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Foreword

This paper was prepared for preser:ation at the 1966 Army Science
Conference at Vest Point, New York. It .as arproved for presentacion and
publication by the Office, Chief of Er¢ ..cers. The paper was prepared by
Mr. George C. Hoff, under the general . uervision of Mr. James M. Polatty,
Chief, Engineering Mechanics Braach, .« Mr. Bryant Mather, Acting Chief,
Conérete Division, U. S. Army Enginee~ Vaterways Experimrent Station.

Director of the Waterways Fxpe) ment Station during the preparation
of this paper was Col. John R. Oswai., Jr., CE. Technical Director was
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. . TITLE: Materials for Use in Mitigeting Blast Loads on i
aE R Deeply Buried Protective Structures. i
GEORGE C. HOFF d
U. S. Army Engineer Waterways Experiment Stetion
Vicksburg, Mississippi ‘
ABSTRACT i
The structural design of deeply buried protective .
structures to resist the effects of nuclear blast loading is

somewhat simplified if the structure can be designed to resist a
. defined, constant or quasi-constant stress level when shock-
loaded. By backpacking a buried structure with certain types of.
materials, & constant stress level can be obtained when a shock .
wave is transmitted through the backpacking to the structure.
These backpacking materials also act to (a% dissipate a portion
of the shock energy, (b) reflect a portion of the shock energy, !
and (c) absorb flyrock from the containing medium. A program to
investigate and develop materials of this nature was initiated
at the Waterways Experiment Station and wes spousored by the
Defense Atomic Support Agency. :
An analysis of the desired behavior of the material
accorpanied by existing theories and postulates pertaining to
the use of backpacking materials resulted in the cdefining of a |
variety of materials that conld conceivably be used as backpack=-.
ing materials. Materials that.were considered included light-
weight concretes, foamed plastics, honeycombs, and natural ag-
gregates. These materials were evaluated as to their physical |
properties and behavior, availability, and emplacement procedures
and costs., Based on the results of these evaluations, three of
the materials investigated are currently being utilized in an
actual nuclear blast field test using prototype structures.
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‘st liue The field of structure-medium interaction bas long commanded

the attention of individuals concerned with the design and construc- .
tion of buried structures. With advances in the use of thermonuclear -2
weapons, the difficulty in understanding structure-medium interactiond
and therefore the designing of buried structures have become further
complicated by the introduction of complex ground motions and very
high applied loads. The design of buried structures to resist these
effects usually results in design loads which are so high that over-
conservetive design would be extremely costly. ©n the other hand,
catastrophic failure of the stxucture due to an inadequate design
cannot be tolerated. .

The applied forces for which a blast-resistant structure
must be designed are transient in nature, and their probability of oc- =] 30
currence is small. The magnitude of these forces depends on a number
of factors over which a designer has no control. To eliminate some
of the many unknowns imposed on the structural design of a buried
structure, the designer may employ various structural systems in se-
lected environments which will increase the probability of survival of
{the structure and its contents. It is the purpose of this paper to
describe & technique that can be used for controlling the magnitude
of the forces being applied to buried structures by blast loading,

i.e., the use of backpacking materials for shock isoclation of buried
- 40
structures.,

BACKGROUND

Interest in the use of backpacking for shock isolation of
entire buried structures has generated many ideas as to the feasibile
ity and composition of various systems and materials that could de
satisfactorily used as backpacking. As early as 1953, Engineering Re-
search Associates, et al. (6), in a report to the U, 8. Army Corps of

Engineers on underground explosion test programs, suggested that:
P proper "The space between ihe lining and the tunnel surface should be filled —~5,
o Marking with a material of low density that will absorb the energy of tae .
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flying rock, distribute the pressure from the fallen rock, and providd
a mismetch of acoustic impedance sc that reflection will take place at
the tunnel surface rather than ut the surface of the lining."

In 1957, Vaile (2li) reported on the beneficial use of a
frangible backfill in isolating and protecting undergrounu structures
in Operation PLUMBEOB from violent ground motions in their vicinity. |
During Operation FLUMBBOB, vertical concrete pipes covered with con- l
crete slabs were lined one layer thick on the sides and bottom with
empty, glass, quart gin bottles. When compared with the control pipe;
for the experiment, which had soil backfilled directly against it, it
wag found that the peak accelerations produsad by shear forces exerted
on the sides of the isolated pipes were reduced to 26 percent of those
experienced by the contrcl pipe. This reduction was attributed in
part to the collapse and crushing of the glass which dissipated a
portion of the shock energy. T T

In two related studies by Sevin, et al. (18,19), at the
Arrour Research Foundation (now the Illinois Institute of Technology
Research Institute), various device~ were amployed on or about cylin-
ders buried in silica sand in order to alleviate shock-induced motions
of the-cylinders. These devices consisted of (a) wrapping of the cyl=«
inders in flexible and rigid polyurethene foams, (b) the use of air
voids between the medium and cylinders, (c) use of preexpanded poly-
styrene beads as & crushable backfill aggregate, and (d) the use of
sani of varying densities as backfill aggregate separated from the
overall bed by e stovepipe. The conclusions reached were that the
polyester urethane foams placed around a cylinder and other materials
functioning as a loose backfill aggregate were effective in attenuat-
ing the response of the isolated structures.

"Da Deppo and Werner (3), in a study on the influence of me-
chanical shielding on the response of buried cylinders, introduced a
crushable layer directly over the buried cylinder. The use of this
crushable material greatly reduced the mignitudes of the loads reach-
ing the cylinder.

Fowles and Curran (7), in presenting theoretical descrip-
tions of the propagation of & pressure vulse in a potential backpack=-
ing material, suggest that foamed or distended materials are effective
in reducing the peek pressures delivered to a structure when an im-
pulse is applied to *he opposite surface of the foam.

In discussing the methods of mitigating the effects of shock
for lined tunnels in rock, Newmark and Merritt (16) state that the
current design concept for protective linings in competent rock in-
cludes the provision for & highly deformable material between the face
of the rock and the lining: "It would appear thet the magnitude
of .,. forces (generated by small impacts) reaching the lining could
be significantly reduced if a crushable material is introduced between
the face of the rock and the lining." )

Smith and Thompson (21) suggest that the shock energy reachs
ing & buried structure in rock can bs vartisily dissipated by (a) re=-
tlection of energy, and (b) energy absorption., They suggest that -
these requirements be met by interposing a material between the struc-
ture and the confining medium that has a low shock impedance with
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Jand an elastic-rigid locking solid (Figure 2), respectively (7).
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[respect to that of the confining medium. The impedance mismatch which
occurs will cause some energy to be reflected, If the low-shock~
impedance meterial is also very deformable under applied loads, it
vill absorb the energy present in the form of grcund motions, thereby
meeting the two requirements.,

DESIGH CRITERTA

. A review of the investigations cited above and other similar
projects provides an insight as to what is necessary in designing a !
backpacking system for shock~isolation purposes. In general, a suit-
gble backpacking should be a frangible or crushable =aterial possess-
ing a low breaking or crushing sitress leve.r and & high degree of com-
pressibility. If possessing these characteristics, the material
should dissipate s portion of the shock energy, thereby reducing the |
magnitudes of the forces reachirg the structure and should accommodate
the deformations of the cavity in which the structure has been placed,
Due 4o the le:rge relative costs of constiunction versas esign over-
preissures, the scope of interest of this paper will be limited to de-
-sign overpressures less than 1000 psi; i.e. the magnitude of the
stress transmitted to the siructure through the backpacking will be
less than 1000 psi. Assuming single-burst loading where closure of
the cavity is imminent, deformutions of the backfill to accommodate
this closure shculd be approximately 50 percent. In other cases it
may be considersbly less.

THEORY

Pressure~Volume, Stress-Strain Relationsg

The majority of the materials investigated both in the past
and at present generally fall into two distinc’s categories: (a) mated
rials having no distinct ;ield peint and some Jegree of compressibil-
ity, and (b) materials possessing a distinet yleld point and some de-
gree of compressibility. Iceally these materials can be represenied
by Pressure-volume curves for a simple-rigid locking solid (Figure l)

Consgider first the case of a simple-rigid locking solid
(Figure 1). The originel volume is designated V, . Under a very
small applied pressure, the specific volume decreases to Vq at no
appreciable increase in the pressure. At V; , the material locks
with no further decrease in volume occurring with additional in-
creases in the pressure.

In the case of the elastic-rigid locking solid (Figure 2),
the pressure~volume curve is very similar to that of the simple-rigid
locking solid but with the addition of an elastic region containing a
definite yleld point. As in the previous case, the initial specific
volume is represented by V, . Under application of pressure the
material brhaves as an isotropic elastic solid until P, , the
elastic yleld pressure, is reached. Beyond that pressure, the mate-
rial behaves like & simple-~rigid locking solid.

Under blast loading conditions, the loaded area is normally
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[s0 great that the portion of the medium under consideration and its )
inclusions can be assumed to he laterally confined with displacements
occurring only in the direction of loading. By epplying this assump-
tion of lateral restraint to the ideal pressure-volume curves, they
can readily be converted to stress-strain curves for simple-rigid and
elastic-rigid locking solids subjected to one-dimensionsl compressicv
(Figure 3). To indicate more clearly +he behavior of real materials,
the locking portion of the curves has been shown as an inclined line
representing the elastic behavior of the solids composing.the mate~
rials under consideration. With the addition of this elastic portiong
the simple-rigid and elastic-rigid locking solids will hereinafter be
referred to as plasto-elestic and elasto-plastic materials, respec-
tively. This conversion to a stress-strain relation provides a con-
venient tool for evaluating the energy-dissipating capability of the
materials. Tt

——, e tns S o -

R

Energy Absorption

The energy absorvted by a material depends on two factors:
(a) the deformation of the material, and- (b) the-forces in the mate=—
Lrial-during the-deformetion (5). The product of the strain end the
unit force results in the amount of energy absorbed by the materials:

En u 0 X € = area under the stress-strain curve (1)

(Figure 4)

is expressed as the energy per unit volume of material
and can be shown for all cases to be
€

En—[a'de (2)

From the energy relations just described, it becomes obvious
from the shape of the stress-strain curves that elasto-plastic mate-
rials are more efficient energy absorbers than plasto-elastic mate-
rials. Both materials are under consideration for use as backpacking;
however, because the plasto-elastic materials may be more economical
and thus more attractive when large volumes are necessary.

Stress Transfer

When the closure of the cavity co"taining & backpacked linex
is uniform, the deformation of the hnckpacking will also be uniform,
and hence, if the backpacking is homogeneous and isotropic, the cir-
cumferenitial stress transferred to the structure will also be uniform.
The magnitude of the stress reaching the structure will depend on the
load-deformation characteristics of the backpacking plus the amount of
deformation occurring. If, however, the deformation or stress in the}
backpacking is nonuniform, the liner will tend to deform into an oval
or.elliptical shape as shown in Figure 5.

Newmaxk (15), in discussing the factors to be considered in
designing blast~resistant and ground-shock-resistant structures; ap-
proached this problem by letting the lining deform by such an nmount
g0 &8 to develop in the backpacking appropriate resisting stresses
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€. against the deformation. The lining must, in Lhis cese, have regui-
site strength in compression ar= buckling, and must be able to geforn |

sufficiently, without failure or fracture, in order to develop the
required resistance, .

In developing the stress-transfer theory, Newmark (15} a1~
loved & and b (Figure 5) to represent the displacemente of the
cavity walls. However, because of the deformations, y , of the lirer
itself, the net change in thickness of the backpacking at the sides is
b-y and a+y . By assuming a general situation of load~
deformation for an elasto-plastic material (Figure 6), it can be
readily seen that the magnitude of the net differential preasure L~
tween points .b and a , assuuing the lining does not deform, is mueh
greater than the net differentisl pressure between points b - y and
a+y. If b=y and &+ y eare expressed as q + P, and

q - Py , respectively, it can then be said that the average of these
pressures is the uniform component of load, q , and that the dif<er-
ence frcm the average is P) » the inward or outward compdnent of
load. It is this component of load, Py , vhich.tends to produce the
elliptical or ovel deformation of the lining. As cen be seen fvom the
ideal curve~in Figure 6, the larger the net differentisl pressure, the
greater Py is. When D) 1is large, the deformations of the lining
are large. When lining deformations are large, the backpacking is
compressed more, thus cawsing the pressure differential to become
smaller, which in turn reduces and thus the deformations of the
lining and 50 or until an equilibrium is reached at a uniform pres-
sure, q . If the deformations of the cavity are such that point b
lies on the yicld plateau of the load-compression curve for the backe-
packing, the meximum stress transferred to the structure will be
equal to or less than the yield strength of the backpacking.

This same approach to stress transfer can be implemented
uging a load-deformation relation for plasto-elastic materials butb
with a little more difficulty as it is relatively impossible for a
lining interacting with the “progressively increasing stress-strain
relation of e plasto-elastic material to develop a resistance char-
acterized by a nearly uniform compression on all sides.

Thickness Determinations S
Ir general, the backpacking is most effective when designed

terial removed to form the cavity (15). For a plane wave of stress,
assuming average deformations of the cavity, the total strain energy,
both elastic and plastic, which would have existied in the core of ma~}
terial that was removed can be evaluated and equated to the relation
shown in Equation 2, By trial and error procedures, s the average
Dlastic &tress in the backyacking, and, € , the plastic strain in the
backpacking, can be evalusted (lls. The total plastic strain plus
volume allowances for the solld elastic particles of the backpacking
form the basis for detemmining the ghicimess, t; of the back-
vacking, When the cavity is in »ock, the bulking i'.enomena and the
kinetic energy of spull yrejectiles muui 2luzc be cousidered in the
taickness determination (15).
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The two ideal siress-strain relations shown in Figure 3 de-
fine the properties of a variety of materials. Figure 7 shows the
reletion between the ideal and typicals stress-strain curves for both
tynes of materials.

The typical curve shown in Figure Ta represents the stress-
strain relation for materiels that do not possess a definite yield

tieally or inelastically, or both. Granular materials are represen-
tative materials for this type of curve. Some plastics and rubbers
also possess these characteristics, However, the plasto-elastic ma-
terials discussed in this paper will be primarily the granular
naterials.,

Figure Tb represeénts the typical stress-strain curve for
elasto-plastic materials compared with the ideal curve. Insulating
concretes and plastic foams are good representatives of this class of
material, although some granulsr and other materials also exhibit

—tm 4 S E ke s e s anm———

:Plasto-Elastlc Materials

L SR L

. | Reference 8.

-

Gramular Materials., Normally the strengtn of the grains of
compebent naturally occurring materials is t0o0 great to provida the
large deformetions required before 1000-psi applied pressure is
reached. Some naturally occurring grains, however, do possesg this
deformation’ capability because of the very friable, vesiculer nature
of the grain. Klotz {12) reported on one such material, voicanic
cinders, in an investigation of various materials for vse as backpacke
ing for Operation NMOUGAT, Shot HARDHAT. Other naturally occurring
materials can be altered by various mechenical and thermal means to
produce grains of & composition suiteble for shock-icolation purposes
Such materisls as expanded clay (10), expended shale, expanded slag,
coke, cosl cinders {12), vermiculite (10 21), and perlite (10) have
also been investigated by numerous investigators for their shock-
dissipating characteristics. Sowe of the results of these investiga-
tions as well as the results of investigations of other materials
mentioned in this paper are summarized and depicted graphically in

Artificial grains can also be used for shock~isolgtion pur-
poses. The waste products of various plastic-foem manufacturing pro-
cesses oftten can be adapted for use as a granuler material,, The in-
dustrial waste as well as artificiel grains manufactured in the form
of chips or aggregate often provides adequate shock-dissipating char-
acteristics, Such artificial materials as phenolic microballoons \
(7,10), expanded polystyrene beads (10,18), plastic foam chips (10,12),
foamed metallic waste, and foamed rubber waste (10) have been evalu-
ated and found adequate, There are many waste materials which could !
prove adequate, but vecause vaste is not deliberately mamufactured,
availability and perhaps cost would probably be limiting featurea.

Peamed Materials. Many foamed materials do not possess a
definite yielid point but begin to deform with the application of very
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:bmail'pressuresf The resulting stress-strain curve is progressively'?
locking and can be assumed to represent a plasto-elastic material. i

Elnsto-Plastic Materials

Many investigations into the erergy-dissipating characteris~
tics of various elasto-plastic materials have been conducted qver the:
years in connection with the packaging industry and the Quartermaster;
Corps requirements for airdrop cushioning (2,17,22). From these in- |
vestigations emerged a family of foamed plastics and honeycombs whose
stress~-strain relations approximate that of the ideal elastic-rigid
locking solid. These materials can be fabricated so that the binder
will furnish the crushing stress level desired with the frastional
volume of voids or pores in the material being controclled so as to ob-
tain the desired deformations. This is not the final answer, however.
A good meny of the foamed plastics and-honeycombs are very expensive !
and are relatively difficull to handle and place in sufficient quan- l
tities and i adverse environments which may be dictated by the de~ |
sign and location of & buried structure. These problems, in general,!
fogtered the need for a reluwtively inexpensive construction material -
-which would serve the same purpose. Research at the University of |
Illinois (12), University of Texas (20,21), and the Waterways Experi-|
ment Station (10) has shown that ‘nsulating concretes, i.e. concretes
having an oven-dried density of '.¢ss than 50 1b/cu ft, while not as
ef'ficient as foamed plastics and honeycombs in some respects, will
provide the desired shock~-isolation charecteristics.

Plastic Foams. Not all plastic foams possess an elasto-
plastic stress-strain relation. As mentioned previously, the "flexi-
ble" plastic foams often produce & plasto-elastic stress~strain rela={
tion. "Rigid" plastic foams generally produce the elasto-plastic re-
lation. Both types transfer stress and dissipaie energy, but as men=-

tioned before, the elasto-plastic material is more efficient in both
respects.

|
|

A variety of rigid fosmed plastics are available and suit-
able for shockeisolation purposes, but more often than not, they are
extremely expensive., The rigid polyurethane foam is perheps the most
widely investigated (10,20,23) and used (7,1%,18) for this purpose.
Degpite its high cost, rigid polyurethane is still atiractive as it
is available in most areas, and is fairly homcgeneous and isotropic
when formulated properly; it possesses the desired stress-strain re~
lation; it possesses the capability of being febricated in the field
and, i closed-cell, is somewhat nonsusceptible to groundwater in-
filtration which would reduce its energy-dissipating potential.

Other typzs of foam which have been reported as suitable
energy dissipators are polystyrene (10) and polyvinylchloride (7,10).
These two materials are also very exvensive and are currently availe
able only in relatively small pieces compared with the neceds of iso-
lating & structure. The cost of assembling and fitting the small
piéces around a structure would be very great.

Honeycombs. The use of prefabricated honeycombs has proved .
an effective means of energy dissipation and stress transfer. Honey~
combs have the advantage of being very isotropic if designed properly
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(sc that the maximum stress in the packirg can elways be limited, They
can also be largely impervious to groundwater infiltration. The main:

disadvantage of honcycombs is the large cost that will be incurred in
placing the materlal around a structure, l

There are two basic types of honeycombs: paper snd metals '
lic. Paper honeycombs are used primarily at stress levels less than |
100 psi (5,23), while metallic honeycombs ere more effective at stress
levels ir excess of 100 psi (13). Because of the nature of the compo=-
sition of the honeycombs, it is doubtful if' a good bond between the |
honeycomdb and ihe structure will be obtained. h i

Insulating Concretes. Insulating concretes are best defined
as concrebes made ith portlend cement, water, air, and possibly ege- ]
gregate additions to fcerm a hardened material which will have an oven-
dried density cf “0 lb/eu £t or iess.

As in "1e case of fuam plastics, the hardened matrix pro-
vides the crushing stress level while the voids necessary for deforma-
tion are provided by the air and in part by the aggregate., The
strength of the hardened portland cement paste can readily be con=-
trolled, but the deformations present some problems. If an aggregate,
.18 used, it must be very weak and friable.
hewever, it stili contribhutes somewhat to the overall strength of the;
hardened mess, Experience has shown that the addition of too much ag-
gregate in order to obtain more deformation adversely affects tne
workabilitys of the concrete, thus making it very difficult to handle
and plece. The solvtion is that most insulating concretes, such as
vermiculite (2,10,20,21) and perlite (12) concrete, require as much as
20 to 30 percent entrained air in order to become suitable shock dis=-
sipators. Cellular concrete (9,10,12), which may or may not include
8 fine sand c¢r filler, can often be found with air contents as high as
75 percent of the total concrete volume. All of the insulating con-
cretes are relatively inexpensive when compared with the cost of the
foamed plastics and honeycowbs and can be fabricated and placed in
most environments using conventionsl construction equipment.

Other Materials. The introduction of a collapsible aggre-
gate into a suitable binaer may result in a system possessing an
elasto~-plastic stress-strain relation. Various types of ultralight-
weight concretes, plastics with .aggregate inclusions, and such foamed
binders as epoxy (10), asphalt, gypsum, sulphur (4), and various'
chemical compounds all possess possibilities as shozk dissipators.

SUMMARY

The behavior of a buried structure subjected to blast load-
ing must be evaluated on the basis of the loads reaching the structure
Regearch has shown that the use of a rroperly designed backpacking ma-
terial placed around the structure dissipates a portion of the shock
energy present in the free field, theieby reducing the magnitude of
the’ forces reaching the structure. The response of the backpacking
then and that of the structure are completely interdependent, and the
design of one camnot be considered without the desiga of the other.

Baged on the results of laboratory research (11,13), three
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et here haterials--(a) a naturally occurring friable aggregete, (b) a Zoamed |

- all plastic, and (c) an insulating concrete--are currently being utilized

s after §n a prototype experiment to evaluate their shock-dissipating and

+ fivst stress-transfer characteristics. The results of this experiment along,
Wwith other factors such as cost, availability, and ease of placement !
will enlighten the future ¢ utlook for backpacking materials pleced

first around buried structures.

e type )

21e 0f e | e rome e aen. ACKNOWLEDGMENTS . oo oviees e e
ser here

This paper is based on a resecarch project entitled "Shock
Absoromg Concrete” (10), currently being conducted at the U, S. Army
lior . Engineer Waterways Experiment Station under the sponsorship of the
f{liation Defense Atomic Support Agency, Washington, D. C. Apprecietion is ex-
.y, State Pressed to all personnel of the U, S, Army Engineer Waterways Experi-
ment Station who assisted in preparing this paper. Col. John R.
Oswalt, Jr., CE, was Director and Mr, J. B. Tiffany was Technical
-st line Director of t.he Waterways Experiment Sta.t:.on during the prepa.ratlon
—=of this pa.per. e Trmmmm T mm e

.

REFERENCES

l. Ali, A., and L. R. Benson, "Cushioning for Air Drop, Part IX,
Bibliography of Literature Pertaining to the Absorption of
Impact Energy," Structural Mechanics Research Laboratory,
The University of Texas, Austin, Texas, June 1957.

2, Covington, Clarke, "Dynamic Energy-Absorbing Characteristics of
Lightweight Vermiculite Concrete," Structural Mechaniecs Research
Leboratory, DASA 1238, The University of Texas, Austin, Texas,
June 1961,

3. Da Deppo, D. A., and J. F. Werner, "The Influence of Mechanical
Shielding on the Response of a Buried Cylinder," Engineering
Research Leboratory, University of Arizona, Tucson, Arizona,
February 1962,

4, Dale, J. M., A. C. Ludwig, and G. E. Nevill, Jr., "Feasibility of
Foamed Sulphur ss a Material for Shock Isolating Large Under-
ground Structures," Southwest Research Institute, Final Report
for the Air Force Weapons Laboratory under the U, S. Army Engi-
neer Waterways Experiment Staticu Contract No. DA-22-O79-ENG-371+'
San Antonio, Texas, May 19€':.

5. Ellis, B. C., E. A, Ripperger, and J. N. Thompson, "Design of Cush-
ioning Systems for Air Delivery of Fquipment," Structural Me-
chanics Rerearch Laeboratory, The University of Texas, Austin,

i Texas, August 1961,

6. Engineering Research Associates, Bureau of Mines, and the Armour

, . Research Poundotion, "Underground Explosion Test Program,"
Voiume 2, Kwek, Contract No. DA-OL-167-ENG-298, for U. S. Army i

3 # i Corps of Fngineers, Sacramento Distriet, April 1953.

o * 7. Fowles, G, R., and D, R, Curran, "Experimental Testing of Shock

| < Attenuaiiny Materials-Final Report," AFSWC-TDR-62-22, Poulter

o i proper

i ap Markingl i -
A e on first ﬂﬁ}?’1;(5?2?ﬁ\[3ﬁ‘rQXticatlon

e e of paper page_9
y T

e | OACIN/D Tawn AC 7 Qan AR

f m e mn—— 0 ————

-—
—

) B

s
ey



=2
B3

4

EEN BFEESE |

we ol au-

ir{3) here HOFF

-

irt here
* all

res after
¢ fivst

first

e type
e 0f cgem
ey here

oY
“fliation
.y, State

‘st line

4

I proper

tip Marklng
»on first
: of paper

1.
amsc i

10. Hoff, George C., "Shock Absorbing Concrete," In preparation for

fL3. Lewallen, J. M., .nd E. A. Ripperger, "Energy-Dissipating Charac-:

i, Merritt, J. L., and N. M. Nevmark, "Evaluation of Tunnel Liners

15. Newmark, N. M., "Design of Structures for Dynamic Loads Including

16. Newmark, N. M., and J. L. Merritt, "Nuclear Geoplosics, Part 5,

13
i et I F U

p— s o - e e wrw o maw PR

“lLaboratories, Stanford Research Institute, Menlo Pe*k, |

California, March 1962,

8. Hoff, George C., "Shock-Isolating Backpacking Materials, A Review
of the State of the Art," Proceedings of the Soil-Structure
Interaction Symposium, University of Arizona, Tucson, Arizona,
June 1964,

9. Hoff, George C., "Energy Dissipating Characteristics of Light

Weight CeXlular Concrete," Journal of the Mississippi Academy

of Sciences, Abstract, Volume 9, Mississippi State University,

State College, Mississippi, 1963, pp 195 and 196.

| )

—— S — ——

the Defense Atomic Support Agency, Washington, D. C., by the
U. S. Arny Engincser Waterways Experiment Station, Vicksburg,
Mississippi.

—— A ————— b

11, Jones, R. E., and D, L. Hunzicker, "Calculating Cushion Thickness'

by Analysis of Stress-Strain Curves," Forest Products Lebora-
tory, U. S. Department of Agriculture, Contract No. AF-
33(038)-81-4065 for Wright Air Development Center, erght-
Patterson Air Force Base, Ohio, January 1954. .-

A . ———

12:—Klotz, L. H., "Evaluation of Tunnel Liners in Granite, Shot HARD-

HAT, Operation NOUGAT, Static Stress-S‘rram Curves for Various .
Materials Inwvestigated for Use as Packing," University of I1li-:
nois, Final Report, vol III, Contract No. AF-29(601)-4993 for |
Air Porce Weapons Laboratory, Kirtland Air Force Base, New
Mexico, February 196k4.

teristics of Trussgrid Aluminum Honeycomb," Research Memorandum
No. 5, Structural Mechanics Research Laboratory, The University
of Texas, Austin, Texas, March 1.962.

in Granite, Shot HARDHAT, Jperation NOUGAT, Proposed Tests of |
Lined Tunnels in Granite," University of Illinois, Finel Report,
vol IV, Contract No. AF-29(601)-4993 for Air Force Weepons Lab-'
oratory, Kirtland Air Force Base, New Mexico, February 1964,

the Effects of Vibration and Ground Shock," Department of Civil
Engineering, University of Illinois, Urbana, Illinois,
July 1963. I

Effects on Underground Structures and Equipment,” University of .
Illinois, 3203(V) Draft Prepared for the Defense Atomic Support
Agency, Washington, D. C., 1285-DASA(V), under Contract Nos.
DA-U9-~146~X7-027 and DA-U9-146-XZ-030, July 1962.

17. Rempel, J. R., "Shock-Wave Attenuation in Elastic Rigid Foems,'
Poulter Laboratories, Stanford Research Institute, Contract

No. AFP-29(601)-k363 for Air Force Weapons Laboratory, Kirtland
-+ Air Force Base, New Mexico, October 1963.

18. 'Sevin, Eugene, "Ground Shock Isolation of Buried Structures,"
Armour Research Foundation of Illinois Institute of Technology
Report No. AFSWC~TR-59-47, Contract No. AF-29(601)-1134 for

S5t wecurlty Class L‘xution

heve in Bleck Ink

OCRD/P Farm AQ 97 San A%

page 10

M ~,

. e h - ——————

—
L]

{

|

1

‘

-1 10

-l WD




sert Jast

ae of au-

s (r) heve
S

art heve
r all

Jen alter
> Yirst

first

e type
tle o1 U Yo,
ser here

hot o
f{iliation
1y, State

st line
e

(- ot M
; { - Lo
- I (30
HOFE_ |
_~ Alr Force Special Weapons Center, Kirtland Air Force Base, New '
Mexico, Augus" 1959, i
19, Sevin, E., S, Shenkma.n, an? E, Welch, "Ground Shock Isolation of .

Buried Structures," Armour Research Foundation of Illinois
Ingtitute of Technology Report No. AFSWC-TR-61-51, Final Report,
Contract No. AF-29(601)-2586 for Air Force Special Weapons
Center, Kirtland Air Force Base, New Mexico, July 1961.

120, Smith, E. F., E., S, Perry, N. Burns, and J. N. Thompson, "Effects

of Shape of Load Pulse on Shock-Mitigating Characteristics of |

Vermiculite Concrete and a Polyurethane Plastic," Structural '

Mechanics Research Laboratory, The University of Texas, Austin,"

Texas, July 1962,

21, Smith, E. F., and J. N. Thompson, "A Study of Vermiculite Con- !
crete as a Shock-Isolating Material," Structural Mechanics Re- '
search Leboratory, The University of Texas, Contract Report "

No. 6-83 for U. S. Army Engineer Waterways Experiment Station, :

Vicksburg, Mississippi, under Contract No. DA-22-079-ENG-342, ‘

October 1963. "

22, Swafford, J., "Determination of the Energy Absorption Character=-

-istics of Various Low Density Foam Type Plastics," Report No.

Ahgﬁ, McDennel Aircraft Corp., St. Louls, Missouri, March

19

23, Turnbow, J. W., Hudson Matlock, and J. N. Thompson, "Cushioning
for Air Drop, Part III, Characteristics of Paper Honeycomb
Under Dynemic Loading," Structural Mechanics Research Labora-
tory, The University of Texas, Austin, Texas, August 1956.

24, vVeile, R. B., Jr., "Isolation of Structures from Ground Shoclk,'

Operation PLUMBBOB, WI-142h, Stanford Research Institute,

Menio Park, California, 1957.

LIST OF SYMBOIS

&,b = displacements of cavity walls
E, = energy absorption per unit volume of material
P = varying component of packing pressure on liner
Pe = pressure &t elastic yield point of the ma.‘beria.l
-Po = original pressure
Pl = pressure at the locking state of the ma.teria,l
q = uniform component of packing pressure on liner
r = radius
te '= thickness of backpacking
Ve = yolume of material at pressure P
Vo = original volume
vy = = yolume of the material in the locking state N
y = deformation of liner
. € = gtrain
¢ = gitress

' g = average stress
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