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FOREWORD

The BIG PAPA, Phase III, program involved many subprograms. T.-
material contaired in this report i{s the result of one of those. suby: dgrams..

No attempt is made to describe or discuss-any other aspects of the »IG PAPA

program, This research investigation was sponsored by the Air Foir? Weapcus

Laboratory, Kirtland Air Force Base, New Mexico, and coordinated .i%h the
Air Force Oéfice of Civil Engineering, Washington, D, C.

The investigation was conducted both 9t the Concrete Divisisi, U. S.
Army Pngineer Waterways Experiment Station (?ES) and the Hfll A.r Porceé base
Test Ranée, Lakeside, Utah, during the period éf June. 1967 to ..« ober 1967,
The work was accompiiahed under the general supervision of Mr. Bryant Mather,
Chief of the Concrete Division, and M., James M, Polatty, Chief ;f the )

Engineering Mechanics Branch, Concrete Division. The theoratical considera-

tions and laboratory work were provid:1 by Mr. Anthony a. Bombich of the

Engineering Physics Section, Engineering Mechanice Branch., The materials

work and field inspection and supervision were provided by SP4 William F.
McCleese and Mr. George C. Hoff of the Concrete and Rock Properties Section,

Engineering Mechanics Branch., This report was prepared by Mr, Hoff under

the direct supervision of Mr, William 0. Tynes, Chief of the Concrete and

Rock Properties Section,

Director of WES during this investigation was COL John R. Oswalt, Jr.,

CE. Mr. J. B, Tiffany was Technical Director.
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: : NOTAT".ON ,
:\;’u <
; dp . Depth of penetration
h  Total thickness of acceptor material
F : KE  Kinetic energy ' '
‘1 ’ . '
2 m, my Mass '
_,~ V. Velocity
Up, Plastic energy (nonrecoverable)
' ' U,  Total energy
\ e~ Strain (unit deforwation)
Y )
. & Yield strain (yield deformation)
b Tt ‘
- €0.40 Forty percent deformation
¢ Stress
’ o Yield stress
B y
;4 60 40 kverage stres» to 40 percent deformation’
-? % .40 Stress at 40 percent deformation
vii




*Conversion Factors, British to Metric Units of Measurement

k British units of measurement used in this report can be convected to |
¥ . . ' . .

i metric units as follows:
~' : Multiply By To Obtain

% inches " 2,54 centimeters

3 feet 0.3048 meters

1 squaré inches 6.4516 square centimeters

2 ’ cubic feet 0,0283168  cubic meters

}3 gallons 3.78533 liters

3 . pounds 0.45359237 kilograms

N pounds per squarz inch 0,070307 kilograms per square centimeter
%ﬁ pounds per square foot  4,88243 kilograms per square meter

. - foot~pounds 0,138255 meter-kilograms

2o
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;ﬁ SUMMARY
‘? The objectives of this study were to determine the feasibi lity
i
% of using cellular concrete as a fragpent-catching mechanism for acceptor
~§; blocks and, if feasible, to provide laboratory and field support for the
? design: calibrétion, inspection, and postshot evaluation of cellular
;g concrete to bg used in ten acc~ptor blocks subjected to fragments and '
,g‘ barrier spalls from a munitions explosion.
:; A Vimited study involving three test shots with the WES air gun and
'g a standard cylindriéal shaped projectile traveling at lifferent velocities
;é into ; block of cellular concrete indicated that the cellular concrete would
?‘ accommodate fragments and barrier spallsiby a predominately plastic failure
; with little 6: no rebound, cracking, and splitting. The results of these
‘§ —'r shots also indicate that it is possible to calibrate a mixture prop?rtion
% for cellular concrete with respect to a given projectile shape, mass, velocity,
%‘ and orientation.
_; Supervision and inspection of the field placing of 740 cu yd of cellular
~§‘ ‘concrete for ten acceptor blocks were provided. Due to severe damage
224 inflicted to the blocks by the explosion and accompanying crater and ejecta,
i no useful information was obtained from a postshot inspection. Sixtieen

N o TR
RO SR

strength control cylinders were evaluated and are analyzed along with the

quality control unit weight checks made during placing. The specifications !

for the cellular concrete acceptor blocks are contained in the appendix to

this report,

Preceding page blank
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PROJECT BIG PAPA - PHASE 11l
CELLULAR CONCRETE FRAGMENTATION ACCEPTORS

PART I: INTRODUCTION

gackground

-

1. Im No;ember 1961 an investigation entitled "Shock-Absorbing
Materials' was begun at WES to evaluate and develonp materials which coulh
be used arodhd deeply buried protective structures and missile silos to
absord grouné motions, dissipate shock energy, and transmit particular
design stress levels to the structures, The results of the initial

1

studies of that investigation® indicated that low-density concretes were

satisfactory for that purpose and that they were also relatively easy to
handle aund place and economically attractive. Of the types of low-densfty.
concretes investigated, cellular concrete, or "foamed" concrete, as it is
often called, appeared to have a slight advantage over the other types when
considered for use in remote construction areas as the foamed concrete
required only air as aggregate and thus eliminated low-density aggregate
trangportation and handling problems associated with the other types of
low~density concretes.? The physical properties and characteristics of
cellular concretes vith respect to this type of application are reported

in reference 3.

2. In March 1965 coastruction of a tunnel complex using cellular

concrete @8 a shock-chsorbing backpacking material wds bagun and continued




for appro-imately 14 months. This construction resulted {n the placing
of approximately 19,000 cu yd of cellular concrete designed for a number

4

of different densiti{es and strengths” at an in-place cost of $12,50 per

cu yd of cellular zoncrete. o
3. Concurrently with the above field program, a laboratory study
entitléd "Inve#tigation of Wall Construction Techniques to Attenuate
Blast Effents from High-~Explosive Detonations® was designed and £inally’
initiated in November 1965. The objective of this study (which is still
continuing) s to investigate methods of attenuating the blast effects of
aceidental detonations in facilities for the manufacture, assembly,
maint;nance, and ster gy of high explosives, munitions, and high-energy
propellants. In Zhe case of explosive materials situated in adjacent
areas, the problem of propag:tion from one lot to another is being studied
as it has been clearly ectablished that high-velocity fraguents are a
principal mechanism of propagation. These may be "primary' fragments from
munitions and/or the materials encasing or adjacent to the explosives
and/or "secondary" fragments produced by breakup or spalling of barriers
separating the donor and acceptor explosives. Initial test results3,6
indicate that cellular concrete when used in sandwich-type well construction
ie effective in reducing peak stresses in the wall and in reducing the spall
potential of the wall.

4. 1In all of the above studies involving cellular concretes, many

conprersfon tests were made on constrained samples of cellular concrete




for both slow and rapid rates of straining. <n wost instances this test

consisted of uniaxially loading the surface of a &-in,-diameter by 6-in.-
high constrained cylinder with a 4-in,-diameter loading piston. The
resulting test was a combination of compresaion and, once the e;;ple
reached its crushing stress, punching shear. These teste, regardless
of the strain rate, demons:ratedlthe eoility of cellular concrete to ,
absorb the eﬁe;gy and displacements cauv:z2d by a moving piston or projectile
without disintegrating the concrete and with negligible rebounds.

S. In June 1967, at the request of the U. S. Air Force (AFOCE-KC),
the WES initiated an investigation that would utilize 1ts eitensive
background with cellular concrete and evaluate the fragment energy
transmitted from muaitions explosions and barricade spalls to simulated

acceptors, These acceptors were to be made of cellular concrete. This

report contains the results of that evaiuation.

Purpose and Scope of Investigation

6. The purposes of this investigation were to:
a. Determine the feasibility of using cellular concrete as a
fragment-catching mechanism for acceptor blocks.
b. 1In the laboratory, calibrate cellular concrete as a fragment-
nsatching mechanism,
¢. Provide &1l cellular concrete mixture proportions to be used

in the field test portion of BIG PAPA, Phase III,




L5 s hsadrabond

d. Provide guidance and help to the contractor perforwing the
cellular~concrete field placement with regard to equipment, materials,
mixing, handling, and placing.

e. Provide inspéction of all cellular concreote duriug’ﬁlacement,
including all qdjustments of mixture proportiris, sampling, and testing,

£. Provide postshot inspection an :valuation of all acceptor
pads to include plotting fragment locations, angles, depth of penetrati;n,
and fragment retrieval.

g IExperimentally determine the deptﬁ of penetration versus
fragment energy for idealized shapes representing the actual fragments
retrieved and relate this information to the observed penetratione in the
field.

7. A limited study involving three test shots with the WES air gun
was done to determine the feasibility of using cellular concrete as an
acceptor and also to roughly calibrate some cellular concrete made with
the same mixture proport:ions as the concrete proposed to be used in the
field phase. Supervision and inspection of the field placing of the
cellular concrete was provided for ten acceptor blocks constructed at the
Hill Air Force Base Test Range, Lakeside, Utah. Approximately 740 cu yd
of cellular concrete were placed. Due to severe damage inflicted to the
blocks by the explosion and accompanying crater and ejecta, it was

impossible to conduct any of the proposed postshot work.




PART II: THEORETICAL CONSIDERATIONS

3
3

8. The principal purpose of this study is to determine the kinetic

a4

energy of munitions fragments and barrier spalls at the moment of contact
-

of these missiles with the surface of the acceptor pads. Classically, the

kinetie energy. is expressed as:

: KE = 1/2 mV? Q)
‘ where s '
| m = mass8 of the fragment

V = velocity of the fragment

3

\ 9., Consider fi;st a projectile of mass, m;, moving along a constant
path with a constant velocity, Vi, and uniform orientation. The projectile
] is flat-ended with a unit end area and a uniform cross section. Neglect, .
] for the moment, all other factors that may affect the behavior of this
projectile in flight. At the moment the flat-end unit area makes contact
with an acceptor surface, the projectile will have a kinetic energy equal
to 1/2 my V12. £ the acceptor matarial {8 uniform, homogeneous, and has
a constrained stress-deformation characteristic such as that shown in
plate 1, the depth of éenetration of the projectile into the acceptor
] can readily be determined, The amount of energy dissipated per unit
volume of acceptor material is equal to
8
Ut=5o’.dg (2)
0
where

U, = total energy dissipated, in.-1b/cu in,
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a = atress in the material, psi

e = total unit deformation in the material under the loaded
area, in./in.

Simply, Ut is equal to the area under the stress-deformation curve to
. U

a given unit deformation, e. For the penetration problem, Uy will be

equal to KE, hence

R 2 € .
‘ 2av?= [*q. d )
0

or for a unit end area of projectile

V2V =5 . . ()

-

where & = average stress in the matcrial to unit deformation, ¢, psi.

In terms of the unit deformation

2
™MV

3

(5

or
.'C = SB ' : (6)
h

where

depth of penetration, in.

[9
-/
u

total thickness of acceptor material, in,

’

The depth of penetration is then equal to
\ 2
dp = mlvl h 1¢))
2n
10. 1In the laboratory, the idealized projectile described above can

be used on acceptor materials of known stress-deformation characteristics

PIIREFIINIS ¥ Y=o
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and, knowing the mass and impact velocity of the projectile, the depth of

penetration can both be celculated and measured. In the field, however,

the impact velocity is not known. The stress-deformation characteristics

of the acceptor material can be determined: and, after penetrafibn by the

projectfle, the depth of penetration can be measured and the projectile

retrieved and its mass determined. From this informatjon, the impact

velocity can be calculated as

"

and from equation 1, the kinetic energy of the projectile determined,

11. There are other factors not considered in equation 8 which affect

the depth of penetration of a fragment; in general, however, equation 8

can be used to obtain a rough approximation of the kinetic energy. Other
factors which affect the depth of penetration are: the shape of the

fragment, the orientation of irregular shapes, the surface areas presented

to the acceptor material‘during penetration, and the loading rate. A
needle~ or bullet-shaped fragment of a given mass and velocity can be expected

to penetrate further than a disc-shaped fragment of the same mass and velocity

impacting on its flat surface., Since most materials which could be used

as acceptors, including the cellular concrete, are strain- and load-rate

sensitive,3 the rate at which the acceptor material is loaded by the frag-

ment will also affect the acceptor's resistance to penetration. Faster

rates of loading and straining result in greater @ values for a particular

material and, hence, greater registance to penetration.
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12. Both of the factors just mentioned may contribute some error
in the determination of the kinetic energy of a fragment, These f;ctors
would be in evidence regardless of the acceptor material used. The effect
and magnitude of the error associated with these factors can b;’éetermined

in the*laboratory, however, and then compensated for in the determination

of the actual field kinetic energy.
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PART III: LABORATORY PHASE

13, A series of three te;ta was conducted to ascertain the
feasibility of using cellular concrete as a fragment-catching mechanism
AP
for acceptor blocks and the calibration of depth of penetration versus
fragment energy.

© Materials

14, A 2-ft cube of cellular concrete was used to simulate a field
acceptor, The cellular concrete contained no aggregate or mineral filler
but wdas composed only of cement, water, and air., Type III cement was
used. The water-cement ratio (by weight) was 0.65 and the concrete had
a unit weight of 43 pef. The concrete Slock was evaluated at nine days
age and had a cylinder yield strength of 156 psi at that age. The block

and the cylinders were cured in the mold 48 hr and then air cured in the

laboratory until tested.

Test Apparatus

15, A 2.3-1b cylindrical aluminum projectile was used in all tests,
The projectile was fired from a gas gun having a 2-in. bore, 10-ft launch
tube, and a pressure chamber designed for 2000 psi. Both the weight of
the projectile and the breech pressure can be varied to attain different
impact velocities, For these tests, the prpjectile weight remained constant
and the breech pressure was varied, The projectile velocity was determined
from a breech pressure-projectile velocity correlation which had been

developed for the actual projectile uaed,

—

e .«\‘0\.‘2:\ 4
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Test Procedures

16, The plane-faced cylindrical projectile was impacted on the
cellular concrete block at velocities of 200, 310, and 380 fps. Fhe
blocks were unconfined with a semirigid support at the rear su;;ace
opposiie the impact surface. The depth of projectile penetration was

measured with a steel rulée, .

[}

I

X Test Results

17. The results of the impact tests are shown in table 1: Plate 2
ahows;the rélation between depth of penetration and impact velocity,
Photographs 1 and 2 show the actual projectile penetrations into the
acceptor block for shots 1 and 2, As shown in these photographs, a
clearly defined path of penetration into the cellular concrete exists.

No spalling or cracking which would interfere with a depth of penetration

measurement is visible around edges,

Discussion of Results

18, As indicatediin plate 2, a correlation between depth of penetration
and impact velocity for a projectile of a prrticular size, shape, and
orientation can be made. The cellular concrete appears to have negligible
amounts of cracking and splitting under impact loads and had predominately
plastic failure with little or no rebound., Based on the results of these
linited tests then, it can be concluded that cellular concrete has the desired
naterial properties and behavior to be used as 8 fragment-catching mechanism

in the field phase of this study.

10
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PART IV: FIELD PHASE

19. The actual placing of the cellular concrete for the field
aceeptor pads (fragmentétion traps).pegan on 29 September 1967, A total
of ten fragmentation traps was placed over a five-working-day pEEiod.

The pads were located in an array around a central donor pad and six
revetment wa;is as shown in plate 3. Each trap had both an alphabetic

and a mum;rigai designation as indicated in plate 3. Traps Al, Bl, Cl, 61,
El, and Fl, which immediately surrounded the donor pad and revetment walls,
were 30 ft wide by 30 ft long with a 7-ft vertical face. ‘The pads were

2 ft thick for both the horizontal and vertical sections. Plate 4a shows
a sketch of one of these traps. All six of these trars were constructed
on previously compacted 5-ft earth fills with the front face of the
cellular concrete extending to the ground surface. The remaining four
traps, A2, A3, D2, and D3, were 30 £t square by 2 £t thick and were

constructed on the flat desert floor. Plate 4b shows a wypical sketch

of this type of trap.

General Conétruction

20. To avoid repetition, it can be stated that the construction,
in general, was in accordance with the job specifications as contained
in Appendix A of this report with exceptions that will be noted in the

remainder of this text plus supplemental comments that are also included.
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Materials

21. Type III cement vas used for the entire job. The foaming
agent used was a stabilized protein concentrate. The actual mixture
.-
proportion used is contained in section 7.3 of the specifications in

Appendix A,

Cellular Concrete Fabrication }

22, The cellular concrete was batched in 6-cu-yd quantities in ready-
mix transit trucks. The cemént was used in bulk and was stored in temporary
field;storage trucks. The required aﬁount of cement for a 6~cu-yd batch
was fed into a weigh-batcher which, in turn, dumped the cement info the
trucks as the water was being added (photograéh 3). The mixer drum of the
truck was operated at its maximum speed during this operation in an attempt
to eliminate the balling of cement in the mixer,

23. Once the slurry was mixed, the preformed foam was added.
Photograph 4 shows the truck backed up to the foam generating equipment
which had been mounted on a pickup truck. The foam solution and discharge
rate for the foaming nozzle had been adjusted and regulated so that 55 gal
of premixed foam solution would provide the necessary amount of preformed
foam for a 6-cu-yd batch. The total discharge time for this amount of foam
was 10 minutes. Photograph 5 shows the preformed foam entering the mixing
truck. The speed of the mixing drum was greatly reduced during this opera-
tion to prevent knocking some of the air out of the foam, Once the foam
had geen added, the truck was imm;diately brought to the formwork and the

load emptied (photograph 6). Photograph 13 shows the proximity of the

batching operation to the formwork,
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Forsjork

H
.gt 4 24, Only two types of forming were necessary: the horizontal trap

] with the vertical face and the horizohtal trap wichout the vertifgl face,
'éi [ Photograph 7 shows a typical view from the rear of the form of the horizontal
i; portioﬁ.of the formwork with the vertical face. PhotographIB shows the {nside
ié of Ehe vertical face of t@at same form. The brscing required for the vertical
%2 face is shown in photograph 9. Inadequate bracing will result in form move-
;;i ments which cannot be tolerated as seen in photographs 10 ;nd 11. The

§§ 4 cellular concrete had been placed in the vertica face portion to a level
E; h as in&icated by the concrete of the formwork in photograph 10, The form
é% L t then moved due to the hydrostatic loading by the concrete and buckled,
R

]
1 causing the concrete to flow out from under the form (photograph 11).
4 _' Photograph 12 shows an overall view of this type of formwork, The typical

3 foruwork without the vertical face i{s shown in photograph 13.

Cellular Concrete Sampling, Placing, and Curing

25, One 6~ by 12-in, cylinder was made for any load or portion of a
This

b e Al

load of concrete that went into a given fragmentation trap form.

LN

resulted in 131 cylinders, which represented 740 cu yd of cellular concrete.,

These samples were used to check the unit weight »f each truck at the time

o S ST
NS F AR g e AT

of placing and also for strength determinations on D-day. A summary of the

(I e s

unit weight quality controls for all of the traps is shown in table 2,

26. The fragmentation traps without a vertical face were placed dby

Lbes aime)

having the mixing truck unload at each corner of the pad (photograph 6),

13
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rotating in a clockwise manner until the form was filled, Photograph 14
shows a completed trap immediately after placing. A similar trap with the
formwork removed is shown in photograph 1S.

27. The traps with the vertical face had the vertical pOﬁEipn placed
first. After the failure of the formwork during the second placing of a
verttcéi section (photographs 10 and 11), it was decided to place the
renaining vertical portions in small 1ifts and to allow each 1lift to »
stiffen before placing zn additional_lift on top of it. This worked very
satisfactorily, By strict interpretation, this technique was not in
accordance with section 10.4 of the specifications (Appendix A). The
reasoéing behind the prohibiting of all cold joints except vertical joints
wag to allow maximum fragment penetration in the horizontal portion of each
trap without a joint affecting the penétration. In the case of the vertical
portion of a trap, however, a horizontal joint when referenced to the direc-
tion of impact by barrier spalls and fragments could be construed as a
vertical joint as {t would not arfect the penetration. The deviation from
the specifications was then considered as acceptable., The only access to
each of these traps was from the cente~ rear. The mixing truck unloaded
into an independent chute which ran the length of the form to the vertical
face, Once the vertical face was completed, a 15-ft chute attached to the
mixing tcuck was used to place the concrete in all corners of the formwork,
A completed section, Al, with the formwork still on is shown in photograph
16, Traps A2 and A3 are in the background. Photographs 17 and 18 show a
typical finished t-ap with a vertical face, The cold joints are quite

obvious,

14
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28. All exposed sample and trap faces were sprhyed with a curing
compound ;hortly after completion of the placing. Ho other curing aid
or treatment was given to any of the concrete,

29, No unusual problems were encountered during the placing opera~

tion. Section 10.3 of the specifications (Appendix A) was not eaforced

-
’

due to thg brevity of the allowable construction time, The purpose of
that requirement in the specifications was co prevent the placing of
fresh concrete on top of concrete that had begun its initial and final
setting phase. The results of this practice are twofold: (a) the freshly
piaced concrete from the discharge hole or truck will disturb the roncrete
in th; fora which has begun stiffening and caﬁse partial collapsz of the
air-pubble system in the concrete placed initially, which would result in
localized density variaéions throughout the section, and (b) by placing

each trap, with the exception of the vertical faces, in one continuous
operation, extremely hot temperatures develop in the concrete mass due to
the hydration of the cement. These temperatures can result in some thermal
cracking as is shown in photographs 19 and 20, This was expacted under the
circumstances, The cracking was not expected to affect the penetration, but
the excessive heat combined with the free moisture in the concrete produced
a crude type of autoclave which undoubtedly affected the strength of the in-
situ concrete., The practice of continuously placing large volumes of
cellular concrete in thicknesses such as those used in this program for
periods of more than three hours is not desirable and is not recommended

for future work,

15
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E Postshot Site Inspection
30. The donor pad prior to-detonation is shown in photograph 21,

Tgxvenns

A revetment wall and the horizontal.poction of its fragmentation.trap

can also be seen along with portions of another revetment and trap.
Photog;aph 22 shows the resulting crater shortly after the donor pad was
detonated. The size of the crater was wholly unexpected based on previdus
experience, veing approximately 10 ft dezp and 130 ft in diameter. The

explosion and crater severely damaged all of the revetment walls and the

close-in array of fragmentation traps. Photographs 23, 24, and 25 show

.

the damage to some of the traps that had vertical faces. The lip of the

crater appeared to be approximately 10 ft from the original front face of
each trap, with that front portion of the trap being completely destroyed..
The remaining portion of the trap was too bad1§ broken to be of any value,

Photograph 26 is a view of the crater from the A3 trap. Note the lip of

the crater on top of the Al trap.
31, The A2, A3, D2, and D3 traps survived with some cracking

(photograph 27) due to the ground shock, These traps were covered with

the ejecta from the crater, however, and did not produce any useful

penetration data. Photograph 28 shows the ejecta on traps D2 and D3,

Trap D3 is shown in close-up in photograph 29, Photograph 30 shows the

ejecta on traps A2 and A3. There were no large chunks on these pads as

occurred on D2 and D3, but they still had a thin layer of earth on them,

16
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Photograph 31 is a close~up of trap A3, showing a broken corner caused
by the air and ground shock. Some fragments initially appeared to be
embedded in the traps (photograph 32); however, closer inspection
revealed that the fragments were contained only in the ejecta. “No

fragments were found in any of the traps.

Cylinder Testing

a

32. Tecause no fragments were caught in any of the traps, it was
not necessary to evaluate all of the control cylinders as it was not
essential to know the strength variations throughout each pad. A

1imi ted number of cylinders were evaluated, however, to give some

indication of the strengths involved.

33. Sixteen of the 131 control cylinders were evaluated for

constrained compressive strength on 16 October 1967. The c¢ylinders

evaluated were selected so that one cylinder represented the concrete
in the vertical portions of Al, Bl, Cl, D1, El, and F1, and another
cylinder represented the concrete in the horizontal portions of all ten
traps. FEach cylinder tested had a hardened density that approximated the
average density of the concrete in the portion of trap it represented.

34, Bach 6-in.-diameter by 12-in.-high cylihder was allowed to remain
in its cardboard mold during test.

were trimmed cff, thus producing a 6-in.-diameter by 6-in.-high cylinder.

This cylinder was [laced in a split-wall confining pipe designed to

accommodate the cylinder and its cardboard mold.

The closure bolts of

The top and bottom 3 in. of the cylinder
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the confining pipe were then torqued to a final closure of 5 £t-1b,
and the sample was ready for testing.

35. load was applied to the 6-in.,-diameter surface by means of a
4-in.-diameter loading piston centered on the sample, The piston was
forced‘into the sample at a sample deformation rate of 10 percent
deformation pér minute. The deformations were recorded by means of a
14- ar slidéwire potentiometer which recorded movements of the testing'
machine's I;ading head. Loads were measured by a recording load cell.
The output was recorded on an X-Y recorder in the form of a constrained
stress (on the loading piston area) versus percent deformation relation.
A typical record from this test is shown in Plate 5,

36, A.summary cof the results of the constrained compression tests
for all 16 cylinders 1is shown in table 3. The values of yield strair,
yield stress, and stress at 40 percent deformation were obtained directly
from the test records. The average stress to 40 percent deformation is a
calculated value which takes into consideration all the oscillations in
the stress-deformation record and occurs at a point midway between the
yield deformation, ey, and the 40 percent deformation, €040+ The average

stress, ¢, to 40 percent detormation can then be expressed as

U
o= P (9

(eo.uo - ‘y)

where Up is the emount of plastic energy (nonrecoverable) absorbed per
unit volume of material. Up is equal to the area under the constrained

stress-deformation curve between e, and ¢y 0. An approximate constrained

18
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stress-deformation curve for each sample can be constructed by assuming

that the elastic portion of the curve is linear from zero to the yield
strain and yield stre=s and that the relation is a straight line from the
yield stress to the average stress occurring midway between yi¢ld deforma-
tion (gtrain) and 40 percent deformation and a straight line from this

point to the stress at 40 percent deformation.

.

Discussion of Results

; Quality control

37. The range and variations of the unhardened densities shown in
table 2 are greater than what normally should be expected for cellular
concrete used for experimental purposes, These values are real, however,
and are primarily a result of the slufty batching equipment which did not
have the proper resolution and regulatizn for the quality control required
for this work. Due to time considerations, the equipment on hand at the
start of the cons*ruction unfortunately c-.uld not be substituted in time
to benefit the quality control.

38. The unhardened density of the cellular concrete is primarily
affected by three things: (a) the density of the slurry, (b) the volume
of air added to the slurry in the form of preformed foam, and (c) the
} uixing techniques involved oncé the foam has been added. The amount of

foam was the saue for each batch. The variations in mixing speed, action,

and duration from batch to batch were not significant enough to greatly

19
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affect the air content. The amounts of water and cement used to make the
slurry did vary considerably, nowever, due to inadequate resolution in

the weigh-batching equipment and malfunctioning of the water-metering
system. In a few instances, only a small nortion of the requived amount

of bat?h water +was added to the approximately 4800 1b of cement per batch,
thus causing c;nsiderable balling of the cement and, ultimately, nonuse of
the entire load of cement and water. The amount of cement per batch varied
as much as i 400 1b, If the water content and air content were correct and
had rewained constant from batch to batch, the variationg in cement conient
that were experienced would only have affected .the density of the concrete
by approximately 2 pcf. As can be seen from the range of values given in
table 2, the density variations were wmuch greater than that. It.is |
interesting to note that of the 132 batches made, 69 were within + 2 pef

. of the design density of 48 pcf. ‘The air content variations in the concrete
undoubtedly also contributed to the total density variations in the concrete,
but these variations are generaliy minor based on observations of similar
work on other jobs.

Cylinder testing

39, The 16 cylinders were evaluated at concrete ages varying from
12 to 17 days. For the purposes of this report, the effect of age on the
strength of the concrete will not be considered because the variations
will be small when compared to the variations caused by effects of density

and cement and water content variations on strength and will prebably be

masked by these effects.




" 40, All of the samples exhibited the desired constrained stress
versus deformation characteristics necessary for a fragmentation acceptor
material (table 3)., The strength of the concrete is affected by the
cement, water, and air contents. For any constant water-cement éatio, a
strength versus den;ity relation can be established for cellular concrete.S
It is doubtful that the water-ceﬁent ratio was constant for all of the
concrete placed and vamples made because of the slurry batching equipment
difficulties encountered. If it is assumed, however, that the water-cement
ratio was constant for the entire operation, strength versus density
relat,ions as shown in plates 6 through 8 can be developed. These relations
definitely indicate increasing strengths with density increases and, by means
of the statistical tolerance limite, show the data dispersion probably caused
for the most part by variations in the water and cement contents. The
strengths indicated by the test cylinders were probably lower than the
strength in the traps on D-day because of the pseudo-autoclave curing the
trap concrete received and the early age at whgch the concrete was to be
tested, Generally, high temperatures and steam curing tend to prod:~= high
early strengths which do not improva much with increasiug age.

41, The relation between the unit weight of the unhardened density
(unit weight) and the hardened density of each sample at testing is shown
in plate 9. This relation is affected by'many factors which include plastic

shrinkage, moisture changes, and errors in weighing and measuring. The line

of best fit is shown in plate 9 for the readers' general information,

21
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PART v: CONCLUSIONS AND RECOMMENDATIONS
Conclusions

42, Results of this limited investigation of the use of tellular
concrete as a material for fragmentation acceptors indicate that:

a8. A correlation between depth of fragment penetration and
impact velocity for a fragment of a given size, shape, and orientation '
impacting on a cellular concrete of a given design can be made.

b. Cellular concrete as demonstrated in the laboratory has
the desired physical characteristics necessary for a suitable acceptor
material and can be impacted and penetrated by a moving projectile with
little or no resulting rebound, cracking, or splitting.

c. Cellular concrete can be easily fabricated for and placed
in field acceptor blocks. The field control achieved for this job was not
ideal due to the inadequacies and malfunctioning of the slurry-batching
equipment, but experience in both the laboratory and on other field jobs
has indicated that the proper control can be achieved with the proper
equipment,

d. The thermal cracking observed in a few sections appeared
to be related to the air temperature and wind velocity during the time
the sections were placed and cured. Sections placed early in the morning
on hot, still days exhibited thermal cracking, while sections placed late

in the afternoon or on very windy days did not.
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Recomnendations

43. As cellular concrete appeafs to be satisfactory for use as

a fragmentation acceptor material, its use in future work of this type
PR

is recommended: Additional laboratory work is necessary to optimize
the stfength and void characteristics of the cellular concrete with
respect to the most ideal properties for fragment penetration. The
effects on toéal penetration of various shaped and size fragments and
their orientation at impact are also recommended for future'study.

44, The effects of meteorological conditions on the thermal
cracking of large monolithic sections of cellular concrete placed
continuously should be studied to determine under what conditions this

cracking will occur and the limitations of placing with respect to rate,

size of lift, and time,

23
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Table 1

Summary of Laboratory Impact Test Results

Shot No,

1

2

Projectile weight, 1b

Projectile length, in,

Impact area, sq in.
Impact velocity, fps

Kinetic emergy, ft-1b

Depth of penetration, in.

2.3
7.5
3.1
200
1400

5.5

2.3
7.5
3.1
310
?400

8.75

2,3
7.5
3.1
380
5150

11.75
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Photograph 3. Slurry batching operation
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Photograph 4, Foam generating operation
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Photograph 5. Foam discharging into mixer truck
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Photograph 6., Celiular concrete placing operation
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Photograph 9., Bracing of vertical face formwork of trap Al
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Photograph 10, Buckled formwork of trap Al .
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Photograph 11. Failed formwork of trap
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Photograph 19. Thermal cracking in trap D3
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Photograph 20, Thermal cracking in trap D3
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Photograph 22, Postshot crater
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Photograph 28, Postshot view of traps DX and D3,
showing ejecta covering
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4,2 Composition and Quality: The foamed concrete shall be composed of
portland cement, water and a preformed foam, The foamed concrete shall be
produced by thoroughly mixing the water and cement into a alurry and then
adding preformed foam and mixing for the specified time. Mixtures will be
designed to meet the requirements of the fragmentation traps. Changes .
in the mix design will be made during construction operations as determined
necessary., P

5.‘ MATERIALS :

5.1 Cement: Portland cement shall conform to ASTM Standard C 150-63,
type III, including the requirement for control of false set contained
therein. The average value of the fineness (specific surface, square’
centimeters per gram) of the type III portland cement, as determined by
the air permeability test (ASTM Standard C 204-55) of the first lot received
shall be not less than 4600 square centimeteis per gram with a minimum
value of any one sample not less than 4400 square centimeters per gram.

All additional 1lots received shall have an average minimum fineness, as
determined in the same manner as the first lot, with *+ 200 square centi- .
meters per gram of the fineness value of the first lot with the minimum
value of one sample teing 200 square centimeters per gram less than the
average minimum value of the lot being evaluated.

5.2 Source: The contractor shall provide the Contracting Officer with
the name of the mill from which cement will be obtained at ieast seven
days in advance of the time when placing of foamed concrete is expected
to begin.

5.3 Foaming Agent: The foaming agent to be used in producing preformed
foam shall be one of the following four available foaming agents, or approved
equal: Chemical Concentrate Foaming Agent, Mearlcrete, Elastizell or
Nationalerete. Foaming agent to be used on the job shall be from the
same batch and lot. The foaming agent shall be protected during storage
in accordance with the recommendations of the manufacturer.

5.4 Water: The water used shall be clean and free from deleterious
amounts of acids, alkalies, or organic materials. No ice 3hall be permitted
to enter the m'<er, Extremes of temperature in the mixing water shall be
prevented and the temperature shall be maintained reasonably uniform
durir.g cach day's cperations, all within limits as directed.

6. FORMS:

6.1 General: Forms shall be true to line and grade and sufficiently
rigid to prevent objectionable deformation under load. The forms shall be
sufficiently tight 8o as to prevent leakage of the fluid foamed concrete.
Particular care shall be taken to £it the forms to ground surfaces and to
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Water-cement ratio (by weight) = 0.65

Unhardened unit weight = 48 pef

786 1b or 8,36 bage (94 1b per bag)

Type III cement per cubic yard

511 1b or 61.3 gallons water (73 F) per cubic yard

Foaming agent concentrate as necessary to achieve the air content

necessary to obtain the above-mentioned density but will be approxi-
* mately 0.2 gallons per cubic yard.

Ten calendar days prior to the commencement of the foamed concrete place-
ument operations, the Contracting Officer will evaluate the performance of
the contractor's foaming, mixing, and placing equipment and, if necessary,
adjust the above mixture proportions to correspond to differences in equip-
ment performance. During production, changes will be made in the mix
proportions when and as determined necessary by the Contracting Officer in
order to produce the desired strength and uniformity.

8. FIELD TEST SPECIMENS AND CONTROL:

Samples of foamed concrete will be taken by the Government during
the progress of the work for the determination of unit weight and for
molding test specimens. The contractor shall provide adequate space for
the personnel engaged in sampling, testing, and fabricating specimens and
shall provide storage space for the test specimens, near the fragmentation
traps and of adequate size to accommodate all specimens fabricated and
with suitable igolation from construction operations,

9. BATCHING AND MIXING:

9.1 General: The contractor shall provide batching and mixing equip-
ment having a capacity suitable for the job. Batching and mixing may
be totally accomplished at a location near the fragmentation traps or
may be accomplished in a two-stage operation, which a cement and water
slurry batched and mixed off-site and preformed foam added and final
mixing accomplished at the test site. The two-stage batching and mixing
operation will be permitted only if the conveying of the slurry meets
approvai of the Contracting Officer. If specifically approved, cement-water
slurry mixed off-site may be of a drier consistency than required in the
final mixture and the necessary additional water added during final
mix ing operations. All batching and mixing operations shall be strictly
as approved by the Contracting Officer and shall be modified when
directed in order to obtain the desired results. All batching and mixing
shall be done in the presence of, and will be directed by, the Contracting
Officer.

9.2 Batching equipment:

9.2,1 Cement: If bulk cement is used, approved batching equipment
shall be provided. Batching shall be by weight and the equipment may
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be manual or semi-automatic. Weighing equipment shall include a visible
springless dial, which shall indicate the scale load at all stages of
the weighing operation, or shall include a beam scale with a beam balance
indicator which shall show the scale in balance at zero load and at any
beam setting. If preliminary mixing of cement-water glurry is done
off-site, the cement weigh hopper shall discharge directly into the mixer.
If all mixing is done off-site either the weigh hopper shall'ﬁischarge
directly into the mixer or approved means shall be provided to transfer
the cement for each batch from the weigh hopper to the mixer in enclosed
containers so designed that loss or contamination will be prevented,
Delivery of cement to the mixer shall be within a plus or minus *wc
percent of the required weight. )
9.2.2 Mixing water: An approved water measuring device shall be provided
which will be capable of measuring the mixing witer within the specified
requirements for each batch. Measuring may be by weight or by volume.
The mechanism for delivering water to the mixer shall be such that leakage
will not occur when the valves are closed. The filling and discharge
valves for the water batcher shall be so interlocked that the discharge
valve cannot be opened before the filling valve is fully closed. Weighing
units shall include a visible springless dial, which shall indicate the
scale load at all stages of the weighing operation, or shall include a
beam scale with a beam balance indicator. If water is measured by volume,
the measuring equipment way be a batch-type volumetric measuring device
or a metering device so designed that after each delivery the hands can
be conveniently set back to zero. If a batch-type volumetric measuring
device is used, it shall be equipped with an easy to read gage and with
a readily adjustable overflow device which shall be operated to insure
uniformity of batching operations. Any water batcher used shall discharge
directly into the mixer, If the cement-water slurry is mixed off-site
and additional water added at the final mixer, the requirements herein
for batching mixing water shall apply equally at each mixing location. The
delivery of mixing water to the mixer shall be within plus or minus two
percent of the required weight or volume,

9.2.3 Foam: The preformed foam shall be generated in a generator wherein
liquid foamxng agent and water are subjected to the action of compressed azr,
in the proportions and at the pressure directed. The foam generator shall be '
of a type and make recommended by the manufacturer of the liquid foaming
agent, The preformed foam shall be discharged from the generator directly
into the mixer and the quantity shall be measured by timing the period of
discharge. Control of the discharge of preformed foam from the generator
shall be semi-automatic and shall be controlled by means of a readily
ad justable timing mechanism which will automatically shut off the discharge
at any preset time, The timing mechanism shall be equipped with an over-
riding wanual control which will permit the addition of small amounts of
extra foam to any batch when directed. Delivery of foam to the mixer shall

AS

- ‘&WW’@: 6,52 ‘W? %y, TP T
Fn PEAE “i:”d"f:ﬁ ?’ ﬁ;m W "‘“ v 9 SR ‘“ﬁg:'g}}\ Lo
Lo M’fw ) ey : o -




o 1S A

L

e o T
ST AIRAT

QLML M

VAP ST IR0 v 3 RN Ll L g i M A A BT MY s NP g Sy 1.1

be within a plus or minus two percent of the required amount. The

liquid foaming agent and the water for generating foam shall be measured

as directed when charging the foam generator. Deviations from this approach
shall be subject to approval.

9.2.4 Slurry: If cement-water slurry is premixed, suitable facilities
shall be provided at the final mixer for batching the cement-waver s'urry.
Batching facilities shall be as approved and shall conform to the require-
wents specified in subparagraph 9.2.2 above for batching facilities for
mixing water.

9.3 Mixing ecuipment and operation: The mixers shall be standard
commercially availanle mixers subject to approval, Mixer capacity shall
be adequate to meet the requirements of the planned work schedule. The
mixers shall be capable of maintairing a uniform blade speed at all times
and shall be operated at the blade speeds designated by the manufacturer on
the name plate or as otherwise directed. The mixers shall be maintained ir
satisfactory operating condition, and mixer drums and blades shall be kept
free of hardened concrete or grout. Mixer blades or rubber inserts shall be
replaced when worn down more than ten percent of their depth. Suitable
facilities shall be provided for readily and safely obtaining representative
samples of slurry or foamed concrete from each mixer used before the mixer is
discharged. Such facilities shall consist of a grated outlet located near
the bottom of the mixer or other equally suitable facilities as approved,
Each mixer shall be provided with a readily adjustable approved device to
prevent discharge until t he required mixing time has elapsed. The required
maximum mixing times shall be as follows unless otherwise directed:

Mixing of cement-water glurry before addition of preformed foam -
4.0 min.

Mixing of fcamed concrete after addition of preformed foam is
complete - 5,0 min,

These required mixing times may be increased or decreased for any or all
mixers during construction operations as determined by the Contracting
Officer. Excessive overmixing will not be permitted. I1f cement-water

slurry is premixed, any approved type of mixer muy be used for this premixing
operation; however, all specific requirements contained herein shall apply
equally to the equipment and the operation thereof.

9.4 Communications: Telephone or some other satisfactory means of rapid
communication betwcen the final mixing and pumping site and the forms in
which foamed concrete is beiug placed, and also the premixing site if two-
state mixing is used, shall be provided.

10. CONVEYING AND PLACING:

10,1 General: Foamed concrete shall be conveyed from the mixer to the
forms at a rate of approximately 15 cubic yards of concrete per hour.
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Operation of the pumps shall be such that a continuous stream of foamed
concrete without air pockets is produced. 1If a two-stage mixing operation
is used, th ecement-water slurry shall be conveyed from the mixer used for
premixing/slurry to the final mixer by approved means which will prevent
loss, contaminations or alteration of the slurry. Cleaning of pipelines
shall be by water only; use of compressed air is prchibited.. If, during
placement, it is desired to empty or partially empty the pipelines, either
of cement-water slurry or foamed coacrete, the procedures used shall be
such that there is no contamination or alteration of the slurry or of the
foamed concrete which is actually placed in the structure. All conveying
and placing equipment and procedures shall be subject to approval and shall
be modified when and as directed in order to produce the desired quality of
in-place -foamed concrete,

10.2 Equipment: Pumps used for pumping the foamed concrete shail be
subject to approval and shall have the capability of producing the rate of
concrete mentioned above, and meet the requirements of the planned work
schedule, Pipelines may be of rigid pipe or flexible hose and shall be of
adequate capacity and pressure capability, as approved. Maximum length
and diameter of pipeline used for pumping foamed concrete shall be as
approved.

10.3 Placing: Because of the exactness and preciseness necessary in
this research project, the peuring of one fragmentation trap will not be
done in one continuous pour., Fifty percent or less but not less than
30 percent of the total volum: of the foamed concrete in one fragmentation
trap shall be poured on one day. The remainder of the fragmentation trap
shall be poured the following day. '

10.4 Joints: The contractor shall arrange the pours so as to form only
vertical cold joints,

11. PROTECTION AND REPAIR:

11.1 Protection: The contractor shall at all times protect the foamed
concrete fron damage of any kind. Workmen and equipment shall be excluded
from contact with the foamed concrete until it has attained sutficient
strength to withstand such traffic or loading, as directed., If desired
by the contractor or if directed, the foamed concrete fragmentation trap:c
shall be protected during subsequent construction operations with a covering
of lightweight plywood or similar material.

11,2 Repair: Any areas of in-place foamed concrete which are determined
by the Contracting Officer to be of inferior quality or to be so damaged as
to be unsuitable shall be removed and replaced. Replacerent shall be made
in the same manner as original construction using the same type of material
or shall be as otherwise directed. The contractor may be required to use a
special patchiag mix containing material other than the original type of

foamed concrete, particularly for small patches., All patchirg or replacement

operaticns shall be as approved or directed.
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12, CURING:

The only curing required for the foamed concrete will be applica-
tion of membrane-forming curing compound to all exposed surfaces of foamed
concrete fragwentation traps. Curing compound shall be applied to formed
surfaces irmediately after forms are stripped and to unformed surfaces at
the time divected. Material used and method and r~te of application shall
be as directed. The integrity of the membrane shall be maintained for a
reasonable period of time consistent with good engineering practices.
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