Experimental compression
characteristics of Na-muatmorillonite and Na-illite were
found to be close to the predicted rclationships. Tue
‘heory, howevey, was found to be valid only for clays
exhibiting very strong colioidal properties such as
montmorillonite, Deriva.ions from Bolt's findings have
been reported by Mitcaell (1960) and Olson and
Mitronovas (1962) and are ascribed mainly to particle
orientation. Quigley and Thompson (1966) have observed
fabiic changes in natural Leda clay during consolidation
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using X-ray diffraction methods. It has been shown by
Rosenquist (1958) that the compressibility of clay is
dependent on the type as well as the valence and
concentration of ions adsorbed on the surface of the
clay particles. Further, Olson and Mesri (1970} aave
concluded that both mechanical and physico chemical
factors influence the compressibility of soils in general,
although one or the other may dominate depending an
the soil type.

The factors influencing the magnitude <cf
dielec:ric dispersion, Aeo were investigated in detail bty

Arulanandan et. al. (1973). it ha been found that Aro
is significantly influenced by type and amount of clay
rmineral. The values of Aeo were shown to in~rease 1

the sequence kaolinte < illite < montmorillonite The
compression index of these soil also increases in this
sequence. The magnitude of dispersion decreases with
an increase in percentage of sand in sand-clay mixtures
Arulanandan et. al. (1973) so does the compression index
as it it widely known. Olson et. al. (1970) have shown
that the compression index of kaolinite is decreasad
when the electrolyte concentration is increased from
0.000f N Sodium to 1.0 N Sodium and Arulanandan et.
al. (1973) have shown that Ac_ also decreased with
increasing electrolyte concentration.

The preceding discussion suggests that the factors
influencing the mechanisms controlling the compression
of clays and magnitude of dielectric dispersion are the
same. Based on this mutual dependency, Aeo has been

correlated with A. Sharlin, 3.R, (1972) has shown that
there is a linear relationship between At:o and A for

natural clays as shown in Fig. 6. Further results confirm
the genera] validity of this relationship between Aeo
and A.
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Slope nf Istropic Swelling Line, x

The swelling characteristic of saturated clays due
to the removal of external load has been investigated
by many, e:ther by mechanical models such as the one
use¢ by Terzaghi (1929) where swelling is assumed to
resuit froim elastic rebound of bent particles or by
physico-cheirical models such as the one used by Bolt
(1556} where osmotic repulsive forces are assumed to
be rasponsible for swelling. Although it has been possible
to explain the mechanism controlling swelling
characte-istics by the abcve concepts it was not very
successftl owing to the complicated structural
arrangements of particles in clays.

The concept of clusters in fine grained soils
(Michael et. al, 1954 and Quirk, 1959) has been utilized
by Olsen (1961) in his study of hydraulic flow through
saturated clays and he concluded that the discrepancy
between the measured permeability and the one predicted
by Kozeny-Carman equation in clays is mainly due to
unequal pore sizes due to grouping of clay particles in
clusters. The existence of primary particles aggregation
has been observed by many using electron microscope,
Quigley et. al. (1966).
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7. VYanation of intra Cluster (e)) and Inter Cluster (ep) Yoid Ratio With Total Void

Ratio for (95%) Snow Cal + t59%) Montmorillonite

«.3. 7 shows variation of intra () and inter

cluster {e ) void ratios with total void ratic evaluated
using elefirical dispersion data for Snow Cal (95%) +
Montmorillonite (5%). The results corresponding to
measurements made in the vertical and horizontal
directions are identical and is very similar to the one
predicted by Olsen (1961).

It has been shown that the sweiling of fine graned
soils is caused hy swelling of clusters Smith and
Arulanandan (1981) and the decrease :n inter cluster
pores during compression is irreversible Meegoda (1983).

If the ratio of intra cluster to total voud ratio is
large for a given soil, the elastic compression due to
an increase in the external load would be high and
consequently swelling would also be high when the load
is removed, Assuming this mechanism of swelling, the
ratio, el/e is correlated with x as shown in Fig. 8.
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3. Correlation Between the Slope of the Isotropic Swetling Line, k, and the Ratio of

Intra Cluster to Total Veiud Rato, e,/e

Slope of Critical State Line M of the Bounding Surface
Theory

When a soil element is sheared under drained or
undrained conditions, experimental results indicate that
the soil element fails when the stress path reaches the
critical state line independent of the initial stress state
of the soil element (Schofield et. al., 1968). At failure,
the void ratio, e, and the effective mean normal pressure,
p, lie on a unique line, referred to as a critical state
line on the e-p space. This concept is widely known as
the criticai state concept (Roscoe et. al, 1968). The
slope of the critical state hne, on the p-g space,
therefore represents the ultimate shear strength of soils.

Lambe (1960) has discussed the factors controlling
ultimate shear resistance of fine grained soil wiuch is
considered to be due to friction and interference between
particles. These components of ultimate shear resistance
and hence M would depend on many factors such as
particle size, shape, surface texture and the structure
of the soils resulting from the attractive and repulsive
forces between the adjecent clay particles. In fine
grained soils, the shape factor would reflect in addition
to shape of the particles the physico-chemica} interaction
between particles. In other words, the shape factor, f
is a function of the shape, composition and arrangement
of particles.

ils which exhibit higher anisotropy were feund
to have lower strength when measurements are made in
the direction of the major principal axis. Based on
these considerations, an attempt i made here to
correlate M with an electrical index defined as a function
of A and £,

of M. A direct assessment from the failure value of
q/p could only be approximate on account of the
inaccuracies in measurement of the stress parameters
at large strain and would underestimate M because
failure intervenes before the critical siate line.

The correlation between M and A2/f based on
results corresponding to four different soils tested is
shown in Fig. 2. , A reasonable non linear cori ~lation
between M and A“/T is evident.

O Iitite 0OO%)
D Seow Ca'(80%) e 1itite(40%)
O Merfordite Rue Sul

© Saew Col93% 14 Bontiaite (3%

a2

. Correlation Between the Slo% _‘_o( the Critical State Line n Bounding Surface Model

and Electrical Parameter A/

Summary and Conclusions

The need for characterizing soils in their
composite undisturbed state for the prediction of
mechanical behavior is discussed. An electrical method
of classifying soils into two broad groups {granular and
cohesive) is presented. The conductivity, g, and
diefectric constant €, of granular soils are shown to be
independent, whereas ¢ and € of cohesive soils are shown
to vary with the frequency of the ailternating current.
The above electrical behavior has been used to quantify
the compositional and heterogeneous nature of
particulate systems. The magnitude of dielectric
dispersion, Aeo, in combination with the percentage of

clay fraction has been rsed to develop a new
classification system for soils.

Granular soils are characterized by the average
formation factor which is shown to be uniqueiy related
to porosity. The electrical anisotropy index A™ = Fv/FH

where Fv is the vertical formation factor, FH is the

horizontal formation factor is used to characterize the
orientation of particles. _The shape of the particles are

quantified by T = - %—;:— The grain and aggregate

properties are quantified by f, A and F. The values of
A and F can be measured in situ to describe the
aggregate property. A combination of the par:.meters
F, A and T is used to predict the maximum dynamic
shear modulus of granular soils,

A three element electrical network model is used

i, s e

The values of M are obtained from the normally

to quantify the inter and intra cluster void ratios of
$ consolicated undrained test results, A computer program

cohesive systems, The significance of intra cluster - >id

PO

4 developed by Herzmann et. al. (1980) for the calibration ratio to swelling is shown by establishing a correlatioa
:}‘ of bounding b;ur{acecﬁtheorg‘eéi.e. evala\:‘aatnm of mode! between the swell index « and elle.r where e, and er
i parameters matching retical experimental . . . .

:%i \ s -strain relationships) was used to obtain the values are the intra cluster and total void ratio respectively.
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The magnitude of dielectric dispersion which is
dependent on the compositional and heterogeneous nature
of the cohesive system is shown to be directly related
to the compression index A.

A combination of the parameters 'A' and T of
cohesive systems is shown to be uniquely related to M,
the slope of the critical state line.

The significance of this paper is that electrical
properties of soils such as the conductivity ¢ and
dielectric constant, €, as a function of frequency can
be measured in situ. There electrical properties when
suitably interpreted can be used to quantify the structure
of particulate systems. These structural properties can
then be correlated with mechanical properties such as
Grax & A, and M.
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SOIL MODEL EVALUATION UNDER DYNAMIC LOADINGS

William C. Dass
Jimmie L. Bratton

Applied Research Associates, Inc.
Albuquerque, New Mexico

an incremental change in the strain tercor. The
Soil Element Model (SEM) is a compucer code
developed at Applied Research Associates, Inc.
[1,2] which can exercise any constitutive model
so formulated over an arbitrary strain path.

N ABSTRACT

DPON017¢60

Many different types of constitutive
XL relationships are available for calculating the
response of geologic media to impulsive

loading. Choosing a material model which is Stress paths may also be followed, but usually
suitable for a particular situation can be require estimating strain  increments and
difficult. Model selection is often based on iterating to achieve the correct stress
personal experience of the calculator, and this increment., Several common material models have

been implemented in the SEM, as well as a
variety of laboratory and in-situ test boundary
conditions. Figure 1 shows a schematic of the

DRIVER .
ussn SPECIFIED {
BOUNDARY CONDHTON

may or may not result in optimum efficiency and
response. This paper describes a computer code
which has been developed as an aid for studying
material constitutive models. The Soil Element
Model (SEM) can calculate the response of a
given material model to laboratory and in-situ
test conditions, arbitrary strain paths, or one-
dimensional wave propagation. It is useful for
developing  models, performing  parametric
studies to determine model component influence,
and comparing model behaviors. A study is
presented which {1lustrates the use of this code
to compare the ability of several material
modelis to replicate leboratory and in-situ
data. The study focuses on sand from a site
near Yuma, Arizona, and examines the advantages

ONE -DIMENSIONAL

STRAIN
CONTROLLED
~—

STRESS
CONTROLLED

WAVE PROPAGATION,

and disadvantages of each model selected. NITIAL EsTiMATE e
N STRAIN STRAIN STRAIN
INTRODUCTION INCREMENT INCREMENT INCREMENT

}

CONSTITUTIVE MODEL
dlo)=[Hule)

Accuyrate numerical simulation of dynamic
events in soil requires an advanced constitutive
relationship capable of accounting for many
fundamental static and  dynamic  response
phenomena. This requirement is complicated by Bcts SATIOFIED?
the diversity of soil types (sands-silts-clays)
and the varying conditions in which any one type
of soil may be found (i.e., degree of
saturation, consolidation state, etc.). It is
difficult for any one material model to
accomodate all variations in soil behavior. The
net result has been the use of many different
types of models, each particularly suited to the
problem at hand, but potentially lacking if
extrapolated to other dynamic problems. The
identification of material model capabilities

ITERATIVE SCHEME

NO

BACK T,
DRIVER

BOUNDARY CONDITIONS CONSTITUTIVE MODELS

® ISOTROPIC COMPRESSION’

® UNIAXIAL STRAIN

~ TRIAXIAL COMPRESSION/EXTENSION
® SIMPLE SHEAR

® LINEAR ELASTIC

® VISCOELASTIC

® HYPERBOLIC CURVE-F1Y
® ELASTIC-PLASTIC

and deficiencies is therefore necessary, and is
the topic of this paper.

METHODULOGY
In both the finite element and finite
difference techniques, constitutive relation-

ships are generally formulated to yield an
incremental change in the stress tensor, given
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program togic and lists its present
capabilities. A model implemented in the SEM is
essentially ready for finite elenent/ difference
use. The SEM provides an economical opportunity
for gaining familiarity with a particular model,
as well as studying its numerical
implementation, fitting parameters, exercising
options, and comparing it with other models.

EXAMPLE APPLICATION

Problem Description

The example below concerns development of a

“constitutive relationship for a dry alluvium

which is subjected to high intensity explosive
Toading. A limited amount of laborato<y test
data is available and several in-situ explosive
tests have been performed nearby.

Soil Description

The site in question is a desert site near
Yuma, Arizona. The alluvium is mostly silty
sand and clayey sand with occasional gravel.
Due to localized fluvial action, the degree of
cementation varies aimost randomly. Average
physicat properties for the alluvium vary
somewhat with depth. hose for the depth of
interest in this particular study are given in
Table 1. These are estinates based on typical
test results from the U.S. Armmy Engineer
Waterways Experiment Station (WES).

Table 1. Physical Properties for
Example Alluvium

Volume {cc) Mass (g)
t
0.266] air
6.3487% t
1.000 0-?82 WATER 0.082
$ 1.830
+
0.652 SOLIDS 1.748
t 4
Y= 1.83g/cc G = 2.68
Yg = 1.75 g/cc e = 0,53
W ow 7% n = 0.35
V, = 26.6% S = 23.6%
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Figure 2. Uniaxial strain behavior.

taboratory Behavior

The WES information was used to determine
parameters for laboratory-based Air Force
Weapons Laboratory (AFWL) Engineering and Cap
models. The behavior of these models under
laboratory test boundary conditions is compared
with data in Figures 2 and 3. Figure 2 shows
uniaxial strain behavior to an axfal siress
level of 160 MPa. The adequacy of such model
fits may be evaluated by many techniques. The
bottom figures show results of one evaluation
method in which the area between the calculated
and measured curves {5 accumulated with
increasing stress. This area is then normalized
to the net area under the data curve. A
calculation which exactly coincided with the
data would result in a constant area difference
of zero. Note that two different sets of
parameters were determined for each model: one
set for axial stresses up to 40 MPa and one for
stresses up to 160 MPa. This approach allows a

77




e i st i A

..

P - .

closer model fit to data over a wider range of
stress than would be possible using only one set
of parameters. No very high stress or
temperature behavior involving phase :changes,
etc., was considered.

Figure 3 shows triaxfal compression
behavior. Tests were performed on undisturbed
samples in a standard triaxial test device (with
drainage allowed) at several different constant
confining pressures. The overall trend of the
triaxial data is for a softening shear modulus

with increasing strain. The AFWL Engineering
model uses a constant Poisson's Ratio, which
results in a shear wodulus directly proportional
to the bulk modulus. As seen in the AFWL
response at 3.60 MPa confining pressure, this
can yield a stress-strain response curve with
opposite inflection from the data. Tracking
shear behavior 1is a weak point of the AFWL
€ngineering model. The Cap model is much better
at predicting a softening shear modulus. It is
seen, however, that the Cap model is much too
stiff at high confining pressures. This is a
direct result of the choice of parameters for
this example which causes the materfal to lock
up at the higher pressures. The parameters
could be refined to yield improved behavior.

In-Situ Behavior

Several large scale field tests and
material property tests have been performed near
the site in question., Figure 4 shows three
tests, each producing a geometrically different
ground motfon field: planar, cylindrical, and
spherical. Note that 1loading 1in each test
produced substantially different stress levels

LOW CONFINING PRESSURES
(0.7 - 3.60 MPa)

0r —

c/
9, = 3.60 P2

STRESS DIFFERENCE {MPa)

— . a——.

STRESS DIFFERENCE (MPa)

0 0.05 0.10 0.18
AXIAL SIRAIN
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and stress waveform frequency content. The
velocity waveforms measured in these tests are
shown in Figure §. For each test, the waveforms
are plotted with their origins located
proportionally according to depth or range so
that propagation velocities may be observed
directly. The variation in propagation velocity
of the initial arrival (V4) and the peak
particle velocity (Vpk) between events is most
1ikely a result of 'Igading function differences,
as shown in Figure 4, and frequency dependent
attenuation.

One-dimensional wave propagation
calculations were done for each of the three
in-sftu events shown {in Figure 4 using an
elastic model, the AFWL Engineering model, and
the Cap model. Elastic parameters were chosen
to match initial arrival times. AFWL and Cap
model parameters were chosen to provide a
preliminary fit to the cylindrical in-situ test
velocity waveforms.

Calculated attenuation of peak velocities
is shown in Figure 6. The elastic calculations

{1lustrate numerical effects (artificial
viscosity, zone size, and timestep) on
calculated attenuation. Calculated elastic

attenuation coefficients are 0.1 for planar
propagatfon (versus 0.CG theoretical), 0.7 for
cylindrical (versus 0.5 theoretfcal), and 1.4
for spherical propogation {versus 1.0
theoretical). Numerical distortion is seen to
increase in progressing from planar to spherical
gecmetry and in going from a low-level, Tow-
frequency loading function to a high-level,
high-frequency loading function. The AFWL and
Cap models produce similar results, but the AFNL
model demonstrated a better fit tu the data.

AFRL
CAP HIGH CONFINING PRESSURES
DATA (20 - 100 MPa)
200
A 100 MPa

—
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Figure 3. Triaxial Compressicn Behavior.
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Figure 6. Calculated attenuation.

Results from the spherical event
calculations are shown in Figures 7, 8, and 9.
These calculations were driven wusing an
exponentially dec.'ing pressure function at the
spherical cavity boundary. Although it is clear
that the properties of the surrounding medium
will affect the pressure history at the source,
it was felt that a constant loading function was
adequate for this type of comparative study.

Calculated stress and strain paths are
shown in Figure 7 for a fairly close-in range
(1.5 m) which experienced significant yielding
in shear. Note that the elastic stress and
strain paths are linearly proportional to each
other and show substantial tensile behavior.
The paths for the AFWL and Cap models, however,
are greatly influenced by the presence of a
failure surface. It is evident that the strain
paths predicted by the AFWL and Cap models are
similar in nature but different 1in magnitude.
Note that it would be possible to force these
two models into close agreement by adjusting
their parameters,
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Figure 7. Stress/strain paths.

Figure 8 compares the velocity waveforms
calculated using the AFWL and Cap models with
spherical data at several ranges. Given the
order of magnitude differences in velocity
between the 1.4 m and 5 m to 6 m ranges, the
calculations do a fair job of matching the
data. It appears that there is a problem in
predicting the frequency content of the data,
and this is better shown in Figure 9. Here, the
calculated and observed particle velocity
Fourier amplitude spectra are compared. The
elastic modei deviates considerably from the
data, as might be expected. The AFWL and Cap
models show very good agreement with the data at
1.4 m, but deviate to the high frequency side of
the data farther out in range. Frequency
dependent attentuation is observable in both the
data and calculations.

CONCLUSIONS

Some general conclusions may be drawn from
this comparative modeling study:
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i. In choosing a type of material model to
use for soil, necessary model complexity will
vary with specific problem requirements. For
example a spherical calculation, with stress and
strain paths 1ike those shown in Figure 7, poses
a more difficult modeling problem than a
uniaxial- strain wave propagation calculation.

ii. Fundamentally different models (e.g.
the AFWL Engineering and Cap models) may yield
similar results when used in a particular
problem., Additfonally, user familfarity with a
particular model will affect resu’ts,

iii. Laboratory data is essential for
modeling soil, but it must be extrapolated to
the in-situ condition. Both simple and more
expensive  in-situ tests can provide the
necessary correlation.
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Figure 9. Fourier Velocity Amplitude Spectra.

iv. A material model may be evaluated
through single element studies (like the SEM
exercises) or through finite element/ditference
boundary value problems (1ike one-dimensional
wave propagation).

REFERENCES

(1) Dass, W.C., Bratton, J.L., and Higgins,
C.Jd., “"Fundamental Properties of Scils for
Complex Dynamic Loadings,” Report No.
AFOSR-TR-82-0101, Applied Research
Associates, Albuquerque, NM, September 1981.

(2) Dass, W.C., Merkle, D.H., and Bratton,
J.L., “Fundamental Properties of Sofl for
Complex DOynamic Loadings: Constitutive
Modeling of Sandy Soils,” Report to AFOSR,
Applied Research Associates, Albuquerque,
NM, May 1983.

%f’ &

e IR

- _#g




ors

(v s

s LA

7o

S A e L

P
R

el ARG

™Y

Vs,

e L O e T S

—

r~
©o
[ g
|
S
<
R
Q
<<

ABSTRACT

Theories of mechanical behavior of saturated
geologic n terials are reviewed. Various
approaches to defining the mechanical and
kinematic variables and their interrelationships
are described.\\

INTRODUCTION

Terzaghi [76] derived the equations for one-
dimensional consolidation. These were extended
[45] to the case of variable material properties
and later to finite strain [31]. Biot [6-13]
proposed theories for three dimensional problems
of fluid saturated solids based on certain
postulates,

Theories of interacting continua were
proposed by Truesdell [76] and further developed
by several investigators[e.g. 1-5, 14, 32-37].
These were applied to the fiow of fluids through
solids by Crochet [21] and others [62, 70].
Recent work [14, 18, 51-53, 59, 8C] has
extended these applications to finite deformation
and nodalinear constitutive laws,

Constitutive models relate mechanical
quantities associated with a physical problem to
the kinematic or state variables. Typically
for a solid, the stress tensor is represented as
a set of functionals of the history of deformation
of the body and its temperature, For fluid-
saturated solids, one additional mechanical
quantity is the fluid stress. For flow of the
fluid relative to the solid matrix, the diffusive
resistance is introduced to reflect the interaction,

In this brief review, we describe several
different viewpoints regarding choice of
mechanical and kinematic variables and constitutive
relationships for a fluid-saturated solid.

KINEMATICS

To apply the principles of continuum
mechanics, it is customary to regard a fluid-
saturated solid as superposed continua. The
mixture is defined by the current coincident
configurations of the two constituents. It is
assumed that, in the current configuration, each
point of space is occupied by a particle of each
of the constituents,
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a. Densit{ of each constituent and the mixture.
For each constituent to fill the body, a
'bulk' description of density is used (4, 5, 14,
%A 22, 28, 32-37, 51-53, 57, 59, 69, 78, &{]).
s

o= pl® (1)

where o{®) is the bulk density of the constituent
a and p is the density of the saturated solid
(the mixture). The bulk densitie? ’;e related to
the intrinsic or true densities p‘®’" [14, 15, 29,
51-53, 57] as

*
o). pla) (e (2)
where n ) represents the volume fraction of

constituent o in the current configuration.
Combining (1) and (2), for a binary mixture,

oe al1) 0%, (2 (2% ot ()

’
\C

implying summation in repeated indices not
enclosed in parentheses,Te{zaghi's theory differs
from most others in that n{¢}=1 and, therefore,
the solid has the 'buoyant' bulk density

A0, (@
=12y (o107 20 ()

b. Motion of the constituents.
Several approaches have been used to describe the
motion of the constituents. One is to refer the
motion of each constituent to its reference
configuration, another is to refer the motion of
every constituent to the current configuration of
the solid, and often it is convenient to refer to
the,current configuration of each constituent. If
xi“ {1) is the place occupied at t;me T by the
terial particle described by X&“ in the
e displicement

m
reference configuration for a, t
gradient is [14, 21, 22, 33)

N () I (a)
Fog = 3 o s (5)
i
with det | Fy 5 5o {6)
(o)

The velocity vectors are derived from Xy as the

material rate
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ot m XL

where v (@), E‘i(a) (3)
m at

is the Lagrangian description of velocity. An
Eulerian description of motion too has been used.
[18, 79]. The rates of deformation are

{a)_ {a)

4 T VieLg) (9)
Westmann [80] and others [e.g. 18] used Eulerian
description for deformation. Often, a ~ean or
barycentric v?1?city for the mixture in terms of
velocities vy @/ of the constituents is introduced
by

W = 0 vy (10)

Atkin [4] noted that the mixture velocity has no
particular physical meaning in continuum
nechanics. This is because a mixture defined by
(3) is a set of centers of mass and cannot be
regarded as a set of material particles in
motion [64] except in the case o% no

relative motion between the constituents.

Crochet [21] showed that a}l kinemet;c

variables were funciions of d,. G}, dij al. the

relative velocity vector vy© J% 1. vy (2) and

the relative vorticity
oy =0l L () 1)

c. Measures of deformatio:.
Assuming small deformation (1inear theory), the
components of strain in the solid are [6-11]

et - “(1,1)(” (12)

Where u, M = xi(]) - x.(’) are components of the
displaciment of 'the sold, A measure of yolumetric
strain of the solid is egk(l). Garg [35] and

Krause [42] related it t0 change of density of
the solid as
KU po(1) a- Pkk(])) (13)

Where p m is the density in the reference con-
figuratfon. Biot [6, 11, 12] used the ciange in
water content of a reference material volume of

the solid as th; kinematic variable., Garg's

[35] uif of n'* as kinematic variables in addition
to e ) may be regarde¢'3s an extension of this
concégt. The quantity n\®/ was referred to the
current configuration of the solid. Westmann's
earlier work {80] followed similar reasoning.

Carroll [15] regarded eij(l) to consist of

two parts i.e. ( (s) (0)
1), s P

e1j = et1 + eij (14)
Where the superscripts s, p refer to the soiid
materfal and the pore space respectively. The
volumetric strain of the solid phase was shown to
be

2

(2) i
%‘ < s+ (15)
Vs ;(1) .

Where V, V_ are tie tital v lgme and the solid
volume fraftion i.e. v_ = n{l)y and A indicates
an incremental quantit}. Recently, Carroll [16]
wrote for a binary mixture

._ 1) (s) (2) {(p)
eij =n &5 +n eij
.o (s), (2) (p) {s
= eij +n (eij - eij 5(16)
Affantis [3] used the density, the gradient
of density and the relative velocity of the fluid
as the basic variables for flow of a fluid in a
solid.

MECHANICAL QUANTITIES

a. Partial stresses

Stresses in the constituents are cbviously
the primary mechanical variables. Assuming
partial stresses to act over entire area of
internal surfaces the total stress

. () (2)
Sij = %j * 045 (17)
For isotropic fluid stress oij(z) =1 61j and
-4 (1)
945 = °ij + ﬂéij (18)

iot regarded o M as the bulk stress but =
s an intrinsic ddantity so that

o
v
a

= (1) (2)
Oy4 = i +n "Gij (19)
Garg [30], Morland [51-53], Pecker [57} and
Carroll [15], among other?, lntroduced the notion
of intrinsic stresses °1j a) for each constituent
leading to

o4y ¢ oij“* (20)

b. Effective stress m

Terzaghi [76] termed g.s° 'in {17) the
effective stress related to Jeformation of the
solid, Biot [6-8, 11] regarded the total stress
o.. and the fluid pressure m as the mechanical
vi?iables. It vas found [e.q. 55] that the fluid
pressure did in fact influence the effective stress
-strain relationship when the solid grains had
compressibility comparable to that of the matrix
as a whole and the fluid ‘as not incompressible.
To allow for this the effective stress relatad to
deformation was defined as

°ij' CITRRLLY (21)

M 4 - 8, {22)

%5

Where A= 1 implies Terzaghi's definition and
A=0 would correspond to total stress being
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regarded as effective. Suklje [75] discussed
sele.tion of appropriate values of A. (2)

Schiffman {67} expected X to be between n and
1. Nur [55] derived the equation
r=1-k (23)
3

Where K, K_ are the bulk and the intrinsic
compressiotlity of the solid. For incompressible
grains and highly deformable pore space, K -+ o,

Terzaghi's definition is recovered, Schiffman [67]
gave a wore general form for (20) allowing fluid
pressur2 to be a second rank tensor and A a

fourth vank tensor. For clays, Mitchell [46]
would include attractive and repulsive forces
within the material in defining the effective
stress.

Tsien [79] divided the total stress into stress
deviation and the hydrostatic stress Ckk.

The hydrostatic stress was expected to_gg
distributed over the solid and the f]uzd)in
proporiion of their volume fractions n‘%/,

Garg [35] proposed a dual definitiun for
effective stress. For strength of rock he
would set A =1 in (21) but for constitutive
relations another value of A would be used.

For large deformation, an incremental form
of the stress tensor was introduced by Biot [12].
Carter [18] and Prevost [59] used the Jaumann
stress rate to ensure frame indifference. Its
relation to the Cauchy stress ti' is
[4
- {1 . (1) (1) (1), ) (1) (24)
9 “tii otk by ik li
Where Li'(]) are components of the antisymmetric
rate of 'dotation tensor for the solid in an
Eulerian description.

c¢. Diffusive Resistance.

Diffusive resistance was introduced as a
mechanical variable by Green [33-37] and Crochet
[21]. For non-chemically reacting continua, in
the absence of inertia effects,

O A R G FEL D

where £(®) is the body force per unit mass associ-
ated with the constituent o (25) can be rearranged
as

(g, Mool o, DDy (25)

Each side of the equality (26) representing
interaction between the constitutents is set equal
to the diffusive resistance D,. Evidently, a

set of single constituent strlsses in equilibrium
can be added to the stresses on either side
without affecting the definition of Di‘ For
kydrostatic fluid stress,

by =( wso(2el?)) | (27)

34

CONSTITUTIVE EQUATIONS

Crochet [21] has shown that under isothermal
conditions and in the absence of c'iemical
reactions, hT consfi}utive relat .ons will
involve dij o, dij @), vy andw,.

a. Diffusive Resistance.

Green [33-37] introduced diffusive resistance
as a mechanical quantity for which a constitutive
retationship is required. For the linear theory
of irrotational relative motion and non-Newtonian
behavior this immediately VTeads to an expression
of the type

Di=-(n+p(2)f(2)),i =g (28)

sV
Jii
The inverse form of this equation is the well-
known darcy flow rule [58, 66]. Thermodynamics of
darcy's law was discussed by Mokadam [48-50].
Schiffman [68] extended darcy's law to non-isother-
mal consolidation. Further generalizations based
on Onsager's principle have been proposed {e.g.
12, 56, 67, 63, 65, 71]. Generalization to
nonlinear cases has been proposed 537] assuming
cij to be functions of porosity n( {
b. Stresses in the Solid and the Fluid.
Tsien [79] proposed a ]jnear elastic 1)
isotropic relation for o, 4n terms of e
using Terzaghi's definitldn i.e.a = 1 in (21).
Biot |5] assumed a quadratic energy function in
2., and 0, the change in water content per unit
v&iume of the solid leading, for isotropic !inear
elastic soil and incompressible fluid, to

s =2ne. . ‘s
°1j ue13+kekk61j+M961J (29)
T =Mekk+N9

In later work, [10], the total stf?ss in (29) was
replaced by effective stress ¢ . In extension
to anisotropic elastic [7] matégia1s and compress-
ible fluid the relationship was stated as
o (])= C e ]) M e (2)
ij Klij k1 ij = kk (30}
1

- (M) (2)
T 'Mij eij + Mekk

Similar construction was used for viiggelastic
sofls [8]. In [11] the quantity e o) was again
replaced by 8 as used in (29). ThE same concept
was extended to the case of finite elastic de~
formation [12]. .

Skemption [72, 73] and Henkel [38] stated
fluid pressure as a linear combination of the
effective stress components. A more general
statement of this type would be

- 1/2 1/3
T -b]J1+b202 +byd, (31)

Where b. are materfal constants and J, are the
invariafts of , the total stress ténsor. To
reflect the dif}grence in fluid pressures observed
during loading and unloading cycles, and their
steady increase with plastic straining, Lo [43]
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proposed use of strain invariants I. of e .(])
instead of J.. The coefficients b, have bden

found [44] t& depend upon stress. These ipproaches
are entirely empirical and need not be pursued
further.

Kravse [42] added terms to the right side of
(29) to reflect linear dependence of E e fluid
pressure on the deformation rate 3, (2) of the
fluid. This assumes viscous compoﬂint for fluid
flow.

Adkins [1] assumed that the stress in each
component depended only on the density and the
kinematic quantities associated with only that
constituent. HNur [55] assumed the effective stress
to be given by (21) along with (23) to be related
to e, {1). This admitted a certain denendence of
oij(ii upon the fluid pressure, Explicitly,

[ (]) = (]’
945 %4j +(1-A)1r61.j-ck“jek1 (32)

Hence

°1j(])’°k1ijek1m'“'")"6ij (33)

Carroll [15] carried out a similar development.
These approaches were based on the superposition
of effects of the hydrostatic stress and the
shear stress. Carroll {15] determined, for the
linear case, (s)

M= &i%517 sy Cogmm (34)

Where E, ... are components of the eIasticit{
tensor *liathe dry solid material and C,. s)

is the intrinsic compliance under hydro§i§lic
stress. Schiffman [67] proposed a generalization
of (33) in the form

(1. 1 (2)
o5 = Caagliy - adqn T Ao B39

(34) apparently defines the structure of A ... in
) Kbddces

cansist of a hydrostatic comoonent and another
com?Y?ent depending unon the same quantities as
..\, It was noted that in this formulation it
wddid be difficult to desion experiments to
evaluate the parameters. A simplification
proposed assumed fluid pressur: to be hydrostatic
and related to the velocity field through darcy's
law. This is similar to Sandhu's [62-64]

argument that the constitutive equation for
diffusive resistance is a sufficient relationship
bgtween fluid partial stress and kinematics of the
mixture. Westmann [80] wrote relative velocity as
a function of n, w,, and the Cauchy deformation
tensor for the solid. This woula reflect, among
other factors, the dependance of permeability on
the norosity of the solid,

Sandhu [62-653, westmann {80] and Morland
[51-53] have followed Adkin$' L1] original idea
that the stresses in each constitutent depend
upon the kinematics of only that constitutent.
However, Morland [51-53] would use this for the
intrinsic rather than the bulk stresges. This
brings back some dependance of o, {!/ upon the
fluid pressure because the porosj{y was postulated
to be a linear function of the partial stresses.

Adkins[2] and Green [32] admitted inter-
dependence of stress of '‘each constituent upon the
kinematics of all. This was in 1ine with the
principle of equinresence stated by Truesdell
L7ZJf In application to elastic materials, the
existence of an energy function for the mixture was
assumed by Biot [6-12]. This has been consistently
followed by numerous fnvestigators [e.g. 4, 5, 14,
21, 22, 32-37, 69], Sandhu 154] nointed out that
as the mixture could not be regarded as a continuum
in motton, it was inappropriate to assume energy
functtens for it in the form that has been popular.
An expresstor for energy would be the sum of
energies for each constituent,

Morland [51-53] did not assume the existence
of an energy functfon for the mixture but still
admitted interdependence. This gave relations of

the type postulated by Bict (equation (3C")) with
(35). For isotrophy {34) as well as (35 : y " qu
2 : M. . in the second equation replaced by say M.. not
to (23). Garg [30] obtained a relationship nddessarily equal to M.. tn he first equatidh.

hetween the intrinsic and the bulk behavior of
rocks under hydrostatic stress. Interpretation of
coefficients appearing in his equations were
attempted by Biot [9]. Additions to this dis-
cussion have appeared from time to time [e.q.
39-41, 55, 61).

Aifantis [3] assumed effects of changes in
fluid pressure and the solid stress to be additive
and proposed a compliance relationship

In extending the the?{¥ to the nonl{inear case,
Westmann [80) assumed ¢ to be a function of
the Cauchy deformation {Jnsor for the solid and
the rate of deformation (Eulerian description) of
the fluid. The fluid stress was expected to

Schiffman {677 had earlder orepused ronsymmetric
relationships, For A = n{2} he expec-ed the
constitytive equations for o4 and 7 to bacome
uncoupled, 3

The explicit form of dependence of stresses in
the solid upon the strains will not be discussed
here. Those relations may be 1inear or nonlinear
elastic, viscorlastic, hypoelastic or elasto-
viscoplastic. A large volume of literature on the

N (2)_ {1) 5 subject exists. As examples of recent work on a
, i An*" " Sabubay (36) {zagetgrof modfé; we cite Desai [23-25), Prevost
& . 1, Dragsun , Digby [26], Christoferson [19],
& :E:::&::ef:¥?::}n3 ;gficates change in the Coon [Zo]gand Mu1%engeg {SE].]’In developing 1]
{ 3% plasticity theories yor saturated porous media.
; %ég Carroll [16] has pointed out the difficulty in

defining plastic strains.
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THE RESPONSE OF REINFORCED CONCRETE STRUCTURES
UNDER IMPULSIVE LOADING

William A. Millavec and Jeremy Isenberg

Weidlinger Associates

Menlo Perk,

ABSTRACT

N\

’3 A finite element method is presented tu ana-
Tvze the effects of airblast-induced ground shock
on shallow-buried, flat-.-oofed, reinforced concrete
structures. A finite element based on Timoshenko
beam theory is adopted. Material properties are
defined in ter.us of nonlinear stress-strain rela-
tions in each of several layers through the thick-
ness of the element. Elastic, ideally plastic
constitutive properties for plain concrete are cast
in terms of shear-stress/normal-stress variables.
Elastic, strain-hardening constitutive properties
are assumed for steel. Dynamic explicit and im-
plicit and static solution algorithms are avail-
able. This analysis method is appliedto simulation
of static beam-column tests reported by ACI Com-
mittee 318-77. 1t is then applied to simulation of
structural response of experimentally tested shal-
low-buried box structures subjected tv airblast
Toads in which shear, flexure and combined shear-

flexure damage was observedia

A special type of shear damage and shear fail-
ure at the supports of clear spans can only occur
under very high rates of loading present in impul-
sive loads. Large displacements accompanied by
extensive cracking, crushing and yielding may occur
without actually causing the total failure of the
span. These two aspects uf the behavior of rein-
forced concrete structures under impulsive loading
motivate the development of special layered finite
element. Shear deformation is introduced as an in-
dependent variable apd the noniitear terms in the
strain-displacement relations are retained.

In a recent series of explosive field tests,
shallow-puried rectangular structures and roof
s1abs were tested to the point of severe damage.

In each, dynamic loading and response, nonlinear
soil-structure interaction and large deformations
accompanied by extensive cracking, crushing and
yielding or fracture of steel must be considered.
Analysis methods, such as lumped parameter models
or iixltiwanger et al, [7] and the rigid plastic
model of Symonds [15], provide helpful insight but
omit important details of geometry and loading.
Several ronlinear beam elements have been published
(Bathe [1], Pifko et al. [14]) but these are formu-
lated directly in terms of stress resultants and to
use them for reinforced concrete members requires
knowledge of nonlinear properties of concrete under
combined moment, thrust and shear, for which
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experimental data 1s incomplete. In the layered
finite element approach [Buykozturk [5], Hand etel.
[8], Wittmer [135), material nonlirearity is intro-
duced in each layer as biaxial stress-strain prop-
erties which we believe are better known (Kupfer
et al. [1]).

A new layered beam element, which includes
shear deformation, is developed in thic papev.
Material and geometric nonlinearity, using the La~
grangian approach, are included. Nodal degrees-of-
freedom are transverse and axial displacements and
flexural and shear rotations are inzluded. Each
element is divided into an arbitrary number of lay-
ers ir which stress-strain properties of plain con-
crete are represented by an elastic, ideally
plastic mode!. Longitudiral reinforcing is modeied
discretely and is represented by an elastic,
strain-hardening plasticity model. Although an
elastic, ideally plastic model is currently imple-
mented in our computer program, recent advances
{Levine [12]) will soon replace it. A computer
program, RCBEAM, incorporates the features of the
layered beam finite element described above. Static
equations of equilibrium are .olved incrementally
with equilibrium jteration. Dynamic equations of
motion are solved either by a variety of implicit
integration operators, including Wilson's Theta or
Newmark's Beta methods [2], with equilibrium itera-
tion or by explicit, second-order central differ-
ence.

The goal of the present work is to qualify the
structural element by comparison with a suite of
static beam-column tests and with dynamic tests.

To eliminate as much as possible uncertainty in
dynamic loads, we use measured interface pressures.
Once qualified, RCBEAM can easily be coupled to an
explicit continuum finite element program, such as
TRANAL, for complete soil-structure analysis.

MATERTAL PROPERTIES

The material properties assumed for each layer
of plain concrete are illustrated in Fig. 1a. The
important property is the strength under a -.tate
of combined direct (tension or compression) and
shear stresses [3,9,11]. These states 1ie in the
tension-compression quadrant of the concrete fail-
ure surface for biaxial stress (third principal
stress equal to zero). The failure surface in this
quadrant has a complicated shape when expressed
either in o] - o plane or in a,, ~ oyx plane. We
approximate the failure relation as 1inear in
o1 - o2 plane or elliptical in Oxy = Oxx plane, as
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Fig. 1 illustrates. The failure criterion f is re- oo(e) = f + HeP S 1.4f
garded y y
(F2467)? where , , -

= g2 . f” C t 2 _fofr s P = Py2 4 gl )2

f= ofy * (fc ft) Oy * f(,:f{ %y fcft 0 (1) de [(dexx) + 3(d€xy) 1* .
. I o s o s Shear strain in the bar is computed from the
as a YIE1d gr;ter3?n wzere :ﬁ’ ft = “";?X’?] com- assumption that shear strain is constant through
pressive and tensile strengihs, respectively. the thickness. Longitudinal strain in the bar is
. . ir s computed by 1inear interpolation. Perfect compati-
In the zone of compressive axial stress, it is bility between steel and concrete currently is

assumed the yielding is associated with ductile

behavior and the plastic strains are computed from assumed. Bond s1ip could be incorporated, however.

the associated flow rule in a standard manner. In . _
the zone of tensi}e axial stress, it is assumed ILLUSTRATIVE EXAMPLE: BEAM-COLUMN
H that yielding implies cracking and the direction of : .
cracking is specified by the outward normal to the e]emegg gggi:igzd1;ggs::azeszﬁﬁegrggegggff ggsfhe

J13e 2esumed tha as Tong as. the crack is open ths  Placement calculations neglecting shear deforma-

direction of cracking remains constant tions were performed in wihich a cantilever beam is
! * subjected to various fixed ratios of thrust-to-

moment. The combinations of maximum thrust (T) and

§ The procedure is illustrated in Fig. 1b. . .
, Notice that tensile stress is allowed to be trans- moment () form an envelope in f-T plane which,
Y : . when safety factors are removed, can be compared
H iitted across the crack because strain softening s - -
i : s s : sers with recommendations published by ACI Committee
. following cracking is not incorporated within the ? .
resent version of plasticity theor 318-77 [4]. The parameters of the numerical exper-
P P 4 Y- iment, finite-element discretization (note 5 layers
through thickness) and comparison of RCBEAM results
% . with the ACI committee's recommendations are shown
. b Expervental data (dashed) in Fig. 2. The shapes of the two curves are virtu-
3 LT 1 ‘\Q ally identical. The worst agreement is at the bal-
. 7 1 ance point, where RCBEAM results are about 20%
! l f et x higher than the ACI recommendations. This numeri-
! ! ,/ g cal experiment increases confidence in the present :
! l i / RSN method of defining material properties under com- 3
¢ i A=c bined loading. \ é
' * osinl o ’
“\ . T ¢ 12 = 4,000 p3) ‘5;
36 o+ 001 each face i
y Current approximation (so}id) ‘s _L fy v 60.000 psi ::%
H a. Approxmmation to failur~ criterion for plain concrete 05 ia __. ?2
TErind ;
1.0} ?
=B RCBEAN M
xx / " ~a .
: e
@ first peak 1n compress un 2 oos ACL-318.77 y
@ onset of tensile cracking . £
N ® @ = .. -
e o D IR e : T
P / 2 €3 séntind openfng of a crack fn ” ;
Lt vicinmity of an integration point
<1 9 3 ress> n
;3}’ % @ ig‘c‘l:‘eis closed; compress on ca s
R Fig. 2. Moment-thrus:. interaction generated
© second peak 10 comression by RCBEAM compared with ACI 318-77.
b. Stress-strain properties of plain concrete in direction
parallel to longitudinal axis of elewent
RESULTS OF EXPLOSIVE TESTS
Fig. 1. Summary of plain concrete modeling. The geometry of the A, B and C test articles '
is shown in Fig. 3. A is deemed to be a direct
A similar approach is used to express the shear failure in which "the principal steel rein-
properties of the longitudinal reinforcing steel. forcing bars were necked down and broken at the
A strain-hardening yield criterion of the Misestypc wall supports. An inspection of the reinforcement
f=02 +362 - o2(c) =0 (2) bars near the center of the roof slab did not in-
XX Xy © dicate the occurrence of significant flexure® [10].

B exhibits flexural damage which is characterized
is adopted, where by hinges at the supports and center span. The
Tatter is diffused over a distance of a foot or so,

.
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rather than being concentrated. C exhibits charac-
teristics of combined flexure and shear damage.
Failure occurred for a distance of about 6 ft (2m)
along one edge of the roof where principal steel
reinforcing bars were necked down and broken. Num-
erous bars were also necked down and broken at mid-
span. Concrete cover from the center was spalled
and the concrete confined between the steel was
Egicked such that gaps extended through the slab

an -—TT
4592 in
b s22m
e S -
izsn ° =iy :: ::?i
E 0‘ 3 wos 22 Y ¢ e :s

Fig. 3. Surface pressure- and impulse-time
histories, geometry ard damaye
medes for A, B and C.

RESULTS OF TEST SIMULATIONS

Two basic RCBEAM models were used to simulate
A, B and C. These were (1) a rodel of the rocf
slab only, with a built-in support representing the
rest of the structure and (2) a model of the entire
structure. Discretization is {llustrated in Fig. 4
in terms of nodal points. Three Gauss points along
the length of each element and five layers through
the thickness were used. Analysis options included
Newmark's method (B = 1/4), stiffness matrix update
at every time step {At = 2.5us) and equilibrium
iteratior within each time step (maximum number of
jterations equal ten, although three at most were

Cremlete Structure

Lk .
IS g
A

L.

P ——

Fixed-Fized {f.F.} hoof Model

I

Actual diccretization: Qoof: 9 elements 8 3 {n
Sidewall: 8 e¢lemants @ o in, 2 elements ¢ 3 1n. at comers
Floor: S eloments 8 5 in

Fig. 4. RCBEAM models for A, B and C.

required). Measured interface pressure-time his-
tories are used as input.

Model A

The deformed shape of the roof slab, modeled
as a fixed-fixed beam, is shown in Fig. 5 at selec-
ted instantc of time. At t S 2.5 ms, the defcrmed
shape suggests the formation of a shear hinge at
the support, white the remainder of the span exhib-
its 1ittle deformation. At t = 2.5 ms, the shear
strain in the element adjacent to the support is
0.18 radians, which we interpret as failure.

Span (in} ¢
0 H 10 15 20
0 r v T
1 0ms
2.5 ms
’E‘ 5t !
k
i 50ms
1o 75m
10 0 ws {final)
Fig. 5. Deflected shapes calculated for A
using fixed-fixed roof model.
Model B

The deformed shape of the roof slab, mudeled
as a fixed-fixed beam is shown in Fig. 6a at selec-
ted instants of time. The sume tendency for the
center span to remain flat at early times is ob-
served here that was observed in A. However, the
macnitude of shear rotation at the support is 0.015
rudians at t $ 2,5 ms in the B simulation, which is
much less than in A. The final deflection at mid-
span is reached at atout t = 15 ms, by which time a
hinge has formed at midspan. The calculated final
deflection is about 7 inches (18 cm), slightly
?reater than the observed deflection of 6 inches

15 cm). The deformed shape of the roof siab,
modeled as part of a continuous structure, i< <hown
in Fig. 6b. The complete structure appearsstiffer,
as is illustrated in the midspan velocity-time his-
tory, Fig. 7; the. initial peak velocity is about
620 in/s (1575 cm/s) for the fixed-fixed model and
about 530 in/s (1346 cm/s) for the complete struc-
ture model.

Model C

The deformed shape uf the roof slab, modeled
as a fixed-fixed beam, is shown in Fig. 8a. A mod-
erate degree of shear deformation appears at the
support at t § 5 ms. At later times, the shear
hinge tends to give way to flexural hinges at the
support and center span. The maximum calculated
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Span ()
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10
b. Complete stiucture

Fig. 6. Deflecied shapes calculated
for models of B.

deflection of 15 inches (38 cm) is slightly greater
than the measured deflection of about 12.5 iaches
(32 cm). The deformed shape of the roof slab,
modeled as a complete structure, is illustrated
in Fig. 8b. Stronger evidence of a shear hinge an-
pears at the sidewall and & flexural hinge appears
at midspan. In contrast to the fixed-fixed model
of the roof slab and in contrast to the data, the

mweme= A Fized-Fixed Roof

=== § Fixed-Fired Roo?

—sweme B Complete Structure

€ Fixed-Fixed Roof
€ Complete Structure

®
x
2 P
z -
3 .
§ T AL T
Ay
\\ .
. AN
-, N, '\
\,\\‘ \
-\ *\
——
0. 2 4 6 3 10. 1’ " 16 18

Time {ns)

Fig. 7. Velocity-time histories calculated
a* midspan of roof for A, B and C.

Sean (1n)
0 5 10 15 n ¢
0 10my
2.5 ms
5t 5.0ns
,
7.5 ms

i0 ¢ as
1 Posttest odservation

deflection {(1n)
S

15.0 ms
20 0 ms (final)

—
o

e

a. fixed-fixed condition

~
=1
—

Span (in) ¢
00 S 10 15 20
1.0 ms
2.5 ms
5.0 ms
5L
7.5 ms
T 1wl 10.0 ms
=3
e M ——{Posttest observation
S
v [
< 15} 15.0 ms
&
201
I EEEE
25

b, Compiete structure

Fig. 8. Deflected shapes calcuylated
for modeis of C.

complete structure model predicts complete col-
lapse. The velocity-time histories at midspan
obtained from the different models are shown in
Fig. 7. In the complete structure model, a small
decrease in midspan velocity follows the initial
peak, signifying that the initial load does not
exhaust the flexural resistance of the member, as
was observed in the B complete structure simula-
tion. At later times, however, the accumulation of
sidewall pressure helps to collajse the structure
with fully developed three-hinge mechanisms at the
wall and roof. This is manifested as large lateral
deflection at the top of the sidewall. Incontrast,
the maximum flexural resistance of the same roof
slab modeled as a fixed-fixed beam is reached by
the initial load, with the result that the peak
veiocity is much higher. In the fixed-fixed model,
there are no sidewall pressures to be transmitted
as in-plane compression, so that enough membrane
tension eventually develops to reduce the velocity

to zero.

The time historv of shear strain at the sup-
port of the € roof slab modeled as a fixed-fixed
beam is shown in Fig. 9. Inelasticity in shear is
indicated because 'y exceeds 0.02 radians and the
peak value oF shear strain is intermediate to the
values for A and B; this signifies an intermediate
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Fig. 9. Calculated shear strain-time histories
at third Gauss point for A, B and C.

or mixed mode of damage, which includes both shear
and flexure.

Shear Failure

In the past year, box structures with an L/d
of 7 were dynamically tested in an effort to inves-
tigate the nature of shear failure. As the L/d is
decreased, the ratio of bending to shear resistance
decreases to the point where shear failure domi-
nates. The anticipated shear failure mode is
depicted in Fig. 10a. This mode is characterized
by the formation of hinges near the support, while
the center span remains relatively flat. The con-
figuration details are also giver in Fig. 10b.
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a Test configuration, deformed shape and slab properties

Soan f1a)
3 1 1% 0

k3

Oetiection {1a)
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b. Calculated deformed shapes at several instants

Fig. 10. Results of analysis of shear
deformating mode.

Since this test series was des*aned .0 inves-
tigate shear Tailure modes, the numbe .f interface
pressure measurements was reduced. This prevented
the formulation of an adequate interface pressure
distribution, as was assumed in the previous sec-
tion. Therefore, a simplified soil-structure
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interaction model, assuming a bilinear soil, of che
form

OIP(X’t)
where

= cpe(t) = (oc) {vs(x,t) - vff(t))

O1p interface pressure

Oggs Veg = free-fie d stress and velocity
obtained from a one-dimensional
analysis

<
oc, for Vg T Ve

ocy, for Vs > Veg

p = soil density

€€, = Toading and unloading soil wavespeeds

\

S
was employed. This simplified model was evaluated
for box structures in [16]. The surface pressura
employed to drive the free-field analysis was de-
rived from the measured blast pressures. The cal-
culated deformed shapes are presented in Fig. 10b.
Note the characteristics associated with shear
failure are observed in the presented deformed
shapes. Overall, agreement with the available test
data is good.

structure velocity

CONCLUSIONS

On the basis of favorable comparison with pre-
viously published beam-column data, we conclude
that the elastic, ideally plastic model of concrete
properties in conjunction with the finite element
model presented above is adequate to represent be-
havior under combined flexure and thrust; we except
from this conclusion the "dome" effect observed in
restrained slabs which we have not yet investigated
with this model. It appears that the present as-
sumption of a constant shear rotation through the
thickness of the element is adequate. Modes of
damage observed in dynamic tests include shear,
flexure and combined shear-flexure; these are simu~
lated by the amalytic method described above.

Modes of damage are recognized in the calculation
by teil-tale features of the midspan velocity-time
histories and the shear strain at the supports. A
dip in the velocity-time history following the ini-
tial peak indicates flexure is dominant; monotonic
increase to peak velocity indicates shear is dom-
inant. Also, the shear strain at the support at
early times (present caloulation, 2.5 irs) is about
50-100 times higher when shear damage will ulti-
mately dominate than when flexural damage will
dominate. We find that the predominant damage
mode is determined by early-time impulse (0-2.5 ms
for the present roof slab, in which soil-structure
interaction 1imits the duration of the load). In
agreement with Symonds [15] and with test data, we
:in? that nigh early-time impulse leads to shear
ailure.
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NOTATION

The following symbols are empioyed in this
paper:

A = cross-sectional area
f = yield criteria

f° = uniaxial compressive concrete
strength

fg = uniaxial tensile concrete strength
fy = uniaxial steel yield strength
H = strain-hardening constant for steel
h = beam thickness

I.P. = interface pressure at soil-structure
interface

M = bending moment

T = axial thrust

t=time
A = increment
§ = transverse displacement
€ax = axial strain
exy‘Y = shear deformation

p = volume ratio of ste21 to concrete

Uil = axial stress
ToOyy = shear stress
% = effective yield strength
0150, = principal stresses
Subscripts: p = plastic
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A Review of The 1983 Revision of T™M
Protective Design" (Nonnuclear)

£-855-1 "Fundamentals of

S. A. Kiger and J. P. Balsara

USAE Waterways Experiment Station
Vicksburg, MS

The current version of the Army TM 5-855-1
dated July 1965 is a reprint of former
EM 1110-345-405 dated 1946, and has not been up-
dated since 1946. Because of the large amount
of data on such things as penetration, ground
shock, and structural response from conventional
weapons effects collected since World War II, the
manual has become so outdated it is of limited
usefulness. s revised version of tle manual is
needed so that contractors can be furnished spe-
cific guidelines for the design of protectiva
structures.

The Structural Mechanics Division of the
Structures Laboratory at the Waterways Experiment
Station (WES) has been tasked by the Office, Chief
of Engineers (OCE) to revise the manual.

Dr. Jimmy P. Balsara,.WES, is the Project Cfficer
in charge of the revision, and Mr. Dick White,
OCE, is the Program Monitor. Writing the revised
manual has been a joint effort among the WES, the
Army Chewical and Nuclear azency (CNA)
(Chapter 7), and the USAE Division, Huntsville,
( (Chapter 12).

he purpose of this paper is to make poten-
tial users of the manual aware of the revision,
aware of its scope, and indicate how and when it
can be obtained. Because of space limitations
only & few select .d graphs from the manual will
be presented as an indication of its content.

Comparison of the Table of Contents in 3
Table 1 with the content: of the original s
that the revised manual is completely neufwith
very little material retained from the original
version. For example, the revised manual places
a8 great deal more empys structural response

T2ble 1.

Table of Contents.

/

CHMAPTER 1  INTRODUCTION-—— "
CHAPTER 2 ‘WEAPON CHARACTERISTIC,
CHAPTER 3 (BLAST EFFECTS. .
CHAPYTER 4 @snmﬂovo: v
CHAPTER 5 <_CRATERING AND GROUND sHoCK,
CHAPTER 6 CFRAGMENTATION,
CHAPTER 7 CFIRE, mcsnnua!. Mo CHEMICAL AGENTS
CHAPTER 8 (1.OADS ON STRUCTURES .
9

calculations, structural design, and includes a
chapter on calculating instructure shock levels.
The chapters on weapon characteristics and
penetration have been updated to include modern
weapons with high slenderness ratios, about 8,
while retaining some of the older weapons with
slenderness ratios of about 3 (see Table 2).

Table 2. Characterisrics of Typical Bombs
4w
Class W(ib) D(in) L{in) C/W% (L/D) D2
GP 250 269 1 35 48 33 27
*‘GP 250 290 9 75 35 83 (¥}
GP S0c 520 14 45 51 32 34
*GP 500 550 1 90 35 8.2 58
‘GP 750 830 18 85 L7 ) 5.3 4.1
GP 1000 1020 19 53 54 28 36
*GP 1000 1000 14 120 4% [X] 85
GP 2000 2090 23 70 53 3.0 5.0
*GP 2000 2000 18 150 4 es 7.9
*GP 3000 3000 24 180 63 75 (1]
SAP 500 510 12 49 30 39 45
SAP 1000 1000 15 7 3t a8 58
SAP 2000 2040 19 (13 27 35 7.2
AP 1000 1080 12 58 s 48 95
AP 1600 1590 14 67 15 48 103

Pigure 1 summarizes the available data, and
gives 8 best estimate, on pro’ectile penetration
into rock. This type of prescntation provides
the user with both a bost estimate of a bomb pene~
tration, from which ground shock calculations can
be made, and an indication of the uncertainty
associated with the penetration estimate.

A summary of dota on penetration of mild
steel fragments into massive concrete is presented
in Figure 2. Like much of the material in this
revision, the curves in Figure 2 were obtained
from another Government publication, in this case
from Picatinny Arsenal Technical Report 4903,
dated December 1975. - .,

To calculate loads on a buried structure pro-

CHAPTER {ME SI!QU_CTURAL ELEMENT s’ tected by a concrete burster layer, the depth of
CHAPTER 10 CDVWIC C_RESPC. “©: OF mucvungs ES penetration and a coupling factor must be known.
The coupling factor, for an airburst or penetra-
CHAPTER 11 o STRUCTURE. suoc"éf_’_‘_?:_ tions up to fully contained in soil or concrete,
CHAPTER 12 XILIARY SYSTEMS can be obtained from Figure 3. This coupling
94
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Figure 1. Empirical analysis of projectile
penetration in rock
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g RATIO OF DEFTH OF BURIAL TO SHORT SPAN 0/A
Figure 4. Equivalent uniform load in flexure
,g = that uniform load that vill produce the same

1 structural deflection as a Po(Rl'r)3 load distri-~
-+ . bution; where P, is the peak free-field stress,
e R 1is the perpendicular distance between the cen-
4 7 ter of gravity (c.g.) of the bomb and center of

< the structure roof (of wall), and r. is the slant
§ 01 Y S S S WU S R S VY SR I distance between the bomb c.g. and a point on the
;J? 6 1+ 2 3 4 § & 7 8 § W N w0 structure roof. This concept of an equivalent
NI S$TRIKING VELOCITY, 103 FY/SEC load for use in simplified structural response
g-;* Figure 2. Penetration of mild steel fragments calculations has been recently developed at WES

4

SR

and has been: carefully checked against available
data. Tt is very useful for design calculations
since a worst case burst position, i.e. near the

into massive concrete

%

yI¥
38
sy 4 b

. 3

factor can be used, along with equations presented center of the roaS or wall, is normally assumed.
in the manual to compute free-field stress, im- For aboveground cr surface flush structures,
pulse, velocity, acceleration, or displacement. cratering may be more of a threat than structural
The free~field stress can then be used along with response. Crater dimensions in reinforced or un-
Figure 4 to estimate an "equivalent" uniform load reinforced concrete can be estimated from .
on a buried structure. This equivalent load i3 Figure 5.
95
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15 CXI™N
j{;’(}”{;’(},\ camera-ready copy wiil be furnished rhe HND in
1.0 1ESIEIZRIA . July 1983 for pubiication. Copies of the manual
LI will be available from the Government Printing
. 05 3 ] Office or through other standard channels for ob- A
taining Department of the Army technical manuals. Ry
L ;
5 20 25 30 35 3
0CG %
W-1/3 &
r
. H
Figure 5. Estimated crater dimensions in %
massive concrete 3
As the final example, free-fiecld accelera- <
tion, velocity, and displacement can be used along B
with the procedures given in Chapter 11 (Instruc- -
) ture Shock) to calculate instructure shock spectra.
These shock spectra can be used in conjunction .
with the fragility curves shown in Figure 6 to 3
design shock isolation devices for critical ele- ‘s
ments within the protective structure. %
The examples shown in Figures 1 through 6 are 2
a representative sampling from the revised manual. 3
References that these figures were taken from, 3
or data they were based on, are given in the man- ';
ual. The intent here is to show that the wanual &
E-J

attempts to present the most recent developments
in the design of structures to resist conven-— o
tional weapons effects. Also, the manual is
complete in the sense that, given a conventional
weapon threat, an aboveground or buried struc-
ture can be completed designed to defeat the
threat using only the information contained
. in the manual, 4

The current status of the revired manual
is that a first drafr has been reviewed by a large
sample of the technical comsunity. Comments re-
- turned from this review have bzen incorporated
into the manual and & final draft, reflecting the

R ian Sevan pu aa

" review comments, will be veady in May 1983. A
2
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Sﬁd ABSTRACT

Most physical systems can be studied by means
of scale models whose behavior relates in a known
way to that of a .prototype. The problem is to
write a valid scaling law tha. accurately d.splays
this similarity. This requires a certain familiar-
ity with the physical concepts involved in the sys-
tem. Certain laws of similitude must be observed
to ensure that model test data can be applied to
the prototype. The following sections provide
insight and rationale for use in defining a scaling
law for reinforced concrete under dynamic loadsr\

INTRODUCTICN

A model law for high explosive can be deter-
mined by a consideration of equations describing
motion of a shocked fluid.! In essence, this law
stater that pressure and other properties of the
shock wave will be unchanged if the length and time
sczl 28 are unchanged by the same factor, n, as the
dimensions of the explosive loading source. That
is:

Ly =nly (¢}
T, =0Ty (2)
W, = nd Wn 3

where L, T, and W are dimensional symbols for
length, time, and charge weight, respectively, and
the subscript p denotes the prototype and m desig-
nates the model. Since the density scale must
therefore be unity, the scaling factor for the mass
of the explesive is:

M, = n3 My %)
where M is the dimensional symbol for mass.

The same geometric scaling which governs the
shock transmission process also provides proper
modeling for structural response to pressures
generated during the blast process, Motion of the
structure due to applied blast loads is erwressed
by Newton's second law F = M (T)~2 1, and,
therefore, it follows that:

Fp = n?Fy 16))

- At el S

MODEL LAW FOR CONCRETE STRUCTURES UNDEF DYNAMIC LOADS

Dr. H. R. Fuehrer, P.E.

Martin Marietta Orlando Aerospace

where F is the dimensional symbol for force. In
those structures where the mode of action is pri-~
marily 3n the plastic range, similitude between the
model and prototype system will be realized when
the dimensionless ratio of the external work to the
stored strain energy is the same for both systems.
Por example, the kinetic emergy, associated with
the momentum of the structure imparted by the
blast loads will be numerically equal to the strair
or potential energy of the structure for both the
model and prototype systems.

The kinetic energy may be expressed in terms
of the impulse, I, of the blast loads or, KE =
14/2M, where the impulse is a function of force
and time. Therefore,

(KE)p = n3(KE)y,. (6)

The potential energy of a structure is
numerically equal to the area under its resistance-
deflection curve and, therefore, is a function of
force and length. Thus,

(PE), = n3(PE)y N

On the brsis of the aLove relationships, it
may be concluded that the similarity principle
which applies to the blast loads applies equally
well to the modeling of the structural response to
the transient forces generated by the interaction
of the blast waves and the structure. Certain
limitations do appear in the application of thes:
scaling laws. The rate of strain associated with
the structural response of the prototype may differ
significantly from that of the model. This
variation will depend upon the model size and
differences in the materials used in both systems.
Another limitation imposed by the acaling laws is
due to the invariance of gravitational forces which
will distort the scaliug effects for parameters
such as dead loads. In blast-resistant design, the
effects of dead loads and other such physical
parameters will usually be small in comparison to
the effects of the blast environment and,
therefore, may usually be neglected in the model
design,

With the ideal scate for length, time, and
force {or mass), it is possible to derive an ideal
scale for each specific parameter involved in the
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These scales are obtained by pro-
ceeding in the manner employed above for kinetic
and potential energies. A summary of the more per-
tinent quaniities and their ideal scales is given
in Table I. From Table I, the concept of scaled
distances, Z, is introduced.

1/3
z Lp/Hp (8)

PRESSURE LOADING DUE TO BLAST

Pressure exerted on the front face of a struc-
ture is approximately twice that measured in free
earth. Pressure on a massive target in 2arth can
be represented by the following expressionés -, %,
provided normal explosives are used at depths of
the order of 2Wl/3 and at distances from the
target between 2W 3 and 15 wl/3 (all measured
in feet):

Pp =2k E 22 9

where P, is the reflected pressure and the scaled
distance is:

z = rfuwl/3, (10)

For the scale law selected, Z, and hence the
reflected pressure, will be the same for the
prototype and the model, i.e.,

- /3 3.,1/3
z rp/wP mrm/(n wm) (11)

-r w13 a2
m' m .
ising scaled charge weights, i.e.,
w_= s w (13)

at scaled distances:

car, (14)

*p
the resultant stress levels in the beam will be the
same.

Consider the case where an 8-pound charge is
detonated 6 feet from a scale model structure. The
scaled distance is:

26/ @Y% =3, (15)

The prototype will experience the same stress and
strains as the model if a 1000-pound charge is
detonated 30 feet from it; i.e.,

z = 30 / (1000)1/3 = 3, (16)
SHALL-DéFLBCTION ELASTIC RESPONSE

Scaling law for the elastic response of struc-
tures _to blast loading has been considered by H.N.
Brownd on the basig of the general, small-deflec-
tion equations of elastic motion of solids. He
demonstrates that the same geometrical scaling
which governs the shock transmission process also

98
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TABLE I

Computations of Ideal Scales

fantity Svmbol ] Tvpical Umits 1deal Scale
Length 1 ft 1/1 ®n
p m
Depth d ft d /4 = n
p B
Ares A ft2 A /A = r\2 )
p
Mass M Ib-s!cz/ft M /M = n3
p m
Area of rein al xn2 W /(A') » -\2 ’
s s’ Ts'm
Area of rein per As 1n (As)n/(as)m *n
foot
Untt resistance v 167107 v /v L] -
p m
Total resistance R 1b RP/R, - n2
3
Weapon w 1b Hp/‘im *n
Distance r ft r /t »n
p'm
Scaled distance z fx/lh”3 Z“/Zm » |
Total impulse 1 1b-ms lp/'lm b4 n3
2
Unit impulse i 1b-ns/1n ‘p/‘m =n
_ c NNV I
Scaled impulse i 1b-ms/in ~1b ip/xm =}
2 -
Pressure P th/1n p»/p8 1
Kinetic energy KE ft-1b l(l'?p/l(}:“l = n3
Density 0 1b-sec?/ge® op/om -1
Elastic modulus E ll'a/mz E‘,IE‘l= =1
Deflection s n 6p/6m =n
Moment M ft-1b HPIH" - n3
_ _ z
Mowent per feet ] 1b )4pIHm = n
Shear v ib Vp/Vn - n2
Shear per foot v 1b/ft Vplvn -
2
Stress o Ib/1n cplun 1
Strain € - :pltm =)
Velocity v ft/sec vV x ]
pw
Tise t sec tp/tm =n
. 4 4
Mowment of inertia 1 in lp/xm =q
Frequency f cycles/sec fPlf' = 1/n
Acceleration a ftlucz aplaﬂ « i/n

T e R T T e e PR B R

provides the proper modeling for structural
response to the transient pressures generated dur-
ing the blast process. In his analysis, the effect
of gravity and strain-rate effects are assumed
negligible,

Perhaps the geometrical modeling indicated
above can best be described by imagining the fol-
lowing experiment. An energy source of character-
istic dimension W 18 initiated a distance R
from an elastic structure of characteristic dimen-~
sion L, producing a-transient pressure loading on
the structure of amplitude P and duration T, caus-
ing the structure to respond in its natural modes
of vibration with periods T, Ty, -~--T,, —-,
and corresponding displacement amplitudes X,
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X2, =~=-~Xgq, ~--. Strain-time histories of the
structure's vesponse are characterized by the per-
iods T, and corresponding strain amplitudes ep.

Let the entire experiment be scaled geometrically
by a scale factor n, meking the energy source of
characteristic dimension nWl/3 and locating

the structure o€ characteristic dimension nL at a
distance nR from the source. Then, geometrical
modeling predicts that the pressure loading on the
structure will be simiiar in form to that obtained
in the first experiment, with amplitude P and dura-
tion ntr, and that the structural response will also
be similar in character, with the natural periods
being nTt, nT2, --- nTy, ---, displacement
amplitudes nXj, nX2, ---nX,, ---, and strain
amplitudes e;, €2, —~ en, —~-.

LARGE~DEFLECTION ELASTIC RESPONSE

The equations of motion of elastic solids frcm
which Brown deduced the geowetrical scaling laws
are valid for infinitesimal strains and displace-
mente. An excellent discussion of the limitations
of the infinitesimal theory is given by Novozhilov6,
who points out that this theorv is quite inadequate
for the description of such problems as transverse
deflections of slender beams or thin plates, or of
buckling problems. Both Novozhilov® and Murnaghan’
generate the equations for large deformations of
elastic bodies, making no assumptions which
restrict the magnitudes of elongations, displace-
ments, or angles of rotation.

The equations of motion, neglectiag body
forces, are:

EL 30 30 2
xx T xy w2 3%
3x 3y dz 3t2
30 30, 30, 2
i ’: e A T RN 4
9x ay 3z 2
at
3o 3o g 3%z
R
3 y z at a»

At first glance, these equations appear identical

in form to the usual infinitesimal equations of
elastic motion. They are in reality much more com-
plex because the Cartesian coordinates x, y, z are
the coordinates of points in the body after defor-
mation, and the stress-components, Gijs and density,
p, also refer to these Lagrangian coordinates. We can
write:

= +
x=x u(xo, Yor Ty t)

ys= yo + v(xo, yo, zo, t)
2=z + w(xo, Yor 24 t) (18)

where Xx,, Yo» Z, are the Cartesian coordinates

of points in the body before deforuation; t is
time; and u, v, ¥ are the displacement components.
(In the infinitesimal theory, no distinction is
made between differentiation with respect to x,,

W w T L L - -

Yos Zo; in considering forces acting on ele-
ments cf the body, one neglects changes in position
and direction due to deformation.)

Equations describing the stress-strain law and
the boundary conditions must also be satisfied in
addition to Equations (17). Novozhilov shows that
the stress-strain law which corresponds to Hooke's
law for infinitesimal theory is:

* 2 1 2
] n A, + A,E + A (¢ + =€ +
XX, 2 1 XX, o x X 4 xoyo
% ezx )
o%o (19)

for normal stresses, and:

* 1
¢ = = JA¢e + A |(e +¢e Je
*oY 2 { 1 *o'o 0 [ X Yo %o *

1
>€, ., €
2 xo"o )'ozo]} . (20) .

for shear stresses. In these two equations, the

e;; zre strain-components, the o%;; are stress-
components referred to the dimensions of an element
before deformation, and the A; are elastic constants.
Strain-rate effects are assumed negligible in this
streas-strain law. The boundary conditions merely
require that the pressures acting on the external sur-
faces of the body must equal the appropriate normal
stress-components at the surfaces.

Let us now apply geometrical scaling to the
response to blast loading of a body whose motion is
governed by the preceding equations. If we let

{
x! = ax, x'o = ox, t! = nt then, from Equation (18) g';

displacements are given by u = nu, etc, Strains in _
the scaled structure are unchanged because they are

functions of the first derivatives of the displace-

ments with respect to the space coordinates which are

not altered by the scaling. We can see from Equations

(19) and (20} that the stress-components must then be

unchanged if the elastic constants of the materiai are

unchanged. The equations of motion become:

1 1 1

39 yx . 30 %, e . ale_ (21)
1 1 3z FT g ete

Ix 3y at

These reduce to:

3 3o 30,1 2

1 xx Xz n o 3x,

K[ = +—-§Y-ay + BzJ ==, a:z’ etc. (22)

vhich arc identical to Equations (17).

The boundary conditions are also unchanged by the
scaling, with the scaled blast pressures properly
natching the boundary tractions at each scaled
instznt of time,

We predict, from the above analysis, that the

geometrical modeling which applies to the small-
deflection resvonse of elastic structures tu blast
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loading describes the large~deflection response equal-
ly well. The same restrictions, i.e., neglect of
gravity and strain-rate effects, must hold.

ELASTIC-PLASTIC RESPONSE

1f one wishes to scale damage to structures from
blast loading, he must investigate the scaling of the
structural response for strains exceeding the elastic
limit, i.e., for plastic strains. One should, if
possible, establish such scaling by considering the
most general equations of elastic-plastic structural
res,onse The equations of motion, Equations (17),
and the associated boundary conditions, generated
for elastic structures, apply equally well to large
deflections of structures undergoing plastic defor-
mation. However, the stress-strain law for plastic
structures differs from the elastic stress-stra,r
law. In elastic bodies, the stresa-components are
unique functions of the strain-components, and
deformations are therefore reversible. In plastic
bodies, the stresses associated witl: increasing
strains are usually different from those associated
with decreasing strains, and the deformations are
irreversible. One must assess the effect of the
differences in the stress-strain law of scaling or
response.

Novozhilov has shown that, when the strains
are monotonically increasing in magnitude, the
stress-strain laws for finite elastic deformationms,
given by Equations (19) and (20), include Hencky's
theory for elastic-plastic bodies as a special case.
Therefore, geometrical scaling of response to blast
loading will apply to the deformation of elastic-
plastic bodies while the strains are increasing in
magnitude. This scaling then assures one that the
limiting strain magnitudes for the initial stress—
strain law are the same in the fullscale and model
structures. When the strains start decreasing in
magnitude, the initial stress-strain law is no
longer valid. But relations of the same form as
Equations (19) and (20), with different values for
the constants A; determined by the maximum straias,
will then hold. This new stress-strain law for the
geometrically-scaled model should be identical to
that for the original structure because the maxinum
strains and the physical properties which deteraine
the A; are identical. One can therefore conclude
that the entire elasticplastic resporse of a struc-
ture to blast loading should be scaled geometrical-
ly in the manner previously described for elastic
structures.

CASE STUDIES

To confirm the wodel law discussed above, sev-
eral aquthors have performed a series of experiments
on the response of structures. One of the earlier
works by Baker, et. al.® involved using spherical
Pentolite explosive charges detonated in air and
slender cantilever beams. Forty-nine elastic
response tests were conducted and agreement of the
vibration frequencies with values calculated from a
simplified form of the equations of motion from
which response scaling was predicted, and scaling
of strain amplitudes in the predicted manner assume
validity of scaling of response of elastic structures
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Thirty-one permanent deformation tests were
conducted also. The model law predicts that, for
properly scaled experiments, the deformed shapes of
the beam should be similar and the permanent defor-
wation should scale in proportion to the linear
scale factor, n. Results showed the data could be
described by a single functional relationship
between scaled parameters, as is predicted by the
model law, for the range of charges, i.e.,.approxi-
mately 1/8- to 8-pounds of explosive.

More recently, Dobbs and Cohen? conducted a
series of full- and scale-tests of reinforced con-
crete structures. Models ranged from full scale
employing 7500 pounds of TNT to one-tenth scale.
For the smaller scale models, specific attrntion
was paid to modeling of reinforcement. Most wire
sizes are available to scale the physical charac-
teristics of the reinforcement bars for one-tenth
scale models and larger. Howeve' , because steel
wire is cold drawn and, therefor:, brittle, adjust-~
ment of the wire's properties to simulate the mech-
anical properties of the hot-rollea reinforcement
of the larger models is accomplished by annealing
the wire. The annealing process required after
cold drawing reduces the wire's strength but appre-
cis>ly increases its ductility. For example, cold
drawm wire whose ultimate strength is 250,000 psi
will have an elongation of less than 2 percent
vhile the same wire which is annealed will have a
strength in the order of 90,000 to 120,000 psi and
elongations of 7 to 9 percent (8-inch test speci-
men). To select the correct wire and the specific
heating and cooling times required in the annealing
process, the mechanical properties of the rein-
forcement in the prototype structure should first
be known. If the prototype has not yet been con-
structed, the properties of its reinfoircement will
be unknown. In this case it should be assumed that
the steel used in the prototype structure will have
the minimum mechanical properties specificd by the
governing code and then the model can b designed
accordingly.

Results of their work indicated that damage
sustained by the models and full-scale structures
is similar if each is tested in a similar wanner,
thereby establishing that model tests may be used
to evaluate the structural response of larye, full-
scale, reinforced concrete structures to 1igh
explosive detonations.

Whether a problem is related to design or
research, concern is always focused on working
(service) load behavinr or ultimate ({ailure) load
behavior or both.

Litle, et. a1.10 jin their studies have
shown that structural models can be used effective-
ly for studying a wide range of problems in each of
these areas. VWhile knowledge of reliability is by
no means complete, and in some instances appears to
be negative, techniques and materials are available
today to apply with confidence to many problems.
For these situations vwhere a linear elastic sclu-
tion is deemed to be satisfactory, structural
models seem limited only by possible complexity and
cost of fabrication, loading, and iustrumentat on.
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One exception to this position is for model studies
of massive structures which are intended to reveal
prototype self-weight behavior. In that situation,
the similitude requirements usually are incompat-
ible with the available model materials and desired
model scale.

In those cases, such as shrinkage, creep,
stiffness, and strength, where behavior cannot be
considered to be linearly elastic, an additional
limiting parameter comes into play. This param-
ater, and it is a key one, is correct simulation of
the concrete and reinforcement materials. This ma-
terial simulation difficuity is what places creep
and shrinkage model studies beyond today's state of
| the art. Affecting the whole range of stiffness
; and strength situations are two material property
{ items that have not yet been satisfactorily re-~

sclved., Improper simulation of prototype deformed
reinforcing bar surfaces and of prototype concrete
strength characteristics can lead to unreliable
model test results. Fer instance, reasonable
cracking simulation has only been established for
scale reductions down to the order of 1/4. It may
be nossible to use smaller modele if more sophisti-
cated crack detection methods zre used, but this is
. yet to be established. Similarly, bond failures

! cannot be modeled.

. Above all, it wmust be emphasized that confi-

M dence levels can best be established by comparing
similar structures or members of different size.

As indicated by several of the case studies, rein-
forced mortar models reasonably predict the deflec-
tions, mode of failure load for beams, columns,
plates, and shells.

THE MODEL LAW

The model law, when referred to in comnection
with physical tests, is a term generally applied to
a set of rules derived through dimensional reason-
ing by which the results of a set of properly
designed experiments can be extended to larger or
smaller scales of phenomena. The term “scale ef-

9 fect”" has been somewhat loosely applied to any

Bd deviations from the model law that arise in an

analysis of experimental results derived from
models. The presence of such effects, which appar-
ently do occur in some classes of experiments,
greatly complicates the analysis of the results.
Fortunately, no such effects have been detected in
explosion testing and the model law results can be
extended with an accuracy as good as that of the
original measurements.

1f it is assumed that the velocity of propaga-
tion of the effect of an explosion only depends on

gﬁi tt.e stress and not on such quantities as the rate
§§» . of deformation, the effect of an increase in all
12 dimensions of the experiment by the length scale
e Pl factor n results in an increase of the time of
Neof propagation to aa equivalent point by the same

factor n, It is then possible to make a table
(Table I) in which any quantity such as pressure,
impulse, velocity, etc. is represented by its
dimensional components of mass M, length L, and
time T, ard to arrive at an expression for the rel-
ative magnitude of this quantity in the new system

which is expanded in length scale by the factor =,
In present experiments, W!/2 the cube root of

the weight of explosive charge in pourds, has been
selected as being a length characteristic of the
scale of the experiment. This may seem dimension-
ally misleading but it merely weans that a unit of
length whose cube is proportional to the weight or
volume of the charge has been chosen for reference.
Then if an experiment is performed with a charge-
weight of W) lb and it is required to know the
effects that would occur with a charge-weight of
Wy 1b, the scale ratio n = (Wp/Wj)1/3, and

at ths distance r, the magnitudes of the quantities
in question can be determined from the original
measurements at distance r multiplied by the fac-
tors given in the table. The model law, of course,
tells nothing of the manner in which the quantities
vary with distance, but states only that if the ef-
fect is of magnitude E; in the experimental sys-
tem at a distance r from the charge, then in the
new system the effect will be -nPEl at a distance
nr from the charge, p depending on the quantity in
question and being given in Tabie I.

An example that illustrates the use of the
model law is the comparison of the peak pressures
produced by the explosion of 1 and 1,000 pounds of
the some explosive. It is assumed that experiment
has shown that at a distance of 4 feet from the
1-pound charge the peak pressure is 80 psi. The
length-scale ratio between the two cases is
(1,000/1)1/3 = 10, and Table I shows that the
scale factor for pressure is l; comnsequently, at a '
distance of 40 feet (=nr) from the 1,000-pound
charge the peak pressure is again 80 psi. This is
equivalent to the statement that if r/W /3 is
tte same for the two cases then pressure is the
same.

A comparison of the impulse per wunit area, I,
for these two,weights of explosive at the gcaled
distances 4 and 40 feet is made in the same way,
except that, frem Table I the sczle factor for
impulse per unit irea is n (=10). Thus, if the
impulse per unit area from a l-pound charge at 4
feet is 0.2 psi-sec, then at 40 feet from a 1000-
pound charge the impulse per unit area is 2 psi-
sec. This comes about by virtue of the fact that,
although the peak pressures at these scaled dis-—
tances are the ssme, the time scale of tiie phenom~
ena is multiplied by 10, the scale factor, so that
the duration of the pressure is increased tenfold.
The impulse, being proportional to the product of
pressure and time, must then be increased by a
factor of 10 as indicated.

It will be noted that most of the experiment-
ally determined quantities can be represented by
empirical equations which have as coefficients a
constant and various combinations of the parameters
W, p, r, and Z.

The manner in which these parmeters enter into
the empirical equations can be determined very sim-
ply by equating the dimensions on both sides of the
equality sign. The variables can be determined
from physical considerations, but the wmanner in
which they enter the equation may be determined by
dimensional considerations. The form of these
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equations, of course, needs to be tested against
the experimental data in each case and correlated
with the first order of approximation. The tesr
for correctness consists in determining to what
extent the dimeansionless constant in the equations
really is constant for widely varying values of the
parameters.

This section would be incomplete without a
specific mention of target and damage relatious to
the model law. One of the primary objectives of
any program is, of course, to determine the accura-
cy of the model law as applied to target damage.
The chief cause of the initisl uncertainty is the
fact that there are certain things in nature that
do not scale, the chief offender being the effect
of gravity. By changes of density of component
materials, efforts to overcome this defect can be
made, but it is not easy to find structural materi-
als of comparable strength and with greatly differ-
ent densities. Consequently, if gravity is a
controlling factor in an experiment, modification
of the model law must be made. It has been found
experimentallv, as had been inferred but not proved,
that the impulsive forces involved in the damaging
of a massive structure are very large compared to
gravity forces, so that essentially no deviation
from the model law was detected., The conclusion is
that the structural dimensions can be scaled, at
least over a factcr of 5, and probably 10, without
encountering significant deviation from the law as
far as explosive damcce is concerned.

REFERENCES

1 Cole, R.H., "Underwater Explosions,” Princeton
University Press, Princeton, New Jersey, 1948.

102

B e s S

S A g o

B d

I

Soper, W.G., "Scale Modeling," Science aud Tech-
nology, No. 62, February 1967,

Redwood, M., "Mechanical Waveguides," Pergsmon
Press, New York, 1960.

lw

Rinehart, ., and Pearson, J., "Explosive Work- -
ing of Metals," The MacMillan Company, New York,
1963,

| &

Brown, H.N., "Effect of Scaling on the Interac- |
tion between Shock Waves and Elastic Structures/'
Ballistics Research Laboratories Report No.

1011, Appendix I, March, 1957.

jwn

Novuzhilov, V.V., "Foundations of Non-Linear
Theory of Elasticity," translated from the first
Russian edition, Graylock Press, Rochester, New
York, 1953.

for

Murnaghan, F.D., "Finite Deformation of an Elas-
tic Solid," John Wiley & Sons, Inc., New York,
1951,

j~

8 Baker, W.E., et. al., "Laws for Large Elastic
Response Subjected to Blast Loading," Ballistic
Research Laboratories, Report No. 1080, Aberdeen
Proving Grounds, Maryland, December, 1958.

Dobbs, N., and Cohen, E., "Model Techniques and
Response Tests of Reinforced Concrete Structures
Subjected to Blast Loads," ACI Pubiication No.
24, American Concrete Institute, Detro.t,
Michigan, 1970,

|wo

10 Litle, W., et. al., "Accuracy of Strictural
Models," ACI Publication No. 24, Ameraicsn Con-
crete Institute, Detroit, Michigan, 1970.

%W

T e ot A S R O e %:EEE% AE—;;;?

Pt

[ R T S PRy Y

FEA




e N

—

Menlo Park,

ABSTRACT

Ry

M P001765

Sinple one-dimensional predictions of the re-
spunse of drag-sensitive, steel-framed structures
have greatly overestimated the peak deflections
using the measured dynamic pressures, and commonly
sccepted drag coefficients for the beam, column
and truss components. Renewed interest in the be-
havior of these structures has initiated recent
efforts to explain the reasons for the discrepan-
cies between analvsis and experiment. Complicating
the analysis i< that the structures are covered
with siding ard roofing of a frangible type. —

<A three-dimensional structural dynamics code
was used to oredict the response of the framed
structures to drag loading. The objective was to
see whether discrepancies might be due to oversim-
plification of the structural model and applied load
distribution. The results of a series of three-l
dimensional calculations and the comparison of
response with test data are reported in the paper§§

In 1955, four industrial-type structures were
subjected to drag and diffraction loading from a
nuclear airblast. Simple one-dimensional predic-
tions of the response of the two drag-sensitive
structures greatly overestimated the peak deflec-
tions ysing the measured dynamic pressure, and com-
monly accepted drag coefficients for the beam,
column and truss components [1]. Renewad interest
in the bzhavior of these structures under long dura-
tion impulsive loading has initiated recent efforts
and reawakened interest in explanations of the rea-

sons for the discrepancies between analysis and the
experiments.

INTRODUCTION

A complication in the anmalysis of these steel
frame structures is that they are covered with sid-
ing and roofing of a frangible type. The determin-
ation of the importance of the impulse imparted to
the structure and the disturbance of the flow field
around the structures, as a result of the blowing
away of the frangible material, {introduces two dif-
ficult phenomena into the determination of the
actual loading on the steel frame and roof truss.
The relative shielding of downstream portions of the
structure as a result of the presence of upstream
structural components, i.e., the determination of
the exposed drag area, is another question that has
to be resolved.

-——-5 RESPONSE OF DRAG-SENSITIVE, STEEL-FRAMED,
INDUSTRIAL-TYFE STRUCTURES T( AIRBLAST LOADING

H. S. Levine and E. M. Ranay

Weidlinger Associates
California

To support the renewed interest in drag-
sensitive structures, full-scale and one~third
scale models of the drag structure were incluled
in a recent high explosive event. L.ads, strains
and deflections for both structures were monitored
in an effort to obtain the actual force-time his-
tories acting on these industrial targets and
evaluate the relative importance of the drag loads,
and the effects of the frangible siding and roofing
on the impulse imparted to these structures.

For the current investigation, a three-
dimensional structural dynamics code, Weidlinger
Associates' version of DYCAST [2], was used to pre-
dict the response of the framed structures to the
drag loading. The objective was ic see whether the
discrepancies in the experimental and theoretical
predictions might be due to the oversimplification
of the structural model and the applied load dis-
tribution. During the course of the investigation,
it was found necessary to develop a simplified pro-
cedure for the analysis of combined bending and
St. Venant torsiocn of open beam cross sections
stressed into the inelastic regime. )

Three-dimensional discretizations of thestruc-
ture were developed and used to evaluate the drag
coefficients necessary for analysis of this struc-
ture. Actual measured free-field dynamic pressures
of the nuclear event and a uniform distribution of
these pressures with some shielding in the roof
truss was assumed.

The 3-D model was then used for pretest pre-
dictions of the response of test . -‘uctures in a
High Explosive {(HE) Event and to uetermine where
they should be placed. Posttest analysis of the HE
Event using the actual measured pressures on the
frames from surviving gauges and an assumed uniform
spatial interpolation over the height of the frame
overpredicted the peak response. Several variations
of the measured pressure loadings with height Jere
then assumed in an effort to correlate measured
1 .ads and predicted responses. The results of this
series of calculations and the comparisonof response
with test data are reported in the puperand possible
explanations for the differences are discussed.

DESCRIPTION OF STRUCTURE AND ASSUMPTIONS

A drag structure is defined to be one that is
relatively open with only beams, colums or trusses
(members with small frontal areas) exposed to the
blast. Each of these members receives a small
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impulsive loading as the blast engulfs the structure
and then it is exposed to drag from the wind ac-
companying the blast. The duration of the dif-
fraction Toading (including the impulse accumulated
by any frangible siding) is assumed to be small
compared to the drag Toading and can presumably be
neglected. Since drag targets are sensitive to
increases in Jynamic pressure duration, and hence
weapon yield, it is interesting to determine
whether the response of realistic structures can be
predicted using appropriate. drag coefficients and
dynamic pressures for weajons and structures of
interest, Structures having a degree of complica-
tion representative of a large class of targets
were selected to be tested. Uncertainties antici-
pated were due to the magnitude and duration of the
impulse spikes from diffraction Toading of the
beams and breakaway of the siding, determination
of the areas over which drag forces are assumed to
act, the extent to which some members shielded
others, the proper magnitude of the drag coeffici-
ents for different member shapes, and disturbances
in the flow field as a result of the presence of
the frangible siding and roofing.

The drag structure actually chosen to be
tested is typical of small industrial buildings.
It was assumed to be representative of interior
bays of a multiple-bay building. A picture of one-
half of the structure, symmetric with respect to
the centerline, and some typical dimensions, is
shown in Fig. 1. Certain spans were reduced to
keep the cost of the structures as low as practi-
cable. The roof structure was a Warren truss with
the center 20 feet left out to ensure the probabil-
ity of failure in the columns rather than the roof.
Columns in the end frames were reduced in size
ralative to the center frame in proportion to their
contributory drag areas so that all three frames
would deflect nearly equally in a manner typical of
a long, multiple-bay puilding. Design specifica-
tions are outlined in [1]. The columns were de-
stgned with hinged base connections and the roofing

10 CD ® 1 2 Rl} meabers (except
trusses

Co = 6 Truss elements (to
account for shielding)

Trme (zec)

Structyra} Membery

tO12WF 53
2 12w 3R

INBIT

1
1
1 .7

8
¥

LSRNT N R-N..¥. )
=orgEs

3
3
H
6.
7
8
9

e

tzg 22

Kode not inciuded
in coarse moce)

k

and siding were specified to be 1ight, frangible ..

material incapable of withstanding the blast forces.

An average yield strength of 40 ksi for the
steel beams and columns based upon experimental
data was used in the analysis of the nuclear event.
Average ultimate strength was 60 ksi. The frangi-
ble material was chosen to be a corrugated asbestos
cement board. Pulldown tests were performed on the
structure to determine the natural period and load-
deflection relationship for the structure. The
computed fundamental period was 480 ms, whereas the
measured periods from a shake test and the blast
record were 530 and 650 ms, respectively.

METHOD OF ANALYSIS

Single-degree-of-freedom representations of
the structure were used in [1] to predict its re-
sponse to the blast loading. Only the drag loading
was considered important, and impulse imparted to
the structure through diffraction was neglected. A
thorough series of posttest calculations indicated
that an unrealistically low drag coefficient of 0.5
to 0.75 was required to match the test deflections.
This compared to commonly used values of 1.5 to 2.0
for individual members. To obtain this coefficient,
it was assumed that the rear roof truss members
were fully shielded from the airblast. An exposed
drag area of almost 60,000 in¢/bay was used for the
analysis.

The purpose of the current investigation was
to determine whether oversimplification of the
structural model was responsible for the low drag
coefficients. A more realistic finite element
model of the structure, including a realistic dis-
tributior of drag loading, higher order deformation
modes, and local inelastic response might lead to
a better prediction of the response with conven-
tional drag coefficients. The DYCAST code [2] was
chosen to predict the behavior of the structure.
DYCAST is a finite element transient analysis

Ref ined Hodel Coarser Mogel
142 Nodes 85 Nodes

208 Meebers 140 Merbers
1o 0oF 1+

0
120 Semi-Bard Width 60 Semi-Band Width

Fig. 1. Discretization of drag-sensitive structure.
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code that has the capability for predicting the
material and geometric nonlinear response of three-
dimensional structures. Geometric nonlinearity is
included using an updated Lagrangian approach. The
procedure is valid for small strains and large ro-
tations. Material nonlinearity can be represented
by a variety of yield criteria and hardening rules.
For the current series of problems, the Von Mises
Yield Criterion was chosen. Both Prager-Ziegler
kinematic 1inear strain-hardening [3,4] and ideally
plastic material models were used. A subincremen-
tation procedure was used to ensure the calculated
response was reasonably close to the specified
hardening.

The beam element in DYCAST has a wide variety
of cross-sectional shapes available and capability
for eccentric attachment points. The I, channel,
and T-section shapes were used for the members in
the current analysis. Siress recovery is monitored
at Gauss points in each leg of the cross section.
As a result, the cross section of the beams can
prooressively plasticize as the load increases. A
linear variation c¢f plastic strain between beam
nodes is also assumed. Because of deficiencies in
the treatment of St. Venant torsion for open sec-
tions, and the pcssibility, based upon test obser-
vation, that torsional deformation of the beams
might be significant energy absorbers, a rew pro-
cedure was developed and implemented to represent
the inelastic St. Venant torsion of open sections
(see Appendix A). Restrained warping and local
cross-sectinnal deformations were not included in
the analysis. The Newmark-Beta implicit time inte-
gration technique was used in all calculations.

STUDY OF OVERALL DRAG COEFFICIENT

The actual structural discretization of the
steel frame is shown in Fig. 1. A refined model
and a coarser model were used for the initial analy-
ses. For the initial part of the study, the dynamic
pressure from the nuclear test (shown normalized in
Fig. 1) was applied simultaneously to all nodes.
This was multiplied by the drag coefficient and the
respective beam areas normal to the flow to get the
drag forces, i.e.,

F= CD qA (1)

where q is the dynamic pressure, Cp the drag coef-
ficient and A the beam area normal to the flow.
Although each member could have its own drag coef-
ficient specified, the same drag coefficent wes
used for all members. The initial objective was to
simulate the une-degree-of-freedom analysis to
determine whether the detailed structural modeling
and local inelastic response, i.e., local energy
absorption, would explain the low drag coefficients
required in [1]. The same shielding in the roof
?as also assumed and diffraction effects were neg-
ected.

A comparison of the measured and theoretical
deflections at the lower chord column connection
are shown in Fig. 2. Two different drag coeffici-
ents and yield stresses of 40 and 50 ksi were
‘assumed. The 50 ksi yield strength was chosen to

-
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investigate what effect variations in strength re-
sulting from high strain rate louding in the mate-
rial might have on the r=ak deflections. We see
from the data that an uverall drag coefficient of
1.0-1.2 based upon the assumed shielding and steel
strength vi11 give good correiation with the peak
deflections. Although this is an improvement over
the single-degree-of-freedom model, it does not
explain fully the differences between the individual
member drag coefficients [5,6] and the overall drag
coefficient for the structure. Calculations for
the refined and coarser model showed negligible dif-
ferences in response. Consequently, the coarser
model was used in all subsequent calculations.

a9
——e. Photographic Data
....... Cp =1 2, 95 = 30,000 psi
32 L ............. cg" 2, “0‘50.0000“
—————- Cp = 0.6, o5 = 40,000 ps»
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Fig, 2. Comparison of measured and theoretical de-
flections for framed drag structure at the
Tower chord-column connection.

PRETEST PREDICTION AND POSTTEST CORRELATION
WITH HIGH EXPLOSIVE DATA

To help resolve questions about the differences
in overall drag coefficient for the structure and
those for individual members, and to establish the
importance of representing the shielding effects,
the structure in Fig. 1 was recently tested in a
High Explosive Event. Various beam cross sections
were tested in a different event [6] to determine
drag coefficients for these members in the unsteady
flow fields of interest. Again, the range of 1.5-2
for the drag coefficients of individual members was
found to be reasonable.

In Fig. 3 elevation deflection profile: are
shown for the center frame subjected to the high
explosive (HE) dynamic pressure at the anticipated
range peak deflections would equal the nuclear
response. The failure mechanism consists of a
plastic hinge forming at the lower column-chord
connection of the columns to the roof truss. This
is the type of failure mode ubserved in the nuciear
tests and in previous calculations. The calcula-
tion had to be terminated after the section became
fully plastic because of a singularity, and hence
& decomposition error, in the Cholesky scheme for
the effective stiffness matrix used in the implicit
solution technique. Changing the hardening rule
to 1inear strain hardening did not significantly
improve the situation. It §s hypothesized that
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Fig. 3. Deflection profiles of center column for
steel-frame drag structure subjected to
HE dynamic pressures.

use of a much smailer time step (or maybe a switch-
over to an explicit scheme for economy) could have
allowed the calculation to proceed. This could not
be accomplished using the code as then configured
so the peak deflection was extrapolated based upon
results for lower load levels. Another procedure
that could be used is to insert a hinge element
with a nonlinear rotational spring at the nodes
where a hinge forms. In the actual test, some
bolts at the windward, center, chord-to-column con-
nection were torn out. Severe yielding in this
region for all colums was observed, including
localized buckling of the flanges and localized
yielding and buckling of the web.

Actual net pressures measured on the frames
during the test were used for posttest response.
A suggested spatial distribution for these pres-
sures is shown in Fig. 4. These had to be guessed
at because full data recovery was not achieved
when some gages were destroyed by imvacts from
pieces of the frangible siding or electrical mai-
functions. The pressures were swept across the

structure using the measured airblast propagation

speed based upon time of arrival (1156 ft/s). Free
field dynamic pressures were also measured. Linear
strzin hardening was assumed and Table 1 shows the
strengths and properties used in the calculations.

Table 1. Material properties of RE test event simulation

Member Type % {kst) ETI'/E

" YF 53 58.5 004
12 WF 5, 4.9 .004
8 W 17 45.6 .003
18 WF 50 49.2 .003
10 W 21 43 002
Roof Tees 8.7 0025
A1l Others 45.7 .003

Use of the measured pressures, as described, resul-
ted in peak displacement of over 20 inches, which
significantly overpredicted the peak displacements
of 4 inches measured in the test. However, if
only the pressures on the front (windward) members
are applied {no pressures on roof or leeward mem-
bers), corretation for peak deflections and strain,

as shown in Figs. 5 - 7, is excellent. Use of the
dynamic free-field pressures multiplied Ly the
average draq coefficient previously determined also
yielded peak deflections of more than 20 inches.
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Fig. 4. Assumed pressure dist~ibution for posttest
calculations of steel-frame drag structure
(HE Event).

In an attempt to reconcile the measured wind-
ward and leeward pressures with the actual responce,
several reasonable variations of the pressures on
the columns with structure height were hypothesized
to reduce the net horizontal force arnd reduce de-
flections to the measured values. These included:

2« () 7] (2)
V]
an(1+h/h )
-F?; "—1',72'—0 (7] (3)
P
> i, )

Here h, is the reference height on the colum at
which net pressures were measured (either 198 or
117 irches) and p, represents those pressures. Al}
pressurec at the gase were assumed to be zero and
pressures above the measured levei were assumed
equal to the measured level. Unfortunately, all
these different assumptions also resulted in signi-
ficant overpredictions of the response.
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It should also be noted that the frangible
siding had stil1 not completely blown away at the
end of 80 ms and pictures showed the disturbance
of the flow field was quite substantial at this
late time for the HE Event. This compares to a
positive phase duration of 180 ms for the dynamic
pressures,

f
!
t

the actual drag loading on the structure and quan-
tifying what effects the frangible siding has on
the loads imarted to the structure. With regard
to the actual drag loading, the determination of
shielding effects 9f upstream on downstream mem-
bers and the spatial (especially height) variation
of the dynamic pressure forces needs to be better
defined. Obviously, inclusion of diffraction-type
impulse imparted to the structure by the frangible
shielding would increase the already high theoreti-

L 2 e teentat T cal loads on the structure. The more significant
! . o ee AU Theory AW Theory effect is determination of how the flow field dis-

Displacement (in}
Oisplacement (in)

2 04 ve 0os 1
Tine (s) Tine {3)

Fig. 5. Comparison of experimental and theoretical
deflections for full-scale, steel-frame
drag structure at HE Event (front face
loading only).

e A3 Theory

turbances apparently reduce and chanje the distri-
bution of the drag force on the frame members.
This, of course, is more significant for an HE
versus nuclear event because the ratio of duration
of flow field disturbance to dynamic pressure dura-
tion is higher.

$3A Theory sulils»

» SB Eapertomatal Center Frome 1

Yertfcal Stratn x 10°3
°
~

P 12 Erperieenta. Center Frime B B S e ¥ R R s 1
. j Time {s)
Fig. 7. Comparison of experimental and theoretical

' o 1 strains for fu.l-scale, steel-frame drag
& - structure at HE Event (front face loading

" S only).

. [ 3

t % ‘E '/ s

¢ ! 3 \ 7 REFERENCES
g 0 = {11 Sinnamon, G.K., Haltiwanger, J.D., Matsuda, F.
and Newmark, N.M., "Effect of Positive Phase
= " ) Length of Blast on Drag and Semidrag Indus-
- LR T 2 I L R trial Buildings, Part I," Report No. WT 1129,
= Thoe (31 A.F. Special Weapons Center, Air Research and
i3 Fig. 6. Comparison of experimental and theoretical Development Command, Research Directorate,
*‘ﬁf! deflections for full-scale. steel-frame Structures Div., Kirtland AFB, NM and Univer-
g drag structure at HE Event (front face sity of I11inois, Urbana, 1L, Dec. 1, 1958.

T e e et .

Ak,

54 il
e

<M
R
1z

P b - T AN PRIt i K e G as

Toading only).

CONCLUSIONS

Based upon the calculations presented in this
paper, it appears the inclusion of detailed model-
ing effects is not sufficient to reconcile differ-
ences between measured drag coefficients for
individual structural elementsand those required for
overali structural responsz. Typical structural
components have drag coefficients that vary be-
tween 1.5 and 2.0, and those required to predict
the peak response of industrial-type drag sensitive
structures with frangible siding using free field
dynamic pressures lie between 0.5 and 1.2. The ma-
Jor questions stilltobe resolvedare those involving
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APPENDIX A

SIMPLIFIED PROCEDLRE FOR INELASTIC ANALYSIS
OF COMBINED DENDING AND ST. VENANT TORSION
OF OPEN-WALLED SECTIONS

Open-walled bean sections may be represented
by combinations of relatively narrow rectangles
properly assembled kinematically to form the cross
section of interést, e.g., I, T, Z and channel
sections. Theelastic torsional rigidities, neglect-
ing cross-sectional warping,of such sections are
usually obtained by assuming the concentrations
present at fillets, and other local effects, are
negligible, and by summing the torsional rigidities
of the individual rectangular elements [8]. A
similar concept is employed here.

005b 005b
. /H— 495D } 495b 4] ' ",
2\ E? i Yy ﬂ;—ij + Hy.t“ ?* :)
i 4 4 ‘i i 4 1
I b
I

b/a

Fig. 8. Geometry of rectangular segment of open

beam under St. Venant tovsion.

For an elastic rectangle under pure St. Venant
torsion without restraints, an elasticity solution
for the strains for an arbitrary aspect rctio, b/a,
{see Fig. 8 for rectangular geometry) may be given
by the first term of a series solution [9],

8a cosh my/a . mx
slogs s )

_ Baasinh my/a X
= “37 cosh mb/2a %% (A2)

where « is the angle of twist of the cross section
per unit length.

Yy

T

This leads to an error in the moment and peak
stresses of less than 0.5 percent [9]. We assume
the strain variation throughout the cross section
does not significantly change upon initiation of
inelastic benavior. We also assume the bending

o d

stresses across the thickness of the rectangular
segment (flange or web) are constant and note that
the shear strains y, are antisymmetric with re-
spect to x, while tﬁ% shear strains y, are sym-
metric with respect to x.

The increment of angle of twist per unit
length my be obtained by the difference in the in-
crement in rotations at the two ends of the beams
d¢ivided by the length, i.e.,

50 ,-A8
Pl S (A3)

This quantity is calculated at the end of each time
or load step from the solution to the structural
equations of motion. Increments of strain can then
be calculated from 2qs. (A1) and (A2). Increments
of bending strain at points in the section can be
calculated bty conventional Bernoulli-Euler rela-
tions. Since the bending strains (stresses) are
assumed constant through the thickness (x direc-
tion), these strain increments, together with those
from eqs. (A1) and {A2), may be used in the plas-
ticity relations to determine stress increments at
appronriate integration points. For the Von Mises
yield criterion,

2 2 2 . 42 ;
o t 3sz + 3sz =0, (A4)
because of the antisymmetry (symmeiry) of tne shear-
ing strainsand the assumeduniiormity of the bending
strains about the x axis, the constitutive rela-
tions need only be calculated for the positive x
regime, and then

L]

-sz(X)

Ty (=%} = 1, (x) (A5)

Resultant tc+sional moments may be calculated from

Ay
TU(XI

M, = ff(Xsz-yrzx)dA (R6)

This may be simplified using the obvious symmetries
to:

M= 2212 (xq _yr av gy
Z 2o o

For the problems considered, two-point Gaus-
sian quadrature was used in the x direction (stress
recovery was needed at only one point because of
antisymmetry). In the y direction, because of the
extreme gradient of the shear ctresses near the
ends in the y direction, a combination of four-
point Gaussian quadrature encompassing 99 percent
of the Tong direction, used with a one-point in-
tegration of the shear <*resses at .4975b over the
remaining 1 percent of the span, gave results with
less than 20 percent ercor for the ultimate tor-
sional moment for the seci:ons of interest. Tor-
sional momentsfor the entire cr-ss section were
obtained by summing the torsional moments of the
individual rectangles. For formation of required
tangent stiffness matrices, the same integration
rules were used, together witi, the sbvious .sym-
metries an' avtisymmetries.
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NOTAT ION
The following symbols are employed in this
paper:
A = cross-sectional area
G = drag coefficient
D = drag force
€ = Young's modulus
ET = linear strain-hardening modulus
h = height
M, = moment about longitudinal axis of beam
p = pressure
q = dynamic pressure, q = #pV?
a = angle of twist per unit length
Yo Yzy © shear strains
8 = rotational degree of freedom about
longitudinal axis of beam
0, = yield stress
o, = axial stress in beam {bending +
membrane )
T Ty = shear stresses
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RESPONSE OF BURIED CONCRETE STRUCTURES TG RURIED HIGH EXPLOSIVE CHARGES;
A REVIEW IN SIMILITUDE FORMAT

James S. O'Brasky

Naval Surface Weapons Center
Weapons Development Branch
Dahlgren, Virginia

ABSTRACT

"\'l‘hs results of some 250 experiments
oconducted since 1942 are reviewed and analyzed
using nondimensional techniques. Data is in
chart format for the most sianificant
variables.

N

BACKGROUND

The effects of buried hich explosive
charges on buried oconcrete structures has been
studied in the United States episcdically
for the last forty years. The initial
interest oconcerned the adequacy of coastal
defense structures. This interest was rapidly
replaced by an interest in bombing
effectiveness against such structures. In
recent years, emphasis came to be placed on
vulnerability of hardened aircraft shelters to
accurately delivered large charges and on
field fortifications to small close-in
charges. The vulnerability of missile
silos/capsules to the detonation of sarth
penetrating warheads containing nuclear
devices is surely of some current interest.

The technical prublem was fortunately of
such complexity and full scale experiments
were 80 expensive that scale experiments were
a necessity.

0

DATA SOURCES

The classic experiment on this subject
was oonducted by the NDRC/NRC in 1943-44. The
experiments were oonducted in strict
nondimensional format and were reported in
reference (2}, While in hindsight, these
experiments can be criticized for a variety of
reasons, they represent the most extensive and
methodical series done to date., The principal
criticisms are that the larger scale targets
had inadequate curing time and the data
reduction was much less extensive than is
desirable. In 1976, Naval Surface Weapons
Center conducted a series of full scale
experiments on buried charges against buriad
field fortifications. These experiments lead
to the Shoulder Launched Multi-purpose Assault
Weapon. In 1977, Crlando Technology, Inc.
oonducted a series of scale model experiments
for Air Porce Armament Laboratory (AFAL) to
determine the effects of varying thickness-
to-span ratios on scaled damage level using
structures which were stronger and more
heavily reinforced than the NDRC study. Also
in 1977, waterways Experiment Station
conducted a series of experiments for the AFAL
to evaluate a new explosive. In both sets of
experiments, far less damage resulted from a
scaled test condition than would have been
expected from the NDRC results., Table 1
sumnarizes these data sources.

Upon examination of the abowe cited data
sources, the writer decided to rederive the
nondimensional analysis and to conduct a data
reduction incorporating the entire date base.

OBJECTIVE

The cbjective of this effort was to
determine which nondirensional variables wcve
significant and to develop relationships
characterizing the data base.

b s

o "




[P, S A seme - . Yy e s e s LN N - P

APPROACH

The data sources were reviewed. The
rondimensional analysis was derived. The
nondimensional variables were computed and
subjected to analysis of variance. The
significant variables were identified and data
plots were developed.

RESULTS

Table II contains the variable list for the
problem. Table III contains the rrndimensional
variables resulting fram the nondirensional
analysis. Figure 1 oontains the set-up. Figure
2 oontains data plots for the original NRDC data.
Figure 3 contains data plots for the 5,000 psi
cencrete, four edge structure case. Figure 4
ocontains data plots for the 6000 psi concrete
case, two edge structure.
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TABLE I
Agency Target
Performing Sponsor # Shots CIMPAY 3R Type
Princeton Univ, NRC-NDRC 104 20.7 - 33.8 0.5(B} Box
[REAS RS
uriando Tech Inc AFAL 23 41.4 2.0(B) Box
(1977)
Orlande Tech Inc AFAL 20 41.4 2.0(B)C C
(1977)
WES AFAL 5 27.6 1.2(T) Box, Tunnel
(1977)
NSWC NAVMAT 23 34.5 - 37.9 0.5 Box
Total 175
TABLE II

“DEFEAT OF RURIED CONCRETE STRUCTURES
BY
BURIED HIGH EXPLOSIVES” MODEL

VARIABLES

Enerey IN ExpLoSIVE
DertH oF BuriaL
Rapius TO STRUCTURE
Denstty oF SoiL
SoiL StrReEneTH

So1t. Deap Wr,

Sean OF TARGET
THiCKNESS OF TARGET
Mipspan DeFLecTION

- x 9 m x A x

A A Pl e

"2

STRENGTH OF CONCRETE
REINFORCEMENT STRENGTH

x 0 o0 ~+

coi E

REPTERR
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TABLE 111
DEFEAT oF SJURIED CONCRETE STRUCTURE 8Y BURIED HE CHARGES
MODEL
.20920:f504gg3055!4061089£30l0!:?SQ“
d i d » w N w » {d ’ w ? w
NOTE: g VARIABLES
\\
Soil
[
Charge W{lb)
R(ft)
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THE MEASUREMENT OF BLAST-INDUCED MOTION OF STRUCTURES USING A DOPPLER RADAR

RICHARD K. BAILEY, MARX BROOK and JAMES J. FORSTER

NEW MEXICO INSTITUTE OF MINING & TECHNOLOGY, TERA GROUP, R&DD
SOCORRO, NEW MEXICO 87801

ABSTRACT

AkMeasuring the motion of structures in a blast
environment by photographic means is often made
difficult by the presence of (ptical obscurants
such as dust, water spray, and detonation products
(fireball). The use of a CW (continuous wave)
Doppler radar to make measurements of the veloci-
ties of matevials within these optically opaque
environments of fers potential advantages. Of
particular interast is the possible utilization of
low-cost intrusion alarm CW radars now being mass-
produced for the house/industrial security market.
Preliminary results with steel, water, and concrete
debris show promise of overcaming the optical
limitations on visibility. Reflectivity data from
various kinds of dusts and fragmented materials
will be necessary to fully utilize the technique)Qt

THEORY

The apparent change in frequency, or wave-
length, of a periodic acoustic signal caused by
the motion of acoustic source relative to the ob-
server was first explained in 1842 by the Austrian
physicist Christian Johann Doppler. This pheno-
menon, called the Doppler effect, was later found
to apply to periodic electramagnetic energy as
well as to acoustic energy. The magnitude of this
apparent change in frequency provides a measure of
the relative radial velocity between the moving
object and the observer.

In the case of a basic CW (continuous-wave)
radar system, a small portion of the energy being
transmitted at frequency f_ is mixed with the
energy reflected back ‘o tRe radar antenna from
the target at frequency f.. If the target has no
radial velocity with respEct to the radar antenna,
f_will equal f_and the difference between the
fFequencies (1.8., the best frequency) out of the
radar receiver mixer will be zero, (i.e., only a
direct current output will exist). If the target
is moving radially either toward or away from the
radar antenna, however, then f_ # f_, and an
alternating current signal will exi®t at the
output of the radar receiver mixer circuit. The
frequency of the mixer output signal (f,) is a
direct measure of the radial velocity iﬂ accord-
ance with the well known relationship:

416

e ——

ARGy SIS = SR A A gt dainen 40

-~

fd <2 Vr, in consistent units; where:
A
fd = frequency shift (Doppler frequancy),
Hz
V. = radial velocity, cm/sec
A = wavelength of transmitted signal, cm.

For example, the Doppler frequency (f,) for a
target whose radial velocity is 150 m/sec with
respect to a radar operating at a wavelength of
3.2cm would be 9,380 Hz.

It should be noted here that for the simplest
possible receiver (as described later) the value of
f, will define the magnitude of V_ but will not
iﬂdicate whether the target was anroaching, or
receding from, tue radar antenna.

A number of other theoretical and practical
factors must be considered when designing a CW
radar system. One important factor is the wave-
Tength to be used, The physical size of an object
has a significant influence on its reflectivity at
various wavelengths, i.e., an object becomes nearly
invisible when its size is a small fraction of one
wavelength, This fact places a powerful tool at
the disposal of the designer who wishes to minimize
the radar return from objects that are much swmalier
than the target(s) of interest in a given test.
Another factor of great importance is the necessity
for shock-isolating the radar antenna from the test
enviromment long enough for the primary duta to be
acquired prior to shock-induced movement of the
antenna. Any such movement introduces unwanted
Doppler frequencies in the receiver output.

APPLICATIONS

The application of the principles of CW radar
to some types of ordnance testing activitieflhéf
been well established for a number of years'**“/,
Measuring the translational velocity of projectiles
and rockets is a common application, and commercial
units designed to afg,ire and analyze such data are
currently available‘~’.
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Problems associated with acquiring velocity
information by conventional means (high-speed
photography, break grids) in some test programs
conducted at New Mexico Tech have given rise to a
search for additional measurement techniques.
These problems typically consist of a combination
of optical obscurants (dust, water spray, gases)
with flying debris. The use of a CW radar system
appears to offer advantages in several such in-
stances. Two ongoing programs at Tech with poten-
tial for such applicctions are a) survivability
of shipboard ordnance stcres, and (b) safety-
distance studies for Ready-Service Magazines.

Survivability of Shipboard Grdnance Stores

One of the ongoing test programs at New
Mexico Tech is a study to examine the mechanism
that causes detonation of various kinds of ship-
board ordnance steres when they are impacted by
portions of ship structure. A common test set-up
involves a large donor charge submerged in a
water-filled pit. A lower deck plate in contact
with the top surface of the water is accelerated
upward toward palletized bombs, projectiles, or
rocket motors when the donor charge is detonated.
The velocity history of the deck plate prior to
impacting the palletized munitions is of primary
interest in this study, but water spray and other
debris that surround the event, combined with the
short distance the deck plate travels prior to
impact, makes it difficult to obtain reliable
velocity information from high-speed motion-
picture film records. Pin probes and accelero-
meters have been used on these tests to measure
plate velocity, but the results are not always
satisfactory and the equipment and installation
are somewhat expensive. A non-expendable CW radar
has been used on plate calibration tests with
promising results (see Figure 11 and the associ-
ated discussion in Review of “est Results). An
expendable (W radar test unit offers attractive
possibilities in teris of both performance and
expense, and one such unit has been tried on one
test to date. The results of this test are still
being analyzed.

Safety-Distance Studies for Ready-3Service Magazines

Upcoming tests at New Mexico Tach are designed
to acquire data concerning the fragments generated
by the reinforced concrete roof of a munitions
storage magazine when the roof fails due to inter-
nal overpressure caused by a detonating munition,
The data will consist of the size of the frag-
ments, their initial velocity, the direction in
which they go, and the distance at which they are
found from their initial location. In most of
these tests the roof will have a soil overburden,
and the dust cloud generated by this soil during
roof failure is expected to make optical measure-
ment of the velocity of the roof fragments emerg-
ing from the dust cloud very difficult. It is
hoped that the CW radar concept can be utilized
here to obtain better data with less effort.

TECHNICAL DETAILS
A schematic diagram of the CW radar circuit

currently being used at New Mexico Tech is shown
in Figure 1 below:

E__I_IG oo B¢

10 A1
RECORDER L

FIGURE 1. BLOCK DIAGRAM OF CW RADAR

G - Gun Diode Oscillator; DC - Birectional
Coupler; CI - Circulator; ANT - Paraboiic
Antenna; M - Mixer; A - Amplifier

This circuit represents the simplest possible con-
figuration for a CW radar system, The microwave
power output is on the order of 100 milliwatts
and the frequency is 9.375 GHz (A = 3.2cm). The
package in which the circuitry is assembled is
mounted on the back side of the parabolic antenna
used with the system. This parabolic antenna is
4 feet in diameter and produces a radiated conical
beam that has a beamwidth of about 2 degrees at
the half-power points {3 dB down).

The ability to analyze the complex waveform
that constitutes the receiver output for a "real-
world" test enviromment is the key to successfully
utilizing the CW radar concept. In the simplest
case, the outp of the radar receiver would con-
sist of a sinc :ave whose frequency is a function
of the radial velocity between the target and the
radar antenna. In practice, however, the radar
typically sees more than one target and these mul-
tiple targets are likely to have a wide range of
sizes, velocities, directions of travel, and dis-
tances from the radar antenna. The result of this
multiplicity of targets is an output signal whose
complex waveform is the sum of all the individual
sine waves caused by each target. These individual
sine waves are usually independent of each other
in terms of freauency, magnitude, nd phase (for an
infinite bandwidth receiver and assuming no multi-
tiple scattering). An example of such a complex
waveform observed in an actual test is shown in
Figure 2.

A wealth of literature exists describing the
various techniques available for analyzing the con-
tent of complex waveforms resulting from the combi-
nation of individual sine waves having unre]ate&
frequencies, amplitude, and phase relationships ).
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The technique chosen for the initial studies at
New Mexico Tech involves first transleting the
analog radar output into digital form using an
analog-to-digital (A/D) converter and and then
processifg)this information in a digital
computer utilizing a Fast Fourier Transform
(FFT) program. Two special precautions must be
observed during this data-reduction process:

1. The digitizing rate must be high enough
to accommodate the highest frequency of
interest (fdig > 2f,. ) and;

2. The duration of the samples selected for
analysis by the FFT program must be long
enough to yield the desired velocity re-
solution. A record of length T sec
gives a freouercy resolution Af = 1/T.
A velocity resolution (Av) of 8 m/sec
is obtained for a 2 millisecond sample
using a 3.2 cm radar (assuming the radar
receiver has 23 infinite bandwidth).

Qutput data from the computer is displayed in
three formats. The first format consists of the
analog waveform as reconstituted from the digi-
tized data for the duration of the sample interval
selected for FFT analysis, An example of this
analog waveform printout (for a Zms duration
sample) isshown in Figure 2. Examination of this
display provides a general feeling about the char-
acter and quality of the signal. This display
permits some obvious problems to be identified,
such as overdriven signals (peak clipping), nofsy
signals, or low-amplitude signals, thus alerting
the analyst to view the subsequent data with
suspicion,
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FIGURE 2. ANALOG SIGNAL FROM CW RADAR RECEIVER
{Reconstitutec from Digitized Data)

The second display format consists of a graph
that shows the relative power contained in each of
3 number of frequency increments, normalized to
the amplitude of the frequenty increment within

the sample that contained the greatest power level,

An example of this display is shom in Figure 3.
In the simplest possible case this graph would
contain only one vertical bar whose horizontal
location corresponded to the Doppler frequncy and
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whose amplitude would be 1.0, The output for a
real test is typically not this simple, however,
and a set of spectral lines may be expected to
surround the predicted Doppler frequency, as can be
seen in Figure 3, The target(s) in tests of the
kind discussed here are seldom moving directly
toward the radar antenna, so that the true trans-
lational velocity of a gi.en target along its tra-
Jectory must be obtained by supplementing the radar
data with other information, such as test geometry.
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FIGURE 3.

The third display format consists of a tabular
printout of the same data that is displayed in the
graph of Figure 3. The numerical values of the
relative amplitudes of each frequency increment are
more easily and accurately obtained from the table
than from the graph, An example of this format is
shown in Figure 4,
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REVIEW OF TEST RESULTS TO DATE

New Mexico Tech has applied the CW radar
technique to four test programs so far. These
programs consisted of: 1) measuring the velocity
of a 3-inch-diameter steel sphere fired at veloci-
ties of greater than 150C m/sec; 2) measuring the
initial velocity of a large vertical steel surface
that rapresented the hull of a ship; 3) measuring
the early velocity history of a small horizontal
steel plate that was explosively launched upwards;
and 4) measuring the early velocity history of a
large horizontal steel surface that represented
the false deck of a ship,

In the first application (measuring the velo-
city of a 3-inch steel sphere) the analysis pro-
gram used was found to contain several "bugs."
The effort expended on de-bugging this analysis
program contributed to a better program for the
next test series and also pointed out the desir-
ability of expanding the output to include the
three display formats discussed above. The analog
radar data from this test series is still avail-
able on magnetic tape, and it is hoped that time
and resources will permit a re-analysis of this
data with the improved program.

The second application involved measuring
the initial velocity of a large (about 4m x 6m)
vertical steel wall that simulated the outside
surface of a ship's hull. Detonation of a 100-1b
explosive charge simulating a torpedo accident
inside the ship propelled the wall. This struc-
ture is shown prior to testing in Figure 5.

EXTERIOR VIEW OF SIMULATED SHIP HULL

FIGWRE 5.

The CW radar unit was located about 130m from the
wall and was mounted on timber cribbing to mini-
mize the coupling of ground shock into the radar
set. A protective barrier was placed between the
test wall and the radar, The radar beam was
reflected to the test wall from a heavy plane
reflector that was centered on a nomal to the
test wall. The reflector was also shock isolated
on timber cribbing. The details of the reflector
am(ii radar installation can be seen in Figures 6
and 7.

FIGURE 6. CW RADAR BEHIND PROTECTIVE BARRIER

FIGURE 7. PLANE REFLECTOR USED WITH CW RADAR
The average initial velocity of the wall, as
determined from high-speed photographic records,
for the first 4.3 milliseconds of wall movement
was 9.5 m/sec. The graphical output from the FFT
analysis (shown in Figure 8) contains a relatively
large power level at 10 m/sec, which is in good
agreement with the photograpically determined
velocity.
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The third application involved reflecting
the radar beam downward toward a horizontal steel
plate, as shown in Figures 9 and 10.

FIGURE 9, RADAR REFLECTOR SUSPENDED ABCVE

TARGET REGION

FIGURE 10. HORIZONTAL STEEL PIATE IN POOL
OF WATER

The steel plate was explosively launched upward by
a charge stbmerged in a pool of water in which the
bottom of the plate was also submerged. Velocity-
pin data obtained from this test yielded an initial
velocity of 91 m/sec. The graphic display of the
sample of radar data shown in Figure 11 includes
relatively high-level returns centered around a
velocity of 78 m/sec-
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The geometry of the test setup would produce a
vector velocity toward the center of the reflector
of 79 m/sec for an object travelling straight up at
91 m/sec. This vector velocity is in good general
agreement with the radar result.

The fourth, and most recent, application con-
sisted(gf suspending an expendable CW radar trans-
ceiver directly above a large horizontal steel
surface and recording the transceiver output on
magnetic tape as tne steel deck was explosively
Taunched upward. It is not feasible to use a
non-expendable radar unit because of the severity
of the test environment (the donor charge is about
1200 1bs). The analysis from this test has not yet
been completed. It is hoped that the results will
be favorable because there is a significant poten-
tial economic advantage in successfully measuring
deck velocity in this way. Microwave CW radar
units (intrysion alamms) can presently be procured
for less than $100. The cost of the pin probes and
accelerometers currently being used on these tests
is at least 20 times this amount. These iow=-cost
commercial units have such a broad antenna beam-
width that it is likely that a disposable parabolic
reflector will be needed to collimate the radiated
microwave energy into a planar wavefront at the
taryet plate to avoid unwanted Doppler spread.

FUTURE PLANS

Two general categories of appiication are
presently anticipated for CW radar sytems at New
Mexico Tech, The first category involves a non-
expendable radar system having longer stand-off
distances, higher rf power output than used to
date, narrow beam width, a more sensitive receiver,
and possibly a superheterodyne receiver that would
permit discrimnation between approaching and
receding targets. The second category involves
expendable low-power radar units for use at very
close ranges within very harsh test environments
forhmeasuring target movements of just a few
inches.
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More basic information is needed about factors
that affect the performance of both the types of
systems mentioned above. The primary need is for
radar cross-section data for commonly encountered
test materials (such as rough concrete, water
spray, dust, rock, wood fragments, and plastic
sabot parts). To be most useful, this data should
relate the radar cross section to material para-
meters (such as size, roughness, and attitude) and
to radar parameters (such as wavelength and power
level). It is clearly desirabie to have enough
such information to permit sound engineering
selections to be made concerning radar wavelength,
power level, beam width, range, and type of re-
ceiver, The ability to make such selecticns will
enhance the prospects of maximizing radar returns
from primary target objects and of suppressing
radar returns from obscurants such as dust and
water spray. More complete information of this
kind will also help jidentify test situations that
are not favorable for the application of CW radar
and thus avoid needless expenditures.
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ABSTRACT

N
Q\Two fuli-size, hardened, third-generation
aircraft shelters of the type employed by the U.S.
Air Force in Europe and by NATO countries were
subjected to a series of five high explosive tests.
The purpuse of the tests (nicknamed DISTANT RUNNER)
was to gather empirical data necessary for the
Department of Defense Explcsives Safety Board to
reduce existing explosives quantity-distance
safety standards for sterage of conventional
munitions in and near hardened aircraft shelters.
The first two tests each used a 120-ton explosive
stack of ANFO located external to the sheiters.
The other three tests consisted of internal
datonations of AIM-9 warheads and Mark-82 bombs.
As a result of these tests the DDESB has reduced
certain quantity-distanc2 safety standards.
As a borus, a large amount of structural response
data was gathered which can be applied to
probiems involving dynamic loading of reinforced
concrete structures.R

INTRODUCTION

In Europe, real estate restrictions and
property constraints pose difficulties in placing
aircraft shelters and munitions storage areas
within U,S. Air Force and NATO aircraft bases.
Overly restrictive safety criteria may comproemise
military operations and readiness. Under sponsor-
ship of the Department of Defense Explosives Safety
Board, the Defense Nuclear Agency conducted a series
of five high explosives tests, involving two full-
size aircraft shelters, with the goal of obtaining
data which would allow the reduction of certain
extablished quantity-distance (QD) safety standards.
The tests were conducted at White Sands Missile
Range, New Mexico, during September to November 1981,

Quantity-distance standards are expressed
according to the equation, D=KW!/3, where D s the
safe d]stance from a weight, W, of mass-detonating
explosives. K is the QD factor, or safe scaled
distance, investigated by this test series.

At the time of the tests a QD factor of 30 ft/1b1s3
(16m/kg! /3) was applied to military aircra®t parked
in the o?en and in shelters. A standard of

40 ft/1b'/3 (16m/kg!’3) was applied as the scaled
distance required tc separate explosive storage
from public areas, subject to minfmums required

for protection against fragments. The Q factor
applted to an aircraft parked within a shelter was
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taken to be the same as for an aircraft parked in
the open. One objective of these tests was to
demonstrate that the QD factor could be decreased
for sheltered aircraft due to the protection
afforded by the shelter. A second objective was
to show that the QD factor of 18 applied to
runways could be substentially reduced. The
third major objective was to assess the response
of the third-generation shelter to various sizes
of internal detonations in terms of airblast and
fragmentation propagated outward from the shelter.

PROCEDURE

Construction

Two full-size third generation a rcraft
shelters with adjoining taxiways were constructed
on a remote test site on the northern part of
White Sands Missile Range. The shelters were
structurally identical to thosa constructed in
Europe by the U.S. Air Force and by NATO
countries except for two minor details: the
electrical motors normally used to open the
front doors were omitted and the sheiter
foundations were slightly iwwider to accomodate
the load-bearing properties of the soil at the
test site. Construction took 11 months. The
quonse.-shaped shelters were constructed of
highly rei~"arced concrete and were designed
to accomod. e one fighter aircraft. Tine
arched walls were approximately two feet
thick with various colors of concrete to aid
in jdentification of debris following
destructive testing (Fig. 1). The two sliding
front doors were one foot thick and each weighed
100 tons. An exhaust port at the rear of the
shelter could be closed off by two large
sliding doors.

Instrumentation

Free field instrumentation in the test area
surounding the shelters consisted of 44 air blast
pressure gages and 33 wriaxial accelerometers i -
ground motion (Fig. 2). Each shelter was instru-
mented with approximately 30 blast pressure gages
and a dozen or so biaxial accelerometers to record
the pressure environment and the resulting dynamic
structural response. Passive strain measurements,
to document permanent deformation of the shelters
from the external explosions, were taken by
measuring pretest and post-test positions of
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50 punch marks on each of four arch ribs. High
speed technical photo?raphy was used to document
each test. Eight aerial cameras and up to 23
ground-based cameras recorded shelter motion

and explosives performance, A comprehensive
program for measuring debris was conducted.
Following the external explosions, the density of
s0il ejecta which landed on the taxiways was
measured. Follewing the destructive internal
explosions, previously cleared ground sectors
surrounding the shelters were surveyed for shelter
fragments which were then count .~ and weighed.
Data from gages was recorded using a Digital
Encoding System installed in a bunker near the
test bed. Two hundred data channels were
amplified, digitized, and multiplexed in the
bunker and sent via coaxial cable to the
instrumentation van located one mile from the test
bed where the data was recorded on magnetic tape.
A calibration test consisting of 1200 1b of ammonium
nitrate axi fuel oil explosive was detonated prior
to the main test series and verified that the
instrumentation system was working properly.

EXTLRRAL EXPLOSIONS

Description

The first two explosions in the DISTANT RUNNER
test series each used a 120-ton stack of ANFO (a
mixture of ammonium nitrate and fuel oil) as the
explosive located external to tne shelters. An
obsclete F-101B fighter plane was positioned in
each shelter, The primary objective of the test
was to demonstrate that at an incident nvernressure
of 15 psi, leakage airblast inside the cle:ed
shelters would be less than 1.7 psi. # second
objective was to test the taxiwav at a scaled
distance 4 ft/1b1/3 from the exwlosior. The first
test subjected shelter B to a snic-en >last and
shelter A to a rear-on blast, both ai 1 rnominal
15 psi. The second test, conductes » month later,
subjected shelter A to ¢ nomipal 135 psi frunt-on
while she’ter B receiven 7 vsi {ram 2n angle 27
degrees off of fro .t-on. ihe.o <ests were
designated as Evzini 2 & 4 Cvent 3. (Event 1 was
rescheduled to occur osv.cen tvents 4 and 5.

The original designatar; were kgt dospite the
resequencing.)

Results: :vent. 2 and 3

Ho stree.ural damsye zczured io the concrete
arches -v vear walls. 8otk rear 2ihaust doors were
blown rwr, (inward} on %he <helt<r with its rear to
the bl.. . The tail of the }.Ju)8 was jamaged
considerably by on: of the lyiny drsrs. The
front doo. ¢ of this sheiter wers ret danaged. One
rear exhau it deor 7 tie zhelter o1ienrted side-on
to the bliic was blewn down Lut d{a not strike the
aircraft. Ses3ral PAlts sceer’ g the reller
mechanism n tiie f: it doors b.~ke, but the doors
stayed on ¢ ir tracr-

Based upon free field air blast measurements the
desired nominal environment of 15 psi was produced
on both external tests (Fig. 3). Pressure build-up
inside the shelters was measured to be less than
1.6 psi except for one location in the corner near
the front door of the shelter exposea side-on to
the blast. A pressure in excess of 8 psi was
recorded there, but was evidently a very localized
high pressure ragion which dissipated before
reaching the next gage only 20 feet away.

INTERNAL EXPLOSIONS

Description

Following the two external tests, three internal
tests were condugted. The explosives used are listed
in the Table. The objectives of the internal tests
were: assess blast supression by the shelters,
assess debris patterns with regards to safety
criteria, and observe the failure mode of the
shelter.

Results: Event 4

The sheiter and air-raft were completely
destroyed in Event 4. High speed photography
shoved that the arch was first lifted off its
foundation and then split longitudinally along
the crown. As a result the entire right half
(as viewed from the front) of the arch was
launched into the air and traveled 200 feet as
a unit. The break-up of the left haif of the
arch was influenced by the personnel door entry
way. Several large sections impacted at ranges
of 100-200 feet. The rear of the shelter
suffered extreme damage, but on the whole was
displaced only several feet. The Tront doors
were blown directly forward and traveled
about 400 feet. High speed photugraphy
showed them tumbling top-over bottom. Gne
front door came to rest against the other
shelter causing only superficial gashes on its
side.

TABLE
INTERNAL EXPLOSIONS

Event 4: 12 MARK-82 bombs
2292 1b Tritonal

30 1b C-4

2 1b PETN

Event 1: 4 AIM-9 air-to-air missiles
42 1b HBX-1
6 1b C-4
.0 1t PETN

Event 5: 48 Mark-82 bombs
9168 1b Tritonal

64 1b C-4

9 1b PETN
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A grouna survey of debris (Fig. 4)
indicates that 90% of the debris was contained
in large pieces at ranges less than 250 feet
from the shelter (except for the front doors).
The debris with the longest range came from
the metal rinj beam on the front face of the
arch. Beam sections were projected forward
in a 180-degree fan with ranges of 1000 to 1700
feet.

Initial failure of the shelter along the arch-
foundation interface and complete destruction of
the shelter were consistant with pre-shot calcula-
tions. Blast pressures to the rear were attenuated
slightly by the shelter, while blast pressures
forward and to the sides showed no attenuation
effects (Fig. 5). Consequently, a reduction in the
quantity-distance factor for internal explosive
storage does not appear to be indicated. The
failure of the shelter to attenuate the blast
laterally can be ascribed to the initial failure
mode of the shelter along the foundation. By
strengthening the arch-foundation connection
(rebar) it should be possible to cause initial
failure to occur at the crown with conseguent
upward (rather than lateral) venting of the blast.

Resuits: Event 1

The four AIM-9 warheads were two feet above
the floor positioned as if they were on an air-
craft. No aircraft was in the shelter. As a
result of the explosion the two front doors
were blown evenly outward about 20 feet with no
major damage. The blast deflectors, which
normally might have restricted this motion, had
been broken off from the bottom of the doors
by a previous test. The shelter suffered no
structural damage. A1l shrapnel was contained
by the shelter, although the warhead base plates
punched through the rear doors and struck the
rear wall of the exhaust port. The personnel
door was undamaged and remained closed. Airblast
was effectively suppressed.

Results: Event 5

Twelve bombs were positioned beneath an F-101B.
Another 36 bombs were positioned near the aircraft
and at the front corners of the shelter to simulate
weapon storage. As expected, the shelter was
completaly destroyed. In general the debris
pattern was similar to tnat from Event 4, but the
fragments were smaller and had larger ranges.
Sections o7 the front doors were scattered between
400 and 1200 feet directly forward of the shelter.
The arch was fragmented into several large pieces
which landed at ranges of 100-300 feet. Numerous
smaller chunks had ranges up to 1200 feet. The
rear cf the shelter was completely demolished
and leveled. Sections of the front ring beam
were found at roughly the same ranges as for
Event 4. They were not thrown further by the
larger exp.~sion because the greater force
distorted the’'r aerodynamic shapes causing
increased drag Jrring their fiight.
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Blast overpressures (Fig. 6) were slightly
suppressed by the shelter to the rear and to a
lesser extent to the front of the shelter. No
suppression was observed in the lateral directions.
Consequently, a reduction in the current airblast
quantity-distance criteria for internal explosives
is not expected. Debris patterns frcm this test
and Event 4 are being carefully evaluated with
regard to the other safety hazard, flying debris.

CONCLUSION

The DISTANT RUNNER test series was highly
successful. The primary objective of experi-
mentally verifying that certain quantity-distance
safety standards could be reduced was met. The
DOD Exslosive Safety Board has reduced the QD
factor from 30 ft/1b/3 to 5 for aircraft
shelters near munitions storage igloos, and to
8 for aircraft shelters near open storage sites.
The DDESB has also recommended these changes to
NATO Subgroup AC/258. As another result of the
tests, structural modifications have been
identifiad and are under study which would
increase the strength of the shelters.

A large amount of technical data which was
gathered from the tests can be applied to the
analysis of structural respon.e to blast
loading. The tested shelters were full size,
so the problem of scaling was avoided.

Companion measurements of airblast loading and

the resulting dynamic structural response were
made which can be used to evaluate dynamic
modeling techniques (Fig. 7 & 8). Post-test
measurements on permanent building deformation can
can be used in developing and checking methods for
modeling inelastic deformations (Fig. 9). An
extensive effort was expended collecting and
analyzing debris fragments produced by the
destructive tests. Thousands of fragments wece
surveyed, weighed, and measured. These data can
be applied toward the study of fragment size
distribution functfons and ranges. The details

of DISTANT RUNNER testing and a summary of
technical results are presented in the References.
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Figure 1. Third Gereration Aircraft Shelter
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Figure 5. Event 4 Peak ®ressure Contours
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ABSTRACT

o\

< . A statistically based strategy of experimen-
tation has been applied to the Air Force Weapons
Laboratory's Conventional High Explosive Blast and
Shock test series. The basis of this design and
analysis method is reviewed. The purpose u: the
procedure is the measurement of the various exper-
mmental variances and the development of design
curves that include confidence bands. Application
of the statistical design of experiments impacts
the areas of test design, cost, instrumentation
layout, instrumentation performance evaluation,
and data and parameter analysis.

INTRODUCTION

A statistically based strategy of experimen-
tation has been applied to the Air Force Weapons
Laboratory's Conventional High Explosive Blast and
Shock (CHEBS) test series. This paper presents an
overview of statistical design procedures that are
available. The procedures used for the CHEBS
series will be used to illustrate the methodolagy
and philosophy of statictical experimental
design.

It should be noted that these procedures are
not new, although they do not appear to be in
widespread use in this community. They are in
common use in the areas of process and product
Eontgo], product acceptance, and quality control

1-5]3.

A look at a design curve from “Protection
from Nonnuclear Weapons® [6] (Figure 1) illus-
trates a common problem. A design curve, which
usually is based on experimental data, is inade-
quate if it is only some type of trend line for
the data. Adding one standard deviation confi-
dence bands, for example, would better represent
the data and would better allow the designer to
choose a design value appropriate to his
application.

In addition to adopting an experimental
strategy to develop more useful design curves,
other motivations to adopt such a strategy exist.
Properly planned experiments can help maximize the
information received per dollar invested in an
experimental test or test series. A trade-off
exists between the number of tests and the number
of instrumentation channels per test. In the
CHEBS series, for example, it was determined that
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A STATISTICAL APPROACH TO CONVENTIONAL WEAPONS EXPERIMENTATION
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Figure 1. Peak pressure design curve.

more information could be gained from multiple
tests, even though the number of channels per test
was reduced. Many costs involved in fielding the
first test are nonrecurring.

Often experimental data are thrown out
because they do not "look right." Statistical
data analysis can identify outliers and place
their rejection on a more quantitative basis.

STATISTICALLY BASED PiANS

Statistically based experimental plans have
several characteristics in common, even though
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they are tailored to different experimental
objectives.

e Experimental error is a fact of life and must be
measured if the importance of other variables is
to be determined.

® All variables siould be considered over a wide
range., Various testing schemes, which amount to
test parameter variation plans, have been devel-
oped to first crudely identify the important prob-
lem variables, and then more precisely measure the
impact of the important parameters. A balance
should be drawn hetween the costs of a test, the
number of variables to be explored, and the number
of tests and measurements required for adequate
resolution.

® Random data acquisitions are desirable.

® A goal of an experimental test plan should be a
model that will enable predictions about future
simila - events.

FACTORIAL TEST APPROACH

Figures 2 and 3 compare two experimental
approaches. The classical approach varies one
factor while holding the others constant. Three
variables would require four test points. Each
variable is compared with the origin point and
only tested at one level of the other variables.
No replication or repetition is present and the
experimental space is one-fourth of a cube. By
doubling the number of test points to eight a
basic three-dimensional, two-level factorial
design is achieved. Although the number of points
doubles, four times the experimental space is
covered. In addition the main effect of a single
variable can be determined over the range of the
remaining variables. The difference between the
two dotted planes determines the main effect of
variable X, in Figure 3. Diagonal planes produce
the interaction response of variables. The lined
planes in Figure 3 show the planes and test
poinis that would be used for the X,X, interac-
tion. Replication is inherent in these designs
since the effects are the differences of averages.
Note also that each data point is used for multi-
ple calculations.

Center points can be added to the factorial
cube to produce an estimate of curvature or lack
of fit to a linear model. Multiple tests at a
center point can also be used to estimate experi-
mental error.

If the number of variables or factors (f)
and/or the number of levels (1) for each variable
becomes large, the number of tests (n) required
for a_full factgria] design can become large since
n=1Forn =2 for the common two-level case of
Figure 3. Various screening designs that are
fractions of a full factorial design, such as the
Plackett-Burman [1] and the Box-Beunken [1] have
been developed to help identify the key variables,
Thesc designs are conceptually the same as the
factorial approach in that they bound variable
hyperspace with experimertal test points. The

X2

X1

Figure 2. Classical experimental approach.

Figure 3. Factorial experimental appreach.

bounded voluie mav change shape depending on the
design used.

In planning an experimental test program some
guidelines exist to help determine the number of
degrees of freedom {tests and measurements)
required to detect a factor effect of size E, in
the presence of an experimental error having a
standard deviation o. The number of observations
(n) required for two-level factorial experiments
is approximately

¥0)

The 8 stems from the definition of the power
of an experiment (2) which is the probability of
making the right decision. In this case the «
error, the risk of saying an effect does not exist
when it does, is 5 percent {95 percent confidence)
and the 8 error, saying an effect exists when it
does not, is 10 percent (90 jercent confidence).
Thus, to detect an effect twice_the experimental
error (E = 20), about 16 (n = 42) observations are
required.
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22 FACTORIAL EXAMPLE

Figure 4 represents a simple factorial design
for two variables and two levels with four center
points. The measured variable readings are listed
within the circles of the figure. Table 1 is «
couvenient computation scheme for calculating the
variable main and interaction effects and curva-
ture. The plus and minus signs refer to the high
and low levels of each variable and are a short-
hand notation for the formula for the following
variable effects.

main effect , = (0+8) (A+C)

2 2
_(0+C) _(A+8)

main effect X,

2 2
interaction effect X;X; = {p-¢ (-4
2

2
D
\C

c

i
|

)

(s

5

X1

Figure 4. 2 factorial with center points.,
TABLE 1. FACTOR EFFECT COMPUTATION
Measure Average
location response Mean X; X, XX
1 (A) 3 + - - +
2 (8) 5 + + - -
3{C) 7 + - + -
4 () 8 + + + +

Sum + 23 13 15 11

Sum K 23 23 23 23
Difference 23 3 7 1
Effect 5.75 1.5 3.5 0.5

w
5
]
(=]
—
o
.-}
[
~N

§+45+45+48 _¢

Centerpoint- average 2

430

Curvature (Mean - CTR PT) 5.75 - 5 = 0.75

Standard deviation of error (S)
(6-5)2 + (5-5)2 + (5-5)2 + (4-5)2]1/2
(8-1) J
Significant factor effect (2 OF)
/ 2 172 2 1/2
ts\-—) . (3.182)(0.817)(—) = 2.60
DOF 2

= 0.817

Significant curvature effect
4 OF, 4 center (C) points)

172 172
ts(-l + l) - (3.182)(0.817)(-1- + l) - 1.84
OF ¢ 4 4

The standard deviation(s) of the experimental
error is estimated from the repeatad center voints
as 0.81. This value is used with Student's t
value for 3 degrees of freedom (DF) and 95 percent
corfidence level to estimate the minimum signifi-
cant factor and curvature effects. Comparing the
factcr effect to the effects in the table only
variable X, is shown to have a significant effect.
The calculated curvature is not significant.

The average response column in Table 1
records the average corner measurement. In this
example there was nc replication of corner
points.

The results might have been improved by
measuring each of the corner points a second time.
This would have allowed more degrees of freedom
and the calculation of a pooled experimental error
standard deviation involving both the center and
corner points.

The computed factor effects can be directly
used fn a simple polynomial model of the experi-
mental space.

Y = by +byXy +bXy *+ byoXiXp

where Y is the predicted value, b, the mean, and
by» by, and by, one-half the “actor effects. Thus
for the example

Y = 5.75 + 0.75% + 1.75%, + 0.25%,X,

the nonsignificant effects might be deleted from
this equation. Also ignored are any higher order
effects not measured.

CHEBS TEST PLAN

The first sequence of tests in the CHEBS
series was designed to measure the ground level
pressure waveforms produced by a general purpose
§00-1b bomb {Mark 82) place. both horizontally and
vertically on the ground surface {bomb center of
gravity at ground level).

It was recognized that at least three compo-
nents of variance were present: experimental
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error (Vgy); blast nonsymetry (Vsy), particularly
in the horizontal orientation case; and bomb-to-
bomb variation (Vpp). A characteristic of vari-
ance (standard deviation squared and a measure of
data dispersion) is that it is additative. Thus
the total variance might be simply expressed

Vo= Vex + Ygy + Vgg

It was recognized that other--it was hoped
smaller--contributions exist and that they would
be folded into the above components. However, by
the variance analysis of various data subgroups it
is possible to estimate the various components of
the total variance.

The test plan evolved into the pressure gage
grid placed around the bomb shown in Figure 5 and
a test sequence of four horizontal and two verti-
cal bombs. A muitiple-bomb program was required
to allow the measurement of Vpg and to allow ade-
quate replication. The horizontal bombs were
aimed in the 0, 90, 180, and 270° directions, thus
effectively sweeping the higher resolution gage
area (0-45°) around the bomb. The number of gages
on the reusable test pad and the initial cost of
the test pad were larger cost items than the cost
of the bombs.

Otmensions are in setyrs
Q- blast pressure gage
"ot 15 scale

8

18—

@0 63 &) XN 1 602603 08 605 AOY

Figure 5. Test bed layout for CHEBS I-VI tests.

The basis of the gage grid, represented a
little differently in Figure 6, is a series of
two-dimensional factorial boxes intersecting over
the region of interest. Gage spacings were based
on predicted oressure levels with range. The
CHEBS design incorporates a number of double gage
points on the 22.5° azimuth and the 6.1-m range.
The double gage locations allow the determination
of experimental error and alsc serve as center
points in the factorial box.

The center point determination of experimen-
tal error is an approximation. Normally center
points are replicated by repeating the event. In
this case similar gages on the same concrete pier
measured the same event. This estimate of experi-
mental varfance avoids the addition of VBB and

e e tmeEna s vt a v gwkeease

Range

FamY
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L/
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./
0° 22.5° 45° 90° 180°
Azimuth
Figure 6, Factorial gage layout.

uses the technique of pooled variance, which is
simply a degree of freedom weighted average of
separate variances. The pooling technique
assumes, however, that the population variance is
about the same for all levels of range, azimuth,
and so forth. This is often not the case. In
cases where gage error can be approximated as a
constant percentage ¢f the actual reading some
kind of normalization procedure is needed. One
technique is to calculate variances on the loga-
rithms of the numbers [3]. Another method, divid-
ing each variance by the local mean squared, which
is the same as dividing each double gage value by
thﬁd1oca1 mean, was developed and used in this
study.

Nonsymmetry can be detected by comparing one
azimuth with another. For example, bomb nose-tail
symmetry could be examined by comparing azimuth 0°
and 180° for two of the horizontal bombs. Bomb-
to-bomb variance can be calculated by pooling 1ike
azimuths {nose, tail, side) for all bombs and
finding the total variance. Since this grouping
would aiso include experimental error variance,
which has been estimated, a subtraction preduces
the desired bomb-to-bomb variance.

CONCLUSION
The techniques and applications of the sta-

tistical design and analysis of experiments are
broader than indicated by this brief overview.
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: The process of identifying the purpose of a test,
) develoning an experimental plan that produces
meaningful and economic tests, and, finally, hav-
ing a scheme of data analysis that is both simple
and powerful in the interpretation of experimental
data merits consideration in every experimental

, test situation. The most attractive feature of
the statistical design process is that the proce-
dures have been developed and are simply waiting

: to be utilized.
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ABSTRACT

&Six explosive tests were conducted against
reinforced concrete walls to determine the effect
of steel reinforcement design on structural re-
gponge and damage. Reinforcement percentages
varying from 0.25 to 2.0 and two reinforcement
designs (one with shear stirrups and one with
shear dowels) were tested. Test speeimens con-
sisted of box structures with 32.5-cm-thick
walls. Cased-explosive charges were detonated
on the ground near one of the walls of the box.
Test structures were instrumented to record
blast-pressure loading, steel strains, wall de-
flection, in-structure acceleration, and
concrete-spall velocities, Damage to the walls
(similar for all tests, differing only in sever-
ity) consisted of a region near the bottom center
vwhere the concrete on the wall interior spalled
and cracked coupled with a flexural-typz response.
The loading of the walls was more severe than
predicted and the majority of the structural
damage was due to spalling.N

INTRODUCTION

Background

The design of aboveground reinforced concrete
facilities for protection from near-miss detona-
tions of air-delivered bombs has for many years
been based on conservative procedures. Receut
tests (References 1 and 2) have indicated that
these procedures produce overly conservative steel
reinforcement designs and that lower-than-
recommended steel percentages could be used. To
better quantify the effect of reiaforcement design
on the response to nearby detonations, a series of
scale-model tests were conducted. The Air Force
Engineering Services Center (AFESC), Tyndall AFB,
managed the program. The U, S. Army Engineer
Waterways Experimertt Station (WES) planned the
test series and designed the test specimens and
instrumentation. The test structures were con-
structed by the AFESC. The Air Force Weapons
Laboratory (AFWL) provided instrumentation support
and acted as test director. The first phase of
testing (six tests) was conducted in Augugt-
September 1982 at Tyndall AFB. This paper pre-
sents the results of those testa and plans for the

BLAST RESPONSE TESTS OF REINFORCED CONCRETE BOX STRUCTURES

David R. Coltharp

U. S. Army Engineer Waterways Experiment Station
Structures Laboratory
Vicksburg, Mississippi

second test series to be conducted in Gotober-
November 1983,

Objective and Approach

The objective of the first test series was to
determine the effect of various reinforcement de-
signs on the response of concrete walls to nearby
surface detonations of cased explosive charges.
Six tests were conducted with explosive charges
detonated at a given standoff from one-half scale
model structures. All tests were instrumented
with active and passive gages and high-speed
photography to obtain data on ihe loading and re-
sponge of the walls.

EXPERIMENTAL PROCEDURES
Test Structures

Three reinforced concrete box~type structures
vere constructed for use as test specimens, Each
box had a floor, roof, and two test walls and was
open at both ends (Figure 1). The boxes were 4 m
long, 2.3 m high, and 2.3 m wide. The floor,
roof, and walls were each 32.5 cm thick. The test
structures represented one-half scale models of
full-scale generic structures. For identifica-
tion, they were labeled as Structures A, B, aud C.
The steel reinforcement percentages used are pre-
sented in Table 1. The main test parameters were
the wall-reinforcement percentage which varied
from 0.25 to 2.0 percent and the use of either
shear stirrups (which provided confinement and
tied the front and rear face steel together) or
shear dowels (which offered resgistance to direct
shear). 7Typical reinforcement details are shown
in Figure 2.

Pigure 1, Placement of test specimen
in reaction structure.
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Figure 2. Typical steel veinforcement details.

Reacticn Structure

Each of the test structures was affixed to a
reaction structure prior to testing. This struc-
ture (Figure 1) served to minimize rigid-body
translation and rotation of the test box and con-
sisted of an L-shaped reinforced concrete struc-
ture and six 1.22- by 1.22- by 2.44-m concrete
blocks. The l~snaped structure was attached to
the blocks with long rods and vas positioned so
that the upper~floor surface of the box structures
would be flush with the ground surface. Soil was
bermed up on the rear side of the structure to
further aid in reducing rigid~body motion.

Material and Structural Properties

‘The concrete mixture used for the structures
was designed to give s 28-day compressive strength
of 31.0 MPa. Actual data from test cylinders
gave an average strength of 30.7 MPa at 28 days
and 35.7 MPa at time of testing.

The reinforcement slael was specified as
AST™M A615-68, Grade 60, having a design minimum
yield strength of 413.8 MPa and a minimum ulti-
mate strength of 496.6 MPa. Actual tests of a
random sample of the reinforcing bars used in
the structures gave an aversge yield strength
of 517.5 MPa and an average ultimate strength of
810.1 MPa. Approximately one month after casting
the structures, the walls were fondestructively
tested- to detemmine their fundamentsl modal fre-
quencies and damping characteristics. The fre-
quencies ranged from 147.6 to 157.0 Hz. Damping
ranged from 2.3 to 3.8 percent critical.
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Principal Steel Longftudinal Steel Shear Shear -~
X % Stirrups Dowels a
Box/Element Each Face Each Face p4 %
A,B,C/floor, toof 0.25 0.13-0.25 0.09-0.39 - d
A/2.0 vall 2.05 0.25 0.34-0,69 - .
A/0.25 wall 0.25 0.25 0.20~0.39 - -
B/1.0 wall 1.00 0.25 0.34-0.69 -
B/0.5 wall 0.49 0.25 0,39-0.78 —— ‘
C/0.5 wall 0.49 0.13 - 0.45
C/0.25 wall 0.25 0.13 - 0.22

Table 1. Test structure reinforcement percentages.

Measurements

The gage layout for the active instrumenta-
tion used in the tests is shown in Figure 3. It
was chosen and located to measure:

a. Airblast load imposed on the wall and
roof surface.

b. Strain induced in the reinforcement
gsteel.

c. In-gtructure motion (acceleration, veloc-
ity, and displacement).

d. Relative displacement of the test wall.
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[
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aed SICTION A-A
ERONT viEw O AccELERATION

© DEFLECTION
x STRAIN
o PrEsSUNE

Figure 3. Gage location.

In addition to the active gages, passive scratch
gages were used to measure the peak and permanent
displacement of the wall.

High-speed cameras were used to record the
velocities of fragments generated from the metal
case surrounding the explosive charge and the ve-
locities of concrete spall fragments. One camera
viewed a fragment-witness plate located near the
explosive charge to record the time of fragment
impact from which metal case fragment velocities
were calculated. Two other cameras were located
to view the interior of the box structure and re-
cord crack formation, wall motion, and concrete
spall fragment position versus time.

Pretest and posttest measurements were made
of the box locatfon to record rigid-body motiom
and of permanent wall deflection at various
locations.
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Explosive Chargesn

All charges were fabricated by packing com~
position C-4 explosive into a cylindrical metal
container. The cxplosive weight and type and the
metal case thickness and diameter were chosen te
simulate a scaled specified weapon.

Test Procedure

Table 2 presents the order of the tests and
the main test parameters. The general arranpe-
ment for each of the tests ifs shown in Figure 4.

Test

Test No. Structure Wall Reinforcemeat
1 B 1.0% with stirrups
2 B 0.52 with stirrups
3 c 0.5% with dowels
4 c 0.25% with dowels
5 A 2,0% with stirrups
6 A 0.25% with stirrups

Table 2. 7Test sequence.

Prior to the start of testing, the reaction struc~
ture was positioned and assembled so that its bot~
tom face was approximately 2 ft below the ground
surface, The ground surrounding the reaction
structure was then made level out to approximately
50 ft in front of the structure. Preparation for
the individual te: .o troceeded as follows:

a. The test specimen was placed in pos::ion
on the reaction structure and secured with bolts.

b. Instrumentation was prepared and th2 ori-
ginal measurements of structure location and wall
deflections were made.

¢, Lighting for the cameras was installed
and special concrete closures were attached to
each end of the box.

d. Cameras viewing the interior eof the box
were positioned and prepared.

e, The fragment-witness piate was installed
along with the high-speed camera that viewed it.

f. The area in front of the box was sprayed
with 2 special dust retardant.

-
REACTION STRUCTURE
FIGH-SPEED
—~—==4 | cAMERA
Lo
A / TEST SPECIMEN {
o
=Ny /
_______________ HIGH-SPEED
7 CAMERA
[ ) 7
EXPLOSIVE FOGMENT
¥ATNESS
PLATE

Figure 4, Typical test setup.
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g. The charge was empla:ied and armed.

h. Final checks were made, the final covnt-
down began, and the charge was detonated.

After each test, the following procedure was uged:

a. S5till photographs were tzkea of the un~
disturbed damage on the exterior of *he box, 1i.e.,
the soil crater, frout wall damage, roof damage,
ete,

b. Measurements were made of the crater
di{mensZons,

¢. The cameras, end closures, lighting, and
instrumentation cables were removed, and photo-
graphs were made of the interlor damage.

d. Measurements were made of the posttest
structure location and wall deflection.

e. Major cxacks were marked and a drawing
wag made of the interfor wall damage.

TEST RESULTS

Pregsure Data

The six~test average of the peak pressure and
time~of-arrival data was used to plot the curves
ghown in Figures 5 and 6, respectively. Peak

200~
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Figure 5. Peak pressure distribuiion
along gage lines.
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Figure 6, Blast wave arrival times.
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pressure data for similar tests conducted by the
WES (Reference 3) and by the German Infrastructure
Staff in tests at Meppen (Reference 4) are also
plotted in I'fgure 5. A predicted pressure distri-
bution is stown for the 90-deg gage line. This
distribution was determined from Reference 5, as-
cuming 2 hemispher’cal surface burst. The plots
of Figure 5 were used to estimate the isobars
shown 1: Figure 7. To determine the spatial dis-
tribution (Figure 8) of the blast load on the wall
at various times, data from each test were ana-
lyzed and averaged.

TEST WAL L

13
|
/\ $ us,

GAROUND
SURFACF

Figure 7. Peak~p-ressure distribution on wall.
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Figure 8, Typical pressure distribution cn
wall for various times along 9U~deg gage line.

Acceleration Lata

Peak accelerations for the various gage loca-
tions are presented in Table 3., Analysis of the
acceleration records for velocity and displacement
is not yet complete. Preliminary analysis of the
records indicate thut the high frequency, early
time acceleration is due to the transmission of
the shock through the concrete. Later time acczl-
eration is dve to wull motion, From the arrival
time of the acceleration pulse, it was est’mated
that the longitudinal sound velocity of “‘the con-
crete wvas approximately 3735 m/s. It was also
noted that the stress wave transmitted through the
concrete was the major contributor to the acceler-
ation recorded by gages on the floor, roof, and
back wall (ga; AFH, AFV, ARH, ARV, and ABH).
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Gage

Test
No. AWHQ _AWEM ARE ARV _AFH_ AFV _Bi

1 6500 11,000 580 750 -1250 * *
2 3500 6,250 800 -450 * * =125
3 4500 8,000 1400 650 * * :
4 6500 10,000 400 115v * * 200
5 3000 - 900 1800 * * -
6 3500 15,200 800 600 * * 400

* Data invalid.

Table 3. Peak acceleration data (g's).

Deflection Data

The peak deflections, as measured from the
active displacement and scratch gage located at
the midspan of the structure, are presented in
Tablie 4. Plots of deflection versus time arz
shown in Figure 9. The record for test 5 was in-
valid ano is not showa. The gages located at the
lower quarter-span point fafled to function due to
the heavy spalling of the concrete in this region.

Gage
RDM Scratch
Tegt No. Haximum/Permaneng Maximum/Pe rmanent

1 15.5/4 16/4
2 23/8 23/8
3 76/* 74 /%
4 57/35 62/40
5 * *
6 37/13 40/17

* pata invalid.

Table 4. Wall deflection data (mm) at midspar.

e = DESIGNS WITH DOWELS
DESIGNS WITH STIRRUPS

/ 05% (MOUNT BROKE)

DISPLACEMENT, MM

o 1 4
0 10 » » w0 50
TIME, MSEC

Figure 9. Deflection versus time data from
displacement gage RDM.

Fragmentation ... “~nis

Peak fragment v. .citfes calculated from the
time-of-arrival of the fragments at the steel-
witness plate ranged from 2613 m/s to 2706 n/s.
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Judging from the location of the perforations of
the witness plate, it appeared that the majority
of the fragments were traveling downward at an
angle of 4 to 6 deg below ho-izontal. Fragment
impacts on the test walls were concentrated in the
lower one~third of the span and maximum fragment
penetration into the concrete ranged from 5 to

6 cm (Figure 10).

Figure 10. Typical damage to exterior of test
wall showing numerous fragment impact.

Spallation

Spalling of the lower portion of the interior
of the wall cccurred in all tests. Camera records
indicated peak spall velocities of from 15.8 to
28.0 m/s. (There was no apparent correlation be-
t#een steel percentage and spall velocity.) The
spalling occurred early in time (within 2 msec
after detonation) and spall fragments varied in
size from iust and aggregate size particles to
larger pieces on the order of 20 to 30 cm long.
The maximum measured depth of the spall was on
the order of 6 cm. However, it appeared that the
reinforcing mat retained some of the spalled con-
crete so that the true spall depth may have been
greater. Figure 11 shows a typical spalled area
and crack pattern for one of the walls. The spall
region was generally 60 to 80 cm high and 200 to

230 cm wide.
=1.0em ~aSm {9 O.5m LOm
R =~ 21
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Figure 11. Cracks and spall region for test 1,

Stractural Damage

Figures 12 and 13 show typical damage to the
interior of the test wall. As shown, structural
damage to the walls was localived in the region
of the gpall. None o7 the tests resulted in a
breach of the structure. However, the concrete
was cracked and loosened to such an extent in
test 4 (0.25 percent steel, shear dowels, no
stirrups) that it was fairly easy to manually
poke a rod all the way through the wall.

T mmn et e, R TR g s i v

Both radial and longitudinal (horizontal)
cracking was evident on the interior of the walls.
In addition, tests 1, 2, 3, and 5 resulted in a2
noticeable longitudinal crack in the roof at the
wall support (Figure 14), indicating rot~'ion of
the wall relative to the roof. The crac.. location
was due to the larger stiffness of the wall when
compared to the roof. Where both the roof and
wall had 0.25 percent reinforcing and approxi-
mately the same stiffness (tests 4 and 6), cracks
were nct noticed.

Tests 1 and 5 with 1 and 2 percent reinforc~
ing showed no significant structural damage other
than loss of the concrete cover in the region of
the spall and fragment impact. In tests 2 (0.5
percent) and 6 {(0.25 percent), the concrete w23
noticeably cracked tehind the interior reinrorcing
steel ard several of the stirrups began to unbend
in the .egion of the spall,

Tests 3 and 4 (0.5 and 0.25 percent, respec~
tively, with dowels) gave the largest deflections
of the test geries and resulted Jn the most struc-
tural damage. The concrete in the wall was heav-
ily cracked and loosened. For test 4, breach of
the wall was judged imminent,
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CONCLUSIONS

Loading

The blast-pressure loading recorded on the
exterior face of the wall showed that the charge's
eylindrical geometry had a large effect on the
pressure distribution. The peak pressures are
higher on the lower portion of the wall and lower
on the upper portion than those predicted using
current spherical charge data curves. Also, the
pressure distribution is highly transient being
concentrated near the bottom of the wall in early
time and then spreading to a lower magnitude, al-
most uniform load later in time.

The test results indicated that the fragment
impact on the lower psrtion of the wall adds to
the blast-pressure loading in that region. Data
showed that the fragments impacted the wall at or
near the time of arrival of the blast wave.

Spallation

The results indicated that the occurrence of
spalling depends primarily on the transmission of
the blast-induced stress wave in the wall and not
on the walls' structural response (or steel per-
centage). Spall velocities (calculated from one-
dimensional, unattenuated stress-wave propagation
through the wall, using the pressure data for
gage P91 as input) were on the order of 15 m/s,
Recorded velocities were generally higher and
could be due to the added stress waves generated
from fragment impact.

Structural Response

In all the tests, the response of the walls
was similar differing only in severity. It con-
sisted of a local region of damage near the botcom
center of the wall coupled with an overall flex~
ural response, typical of a one~way slab under
uniform loading. This type of damage is consis-
tent with previous similar tests. The recponse
mechanism appears to be as follows:

a. ‘The large magnitude, highly concentrated
blast pressure near the bottom center of the wall,
coupled with the fragment impact in the same re-
gion, causes a spall to occur in the concrate on
the inside of the interfor face steel.

b. The spalled concrete that is not con-
tained by the rebars breaks loose and flies off
the wail intc the interior o/ the structure.

¢. The part of the spall behind the interior
face steel beging to place a load on these rebars.

d. The interior steel tries to contain the
spall and responds to it in shat appears to be a
membrane mode. In principle, for those walls with
stirrups, some of the spall load on the interior
steel is transferred to the exterior face steel
through the stirrups. In the actual tests, some
of these stirrups began té unbend (due to their
design), thereby negating their effect, However,
1t was clear from the tests that the stirrups
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significantly reduced the wall deflection (by
trausferring some of the load to the exterior face
steel and/or confinement of the concrete).

e. At some tine during this localized re-
sponse, the wall undergoes a more uniform blast
loadirz and begins a flexural response typical of
a one-way slab.

SECOND TEST SERIES

A second test series will be conductel it
Tyndall AFB in Cctober~November 1983 to evaluate:
(8) Methods of reducing or eliminating spalla-
tion ¢f the wall by using thicker walls or spall
plates, (b) A more conventional shear-stirrup
design (closzd-rectangular loop versus the single-
open stirrups uged in the first test series),
and (c) Effect of abovegrouad detonation (e.g.,
center of gravity of charge at midheight of wall)
on spalling and structural responee.

This series will conmsist of eight tests (Table 5)
on box structures similar to those used in the
first series.

Wall

Steel Thickness Spall Stirrup

Test No. )4 cm Plate Degign
1 0.5 32.5 X Single
2 0.25 32.5 X Single
3 0.5 32,5 X Cloged
4 0.25 32,5 X Ciosed
5 0.17 40 Closged
6 0.09 55 Closed
7 0.5 32.5 X Cloged
8% 0.5 32,5 X Closed

* Charge located aboveground at midspan of wall
for this test only.

Tahle 5. Test parameters for second test series.
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.\ 3BSTRACT

~'this papezr is cencerned wiri an analyticz? study of
the affect of istributed iupalsive icading on a
range oY conciuioe fridge types. Thae wrincipal azrea
of interect is colilapse behaviour and “he establish-
ment of critezia for effective demotitivn by means
of fuel-air explosives. The basis of a simplified
analytical approach developed for this work is out-
lined.—Existing data from tests on small scale
metal ;e}agns is used to assess the accuracy of the
analytica!( method and it is shown that the agree-
ment is gaod for levels of loading wiilch produce
significant permanent deformations. The applica-
tion of thi‘s analysis to reinforced and prestressed
concrete bridges is discussed and a sample of nine
xepresentative briddes is selected for detailed con-
sideration. "Analytical results relating the ex-
pected permanent midspan deflection to the total
impulse delivered by the explosion are presented.
Criteria for effective demolition are discussed and
the calculated critical impulse loadings required
to cause bridge collapse are shown to range from
18 stec/;x?’to 46 stec/ing. These results are com-—
pored with those of a previous investigation concer-
ned only with stee}. bridges.'N
A '
1. _inmopuction /77 4
The work described in this paper was carried out as
part of a research and development programme fund:
ed hy the U.K. Ministry of Defence and aimed at
improving the bridye demolition technigues employed
by the British Army. It was known that mixtures of
some commori fuel vapours with air may be detonated
vwhen the propertiQus are within certain limits. The
resulting explosion produces a high intensity, short
duration pressure pulse on any surface with which
the vapour cloud is in contact. It was suggested
that such fuel-air explosives might be used as a
rapid bridge demolition technique, the aim being to
produce an overall pressure overload on the top
surface of the bridge deck.

Little information was availiable on tne response of
bridges to this type of loading and none related to
conctete bridges. In order to assess the order of
magnitude of the impulsive loadings required to
effect demolition, an analytical study of the
response of beam structures to impulsive loading
was undertaken. There is a considerable amount of
uncertainty about the response of large concrete
structures to heavy dynamic loads and the use of
suitable approximate methods of analysis is thus
frequently appropriate. The development of such
methods was pioneered by Reumark[]:] ¢ and theis appli-

T e e W e

T e SRS e b TR A AV ML e e TR

—

CONCRETE BRIDGES SUBJECTED TO IMPULSIVE LOADING FROM FUEL-AIR EXPLOSIVES

BRIAN HOBBS

University of 3heffield, Department of Civil and Structural
Engineering, Mappin Street, Sheffield, S1 54D, U.K.

cation to a range of problems has been described by
Biggs'[Z]. For the present study, it was decided
that this basic approach should be developed to take
into account the important effect of materjal strain
rate sencitivity. The analytical procedure devel-
nped was then applied to a range of simply support-
ed reinforced and prestressed concrete bridge types.

2. DEVELOPMENT OF METHOD OF ANALYSIS

2.1 Idealization of the Loading

The pressure-time curve for the loading produced by
fuel-air explosions usually exhibits an essentially
instantaneous rise to the peak pressure followed by
an approximately exponential decay. It has been
shown by Symonds [3] and by Abrahamson and Lindberg
[4] that if the peak pressure of a short duration
impulse of this form exceeds 10 times the static
collapse pressure of the loaded beam then the load-
ing may be treated an an ideal impulse. fhis means
that cnly the magnitude of the impulse, i.e. the
area under the pressure-time curve, is significant.
The precise magnitudes of the peak pressure and the
duration of loading need not be considered. The
static collapse pressure for most bridge decks is
of the order of 50-100 kN/m2 and the peak pressure
produced by a fuel-air explosion is generally in
the range 2000 to 3000 kN/m2. Also the natural
period of vibration of most bridge decks is of the
order of 50-200 msec whereas the duration of the
positive phase cf the pressure-time curve is usual-
ly of the order of 1-5 msec. Thus the impulsive
loading on bridge decks due to fuel-air explosive
may be treated as an ideal impulse for the purposes ,
of calculating the overall response.

2.2 Material Behaviour

Most structural materials exhibit strain-rate sensi-
tivity in their behaviour under dynamic loading,
i.e. their yield or failure stress increases as the
rate of deformation increases. For metals the rela-
tionship governing this behaviour is usually taken
as:—

1

£ /p

[
Eyﬂ=1+5 ceeee (D)
where fyd a.nd fY are the dynamic and static yield
stresses, ¢ i3 the strain rate, and D and p are
constants. ¥or mild steel the values of these con-
stants giving lhe best representation of the avail-
able test data are D = 40 and p = 5[5].

Concrete also exhibits strain-rate sensitivity but
the available test results contain a great deal of
scatter and no investigation has yet covered the
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same wide range of strain-rates over which data is
available for mild steel. Mainstone[G] summarised
the results obtained up to 1975 and it is evident
that boch the compressive strength and the modulus
of elasticity are affected by the rate of strain-
ing. The effects tend to reduce somewhat as the
strength of the concrete increases, and may be in-
fluenced by factors such as the precise mix prop-~
ortions and the type of aggregate used. For high
strength concretes (40-60 N/mm? static cube strength)
it appears that, at the strain rates relevant to
this investigation (10l to 10 per sec.), both

the elastac modulus and the compressive strength
amy be expected to increase by betvieen 30% and 50%.
More recently published work by Hughes and Wa*son
[7 , however, indicates no effect of strain rates
below about 8 per sec. and average increases in
strength of 10% and Z5% at 10 per sec. and 14 per
sec. respectively. There is thus, as vet, no gen-
erally iccepted relationship for concrete equival-
ent to equation(l). It does appear, however, that
strain-rate effects in concrete may be rather
smaller than in mild steel.

In developirg a method of analysis for impulsively
loaded beams, it has been assumed that strain-rate
effects may be accounted for by the incorporation
of a relationship of the type given in equation(l).
The effects of strain hardening at large deform-
ations have been ignored since it has been shown
that its effects are not significant at high rates
cf straining[sj. The significance of these assump-
tions in applying the method to bridge decks is
discussed in section 3.2

2.3 Mode of Deformation

The primary mode of deformation has been assumed to
be flexure and the collapse mechanism considered is
shown in Figure 1.

L N

R
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FIURE 1, Assumed Collapse Mechan.sm

The use of such mode approximations involving stat-
ionary displacement fields allows the structure to
be represented by an equivalent single degree of
freedom system having the same displacement-time
history. This technique greatly simplifies the anal-
ysis ard has been employed in various investigations
of structural response to blast waves[l,z] and has
also been used by Kaliszky[S] ir the analysis of
concrete pressure vessels and other structures under
the influence of impulsive loading. It is thus a
well established procedure and is thought to be cap-
able of giving reasonably accurate results, despite
the great simplifications of the real structural
behaviour that are involved.

2.4 Basis of the Analysis

The analysis is based on an energy approach similar
to that propcsed by Newmaxk[l} fov dealing with

blast loading. The method has been adapted to cater
for the idezl impulse loading, with effectively zero
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duration, as opposed to the very much longer dura-
tion blast loading. The permanent deflection of
the structure is computed on the assumption that
all of the initial kinetic enerqy imparted by the
impulsive loading is absorbed by the work done in
plastic rotation of the central hinge. This has
been shown to be valid in  rigid-plastic analyses
provided that the duration of loading is short com-
paredwith the natural period of the structure and
that the input energy is significantly greater than
the elastic strain energy capacity o€ the system[9,
10]. It has already keen shown that the first con-
dition i3 satisfied for the loading fiom fuel-air
explosions and, since damage to bridge decks will
only become significant when the deflection is con-
siderably greater than the maximum elastic deforma-
tion, the second condition must be satisfied for
impulses of interest to this investigation.

It is assumed that the moment/rotation character-
istic for the central hinge is bi-linear in form,
as shown in Figure 2.

V_/.

Rotation

Bendmg moment

FIGURE 2. Moment/Rotation Characteristics

The impulsive load is applied at the beginning of
the elastic phase of the motion and the kinetic
energy imparted has therefore been computed using
the elastic properties of the structure. It is in
this respect that the analysis differs from the
simpie rigid-plastic mode approximation techniques.
Although the actual behaviocur of beams will vary
somewhat from the idealized form showa in Figure 2
the effect of the-e differences on the calculated
central deflection will be very small[l,Z]. It has
been shown by Bodner[lo] and Perxone[ll} that the
effects of strain rate sensitivity may be accounted
for with sufficient accuracy by the use cf a single
overall correction factor for the yies® or failure
stress of the material. This is because the form of
equation (1) is such that it is only necessary for
the strain rate, ¢ to be of the correct order of
magnitude for the dynamic yield scress, fyg, to be
accurate to within a few per cent. For the purposes
of these calculations the strain rate, £, has been
taken as the average strain rate over the initial
elastic portion of the moment/rotation character-
istic. Due to the jdealized bi-linear nature of
the moment/rotation characteristic, this procedure
is not rigorous, but it gives strain rates of the
correct order of magnitude and therefore provides

a simple and sufficiently accurate method of taking
into account the effects of strain rate sensitivaity.

Clearly no permanent deflection of the bridge deck
will be produced unless the energy imparted by the
impulse loading is greater than the maximum elastic
strajin energy that can be absorbed by the system.
Thus there is a critical impulse, io. below which
ro permanent deformation of the hridge deck will
occur, the only effect of the fuel-air explosion

R TR A = oy




being to start vibrations of the bridge deck which
will slowly die away due to the natural dumping of
the system.

The detailed derivation of eguations for the strain
rate, the mid-span permanent deflection y, and the
elastic critical impulse i, has been presented else~
where[12 .

2.5 Comparison with Test Data

The results of an extensive test programme on small
scale beams subjected to uniformly distributed
impulsive loading have been reported by Florence
and Firth{13]. The tests were conducted using
smzll scale rectangular beams and sheet explosive
was used to provide the impulsive loading. Approx-
imately half the beams tested were made from alum-
inium and the remainder were made from CR1018 steel.
Most of the steel beams were tested on the untreat-
ed condition with a yield strength of 580 N/mm?,
but five of the simply supported beams were anneal-~
ed tu give a yield strength of 296 N/mm2. The
rethod of analysis developed herein is specifi-
cally intended for strain rate sensitive, elasto-
plastic beams and is not therefore suitable, in its
present form, for application to the aluminium
beams. The application of the method depends upon
a2 knowledge of the constants in equation (1). The
annealed Lest beam migh’. be expected to correspond
closely to mild steel, for which the values D = 40
and p = 5 are appropriate. A comparison between
these test results and the results calculated using
the procedure outlined herein, is shown in Figure
3. 1Ip the absence of any better information for
untreated CR1018 steel, the same constants have
been used to cbtain the calculated results for
these beams and these are also shown in Figure 3.
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FIGURE 3. Comparison with Test Results of
Florence and Firth|13]

There is considerable scatter in the test data hut
it is seen that there is gcod agreement between the
calculated and test results for the annealed beams,
and for the untreated beams when the impulse is
significantly greater than i,. The calculated
effect of the strain rates in these tests is to

increase the yield stress by between 45% and 60%,
This highlights the importance of accounting for
this effect when interpreting data from model tests,
since the strain rates experienced by large massive
structures, such as concrete bridges, may differ
considerably from the very high rates present in
small scale structures.

The execution of experimental) work of this type is
very difficult and the results may be affected by
many factors. The differences between the predic-
tions of the proposed analysis and the experimental
results at low impulse values may be partly due to
elastic vibrations in the beams, and this has been
discussed in Jdetail by Symonds[9}. In addition the
assumption of a sudden change from purely elastic

to purely plastic behaviour as the motion passes the
limiting elastic displacemeinr is obviously a gross
simplification. FPor beams of solid rectangular sec-
tion the first yield moment is only 2/3 of the fully
plastic moment and the threshold impulse, at which
some permanent deformaticn first takes place, might
be more accurately assessed on this basis. This
would reduce the relevant values of i, to approx-
imately 0.24 kN sec/m? and C.43 kN sec/m?. This
effect would be less serious in actual bridge struc-
tures since the yield moment is generally rather
closer to the plastic moment. This investigation is
c.acerned, however, with larger impulses which

cause substantial permanent deflections. Thas was
therefore considered to be of sufficient accuracy
over the relevant range of impulsive loadings.

3. APPLICATION TO CONCRETE BRIDGE DECKS

3.1 General

The method has beer applied to a sample of bridge
designs selected so as to represent a wide range of
span lengths and construction types, details are
given in Table 1.

Reference |Type of Construction Span
No. (m)
RS2 5.5
RS10 Reinforced concrete slab 9.7
RS13 14,1
RB3 2.1
RB14 Reinforced concrete beam-and- 15.7
RB16 slab 22.3
PS18 Pre~tensioned I. beam with 23,0
with in-situ top slab
Ps22 Pre~tensioned inverted T beam 25,0
with in-situ top slab

© N

TABLE 1, Bridge details

In oxrde to give results which are on the same basis
as the demolition requirements derived for other
techniques[14], the probable variations in the prop-
erties of the materials in bridge decks have been
allowed for by assuming upper bound material
strength values. These strengths were estimated
from a statistical analysis of various test data

for bridge concrete, reinforcing bars and prestres-
sing tendons. The upper bounls were taken as the
strength values above which only 5% of the results
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would be likely to fall., In addition an allowance
was made for long term ageing effects in concrete.
The resulting upper bound strengths were 65 N/mm?
and 84 N/mm2 for concrete in reinforced and pre-
stressed c- :rete bridges respectively, 350 N/mm2
and 520 N/xnm2 for wild and high yield steel rein-
forcing bars and 2000 N/mm2 for prestressing
strand. This means that for most bridges the
actual deformation due to impulsive loading may

be greater than that calculated herein, but this
approach puts these calculations on the sawe con-
servative basis as the previous demolition damage
calculations. Another slightly conservative appro-
ximation that was made throughout is that the
effect of the bending moment due to self weight

of the bridge deck has been ignored. The influence
of this on the calculated results will be small,
however, since the self weight moment is generally
small in relation to the dynamic collapse —nment.

3.2

The stiffness in the initial elastic range is based
on the gross concrete section. The modulus of
elasticity used was estimated from the valvas given
in BS 5400[15] . This value was then increased by
40% in order to allow for strain rate effects,
yielding a dynamic modulus of S1 ):N/t;nn2 for a cube
strength of 65 N/mz. The value of Mpginfotlthe
idealized moment rotation characteristic has been
based on the value of ultimate moment of resist-
ance, Mu’ calculated according to BS 5400. Since
RC bridge decks are always under-reinforced, the
value of Hu is governed primarily by the yield
force in the tension reinforcement. It has there-
fore been assumed that the value of is direct-
ly proportional to the dynamic yield stress of the
reinforcement and, in the absence of any better
information, the values of D and p for mild steel
have been applied to both mild and high yield steel
reinforcement. The strain rate was calculaled
using the static modulus of elasticity of the steel
{200 kN/mm2) .,

Reinforced Concrete Bridges

3.3

The initial elastic stage has been treated in the
same way as RC bridges, using a dynamic modulus of
elasticity of 57 kN/mm2. At ultimate moment, how-
ever, these bridges usually fail in the over-rein-~
forced mode and the value of M, is thus not direct-
ly dependant upon the yield stress of the tendons.
In addition, there appears to be no data available
on the behaviour of prestressing tendons at high
rates of strain, but it is known that treatment of
steels to give a high static yield strength may
reduce the effects of strain rate[s]-. It therefore
seems likely that the ultimate moment of a PSC
section will be far less sensitive to strain rate
effects than that of an RC section. It has been
concluded by Bate [16] that use of energy absorption
of PSC beams under static loading conditioms to
predict deflections due to impact loading gives
results that are in reasonable agreement with the
available test data. The strain rates under impact
loading conditions are likely to be smaller than
those under the impulsive loading considered here
but, since no data is avzj.able for these higher

strain rates, it has been assumed that PSC bridge

Prestressed Concrete Bridges
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decks will be .elatively insensitive to strain rate
effects. T.e unmodified static upper hound value
of M, has therefore been used as the dynamic plastic
moment, M _,

pd
4. ANALYTICAL RESULTS

4.1

The values of the permeanent central deflecticn ratio
¥,/L, correspording to a range of values of impul-
sive loading hLave been calculated for each bridge
and the results arc plotted in Figure 4. Due to
the limitations outlined in section 2.5, the results
for low impulses can only be regarded as tentative
estimates. The area of rezl concern to this invest-
igation is, however, at the higher impulse loads,
vhere the results may be expected to be more reli-
able.

Response of Bridge Decks to Impulsive Loading
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FIGURE 4. Results for Concrete Bridges

It can be seen frcm Figure 4 that there is a con-
siderable variation in the value of the impulse
required to produce a given value of y /L. The
results depend both upon the spas. of t.ge bridge
and the form of construction. For a given span the
lightest form of construction, PSC, requires a
considerably smaller impuise than the heaviest form
RC slab, with the RC beam-and-slad frrm being inter-
mediate between these two.

4.2 Criterion for Critical Damage

Various possible criteria for effective demolition
were considered but it was decided that passage >f
vehicles and personnel across a bridge conld only
be effectively prevented if the bridge ccllapsed
from its supporting abutments. fThe critical con-~
dicion for overall collapse of th+ bridge span
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therefore occurs when the end of the bridge deck
moves inwards sufficiently for it to drop from its
support. Details of the typical support arrange-
ment considered are given in Figure 5.

L__fi__j
Bridge deck—] I

“-

\\\\\\E
R

FIGURE 5. Support Details

From the geometry of the collapse mechanism shown
in Figure 1, the following relationship may be

derived: -~
Y. /2. _
L oJ2L 2

and by substituting the appropriate values of a,
for a, the critical central deflection ratios may
be obtained. In practice there will be spreading
of the central "hinge" and this will lead to a
central "plastic zone". For a given central
deflection, however, this would lead to a slight
increase in the horizontal movement, a, and the
critical deflection ratios may therefore be slight-
ly conservative. These critical values are indic-
ated in Figure 4 and from them the value of the
impulse required for effective demolition may be
obtained. These critical impulse values range
from 18 kNsec/m? for the shortest span PSC bridge
to 46 kN sec/m? for the longest span RC slab.

ceves (2)

5. COMPARISON WITH PREVIOUS WORK

5.1 Method of Analysis

The only available published work in this field was
that due to Sliter and Abrahamson[l?]. Their
approach was to use a rigid-plastic analysis based
on that developed by Florence and Firth[13]. This
approach allowe for the formation of travelling
plastic hinges but no account is taken of either
the initial elastic phase of the deformation of
any strain-rate effects. They compared their
theoretical results with the test results of
Florence and Firth, but the agreement was poor and
they found if necessary to introduce a correction
factor of 0.5, by which all of their theoretical
deflection values were multipied. The agreement
was less good than that obtained in Figure 3.

5.2 Bridgye Deck Calculations

The only bridges analysed were U.S. Army "Line of
Communication" (LOC) bridges. These are military
equipment bridges designed for rapid erection and
only temporary use. They consist of steel beams
or plate girders supporting timber or metal grid
flooring, and are thus rather unrepresentative of
normal civil bridyes. The analysis of these
bridges was based on their design yield stress
(276 N/mm?) and on a critical central deflection
ratio of 0,20. No attempt was made to relate this
deflection ratio to the horizental movements of the
ends of the bridge and precise details of the
supporting abutments were not given. From the
diagrams in the report, however, it appears that

the value of a., should be not greater than lm. and
this value has therefore been assumed in applying
the present analytical procedure.

In order to provide a basis for comparison between
the two apalytical methods, three of these LOC
bridges, covering the full span range available,
have been selected and analysed by the method used
herein. The analysis has been carried out using the
yield stress and deflection ratio values used by
Sliter and Abrahamson, and using an upper-bound
yield stress and the criterion for critical damage
proposed herein. The upper bound yield stress was
estimated using the same procedure as that used for
reinforcing bars. This gave a value of approxi-
mately 380 N/mm?. The results are presented in

Table 2.
Bridge type %mmLcuwhwdmmue
(m) required to cause
collapse {kNsec/m?)
a b c d
7 plate girders | 12 37.5126.2 | 26.2 | 30.6
11/36WF150 beamd 20 20.7{13.5 ] 12.1{ 14.3
7 plate girders | 39 21.0/13.2 } 10.0/ 11.7 J

Key. a. Figures given by Sliter & Abrahamson[l?]
(£, = 276 N/mm? and Yp/L = 0.2)

b. Calculated by gethod proposed herein
(£y = 276 N/mm¢ and Yp/L = 0.2)

c. Calculated by method proposed herein
(fy, = 276 N/mm® an@ a_ = 1.0m)

d. Calculated by method proposed herein
(fy = 380 N/mm? and a_ = 1.0m)

TABLE 2, VComparlson of results for LOC Bridges

The results in columns a. and b. provide a direct
comparison between the two analytical approaches
and show that the Sliter and Abrahamson method
yields results between 40% and 60% higher than the
present method. It seems likely that the principal
reason for this will be their use of a single over-
all connection factor and consequent neglect of
strain rate effects. The effect of strain rate
calculated according to the present method is to
raise the yield stress of these bridges by between
32% and@ 60%., A comparison between columns b. and
¢. shows that the effect of the differences in
assumed critics? dnn ge levels varies between O and
328, The differences between columns c. and d.
illustrate the influence of the different assumed
yleld stress values, the effect of the conservative
value proposal herein being to raise the required
impulse by approximately 18% in all three cases.
Finally, the results in columns a. and d. provide

a comparison between the overall procedure proposed
herein and that due to Sliter and Abrahamson. For
the short span bridge their approach yields a 20%
higher impulse requirement, but for the largest span,
if predicts an 80% greater impulse requirement, even
though the calculations are based on the design
yield strength of the steel and should therefore

be non-conservative. For this particular bridge
the value of yp/; corresponding to a, = 1.0m is
only 0.12 and the strain rate effect on the yield
stress is only 308, These two factors combine to
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yield the very large difference in the results. The
importance of allowing for strain rate effects is
highlighted by this comparison, since the calcul-
ated strain rate in the Florence ana Firth test
beams is approximately 30 times as great as the
strain rate in this LOC bridge at the same value

of Yp/i.

6. CONCLUSIONS

The conclusions from this analytical study may be
sunmarised as follows:-

(i) Material strain-rate sensitivaity can have a
major influence on the calculated permanent deform-
ations of beam structures subjected to large impul-
sive loads. Strain rates experienced by large
bridge structures may be very much lower than those
present 1n small scale tests and due account must
therefore be taken of strain rate effects when
using model test data to predict the response of
large scale structures.

(ii) The simplified method of analysis used herein
yives results which are in quite close agreement
witnh model test data and is therefore considered
sufficiently accurate for predicting the likely
flexural response of bridge decks.

(iii) Fuel-air explosives may provide an effect-
ive means of demolition for a wide range of bridge
structures provided that impulsive loadings of the
order of S0kN sec/mn2 can be genermted. Loadings

of 25kN sec/m? are likely to be effective for all
but short span bridges of fairly heavy construction.
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ABSTRACT design and layout have used a statistically based

N
'ante objectives of the CHEBS test series are
to develcp a data base for the blast and shock
environments created by conventional high explo-
sive weapons and subsequently to develop appro-
priate analytical techniques. Both efforts are
aimed at producing reliable protective structure
desigr criteria. This paper presents results of
this test series. In particular the free-field
“"close-in" blast and shock enviromment, bomb-to-
bomb variation, and experimental error are exam-
ined. Brief results of a statistical analysis are
presentedt\

~

INTRODUCTION

The design of protective structures to resist
the blast effects of conventional general purpose
bombs has typically used empirically derived
curves that specify parameters of the airblast
waveform [1]. These parameters (i.e., peak pres-
sure, time of arrival, positive-phase duration,
and positive-phase impulse) have been determined
from uncased hemispherical surface bursts of vari-
ous yields. Cube root scaling of the yield is
used to normalize the data so that each parameter
can be represented by a single curve rather than a
family of yield-dependent curves [2, 3]. Conven-
tional general purpose bombs, however, are not
hemispherical and the effects of the case and the
shape of the explosive on the airblast waveform,
are of concern to the protective design community.
Of particular_interest are scaled ranges of less
than 1 m/kgl/3.

The data near the hemispherical bursts are
limited and have a 1ot of scatter. It is there-
fore not satisfactory to represent the data as a
single curve through an estimated mean of the
data. It is desirable to represent the data not
only by their mean but also by some description of
the distribution. The Conventional High Explo-
sives Blast and Shock (CHEBS) test series is being
conducted jointly by the Air Force Weapons Labora-
tory and the New Mexico Engineering Research
Institute to produce such a representation.

The test series covers several general pur-
pose bombs. The blast parameters are measured at
scaled ranges from ~0.5 to 2.0 m/kgl/3, The test

approach that allows evaluation of the airblast
parameters in comparison to experimental error,
blast symmetry, bomb-to-bomb differences, and bomb
orientation. A complete description of the sta-
tistical approach used is included in the presen-
tation entitled "A Statistical Approach to Conven-
tional Weapons Experimentation,” in this
conference.

TEST BED DESCRIPTION AND LAYOUT

The test bed configuration is shown in Fig-
ure 1. The dual gages at the various locations
are part of the statistically based approach. Six
tests with a specific general purpose bomb have
been conducted to date on this test bed. The nose
of the bomb has been pointed along each of the 90°
axes for four of the tests and nose down for the
remaining two tests. The center of gravity of the
bomb has been placed at the surface. The tests
viere conducted using available piezoelectric pres-
sure transducers to measure the airblast pressure
history. In the farther scaled ranges (greater
than 1.5 m/kg!/3) the range of the gage used was
probably unreaso1ably large compared to the peak
pressure measured. However, the data do not
appear to have sianificant noise problems.

2
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TEST RESULTS AND ANALYSIS

Only peak pressures from the two vertical
bombs are presented in this report. Figure 2
shows all of the peak pressure data plotted with
range. The data scatter is probably not surpris-
ing, but it is desirable to know in quantifiable
terms how much of the s<i.ter is random experimen-
tal error and hov m a is related to some system
parameter such as bomb-to-bomb variation. Other
parameters such as symmetry and bomb orientation
variation could and will eventually be
considered.

SVE VNOMNY
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s 2 r} . . 19
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Figure 2. Peak pressure versus range for
vertical MKB2 general purpose bomb.

Shown in Table 1 is the computation of the

pooled variance of corresponding range data from

! both of the vertical bomb tests. This variance
contains hoth the effects of experimental error
and bomb-to-bomb varfation. Also shown are the
computations for the pooled variance of the pairs
of gages from each test. This represents the
experimental error for each test. The ratio for
the variances for the two tests is compared with
the associated F-statistic, and it appears that
the experimental error from the two tests comes
from the same family of data and are then com-
bined. The experimental error then can be sub-
tracted from ¢ total variance, leaving the bomb-
to-bomb variar.e. The magnitude of bomb-to-bomb
standard deviation illustrates that single tests
may not be adequate for protective design
verification.

A variance that contains not only the bomb-

i to-bomb variation and the experimentai error but
also includes symmetrical variation can be
obtained by grouping the same data in a different
way. Al1 data from both tesis at a given range
are grouped for this combined variance. Since the
bomb-to-bomb variance and the experimental error
variance are available, the symmetrical variance
can be computed. The total variance is 0.1112.

TABLE 1. COMPUTATION OF NORMALIZED VARIANCE FOR VERTICAL 8OMBS -

DEGKEES
OF | NORMAL 12E0% POOLED ..
TEST FREEDOM] VARIANCE | RAT10] F(95)| YARIANCE] NOTE
A1l CHEBS
¥ & Vi Data 42 0.0806 1 4.
CHEBS ¥ (constant 5 0.0431
angle 1.66 19.02 | 0.0367 2
CHEBS ¥ (constant 3 0.0260
ringe)
CHEBS VI {constant| 4 0.0318 3
angle 1.54 16.39 | 0.0262
CHEBS VI (constant 4 0.0269
range)
CHEBS ¥ 8 0.0367
1.40 }3.44 ¢ 0.0315 4
CHEBS VI 8 0.0262

%Normalized by mean square of the data.
Notes:

Contains combined bomb-to-bomb variation and experimen-
ta! error,

Experimental error in CHEBS V.

Experimental error in CHEBS VI.

Combined experimental error.

Bomb-to-bomb normalized variance » 0.0806 - 0.0315 = 0.0491
Bomb-to-bonb normalized standard deviation = 0.2218

WP e

Then
symmetrical variance = 0.1112 - 0.0491 - 0.0315
= 0.0306

TN ATy T e e e

Thus the total variance is composed of somewhat
equal parts of the bomb-to-bomb variance, the
symmetrical variance, and the experimental error.
A structure could be subjected to peak pressure
that could have variance that includes both sym-
metry and bomb-to-bomb differences. The sum would
be a measure of the expected variance of peak
pressure, That is

0.0306 + 0.0491 = 0.0797

which can be interpreted as having a standard
deviation of JU.U7§7 or 28.2 percent of the mean
peak pressure,

It should be noted here that there may be
other effects but they are assumed to be small -
compared to the effects examined.

CONCLUSION

It is possible to perform conventional weapon
testing in such a way as to separate factors that
cause scatter in the data so that both the analyst
and the designer are informed as to reasonable
variations of airblast parameters about their mean
values.
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ABSTRACT HCT-3 are shown in Figure 5, The sequence of

P

““This paper discusses the behavior of a
mounded horizontal cylinder exposed to conven-
tional -weapon blast and shock effects. This
discussion is based on data obtained in the
Horizontal Cylinder Test (HCT) series conducted
by the Air Force Weapons Laboratory at Kirtland
AFB, NM [11. This paper provides a summary of
sume of the HCT data, and examines the data to
identify the important load and response mech-
anisms and possible failure modes for this con-
figuration in a conventional-weapon environment

7

TEST CONFIGURATION

The test article used in the HCT series was
a ribbed cylinder constructed of fiber-reinforced
concrete covered by a soil overburden (Fig. 1).
Light bulbs and a pipe with a 0.15-m (6-in)}
diameter were installed to uetermine the effect
of conventional-weapon blast and shock on simple
items of equipment (Fig, 2).

Blast and shock environments were produced
by 227-kg {500-1b) Mk 82 bomhs detonated outside
the soil overburden, Although four tests were
conducted in the HCT series, only results from
HCT-1 and HCT-3 are discussed in this paper,

In HCT-1, the longitudinal axis of the bomb
was parallel to the longitudinal axis of the test
article. In HCT-3, the longitudinal axis of the
bomb was parallel to the vertical axis with the
nose of the bomb pointing downward. In both
tests, the bombs were half buried so that their
centers of gravity were at ground level.

Data were obtained from blast pressura
gages, free-field accelerometers, interface
pressure gages, a soil stress gage, and struc-
tural accelerometers (Fig. 3).

DATA REVIEW

The data recorded during HCT-1 are presented
in Figure 4. Data obtained from two gages fn

events which occurred in these two tests is sum-
marized below,

1. The airblast produced by the detonation
of the bomb engulfed the soil overburden, As can
be seen in Figures 4a and b, the airblast was
reflected as it traveled up the upstream slope of
the overburden, which produced pressures at the
* cation of gages 0701 and 0702 which were higher
. an the corresponding free-field prescures,
However, the upstream slope directed the airblast
away from the top of the overburden, causing
pressures at gage 0703 which were less than the
corresponding free-field pressures (Fig, 4c).

2. The airblast which acted on the overbur-
den induced vertical and horizontal ground shock
in the soil., The vertical velocity-time history
recorded by gage 1301 (fFig. 1d) is a classic
waveform for airblast-induced soil motion, indi-
cating initial downward motion was followed by
soil recovery. The initial velocity pulse seen
tn Figure 4e is also typical of airblast-induced
ground shock., The second pulse in this waveform
is discussed in the following paragraph. The
smoothness of the vertical and horizontal-motion
waveforms reveals that the soil filtered the
multiple peaks seen in the airblast data.

3. Energy fram the bomb's detonation was
coupled directly into the ground, causing a
mechanism called upstream-induced ground shock.
This around shock, which propagated from the
Tocatio, of the bomb, produced the second pulse
Stfn in the horizontal soil motion waveform (Fig.
de}).

4, Vertical airblast-induced ground shock
arrived at the crown of the cylinder first. The
pressure associated with this ground shock must
have been increased by reflections at the soil-
structure interface, since the peak interface
pressure seen in Figure 4f is higher than the
peak airblast pressure observed in Figure 4c.

5. The loading at the crown caused the
structure to respond in a flexural mode called
ovaling. The ovaling response pushed the
springlines into the surrounding soil, which
caused passive pressures at these locations.
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Cylinder Dimensions
Length = 5.95m
Quter diameter = 2.41m
Thickness
At rib : 0.207m
Between ribs = 0.127m
Rib width = 0.270m
Rib spacing = 0.495m

{a) Unburied test article.

Overburden Dimensions

Length
At foot = 10.83m
At top = 5.95m
Width
At foot = 7.32m
At top = 2.44m
Height = 2.44m

Note: 1-to-1 slopes used
throughout overburden

{b) Soil overburden.

Figure 1. Test article and overburden configuration.
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Figure 2. Interior of test article.

INSTRUMENTATION LIST

Gage No. Location (m) Gage
x y No.

0628 -3.82 c 1601

0631 -6.01 0 1602

0701 3.89 0 1.11 1603

0702 3.39 -0.07 1.11 1604

0703 6.19 -0.20 2.16

1301 3.80 0.28 0

1302 3.80 0.28 0

9101 6.16 -0.0t 1.21

9102 4.39 -0.08 -0.03

9103 7.0 0 0 Z

5301 6.11 ~0.02 -1.29

o ° ~Ai%—)i-——u—l
€531 0628 1

o 38last Pressure

East ¢————plest

Interface Pressare

O Sotl Stress

[
4 Acreleration

Notes

Location {m)

X
6.09
5.02
6.10
6.10

[~ T -~ R =]

y

.28

~NN
w ©

4
1.08

0
-0.92
-0.92

0703

-1- Loagitudinal axis of cylinder oriented in
notvth-south direction.

~2- Bomb located east of test article 3.35a from
north end of cylinder.

-3- Or’gin locatied &t bumb center of gravity with
with positive Y axis pointing south.

Figure 3. HCT instrumentation.
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This event accounts for the fact that initial
loading at both springlines started simulta-
neously in HCT-1 (Fig. 4q and h), and explains
the upstream motion of the upstream springline
which accompaiied the initial loading at this
location in HCT-3 (Fig. 5). The minor upstream
mot¥on at this Tocation apparent in HCT-1 data
prior to 5 ms {Fig. 4j) is considered to be an
error, since it indicates mction occurred before
the airblast-induced effects arrived at the
structure. Therefore, no upstream motion can
be clearly seen in the HCT-1 data. The absence
of this motion in HCT-1 is explained in the
following paragraph.

6. Horizental airblast-induced ground shock
arrived at the upstream springline. In HCT-1
this loading was concurrent with the passive
loading associated with ovaling of the cylinder.
The~efore, only one peak is seen in the loading
prior to 30 ms {Fig. 4g) and no upstream motion
at this location is apparent in tihe HCT-1 data.
The concurrence of the passive and active loading
at this springline also explains why the initial
peak interface pressure at the upstream
springline was about two times the initial peak
experienced at the downstream springline (Fig. 4g
and h). .ince the active oading arrived later
in HCT-3, two distinct pe s are present in the
early-time interface pressure data recorded at
the upstream springline (Fig. 5a). This delay
also allowed upstream motion of this springline
as the structure ovaled (Fig. 5b).

7. The cylinder moved downward (Fig. 4k)
and downstream (Fig. 4} and 5b) in rigid-body
motion as vertical and horizontal airblast-
induced ground shock engulfed the structure. In
addition to the vertical motion data, the infor-
mation obtained from gage 5301 (Fig. 41) provides
evidence that the structure underwent rigid-body
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> _
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1) 20 40 60 80 100
Time (ms)
(b) Gage 1602.

HCT-3 data.

motion in the vertical direction, The slow rise
and decay seen in the initial pulse of the wave-
form obtained from gage 5301 are indicative of
passive pressure produced by rigid-body motion.
The downstream motion recorded by gage 1602 in
both tests is attributed to rigid-body moiion
since no evidence of ovaling can be found in load
and motion data obtained at other locations. The
second interface pressure peak recorded at the
downstream springline appears to be either
passive loading associated with horizontal rigid-
body motion or active loading prcduced as
airblast-induced ground shock engulfed the struc-
‘ure,

8. The upstream-induced ground shock
arrived at the upstream springline as airblast-
induced effects decayed. This ground shock pro-
duced late-time active loading at the upstream
springline (Fig. 4g and 5a) and late-time rigid-
body motion downstream {(Fig. 4j and 5b). The
third peak seen in the waveform obtained from
gage 9103 (Fig 4h) is attributed to the passive
loading associated with this rigid-body moti. -

9. Finally, reflected ground shock arrived
at the invert producing active 1oading at late
time {Fig. 4i) accompanied by an upward acceler-
ation (Fig. 41).

LOAD AND RESPONSE MECHANISMS

Several load and response mechanisms for a
mounded horizontal cylinder in a conventional-
weapon environment are apparent in the data pre-
sented alove, The first major loading mechanism
evident {s airblast-induced ground shock. This
mechanism induces ovaling and rigid-body motion
in the vertical and horizontal directions,
Upstream-induced grouynd shock, the second major
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load mechanism seen in the data, produces addi-
tional horizontai rigid-body motion. The final
load mechanism apparent in the HCT data is
reflected ground shock which produces loading and
localized response at the invert. Since this
mechanism produced minor loading and response in
the HCT series, it is not considered a major load
mechanism,

The ovaling experienced by the test article
in the HCT events produced only hairiine cracks
in the structure. Also, the pipe and 1ight bulbs
were not damaged by the motions ot the structure.
This lack of damage is attributed to the rapid
reduction of conventional-weapon airblast over
short distances and to the attenuation of
conventional-weapon ground shock by the soil.

The data from gages 0628 and 0631 indicate
how rapidly the airblast decays with distance
(Fig. 4a and c). The data fram gages 0701, 0702,
and 9102 are evidence that soil can be very
effective in attenuating airblast-induced ground
shock (Fig. 4a,b, and g). Such a drastic attenu-
ation is not seen in the data from gages 0703
and 9101 (Fig. 4c and f). This difference is
attributed to the fact that the duration of the
loading recorded by gage 0703 was longer than the
duration of the loading measured by gages 0701
and 0702, Since this longer-duration loading had
a lower freqguency content than the reflected
airblast pressure, the soil was able to transmit
more of the lower-frequency loading.
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Figure 6.
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Equipment fragility analysis.

POSSIBLE FAILURE MODES

Although no failures occurred in the HCT
series, failures may be produced in severer
environments associated with larger weapons or
smaller ranges, or if more delicate equipment is
used in horizontal-cylinder structures.

Since the effects of conventional-weapon
loading mechanisms attenuate rapidly, severe
loading around an entire cylinder is not
expected. Therefore, the flexural, or ovaling,
failure associated with a fairly uniform load
distribution is not anticipated. However, shear
failures caused by severe localized loads are
quite possible.

Figure 6 compates the shock tolerance
spectra for communiation equipment and computers
with the response spectrum associated with the
motions recorded by gages 1602 and 1603, This
comparison indicates that more delicate equipment
hardmounted to the structure may fail when
exposed to the structural motions which occurred
in the HCT series, since the response spectrum
exceeds the tolerance spectra at some
frequencies., The fact that equipment failures
may occur in environments which are not destruc-
tive to the structure is evidence that the sur-
vivability of mounded horizontal cylinders in a
conventional-weapon environment may be 1imited by
the fragility of internal equipment rather than
by the strength of the structure. The vulner-
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ability of internal equipment may be enhanced if
the timing of the airblast-induced and upstream-
induced loading excites natural frequencies in
the equipment.

CONCLUSIONS

The data ohtained from the HCT series have
increased the understanding of the behavior of a
mounded horizontal cylinder in a conventional-
weapon environment. The major loading mechanisms
for this configuration when exposed to a surface
burst are airblast-induced and upstream-induced
ground shock. Ovaling as well as horizontal and
vertical rigid-body motion are caused by
airblast-induced loading; upstream-induced
effects produce horizontal rigid-bodv response.
The environments generated in the HCT series did
! not cause failure of the structure or the inter-
nal equipment. However, severer enviromments may
: cause shear failure in the cylinder or mechanical
faiiures in the equipment. In addition, more
delicate equipment may fail at shock levels
' experienced in the HCT series,
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