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FOREWORD

This paper was prepared at the request of Brigadier General W. C. Hall,
USA, Ret., Editor, THE MILITARY ENGINEER, Washington, D. C., for considera-
tion for publication therein. Publication oﬁ the paper was approved by the
Office, Chief of Engineers on 6 September 1967. Approval for use of a
Defense Atomic Support Agency {DASA) photogrsph was obtained from DASA,

Test Command, Albuquerque, N. M., on 22 August 1967.

The work upon which the paper is based was conducted by the Concrete
Division of the Waterways Experiment Station, Corps of Engineers, for DASA,
Washington, D. C., and Albuquerque, N. M., under the supervision of
Mr. Bryant Mather, Chief, Concrete Division, and Mr. James M. Polatty, Chief,
Engineering Mechanics Branch, Concrete Division,

Colonel John R. Oswalt, Jr., CE, was Director of the Waterways Experiment

Station during the preparation of this paper. Mr, J. B. Tiffany was Technical

Direc:or.
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27 July 1967
SHOCH~MITIGATING MATERIALS
by

George C, Hoff¥

In the desizn aad construction of underground structures, there
is a need for knowicige of the structure-medium interaction with advances
in weapons developr:ent. The difficulty in understanding structure-me lium
interactions and “.:signing of buried structures have become further com=
plicated by tks :.roduction of complex grouné motions and very high
applied loads. <unservative design of buried structures to resist these
high loads results in solutions that are extremely costly, Nevertheless{
catastrophic f iiure of the structure cannct be tolerated.

The app’icd forces for which a blast-resistant structure must be
designed are transient in nature, and their probability of occurrence
is small, The magnitude of these forces depends on a numher of factors
over which the designer has no countrol,” To eliminate some of the many
unknowns imposed on the structural design of a buried struiture, the
designer may employ various structural systems in selected sanvironments
waich wiil increase the probability of survival of the structure and
ics contcats., The Concrete Division of the U. S. Ammy Engivecr Waterways
Exserineat Stotion (WES) at Jackson, Mississippi, has been investigating
or. concept for aiding the designer of deeply buried protective struc-
LS .—2HTS ¢oncepe is the usc of shock-mitigating backpacking materiuls

Jound Jae shructure, —
C, Fos

L
cn civil engineer, Coacrete Division, U, S. Army Engineer
aye Experiment Station, Jackson, Mississippi.
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. iN/ Backpacking Design Considerations

In general, a suitable shock-absorbing backpacking should be a
crushable material possessing a low crushing stress level and a high
; degree of compressibility. By possessing these characteristics, the
Q material should dissipate and possibly reflect a portion of the shock
energy, thereby reducing the magnitudes of the forces reaching the

;) structure and should accommodate the deformations of the cavity in which

the structure has been placed.l)Ere to the large relative costs of con-~
struction versus design overpreﬁéures, the scope of interest of back~
packing materials is usually limited to design overpressures less than
1000 »si; that is, the assumption is made that the magnitude of the
stress transmitted to the structure through the backpacking will be less

than 1000 psi. Assuming single-burst loading where tendency is for the

I S R L ROATCOSTRL R Y AR

cavity to close, deformations of the backfill to acconmodate this ten=-

deacy should be approximately 50 percent. In other cases it may be

gt AT

considerably less,
The majority of the materials investigated both in the past and

at present generally fall into two distinct categories: (a) materials

3 o

having no distinct yield point dand somc degree of compressibility, and

)

{v) materials possessing a distinct yield point and some degree of com~

dcessibility. Ideally, these materials can be represented by stress-

w.lommation curves for plasto-elast.c waterials (fig. la) and elasto-

A S bt 3T AgTn

piastic materials (fig. lb), respectively, The amount of enexgy absocbed

per unit volume by the beckpacking can be determined as the product o:
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the deformation and the unit force in the material, or simply, by the
arca under the stress~deformation curve, It then becomes obvious from
the shape of the curves in fig. 1 that elasto-plastic materials are more
efficient energy absorbers than plasto-elastic materials, Both materials
are undev consideration for use as backpacking; however, because the
plasto-elastic materials may be more economical, they may ba more attraz-
tive when large volumes are necessary. In general, the backpacking is
most effective when designed to have an energy-absorbing capacity equal
to that of the core of material removed to form the cavity. \

When the closure of the cavity containing a backpacked liner is
uniform, the deformation of the backpacking will also be uniform, hence,
if the backpacking is homogeneous and isotrepic, the circumferential
stress transferred to the structure +7ill also be unifoxrm. The magnitude
of the stress reaching the structure wili depend on the load-deformation
characteristics of the backpacking plus the amount of deformation occur=
ring. If, however, the deformation or stress in the backpacking is non«
uniform, the liner will tend to deform into an oval or elliptical shape,
as shown in fig. 2, so as to develop in the backpacking appropriate
resisting stresses against the deformation, The lining must, in this
case, nhave requisite strength in compression and buckling, and must be
adle to deform sufficiently, without failure or fracture, in order to
develop the requiFed resistance.

Notations a and b in fig. 2 reprvescnt the displacements of the

cavity wallgs., However, because of che deformations, y, of the liner

itself, the net change in thicuncus of the backpacking at the sides is
i)
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b - yand a + y. By assuming a general situation of load;deformacion
for an elasto-plastic material (fig. 3), the magnitude of the net dif-
ferential pressure between points b and &, assuming the lining does not
deform, is much greater than the net differential pressure between
points b - y and a + y. If b = y and a + y are expressed as q +Py and
q9 - Pp» resyectively, the average of these pressures is the unifomm
component of load, g, and that the difference from the average is p;,
the inward or outward compouent of load, It is this component of load,
28 which tends to produce the elliptical or oval defoxmation of the
lining. As can be seen from the ideal curve in fig. 3, the larger the
net differential pressure, the greater 12 is. When p; is large, the
deformations of the lining are large., When lining deformations are
large, the backpacking is compressed more, thus causing the pressure
differential to become smaller, which in turn reduces Py and thus the
deformations of the lining and so until an equilibrium is reached at a
unifomm pressure, q. If the deformations of the cavi’y are such that
voint b lies on the yield plateau of the load-compress.on curve for the
backvacking, the maximum stress transferred te the structure wiil be
equal to or less than the yield strength of the backpacking,

This same approach to stress transfer can be implemented using a
load-deformation relation for plasto-elastic materials but with a little
more difficulty as it is relatively impossible for a lining interacting
with the progressively increasing stress-strain relation of a plasto-
elas* ‘¢ material to develop a resistance characterized by a nearly
unifom compression on ail sides.
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Materials

The two ideal stress-strain relations shown in fig. 1 define the
properties of a variety of materials, Fig. 4 shows the relation between
the ideal and the typical stress-strain curves for both types of material,

The tynical curve shown in fig. 4a represents the stress-strain
relation for materials that do not possess a definite yield point (plasto-
elastic) but are still very compressible, either elastically or inelas-
tically., Grarular materials, either naturally occurring such as volcanic
cinders, or artificially produced such as expanded clay, shale, vermicu=«
lite, and perlite, or foamed plastic and metals in a granular form are
representative for this type of curve, Some plastics and rubbers also
possess these characteristics.

Fig. 4b represents the typical stress-strain curve for elasto-
plastic materials compared with the ideal curve. Insulating coucretes,
rigid-foamed plastics., honeycombs, and other foamed materials such as
gy»sum, glass, epoxy, and sulphur are good representatives of this class
oi material, although some granular and other materials may also exhibit
this type of behavior,

The ultimate selection of a backpacking material for a given use
saoulc depend upon the actual Eervice conditions and the final cost of
the in-place material, Since a variety of materials appear to possess
tiie desirable characteristics of a suiéable backpacking, ideally, the
designer should thoroughly examine all of the available materials befoue

rnaking his selections. To aic the designer in his selection, materials

o raate
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that lend themselves to easy handling and placing, using conventional
construction equipment are being investigated at WES, One such material
that appears to be very promising is cellular concrete,

Cellular concrete, which is also called "foamed" ccnerete, is
usually made for cast-in-place operations by adding predetermined amounts
of an organic-based foam to a portland-cement slurry either with or with-
out additions of a sand or filler material, The foam, which resemilzs
the shaving cream obtained from aerosol cans, contains numerous little
individual bubbles, which when coated with a cement paste provide the
cellular nature of the hardened material. In most cases the foam can
be mechanically blended into the slurry using conventiocnal concrete and
plaster mixers, In some instances, ready-mix trucks can also be used to
do the biending. The cellular concrete in the unhardened condition is
easily pumped with positive-displacement~type pumps for horizontal dis~
tances of 600 ft and against heads of 50 ft without appreciably changing
the deasity of the coacrete,

For backpacking purposes, a neat cellular concrete can be made at
unhardened densities of 20 to 50 lb/cu £t with water-cement ratios (by
weight) from approximately 0.6 to 1,1 Scpending on the compressive
strength desired. Fig. 5 shows a typical yield-stress unhardened-density
relation for a neat cellular concrete having a water-cement ratio of 0,76,

The equipment shown in fig. 6 is typical of that which can be used
for the fabrication and pumping of celiular coacrete. The design of this
equipment was recommended by Wud, Since its construction, it has been
successfully used under the divection of WiS to place approximately

6
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19,000 cu yd of neat cellular concrete as backpacking for deeply buried
protective structures, The unit consists of two 1/2-cu-yd plaster
mixers that do the blending of the foam and slurry; two automatic foam
generation systems, one for each mixer, with reset timevs that put an
identical amount of foam into each batch if desired; two auxiliary water
meters, one for each mixer, for use in nodifying the water comtent of
the slurry if necessary; a large concrete hopper; and a lavge open-throat
positive displacement pump for moving the concrete in:zo the formwork,
The cement slurry is introduced into the mixers by means of an auxiliary
metering system that puts exact amounts of a premixed slurry in each
mixer. It can also be made at the mixer using dry cement and water from
the auxiliary water meters, The second method is more time consuming.
When the slurry is prewnixed, the equipment, when operated properly, has
a capacity of 30 cu yd an hour,

The formwork necessary to contain the cellular concrete needs to
be watertight as the cellular concrete will leak out of very small hclas
or cracks. Once in the form, the cellular concrete requires no rodding
or vibrating, and because of its very fluid consistency, seeks its cwn
level. Fig. 7 shows a typical horizontal concrete barrel that has been
bacxkpacked with cellular concrete,

The 19,000 cu yd of cellular concrete placed using the equipment
shown in f£ig, 6 was done at an in-~place cost of approximately $12,50 per
cu yd, including materials and lobor., For comparison purposes, similar
bavrel coniigurations were buckjpucies with 600 en yd foamed poiyurethane

plastic at a cost of approximateay 43 cimes that of the cellular concrece,

+4




The cellular concrete does, however, have some limitations.
Because of its very high porosity at the lower densities, it is suscep-
tible to the infiltration of groundwater. This would reduce its effec-
tiveness in shock mitigation. If water is a problem, conwventional
conistruction techniques can be used, nowever, to exclude it from the !
area., The concrete also continues to increase in strength with time
which would change the expected loading on the svructure with time., By
proportioning the concrete for strength at 90 days age, however, the
effect of this increases would be minimized as the strength increases
after 90 days are very small,

Additional work is currently being conducted at WE3 to develop
new backpacking materials and to improve the quality of eéhipment and

procedures for handling and placing existing materials that appear to

have promise for use as backpacking,
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