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ABSTRACT
©

Shuck-absorbing concrete, cellular concrete, was developed aud
uséd in several experiments at the Nevada Test Site to reduce cr atten-
" uate ground shock produced from blast loadings. In conjunction witin ihe
field e*périments, ain analytical investigation involving the ugse of
computer calculations to predict the shock propagation through the cons
erete was also initiated. One of the reqyuirements of this offort iu-
volving computer codes was the development of constitutive relations ot
the concrete. ’ .~ '
This report documents the results of laboratory lests conducted cn

a 62-pcf-density céeéllular conerete to determine the static response of

the concrete. An effort was made to test the mix in several states of
Stress, including uniaxial. strain, hydrostatic compression, and tri-
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akial shear, to determine the response aspects considered most important

2,
&

‘
s
Y

XS 02y

gg in the development of its cohstitutive properties. Fepresentative static @
gf stress-strain curves of 62-pef-density cellular concrete are presented i}
g ranging to stress levels a2s high as 8,000 psi for each of the several :
'?:

&

stress states investigated.
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PREFACE -
. This report documsents the results of' an experimental program con-
. ducted on a shock-absocrbing concrete, cellular concrete, for the Sandia
Laboratories, Albuquerque, New Mexico, during the period of April

through June 1971, by personnel of the Soils and Pavements Laboratory,

U. S. Army Eongineer Waterways Experiment Station YWES), Vicksbarg,

—

Mississippi. The testing program was funded by the U. S. Atcomic Fnergy ’

Commission; report preparstion was funded by the Defense Muclear Bgency;

;. and the effort was coordinated by Mr. C. W, Gulich, Jr., of Saadia :
? Laboratories. ;
i’ Mr. G. C. Hoff, bngineering Mechanics Branch, Concrete Laboratory,

%, WES, provided the specimens and information on the cellulsr concrete,

%: which the Concréete Laboratuza'had developed f'or the Sandia Laboratories ' :

- ) “for use in several experiments at the Nevada Test Site. : : i

The laboratory tests wére conducted by Mr, F. K. Chisolm, and the
res”lts were gnalyzed by Mr. J. Q. Ehrgott, under the supervision of

Mr. ¥, F. Hadele and Dr. J. G.-Jacksen, Jr., all-of the Soil Dynamics
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Division. This report was preparéd by Mr. Enrgott. During the conduct

i,

R e ad
S

‘: ’ of the study, Mr. J. P. Sale was Chief of the Soils and Pavements R
r Laboratory. i
. ~CL Ernest D. Peixotto, CE, was Direator of the WES during the :
: preparntion znd publication of this repo§¢. Mr. ¥. B, Brown wvas Tech- :

nical Direcior.
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CHAPTER 1 ’ -l e oL
INTRODUCTTOR .
3% The U, S. Avmy Engineer Satervays Experiment Station (WES), under . ‘ - :
33 Defense Nuclear Agency sponsorship, has developed a shock-absorbing, \ o Lﬁ
gg backpacking material {cellular concrete) for use around deeply buried i
?ﬁi structurés. An extensive grégfém has veen condpcted tu design the :;%
%? material with certain required shack-absorbing-propertiss, to develop f%
g%; field placement techniques for the designed material, and to develop ) é%
field tests to monitor the propertiés of the in-place material. , . ‘
; :  The material devéloped from that project has been used -during P ‘; ;%
S séveral field évents at the Névada Test Site in conjunction with a pro- . S :;
é; grem carried out by the Sandia Laboratories. ~ihe ficld and laboratory S :g,
$§ tésts rérformed to date on cellular conérete have provided insigh} into ) . Q'gfg
%, its behavioral churacteristics ahd the désign paraméters that control - CE 4
%% its response; MHowever, there is Gurrently 2 need by Sendia Laboratories _ :é
%ﬁ to determine the constitutive properties of cellular concrete to be used :?g
%' as input for analyticel studies of vhe propagation of ground shock 1%
““ through cellular concrete. WES was requested by Sandia Labcratories to : g
define the constitutive properties of cellular concrete: The fuiding B

for this work was provided by the U, S. Atomic Energy Commission.

l.

-~

FURPOSE

The purpose of this study was to conducpmggperimental laboratory

tests on specimens ot celiulzr concrete to determine the constitutive

proverties of the material that would be needed for the derivation of

a0y

'
.
6% by o 0 Pty pa i e Y

constitubive relations in terms of stress invariants. 5

.. . . Lo - - A‘ff

i ) 2 - N RN

1.2 SCOrz . S

M - ) ' B\ 3

This report documents tue results of 2 series of 20 tests to de- : g ¥

: . y

: Tine the static behavior of cellular concrete under a variety of con- S RS
3 trolled states of stress. and it describes the analyszes of the test data ; N

4 to determine representative stress-sirain.relations that are t ught to N B

¥ be most important for use in the davelooment of constitutive relations : - ;;;

5 > : 44
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CHAPTER 2 o~

DESCHIPTION OF EXPERIMENTAL PROGRAM

The tests ecnducted under this study included uniaxial (UX) strain
tests, speciai UX lests with meastrement of radial stress (ml tests),
and triaxial (TX)} tests with s nydrostatic loading portion and a chear
portion. The UX and null tests reguired wafer-shared specimens, gener-
aliy 5 i:zches.:L in diameter by _271/ 2 inches high. However, it was also
possible to conduct tests on 5-inch-diameter Ly l-inch-high specimens
in the UX test device. Cy'h'idrically shaped sgecimens were reguired for
t *e TX tests; the specimens used in this part of the study were
2-1/8 inches in diameter by 5 inches long.

2.1 .SPECIMEN PREPARATION

- Th general, cellular concrete 1s the “hame g;:.ver. to a famly ot low-
"_@énsity, axr-entmined conc‘v'etes. Man,{ of the 'a‘uia.t.cal prape*'tle" of
‘this class of 'mtemals ‘are documented ‘in Reference x. Alz .of the nests:
conducted in this stud\y were perfo*'med ou spec‘.mens cast froam the sépe
batch of concrete, which had & ‘design densxty of 62 pc.f. ftll of tihe
specimens were cured.at.room teiperatures: Part.of the material vas ';
poured into pastehoard tu‘bes ti‘at were 2 inches in diameter by 3 feet
long. % test opecmens were later obtained from the tube-encased mat;e- .

rial. A second. portion wes poured into steel rings, 5 inches in diam-

" eter by 2-1/2 inches -high.’ Immediately afier pouring, the tube spacimens

and the 2-1/-inch-high Steéel ring specimens were sealed in plastic bags:
to prevent air .exposure.: The remaining mater al, ‘;ihich was poursd into
1-inch-high by 5-inch-diameter steel rings, vas covered only with a

_light cardboard cover, which did not prevent exposurs £o air.” -

The material irn the steel rings was used for the UBY tests. The ex-

‘posed ends were trimmed’ down lewel with the top and bottom edges of the

.~ - ’. : ~
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). steel ring. The waste pieces of maters tal obtained from the trimmings
- were uséd for weter content determinationd, The material in the rings

was weighed for density determinations prior t¢ its placemeut in the

test device, : _ .
The vmter%a‘l in the pusteboard tubes was uaed for {he TX- .,-sts. A

5.1/ 2-1ne'n-1ong section war cuh from each 3- foot-1long fub.. The mece
was placed in 2 standard iaborstory device fav rmmp s0il .,pen“ner.s

and a km:(‘e was uaed %5 cut the 3-inch di metgr down to 2-1,8 inches.

T Theé s c:.men was the vlaced in a 5-inch-loug miter box, and the ends

. vere cut perpendicular to the specimen axis. The waste material ob-

tainéd {rom the trimmings ms used for watex ccntent deterin_na mtiss.

: The dlmens:.oxvo e.ml xclg"ht of‘ earh .meumen werse mﬁasured prmr to p...a\.e- '
Lol N ~ .
7 ¢ ;ment in the ‘;est nevi. ce, e e D - = . .~

2, a cmmtm oF mu;ym, a*am«r TES. & b

B
3
¢
»
i
v
]
(¥
Ve
i
\
IR
{
!
.
s
it
]
'

IR

"h° WF ¥ ~’*eat dev:t"e
eﬁcg _-2;»'7 "‘h° dence oyerai'es in coneunc 10 r.rth a /sep..:rate pnemwlﬂ
T'ﬂi'iifu lbader 30" nroduce axm.g °tress lev 15 55 ’ngh as .,,DOO Dsi on ‘Spec- -«
Timens 5 “inches in d:.ameter by' “.cther 1 :mch cr Be ...}? 1nch°s high. = Thé
r g ) ram lmﬂer COmMPress flun.d in“the de ce. w‘za.ch prcx.uces a uniform
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no latersl strain. _?'1eé£:;rements of the applied préssure and dxial de-

e

- flection of the specimen's surface ax re mede contmu“ﬂznlj during. tre
test. The pressitre and deflection data ¢an then ve used to caloulate
2 £he sxial stress g, ond axial strain: ¢, vhich are nlot'ced to pro-
. - a

-duce 2 curve wvhose slcne is the cons»ra.ned m-vdu..v.zs Ie .

TT¥s wear
N e
Lo

2.3 COMDUCT OF MULL TRSTS - - -7

heer,

The WES null test device is imlm to the U dev:r.ce, hovwever,. the

AN AL oy

d stecl boundary is replaced by a .,e'-o:x'i flu;.é sontainer that can

It
o
(S0

g
z2gsuized by l:O}ﬁpl'e.:SGd Zas. The spécimen, 5 inches in diaweter

-
o
m ’:ﬁ

l/:—} inches high, must be contained in & thin, lf8~imblti‘.ic’:c steel
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ring. The oubtside of the au“91 ring is =¥ aan-ga?ed prior to placemnt
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used in ‘hhis stud,,r iz desc ed in Refer- _

the specimen prevents 1ateral’ expangion of the specimen; i.e., there is -




in the device. As tne specimen is loaded in the axial directicn, the
output of the strain goges is monitored. The second flnid »ontainer is
pressurized a2s required to keep the -output of +he strain gagec at zero.
Medsurements of the axial pressure, axial ue”lhct~on and pressur¢ re-
quired to Ptevgnt ¢at£*a1 ring movement are made. The data are then
-;used 0 cslgglatg_axzal stress I, s axial strain € and radial
stréss o . The axizl stress and strain can be plotted to produce 2
curve vhose slope i5 M . The axial and radis) siresses can be plotted
10 produce 2 ~urve whese slope is Ké s earth-pressure-at-rest, vhich

1or elastn_ meterial is related to Poisson's ratic v as

o.-‘.

3

. . (2.1)

0-!

'2.1i‘_- SONDUCT OF TRIAXTAL TESTS
h e WX tasts weré conqusted in two test phases. First, each speni-
-‘ﬁéﬁ va\ °nc103e6 ina rubber membrann and placed irn the tezt device, and
8 hydrostatlc test was conducted by 103d1ng the specimen with eaual
flu‘d Pr esuure from a11 directions. Measurements of the pressure, the
change in‘the - specimen's height, and ﬁﬁe~cﬁange in the specimen'c cénter
“dzumeter were mede during the hydrostatic portion of -the test. These
mea<uremcﬂts were used to calcilate mean normul .stress p and volumetric
’stra1n f/v y wEich can te plotied to produce a Surve whose slope is
the bulk mo&uluo K . The shear phase of the tést was conducted after
w";the nyuroste+1c hase. ?he.peak pressure reached‘during the hydrospat;c
‘test was neld constant, and s piston was used to apply additionael loasd 7
o the specimer ini‘tae avial direction. -The load was increased uatil
the specimen could not suypport adﬁitiongl load. Measuremencs of the
confining pressure, axial loed, and specimon beight and diemeter changes
made dnring ine addivionsl axial losding were used ko cvelcuelate radial

t'th.

;
radial strain €. and priscipal strain difference € " & 4 plot

I*'

stress <&, prineipal .iress difference 35,— o& s &xiax strain ¢

of principal stress difference versus principal strain differance pro-
duces a curve whose slope is two times the shear modulus G 3 The peak
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deviator stresses from several tests conducted at different leveis of
confining pressure can be plotted as peak rrincipal stress difference
(oa - ol‘)max versus mean normal stress p = (oa *+ 2or)/3 . These

points describe the failure envelope of the material,

2.5 BSPECIMEN COMPOSITION PROPERTIES

Measurement.s of water content w , wet unit weight 7y , aud dry
unit weight 7 d for each of the specimens tested are presenied in
Table 2,1, As described in this report, water content is tie ratio of
the weight of water to the weight of dry material; wet unit weight is
the veight of the material per unit volume; and dry -ipit weight is the
weight of =2 dry !:é.terial per unit volume, Alsgo presented in Table 2.1
i¢ the cube time for each specimen. Cure time is the time from the
riolding of tte concrete batch until the material is trimmed and tested.

The specimens used in the TX tests had cure times of from 35 %o 51
days. ~he avérage water content and wet and dry unit weights were ap=
proximately 49 percent, 61 pef, and LI pcfi’, recpectively. The averééjé
properties of the 2-1/2-inch UX and mull test specimens were approri-
mately the same as those of the TX specimens. The UX xpeciméns 3u“the
1-inch-high steel rings were drier than the specimens in the 2-1/2-inch-
high rings. The l-inch specimens had average w, 7 , and 7a of 26
percent, 53 pef, and 4 pef, respectively; The reason for the differ-
ence can probably be traced back to the storage of the spgecimens. The
TX, the null, and the 2-1/2-inch UX specimens were sealed in plastic
bags, but thé l-inch U{ specimens were not sealed and undouwstedly lost
moisture while exposed to the air, '
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TABLE 2,1 COMPOSITICN PROPERTY DATA FCR CELLULAR CONCRLETE SPECTMENS
U, unaxial strain test; i, null test; TX, trisxial test; S, statics
D, dynamic; NA, not available,
Test Cure Type Water Wet Dry TX Ramerks
No. Time Test Con- Unit Unit Confining
tent VWeight Weight Pressure
K 7 73 g,
days pet pef net’ ksi
U-1 21 UX-S HA HA HA - -
J=-2 21 UL-D NA NA NA - - ’
U-3 24 UX-D HA NA NA -- -
;g U-k 35 -8 27.h 0 536 k2.1 - -~ :
U-5 38 IX-P 26,6 53.h h2.2 - -
5 U-7 M UX-5 25.%  53.2 k2. - -- )
o 4-8 41 ©X-S 47.1  6L.2 4.5 - -
N6 38 N8 LB.0 62,9 k2.5 -= -
& F-9 Sk E-S M3.2 L3 A6 -- -- ‘
‘g ?-1 33 T¢-S 5.1 . - - Lesk during test
g‘ T2 35 TX-8 40.6° 61.2  40.9  0.517 S :
3’" -3 35 T™-85 5.5 61,7 Ki.3 2,020 -- N
i T~k 35 TX-S 49.4 07.1 ih,9 5,100 Hard spot in specimen
.j,:“ -5 56 M-8 8.7 Hi.9 k1.6 1.300  No axial measurement . A
& ’ during hydrostatic
% L. loading
i ™6 60 TX-S 48.9 60.5 40,6  1.500 Voids noted, in
th = ] specimen
T 60 TX=8 50.0 1.9 - L.l  3.300. - .
s 7-8 60 T-S 50.1 6L.1 k0.7  7.500 - 1
. -9 61 T-5 5.9 .9 404  0.000 Voids uoted in _ :
IR specimen - i
T-10 61 M-S W7.7T 62,1 k2.0 1.000 - ; \J
s T-11 61 TX-S A £2.0 NA 1,000 - P ;
;
15 % 1 4
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CHAPTER 3

CONSTITUTIVE PROVERTY TESTS

3.1 UWIAXTIAL TEST RESULTS

A series of four static UX and two null tests were conducted for
this study. The axial stress versus axial strain curves from the static
UX and null tests are presented in Figure 3.l. Also shown in Figure 3.1
is a list of the specimen height, cure time, water content, and wet and
dry unit weights for each of the tests. It should be noted that three

of the tests, U-l, U-k4, and U-7, wcre conducted on l-inch specimens

that were zllowed to dry during storage.
The general trend of the test results shown in Figure 3.1 indicates
that *“he material has a relatively stiff initial constrained modulus |

M , followed by a softening or increased rate of strain with increasing

R

stress gt approximately 800~-psi axial stress. 7Thg materizl continues to
strain to approximately 25 percent axial strain, after which the rate of ; i

strain rapidly decreases and the stress-strain curve begins ¥o stiffen. .

by e

§ Since the specimens were unloaded at stress levels below 2,000 psi,

their behavior at higher vressures was not deteriained. However, it is :
% assumed, based on the available data, that the material would continue '
§ t¢ stiffen and approéch a locked condition at saturation at approxi-~
- mately 40 to 45 percent axial sirain.
The initial portion of the uniaxial strain response of the material
is probably controlled by {he strength of the particle bonds of the ma-

terial. The sudder increase in rate of straining may be related to the

structural breakdoﬁn, or collapse, of these bonds. As the material is _ 1
loaded, comilete ccllapse of the major bonds occurs, and the amownt of
strain the material -undergoes may be related to the empty void space 3
availsble to be filled by the broken particles. As what was formerly 4#

air-filled void space becomes filled with the solids anc free water,

the materia: stiffens and approuaches a locked condition. The only tests

e

londed to stress levels high enough to show such behevior were those of

the dried materizl, Tests fi-1 and U-h. iovever, it is rea-onable to

16
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assune that the wetter matgrial would have begun to stiffen at lesser
strain ievels, since the wetter material contained a smaller air-void
content and more free water.,

Figure 3.2 is an enlarged view of the initial stress-sztrain plot
for rive of the tests, U=k, U=7, N=6, N=9, and U-%., Since the purpose
of Teat U-} was to define the resnonse of the material to 40 percent
strain, the accuracy of this test shown on the strain scale used in
Figure 3.2 is questionable. Tests U-7, N16, N-G, and U-8 were con-
ducted orly to relatively small strain levels, and the results were
used to determine th2 initisl M . Test H-£ was cycled at axial stress
levels of 100, 300, and 500 psi, and the resulis indicate 2 hysteretic
behavior of the material even in the initial loading portion prior to
vhat is believed to be the onset of structural collapse.

The dynamic UX tests conducted in this study were intended to pro-
vide some means by which the static data could be qualitatively adjusted
to reflect dynamic conditions.. The dynamic test resulis are shown in
Figure 3.3. The tests were conducted on l-inch specimens; therefore,
the results can only be compared with static Tests U-1, U-k, and U-7

shown in Figure 3.1.

3.2 NULIL TEST RESULTS

Two static null tests, N-& and H-9, were conducted on 2-1/2-inch-
high specimens. The axfal stress/axial strain curves for these tests
are presented in Figures 3.1 and 3.2.

The null test data may also be used to cziculate deviator stress
o, - O, and mean normal sbtress p = (ca + ?o‘)f3 end mey te plotied
e stress path ¢ - g  Vversus p . 3ecaus? the waterial is tested
in » condition of uniaxial strain, i.e., ¢ = 0 , the slope of the
stress path curves can be related to Foissog's retio v for an incre-
mental elastic material as curve slope

&(qé -c)

S = 7o = (3-1)

ana, since earth-pressure~at-rest .

PR
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00,
T
KO'= —— 1 e (3.2)
a
then, .
; 3-8
K, = 5553 (3.3)
By substitution,
3-8
VR ET (3.b)

The stress raths for Tests N-6 and N-9 are shown in Vigure 3ik.

The slope of the curve indicates an initial low value of Poisson's

'ratio, which increases as the stress level increases. Unloading appears

to give lower values to Poisson's ratio than are indicated during load-
ing. The results of Test N-9 were suspcdt beyond a mean normal siress
of 570 psi because of the following development. Test N<9 was loaded

t0 1,000-psi axial stress without noticeable structural collapse., At -~
i,000 psi, application of the axial stress was stopped. While the fiuid
pressure used to load the specimen was held constant, the material cud-
denly began toc strain. The sudden decrease in specimen volume resulted
in a decrease in fluid pressure before the test operator could adjust
the pressure level. The axial pressure was then increased to approxi-
mately 1,25C psi prior fo unloadinz, but adjustment of the radizl pres-

sure to mzintain rno lateral strain in unloading was difficult.

3.3 TRIAXIAL TEST RESULTS

3.3.1 Hvdrostatic Phise. A series of nine hydrosvatic tests were

conducted at peak hydrostatic pressures as high as 7,630 psi. {Upon

reaching the desired peak pressure For each test, the pressure (i.e.,
the confining pressure) wa: Held constant while a chear test was con-
2ucted. However, in three of the tésts, the specimens were subjected
to0 cycled hydrostatic loading-prior to reaching peak oressure in order
to obtain unloading-reloading hydrostatic response dzta. The mean
normel stress versus vohumetric sirain curves for the hyarsztatic
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phase of the teéts are presented in Figures 3.5 and 3.5. The test re-
sults are shown to a stress of 7,000 psi in Figure 3.5 and are replotted
t5 en expanded stress scale in Figure 3,6. £lso listed in Figure 3.5

are the cure time, water content, and wet and dry unit weights of each

of the specimens.

»
ks
1e

In general, the hydrostatic pressure/volumetric sirain curves or

hydrostats are similar to the UX tesi axial stress/axial strain curves

Sty 3

for this material. The material has an initial stiff bulk modulus to

L

approximately 600-psi mear normel shkress, followed by a marked increase

e

"

in strain with increasing ‘stregs. The material appears to increase in

-
;
o

.stiffness at approximately 1,20 psi and reaches a maximum stiffness or
maximm K (Tor the st¥ess levels studied) at approximately 4,000- to

R

5,000-psi mean normal stress. The aprarent resoftening of the specimen
in Test T~8 2t 5,500 psi, shown in Figure 3.5, c¢ould be erroneous data
or could be a phenomenon assosiated with secondary collapse of material.

s, - AT =y~
T R AR RORE
2o A »\'7 Vi
N

e

The test results 4o, however, appear reasonable and consistent consid-

R A ET SO AN

v
R S

ering the variations in matérial cuve time and properties.

7

",.vn"ﬁ/*

The unloading-reloading portions ol Tests‘T-j and P-4, as shown in

b4
v

Figure 3.6, indicate 2 relatively stiff response of the material., The

s

iarge hook or strain recovery noted at low levels of stress in Test T-4

.vv
TR
4 12 0

v
g PIAS] :ﬁ,\v:h; AR

appears questionable. It is not known if the maleriasl did, in fact, re-
cover the amount indicated or if the axial measurement system was in
error due to a lifting of the specimen tcé cap. The relcading portions
of the two tests appear reascneble, .

It should also be noted that theé specimen in Test T-k nontaired a

e TTORFGT ST

gt

hard spot or a nodule of greater dénsity. This éﬁsulted in an overall
. increase in density for Test T-k and &lso may have resulted in a
. slightly staffer loading hydrostat.- , '
Figure 3.7 is an enlarged scale piot of the initial loading portion
- of several of the tests shown in Figures-3.3 and 3.6, During the first

St
.

20 nsi, the results sre guestionable, which condd he die to the top cap
L ) seating on the specimen. Test T-2 was cycled at 200 and 350 psi, and

§, : the results indicate a iysteretic response behavior of the material
even under relatively low stress levelé.
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\ * 3.3.2 Shear Phase., The results of the shear portions of the TX

tests are shown in Figures 3.8 through 3.11 as plots of principal stress
difference versus the axial and radial streins. The levels of constent

confining pressure o, at which the tests were conducted are listed in
ach Tigare. ,

The sign convention used throughout this report is for compression
as positive; therefore, in the shear test plots, a negative radial
strain represents specimen lateral expansion. It should also be noted
in connection with Figures 3.8 through 3.1l that the ctrains were re-
zeroed at *the start of the shear %est portion.

The test data were also used to construct a plot of principal stress
difference versus principal straan difference for each test. Figure 3.12
shows this type of plot for each of the shear tests. The slupe of each
of the curves is 2G . The results indicate an incresse in thé initial
o ’ vsive of G with increasing confining pressure, beginning with Test
T-2 conducted at 517 psi. One test, 7-9, wvas conducted a2t a lower pres-
i3 g " suré, O psi. Tk2 initial slope of Test T-Q is higher than those for

tests conducted at confining pressures bélow 2,000 psi; however, based

e P

on the trend of the other test results, it is doubtful that the results
of* Test T-9 are valid.-

v,,__
RS

ta

Figure 3,12 also shows a general increase in rate of strain with in-
creasing :eviator stress. The rate of straining appears %o be greatest
at the lower confining pressures and decreases with increasing con-

- fining pressure to 1,500 psi. Above 3,000-psi confining pressure, the

o
W,

strecs-stra1n curves show little sof'tening effect, and pesk devlator

TR
L e
¥

stress is *eacned at relatively low values ot deviator strain.

T

Cnly one test, T-6, vas cycled during the shear test phase. The
re"ults indicate a stiff unioading-reloading shear modﬁlus. Without
- ‘addltional te5uwnq‘ the unlozding-reloading response at other levels of
confining pressure and deviztor stress can only be a ssured to show lhe
suzme zeneral treﬁd.'

" Figure 3.13 is 2 plot of principal stress difference versus mean

normal stress showing the atates nf stress at failure for the T/ tests,
&

F ‘ The failure stress for each test was selected as being either the peak
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principal stress difference or the level of principal stress difference
associated with 15 percent principal strain difference, whichever

occurred first. The corresponding mean normal stress at failure was

Ca = %y
P =i 3 h Gr (3-5)
max

It should beﬂnoted that the stress path the material followed up to.

caleuiated from

failure in a2 constant confining pressure shear test plois as a 3:1 slope
in Figure 3.13 {see the dashed lines), Unlike the uniaxial strain test.
results, the path of a shear test, when plotted on the stress palh. is
not a function of the material properties. ’

The failure data plotted in Figare 3.13 appear consistent except

for Test T-9. The failure deviator stress is somewhat higher than the

" trend saggested by the rest of the data. In general, at low levels of

p (<500 psi), the envelope may be flat and similar to the envelope of

a cohesive or bonded muterial. At midrange levels of p (500 to

2,400 psi), the envelope appears similar to that of & cohesionless
material. Beyond 2,400 psi, the envelope begins to flatten again., This
development is probably due to the fact that the material is approaching
saturation. The envelope becomes quite flat at a b > 5,000 psi. The
fact that the failure stress of Test T-8 is somewhat higher than that of
Tests T-11 and T-4 could be due to data scatter or related to the sec-
ondary compaction noted previously in the hydrostatic data. The strength

.envelare for this mmterial is believed to be best represented bty a flat

line above 5 ksi mean normal stress.
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CHAPTER 4

DISCUSSION OF TEST RESULTS

© The test resul{;s presented in Chapter 3 represent the laboratory

:: experimental investigation conducted for this study. The general data

;3 trend for each test ccndition and the suspect data were noted. 1In this

# chapter, the most represcntative material response for each particular ;
. '" imposed stress condition on a 62-pef~-density mix with a 60-day cure
T time will be presented and discussed. The selection of representative :
“ ’%:{' ) data is based on laboratory experience, knowledge of the varticular test !
t :?‘ dévices and measurement systems, and a general consideration of the re-
“ gﬁ sponse of the material in the other st‘éi:és of stress tested. The reader 5
f :g? is cautioned tha_':c Ench representative data do not necessarily repre-
; %:j \ sépﬁ_fhpé bgét: izbs’é'ible set of constitutive propérties of cellular con= ~'
%‘ ‘erétée, sinde -exacting correlations between the several states of stress {

:;f" - baséd .on theoretical c-neiderations weié not performed, ’
{,g; .1 UNIAXIAL RESPONSE ) :
f: A series of eight UX tests and two null tests wer2 conducted on :
% cellular conerets with an imposed state of stress of no lateral strain. ) ’

&
Jer

Of these tests, whose results are shown in Figures 3.1 and 3.2; only
three, U=-8, N-6, and N-9, were condicted on a conerete congidered rep-

_. resentative of a 62-pef-density mix. The remsining tests were conducted ~
on a drier concrete, probably with a grgater air-void content, The )

test data above the 1,000-psi axisl stress level in Test N-9 have pre-

. viously teen noted as being suspeb‘.:, as were the very initial axial . 4
stress data (222 psi) in Tests §-6,"N-9, and U-8, It should also be ) |

noted that none of .~he tests were condusted at &. day cure; however,

ﬂi\‘?{’?ﬂ.!l«?ﬁﬁ;}k‘i‘\“ ?\:j\ﬁ,ﬁ{".’v\w-‘i,,g ot

beyend LO days, cure time is believed to have oniy a small effect on . i
the material properiies. This belief is based on the results of the . 9
triexial test series, .. o N

e - ’ R . " . ¢

A The most reprzsentative axial stress-strain response appears to be :

kS bounded by Tests U-8 and N-6, if the data from these tests are rezeroed i i
to discount the initial strains at low (€25 Tsi) avial stress. I 2 RE
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Y

B S S Gy i I T

Figure b.1 shows the estimated representative curve to 1 percent axial

P

. strain, It was not felt that the available test data were representa-

tive of the uniaxial sirain response of a 62-pcf-density mix beyond 1

e

percent axial strain. However, the msterial should stiffen at smaller
strain levels than those cbserved in Tests U-l and U-4 because of the
lovwer air-void content. The level of initial stiffening could be as low

BT By

as 20 percent axial strain. Stiffening might continue to an axial stress
level approaching 7,000 psi. At that level, the material should be
nearly saturated, and the slope of the stress-strain curve might be at

3

VoA

e,

its maximum and be nearly equal to that of the hydrostatic, p versus

> X TN

AN/VO » Plot. The secondary collapse phenomenon, noted previously in
the hydrostatic tests, might also occur in UX tests 4t stress levels

I TALLETIN Pt

greater than 7,000-psi axial stress.

In the tests conducted, no significant differences were noted in

LRI

the unloading-reloading response of the matérial. The axial defermation

I»"nv

data obtained from Test N-6 were obtained with a lower-range measurement
system that has greater resolutiqn than the unloadings measured in the

tests carried to large deformations. The material does not appear to

o TR AT T

¥ep

be elastic even at low stress levels, ar® the unloading-reloading does

not occur along the same stress-strain curve as the loading. Because

at the high stress levels the resolution of the measurements wss not as

TR M A

good as thav in Test N-6, it was assumed for the purpose of this study
that the unloading-reloading slopes do not change at higher stress
3 levels. At very low stress levels (<20-psi) a rebounding cecurs that

can besi be described as a hook in the stress-sirain curve. The repre-
sentative_unloadiﬂg curve is shown in Figure 4.1, and it is assumed that

the slope given may be translated to higher stress levels,

L,2 UNIAXIAL STRESS PATH RESPONSE

The uniaxial stress path response of cellular concrete to high
stress levels could not be obtained from the resulis of the null tests
coﬁducied because of limitations in the level of stress imposed by the
null device. The data from the mull tests must be considered in con-

; junction with the yield envelope from the TX test data. Since the yield

36




surface describes a lower limiting state of stress, the stress path from
null tests o the material should lie within or on the yield surface.

The null dat# cen be used to describe the initial portion of the stress

3 f%g: path, and the yield envelope can be used to describe the uniaxial stress
%; path at higher stress levels; i.e., an assumption has been made that
i?‘: the material) has yielded by the time high stress levels have been .
“ ig\ achieved, '.‘fheréfore, it was assumed that the loading unia.x'igl stress
B path intercivts and follows the yiéld envelope described by the TX data
i above p = 0.5 ksi. It should be noted that this assumption could bé
r\ g ~in error, sénce the relations which exist betweén the uniaxial stress
- ff‘; path and th§ yield surface of various matérials are not completely un-
Y Z;; derstoocd, and the area is currently a source of continuing research.
“ g Addit*onal g;uiflzté.at"s should be conducted to higl{ stréss levels, i.e.,
%1 5,000 psi, ifi an attempt to verify the assumption made here. Also,
E ;’;5 s_inéé ﬁc} iiri?.’ééding data f:om c<tress lévéls above p = 1 ksi werée dvail-
E %’i able, the 1-:11'0ading respolide was éssgméd baseéd on the available unloéading
F .%: bulk and shear moduli (stress path slope = 2G/K).
" §; Figure b,2 shrms a plot"of the completé recommendsd uniaxial stress
9 § . ati. The anitial loeding portion to p = 0.4 ksi was based on the ‘
: ?,5 two null te:';ts The remainder of the loading path follows the TX yield )
[ - 5‘:. envelope. The initial portionw Ofﬂfh the loading path is showh to an en-
g‘z larged scale in Figure L.3. ,
k % The unloading pa.th,-‘ es previcusly m_entioned, wa.: based on the rép-
. '%* resentativé unloazding btulk ¥ and shear "G moduli whére the slope of

the siress path S 2an be deseribed as egqual to .?G/K « DBecause addi-
tional data vere uravailable, it-was assumed tlhat the unloading slope
could be translated o all levels of p . ;

The lower or negative um.axlal stress path was made symmebtrical %o
the positive uniaxial ‘stress path except at P < 0.8 ksi. The negative

portion below p = 0,8 k&1 was adjusted to reflect a loss of bond

BV R

strength. It should ve hoted that the material, when loaded to high

- s~ Javels of p {i.es, P > 1 kei) and then unloaded, did not crumble or

: f2ll spart when handled: This observation indicates the material was
X compacted and possessed some cohesive strength, the extent of which
L :i ) - i -
Pz |
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should be evaluated by future study. The intercept was assumed tn be at

p = -0.09 ksi. One other important aspect of the negative path shouid be
3 noted: If the materizl is loaded to a stress level bvelow that associated

with structural collapse and then unloaded, the bord strength is pre-

served; therefore, the negative path cou’d be in error.

The slope of the uniaxial stress path is also related to Poison's
ratio for an incremental elastic medium in uniaxial strain as Jescribved
in Section 3.2. Figure 4.4 shows'a plot of loading Poisson's ratio

versus mean normal. stress as calculated from the representative uniaxial

i

stress path previously shown in Figure 4.2 under the assumption of incre-
mental elastic behavior. The initial Poisson's ratic v of 0.25 ap-

L

pears reasonable, but the plo§ indicates a larpe variation in y versus
mean normal stress as the material is loaded to successively higher ;
stress levels. It should be noted that the plbt is only wvalid for one
state of loading, uniaxial strain, und the values of v may be differ- o
ent if determined for other sﬁétes of stress which mey exist, such as . f
Joading under conditions of a constant stress ratio.

e «ﬁy_r,;,“, ,gar@ﬁa}’\r{-ﬁ"’f’%" [ERat

o

J

Ry
’

4.3 HYDROSTATIC RESPONSE - ’ s :

The test results from the hydrostatic loading tests, shown in Fig- 3y

"
!

ures 3.5 through 3.7, appeer to be very consistent. The lower numbered i

tes“s, such as T-3 and T-k, were conducted at earlier cure times and

R G R

began . 1ctural collapse at siightly lower stress level:, a develop-
ment * is reasonable since the bond strenugin may not have developed
fully during the shorter cure time, This effect wac alsc noted in the UX

N

tést results. The specimen for Test T-k, as noted previously, appeared

L

R to contain z hard spot that is reflected‘by its higher density. The 4

Y]

epresentative response select€d was based on an average of Tests T-6
through T-11.

T

Figure 4.5 shows a plot of the representative hydrostatic response

based on the actual test data. The Initiazl slope, except for the ini-

R

R

tial 20 r.i, was based an Test -2 and is shown in the insert in Fig-
ure k.5, At hirher levels of stress, the curve is based on a weighted

o average of Tests 1-6 through 7-11. The unloading-reloading response hes .

38
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the same characteristics as that noted for the uniaxial response,
although the amount of the hook in the unloading-reloading might not be
as great as that noted in Test T-k,

Tangent slopes of the representative hydrostat curve shown in ¥ig-
ure 4.5 may be used to construct a plot of bulk modulus K versus mean
normal stress. Figure 4.6 shows such a plot and may be used to de-
scribe bulk wodulus as a function of meon normal stress., The initial
~Jue of K = 125 gsi appears reassnable; followed by a rapid de-
crease and then a gradual increase tc a maximum vaiue of 400 ksi at

P > 4.5 ksi.

L.y SHEAR RESPUNSE

The results of the TX tests are presented as & plot of principsal

- stress diff'erence versus principal strain difference in Figure 3.12.

These results were smoothed to construct representative principal stress
difference/principal strain difference plots shown in Figure 4.7. The
clope of each plot is two times the shear modulus G . The initial
Lloading values of f were selected from each of the curves and are pre-
sented in Figure 4.8 as a plot of initial loading shear modulus Gi vers-
sus mean normal stress, The plot indicates that Gi is a function of
p and that &, increases as p increases. Test T-9 has 2 higher
value of Ci than t. ¢t indicated by the Gi data from tests at
P <2 ksi. It is not known if Test T-9 is in error or if the response
is reasonable. The other shear tests, T-Z, T-10, etc., were conducted
after some level of p had been applied to the material; therefore,
initiation of microfracturing of the bonds in the material might result
in a lower Gi at intermediate confining pressure levels {p < 0.5 ksi).
Figure «.,8 does not, however, represent the complete shear resronse
of celluliar concrete, since it can be seen from Figure %.7 that the
slope of the streass-ztrain curve is also changing as principal stress
difference changes. For essn test, the tangent shear modulus wes de-
termined at various stress difference levels. Figure k.9 shows the re-
sults as a2 plot of principal stress difference versus shear modulus.

Hach curve represents one shear test at a given confining pressure,

39

san
‘




p———t

- i.e., p not constant. The curves show the general variation of G
with principal stress differcncet G decreases as o, - 0, increases. ) J
In general, the plot indicates that under the assumption of an incre-
mentally eiastic material, the loading shear modulus for cellular con-
crete may be described as a function of both mean normal stress and g
ﬁ principal stress difference.

1 To illustrate how G varies, a three-dimensional sketch is shown

in Figure 4.10. The Y-X axis of princip:sl stress difference versus

ﬁ mean normal stress, respectively, contains the representative failv
. envelope and the loading path of each shear test {shown as a dashc

line). The X-Z axis of mean normal stres: versus shear modulus ccutains

the initial shear modulus data (connected by a dashed line) previocusly
shown in Figure 4.8. The family of curves shown previously in Fig-
ure L.9 is contained in the three-dimensional space. Whether the sur-
r 3 face describing G , which has been generated by the TX test data, is
appliceble to other loading states of stress, such as a constant »

loading, is not known,

4.5 SUMMARY OF REPRESENTATIVE DATA

The previous sec“ions include tne recommended representative
static stress-strain resjonse of cellular concrete under various states
of stress. The sections also include the static mecduli values and
their variations with one or more conditions of loading. Such informa-
tion, however, does not nonstitute the complete understanding of the
materizl., For example, it can be shown that the representative hydro-
static stress-strain curve may not be azpplicable to infer the volumetric
| ctrain response of the material lcaded to 2 given level of p and then
loaded to some level of principsl stresz difference. Figure 1,11 shows
? a plot of the representative hydrostatic response. Superimposed on
] that plot are the volumetiric strain data measured duringz each of the
shear tests. The deata reflect the actual level of mean normal stress
to which the material was subjected. The resulis indicate incressed
compaction with increasing principal stress dif{fevence at levels of

1 p<2.5 ksi. At p > 3 ksi, the material dilates or shows expeansion at

l 10

D N




it
]
]

pade o d

r-'; v W

2 “increasing levels of principal stress difference. Therefore, chere may
= only be one unigue level of mean normal stress where the volumetric

strain resuunse is inderendent of level of rrincipal stress difference

for this particular density. The Iaterrslation of the response of the

PR TR TS
Y 8 e
,

materiel uider various staztes of stress as observed from the laborstory

g test data must ve considéered in the development of constitative

5: relations.

%3 Jre other point should be discussed. Almost a2ll of the tests that
S were periormed and all of thz representalive curves that were Jeveloped
if are for a_stetic undrained loading condition. The limited dymamic UX

i - test results shown previcusly in Figure 3.3, when compared with static

tests on similariy cured materizl, indicate a rate effect., This rate
effect may be avplicable tc most ldg@ing conditions, It is believed
. that the form of the ‘dymamic -stressestrain relafiions for this meterial

i may be similar to the static relations.
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Figure 4.1 Representative static uniaxial response.
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t Figure .7 Representative static triaxial shear response for
various confining pressures.
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}" Figure 4.11 Plot of volumetric strain response during triaxisl

shear supcrimposed on representat..e hydrostatic loading curve.
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CHAPIER 5

) SUMMARY AND RECOMMENDATIONS

5.1 SUMMARY

The purpose of this study wac to determine the representative '

e
L 2y

stress~strain propertiez of gellular concrete under various states of

stresg that would be needed for the derivation of constitutive relations.

v.._,
ITEPRIRN

A series of stetic UX tests, aull tests, and hydrostatic and X

shear tests were conducted. The results of these tests were presented

Ty
N

as a series of stress-strain curves and stress path plets. From these -
data and certain assumptions. representative stress-strain relations

were selected to represent the static resnonse of a 60-day-cure, €z-pef-

Wi

0

density mix of cellular concrete.

(s B WL VA TR

Assumptions were required in the derivation of the representative

-

= - data where the actual data were guestionable or lacking. Included in

3

those assumpticns were the following: (1) The uniaxial stress path at !

mean normal stress levels above 0.0 ksi was assumed to follow the fail-

d
N gea s R Y

ure envelope. {2) The unloading uniaxial stress path was assumed to be

Pal

independent ot principal siress difference. (3} 7le lower yield enve-

| - lope was assumed to be nearly symmeirical with the upper envelope.

1, %

{4} A tension cutoff of -0,05 ksi was assumed.

The dynamic response of cellular concrete was nct investigated in
v N

o~

this study; however, three dynamic UX tests were conducted. The results

indicate that the response of the material is aifected uvy the rate of

R A L SA L R

loading.

yY 5.0 RECOMMERDATIONS

s The following additional tesis are recommended to suppliement the
existing datas

e

S 1. Static U. tests should be conducted to & ksi with unleading

g

at several stres. levels. HNuil or Kb vests, with unloading, to a
level of p associated with lockup shoul< also be gondusried, The pur-

: pose of these tests will be to £ill the previously mentinned gaps in

P R




LR e

available dates and to verify various assumptions that were made in this
report.

2. A limited series of dynamic UX and TX tests should be conducted
at a stress cate similar to that expected in the field locading. Consid-
eration should be given to the uniaxial stress-strain response and shear
strength. The purpose of such a test series will be to allow adjustment
of static data to reflect stress rate effects, since the limited dynamic
UX data indicate loading rate effects on both the initial mcdulus and
the level of structural breakdown of tl:e material.
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