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ABSTRACT

| Panayiotis Spyridon Armpis

/

INVESTIGATION AND PERFORMANCE OF CONCRETE
LIGHT-WEIGHT SANDWICH CONSTRUCTION

The Constant Module (CM) System utilizes a sinyle, element

compoégd‘of a 334", x 10! panel with two integral corner posts
4' in height. Four such elements are assembled to form an
-enclosure which can function as a shipping container for

wheat, or as part of a house. ' S
e

-

The dual function holds novel promise as means of dis-
. ' , § .
. tributing grain to developing countries with housing as a

secondary benefit.

In devéloping the‘st£uc£ural element {(CM Panel)“thg‘pfime
quirement was for low cost lightweight sandwich panel suitab;é'
foi mass production in any part of the world. The program
‘of dévelopment and testing was aimed at finding a novel
combination. of materials which best satisfied the criteria of
strength, weight and cost. The work described deals with
panels composed of 1/4" thick skins of Latex Modified Concrete
(LMC) using lightweight aggregaté with steel mesh or
glass éléth reinforcement in.conjunction with cores of pre-
\expandeg polystyrene beads,bbnded‘aith Portland cement and

Latex,or Kraft paper honeycomb.
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CHAPTER 1

fo= INTRODUCTION . -

In this research work the performance of lightweight

sandwich comnstruction using concrete'as a face meterial, along
with the use of styropor-filled lightweight concrete and -

paper honeycomb as core materials is .investigated.

- N -
A H
’

In 6rder for concrete to be used in the small thlcknesses

requlred for this type of sandwich construction its mechanical

prcpertles have to be 1mproved. Furthermore,‘the nature and use

N — L ‘ L

N of sandwich panels 'in the building industry demand improved

phyeical properties of the concrete, such as hardness, water:

-

) penetration résistance, sound absorption, fire protection, etc.

z . . . ) . 2
' . ‘ |3

a

The improvement of mechanical and physical brbperties
- o « - '

.« Of concrete through the addition of polymer latexes is investi-
" . ' . ' ’ LA .

gated. ' N ’ RN

-

a ' - V’

Core materials in sandwich construction, apart from .

/\
the spe01al function of tab11121ng the faces 1n thelr planes

with respect to each other, ‘are requlred to- provlde thermal

insulation.

Two types of core materlals are pr0p05ed, rnamly an. . %

extremely llght—WEIght type of concrete using expanded poly— T

\styrene beads as aggregate (styropor) and kraft paper- honey-"

combs . - ) o : . . e

PEERRR T v SN




f . 4 tL : : S
¢ s . e The influence on properties of various formulations,
g ,’ . and mixing techniques for the styropor core; and the shear:,\

strengths of kraft paper honeycombs are studied.

’ 3

“~

" The aéﬁlicability of the theory of sandwich construc-

ra

tion is éxplained in order to interpret the experimental re-

2

»

«

- sults on complete panels.

g b R AT

>.~/;0:

There is a requirement to join panels such that their

. full moment capacity.can be-developed. Several variations are

“~

. . .
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s studied. , ,
v - \
- -
M
- K . -
I
et - B .
- , s
- vy o
. “
/
L
- “ . i - -
b4 g ,
.
, .

. n .

" . “t

£ § N .

Un I4 -

Jz - -~ .

2 o \

o < ” . -
e o — ¢

o

~ R - \ .
.
}ff. T
2
g o K B .
. , 4
b »
..
%
’ »

& . ; L. .

& . =

& Y . .

- 2 < ) - .

é . L .

¥ e o AN

1,




.

e A 1 e N

N |

v ] x;
Pt
RN e
. . N - ™
- LS
. \ . \
:Jf\\ /o .o
. . R P,
-, -
[
, .
f . .
N I
<. -~
- .
.
N \
. s
. '
. .
«
! v
v N
.
~ £
. o
; N
e Siokig e

O R T st A LAt

s

CHAPTER 2

[P ce e e o e v o e
.
> 13
. W
¢
4
P
,
¢
s
. '
. o\
R .
. .
.
- © L 2
~
R .
s
-
‘
~ -
«
~
R .
5 N -
. - ~
M ’ N
” 1
L - -
3
. - <
. . ~
-
f
\ N
N R - /
* - 3,
. . .
L) ¢
o ~ <
. ' -
¢
2
Y ~ -

! .

9 a1 T s M b, WX T 2




o - g

B b U

'can improve the mechanical properties o§ these systems and P

f

;Portland‘cement'and can greatly improve. the mechanical and

"physical properties of concrete and mortars such as bond,
’,

B T ey Ve

‘however, they are poor in tension and wear and- hemte, ré~

L 'CHAPTER 2

LATEX MODIFIED CONCRETES AS FACE MATERIAL .’

/

N

2.1 INTRODUCTION Tl~\ o

—
L
- o e e ang R b ot 1

Concrete and cement mortars perform well in compression,.

2

quire modification for, special areas of application. .

{ . .

.. The use of ordinary concrete or cemept mortars as a sole
’.n"?"' e

thin face material in sandwich construction is not accept-

able. However, the addition of polymer Latexes in mortars -

permit them to be used, for this special application. 1In

this investigation, the polymer stvrene butadi&ne[lJ was

used throughout the laboratory‘*ork.

v < ! v

2.2 POLYMER LATEXES ¥

\ ‘ .
) Synthetic latexes are polymer (plastic) pardcicles
\\

dispersed, in water. They have very good compatibility with

tensile, compressive and flexural strength, toughness and .
hardness. The durability of these systems is also greatly

improééd (freeze-thaw and chemical resistance). Table 2.1
o N &=~
shows some typicql'latex propertiéj. ’ .

~
> R

The advantages of Latex Modified Concrete (LMC) are

easily appreciated from the histograms. shown in Figure 2.1
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TABLE 2.1

BASIC LATEX PROPERTIES

[1]

Polymer Type

Styrenq//
Butadiene Emulsion

‘Percent solids

“centimeter)

Stabilizer type

Specific gravity
(25 °C)

Weiaht per Gallon
(lbs at 25 °C)

pH
Particle size
range (angstrome)

Surface tension
at 25 °c - .
(Dynes/square

Freeze-thaw
stability
Specific gravity
of latex solids

Film forming .«
(25 °C) 7
Fieg TS

Self time'.

Non-Ionic’
48%
1.01
AR
TR
1.5 °

32

. 5‘cycles
- (~15°C to 25°C)

1.03

w
- e,

flhﬁx yes
ves

> 2 years

Non-Ionic
»50%
1.23

10.25
© 2.0

« 1400

33

none
1.60
jes
no

6 months'

7

Y
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FIG. 2.1 TYPICAL MORTAR PROPERTY IMPROVEMENT USING
POLYMER LATEXES, DOW LATEX 460 (STYRENE
' BUTADIENE) AND DOW LATEX 464 (SAR(AN) )
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- 4, . . . !
“ \ for two different types of latexes. More figures for compagi-
; .

son qf/mechanical p;oﬁerﬁiés are listed in Appendix."A". '

!
¢ A\

/2.3 FORMULATIONS AND MIXING ' _ A~
| -~ .

Gt S

A‘\.

L] - 8 -
Any type of Portland cement may be used except the

'

air-entrained ones (Type 1A, 2A, or 3A). White Portland
‘ A . .
, cement, waterprodf Portlland cement and aluminfie cement can .

|
|
i
'i

CoL o % )
‘ also be used for spéecial applications.

.

Styrene buiadiene‘and saran latexes can be used
efficiently and egonomically at a latex solids-to;cehehﬁhfagio

of 0.10 to3.20 and 0.15 ‘to 0.30, respec€ively, based on the

,
, +

weight of Portland cement. - .
v ) ;;/ *j ’ T E 4 '

. . Both of these/Iatexes when used with Portland cement
7 |

/ react to produce millions of'tiny gas bubbles, resulting in

Ter g R RTTRS dyo ,
>
-
3
v

o / an air—entraineé éystem. Although this contributes greatly

. to the wgrkability of -the mix, it aiso reduces its strength

and quality. In order gz\minimizg the air content of latex

! mortars, antifoamers are used. The %ntifoamér_ ANT;FO%M B{
" was used in this investigation from .3% to .43 of the weight

of Latex solids. At is capable of limiting the air content
. of latex mortars to the rénge“of 3% to 10% by volume,(ffiind-

o ing on thé formulation and the Eype of mixing used.

.

L

1 A product of Dow Corning Corporation.

L
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In addition, there i§ no limit to the number of

TRRS T IITCW et wnncer

additives that can be used with the basic ingredients in

>

order® to change some of the properties of the concrete and

“r

é . mortars. For éxaméle, diethylene gl&cgl, a h\;mec‘:‘t;ant,° acts
é as a retarder and-it cén also slow down tﬁé differential
l/'fl ' setting on the surface of LMC mgrtar, with respect to the °’ -
f‘ i ’ inside. , r - ,
o ' Any mechaniéal’m;;;} can ‘be used pnd'the ﬁaterials
5 can §§ propo;t}gped by either weight or volume. A recommend-
gl ¢ ed sequence offggxingfbpe ations is as.follows: |
? (i) Add antifoamer.and stir into the'latex |
| g ) (ii) Pour latex into thé mixer '(Zlithw antifoamer) - > '
% g‘ ’ : »(ii}) Add €?f~ha2;‘the nixing water ')hﬂé
B v “(iv) add sand )
| : (v) Add Portland cement /
: . . - (vi) Aadd dié%hylene glycol, if'used '
{ _‘, (vii) Add the remainder of tﬁe.mixingiwater

*
4

'
a

{
~ 1] L
It is essential that the, mixer should run during
the addition of all ingredients and most‘important, thé
However,

*

a somewhat different mixing procedure was adopted in the
An

total mixing time should not . exceed five minutes.

labpratory work conducted and the author claims consistently

C1]

better results than the averagz'published ones

-~

.with the

same proportioning and type-of latex, air-curing conditions _

and weaker aggregates (expanded shele). The main differencé
. k

«

f

\I.

Tt on i K am 6 sen e g T e e
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—

~ in mixing was that the surface saturated sand Mel-lite
aggregates were first'tporeughly mixed with the Portland
cement and then the combined latex—water~ant1foamer solution
was*added at an initially faster rate. It is noted here

that in the development of styropor-filled lightweight con-

j .
. crete different mixing procedures were adopted, aggexplained

-

.
et £ L R N
AR i Poi it Y AT ey o e -
>
=

in Chapter 3. . ‘ . - !
l‘ ¢ ']_‘ "V

., 4 FEASLBILITY TESTS ON . LMC MORTARS .

S s

J g

2.4.1-. gypes of Tests’and Test Procedures

3

-Compressive strength tests (ASTM Cl109-70 T) w1th

3" diameter by/G" cyllnders, and 2" cubes, and direct ten51le

. strength tests (ASTM C190-70) with flgure-elght specimens of

1, 1/2 and 1/4 square inch cross- sectlons were conducted

.(Flgure 2.2). : ‘ 4\

~ . ~ A .

¢ . . .
The static modulus of el.asticity was obtained from

’

the stress-strain curve in compression. Toughness was con-

\~ ) 31dered .as the area,under the stress straln curve between
- .

€,

Y . zero and the. maximum compressrve stressi -
u N LY 3
IS B . 1 \

.

A. Tinius-Olsen testing machine Jés used on. which 3

P : recording device was attached so that the load vs. compress—

ion-elongation was-recorded in a graph form. - - K
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1/4" -0 in s1ze aggregates, and washed sand

Two types of aggreddtes were used;

%54.2 Materials and Specimens

D{EL"‘lite,z ’

Type III Port-

land cement was used with a sa!urated surface agq;ééate-to~

e

cement ratlo of 3 1 by welght, along with styrene~butadiene

emulsion (Dow Latex 460) .

~

-~

’

The specimens were cured in the air at laboratory

¢

ﬁiemperatures for 14 days. Latex .and wd&er contents were

varied.

"Noté that in one Of the series of test specimens,

Mel-lite raggregates passing sieve #12 were used.

tion was chetked and found to be:’//

’

-

-

3

Sie§e 1 $ "Rassing

t 12 100 4

$ 16 .75

¥ 30 39\ '/H'
4 50 8 '

¥ 100 \ 1.5

o »
4

o
n +

' having a fineness modulus of 2.76, medium sand.

\
1

)

The grada-

.

2Rotary kiln expanded ‘shale”®ygregate,  a product .

|

) a
of Avon
Fl LY
4
"%
- -
L

#

3

Aggregates Ltd., Moncton,Tﬂ.B., Canada.

I

.
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2 5 MECHANICAL AND PHYSICAL PROPERTIES OF LMC MORTARS

- TEST RESULTS

: .8
2.5.1 Compressive Strength (£') and Modulus
- "of Elasticity (E ) - .

S

» The use,of lightweiyht aggregates produced l%ght—
weight concréte~ﬁﬁfféf;:of-comparable strength to normal
mortars. Compressive strength and modulus of elasticity
are decfeaeed as the rayex content is increased:/\fable
i.2 1ists«some results of a series of tests. Compressive
strengths as high as f£! = 7530 psi (530 kgf/cm?) ‘were

obtained from specimens in serleé Cl at 90 days. The range

_,gﬁ E ratio between .30 and .40 does not seem to influence '

{
the f' of LMC mortars.. In Fig. 2. 3, some cheracterlsi

t;b compre851ve stress— straln cures are plotted.

e Y
v

The static secant modulus at the point of % fé on
M &

. the stress-strain curve was taken as tﬁe vafue oq B A

maximum reduction of , E equal to 45% was estimated from
A

all seried of specimens. * '

. 2.5.2 Compressive Strength (f') and Direct Tensile
. Strength (f,)

T ' ’ ' ?
- . — | ,

The ratio of ft to fé was estimated in the
1

range of 5 to - % for both expanded shale and sand aggre-

gates, as compared to the rgnge of é to —%3 for un-

modified mortars. - (/‘ . A

»

N -
Typical tensile stress-elongation curves are reproduced
. - i . )

I3

A}

.

4
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o
Ten51le strength values were rdéglng from

in Figqure 2.4.
. 650 psi:(45.70 kgf/cm?) to as high as 1050 psi (73. 83 kgf/cm ).

2,5.3 Strains at Maximum Stresses .
4 ‘
> Compressive and tensile strains' axe greatly increased*
% ‘

ﬁith'tge addition of polymer léﬁ-xes.‘.These strains are pro-

portional to the polymer content.

’

‘ - . )
Typical values at ultimate loads are listed in

<

Table 2.2. { It is noted that unlike unmodified concretes,

which fail in a brittle manner,” LMC mortars undeigo a ductile

"failure and the amount of ductility is increased with the

increase of polymer content. This,  in fact, permifs,the

. stress-strain curve to coyer a region beyond the maximum load-

ing (Fig. 2.3).

~.._2.6 WATER VAPOUR TRANSMISSION RESISTANCE

’

E The LMC mortars have great water vapour resis-

-

tance than the unmodified mortars.

d The test (ASTM“EQG—GWCEDURE E) to determine
th

Waaet wer

e watér vapour transmission rate described in Reference [1],

&

~

A kToY £ AR b S msanS S, ¥ na\ F 5ms
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“the_ specimens are weighed périodically until a constaht gain

The test (ASTM E96-63T, PROCEDURE E) “to determine

L

the water vapor transmission rate descrlbed in Referxren ‘[lf\ ’ g"
involves casting -4- inch thick specimens and curing the‘mr |
14 days at 73°E (23 éC) and 50% relative humidity. Then,

the specimens are sealed in Pyrex crystallizing dishes which

contain measured amounts of calcium chloride (CaCl:). After

the sémﬁles are weighed, they are placed in controlled en-

4
* vironment of 100 °F(38 °C) and 95% relative humidity. Then

~ ' ’ .
in weight is obtained. .
: v

The unit of Water Vapg} Transmission Rate is_défined
q : .

‘as: p Pt

%
3

<« The rate of water vapor transmission through'a -

specimen caused by thefvapor pressure dszérence
) across the specimen cen - X

L

-gaifn
hr. x sq.ft. x in.Hg ,

1l Perm =
The results of the above test are listed in Table 2.3.
This Table shows Ehe’best WVTR for Dow Latex 460 and Dow

Latex 464, which is at the level of 15% latex solids. Fur-

ther, tests 1ndlcated that as the content of Dow Latex 464

is 1n0{eased the WVTR of mortars decreases.

i




(—-‘ * EABLD 2.3

v e

WATER VAPOR TRANSMISSION RATE OF LATEX MODIFIED -
. ) MORTARS

Dow WVTR

Formulation Latex -in Perms.

Congrol® * None 20-30 .

Styrene ) ' _
Butadiene 15%-460 2=3

Saran 15%-464 \ 6-9

s

2.7 BOBTEX GLASS FIBRE REINFORCED CONCRETE - ’

$

The ,Bobtex Fibre Glass, Fig.2.5a is a specially made
reihforcing material. The glass fibre strands, with gpproxi—’

mateiy 200-230 fibres per strand, are coated with polypropy- -

lene to which cotton fibres adhere, forming a protective
A - :
cover against the alkaline attack of concrete. These threads

are then woven to a 4 ft. wide cloth, with a thread density

. : -
. of 8 xfﬁg‘to 12 x 12 threads per inch.

The strength of the material is between 180-300 lbs.

per .inch in tension, depending-on the number of threads per

»

inch.

‘control mortar was wet cured 7 days at 73 °F(23 °QC)
followed by 7 days dry cured at 73 °F(23 °C) and 50% rela-
- tive humidity. ,

<
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BOBTEX FIBRE GLASS .(B )
x 8 THREADS PER INCH

THREADS PER INCH (TOP)
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The ASTM Cl190-70 teqsion test with several figure-eight )
% - inch thick specimens was. performed.. The strength and ;
toughness were invg\stigated w;th r‘sspect to reinforcement |

1

location. o

Typical tensile stress-elongation curves for three diff-

erent reinforcement locations are shown ‘in Fig. 2.6. In 'speci-
*

<

"A", (LMC mortar and no antifoams with ¥' = 5500 psi -

e

mens,
(386.7 kgf/cm?) and £, = 700 psi (49.2 kgf7cm?) was used),
two layers of 11 threads each werejplaced at the center of

the -i— - inch thick by 1 - inch wide specimens at —ié- - inches

apart. )

1

-

The behaviour of these specimens under direct tensile .

load is shown/‘by the "A" curve, which suggests that, although

<)

its ultlmate ten31le strength is /345 X 4 f.380 psi,

(97. 03 kgf/cm?) , the materials did not perform as an 1ntegrat-

N4

= ed unit. _ -

»In specimens)\ "B" the two layers of reinforcement,

12 threads each, were placed eccentrically into’ the specimen.

1

The tensile behaviour of this arrameﬁuent is curve !"B",

Ay

/ -

An ultimate of 1630 psi (114.61 kgf/cm?) tensile’

strength was reached, and in this case , the reinforcement

acted more integrally with the concrete mortar.

~

Specimens "C" had the reinforcement (2 layers of
~12 threads each) on the outside, one layer on each fage. At

failure, 1210 psi (85.07 kgf/cm?), only one layer of rein-

[

-
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orcement was completely failed. The other ore was 'untou.chec‘i.

Inboth "B" and "C" series, the improved toughness and
ductility was apparent from the areas under their respective

curves, and the fact that the specimens failed long after

_.they’ r'eached. their maximum strengths. ‘ A

|

Although* the three dif’ferent patterns of reinforce-

ment showed substantial difference in their behaviour under

-

tensile loads, it is believed‘ that it the fibre cloth rein-

forcement is\pr0perly stretched when is placed,.the strengths

’

B

Curves A and B sugdest that tensile strengths,

-of cement mortar and "cloth" can be added.

higher than 700 psi (49.20 kgf/cm?) were obtained. ..This is
explained@ by the fact that no antifoam was used, therefore

the %— - inch thick specimens, due to better compaction and
Y . ‘ L ?
escape of the gas bubbles, show higher strengths “than the

1 - inch ‘l-:hick’ anes. A set of tested Bébtex Fibre Glass re-
. ' |
inforced specimens'is shown in Pig. 2.5b.

2.8 OBSERVATIONS AND COMMENTS , ‘
. ' ) ‘ ' -

. c . ) . -
- Optimum (efficient and economical) latex content was
A
found to be in the, range of 15 - 18% solids. Note that the

emu}sion water was considexred in the total water content.

.
8
'

~ = Higher percentages reduce the compressive strength

- ! -
(f‘) and modulus of elasticity .(E) of congrete. It

does howéver, increase the strains (ductlllty) , toughness, -
S oot

Rardness, flexibility and shear bond strenc{th. It {c,as also
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' from Reference [1]J It is observed from 'I‘able A-2 in the .“

7

\.\' ’

observed that LMC mortars had an increased flexural '..,
strength while being more flexible. ‘ . ~

o

. = If antifoam is not used in mechanically mixed
. : v

i

'LMC moxrtars it produces a foamed or cellular concrete,

and the air content ¢an be ad high as 30 percent: by vol-

’
\

ume’. This may be desirable if light-weight and, air-entrain-

ed concrete is the objective.. «However, it reduces appre-

o ’ -

ciably the compressive, tensile and bond strengths and re- '

(9

sults in a poorer water resistant material, C « .
. R g RN :
- Both sizeS» of Mel-lite lightweight aggregates
-

(#40;%1 #12-0) produced mortars w1th higher compress:.ve
and tensile strength than sand aggregates. This was due to
the superlor gradatlon and cleanlmess of the Mel-lite
particles. The best/overall and most consn_stent results"
wére obtained for the passing sieve #12-0 sizes. 1In l
\addition,%‘ inch thick tensile specimens gave higher tensile

strengths than the l-inch thick ones, especially when
. -— ‘

°

antifoam was not used. . , .

W

In Appendix A, a?ﬂitichal information on the .mechani-

cal and physmal prope ties of LMC mortars is presented !

Y

Appendlx, that the Lse of 'l‘ype III cement g.wes sl:.ghtly

better results than Type I cement, at 28 days.

Flnally, the hlgher the polymer content, the more = -

dlfflcult it is to finish the surface. .
b t
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The improved mechanical and physical properties of

" e
. 3 ’ .

. latex modified concrete mortars, especially their tensile

}

i

. . - \ , i

U - strength, toughness and hardness; suggested their use as a i
to . face material in sandwich construction. - , . ' -é
. * . . ® :(:
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~ CHAPTER 3

STYROPOR-FILLED EXTRA LIGHTWEIGHT CONCRETE AS
: A CORE MATERIAL

~. ot o ‘ —///\
3.1 INTRODUCTION i

& - .
~ .
4

Expanded éolystyrene beads as aggregate produce light- )
N

weight concretes of various densities. Densities from
50 1b/ft®(815 kg/m?) to 142 1b/ft® (2270 kg/m?) ® with com-

5 ¢
prgssive strengths of 180 psi (12.6 kgf/cm?)  to 6900 psi

(48 “kgf/cmz) respectively, have been obtained for structur-

[2] A

al/and insulating applications.

s .
-

In order to use cellural concretes as core material
in lightweight sandwich <onstruction, the compressfe; and

shear strengths of extra‘lightweight concretes of densities
’ »

in the region of 12-25 1lb/ft?® (192-400 kg/m®) were investi-

g
e

[

gated. . [

The results were very satisfactory and are presented in

Jhis Chapter. 4\ o L o
’ \\\._) M

3.2 EXPANDED POLYSTYRENE BEADS

Cellular concretes so far have been produced either by

SThese normal weight concretes, included river sand and
3/8 - inch river gravej. i

-

. f
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'generate millions oi)ﬂiny gas bubbles. However, in the use

- ’ \\ 26
~

P

the injection of air into the mix or by the use of chemicals,

such as aluminum powder, which react with the cement and '
' A

of thesnktechniqués tHe thickness of a slab or panel is

difficult to control. .

°

The use of exparded polystyrene beads (Fig.3.la) pro-

i

duces similar toncrete products as the above-mention-

ed techniques, with controlled dimensions. .

»
The pre-expanded beads have a closed cellural form and

can be mixed conventionally with little difficulty.

Polystyrene beads expand as much as 50 times their

A4 ~

original volume. Varied degrees of expansion produce beads

£y

with varied Volumes and the same weight (since they come from

‘the same unit.) This coupled with the fact that these beads’

are extremely light .75 to 1.0 lb/fta(lé to 16 kg/m?), can

> , .
on on mixing especially when there are large

cause seéregati
differences in particle size. Another disadvantage during
mixing is that polystyréne beads are hydrophobic, and coating
of particles with adhesive substances priorxfo mixing is

necessary, or bonding admixtures should be used.

In all, the series of experiments performed in this
inQestigaﬁion, the polymer latex styrene-butadiene was use&
successfully. Other bonding agents such as epoxy resins
(though expensive), or polyvinyl prOpriotgpe emulsﬁﬁn (Pro~-

priofan) may be used. However, Propriofan appears to have

.
%
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FIG. 3_.1 (a) UNEXPANDEP POLYSTYRENE 'CRYSTALS (TOP) ,
. EXPANDED POLY YRENE BEADS (BOTTOM)
‘ (b) STYROPOR-FILLED LIGHTWEIGHT CONCRETE, 3"-DIA.
: BY 6", SPECIMENS (1\2-125 1b/£t3)
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- . /’\ (c) TESTED SPECIMENS ,)
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deleterious effect on the properties of the cement: paste, and
»

this has not been given yet any attention, as far as Badische

4

Aniln-and Soda Fabric A.G. (BASF) Company, which has done:

. PR o
considerable research on polystyrene corncrete, is concerned.[zj
- 4 } J\-
3.3 .FORMULATIONS AND MIXING s )f

-

Ma%hly, three different aggregate gradations were

used: N
' * //
< =
~ . . . -~ .
. Gradation "A" Gradation "B" Gradation "C"
e N Sy .
Sieve’ % Retained | Sieve % Retainedﬂ Sieve & Retained
44 0.0 ¥4 0.0 §12 0.0
#8 40.0 #8 41.5 $16 .12.87
$12 50.0 312 41.0 430 77.14
#1e6 10.0 | #16 2.2 ¥50 . T 10.29
#30 13.5 !
. #50 1.8

—n

—

In proportioning the materials, polygtyrene beads were

measured by volume. The formula CxLywz means that in 1 cubic

foot of beads, there  are x pounds of. cement for which the

.corresponding latex solids to-cement ratio and water to

cement ratic”is y% and 2% respectively, based on the

’

weight of cement,

The mixing procedure adopted i
- ’

L2

required quantities in each case are measured.

{

-

s as follows, after the



(1)

" One half the required water was mixed with the

+latex emulsion.

. : (ii)

(iii)

(iv)

 rest of the water into it,

all latex

use latex

S

this last

paste from the surface of the beads,

The

.

One quarter of the above solution was poured in a
prewetted mixing pan with the beads and mixed

until all beads were coated.®

- N
The cement was poured while mixing was continued.
\

’ <

The remaining latex solution was added with theé

and mixed until all
N ,
beads were evenly coated with the cement paste.

L

It is very ;Aporkant to note that pouring water,{?fter

emulsion has been used, washes away any ex1st1ng

‘ N

best method in the above mixing procedure ‘is to

emulsion without any added water to coat the beads

. " first, leaVe them to, dry for approximately 10-15 minutes

[}

(no longer), and then pour ‘the cement and latex with the re-

.~

. Co . J o N "
! quired water in 1%, while Continuously stirring. However,

mixing technique requires more latex.

s As

white.
~

thé degree o

a matter of fact,
ating,

it was very difficult to check
because beads and latex are milk

%

- A~

Yoo

and longer mixing is required.

4

f

¢




3.4 ' MECHANICAL PROPERTIES OF LATEX MODIFIED STYROPOR- -
© FILLED LIGHTWEIGHT CONCRETE

’ ' ) , 1
4
Due to the fact that most of the test specimens never

failed completely, the ultimate load was established at a -

{
compressive strain of €c = .05. Table 3.1 lists the

mechanical properties of a series of specimens for various

i’

cement contents and two different Polymer/cement ratios, using

s

Gradation "A", . -

3

Tables 3.2,‘3.3‘and 3.4 list the variation in properties
using Gradations "B" and "C" at constant cement content and
different P/C ratios; Typical stress-strain curves aré p;otted
in Fig. 3.2. .' A

' ]

It is understood that compressive strength depends on

'
-~

the degree to which the interstices between the aggrggateé are
filled with cement paste. For the beads/cement ratios us%d in
this investigation, the interstices were never filled with paste
completely (except maybe regionally). Therefore, the quality

of the material, depends on how the paste is distributed and how
well the beads are coated. Specimens before and after testing
are §hown in Fig. 3.1b and.C, respectively. The modes of fail-
ure illustraéé perfectly the problems of segregation, coaiing

and the effect of the amount of latex. ,\'

The compressive strengthhand modulus of elasticity are
almost direct functions of the unit weight of the material, as -~

it is shown in Fig. 3.3. 1In Fig. 3.4, the effect of the poly-

mer content on the compressive strength is shown. One has to

G e R et - -
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realize the difficulties involved when working in“these small

3

ranges of strength and unit weight.

.

oy

. »
For. a- high latex content (70%), the tensile strength at

~ .

yiei@, at an elongation e, = .07 in. and at failure are given in

. Teble 3.5. The tensile strength of these specimens i§ over 70%

of their compressive strength. | " v \
- v . '
3.5 . STYROPOR-FILLED 'LIGHTWEIGHT
CONCRETE SHEAR TESTS

. A
Two different double shear tests were performed, in order

‘to compare the results. In the first test, the 3" dia. by 6" ¢

\ <

. . 14
compression. cylinders were°used in double shear, as shown in »
Fig. 3.5a. The-results of these tests are the ones in/Table

3.1 and Table:3.3. \

S .
The arrangement for the double-block shear, test using
A , - ‘

‘formulation as-in the cylinder double

material with the same
. -

shear tesy, is shown in Fig. 3.5b. " From this test, both the shear

M )

stréngth (t) and shear quulus of rigidity (G), were calculéte?.
" The average value for T was 43.75 psi (3.07 kgf/cm?), and

G = 2,450 psi(l7§:kgf/cm2) is the slope'of;the stress (t) vs.
_strain (y) curve shé@n in Fig. 3.%.

) —

The shear strength from this test is approximately

10 psi (.70 kgf/cﬁzi lower than the average values of the first

-

§ \ | . . -
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FIG. 3.5 DOUBLE-SHEAR TEST ARRANGEMENTS .
(a) 3"« 6" CYLINDER IN\QQEJBLE—SHEAR
(b) THE DOUBLE-BLOCK SHEAR TEST '
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test. Thijs is due to the difference in specimen preparation -

and the fiact that no provision was made for carrying the

complemehtary shear stress at the ends of.the specimen.’

.~ \
However, clamping forces were provided near the bottom
supports.  Under these conditions, it seemed that failure

was initiated at the top free ends.

3.6 HONEYCOMB CORE COMPRESSION AND SHEAR TESTS

Two types of honeycomb core were tested in compression
and shear. The first type shown.dn Fig. 3.7a is a 1"-cell
size kraft paper honeycomb. The second is a 3/8"-cell size

Cormat, type of honeycomb, as shown in Fig. 3.7b. The basic

difference- of these honeycdmbs other than in the cell size and .

construction is the quality of the paper, which in the first

type is thicker.and hence strongexr and more stable than the _

»

- second. Also, since it was received unexpanded and due to

the lack of expanding equipmentﬂ(expansion had to be done

manually. This produced dimepsian problems after expansion
and created local variation in stiffness. The average cell
size was estimated to be 3/4". Honeycomb by'conétruction is, .

N

less stiff and weaker in shear in. the dirxection o?'"expansion" .

than in the transverse dixection. The problems’' of expansion
. -«

and definition of directiqns (planés) are illugtrated in Fig:3.7. .

#

’Because at both ends. the ébre”is'completely free, the
shear stress must be zero. Therefofe, the assumption of uni-
form shear across the edge does not hold.

-
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FIG. 3.7 TYPES OF HONEYCOMB AND DEFINITION OF DIRECTIONS

s i (a) 1"-CELL SIZE KRAFT PAPER HQNEYCOMB
j (b) 3/8"~CELL SIZE CORMAT PAPER
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W = WEAK DIRECTION, S = STRONG DIRECTION
T = DIRECTION PERPENDICULAR ‘TO WS-PLANE
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?hé doyble-block shear test Qas used to determine the shear )
Astrengtﬁ and modulus of rigidity of these cores. The test 2
specimens were directly glued to the shear plates or Expoéed |
to the compression head in the compression test. The

stress (1) vs. strain (y) curves for both types of honeycomb

are plotted in Fig. 3.8 were the difference in behavior‘under

shear is illustrated. Table- 3.6 summarizes the propertles

of the core materials 1nvest1gated

3.7 OBSERVATIONS AND COMMENTS-~

45

A

I3 -

4

‘ 1

tends

when excessive water or shaklng is used.

I3

L

and especially WT - planes. As compared to honeycomb, styro- - ]

Cement paste is many times heavier than the beads, and

'— It seemed that the veryssmall aggregate particles

to accqmplate at the lower levels of the batch especially -
2

\

were more difficult to coat. =

- It is very important how, and, how well the material
is compacted,because both of\thqse“fadtors control

greatly the weight and strength of the material.

- Swelling and shrinkage deformations are somewhat ;

(2]

high (20-25%) for these low densities of concrete .

Howevex, as a core material for sandwich panel con-

struction, these values do not present serious

U ke ¥ Se i At e

* problems.
-. Poisson's ratio was extremely difficult to estimate . ;
_from, the specimens in Fig. 3.1lc.

L
Manual expansion of ‘the honeycomb resulted in weaker ST

. i

AT 1 ‘ . |
' : ]

{
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por-fllled light-weight ' concrete is more than four times

stronger in compression

L)

(£2)

i

and has three times hlgher

shear strength * (1) and shear modulus '(G) , in at least

one direction. 1}

\
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ANALYSIS OF SANDWICH BEAMS

[ 2




- 2 T .
e B T O R Bt & tas o e+

.
.

-

R -
- .47
\ ! Tes
; 4
. ™* CHAPTER 4.
- ANALYSIS OF SANDWICH BEAMS * '

4.1 SANDWICH CONSTRUCTION
’ e f

' A sandwich is a composite sységz\hhich basically cop;
sists of two thin, dense and strong sheets (faceg) held——

firmly to a thick layer of weaker, light and ‘less stiff
material (core). ) . ' t‘

.

The three parts are held together by adhesives, rivets

or\anything that can resist the shear forces that are ex-
) !

.

pected to develop at the interfaces. ,

.
e
The form of the sandwich construction is the key to
3

resisting forces and to excellent performance with respect

! . L]

" to the element's weight.

The main functions of the core arée to give the desired
] o e ~ N
panel thickness, to transmit shear forces and to stabilize
the skins. This is achieved by the stiffness of the core

in shear perpendicular to the faces.

The core apart from its feéuiréd mechanical properties
can also have other qualitiss such’g; thermal iﬁsul%tion,
low'sound.tfénsmission, incombustibility, etc. Metal -foil,
alumihum or stéel, plastic or kraft bapér resin-impreg- \

nated honeycombs are commonly used in sandwich construc-

tion. "Solid" cores such as perforated chipboard, balsa #

O ,‘ -7
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- (. [ ’ ' . , . ' ' [ -
wood, expanded plastics, and lightweiq%tconcrete are, also .

-used. Three basic forms of a sandwich panel are shown in .

Fig' 4.1.

The faces have to/be strong ‘enough to take confpression

. ) & A
and tension. Other

* .

are impexrmeabilityy

sirable properties of a face aterial .
durability, };ardl and J.ncomb .
:LtyJ Furthermore, depending on the intended use,

face §nater1a should have additional qualities.
| Z T v | ‘ ~
Met lor alumlnum sheets of varlous .gauges

a

craft structures. . In building. 1nd1;stry, the pangls must be

[ 4

The selection of the adheéive-ﬁis ’a;lsb important.
" High strength, and durability are .s¢me of it é,sséntia.].‘"‘ / . )
pfoperwtiﬂés'. : o o
Analirsis qf’d‘éflections, siiresses and bﬁckling‘loéds’
are \(ery :meortant in sandwich construction. Huowever,' ‘ ] o
detalls such as st:.ffeﬁers and :mserts to/distribute concgn-
trated J.oads, the nature of edge members, spl:.c;es and jolnts T e
are equally important. Temperatfg;\re anc}in}‘oisture contu:ent

differences may cause differential expansion of the faces

(in asbestos cement, for example), whj:ch( ay léad té-un-— ~

4

" desirable transver[(e' deflections. Ali the above factors
' [ . oy > ’ : Do

A D A T
.. .
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.
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"are very importagt design copsideratjons in any sandwich

. . e
construction. } 4 - ’ ‘Q
' ) ,‘ .. ',\_,/ - -L ’ ' i
. 4.2 VD.AEPLICATION OF ORDINARY BEAM THEORY . - - -;
. . ; o 2 ' :
. * ' ) ~ « a ‘ ’ ’ . \ ;

A particularly good introduction to the appllcatlon C

‘ ™~
of ordlnary beam theory in sandwich beams, is given by

Allen[ ] and most of the analysis whlch follows is based on

v

his book. o CL ;/ -t
ok T Y =< r

-

. According to the ordinary beam theqry, for a homo-

. +F

R "geneous material the'stfeSSes and deflections are. found,

‘ using the assumptiod that cross—sections .remain plane and
.

' perpendlcular to the pr1nc1pal (longltudlnal) ax1s‘of the‘

% . unloaded beam after.bendlng. Based on the above‘ggsumptlon,

.

I the(bepdlng moment (M), and curvature (ﬁ) are related as

P Rt T LT

follows: ‘ .
€ . - . - - F 2 N -
/ - ‘ N L | . L y
. . . . / EI R e ~ - (4-.1)
« \ : - ) - )
where (EI) is theispexural rigidity of the beam. o
) ) : - ' .
,,‘,. i '»"‘ Y d a.‘
The above relationship is based on the 51gh conven- s
" L .« tion showh in Fig. 4.2, Co . N ’
.‘ . - . ' . / -~ -
. ' * Fer a sandwich beam such ‘as the one shown by Fig.4.3, :
, * the stresses and deflections can be found to a good approxi-
A \ o~ . .
. mation by the use. of the above -stated assumptlon, further C
. . . R ‘3
' assuming that both faces and core are isotropic. E3] T g %
.. ¢ ‘
, * The flexural rigidity D¥. 'replacing EI by I)(for i
¢ ' N . », - \ o . _/,_‘,_.. ;
s . . . i j‘
* e '..( ® o ;

s, * . . a'.
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CURVATURE ARE POSITIVE, BENDING MOMENT IS

NEGATIVE

(b)

.

SHEAR FORCE, SHEAR STRESS
SHEAR STRAIN ARE NEGATIVE
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Fig. 4.3 is: - ) o .
D=E I +EJ ‘1 =1+ a_(H? |
f7o ' c ' o . £ FE'Z
or “ , !
E_. btd E_ bc
_ bt? £ c

‘ D (Ef < + 3 ) + 15 (4.2).
_where \ ST

, Ef = modulus of elasticity of face matefial

Ec = modulus of elastici;y of core material

. which is the sum of the flexural rigidities of the faces (fifét

Ve

v
-

convenience of a‘composite beam such as the sandwich beam in

s

I. = sum of moments of inertia of facings about

their own separate axes

-

. I = total moment of igertia of both fac;ngq/\ -

i about the-beam's centroidal axis c-c
L »

term), and the core (second term) about the neutral axic c-c

of the cross-section. ~ '

v

v

t
’ s

¢ The first of the two in parentheses.term} represents the

flexural rigidity of the faces about their own separate axes.
S |
preve;, wh?n 5 & . f\

_
%’ 6.0 |  (4.3)

7

the' first term is*less than 1% of the second and can be neglebted.\

+ N - s
4 ’

-~ The last term in equation (4.2) represents the flexural

* L
rigidity of the core about c-c. This term is less than 1% of -
the second in pareftheses term when - -
[ .
) M - h ' A .
[ <A 3
s . - - ‘ S
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and usually can be neglected. C L

'

The flexural stresseé, in the faces and the core can be

found by using the flexural strain formula

~&
' : e = M2 ‘ (4.5)

b \
- which gives the strain at a point of distance 2z from the \\;

N

centroidal axis c-c (Fig. 4.3). "

‘
- -

C
Thus, by multiplying the ‘strain by the appropriate, elas-

ticity modulus we-obtain the stresses for, the faces and core,
: \

' respectively . 4
Mz
: = -—_f- E - }_‘l_c ‘]_ P l—‘. —-S ’
g =Bf 5 7LBg iy mziipioy 0 (4.6a)
Al —
Mz
. % "B 0~ g 222 % ~ . (4.6b)
i ’ - I
I d ¢ v

-

For. a homogeneous beam, the shear stress (t) at a

"Adistahce z below the centroid of the créss-section is:

= .Y—Q_ '
. T = 7p . (4.7)
where : ) ' \
- V = the shear forge af the section wheﬁe'the stress . -
: ’ /
is to be evaluated

!
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Q = the first moment of area of that section that lies

between' the level at which th%'gtress is to bé

found and thg nearest extreme fibre.

N L]

However,”to apply equation (4.7) to a composite beam,

3 .

such as a sandwich Leam, the different'moduli of elasticity of
L4

“the elements of the cross-section must be considered. Thus

for a sandwich beam equation (4.7) becomes

s
M

\

=V '
T = Tb— Z(QE) (4.8)

&

where IL(QE) is the¢sum of the products of Q and E . of all

parts of the section between the level at which 1 1is calcu-

»

lated’ and the nearest extreme fibre.

X
Now assume that the shear stress at level 2z in the
N >

core is required. In order to use equation (4.8)

L(QE) = Ef%ﬂ T (§ - 2(§ + 2)
Eb o? * - - ‘
- B 5 - ) ~ ’

Fra -
.

- ' ! 2 Y
Lo T = g [Ef—z—' s LR - (4.9
) f
1 @ ( QS{ '

Therefore, the shear stress in the core is
_—_— . " - '
. .
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, ‘v Eéc2
for z = 0, ‘Tmax = -é-i-)—- (Ef td + T—)
= < =V
' foF‘z = ¥ Tmln =35 Eftd _
and ’
“max _ (1 + Z—Ec ey (4.10)
Tmin Ef\Ea ‘ ’
For a weak core we may assume Ec = 0. This implieg from
equation (4.10) that the shear stress distribution across.the .

5 - . J
core- sectjon is constant. Thus, further assuming that condition

(4.3) applies, i.e., that the flexural -rigidity of the faces A
abput their own separate axes is‘sm?ll we obtein from equations

(4.2) and (4.9), respectively,

v,

i s
N —'-. btd2 . . o
o p =g, 20 : (4.11)
. . ‘ y
E_td .
{ _V Ff
~ T5p 2 ' ) (4712X

1

> . , .
From the last two equations, the shear stress in the.

core is

- Vm . ; d .
\ . T = —T)—d— - (4.13)
' Equation (4.10) is close to unity with a maximum 1%
erro;_;rovided .
— == £ 5 25 | (4.14)
e Fc ¢?
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. as illustrated in Fig. 4.4.

)

Therefore, whenever the core is too weak to conpribute to the

flexural rigidiEy‘of the sandwich, the "shear stress &istribu-

tion may be assumed’con;Zant. . ‘ -

.

-

Therefore, with the assumptions made previousi&, the
bénding Stress distribution (consideringn¥quation'(4.6) (a) and
(b)), a;d the shear stress distribution over the depth of the
cross-section of a sandwich beam are, for pracpical purpéses,
D 1N ,

A sandwich seéction resisting stresses in a manner illus-
trated in fig. 4.4 is said tojﬁ?ve an idealized core in which
the modulus of elasticity in planes parallel with the faces is

zero, but the shear modulus in planes perpendicular to the

~ faces is finite. Such,é\core makes no contribution tB the

bending stiffness of the beam. Xraft paper honeycomb cores

fall closely into this category.

4.3 SIMPLY SUPPORTED SANDWICH BEAMS, DEFLECTION
AND FACE THICKNESS DEFINITION- .

r

A
Although iighﬁwéight and weak materials have high enough
shear modulus,’and can be used as cores in lightweight sandwich
constructioq, these materials gxhibiilsignificant sheér deforma-
tions} that have to be considered when deflections are calcu-

[

lated.

-

d .
The bending and shear deformations of.a centrally loaded

sandwich beam are illustrated in Fig. 4.5b and c¢ respectively.

e
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.  The points a,b,c, ... lie on the centre-lines of the faces

and the cross-sections aa, bb, cc, ... remain perpendicular
to the principal x-axis of the beam after bending. Since
however, the shear stress in the core at any section is con-

stant (equation~(4.l3)), the shear strain (y) will also be

constant over the same sections of the core

»

= ...__..V ‘ . ~
Y= o (4.15)
where /
G = the shear modulus of the core material o

\

These constarit shear strains éisplace the planes aa, bb, ...
v , .
vertically by an amount W The faces however, and the centre-

Iine of the beam tilt at a slope oﬁ"dws/dx.

The total deflection‘of a simply supported sandwich beam :

is therefore the bénding (wb)'énd shear (ws) deflections

€

superimposed

S
™ | |

W= Wy + w (4.16) _

. y
The relation between the slope of the beam dws/dx due to
shear strain, and the coré shear strain is found from using
Fig. (4.5d). The distance (de) is.equal to d.(dw {qx).

Assuming~hat the shear stralns in the faces can be neglected,

(de) is also equal to (cf), whlch*;n turn, is equal to (y.c).

Therefore .

* dw
d.'d'—x-i ='Y-C
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Substituting vy from Equation (4.15)
! '
dw -
s _ c _ V ¢ _ V
. d&x - Y'd "~ ead " axc. (4.17a)
and ‘ RN -1 (4.17b)
' :';/c .

F . oy
" &

A is the effective cross-sectional area of the beam and AG
N .

' is the shear stiffness of the sandwich.

By integrating equation (4.17a) over the left half of any
sandwich beam such as in Figure 4.3, the‘deflécfion due to

~

shear stress is:

-V ‘ - L
Wy = 3G - X + gonstant 0 <x < %
The constant vanishes because at x = 0, vg = 0.
» f
Therefore, substituting for Vv =+ W/2 and x = % , the”
. \ \) ’ - v ‘J

maximum‘deflection is

-

\

/Ihé maximum deflection due to bending, at center is:
' Y N N

. - WL
\ A = T80 —

-

~ The total central deflégzion 4 1is therefore

{ o
.

. _ ' _WL® |, WL
- ‘ b= 8, %8 =185 * 2ac

% et RN B T izt i ng i
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- The total central deflection A, for a simply supported beam,

loaded with a“uniformly distributed load q may be written:
i N

=

(s b

-

. 5 qu* | qr?
A =35ip * Bac (4.21)

-

The shear stiffness of the samdwich beam was found to

L Y

2
_ g bd

G (4.22)

e

d o a
g ~ 1.andg> 100

the shear sgiffﬁess may be wiigge.

AG = Gbd . T (4.24)

-
o

.} )
The last expression means that/when considering the

Z

geometry of the deformation of a sandwich' under the coﬁditioﬁg

1

(4.23), the thickness of the faces are neglected.
’ [ v . s

-

On the basis of conditibné'(4.3) and (4.23) we may"

define theMForlowing terms: o -
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" . CHAPTER 5 * .

DESIGN AND TESTING IN SANDWICH CONSTRUCTION
. . 3 . ; .

e

5:1' INTRODUCTION

[
!

f . R
mos?‘ ef“fectgive. At the same fime, it is advantageous to have
» ¢ >

methods of design that..can cleck and rpughly Jndicate whgre

‘s thg‘ trials should begin. .T.e basic design approach for a

-

' . A‘h . ] . ’
“required strength when .core and face materials are specxfled\

Ve |
* is to determine the face'and core thicknesses for minimum
eight or cost. L
\ N / A ( 0 R \

. v . P Y 3
In the r‘me} article the process of detern.\ining the core
- \ * ' . [
and face thicknesses. :foxg minimum weight is explained.’

-

. » ' Fiad

L 3
For common materials used in sanﬁw1ch constructlon, s‘uch
v ¢

., as stee“‘lknd aluminum, is not difficult to obtain 1nformat10n

about their strength and {stlffness. For other materials o

. ' . 3 . . » ' ' d.‘/
However, accurate J;nformatlon on thelr ;properties must be

a

obr(;éined by tests. Common tests on sandwich beams 1nclude )
the three-—pomt IAd,.tést the four-—po:mt and flve-201nt load

tests. These tests c 'Eeb used to determine the flexural and
. - . Cd
shear ngfdxtxes. { : . © 9 N
-~ - &
y 7 . .
‘ ' It°is important that deflections are small so {that thev
- k N , ) ¢
horizontal compenent of inclined reactions does not introduce

o o

" \ a sign;ﬁcan nehéﬂg moment ., : o
» * ) - \ - E Y ' /
¥

o N .
y) H . ) N - F‘b '
) «

R .

T A e A SR O S Bt S -t
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5.2° OPTIMUM DESIGN OF PANEL FOR MINIMUM WEIGHT

DETERMINATION OF CORE AND FACE THICKNESS

4
+

There are two -approaches in optimizing face ‘and core ) N

) e '

thickness in sandwich construction. The first is based on

th¢ -bending-strength of a sandwich beam, and the second on
I -

.
’

the‘bending stiffness. " o N
Suppose that the limiting stress o is specified, as

L . S g
are the face and core materials to b& used. The maximum
moment, that canbe resisted by a section of unit width is.’
R . . TN , . -,
S M-= ogtd ~ (5.1)
The’ total weight! of the Beam per unit area is l
. . . .
- ] + B « - . \
- W= 2tpe + pd P4 (5.2)
» . ¥
where Pe = unit weiéht of face material _ e
| P. & unit weight.of core material . .t T >
3 ' X A , .
\ . .& = core thickness? { :

:"\“ \" 4 o

-

v x — ' .

T\A MElgPt‘ of ad)\esuve and face relnforcement is not con=

51 eJ:ed. o

2 B ’ -~

The faces have béen assumed fthin. ) ,
2 .

\ : Y

AN
E )
s i e a3 e




AR 2 Tk gy e

Sk a g —

AN Mt dem e

. W o Dol "
T W T 3

s

EAE

—

|

N 65
. ’ !
The task is to minimize W subject to the stress requirement .
(5.1). °
Let : . : Lo L
" M o_ .l L
: o - t=B . ,
ahd - ' , , ‘
. q
t = g o (5.3) B
L) N 4 ‘¢ ! ¢
Substitate (5.3)' into (5.2) and | oy
’ o w 5B ~
o W =23 pg + p d ( .
[ \ . .
. . s (Y . ¢ * L/ tet  J
+Minimize W' with respect.tb d, and solving %or d we
‘obtain the optimum core |thickpéss: . . -
N . L) (’ ’ ¥ . .
!{ , ' . s .
) aw E\ngpfl .
W e T L
) K \ . e »
’ \
, ' S d = /2Biprpc). . (5.4) -
, N Y

From expression {5.3) we obtdin the optimum face thick- -
ness . : ’
| N Y. 1w LI S ()

. : = pc pf . . . '
L ’ ' ) ' . ' ' \
. THe. ratio of the weight o¥ thé combine faces to the core'is a SN
measure the efficiency of a sandwigh- construction. - t -
M E\ . ., 1 ) -. - ' A}
. N, Y,
- : R , ‘ yi - ’
N ; ) . / ' ‘ ' )

3
-

shmn s

-&:x&m%r?&g&.«&.: 2t

[ T I

1

-

Rt R N R i e

v




3
2‘(.
3
£
#
y
%
i
§

> ' . ‘
Therefore, the efficiency ratio is 1 and if a sandwich

has a different ratio, the construction is ;not so economical

based on its behding strength. ‘

Should the bending stiffness D be specified along with

. the face and .core materials, quation (5.7) must be satisfied ’

-

and at the same time t and d must provide a minimum

.

weight W in (5.8).

Efbt':dz .
D= '——2———— ) . (5 .7)

o W=2 Pet + 0, d . £5.8)
. N o X
Solving equation g5.7) for t and substituting in (5.8) we
. . N
: , v :
t = ;2_?__;_ ' (5.9)

’E fb

»
Pt

get

""4pr ‘ '
W= ~ + p d C (5.10)
. Efbd ! \s a. ’ '

o

] ' Co ¢
' Minimizing the weight by setting dw/dd = 0, the optimum )

core depth is \ - ' b "
v . . .

-




\ 67 :
« . & \ i
. p ‘
v 3= 8D ._f. . b
w . " - . P C .
P \ w
oy . (4
The efficiency ratio w./w_ is . . :
%, . . 2 { s
:lX Ao . 2tp p o '
,(‘ » N (fl = 4D ...g) = & (5.12) K
N : Pe Egbd® Pe ' :
* \ \ ’ :
¥ Therefore, when designing in terms of bending stiffness, e .
1 . combined weight of ‘the faces must be half that of the core. ~‘(
/ -
% . . | ;
5.3 THE THREE-POINT LOAD TEST . £

-

Any new form of sandwich construction should be -subjected

‘ e
.,

L

fto tests in order to determine, the strengéh limits, and by
L. - a B . é

‘analyzing and.studying the behaviour under various loading

o P AR IR T ey
¢
rl

conditions and restraints. o . E
The ‘three-point load test is usually -employed in order i\\é
" " to determine the,flekufal and shéar ;igidities_of a pa;ticular {(4//
: ™~

) , sandwich construction. 1In Section 4.3, the total deflection 1

(%guation (4.20)) under a central point load was found to be

Wt own W

-

*

1]
A = A

Ve

T e

A 3¥%f'ﬁ St ISR W TR s

1

For pragctical purposes, G is the shear modulus- of é%e .

i s st montict, = e n e

N .core and A = bd?/c. The arrarigement Qr the test is shown
. , - e , , 0
r schematically in Fig. 5.1. Large deflections should bg .
\f . '“a{bided in order to reduce the influence of the horiéontql

"1 . components of the inclined reactions; otherwise the central

- A . 0

~ . v ..
N . .
. .
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~FIG. 5.1 ) (a) THREE POINT LOAD TEST (b)

3
o

. : }

v W

;‘,

-
y

§

3

;gx

3

i

" -

wAA

.
e

P
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- -
bending moment is increased by

E%— tanbd . . <

Two different sghns, a-large and a small, are ﬁéually enough

v

in order to measure the deflections and theh solve the result-

Y ing pair of equations from expresgion (5.13) for D and. AG. -

However, it is not so easy to decide that the span is large A

enoughyso that the deflection is free to pure bending, or that

-

. 6 ‘ N . .
the span is small enough so that the measured defledtion is

. .

o

mostly due to shear. The problem is satisfactorily solved by

using a better method: .

- - ’
. . ) : . - ) ’
Equation (5.13) can be rearranged as follows:

. ‘ ) “ .

- _ " ‘ ‘ g
.‘ * 0 ’ i
o . ho_ w2, 1 . %(s.10)
o ' Vﬁ *~ 48D ' 7IAG ’ |
~ ’ . , ’ ,
) g . A . 4%D + 4}{(; .2 I . (5.15)
' wL? 7 ¢ .
- \

»
¢

. ) . s .0
Plottifg;A/WL against L?* in the first equation, the

-
-

result is a straight line as shown by'the full line in Fig. ‘

5.2.

» ' N
The second equatioﬂ can also be represented as afstraight -
line by plotting A/WL® against 17L?, as shown by the full
line in Fig. 5.2. Thg-brgken lines rqpresent the category Lo
.of sandwich panels'with‘thick Faéeg anq,very weak cores.

9
[ 4




A e e

v

fama s - - ———— -

¢

These descrepancies are due to the influence of local bending

stiffness of the faces on the shear deflection. The problem

is treated:in reference [3], Section 2.5.

. ¥
Therefore, if the load W and the corresponding deflec~

tion is measured for several({ spans the flexibility A/W of

the beam is found and the straight lines in Fi%. S.é may be
plotted. The required stiffnesses D and AG can be.obtained
from the siopes and the intercepts, as shown in Fig. 5.2.

ll ¢

An accurate way to determine the flexibility of a certain

Bpan is to plot several deflections against their corrésponding
y - .

loads and use the (slope A/W of the resulting straight line,

as the flexibility of that particular beam.
-~

L\ " fThe effect of the settlement at the supports dug to crush-

ing is minimized by heasuring thegsetﬁégment at points A and

C at the top face of the Beam and sﬁbtracting'xhe mean frSm the
%

?

central deflection. ' , ‘ -

[§ ) . ’4"
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CHAPTER 6

CONCRETE SANDWICH BEAMS WITH STYROPOR-FILLED
g LIGHTWEIGHT CONCRETE .CORE ‘\

~

6.1 DESIGN AND CONSTRUCTION \

¢

The cross-section of the test beams was designed

for minimum weight based on berMding strength.

From the best results in Table 2.2 (specimens C3 and

C7) "and from Table 3.@: )

Material ) Den.sitx ('9) Teréj:Le Strength (o)

Face: LMC mortar | 118 pcf(1890 kg/m?)|1000 psi(70.3 kgf/cm?)

' Core: Styropor- 16.2 psf (260 kg/m?) [
filled :
concrete
/ -

For a residential service load of 45 psf(720 kgf/m?) and

.

‘a span of 10 feet (approximately the length of\the\actual panels)

the design moment for a simply supported beam is M o= 956 in~-&b/in.
<

ﬂxe optimum value of d is (equation (5.3))

(]
. ki ' . - i 4
. .

.
'

)]

Qi

4 a = VZBipf7pci where B

SR

VLSS
LA

- e
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The face mortar formulation was: '

-~ . -
- . Washed Sand/Cement ratio a0 3:l
. Latex Solids (% of wt. of cement) : ;16
Total Water/Cement ratio ) _ + . 30%
- S N
No Antifoam B was used in the mix. T ’ ' :
/
.| o . - -
l . e .
‘ %
4 4 .
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956

Tﬁﬁﬁ'— 0.956 in?

‘d = /2(.956) (118/16.2) = 3.73 in

\~
<

depth of 4" was adopted with 3" thick .

faces. The ¢ross—segtion of a 6" wide test beam is shown in

Fig. 6.1.
T

The construction procedure for the test beams begins by
casting the bottom face. An

ﬁortar was placed, in 4" deep by 6" wi e plywopd forms and
Qifferent lengths. Then a layer of BFG inforcement was.

> placed and leveled until cemeﬁt ﬁaste.pagsed throﬁgh the
"cloth"; and another 1/8" 1ayer of LMC mortar was added. At

the same timé a mik of polystyrene beads llghtwelght concrete
\

was prepared and cast immediately after the bottom face was_

. ready. The top face was placed on the cord in a manner similar

to the bottom face. . >

,
oLy
\ S

The specimens were 1eft/to cure in the open air for 14

-~

TR

"days. Two sets of beam specimens were prepared with respect'w

FRS P &7
B >

to the -amount and position of BFG reinforcement. In the first -

set only one layer of BFG "cloth" was placed at the center of

-

both mortar faces, while in the second set an additional
layer wds placed on the ocutside surﬁace of the bottom face.

The Latex content was also different in the two cores, 18B%
’

and 25% solids respectively. Washed sand was used in all
, i

face LMC mortars,,
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Before tesiing, at 14 days, the spécimens were weighed

.and showed an avergée.weight of 10 psf (48.8 kg/m*).

’ -
6.2 TEST RESULTS.

The specimens were tested as siﬁply supported centrally .
loaded beamg, Por the reaction Supports and loaded area, °'
25" wide by 6" long wooden blocks were uaed-as shown in’?ig 6.2
.and-Fig. 6.3, where tested specimips and their modes of.fpilure

are -illustrated.

N

During the test, deflections were measured &ith-diéﬁ
indicators. The load (w) vs. Deflection (A) curves are
Kp;otted in Fig. 6 4 and Fig. 6.5.

The bending stresses (o,) and shear stresses (1) at
late stages of loading are given in Table 6.1 and Table 6.2, ' \\
along with a description of the specimens. These stresses '\\

were calculated using equation (4. Ga) for (of)/énd equation

4

(4. 13) for (1), , o

In Pig. 6.4 and Fig, 6.5, the theoretical deflections ?

(T.D.,) are plotted using thegequation (4.20)
' , : !
- _WL! |, WL' :
T'Da Ab 4" A, m + m . . (601)

where

¢

L' = L - (width of loaded area +°width off support
, N : g 2

> area + h)

—

-= effective total length for shear deformation




Styropor Pilled
Core:

Bending Stiff-
ness:

N Nt "deflections, the following consfjants were used:

4

LMC Mortar:

\y Styropor Filled '
\ Cores

3

.«In calculating bending Qtresses, shear stregaesland

4
* >

‘Bf‘- 1.9 x 10* psi (éverage from .

Table 2.2)

c

E, = 4400 psi  (Table 3.6{'

G = 2450 psi (Pig. 3.7) . o

0

&

b}:dz be |
o= B8 4 B 4 g, P51

= 2,016 x 107 in?-1bs  *-

Th&\agreement betﬁfen theoreﬁical and exgerimentglr
load-defle tion durves is considered to'be~reasonabie in.

the elastic’ range in view of the nature of the materials used.
A maximum face force of 362 1b;%n(64 6 kgf/bm) and a maximum
shear strength of 43 psi(3.04 kgf/cm’) were obtained (specimens _
BP1.2 and BP2.3 respectively). The maximum local compressivefNZ:B
stress on the core at the loaded zone at failure was 120 psi,

$9.43 kgf/em*), which

is the compressive strength of similar

- . ~‘.- ‘

L




633 OBSERVATIONS AND COMMENTS

-

cox'e's developed and testeéd earlier in | the project.

2 (4

The experimental deflections for both types of '"test .
beans were generally smaller than the theoreticgl ones in ‘the |
elastic range. The average maximum 1fferences being 17% for

/ X
the first set of beams and 10% for the second set. ' 1

In spite of the additional layer of B.F.G. "cloth®, ¢
the second set of beams showed higher flexibilities than the | 1
first set. This is poesibly explainea by the ﬁighef Latex’
content in the core (258 solids vs. 18% solids) which reduces | 1
the elastic modulus, as demonstrated :I.r? compression test':s, . :
and the f;'(ct'that the additional B.P.G. "cloth® at the eurface
of -the bottom face reduces ::he actual thickness of the mortax
face. .

’

The bendi\ng and shear strengths ‘calculaig,ed frt/m the i
test beams are in good agreement with the values oﬁtqined from
the individuai testing of the materials. It is impor;:ant to
note that creep deformations were: initiated in the core at .|

the top of the elastic range.

This might be due to poor compaction of the core :pater-;
131, the nature of the aggregates and 'éhe' influen‘ée of the '

"behaviour of the Latex; althouqh no information came in
‘the author 8 attention on the ,pffect of Latexes 1n concretes

under sustained.loads. '
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7.1 DESIGN .AND) CONSTRUCTION

thicknesses and ce].l orientation, phown in Pg.g. 3.7.

‘on a '1/4" thick laye.f of LMC mortar in a ‘plywood form and

. CHAPTER z.
N ' N
¥ CONCRETE SANDWICH BEAMS WITH ﬂONEYCO)ﬂ
. CORE ' ' .
L."y/ '~ -' . 1 ‘\t | . ) . ‘/
e

‘Due to the ' very large density difference of the mor'tu
faces and kraft paper honeycomb core, the. design for minimum
weight based (either on b{endin,g str:;gtm (a) or bending stiff.--
- ness (D) doeq not yie:l,d nreasonable sections, 80 the same
section as in Fig. 6.1 vas edopted witb. homcheplacing
styropor-filled lightweight conci'ete. / )

/o . -
/

" Two types of" honeycomb were tysed in two undwich be

e

~ In all of the test Specimens the core was first prepar~. .
ed by gluing to the two honeycomb faces one layer of BFG
"cloth” using latex contact cement. The core was then laid
14
immediately after the top 1/4" thick face was 'placod and
finished. The specimens were left to cure in the gpen ai.r for ’
a days, The average weight was, found to be 5.0 psf which
aotually is the total wqight of the wortar f.acu, as the weight
‘ of the core is negl}gible. “This is one half the average '
weight of the stytopor-filled core sandwich panels. ‘

— 7%—-—.._,.‘.—__ i

The sets of sandwich’ beans t:estcd aré 1d¢ntiﬂ.ed a8
l'\ . -
tolu)m P




e

H - Honeycomb‘s m‘-ﬁane parauel to

~ the x-pi‘incipnl axis of the beam
\'_( .

BBT‘; ox2 = ~i?l' or C "‘ Honeyqqnb‘n Sﬁ'—-planét’ parallel to
'ﬂ;e?x-pmcx.pal ax;.s of the bean '

lor 2

h = the beam's thickness, cither 4 or 5% .
= 3/4"7’ce11 size: kraﬂ: pape: honeyconb (Fig. 3 Ta)
¢ = _3/8"-Gell size cormat paper (?:i.q. 3.7b)

= BFG "cioth” at face-core 1nt.erface only,

= Mditionnl 1ayer of BFG 'cloth" at the surface -

\:

of bottom face , , oL e

- <

In addition to the aboire sets of test beans - another set
’ where the honeycozab was sptayed partiully witl; polyester resin
_ cut back with acetone,was tested. ‘ i

-
.. . -, '

. :
v The face mortar formulations wete as in Chaptex 6

4

. speci.mens .

7.2 TEST stvm‘s

o

ALl specimens were tested as simply supported centraily
loAded beams using 23" wide woodep blocks at the supports and -

0y

?

Bee: I'igure 3,7 for ﬁinition and intaxp:etation of W, 8 and
T directiona.

hel -
—
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13aded ares. rig. ’Pig. 7. 3 are pbotographs of the
Mwich bem at f

»

).u:e. ' ‘ , o S

)

. The expezimental 1oad v, daf.lection curves are pl.ottcd S

in rig. 7.4 to Pig. 7.6 along with the theoretical dstlections

(T.D.). S : B ) ”
'rkc ’l’heoretical Deflection ('r D, ) curves were computed
28 in Chapter 6, . -
' The constants used in computing the bending stresses,

shear stresses and deflections weres

-

IMC mortar ' ‘ ¢‘ Et - 1.‘9 x 10° psf ('I’abie 2.2)
o | | Gy, 625 psi

3/4%~cell Honeycomb 3 % (Pig, 3.8s)

- . . ' GST . 820 p'j—’ N .

3/8%~cell Cormat,s’l’-?lhne s G -\720 psi (Pig. 3.8b)

‘ ‘ . btd?

Bending Stiffnesg s D = Egl ) o
: g g * ‘?;/

The retults of the Three-Point Load Test are. given
.'m Tablés 7,1 through 7?5, along with a description of the

£

specimens and their modes of failure, - o L

Considering the experimental and thcomtical deflec~

tiom, the curves for the BW@"-H spccimens (Pig, 7.1, 'L'?ble

.7.1) axe identical in the elastis range, while the oxperiment-
‘al deflectiop curvas for the BWT‘-K specimens. (Pig. 7.2,

'nlr.o 7. 2) are not in very gooa agreement with the computad
ones, ‘Both of the above sets of test bam fnilcd in shear

and due.teo erushing of the core undcr the J.ondod area, The ’
‘maximum sheas uxcnqths obtained at th-ur:o were 8,0 psi and

i
1

=

Lo g s+ 4
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L

ZBWT:-H. and 975 pai(68.6 kgf/om’) in 1LBET!-C. Both of these

- more consistent performance of this type of sapdwich construc-

7.0 psi yespecﬁ&ygly for the two sets of beams, which,azq*ln

‘agreement with the value (% » 8,0 psi) determined earlier from

the double-plock shear'test.ﬁk ' Tty .

I‘ - .

The local compressive stress on the Yore at the loaded

zone at failure was 26,6 -psi(1.87 kg/cm ). .

-«
The experimental 1oad-deflaction curvea for the speai- ]

mens with tﬁ;Ir strong ST~-plane (BBTh-H or C specimens) parallel

to the principal x~axis of the test beams are in good-agree-

ment with the thboreticq;.déflections (rig., 7. 4 to Fig. 7.6), h
Thefcapaoity howevéffgz‘thegp specimane was limited by the

poor strength of thefcemapt adheq}ve as is indfégégd in Tables .
7.3 through 7.5, o /

K , o
'7.3 OBSERVATIONS AND COMMENTS o higl

<

-

Two main modes of failure were assogiated with ﬁheﬁiwo'

* WP~ and ST-planes of the honeycomb and Cormat cores.The BWTh-H
specimens, failed in shear of the core while the BST:sH gnd”BBT;-C

specimens failed due to ’hearing failure of the bond at the

aofe-faca\jﬁterface. The low shear strength of -the WI-plane
and the'ppor perfé&manqd of the adhesive limited the bending
stresses in the face ‘to a maximup of 796 psi (86 kgf/cm*) 4in

values are at least 50% below the strengths obtained in

- Chapter 6 where ltyrbﬁpe;vtilied congrete core . gas used, |

4

Thue, a stronger adhesivéis no&dod for d'hiqhog and

~

i
i

e R I AT g, W«-«‘:‘M -

e

R
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\\gn all of tha above tested specimens, creep detorma-
L,
tions were initiated at ths!top of the linear range of the
'iond-deflection curves. The reason may be ‘the early and slow

~lhear*bon¢ £aiigfe at the core~"cloth" interface, -

A
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¢a) 13@11-‘;-5 |

-

5 Y

gpan = 42"

(b) 2BWT" ~H !
2 , L} i
Span = 42" R IR RS suns
! ,
- 2
’ -
(b)nw'r,:-u
_Bpan = 19"
|
N g * . ‘ ] ) .o . ]
. FIG. 7.1 TESTED CONCRETE SANDWICH BEAMS WITH 3/4"-CELL *
: HONEYCOMB CORE * ' :



1BWT:-H, Span = 42"

i
3
g
¢
1
3
i
4
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- (b) ZBW'I’:-'-H, Span = 42"

»
i

,

*FIG. 7 2 TESTED CONCRETE BANDWICH BEAMS WITH 3/4"-CELL
" " HONEYGOMB CORE
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(b) » IBBT:-C, Span = 42" . -

e .
. v .

FiG. 7.3 ,TESTED CONCRETE SANDWICH BEAMS WITH 3/8"-CELL |
. ‘ CORMAT CORE ~ - ) ‘ : .
. { -




I STy D R, S atn * LA 4 o - i
. . .
. -

I
2

, ' f'r.o. for 3w H

' -8
L}

ILoad W in 100 1lb..

3 sgwic¥ T.0,forq
2 /
1
0 ‘ ; ! .
1 2 3 4 5 6 7 8 9 10 11 12 138
Deflection A at Midspan in 0.0l inch
(a) '
wt - .
c o ter 3PWTTH
6 ‘ © -

1.0, for 2BWT -H

A

m.

Toad W in 100 1b.
o

3
2'-\\
1
0 “"LJIAL .;1.A.ALEJ..I.A.AA14. ¢
1 2.3 4 °5 6 7 & 9 10 11 12 138
) - . * ( . * ,
s " - Deflection A.at Midspan in 0.01 inch ; .
. , . by - |
FIG. 7.4 THREE-POINT DOAD gE’ST s LOAD-DEFLECTION CURVES FOR
~ ~(a) THE BEA.MS JN ABLE 7.1, (b) THE BEAMS IN TABLE
7021 ‘ - ' .’ . { .
\\
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T.0.for 38ST’-H

100 1bs
W

in

Load W
[ )
} 1

1.D. for 1BST-H

il B WU BUNPUNE | . M SREPIEY TP SR S SNPUNE PN | nd s
K ' 0 1 2 3 4 5 6 7 8 9 10 11 12. 134
B - Deflection A at- Midspan in 0,01 inch B

a

R i L e G N LT S e AARE RN SR

t

2 : ‘ v
3 (a)
. - ,
l \ Y
. LG o
| ‘\73351.'—&*{ S
b '
- u .
E =i -
. o Padl for SEST~H
S S
» T.0. for 4PST'-H
aped ’ '3 . .
58sL-H -
) 2 £— .
g {4?510".'"
’ [P TERNN

X B ‘ © 12 3 4 5 6 7 8°9 1601 12 134
- ' ' Deflection 4 at Midss»an in 0.01 inch ~
7 K . - . (b) ) ‘ .

" . f
' . ,
' . .

- ~ 'PIG. 7.5 THREE-POINT LOAD TEST. i LOAD-DEPLECTION CURVES FOR
* (a) THE BEAMS IN maw 7.3, (b) THE. BEAMS IN TABLE
7.4.° . ‘ :
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Load W in 100 lbs

FIG. 7.6

. i L .

7.D. for 2BST,-C

y 235‘:’c

R ~C '
A SST: N

RN [l

L ,

rutlY A Y P | A 1"‘."“;“"“‘!*‘;‘* PO | .‘n A A A Y >
12 3°4 56 7 8 9 10 11 12 138
. Deflection A at Midspan in 0.0l inch

‘ - e
v .
4 . [N . .
4

3

THREE-POINT LOAD TEST : LOAD-DEFLECTION CURVES FOR TH
~“'BEAMS‘ IN T’ABLE 7050 )' . d \ '
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je—ﬁfth a picture of the tested specimen. , At 14 days from .

B e e R o

CHAPTER 8
DESIGN AND'TESTING OF JOINTS .

The design of CM panels requires a joint so that two

or more panels can be joined together and perform as one -

- continuous panel. o , ‘ y
(R
4

The strengths required are %afe loads of approximately
500 lb/in. (89 3 kgf/cm) for the wheat container and 250 lb/in.
. (44, 5 kgf/cm) for the housing module. ‘ e

-

T The'joint in principal (J1) is shown in Figure 8.1. \

The macgined aluminum pieces were, held in place by two bolts
3/9" in diameter. Four variations were tested; the fifth . f
variation, not yet tésted, was adopted in the prototype model )

of the housing version.
/ ' N "" -
In order to test. the joint streng&?, avoiding secondary

.

1-\

/
_failures, the joint specimens were used to connect together
sections of solid\ﬁuc nortar (except the first joint) tb form

simple'oentrally loaded beams.
¢ : T .Aas. - : *
The first variation (J1) supportsd a maximum load of ' RS

P
500 lbs (256‘8 kgf) over a 211" clear span. resulting in an
89 lb/in (17.9 kgf/cm) force st-the plates. Failure was due ' “§\§
to the early bond failire between ‘the bottom plate and thle

i
5o e
mortar. . s « A

.
» ~

The seoond'variation (72) 1is shown in Fig. 8.2, along
' ‘ R £
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FIIG. 8.1 DETAIL OF THE JOINT IN PRINCIPAL (Jl).
" - . DETAIL, (b) ASSEMBLY OF THE JOINT

(a) EDGE

N -
,
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8.2 JOINT VARIATION (J2). (a) EDGE DETAIL, (b) ASSEMBLY
(c). TESTED SPECIMEN OVER A 20" CLEAR SPAN '

“
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FIG. 8.3
BFG "CLOTH" AROUND THE LOCKING BARS AND THE TWO 1/4"~
( ,

DIAMETER BOLTS ARE NOT SHOWN.
OVER A 453" CLEAR SPAN

(b) TESTED SPECIMEN

(b)
JOINT VARIATION (J3). (a) COMPONENTAL DETAILING. THE -
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(b)
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FIG. 8.4 JOINT VARIATION (J4). (a) COMPONENTAL DETAILING.
\ (b) ASSEMBLY P ‘
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112
casting, a maximum dseful load of 6%,‘,600 \bs (2,994 kgf) was applied
on a 20" span. The specimen failed at 7,000 lbs §3,l75 kgf) giving
a maximum moment of 35,000 1b/in(40,320 kgf/cm) or a resist-
ing force of 1,296 lb/in(231.5 kgf/cm) in the reinforcement.

Failure occurred v}hen the 1/4" layex of concrete below ‘

the bottom perforated plate peeled from reinforcement. The

[

' results of this test were very satisfactory, however, the ' .

formed profile could not be easily produced and ?(third varia-

tion (J3) shown in Fig. 8.3, was tested. In thig joint,
3/8” x 3/16" "locking bars" with one layer of Bﬁsfreinforcement g
-wrapped around, were glued to the flanges of a simple channel %
using 5~minute epoxy adhesive, The.special aluminum extrus: ?
ions (alloy AT 6351-T6) were held in place by one 1/4" in g
diameter bolt, L %
4 | . %
The central load at failure of the 451" span specimen was ?
Pﬁ;x = 340 1lbs(154 kgf) producing a moment of Miax * 3867 lbs~-in 1
‘(4 455 kgf~-cm). Faild&e occurred in the BFG reinforcement at ‘“é
a tensile force cf 215 lb/in(33 7 kgf/cm) or approximately - ~%
- 22 lb/thread (3.4 kgf/thread). It was. noted that no damage ’ . : %
ooccurred to the bond between the "locking bar" and the channel g

as it i; technically unstressed. A picture of the failed

'h‘)ecimen is shown in Pig. B8.3. By increasing the amount of re-

inforcement, the capacity of ‘the jtﬂnt would be increased pro-

portionally. ’- L C e e
_'rho'fourﬁh type of joint (y) was .dqv’ivue,d't_o make usé

of the exfsting extrusiops and channels with steel mesh xein-
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t&iégéont, for a one~off prototype o£~the wheotxcontainer version.

-

'

The 4" x 1" - 11 gage welded ‘wire fabric was bent around
the channels as shown in Fig. 8.4a. 810ts were milled 1n the

alumin///extrusions to allow the steel wires to pass through and

be pégored as Bhown in Fig. 2. 4b. No adhesive was involved.

The makimum centrally applied load was Poax = 1100 lbs

(499 kgf) over a 40" span, giviné a mo&eht Muax ™ 11090 lb~in
(12,674 kgf-cin) or a force of 611 lb/in. (109 kgf/cm) in the

.reinforceﬁent,which is lower than the capacity of the wire

mesh (840 lb/in). Failure occurred when the steo?b

mesh slipped ﬁﬁrough the "leg" of the bottom extrusion aﬁd the

'channel. Increased capacity can be obtained by‘providing

against slippuge Lhrough better fitting or welding the wires Lo
the channel. . -

!

In the joint (J5) used for the prototype demonstration |

model of the housing_iersidn (rig. 8.5), BFG reinforcement is

wrapped around the edge framing'channela with ‘the flanges of

‘the channel uged for anohoragé as in J4. .The exposed “cloth"

along .the non-connecting edges is of minor concerl at this

A

Btage ] ™~

S o

—

2
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CHAPTER 9 -
PERFORMANCE OF CONCRETE SANDWICH
PANELS

9.1 THE CONSTANT MODULE ELEMENT

P2

: The actual purpose of the research for a new combina=-

tion of materials and suhsequent investigation on sandwich
beams, waa the development and conatruction of the CONSTANT
M?DULE @;EMEN?‘(CM panel) ., The individunl element 18 a rigid
unit conaisting .of a panel and two half-columna. Four such ele~-
‘meﬁ%sﬁare combined to form‘;\§igid atructure (Fig. é.l)L The
intended dual -use of the MODULE (gpntaina‘ization and housing)

qépquirea parformance capabilitiea meeting IS0 standards and
~, the Natiomal Building Code, The loads ﬁgtahust be sustained

by the Btructurae are given in Table/9.l:

A minimum panel‘height of 10-12 pa!(48 8 - 58.6 kg/m*)

[N

required to raaiat safe bendi oada of approximately 500 lb/in
(89.3 kgf/cm) and 250 lb/in. (44 6 kgf/am) for the wheat"
container and houaing modulag/tébpaotive%y wag.the Lg}tial

N

i

n

objective,

The results in thu pravious Chaptera indicated that

. the requirementa can be met and full-aize panela were fabriocat-

i
»

ed for testing,




Pon.onslonod Cables

-

CM=svsTEM &% 8'10 long

-

FlG: 9.1 !‘Hﬁ CONSTANT MODULE (CM) BYSTEM IN PRINCIPAL
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In the meantime}‘two complete CM uriits, one for a

" wheat container and one for housing were manufactured and
shipped for exhibiting at Habitat Forum in Vancouver, June
1976, f | .

For the firat set of CM panels only paper honeycomb

‘was used as core material.

L

9.2 CONSTRUCTION AND TESTING OF CM PANELS

v

, For the conatruction of the CM panela (container
vorsion; 5" thick) 3/4" cell size manuaily expandéd honeycomb
éore, 43" thick was uaeé with one layer of Bobtex Fibre Glass
reinforcement S&ndéd on each face. The B.F.G. "cloth" was

wrapped completely around the honeycomb and glued with commer-

cial contact cemeﬁ&. .

AS

3

Thred pieces of honeycomb! per CM panel of approximate-
ly 41" x 39" Qere used, leaving a 1/2" gap around the edge and
two intermediate 1" gaps which were filled with LMC mortar.

The J3 type of joint was used with a 9" wide strip Qf
" B.F.G. "aloth" wrapped around the full length of the locking
bar, so that-an approximately 7" wide strip was left for

splicing into the face. Half of the cross~-section of the CM
panel, is shown in Fig. 9.2.

T #

\

AN

N

S

—

! Unfortunataly, due to dimension constraints, the Wr=-plane
was used parallel to the long 10' spana. .

-

&

Aeag it L W'w#wﬂ
117
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C Mortar Face

-

Cell Honeycomb

W

t\y: LMC Mortar Face

\ % LM
(.

N

S - ° - -

21

-

\— BFG Cioth

DETAIL OF CM PANEL CROSS-SECTION {(1/2-SPAN OF THE SHORT

DIRECTION)

9.2

a

118




: FIG. 9.3 TWO CM PANELS JOINED TOGETHER WITH JOINT J3.
- (a) THE SYSTEM IS SUPPORTED AT THE CORNERS BY 4 WELDED .
POSTS (3" x 3" ANGLES). (b) THE SYSTEM IS EASILY LIFTED
BY 4 STUDENTS. THE WEIGHT OF EACH 42" x 119", &"

con DEEP PANEL IS ESTIMATED TO BE 275 LBS (125 KG)
E —‘ L4
P U |
- . !
N 3 .
- :
g &ﬁ”é"%’:“i“ “, Rﬂ:‘;&g‘i N
4 SEALY K
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’ . 'FIG. 9.5 TESTED CM PANELS. (a) LONG SIDE (b) FAILED
, - JOINT SIDE . & - .

\.
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FAIL COMPLETELY

FIG. 9.6 SINGLE CM PANEL AT LAST STAGE OF LOADING (g =




.. FIG. 9.7 (a) BOTTOM FACE OF SINGLE CM PANEL AFTER TESTING .
' (b) LONG SIDE ELEVATION SHOWS THE PERMANENT DEFORMAw..

TION .




R N
Four 10" x 42" "cloth" strips were placed at the faces

above and below the two ribs to ensure continuity.

RN ,
TWo CM panels joined together weighed approximately
1
550 1lbs (249 kgm) (Fig. 9.3a) easily lifted by 4 high«-school
LY

students are seen in Fig., 9.3b. This demdnstrates that the

CM system can be handled manually.

The first test was performed at 14 days on the €wo

CM panels of E‘ié. 9.3, supported on four corners. Cement bags,

sandéags, shot bags and.people were used for loading,

A 6-inch dial indicator was used to measure the deflec-
tions at midpoint of the panel. Fi‘g’.'9.4 ghows the load-
deflection curve obta.:!:ned“from the test, along with the
computed deflections. The . relatively large defléction (as
compared to the theoretic;l, based on a 7' long by 1' wide
beam) is believed to come from the slack and slipping in the
joint. The ystem failed at a‘total load of 5800 1bs(2631 kgf)
or 83 psf‘d;: kgg/cm ). vTh;AQv;; sides of the system after

failure are shown in Fig. 9.5.

" Failure was dde to partial slipa of the‘ aluminum extrus-
ions in the joint and tension failure in the B F.G. reinforce-‘
mént. The load in the joint: at failure was 218 lb/in,

(38.93 kgf/om) , which is approximately gpe capacity of the

*cloth".
f

Then, the single undamag'ed pansl was inverted, support-
ed at four corners and loaded again., It took 6,000 lbs
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(2732 kgf) or 173 psf (844 kgf/m?®) to reach the deformed ¥
position (A = 2.8" at midpoiht) shown in Fig. 9.6. It cay, be
seen in the same picture that the panel did not faij complete-
nilf. The test was halted due to lack of additional load.

The experimental load vs, deflection curve for‘this .
panel is Plotted in Fig. 9.4, which is in good agreement with
the deflections in the linear raﬁga, computed using a 10' long
by 1' wide uniformt?ﬁloaded simply supported beam and equa-
tion (4.21). The maximum force in the face was 478 1lb/in.
(85.3 kgf/cm); It is noted that the share of the moment
carried by the edge channels was not considered (5/8" x 1/16"
thick flanges). Theronly visible damage was small cracking ,
of the bottom face as shown in Fig. 9.7a. No visible deforma-
tion yéa observed in the short (42")direction of the CM panel

‘a8 it can be seen in fig. 9.7, whioh also shows the permanent
longitudinal deformation of the pahel. ﬁhia deformation is

balieved to be due to the permanent deformation of the main

panael since no visible yielding of the steel edges was observed.

! e

B o

|

9.3 OBSERVATIONS AND COMMENTS

1
The theoretical deflections in the elast{i range, fdf
the single panel, are.greater than the experimental deflections

(///hy a maximum of 15% (WT-PlanMD. .

Deviatior from linearity started at a load of appioxi-

D A
’
-

PPV TPy S

ey

bt
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4

mately 70 pasf, which gives a shear stress (although difficult

to analyze) of approximately (II%%"EE;EW) i%L » 6.2 psi, This
= stress is‘oloae to the aheqr strength (8.0 psi)ﬂbf the

-
»r\ ;fg‘:ﬁ,, _i: ‘# o %,“!?:Q’g . ;

-
- e

-

hoﬁeycomb in the WTr-plane, determined by shear éesta.

:%:; - . ' Creep deformations may be explained by the slow fail- .
ure of the core at 70 paf of loadihé% and by the early fail-~ .

ure of the adhesive. The maximum shear stress at failure X ¥

g must have exceeded (v 17%x sf ﬁ)-i%l ®= 15.1 psi(1.06 kgf/cm?)
g " which is approximately twice the shear strength of the

honeycomb (ﬁEFplpne);

.

i » « The total weight of the panels was estimated to be "
' 7.8 pgf( 35 kgf/m?). Based on a 10' long 1' wide beam with y

. 3/4"-cell kraft paper honeycomb core, the shear deformations .

R il N v S Y T S S

are 86% of the bending deformations or 46% of the total, - C
with respect to the ST-Plane, These deformations are relutively 1 ¢
high, which auégasts that a better honeycomb with higher shear ‘

i rigidity should be used. y o

o - G B
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y - ' CHAPTER 10 |
. couc;.us:on . S
0 -

LN

Although there is no hiastory of the use of conorete

as 1/4" thick face magprial in lightweight sandwich conatruc-
tion, the preaent reaearch and inveatigation showed that
P

' Latex Modified Concrete mortara ocan undé edly be uased as

B \ a hard, atrong and durable face materi

o . X .
An expanded polyatyrene headarfiilled (styropor) light-
3 T

~4

y welght concrete has the ddaired mechanical and physical
-propertiea for tﬁg_gore in sandwich conatruction. A 4" thick .
panel using thia mqterinl. with 1/4" thick LMC mortar faces
,welghed 10 paf (48,8 kg/m*).

. The teats on\aimply aupported sandwich beams with
thig core ahowed atrengtha aimilar to those obtained in inde-

& . - pendent teata on the skin and core. Shear deformationa are

.

- N ‘yalativaly high, Baased on a 10' long, 1' wide, 5" deep beam,
- ‘ T )
shear deformation ia 22% of the total. Tt
\i’g . . o | $ i

oo

~Using ﬁ%per honéyoomb'ha the ;ore naterial gave a ﬁ
weight for a 4" thick aandwich panel of § paf (24.4rkg/m‘).
“In thia caae, the“ahgar strepgth waa very much lower, between )
158 and 25\ of the atyropor. Thia styxength ia sufficient for
A the houaing module but may requixe improvement for the contgin-

-

er module,

“ [

R

N

e et
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Panals with untreated 3/4" cell size honeycomb core,
ed overall bending strengtha (478 lb/in) superior to that

(240 1b/in) of individual 6-inch wide sandwich beams
with no evidence of shear diatresa. This atrength is 4\

lower than the safe loads raquired £o¥”£he container module,

and Bé"h!@har'than those raquired for the houaing module.

. T Y

Assuning a limiting deflection 5%5 »' .33 inches, two
~ CM rigidly connected conocrete panels with honaycomb core,

simply supported at four corners, can carry a load of 145 paf,

In the final design proposed for adoption/the matariqia
are Latex Modified Concrete for the 1/4" thick akin, Bobtaﬁ/
“ . ...Fibre Glass, 3/4"-cell size xeain impreqnaéod kraft paper
~A honaycomb, with a 1/16" thick ateelAchannaf.iramo.

~

durability, handling damage, long~texrm loading, preparing
design tables and planning of prodﬁcticn techniques, L.

Such a panel 119" x 42" x 5" thick weighed 7.8 paf
(38 kgmt) . N

L

\."\~

the weakeat type,-wero constructed and teated. These provid- -

Future work should involve investigation in firerating, .

¥t tem ket ¢ s D o o it > v
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7 ' APPENDIX A"
/ ADDITIONAL INFORMATION ON MECHANICAL AND PHYSICAL
P PROPERTIES OF LATEX MODIFIED CONCRETE MORTARS[1]
/// . M !
- ’ TABLE Al ~ TYPICAL MECHANICAL PROPERTIES
, . X " OF LMC 'MORTARS
5
7 TABLE A2 = companxson OF LMC MORTARS
MADE WITH TYPE I AND TYPE III
PORTLAND CEMENT .
v TABLE A3 - ABRASION RESISTANCE OF &
LMC MORTARS r
¢ -
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TABLE A2

COMPARISON OF LMC MORTARS MADE WITH TYPE I AND
TYPE III PORTLAND CEMENT

. (Polymer Content = 20% Dow Latex 464)

n
4

(

Property - -
and - ' Type I Qement Type III -Cement
Cure Time (psi) (psi)
Compressive - )
Strength
2D 3306 5060
7D o 5770 7190
14D 7150 7610
28D 8430 8520
Tensile >
Strength
7 810 700
14D 870 . 950
28D 910 980
Shear Bond
Strength i
7D through 28D > 650 > 650 ;
Flexural = . i
Strength
7D 1550 1330
14D 1740 2130
28D 1829 N 2280

N

D Days dry*cured at 73° 3°c) and 50% relative humidity

[y
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e TABLE A3 A
: ) ABRASION RESISTANCE OF LMC MORTARS
| (ASTM C241-51) '
. , Dow $_Weight Loss
4 Latex Dry Wet
¢
None 4,80 3.50
) »
15%-460 l.21 2.8)
20%~464 1.44 2.46
25%-464 1,16 ’ 2.20
CURE SCHEDULE: )
Unmodified Curing at 73°F and 100% relative humidity ’
Dry Cure = for 14 days followed by 14 days at 73°F
R . and 50% relative humidity
Unmodi f£ied 27 days ‘at 73°F and 100% relative humid&ty
Wet Cure " followea by 1 day water immersion at 75°F
Modified = 28 days at 73°F and 50% relative humidity
Dry Cure ’
Modified 14 days at 73°F and 50% rglative humidity

Wet Cure = followed by 13 days at 73°F and 100%
relative humidity followed by 1 day water
immersion at 75°F. "
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TERMS AND DEFINITIONS, AB,BREVIATIONS
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Bl ,JERMS AND DEFINITIONS ‘ p

Antifbam "p* - = A liquid agent used with Latexes to
minimize the air content of Latex

Modified COncrgeh\mortars

Perm’ = The rate of water yapor transiission

through a specimen caused by the vapor

: &£
‘pressure difference across the specimen

~
~

MEL-lite =  Rotary kiln expanded shale light-weight
. aggregate

Fineness Médulus - _&:Sumber which determines the relative:
fineness or coarseness of fine aggre-
gates. Allowablk fineness wodulus

" number range from 2.30 to 3.10.

13 '

Segregation B = The saparation of one-size particles
or aggregates in exceass, or due to

large density difference

S -
Core Shear Stiff- = ¢ Acfu g
. ness : !
, , - )
Thin Face | = A face vhere. Iy is negligible,

however, not so thin that d and ¢

can be aquated ‘ b
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- B2 ABBREVIATIONS

o

IMC - Latex Modified Conctete
WVTR -oom Water Vapor Transmission Rate ﬂ

. BFG - Bobtex Fibré Glass h
ch.ywa ®=  Cement, Latex, Water contents in 1 .cu, §t,

of Styropor-Filled Concrete

T.D, - Theoretical Deflection of sandwich .beams
or panels .

o

BWT=~H - Beams with the weak direction of the
' honeycomb along the principal x-axis

BST-H.or C = Be ﬁms with the strong direction of thé
e{comb or cormat along the principal
x-ax a




