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" A~'thO~gh mU.~Ji fik6rta~e',~s be~n givent'o lightweight, . '- / .' :," 

~. :' 

ag~gat'es' $.n:dl:1ghtw~lgh~,coileretes1n·'recent years, thiB does not' 

1mply~ha t the:r·~n:~e~,:~~~~\:*wier:1~l~,Of·C.~~'truct16n.lt is" reported . 
• • ~< ". •• ,".,' .7-' ~-.-:_:.:~.~. ~ " .. :~,: d'·-'".;' ~ . ' " ~'~,_ ";;". '. ~: ... 

,i:n: a.paper :,bj"Wtisha ..(1) 'that11'gh~e1ght" aggre'gatawas t1rstused 
, -,.' .' " . -.::. ;, .. " , . . . 

,,:it ROEulxls;who,embeddedlargepleces 'Of pUmice ,m,thS wiiilsand domes, 

,""~t,' ~ome ot:'th~1r 'l~ger':bll1141hss ~'. ;rOJl~he,tal~o;.;ime 'R0lt1~~'EmP1re 
~ntl1'~~fJ~rese~t'd~ntu~y'orUY'SDla~l' Eimount's' of, lf~t1Jeigl;lt a~gre,~ 

, '"'. 

'. '. ~" . 

" , 
", ... '. ~ . - . .. , 

',::",:' '.:'rhtl,:..Germana"sta;ated';using slag:~n '1822#,.'and's~ag :;18 ' 

';c,~~S$'~g'Sr~g~te'Lwas '.f1~stu8ed i~ 'the,UnltedStates, in,1890~ The, 
• • _,,' __ • • ' _.' ,". ' , _, T • • _, : :. '_~. • • '. '. _ 

uSe,ote1nde'r~·trma·'coai.:burning ,fu.rDllces 'f'o11oW~a.1t. '~Then 'the' ' 

'Sr~nt~'~Of:t~e; :l\a~~,it~'patentln'~918'bro~t'mlo~he~ '1~Shtwe1gl1t " 
-' . '> ." " . , " ~. • :: • ::.: ;:. ". ,.; ~ "'.: '. • : .. 

,':1gg~egate,'lnto,tl1e,American,Mal:'ket (1). 'Duringtha'past 30' yea.rs 
, ' .. ,'. .' ',- .. ' ", . _. . . . .. . . , '- . - ", ',. . '. 

:"otller·mat.~ri81s:Buc.h, asin1m:i.~e~,.v~ra1cU:J.lte,' and j)arllte"have",bean 
. : '. " . ;, .. .... . . . ,'. '-'. . ..", ~ . . : -. . > ' <: '~-. : -, < .. ~. .' 

~'V11qe'1:r~se?~c,eilu1a.ror~O:toam<eo·nere.tes,haye b.e,eri-deVelope'd 'and~ " 

~::~j-e:-:ha(i'the1~. ';~~ ~e~t·,us~'ti1., Europe'.: ~edevelopme~t ·~~.t1~ twe1gh 
, ,', .. " :. . , '. . ~.' . .' ~. :,' ' . . . ~ - , "" . 

'~lndtlS,try: after ."'the,r1rS1;,WOrld'War 'ih the ,un! tedstates~nd 'in 
: '. ~ " 

. Europe , 1s s'UrPriS.1ng'·(2l. : 
" ' . . . ~', ,'" 

, , <,An c 1llipOr~'arit1"aet~~t.lJ~tl1aS contribut~d'~otne,lncreaS1ng' 
~sa.:of.llgh~eight'a:g~ega't~' ,i8th1~: 'in' : the ltiPtE3rin r t'o£ ~he 

. . . ' .. ' '. ~ ; '.::' . " , . - . " . . ' 

. :~~eenth'ceiltur1,::'-tb:$:::: introdtictl()ri.':b! strue tural . ~te~:~arid'atruc -' 
.. ',.' " - ," 

:,'tural,' c~~,rete,brp~t',~a>~raa1ealcha~e:ln:buuci1tig'd:eslgn:.'fJ:he 
.... :, .. , .. ;". ,-... ~,.,'.:.: ..... '-./ ... : .... :'.'.':::: ..... '/.:., .. ~.<: .. '~:-'.~' .,':.' .. ' .... : . .' .' " ,',",- ........ '.: ... , .... : ..... , 
-()ld:.method ,ot~de,s:1gn1I1gbUild1ngs;to: carry loads ,by -me,ans'of.heavy , , 

"·~l.()a~~i)e'~ing:·,~aiis~~s.' d1sC~~ded~; a~d:another' ,'~'thOd Came: "~nto".use •. 

',In:.thlfs'·.e~h()d,'the lo~dw~sc~r;1edb,:"aframeWorkO~~B.ms and 

., ' . , '. 
, '. .~ , 
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panies,us~ ,their. own a,pacificat1ons' ~6r the'1rs:Pec1f'ic~aggregatesand 
~. . .' '. ..' ,i ',' . . , 

"j' 

tb.e~ own method' .of'.:lconducting· conCreting .. ,,· ... ,' . .', - " .' . . . . 

'·.'>L1ghtWe'ight ag~egate,canbe' cQris1de~ed' ;;f1sanew concept 

·=V~:::t~:2::i:;~:~:f:~·~!:~~!tL::t. ':~::'::,::::~: . 
• 1C~f:tind t.ac:~oal;:,'s~~h:,'~sthe, :~I;i~~ul ti~S:o ,in',~~r~iDg:e~"~-' 
'slo'~,~rIiaces ~ ..... the, :ab·senc~·:or,"~"; ;'e~lrir'~ja~g~'z ina'.' irifop~: ·th.~"irit~-,· 

.' ,... "":'. ..,,:'. '. : . "', ." . ,." " .' " . ,. . ".. ' . . . . ;. ,'.", ".: . 

re~ted:'pe:i~soXlS" ~of":iilieiatest'riews .and 'develo~nts#', la~k:'df' adverti':" ' 
'. ~' ': : _ • ~.',' • • _., • • • • L. ,'. • • • _ :. • 

~ei1erit:,j:~c'ono:Dmcai",~est~' . and'.trollb1eslth.6inaclequate)ielP of' the' 
.," •• ". .:," •• , '.," " ' '. ~ ." '. ,.' '. < '. '-' ", '. ," , ,,' .' • ,.' • , 

C)~~b:rathesOf- iri<tUS~i.~d~e l<;OfinteWiUj,ed'e.xpSrfunt~~ 'W~"k • 
w.hichean:'g1ve,reliable ,:resu.l.ts.,expressing., tre:var1ous'charac,teris~ 

." , <' "'. .' • .' ~ • ~ • • ' • " • • • • c;. '. . " • 

1irbiQh.:· areg';1ngt:o be· usedf'orvl. .. iQus purpose" inVlll'l ou:S building I 

~~P:tiCllt~O .. ·~ .. ; .• ",:",' .' ',', ':'; ,> ~. -" ' 
, , .~ 

•...... ;'Ihe ;t~st:.att~mpt;· ~n "~kei "w:as"l!ad~ .by ·Betoc~l:·f'j.:[.m ' i~·· ..... 
'i~$~J" ,~':~~~ng :'ilSht~&isht·~e,il~1a.r.'~oner'ete.tn~ar16U:S ,building, 'aw-' 
:·~:,L1~>.\!:._ .. ~:, .. :.:. ':~'" . <=" ".:. , . "" ~,'. ;.,,~~ _> .'--.' :".' , .. > '." .... : ~ ... ;" .' .. ,,:;~ _ .'. r'., " '.<:' ":',.;,:' .~_ . ,,;_" .:" " .' ~'>." ... : ...... ,~ .. -. '. 
1~ca,t1~lis'.:':rriereaaiilg' insulat1on·probleils· ·togtither 'with~p.e.eds·;f'o~ ,'. ' . 
.... "::"~-:"~'" •.• ~. ~,.-:':'.- •••• : ..... ':''r' .. ~,' .. ~: .•••. ,-, .• , ••.• , 'J:'.,'. '" .;:.'.; .. ; .• -""".':~'. :, .• ;','",'" " ....... ' 

betjler ~ ~dabsorPt1vitY.bett .. rac.ous tical 'pl'i)perties. and '~1scio- . I 

va~i~~' of, ri~h ,~rli'~e ~~es, gavef b1r-~ ,t? 'O,ther,.f'~~:'1:ike H11Aa.,,'psr~ I 
?'-ta~.;~ ll!iip;,,;.i 7t;On.~B'-d""'."a~:Lfilie""r na~af'l~1;weFIi ag~ .. ga t .. ~ 
l~.,thEj. onea ·trQm'lUiYser1.have·.beaJ;l:~n:·tUUf"al.so"for :itta'n'Y'.y"earti.,, .' . : I 

~~;:~,,<?~.~ ~7as,t,~~' ;·~~~~t~ie~~,." Of". lig~tw~f~ t, .ednaret~if·.'\ij.tli· .. par.t1c.ula~.. I 

r~rere,nee" .to ,per1.1te 11ghtwe~t.liggrega'te.· .. , ','.', ,',' ",.: .. 

.. ' } : ..... : ··>1hl·s'.;p~\~r ',fa',a' 'Part 'of ·~1~':1nv~d~ig~'t1~n·~~gram 'of ROberJ 
,J;' '".: ' ":,,, : . ,'" ". do '. I 

',' , ,~ <" ;,' ~ 

;"1' """ ..... , " ".,', '.1 
.- ;.~, '. " ., ' '... . " .' ,~. 
~, 'l~\-'; _ ........ -....;. ..... _~ ....... -"':'O ____ ~...;.;... __ ;.;.... ______ .;.....;.;.....;~.;....; __ ...... _~ _____ ...... ___ 1 
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,. ,,' 

., .. " '.,' " 
'.~ •• J' ... ' ",,~,'. :'/.;:.~".'."" 

. , .' ~.- , '- " ';~'. " .' . -: .... ~' : ': . -.' 
'.':;"'#" ~' "{"'" _'." ~" .• 4-:".~.\::.,~.'"":';:""--:~\.' 

;'c~··ri .' .... ,':." . . ... :.-' .. ..:>~:.'-;. ;::."-'~ - ' 

:~dee:li~~~~~ti~1~~i11~r~i:~~~~t~~iutr.2t~;~!Lel 
:'b; :U$~~ i~~htwe:lsh~'~:'~~~'e'~t~~' ~o~~t~~ '-~~th~ 'n~~a{~:gg~~~~t~ ;':and .L~ 
;"> ~./ ~- . ~-;. ::'. ~.~ ; ',: '. ;,: ~ ~ ' .. " ... '~," ~ ,~~ .... '. ~. -'~ < . .'~.~. ".~,' .. ' .:'. ":",' .:: :.:" :', -.~:. ".~ v~· ~::,.~~.~:.>.- -~~'~':I:' :". < ,'~ ~:<:~~'.,~~"~: :--.~:' ~~~fj :'.-/ .~ .. .? <:~;.-;:,';:f.:. -; '~~. >-:-: ~: .. ~:,:.. ,~.' .. ~~. ~. ;>.,~.~Y. " :" --.- . '" . 

~:t.h1s::pa·.per·· the; pr.ope.rt1~~:ot·~:·ce~nt~lightw~igll~~,agg~~gate.il·per,litfi.J~. 

\.~~~·.~~r~al· •. ·:~g~~~a,t~:.'.,(. ,~~.~)~,i.i;¥~;s';.::·~~,·.'~¥~~~·~~~;~·,~~";;:~",\{~>.: ;.~, ~. " '. , 
, • _...... ." '.~ ; '_" ~'. A' _>,' : .'~ 

. '·,i;;'lhl.!ij~k·1~~~;~§;~~("ljiff~;} •• ;<~};';~:'~j:, ' ... , .. 
. ,. .... ··1- ~:·~eor~.tical-;,";:Par;t):deaUng,':,w~ thSll1Jve1~:'Ot~~~11t~r~ture . on, . ." 
;:.;:' ~, ,"~"', .. ' < ..• ':: .; :::';:..:;'.< ::'::, .,:.\.' ';'~.' :::.':',~::,: ,>:.;. '. ::'.,;.: .:7:: ~;',?:::<;;:~~, ':::.,::~:»;~ «;:.:".:'.' .. '. ........ ,' .... : .. :' 
::lig~~1gl;t~·: ~ggr~.~,"?t?1f,$~.··l:~h~t;t,ighJi.: et.?na:r~iiesk;~~h.t!i~J,ght:'·,aggr·e~ 

et~~ft~::~:~~;~I~~~e~~~~;:~:.:~~:~~l~t,ji~i~r~~~;c:orie~Q~~ 
... " 1I-' ;Experimental':;,Part, ':deal'1~':W1th .'tEist's: tG,.:d~ter)dne· the'. 
~ .. ,::,:.:,~,.~:"" ,~.- •. +!,_.,~<' ~. - .. , .. ,'0;', - - '",',~' •. -".'-',- ... ',,~ 

." ;' 

. - ... ~ ... 
',.' ~'-; '''. 

-, ".' 

• ." ~ J" l~'" 
, .' 

'. ~::- ~'. " . 
. mxe~,decrease~iliefi~l;f.as· agg~eglil;e:::proPl'Jr':t~()t!:"iff'J~rea~e'd~ .:< 

. ,:;\.>' ....... - FO; c(n.ieri~~pe;l'~·~e-Ba~d~i;e~·, '·th~~·cV~u~·s:'~~;·:tie,,·:9.bOVe ~ p~o • 

. ;i~~ties i~;~ase· .. W{th;.'a'dd~ ti()~Of,.'di~d/"'r~~t,h\(maX~'~~iue' ~t 'a: 
:1 .... \~ " , ',' . '.' :. :.: . .-"" ,'" ,.' . ' .. 'I'. ,: .' .. ' :, ~ '" "'<':; L •• '.' >. ~ '. :~ <.: ~~. "... ,'. 

'~cprt~~i.n i;ropor1i.l~n,:. a~d' the.ri.·1:>eg~;'io:~d~~r·~asa'.·.: .:~; J", .. ' " 

" -The~()11o~irig'~~~iatioris :\V~rEL'~bta1ri~~'batw~~ri·.~ariOl.lS pro-
i,\Ser"tlea: ',:',' . ,': .;. :,;.>-:. ',"..'~,.': :, .\:/" .. ~: '. . . 

:.::- ...• , ~;' ··R=7.0 Jr~~.· fllp=5~6\ft~·, r sp=O.54 R,·.'8,n<j/ i=2'7'~0 ~:::V£.f '. 
wh"r~ll = mOdul~8 df ~Pi:1ll.'.;, I'~r '.' '.' ., i' C . 

'fl= cOmpr~ss,i~es.t~6ngth.'F.~·':'·"· F .' " .. 

. c:.,. '., " ... ,".:.; .... -:".: ... <: ........... ' "", :.""'.' 
:,J~ sp I?ylin:der.sp~~.t~i~·.~.~~e~th_ f7'" .'."; .. :":'.. . ..," .. 

f' . . ',' ~ .=' ~in1·.t~.al t~~~nh:,lllo~f;tu·~:!F~·i,,::. '. ,. .,.~ .. ".:.' '. 
['and' / w=·.dena ity ~ pet •. ' .,.... . .' . . . ".! , ' .. '. .. '," 

l' : . . . .: .... . : .. ' . 
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aggre 

'.: 2' '~8' :. ·O~' .. ". , ';"', ". 'e- ''':.l_ 
-:', . 

.. ", '" . 
: "'.' ~ .. 

" -;',Th~'modulus'Of' .e,i~~ti~£ti~ar,~~~f~';:k1~e~'·'7'a~es 
'~e~~~~.Ii22o"o'qo 'to.:4:6P~·OOO :-p~i' £~r':~'~.a'~~Pr~·~~'71~.~,~·tr~nfith~,:r.~nge·,ot 
""~60;to .:S60··'PSi;.'a~~t'be~eein··'··880Z00().'~o~.·i,~'~'~6's"d6b···:PS1<:rO~.~}trUctural.· . '" '/<', . ,', .. ' ...... ; ,." '. ,:-"', ': ',' ", ,;';:> .,':': ':~'~' ;,}"(:' < : .,., 
l!dxe~ for 'a'range ,ofc~mpressi.ve strength>of'.":960:~to',115(hPsi.-'." 

, ~> " 'r ,~'. ," . ,~ , . t •. · •• , .. : ':.'.''.,-. '.-".:.~- ~.~ •. _~~ ".:'''' ~;", .... ,.-,:., 

, . 

" , 

. -" .. " . 

. .; . . 

. ~,'. 
.:..' . 

.. , 

.... 

. .~ 

.. 
' .. 
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LIGHczWEIGHT CONORETES 
•• ~:.-~ '!,i-< ..... 

, , 

, 'D e f in.i t ion ',a n, d 'C,,: 1 ass i f i c at ion 

" ' 
, , 

. . 
Lighbweightoonorate is defined by ravis an.d 'Kelly as tI cone-

", .' ,. 
:~. ;"i" 

reta having, a unit weigl;l.t,,:qflessthan about 120 pcf.1' ,( 7 ) 
• '". J i. :":.',. . .,,' •. _ '. '.' ._ " - '" 

LightW~ight:;'c'oncrete '·'~'a.n ~e",pr,oduced, by the use 'of air ,or 

.1ightvTe'i:glit aggrega~e or 'oolnbiriat:ion ofbo'th.'Accord5,ng to these" 

"fact()rs causing ~1ight 'wel~ht~' VTasba classif'ies' ligh.tweight' cO,noretGS 
. ',. . 

irito,two main ,irOup,s:': J 1) , 

• '. 1- Celiuiar",or toam concrete, 

2:": Lig1:ltweight"p.ggregate ,conorete ~ " 
'. ",- .' .. ' . 

" 

.. "', 

" " 

'-::;l;;;"~i1F1LLt1LAROR, FOAM, ,CONCRETE . . - . '. 
, ' . 

••• " 'J" < 

", ; ,I ~'.,h .. ~.' _~',:.:, ""'. :' -~J, .... ~'".'.~.'.:.:: ,.> .. ~ .. ~:' '~-":-,-.' ,' .. ~- . ,.~,,' '~, ,\", " '. ,.-.>'> ..... ," 
V'alore,def'ines ~ ceJdulaI! ""oonerete ,as,a co;ncrete weighing:;: 

.. ', -,', ",'. . . , . - :; ," <: " .,' .~. _.,' " .' ',.' ,.' , . " . . 

,',trom 10:,t'o:;lOO' pc:f"<a.nd:having,:aho~aogeneous·void' 6r:cell·s·tructure~. 
.' . ," 

'. "_" '.'_.~" .'. " ..,,' _ ';- '. -.,..t, .' ,', . -'. ',.' ~ 1, ; " ' 

, , '(8,). 'This' type "of o~ncrete is . U:sually' ma.de of portland,cem.~nt:J wa-
"" . -~ " .. .:' ","". '.' . . , " ..' .'. ' .. ' 

tf?r,:and f)amingag~nt"(:and~:y"coI?-talnlilne, silicu"tly ash, ex-
.... ., 

·panq.ed,sbale.vold~~ic. a.sh,or,pumice' dust. A large 'a1'1ount, o:fair" 
usually ~xoeed1ng 25%~'.'1n the f'ormt?f" small bubbles" isincorpo­

, '~ratedt'o:'t~~u~e '~ei~~' (1).", ' 

',,:' ,Va1ore 'propos,ad todi.vi~e ~ce11u1ar concreteslnto'twQ major " 
'. " ~ 

',groups, : (a')' ' 
'.' .:,~'" . . . . 

. ,. " . ;' .... 

'a-Moist c~ed c~l;tular'c.onoretes" 

~ - '. 

";",'. , 

b.Aut.oclaved:celiuldr'co~reteB • 
. . :- ,; 

. ,~ r 
.. ' . 

- I 
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.'. '",,- .. 
.~ . . ." 

: .. . . 
. " . t .' . ~ . 

'. propert1~s pf' celluiliz'concr-etes, .' 
..... ",', ': .• ','I" I" 

,"" ," " .. ~, ,T. ',: J:-, .' "~. • (' - ", 

... Ta.ble. (1) gives,' j;h~, 'gerier~{ prb~~~~iffS.,:~f'celiula~. ~'Ohc·retes 
" . " .," . ' .' ',' ... :' 

." <, ~:~.~, .":(1~11Ul~~"Cqn~~etes . we,:ikb:iri$:'as :::li~,ti~",,~s, 'iO'p~20 .. ·~pc{'~y·· 
.~ ",," . " '.' ... : . ''':' ' "' 

"beus'e"d.for' ther~11nsula1;lon~: :Densitie~,of,ioa4'b~a:~ing QsllU:lsr 

:~~~ :~:~d' 
in<roo;('and f~oor" ,;111.'8':(8 }~c, . " ' .... ' ",,' , ' 

. - ~.;~.' .',', ~ " ~ ',; " ..... ,.'. j.., " -",,',' :. 

,,',:'" '. Compr'e'8s:£vE{'strengths':'of,' ceiluiaI'~::~oriCn-"ates' arefun~'tions 

·qi:;'d~nS·1~;';'·:~rtd~"ra~g~~.,:lrom',:~5~'··'.t~.:·~999'.PS~';~~~.:39)·,pcr';.·'·,400 ,to .2oob .' 

:.·'ks"i,'~or;:4&~:,~C:t;:"ah~~,89~,~ •• :t'~(",:3~OO p,~f,'for.' •. 50:~,";9t~_.~~itl~S.'·.:·':·'· 
, _ ' -: ~ ... ~. r.' . : ',>'. 

-'. ~.' ~ ". .' '--, ~. ,.', ",.~. , 
'~, ' 

'.'c:~t{0Ict~> •..... (\j br-vv-i'~l,: 
!'C:;bV1'~(>i!+·. 'C'b~C~~+'ce 

:', ;'. 

': .... , .. , .. ". ", ' "., 'O;,';'I-~:ii' A~tl) ;.,. . .d, , '" ,-?.r'~·,n,9,'·;f7+~flkq~e.l . O"'~f;"'O"f.O-M<:t ".O.o32,,-"o.o8Z 

... '·C~~l.,.P· ~;4-(a;~;14):'~f~~·*.;~i}~·!. ;,~ '-~.9; . 
,. . ;r~:"~,~:S,~,~4'~i!~Si~/t*~hr/F, :,";.o<i:";Z~;~'0n.o!,' . .e:,~, 1·7.!f+· 

. _' ,'.' '. . \1 .~.'! .~-

" ',' :~'; Taoi~';" (1) '-> :P;6~~rt:i.es;,:;b:r·:~'eilui~r: ic>ncrtit~ii:,::fi 1 .. ;' 
. ,'., ,< ',' .. ' . -';';:';:":, '.' .<, ::.' ·,I,::: .. ,;,::',,~",'."',',; .. : " 

.;:, ,,-: ' (. 1"ll¢"s,ti:.e ,:p~o!Jer:ties!·:~rC7.:::'~lsogiva¥i',orri6rmai":·c'orioretes 
.. l '.. ..' ",_ < _ '" '. ' ~ • # '. " _! '. • : ~ • ,"", .', ,"' . , • _. ~. '" 

. I 

. ;'; 

~ - -'.' 
I :'. '. 

, •• 1 .• ' 

, .; 

. "',t:,; .• ',: 

.; ..... 
'-.' 

, ~ "," .:. ,. ". -; ~ -

-. '''; . 

. ~ . . 
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.. "';.,',:. 

..... ' : ," ~.' 

. " ~ .. '. . ' ...... ':.. ' 

. ' 
. ~ .';' ~ . '. 

" .... ' , , . "-:;'.F~e~b~4i,; ~~~e~gth~_-i.#~~?k~~X~~i~~~1~:1/iL:t~:~:·;1/$::'~ ~f.~:;~~~'~,C'~p~,-, ,', 
'·,re.s~:tve·",stre~th.~:Tlleor.eia~iQli:,b~i~e_eri.,'CO~:pI.eS~;tve}sti-':e~th::,·a~cL~J.ext­
:tural st~'ang~,'obtained.:i,b;.:Gr-~~.··;~~·:·:a~t'~~~~V~d'~~i~~~a~'" conc'ret'~~ ':0.£' 

·"V~~toUS.".,,~omPci~lti6~';·~~d~·:'C~l'i~torki~f:~~'~'~·SS'~~~~>'i.~.'sh9~~n.';n~·Fig~,{:i'·)·.·,· 
•• J t "'. " ", .! ;'. • ,: ~~, .'. ('sr,. 

, '.' .' 

.:." , .... -
'.' ... 

: .... . . " 
.,,-': ........ . " ': ' :2-0 :o.q r-----t-'-:-'1f--'--+f---,.."'-+-.,-I 

'. , 

" ....... : 

.' .~ " 

--'. ,. . ' . 

"' ... 
. ~- :' .': ' 

'; .... ~', '" ",,' .- •. ' ' .. ; 

'-' ; . 

>-, ,''' 

". " ... ~ 

.:- .... ; 

." :' 

Fig·tL)~ Relo.tidIili1iip·oi"tle~tur~, tocci,~r'~ssivestrength 

':for. 'autQclav~dcellu1ar concrete.8·'~a~,e,by ·~a~i6us:pl ... oc-es~se,s' (9J~' ',' 
;, 

" 
, " 

(9) 

Average values" fora's tapic'modUlu.s:-of- ela~tieityof Swo .... 
" " . . - . , . 

. 32.4-

4 0 .;7, 

fl c) 'f.s,i 

3~O " 

.7~'7 

~Zo: 

'is?.' 
";:. , 

". 

, 3 
,r./,psi x/a 

,1'95 

324 

3.7G 

4}Z. 

, , . 

, :Table (2):" Relation·betweendensity,,:ce>t1p::'ess1vestl;'"el;lStb.1 
, , 

",a.nd . moduiu~ ,01'- efastlcit:r of, SwedishgemeIit~~dlicb.,.CQllui3.r-c'oncret 
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. 2";' LIGITTNEIGHTAGGREGA TE CONCRETE 

.' . .-

;a )L'lghtweightMi6resat~s 

, Before' investigatip,g :theproperties of'iightweight aggregate' 
. '. 

·concretes,s. gen~ra1: ~6nsider.ation ~vi1l-be given ·to 'li'ghtweight 

. aggregates. ' 

ACI Building, Code;'deflnes lightw~ight aggregate' as Uaggregate 

hav:inga dry loose .v/eigbt of':''?O per or 'less •. (10) 

Table 

'.aggregates. 

. . - ,. . -. -

(3)Sb.ows the'general' ,class::t:r,ieation of lightweight 

.\ 

P 1'"0 c: '<l:, sscz'd 

./,'.\ ."''t B.Lf~:::;~,.'J[" LGl:l~+-:'fd;+~ /B <S;-"+~rl; +a. 
'5'1 . £x..fC:h'\'Sio~ , 

, Pczrl'.+¢) V II t"W\", c ",I d q: J .C lay .I 

S h ... t<Z.I~i",oxJ dio.+o""'i+czJ'1'"~11;k~ 
r"o c:.k 1 i f-e I .{:.'y C\ s~..I b I 0\ ~;t- tUY;" , 

nOlCtZ: .sIQ'] 

. Table' (3)- Ol~ssifieation of lightweight aggregates. (1), (3 ), 

{7}, (11 r .. 
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'Lightweight aggre~ates Can tie considered urider two headings; 

vegetable and mineral (1). The'f'orluer ha.ve not been as widely used, 

as the latter • ,1- . 

thef'olloVl,ing sur~ey: the' emphasis is P1.l~t on?-rtlf'iclnl . , In 
: .. :' '., ..... ,., .. '.' .', .;' 

mineral lightweight' aggr\¢g'a'tes';,,~inoe: t~ei-are the ones most wide 

1y used for l~ght\'leight 'cOho~etes'.' 
,", ~. '. '/"' . ,'/'.).: 

:f, ~~: : 7.> : <~ ,". '" ' ' 

.. P:r,o pa rt i6 s of"lightweight aggreigates : 

Washa summarizes the desirable properties of· lightweight mine-

ral a.ggregates as follows (I):. 

- They should be ,uniform in composition and properties, 

-They should be suitably gra.ded ·for their intended use, 

- They should have' a"low specific weight .. and the desired spe-

o ial propert 19s . associated wl,th light we ightJ such as high thermal 

insulatlon~ and sound-absorption, 

" -, They should have.a, large number of small" 17e11 disp,ersed , 
. . , 

internal voids, . 

- Individual pieces should have adequate strength and should 

be firm. and hard enough to withstand' handling and l:uxingVlithout 

size breakdown, 

-, The part,icles must bond well with the cer!!.ent paste and be 

cheaically in~rt wlthrespecttoreactlons with both cel:aent and 

'reinfo~cing steel, 

.. -They' should have . good resustance to weatheririg" ,m.oisture" 

insects, and fungi. 

'In',Table '(4 j, Wasba sUnmtarizes the, properties of various ,.,. , 

.. elas~esof: lightw~ightm~neral' aggregates '(1). 
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'. '. 

,', 
'. ~.':.,.' 

,.", , , 

':PA~E, :12.' 

• - 0 ~ 

~ -' 

"~;:"':~al!i~,,{~'i'-:'·'~~'~Pe.~~i~S'.'.'ri1'/l:~g1lt.w~;~ght.~i~eiai'~:~:g~:eg~:~~~':·;,(~) 
: ">". -,' . 

, .'. ' 

Ea:nui'acture' ",' . ", ' ' ,~ 

~. _ .. . ... -.. -. ':.', .' ~. _.', . ' .. -" ~', 

, prop~r,ties ,ot"\rar i()U~.lightw:e:igrit~::a.g~~gate s /: :asref"lec);ed': 

bi:, t~ose . of: ~he.'resUr,ti~', 'c"onc~etes,;" .v'ar~r; gr~a:ti;~'F();;";;XamPle.·~,<.th:? 
• .: o· 

" strength ; of' ~olic.ret'elnac1eY;1~h :,.expanded':shJil,e'~nd;cilB,:y :~isralative'~ 
··iy~h~,'a~ci .. c'om~a;~s,'faVO~~b~y:,wi~~'~t~at'.~£Ordirk~yqO~ore,te:~ .·Pti-, 

; ,mice,,' scoria,,:'~ricl ~onle.:~xpandedB1;a.gs ,,'pro~duce" a, concir~te,:c:r inter';' 

f : 
i 
r 

t~ 

'. . . !.'.' i. '-. '-

,nied1.af;~ ist-rength:perlite',~verm1ou4te~' anudia~'omide, pioduce.a 
.: , •. , • J' 

. ':':' 

The ins'ulation ',pr<?pe¥t~es of: the:,iow;;,:strength concrete," how 
. ' ~ . . . ~,' 

ever~: 'are better than ',thOse of the heavier ,.stronger c~onCret e;.: 

,'. ,: 

. t' 

l .' 
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. ..,':b )Llghtvieight:: Aggre ga te' c cincrat,i .. ' .. 
• , .... ' ' •. ,' .... ~ ',. ! .':.,. . • . . 

... ,','" nilvls··and 'Kelly separat~ l.ightwa·i~t:·~6ne'li~tes· ':~nto :.f01W' . 

>'~'1.~ipal.· J,r;P~S(7r:' " ,> 
'-" •• i. • , '. " 

1-: S'trtirl tura1~:;...Mo~<':>,l1thiC ·.conc,ret;e·foI':bu11dings·jfloors I . 

'-" "'.," .: "'.>'." -. "" ,,:., .' ' .. ' "" ··:~; .. ~~.,..·<·:~,:·t~·::~:~;.~ .. · ,:'.' ,.: .. :' '" "- ....... ~,-. ;"--'-.' ~/,. ',' .;',' ...... , '. :",,' " . 
robf's,.·partlt1ons;': bridg~:;:,4~frlCs~,;:s'liipa, :etc'o·Tl:V;l :cain purpose 'is· 

· .... ~o. redu~:_w;:~~~;2:::<;e::b:t~f±;t::L~l .• g~~.ffl~ .. · ... 

:~' ,. 3~: '·Mas9nr,YU~it~:.~·~ .Pre~ast.uni ts' :·.f(,)r:'walfsand:·p~rtiti~nS:, 
'. . .' ..' - . ..... , - . . ", , .. ~ . . . . . . -.' ; 

:'~:itl').~r~load~beaI?ing:~r.,~.rio~ .. lbaci.':'~earing'.>'.Llght·:·we·ight,an:dr~oder~te .. 
· .. ~~tr~~·th':·are· '~(}quls~te'i: goo~:', i~tila til1~' :'az{d,;:~~'~c1;·d~a·~rti~···.prop~r~ 

,', " , ... ,' , 
" . 

- "': .. ' .'i " 

, 4-' Instilatio'n or Fiir.-' . .r~ono11thio "1j;ght~le1~t co~c~ete for, ~ , 
~~vel'~o~t1'~ arid/~' .. 'r~rmi~.part·itio~·.a~Q ... ~allS· or·~.for 'fl;~r····and;·.,;,.', 

.,-k' •• ~ 'I ~':. J.<r-.-!'.'~' .,~~ /1".·'.~I, •• ,:-,'~.~ " ••• ,,~ 

'root 1"ills. :'. Lightnes~·· and a hig~ ,deg:i;"'~e ·of' itiSul'ation are desire'd.. 

·~~;~~gth::is.not·;·i~P'~;tirit~:>·~ '/\:".> '" '. "': .. ,." '::'. ,'. :.::', . 
• < .' ,." • • '..... " • ". " :. ~ :;. ., ,.- .', _: 1 .""_": • ,,< ." '.: ..... ~... .~.§~a~.;e.~iek.ln~~:if~~C~~~~i~~agGt'eg~~e":f 91' .a.a~h 
.' ·type:'ofli~tvTei~t:gggregj3.~~I:~:~~o~reti·arQ~~ppes~nted'ih',;AST1~i· .. :De-,,· . 
·'.si~~1~ns.·o ~ ;~i·-~~···T'.(;O~·:.~~~~rete:,::~~,~~;' u¢~s:),>:~ '3~2)5~' ·T'· . ,';. 
' .. (fOr1nS~1~t·1ni:·:~o~r~t~~)~'~nd &:,~·3'50~~3.T·jt"or"B:t~ctili.ai. oonci'~ete 
;····.(~2:}: •. :'·~ii~·~~.· ·(5) .. ··~!l~;T~ble :.(~ )itakb~'··.f;~m::As~d .. Sp~~ifi¢·a'tion~:'·'(:i2 ')" 
.- ; .:. "- :. ..'- •• ' ,.' ',,' • • • ", .-. • • '. -< . ' :~ • ' •• ~ .. 'F _ ..... -: • ' .. ' ... :., -: '. '. "'. '. _.'; - . ~ . ":-'. ~ '.' . . : <0 -.::. • , 

~,g1Ve. the ,types or'· lightweight! 'aggre~ates ':ai14 unit ~eight requil.'e-
.... !<~ .. , .... j: .. >.-, ..... ,.::.~' .~ .~:_ :""':". ; .. "~ .'.,' . ;, ' .. _\·._,·.~.-< . .',T .-."".'-~>'~':::. <' . '~-""" > .... ' .......... ,_ .:.> '" '-'j", ' ... 

mants.:for 'eaohtype, ,9t:light~eight.aggregate:.concrate. ...... ,', 
':'.: ". . ', ... ' :Df"~' ·~~~s~'~~;~h+;·~M':"i>·',b;p.;r-: .. c ... :,~~. ". '.' 

,Qj~~:D~;~;9nQt;~~'; Co';'~.c2:t¢Mqs;()ni·-b ~Ins':'I;. .. t; .. ~,co-:,cf:a-+e~+..,,,eto:;"'I' CO .... C-(CZt"fl· .. " 

"~;n'~.A~'9:'~~:i3-',:" .. ·io. : :' ., .. : ...... "7{-:<),.,.: .. ::: ... .-'" "«'::'10 .. :: .. 
.... . ' ... :.... .... .' '.' . ;:. ":', .:'", 

,'. ",7,7',· ::.' ,,:. :; ", ::,filj' 

," ',','. .. ; .i'·., 
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,Talala ,(6"):- -r;f~.s0f li3h+we.l~h+' 'Q'~'S.rej~+(ls,· vsed'f~.r.>.' 
, , I;~htwe:~h+co>:,c~eres (IZ) _ , ' ", 

Properties , .. o~;,~ightwelght t:l.ggr13ga:te~o~~tef;! :' 

.·~'Table::( 7 ),:by Vlashai:sUnUn.arizes~the prop~.rtieS,,~:f iig};lt 

'we'ight' a:ggi~lega~ec oncr.,etes. ' 

'. In~e8tigat:fo~have shown that. thermal conductivity of', dry. 
. .' . '. . - . - . ' ," . 

lightweight ,', co~r~te·:vai'ie~ .. \vith~it'tJeigb.t 
,~ate type' h~~ 'little\~ff'ect":( 13,> ~" ,.' , 

~ ~' 

and lightweight aggre-

,Tests' td -cdnip~rethe properties' of 11ghtwe'ightconerete and,' 

normal co,ncrete showed thai! the ratl0 of:f'le:x.tural strength to 

compressive stre,ngthJcreep-, and shrinkage upon dry1ng1s grea'ter 
. ".' ."... - . 

tor 11~t\Veight c?:Q.c~ete' ,than ror.conve~ti(mal'Conorete (13), (l~)~ 
('SlumP" of ''rightwe1ght co.ncrete' 'i~ ,about half' 9f tha.tof regular ,cone 

.: l.'et~ ,(.~~iJl~'~n;~ ,~hel!lodulus of alas ti~'i ty forlightwe ight concrete 
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is ,relatively 'low lnthe order of 2,000,000 ps1f'o~ st:puc.ttiralcono':",· ; 
-. '.:' 1 

,I 

rete, .and400, 0'00 psi for 'insulating 'concre:te _ :~ .. ' 
., • ."" • •• • < ' 

Absorption of initially ,d~y, porou~,-lightVleight >ag~egate: du-· ': 

ring '. the concretemixingperiodcausingla;t'g~'Cha~es .. in the"co~i,s~ 
, ".- - . ", '.. -. "." 

~tene·:Y'.have been :noteci, and, this' neo-es-sitatecithe.:pr.e\'1e t t ing:ofsilCh 

aggregate (14.). 

. r' (. . , _ +- c.. I f S \ 
. '. " 

. E.. 
'. t· 3 

F~'-'xl~ . 

. " 

.' . 

.. ~ 

,," .. . 

,. : ~'.: .- -.' ." . 

. <;;'7-:1 o <?,' .,' :6Jj::-;I,'Ij 
': . '. ,; .' - ",~ ;:. .:' 

, .. ,'I:~~~·~·7°'C:~ " ,'T0'-:'IOO~, 

. .... : ," .... 

.',Zoo-: '~7~< '>'f~":'f'?o 
.'" ", 

. ~, .. ~ o':"2Jjc:o ' c' • 

".'" .... . .' , 
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'. 

4·f~j·o· .. " ..4 :~- 6.:0 
.'. , ,,/ .. , . 

0,7- 2 ,0 
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• .l~. 

, .> • 
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. . .~ .. 

~. '. 

I 
" 

·1 

" 

j 
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", ,'J-

. 'The'advan~age,s.'a~~ <ii~advan~ag;,as ,Qf lightwe'igh~ooncX"etes 
c~nbesunlmar:1Zed'as . f,ollows: 

'" 

; ,:' ,,;:, ; .' 
c", , 

'.' ".: 

, -~ .. 

.;. Lightweight causes ,2 saving. i~,.structural s'teei~ reduc~s 

tl1e bear ing' a:reB;.of the founda.t:1.o~1 :arid<~ecre'ases the expenses 'for! 

"concrete 'forms,',··' 
. ~ . . "" '. -' . ' 

, , ' 

. ,-'R.0ugh. texture:~of·~·surface.sb~1t~,good acoustical properties l 

-Light weight. allows more .dista.nt·l!1arkets and,easier hand­

ling of precast. slabs 'and blocks, 

;. Higll insulation· values are obtained by nUl!1eraus .voids, 
',' " 

-. Lightweight plaster has 'less tendenay'to'eraCkand its. 

~esistance to heat ,makes. it "a good material for,.fireproofing struc- ' 

'tUra~ s.teel •. 

, Disadvantages: 

, " They ~'~ 'the, results of certain Physical properties which. 

alike 'th~ .1ightYte ight" aggregate' conorete' moredadvantageo:us ,compared 
, • -, ' • y , " • 

. with nornal oonorete • 

. ~ . The '~ggregate8 'are sharp"andangular,tandth~stends' to 

, nake' '0 onorete har'sh' ·a.D:dunworkabie,t' . 
, '. ~'." .... ," 

.'. ':~;""Th6:rines liave.s higher, unit di>ywe'i~t: ,than theoonrce 
" ", ,'," . "'. .,,'",...". -

.:a:ggrega te ,and ;,themethod . of . manufac t\i.re·' pr-odUc es ~ti extre~eij'r1rr 
, ~. , . . .. . . ' . 

l:latel'ial; -bothfac tors' oo~bine; to. mak~, ,~'pro~ettha,t s(;)gregates - " ' ,.,.. ' ' .' "'" ' ; '...' ' .. 

. bad.ly> it ,n~~ '~ou~~eracted, ,,', 
, ..' . . 

.. ' 

,'. _ The ,'aggregates at-a' highlj,abs()rptiva ancl' the 'rate' of. ab-
.. " 

:'~orpt1o~ i~:V~ia.ble,~·makingitimpra.ctica)., t¢' us~ .spec1:ric~rf:lVit"Y ' 
" ,'. '." '. . ,'..... - '- ~ . " .. - . -. '- ..', " -" ...,' - . . . - , . 

;vaiu~s iii batc;h,·p;oportion;comPutat1ons;~and.cr.e:ating a.'·p;pobleott in '., 

, . mill·rit~iIii~uhiform:,w~rk~b1litj.~.o~:.the': j 01),":; . ,.,. 

.. :' .' .. ·~.<The~ggreg~tes a::r~light~r·· t~~n;hlieconor'ete in'Which 
" " : •• " ", '>. ?'.- ", .: .' ., 

~- -" ,. , . . ' " " , '. :. ,', .~'. 
, :" ' .. ~'.'. ' 

.' . .' -- - - - --- -- - ---------- - ----
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'~h~y are used,,: causing coarse" ,aggregilte to:f'loat to the surface: 
. " . .' ~..' , 

when 'apr operly handle'd, 

The lightweight of the concrete increases the normal 

concrete tendency to entrapa'ir and form honeYcOl.~b, , 
• ~, .' • • v .' ~ : • " " • 

" 

J 
! 

',I , 

- 'Cos't qr~aw materitil is higher, because of small facl11tlesj . ." . .". ~ "." ". , . J 

,anq'the add1tionalprocessing. '.' I 
........ -.. _- .. __ .. _' 

;'~ " ••• ~~. ".#" ~ ".~ •. "":'.-~: ~.I 
, ':1nnioredetdl1." 

"per1<1te 'AgfE~gat~,:" ,',;' 

,,'per11t.9;' isthe'~xieralogic~i : name: for ~,volca.n1c;, 's~lice6us" 

~6ck~:::When:: J:l$a t;ed,~ ~Qic ~y,:it, expand~' :W1thdiS:t:}lptive '.fore ~: 'and;, ' 

• ,breaks '1nto\snalJ., expanded,:pert:lc1ea,. U,nderp:t';bperly o'ontr 0116 a.: ' 
, .; .•.. '", ",; .'. ,I • ~.".; '., . • ':, >.,' ", ~ :.': . _. '," . " . "'::. ,,~, ,_ ,'::-.. " '., .' ' .. ' 
,c'()nd1ti.pi18~ .. ~ agglomerri:t1ollS,ofexpandedparticles.renain bound to- .,. 

,.. ,'. ~ , " '. • .' ~' < • :"; '. , ..' , - • ' 

ge,tb,er- "at the.iI":pOin,tS,ofCQntaet t,o: p,roduceap." ~ggregate 'of' l1~~h ' 
." • " "," ',.. - > .' " ,,,' , , 

V,oia/cohteritand' extremeiy:light weight~", The uilit. we'ightriay c~ange 
,~'. • • .' , • , ; , • ' • ' ' ... , .' • ~ ..'~ , •• < • • , -

batween,8·~'tO""~6 '~pcf~."·,The" aggregate' 'is', u~ed,lnthemanufactllre 'of 

",co,~.;G~e,s"::~avins:a ~'O~I>reS;3ive;,' ~trengt~ of about 3'00 ,ps~~' for: ~hiCh 
,:tlieunit :vieighttnay:be,as,lOw a~: ,35 peI',,(7J •. AJ3 a results-the'" 

, ' .. ' : "." " .:' '.> "'.: ," ,,'.... .', ', .• < 

'ag~~~ate,'isempi~y~din;c,on~re§e~,,:Vlhe~e~:hi¢h,de~oeOf inaula~ 
• ' C '. ,",' ,-.,": '-, '< '" '_.," ", .' ,.' , J ,. • 

" , "t 1bIi,'sri&:goQd' sot;nd7abs'9rJl1t1g'~ndf1rEt-p~()~iIlg, qapac,i t~es are de-
',.,)".- ..... :>;' :-"::"<' .(.'., ..... ~.» .-"".',.>.~ ':',:,~"~' :". ,:':'~':-."~,:-! ,.,; .,.. .. , ;."'>,", ,". '~. < .... : '-,~ '.::, ,,', ..... ". 
s~ed/ and,~h~!'e.lovi_,~,t1?e~ths,:~~~ "lle~lil1s~ible; , 

,- . ' , '.' ". \' '." . '" 

" ~. 

", .. '" 
'.,,:. 

- " .-

I 
l 

i 1 
I 
1 

I 
, 1 

1 
-1 
,1 

. j 
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~. ";,' 

.,' '", ';.' ,,., ,~.-.-~...;...;.;;,~, ;"" •• ,"':-:,;;;';,: ~, ~~:;.=.=.~,,~. ;:: .. ~~~~~~~ 
,' .. , ' < ' :.~: ~ . ~. ,-

. ~ p~e.heat~rand ~ha' stn~~onary ~e~tiC?~~·-~ln-·'~l'th:-i. 11~~n'~i~ 'c'o~au~.~·'.' 
. '. ~,<.<, ,'" ~., '... . '"', "~~" . .~ .... ": •. ' '1."_ {J" .' -'" ~',:'~_, :~ 

"':rent' ,':prehe~te~ J16),,;,' .. ",.,', " .. ,' .: ... ':- ,,:. "~ •• ~ ,', ',.<:.::.:... 
.-~ .. -': .... : . 

'. . .... ';'.". ' 

:', ' 

.' ... .,. 

The mai~ deposita:'.'o~:p~I"li~e':.~~as ·~e.:'ar~d· 9~~a~k~~eii"~d"",' 
. ". ".',' ,,' : : ,.' , ,,' ',' ::~:"':;,~;~~:.'['t<;;f·.:,· '..;.....,:;,.,>.: .>;: ......... 

: :Bigahas .theriche8t:.quar:riesot":,tliis'~egion~,J'3;l~,',~Iiiililg·:bft!:J.1¥:;,:·'; 

.. :::~; ••. ::::~~::::. ~:;e~~:s:J:~~:,ed~:p!:~t:~:~!~:~ef;:I:~;~: 
, , ,"1ndustrj':al poin{'qf:vie\1~,AtlC,,~her':depo's"1t::ts'di3c:ov~r6d': :tn.~Bilelli.k . 

by Hma Firm •. Other :~ar~~':;':~'~:'~~~ay .S·~il1 nee~· eipl~~~tiori •. r&ere .' 
. .. . . ~ - . '. .' ... ,':.,' . 

~s ,. great: hope ·tb.a.t ,an e~tenSii1:e:intrestiga·tionprOgI'~.:vlill:;he· un;;'--
: ~ertak~~ ,:in ' mining' '::thiS':.~~k:~'-; ~a.Ilj~·t es·ts :perf~~~~'~·S~OW~:djjhat":~o.st. 

, -' > " '., ••• ":<>" :"~. '" - "~~'<.-., -..... :',~~~~~ .. :~~~,~:::~-' ... '.:':' ':'~ :~", ',. ::.:.' .... '- ':"'.~ ..... '.".;: ",'" ~ ":"-~ ",--:~-
of. the, perlite'depos::tts: in, Tttr*ey,are:suitable: for cproducing.l1ght-

" ~ • . . ,'. ',_ '. I"?l:, ' _ .' . .', c. • '. ~', " • • " ' . ',' •• '. :: , 

wei~t: aggregates hsv!ngs·utis1aci;orY':properti,e·s •. ""., " ':.' . ' . 
. -" " .' '. 

" .:.., \' 

: ' 

, ", 
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Perlite Concrete: " 

Prine ipaladvantage ofperlfte ,conCH'ete ,is itsi~sulative 

, : . Ta.ble ,(8) shows: somephy:;!ical"proper~1es ,of 1:6 p~r11te ' 

concrete 'accol'ding,toBrouk (.16').( 1:6 p.li~ ,the onemos,tvi:ip:~::r.Yused 

:f()r 'insulation~ purposes}. 

'Wcij~+ C~f"esh)/rcf~ '35 , 
. W~i'Jh+ (ove.'f\clt'"?j) Ir cf 2.5: 
+c I 2 e..J""p, r~i I ~o 
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, 24 -h.- w",ti.- ~bs J ret 0 ~ c';·Y\c~eh.l5 

Table (8).- Physical Properties of 1:6 Perlite Coricrete{16 
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Due to its lightness,' insulating value, ,andperr:1a.nence, 

perlite concrete can' .. beused for: . 
. , 

- Roof 'insulation over structural roof deoks' of concrete', 

\7oo'd, or' metal . deck, 

, , -: Lightweight s~uctural decks over steel-ribbed metal 

lath, asbestos board, paper-backed we~ded wire-n.esh, or other sui";" 

tabl&forms. 
, , 

.. Floor slabs in basementless hoines,mini.~zing costly 

heat loss into:the grOUnd,' and preventing~'o1sture, condensat'ion 
.. 

on the ,floor surface during hot andl1lmid "Gather .. 
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The' unlt\1eight of light\'1eight concretes depend~otithe urilt 

,weight',of·the. aggr~gl:lteS.,' the ,richness ,of· the miX" . and the· quaD:t:1.ty . 

of air entrained. The iatter' ha.s a rather 'important' effect. because 
. . . . . . 

. or th~:rreiativ~ly~arge' 'percentages . ~f air usu~lly entrained. in 

lightrlelght aggregate.co~retes.' In ,,'general the heavier the aggre-
, ' 

gate the greater . its crushing strength, a factor vlhlch:1.nfluenaes 

. the compressive' strength of the concrete. Aggregate gradation 

· m:1yaiso. be an b.1portant t?lement 1nthe ,strength-weight r.elation-; 
, . . , .', , . ' 

ShlP:there:fore"it wciuldapl'ear posslbleto' vary this ratlo!ith1D. 

~e~tain limits by'mo(H;:f'ying the gradation, all other things ~eing' 
... 

equal.: . '. 

The light~r~\Veigh.t,aggregate~ and the . mixes containing 

tbS larger' quantltiesof entra.ined a.ir 1 'are genel"ally,represented 

.··in,the low~r 'lir.'tits, o~ conoreteweight • .It iseVidenttb.at, la:r>ger 

'percenta~es' of' ,'cement' ~re' nec~ssary _wi th·.~l1es'e aggrega t~sand: .mixes , 
. " '. . -, " " \. .--: . 

'to increase, their si;rength proportionately as compared to'thehea.­

vier. and usually s~ronger aggIlegp,t~s .. 

··'The· dry dens'ities',of compacted liehbvieight conc'J;'e'tes 

~de'withdrferentaggregates .:v~rY fron about', 80 ·to l26pcf f'or . 
. ' ",' !, . . '. . . '. {., 

- . ~ . 

o,ompress1vestr'engthsrangiDg ·from.:i, 000 to::5·~OOOPs:i. (2 l. The.re:", . 
, ,'. ; ., . . ~ ~ -... . '. '. . ,. .' . 

lat:i,o~hlpbe~een compress_iva,' strength and .unit i'feightvar~es,. 'qon':': '. 
r , ." . . '. r • . .' .' • ~ ~ . • 

." ..,' .. " " 
j , .. ',' '. ". : . . .:,..' .. ' . .' .' . 

·sA,d,erf'.bly~ however.,' f,or.con~retes ,made'wit1: ~iff'er.ent ttpes. ,o:f::>a.as-
',~egates aB". sho~n iIlF1g ••. ··('2). ... . 
· ~ 

';'\, , .. Fo~sandand'gravelconcret'ej·. the ':me~surE:)d density'ranges' '. i '0\, • . . '. 0(, • (' ',.- ,." • • , • • 

',~~pm about :l49 peffor l!·2S:..day cube .att-ength. of ,f,lQ()'iltl.OOOpa1to 
, , .. _. ~. ,"'. " :. . 

i~b~t,144pc:r.f'(.lr a cube ~treIigtb. Of .about4000 pall. For the, a ante < · ',. .' - ,': . 
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Fig. (5 );afterNelson. arid Fre,! (,IS).; shows,the relationShip 

betwee,ncel!ien~ontentanq' 28-:-daj ,co.ripre~siV~: strength for' expanded­

shale; ~o~arete. :compresslvestre~ths .r~nged fr~m 800 psi at.3. s'acks ' 
- .' ..."... .. 

per ,c~ yd to 5200 ps~ a~ 9:s,acks. TIle' gairitit'later, ages a,ppea;r:'~d to: 

be, llormal. -
, < 

, I/~ 
"', ...... V: > 

' ,4000 -I--4---'-+""---t--::.~I---+-:+-----t 
, /' 
/',., 

, ': 

F;~.<,(5); ~~ cz'I~+,lon' be-t 

uie.~n. cO""'f,,""es:S~ve 5+:r~V\~+h 
'C\f'l c;l "C.e..WI~fl+ .:: c on+~n+68}. 

'" '. 

,., 

For, a given aggregate,substant1al variations 'in c'emant 'con-
, , 

• • c . ' • • 

"','tentara possible tor a-given strength, ~or conversely"subs,tantial ' 
, , , 

v~ria.tions, in streng~h flre possiblef9r B: g1ven,ce~an~ conteIlt.~ince 

:It ls'presumedthat 'the, crush:lngs tr'e~th of '8. par,t~cular' aggregate, 
.. '.... . . .',: -~...; 

~ , , " 

1s 'constant in suchinstancas, since,' it is assumed ftir,ther :that, 

,the ,. air content and consistency orthe'part1c'ulilr :a1~ arer~asonably 
". . .' ' .. 

constant,', the dirrerElnC8, appear to"r~sult.from. variations in ira'da ... 

• ' ti,onw1thc oncominantdiffere.nces .. in;wa:te~require~.;;t:t, ~110uldthere-
~ . . ., ." . . '.' . . ~ : .. ' .' 

".'fo;e seet1'deSira~le;, ,in proporti~n~~ )lj.xes; ,t~:give6a~efulconSi-," 
. . .' ,.", ~ . . ~ .... ~;; '.' -;'.:' . ~'" .' .. ",:. .. "', : ..... - .: ...... - ' ... _" '., - ~." 

i q.e;ationtotheprOpergraqat i6n',of a~~egate.,:" ~n<ii.1aintainitigthe, ' 
. :'" .. ~ , .;~. '. '. ," ... .. ' . ".. :' .. ..... -~.' . '. . ":: .... . . :,:.. ." ',' , ," ' 

j selecfted gradat'ion insubs'eque,n1:;inixing'op~r~ti9nB:~ (11), 
j " 

~f 
.,' 
! - .. 

L~.:.·~~. .. ...•. _--'----'------'-------'--
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Fig. (6) su.m1arizeathe, relationships of oement fa.otor6 , air' 

~,ontent,oven dry'we~ht-,"and 28':'d~y.c,omk~ssiv~,strength1"or·e·~ _ 

~n,d~d"Al~g<3/8 ". to 0 size, {l.l >.: '.. . 
110" ," , 

"'roo t--:-,--:--:---I-...:...,;.;--,---8,..:....;~:.:;.;,::~~+--~-~-
+.0 

J' 5,b 

:n 
\.. . SGlc::.k:. 

p 90~--~~~-+~~~~~----+-~~---1 
c 
III 
> o 

.. ~~'. 

80 r"'~~I,""'-ti, ... .9 ,Co,,", c.ve.+e. ' ~+ruc+~("'''tl c.~.., eve.ttl. 

o 1000 2.000 ;3'000 . 4 0 00 

.' --

1 

·\1 

. . ....2.. '0. - d.Q4 r ( .. '. 0 'S i: , 
. . ' ..J .-r c:. I J ' 

,'~. ,+'. , '\= t3: (b"), - Re-\G\ +1(O~ !. h1fol Co e "YIeY"l+ t $\ c+of") 1:10,;.'(" co~+eV"l+ ' 
we,Q" hO\.V\d'S-\-; ... .e,"'.l-h r I I\t· I· \. ':t.. '.L 'I ° I I· ,. J J 

' oJ·' J , ' .' . ~'. o-\- .• I~'" W"l~V\ . c.~V\cre Ie!. ,Made.. wf'r¥.l e..x~rld~J Slq~, (n 

., .. In ,th~ ~tr.uc ~ralo~n~rete . miXe~~he; .. effec tor,' a1r~JJn~~nt '1 
, onstrang:t;h' ism-ore pronotinced',<the.:n, for lean l:!ixes~ 'as sho\'1n ~ 'th' '1 

t,'. I 

:flatter" elopeot: the curves,. ,This Sho~s,the';,~\nportanceof:· .. t~ePillgl 

....• ::: C~~1:::h a:t : ~:11:'o~:::S ::::,'::: .:::::e:O:::1o11ti . 'r'~'" 'i 
, . , .... · ... 'Ch&err~.ot· or natural. S~dsubstitutions.on:strengthrOl' .j 

tHe'dj.':rferent' (Hn~ent f~ct;ors , a~e. ,shO\vn i~ Fig.;('7) .: ... (11 ) ~ 
; • .' •• , ,'.. .' I ,..... ••• '. '. ".' " , 

. :" 'Tit~'increase instr~Il$th Wj:~~ use ,o,f hatura,l"s'andis quite 
. ,',~ , ',' ,. ,; ", '.... . ." 

,l~rge in the7:saclt> 'per· CU, yd1tdxesL~OE!ewhat smali~~vd.' th the" 
:: 81/2saok~.'k J~~,t,,'With~\~~CkS','of. ceme~t, and:na.t~ral'. san~' n~ 
;',~o' % of ,the.ri'n~·'ag~e~~t'ell~d"a:st~.engt~',ab:out: the,fH~~e ,as:an,8- ' 
•• t •• .' ',' • .-" - .. " 

:'~ack,:6i~w'i.th:o~tsand~, W~ight'~ ;'1n9reaSes\v'ith natural:~and subG,ti-

~"kt:rotisarelarger Tiith 19wer 'strengtli,m1~e~, than with high 

I 
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I 
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. st rength m1.xes • 
. ;-il 
.~.' 

'., VI" "r-~-""-:-"";;"'-.---'-----r-"":"';"-":":':;-. " 
. ~. 9r-~~~~~4-~--'--~~-~ '"t .~ . 

. aI. '" 8 
.,f.~ r-~-~~~~~~~~--~ 
~'Q 

U"t 1f-::;;......,:::~=+-'-~~~......,.-.--:=-+-~"---4··,.' 
c( 

<:4- ,2.000 . 

I 

: . I 

T1i~design cu.rVesc arrelating the 6ubestrength' B:nd ,the wa-j 

te~-cement ,ratio of· dense,.~av.el oonc~ete do not apply to lightYre:lgh~ 
. ..' '. . ': . . '. ", ,: " '.:' ..... , ... ' .. ' ". .'.! 

aggregate p:d).~,~et~a, .Du.e:p~rhaps 'tothelr. poras ity ri.pd .. inreriour,wor-j 

kability,,~· ,.i~~:/~~t"~~r gene~ali;.n~e:d:a·' "h,1gher' water\~oIltent ,f~7:'.',the' '! 
", .' 1 ", • - ., .' '., ..' • . '. ..••. ~ 

same ;str~ngt1f~ 'As:<;ce2nbe saeD.,f;~"Fig.(8),thel"e.eXists'a broad·" .,.1 
:';reiat1onShiP'b~tw~ei1'CUba s~;engthaIld:\1a'ter~ceme~t ratio '{2l~ fu1s 1 

"~elation~~hiP"~S'~ffer~nt . .fO~.:e~drJ:':ty;e·· ~f lig.lltVIeight: aggregate "'1 
. ~ :" .' ....,','.' '" , ". ....., .".. " .:.. .. : 

larldha.s to be:c'ons~dered separately."'; 
.' j 

; -" 

- -" ~ -

.. , 

lH4.-~~-+'-'---+~--I-:--"""--;---'--1 '<". ' • 

. ~~~~~:..+-:;--=--~-+~:_+,:·,:~i5·" (8): ~" .A f fro ~i~~+~" :ceJC\+I:~n 
"s~'rbe+~e.~~ ,4hg.:. +~+a!';wl C 

. and . '-I-he...' ~ub~ .. ~+~e.~.j+h.·.~ f' 
sJ~~u c+u'"~J .,1:5h+~,e.~h+'~o·V)~1"'~-
i: e. ~ ' .. ' .'. . '1 '. '. .+', . r (' r '., 
.' .. 'oo·' 'VV'l9Ide..t..VI. h' ct~r,t~".'2..n-r~ 

,·~6,~?~5~+~s(2..).' ' . 
. " 

:: ~~ ..... ,.~: ~ 
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Genera.lly a part of the fine light\V'eight aggregate is re-

, placed with quartz 'river sand in lign.tweight coner-ete mixes# so as 

to increase the cO'l!lpresslve'i'trerigth and bond strength of the resul­

ting concrete, to improve its, durribility.1 wOrkability, and the pro 

tection against corros16nltcan afford to 'the 'reinforcement, to 

reduce the cemep.t l~equirements and the shrinkage of the concrete. 

Since it has been shown :that the addition of sand also increases 

the density of the conarete, the question arises e.s t.o the'degree 

to which this disadvantage csh be balanced by the advantages of 

adding sand to the mix in practice. The increase in density is les 

serious with foamed sl~g ,concrete but is' relatively more important 

for the lighter , s intere d aggre go. te (2 ). 

The effect of the addition of sand on bond strength of 

llghtwe.iglit concrete is not ve'ry great, nor is its effect on dura­

, bllity very noticeable. The shrlnkageof lighb7eight concrete 1s 

red.uced by ,the addition of sand, which acts as a stabilising e1e­

~ent in the strUcture of the matrix (2) 

For the same V'/orkabl11ty and. cOl;"'lpressive strength the 

sand replaces ,some proportlomi; of the cement in the binder and 

Day reduce the cement reQl irements f'or some types of lighty/eight 

aggregates (Fig.9) ••• (2) 

For various types of'lightweight concretes and various 

mixes, the' cement requirel:1entsvrerereduced by ,13-25% by weight) 

ifha1f~ of', the llghtwei~htf1nes by volume Was replaced by river 

sand. 

,": 
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: '.I-nterrelail~n ot:'Tehs11~stre'ngth .. '::r~Odtiiuso.t ':Rtiptu~e,~ ahd 

~o:itpreaS'ive': stre#gth":df';I1i@tvbrl~t"c'~rilii~et~s' 
. . . . . .'. i . . . 

, " ,) ...... -:, . 

CYIlnger. :::::::;~:::r:d~1:~E~::rJ~~;1:i:~:~::a::p::ec::_ I 
re~e 'mix$sha"ebeH~.i:Cdmpa:red:'y.,ith: ~e'l>ertorn,.ano e, . ot.~aveL c onere tt; 

these, j?~stil~S. iIidica_t&d,tha'~'-.in, ~enera~<tre,i1odtil~~ ';ot,'ruptu~~' alid ' 

the,splitt,i~ s'~r~ngthof'~ iightweigh~ .,oono·rete8~ten:c1"to 'becf.' :the 
: ' 

sal!1e'orde~:as" o;,slightii'lligl?-er,'than" that:~~tained-with'the gr.a-

vel 'oono~~te ' .• ha:vi~'th~"~arie! c ~ompress iVG: stllGngth. 
__ ~!.~:~::<~~ ... ·~"'>.".,-'~·4:,~. >.> >' '." ~". • •••• "':, '. • 

,'J!r.he~moaulus,<'of'ru.t)ture"obtn1ned:ror conoretes made with 

~iffeI;ent'/~~~S'~f'a~gr~~ates'" is'~ho~ ',1n-,ig'.( 10Jill·rGlation:,tP'th~ 
eOl!!pres"~ve'; str~pgj,h' Fo",c.omPressiv;'stre~ths rangingr"~m -:1.(100 to ... 

5000. 'psi"the, modu1i: of'rupture"t'snd' to vary: from: 250' t'o550 ,psi:.' 

,,' ,' .. ' 

lot)o . .2."00 -4 ooo'Sooo 1000 .' .2 000 3000 , 4<loO 

... ~ . 

"'C0be?+Y-e~3+h )F~i 

f= ,i3 II 0). ~ .. ':" :f ",,:~ 'R<z rE>. +~ 0 V'\ sh,' f:;: ' " 

+ ~ ~ . 'c v b e 's+,~~Yl~-t-h'r'~ oJ" A-l.~. ' . rYl c:> ~.~ I u ,s' " 0 '.~. 
:tOf- ~ ~~re'~e~+ . +-~f~:$ ~' . o.+c-oV\c,~e+rz . . ,(2) 
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The ·relati6ns!.dp;betwE3en'~C?ch}ua Of'ru:Pture'ahdde~1ty va­

ries considerably.foI-' di~~eI'ent ~tyP~s ofCQncr~te arid~ a~bnsistent 

.. ' relat ionship,i~ :d1;.ricUl't to'establiSh. "Th~" approiil":l~te':c:orre~atio 
~ . . • • ". ". '. . • • ' • ' ", r' 

, .' 

'of eompress1vestr~ngth ~ndn!oduiu8:':of r~ptUl"e'1hr:both :Lightweig 
. . , . . . ~ -, . .' .... '. . . ," 

. aggrega te.~ne~ete.·and~ g~ayeicono.rete"wE4s .found·,. to be . be.Bt,repre~ 
, '.s~ented 1>Y'~ pai-a~o11c' equatj.o~ ot ~hl.~'~i6rlS ~' ..' •. , . 

. " . .' ••• , ," ;.·:l{=S,~:QV7i!:·':·, . ". ' . '. .' " . .. . . .<.'. 

'. ..... :,.'. ,.: ........... ,'. . .:. '''., •. ,:' ..•. ,,' . .C' .. '. '. '..... . 

where: R .~e:tl:0tes,the, !!1odu1u~ .. 6trtipture;?J;ld,f'~is· the, cube: '.str~ngtb 

' .. Th~:. ~~lat.1inot.t1:te,~Ylind~~:.'SPJ.ittilig 'S~tr~ng~h~>~O, cub~'str~ilgth 
. '.. ," . -, . "., , ~: ~(".,' . , -, .~. - ~ :--. .",.. '. " ' .. 

.. ' 

o~tain~d '1"r~l:1 test~:::'atthe'Bt11i<1ng-:Re'S'~~Ch .·Stat1.o~:~ari' bE/"e'~presa 
',' 'I~: '. ~ ,." .:' ~':'·""'·:"'~'-··r:;: .. ~" .... ~. ,,~".'" ',:';'::.'~~ .. ~~:~'.:'-'. ,'-. ~ c',. ~ .. ;. ~'~' .. : .. " ,,;'" ~ ',.-. '+ '.; .,.'"," ," • 

. a:ppr·ox1llUtt~ly:,by,:,the ·:ro.l::t0w:mg.i·eq~llti~ll·,"(~) '.', <.'>. "., 
., ' ... ' .' .,' :' ';"=- '~Nf"}"." -:" ;' ... 

. .,~'. .' .: ' -s r' ' .. I ,,, Co , " __ , . , 

.... ':rll.ecciefiicien..tO~;·:mai:~vart,froln apou~·,.~~'9-:t~o:.·~~p~:.'.the 'ave~age 
• v ~. _ • •••• ..,' <._ •• • ,; ~.. • '. ~ 

.' . ",' ' 

" vaJ.u·e:b~ing,aboilt,5'.(} :." <,>., .... . ..... . ., 

." ,The' resui~s'~f'.:~Pli~'~eyi1h'der .. t:ests·~de. bY:UD.nsori,{20 )',' 11 

'dic'ate thitthe:,SPlit'CY·:U.~der·c·strerig.th.\ 6f.S~tur'~t~d1ightV1eight 
~'., concrete 

ot equal: cylinder cr~shinif 'strength' fo~' a .:W:lrl~ range· {)f.'cotapre~s.1 
. ." - . '. .' . , - :. . -. . .' ~ . -: ," . ,~. ';. : 

'", . 

, va strengths.' 

It appears . :thil t the 'tm . 'type~ '01'. t~st, ''i.~ .. ;: tlodtilus'Of 

ft'upture and cYlind.er splitting te~t~'odonot:rap~.e·s~llt·~the ,s.s.me 

propertY -of'tha conorete.,although 'bothriaayserve us a!! , ind icat'i.:on 
. . - ..... .... '. ~ , ' . . " '.' '", . . ..' . 

of th,e t'ens:i.le~ strerigtl;. •. Ih'general, ~the 'c~iinder' splitt:tng stre: . . . .:' ."'...., '. ". ." 

'. g·th .. isabOtl't"60%of': the.iaodulusof,r~PtUl't?,(2) •. ~·· ':' 

'.' T~sts • 'ca~r1ed .on ~oncrete~ "'Prep~eci, .'Wi~h ,teri'd'if':rci';~n't . 
• . • ",' '.. "," •..••• ' • k" • 

i lightw~1ghtag~egates, shOWad..th.at · . the .. spiitting .. tansile· to' .. ' 
.. fle:{tUral.strexlgth ratios' of,theqJ.ightweight.··~geregate.eoncretes . 

,.' ' .. , 

range from 57 .. t'o8S' %. With:~n,averag~'r~tio 9f·76.%,,·and 'theten~ 
~ '. . - ..' . . . "'" ."', " ~ . '. .. 

", ,". 
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Fp~1nBulB.tirlg concretes '<the. ratio of~lextUral to colIip-
.. , ;i 

·ress1va s~'~engthmai"be ,higher: ,than f.arstructnral· concrete,~i;l.d, 

.' -'l:ti8hest .•... tor'·:~e.'lnateria:ls"of' lowest c.o~Press1ve' strength. A~pro::c-' 

ima~e raJ~ios,,:';}~':'~l~xtu;al toc~mp;esaiv:estr~ngth 'fO~ sane, instiia- ' 
.- , '. 

'. ting c'o~~r~:tek'('l5to 500ps! .' cop,pressive< :stre.ngth) are shovm. in 
.-. ,-" 

--::-

Aggrega~e .f~1 1ft c.x. 

" 

. 

Perlite 0.20 to 0.45 
Vermculi te' 0. 25 to 0.50 
Expanded slag" 0~25 to 0.,30 
Expanded sh,Ale', 0.30 
Sand (cellular) .' 0.20 to 0.35 

Table (9 J- Flextural toccmipr,essive strengthra tios for 
.. 

some insulating concretes (14'),. 

T.iletensile strehgth of cone rete .is greatly affec·ted by, 
-' -. - - . 

its moisture c'ontent •. On the other hand, for da'nser Err'aVel concrete 

the tensile 'strength was foUnd' to be 'slightly higher for the' dry 

than for the saturated material ,(20) • 

. Also, the effect of drying on relationbetweenfiextural 

strength and splitting tenSile ,strength; and between compressive 
, 

strength and splittlngtensile strength of lightweight aggregate 

'concretesia considerable~4this effect is shown Fig.!1:) and in 

Fig. (14) • 

- ....... _--------------------
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,MODULUSOFE.'LASTIGTlj OF LIGHT'tYb,'1:GHT GONCEL~TES, 

tfue -one phys ical property of ali: iightw6ight":fconcretes about 
..' -' , -" 

>f{ 

which11ttleis' known, is the modulus ot ~,lastlyity andhoVT it 
• • • • c '.,' 

(. .'" 

varies "lith" the design t1ix. 

In, ganeral;, the :modulus of 'e,l2,stic1.tyof lightweight plastic 
, . 

, COllCrete is ' rel~tively low as com.paredwith that ',of, concrete 

containing ordinary aggregate • The modulus varies roughly \"lith the 

stIJength, as "'in the, case of ordinary ,concrete. For' snI'uotUrtal ligh 

weight 'cOllore te, modulus C?f elasticity' is usually of the order of 

2,0.00,000 psi:. F_or 'concre tes of extremely light w'eight fJ.lldlow 

strength such ~s' expandedper11te and vernicullteoor.cre,te whim 

'are used for insulationpurposes,' the modulus, 12ay be as low as 
. . 

'200 ,000 psi (7). 

Laboratory investIgators have reported 1liOdul1 'of' elas,ti,ciity 

of 50 % to as' high as "90 %oit~e' equivalent sand-gravel conc­

retes ,(17). But it is'd1ff1cult',to, correlatetheseindep'endent~ 
. ..' . : . 

labo~atory ,te s 1;s ' w ithj ob c oridi tions. However, it· is shown tba t :the 

.1llo~U1us of :'elasticity may vary,cons1derably'Vi.ithou,t affecting, de- , 

~s1gn calculations' seriously 

• For concretes' of high s trength·the,' percentage ,dif':ference Is 

:' . '~omewha,t, greater than for weaker, ,~1xes, buti~ general the ~Oduli. 

of' ela~ticitY~f'iightV1eigh1;'c~ncretes 'ra~e between 1/2 and 2/3 
.. . .' . . , . 

'otthe',i1odu1iof~ ela~ t'iclty ':of the ""orrespond:l-ng 'gravelconorete 

" ~ix~s"':'(F'1g:.' 15 ),<, ," ,,' , , 
. . . . . - ' .' 

" ',' The, mOdulus of' elast1~1ty.1nc~eas~s',withthe cubestrengt'h 

anc(;wifn:' the.de~'itY ;of tbe.c(jn~ret~:~\7'~,1OQ.Sempirical' expression 
. " ',' " . . . , , , ", ",' . - . ~ . ..' . .' , '. . 

.'.- . ' .,., " .' .,,' ,,' ~ ~. " 

';,'J~~v€i ·beeh,'der.ived: 1:>1 'differentr~searc:lh'" ~orkers' to, correlate '" 

, " 
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these properties (22),(23),(24),and they are going to, be stated in 

'the coming :p,ages,~ For, 11ght\ve1ghtconcretesit varies between about 

one and three m111ion,psi.for different'strengths,diffaren~ a:ggre~ 
, ' 

ga tea ,'under short duration lpadin,g ~ (Fig. 16) 

< +=;3 (l 6) :-,r<.. e)9.H.9 ~sh it' 
b e+we.e~' cu,lo~ 's -t-re.~~+h ~o'ld 

'~ 3.,0 ~--:'-i---,-.,f-+-f-+-7fG-----1f----,----:l----I VVl ~ d ~ l ~ ~o ~ ,e;lo< S ~ ~ C, + j ( 2. ) , 

'\.9 
o 
x 

o 
o , ID,oo 

C~"'C. 

:looo,' 300"0 40DO 5"000 

~ ~.o~----~----r---~r-----~--___ 
o 
X 

~ , 

, 0 /. 0 +------:o'F-~~H_t-b.",c_+----::~-+------1 c....r ' 

\ll 
o 

o 2.0 

E. 0+ ~r~ ~le [ .. c C> ",c.. 

4.0 S.o 

, {, " 
)( 0 f~' 

, , 

I 
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i .' ..... '':.; ,·'·'nange~,'.;ih.'com~;~asii"~.:~ec'i{nh·"~~d;~:(:tor'~arioU$ 'li~ht\Velght 
·::·'~:gg~~'ga:~e:':~\'~~~~~~t·es~·~·~"Sh9~n'~.b~ib\'i'>:.in"±abi~· ·(iO);.··(The··.~lO~Of,' 
". ··~h~:··sec~~t·>~o.V1ri:·:thf~~··'th~:·o~ig~~·i~d.·poirit on ·the·.~tr~~s~~tr~1n·· 
:\.c~~e<~t·'~ne~h~i;':~~~·~l·tirmlbestresSiS', 'one, definitiono~\~es·e..: ' 

,,': :·'.ean(': :·iuO~~lU~:).;:>:: " >/." '. ;~'. " .. , 
. ! 

" : 
. '. . ,,'-

..• ft'. 
.. ', c ." . ~~'\Aggrega:te ipr()po;ti()ri~' 

," .. . ., .. ' 

" ,': .. ,p'e:ttl.ite·#', 1.:8" t'o: i-:4 '. 80 .to 450' 
'. '.',:'. Ver£aicul1 te;·· 1 :8 ',to 1:3 ': 70.t93'70 

';';~':Sana~,tc.~lluirirJ" 1:!3,. . .'"iso to 550 
:." ··N one~ ( cell i.ilar );: 1 :0' ".' 85 

'! . . •. " .; t··· .• . . ~ 

. . . . . . " 1 

'se¢a~t p~d~,1000psi . i 

. ,70.;to 250 
40 to 140. 

150to'700 
... '·.7' 0" . . , :.~ " , 

........ " .Tab1e.J10).::'Ra.nse~ ··.'in·~~pr~ss1ve ;~0cant'~odiili" .for::varl~us 
•....... ~fkh~el.ghi~g~~l!>lt<f ~one~~teil~l\lh' .•..•... , •• .:\ . . . 

. :;:.'. ': >',;'~"<:,:'> ' .... , ........ " ... , ."''': ~ :' ,', . :0'" '. • ... " .. ' ,;,.:" ... , .. , , ", '., :. .. , .• ' ...... , i 

i:' ,Sec'ant ·lti()dul~'.:r¢r.coner.s·made: .VIi th:pW11ice ,;e~pnnded:shal~# 

.' ,:: ~Xpa;nded':,:Sia~,:':a~g~~g~'t~,"~;~ ·~Yi'ngb~·~q~:r~.~p;·~'ss~';e's~t±,~~~~: .. Of 

,'·ab·ad~:·'500'. PS~:: .~'·~~e ·ra~e~·:.~ori 7oo,·booto· .90~,~O·:~s;· \'14,)';. ,':~~~'. 
···i.i~,"~~~~i;;~ci'(¥·.~~:55'%fd~_fi,kS· c';~~'1~e$:-ade ~itl1·~~es~·. ' •• 

,-, ~ ,". ' ',. :.'" .'.:~'.'.;, ~.' ' .... '< .... :.,. ~ . -',;\ .... ,< - "'. ,'. .":,, 

,.;·s:gg~.~~ates;:.;s~~~nt:ino4ui~valties;.were·'approx,~te·l.y,.lOOQ·j;~es·tpe 
'- ,~:~~:<->,~,~,:~~ .. ,.>.,~, .. <,>,.~., .... ,.~~.~~,~.: .... >./,,<:_'~."~:":<." ~ '-~· .. ·>·.'.·'r:".":··':-':'"~. ,:;.'_ .... -',~ ... :.: ;<:.< ... ~:,~;'- .... :.:' .. : .. ; ":,·,.-:·«'1,:':·':' -.;.': ., -:.; .'" ,; .. ".: ~',.' 
: ::.;',>:-c·o~P:ttessiV'e~~~t.r:etigth.va:lues:, in~·.the.2~..;d~t~olnpress?-vest,reilgth ·,r.l3..nge, : 

~6q.·:t~~.:~30··:·p~1:<{i4::·ri)iaiu~~ ... ··~f).~C?'rit.·'.·m~duli,··: 'at "'·?~·~:St~s.·.t~~··~~'~mp~. '. 
. • .t<··.:'.;e~:~i~e '(·~tr·ertgth. 61:' ·;sa~d.~gra.~~i -~onc~etes 'and:. 11ghtwe.1gb,t·c,oncretes 
.t<:>.,<,' "" :".>;,' ...... ' .... ,:..... ....: .. ". •. ..•..•. i.; .. ..... ::.:' "} .. ' ..... '. 
:i:,.·1iair:tfig;\7ar1~s'compressive;s~eDgtl1s aridprepa~~d:\7ithexpande.d cla 

; 'j' '., ' .. ' .. ' :,' :. .... .'...., ".' ."<', " ..' . :-":. .:.... .... .. ". .'....... , . .',. , " . 

·t .. ;··#~·;"~~~a+e .. ·agfi'e~ate:·a~e.. re~o~·t.e.d:lti; a'pape'r" 'py ,shidele'r:·.(25l,.,.The,·. : 
;r,.~,', '.," .. ,:/<: ,,:.,,~.;._; ... <;, .. ,.: :.::.' .... , .. : .. , .. _.: .. ,., ........ _::'"',~.,::.; .. , .. <.::.::._ .. " .. t,,' .: •. - .. :., •. :". ~.::, :." •. '.,'_"." .. " 

r·· rat!o::n·o·f':~he~Odu1usof·elas.~ic1ty: ,of ste~ltothat of:~ oncret~ 

! isc ompared t~ "~lue~ of n CSh~uslled . by*e AC I, Building C~d~ 
. J, .... '. " '.. . .. ' ". '. < '. ..'.,. .' . .• .. '.' •.. , .• ..,.. ••.. ." ," . • 

;.1\.:·.·.(.~:q;18~:ri.':~\:~~I.~,?9!:~~llJ .. ·1,n;~he::!O;l?~~ng"t~b~'~ ....... : (~~?~.(,Ta~~~ ,. "';11°" .. '. '. 
,! "'.::" . .. 't'.';i; . "·:·VaJ.uea'establ1she~'by ... ~h:e·tYlO~ definitions are in fair . 

ITt iet • . ,.'. . ..... ' '. ..' " ......"'. '., ...... . . . . ..... . 
, l ·'f"i .. c.·. .. ~ .. ' "J, ~:' _. t . 1 ~ , , 

. i '. .,' .1.;-,': t' \ ~'.'. '. > '::: ":'~ , ,~ .: >.. -
," 

,'., ' 

~. .' " 
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. '," two formUlas •..... ; .. 
. , • -I,' " •.. ' ..•. .- • , .~ '. .' 

:', 

',Sand and'·gt.avei. 
Sanq, ... ~~·.,,~~vel, .. ' 
Sarid::,~nd··,·gravel.' 

'Santi':~and' gravel' 
"Llglitv!o1ghts 

Ligh tWa iglits , . 
Lightweights 
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" ' .. 

f.' J '.'~~' 2' '8' :':d. ay p.s: " . 
,C' .. " IJ 

',3000 
'·~200 

,,7000: 
'9500, 
"3000 
.4500 
·8.500" 

' ..... 

9~4 
8.8 
7.2 
6.5 

14 to 20 
10 to: 16 
12.0 ., 

,pAGE'46 

; ." , . .~"; '.~ ". 

Table' (lll~:G~:rilparison of,n values for sand and gravel concra'tes 

.o.n;dli~twe,:i.gl1t corioret~~,obtained,~n two diffe~e~t,wuys .. experi­

ritantaliy andbyth~ use, ofAG:r forr.mlri( 'n = 30,OOO!fJ:), (25) • 
• • c _. " ~. i.. ~ . "'.~' ..".-
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:. :,',.'I.'.he ·Ef'feef· .ci.f.th,e:censitriuidthe'O~Pl""(3Ss'ive~~remath of .cona - . 

:~ret~--:·:6~.·1t:s·itodtilU~. ot' Ei~~.t ioi·t;r: '. ... 
":.' " . . '. 

,.... . '':! ~ : 

.:'., ·····,W1bh.tlia· :rap1aexpanslon ,of the use ot.l1ght\might· aGgregate. 
,"., ',:' 

.. ;;, 
::.:sb.~~: rorthe-modulus;;'9,f·f31ast1C1.ty.Of . thes.econcretes. haS 'beoome' In-

:··:cteasi~:t1·~ppa;~rit.~ ·I~· .. h~~·b·~en:ob~~rVedby·~any':tnve~t~~tors that 

" .~h9,::<.~modti l~~·.:()t~· '·~·l.k~·t1C 1ty'~t-i~twe igh t ··ag~e ga ~.~·eoncr~t6· : is i cbn-· .' 
,'. si~:~~~!b.li.··.16~e~·tha~'·the!a~Ue~~of:~6rm~1·welglit'·c~nCfe.t~· ofeoittpa~ 
·;::~:a.ble .. ~ o·olltPr.e~.ft·i'te:··~~I'ength.andthat 'the ... ll1oduius·ap:p~ars .to fl' fune-

~ ~ , • .~ -:, , - ,,':' , <. " • 

·.: .. );1.()~:oJ·:··t~~':v,eii¢t~< c.~It, ·i~. known that 'all" mi.ne-pala.ggreg~ tes have 

':'/ab6tit~the' same·.··ab~olutespeOific gra.vitY.: T}ie dUf~re!l.Oe: ihwelght 
_ ~ •• ' , •• ' .,. ',:, ", I ,. " ,"i," ."' ,- " '. 

:.or:. ,,":~~~O~s·. type.s~of·.eb~c~et~ 19'tllel~eror~: pr~ily :?her:es~~ft .of 
. ir~~d~' .... i~':the· \}t>Ilo;'ete, .Whether ·;tJ:1ey be 'dU:e'to," ~posely antra.tried 

, .-' '; < • , " ,~ • .. 

:: airiordu~>·t.o t~e vesa icliles .inlighfjweight::riggregat,es •• From 'these 

::·>~~O~·~d~r.~t;on~~i~~as'susp~cted:~hat :j.tmi~~t 'beposslbleto . obt'ain . 
, ';":,' , . . .,' - '. ~.. ~ .' ~ .. ' '.' ~ .' .: -. ' . . . . ,.,'",' 

:::·a'.:f?t:l~isfaotory.~ppro~:tmati.onbye'.xpressing the·valueofthemOdu.ius 

,~"~:f -t){~'~'ti~1 ty'; by:an' e~Pi~iriairel~·t·1o!iS·hiPo;fthe·torm· (23') "', ',' 
-:.. " .. 

: " 
, .. 

"" 0' ,~:; :' ,', 
. .. ~ -, 

:, 'wheX:e~,' "E'~='stat1(r~;dll~us' of,elasticitt.Of conorete';' :psi. 
,'-. -:<.: : .. ',je~'p.3.r~di~y·.~~'igl;1t~o.f::.:thel aon~'rete' nt. time .. of t~stl pef 

.' :,.. 'r ~, ~'. . .. . J • " ..... ,' '.' .. ·..·1~:,.!::~I::~::.:Ylt::Qtt~e· conor~t~ ,pSi· ..... . 

." " 

,., : 

, ~, . . ' ,. 
.' . 
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. ~s'-for·.)Jotb~ -nQ).'mal- "and:.":iightYl6ight ·'a~ruc,tu.r,a~··~o~~et~s;·the:'.~· 

.• · ...• ~~~1-~,~~~d~$.:t~i:·.~~~~tiij,ty· .... lty ;;b<i'·.dat~~~Ei~~1· •. ¥~··~;~OX . .1~~~~;: . 
. ~ . ':. . " .... ' 

~ .' "" A • " • 
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.:- :'i£::.:;:is:. ~e~i~~~~\ 'tha;~ ;.im~~ -'. ~qu~t~9h' . i,f a~,~at~~':£Q'~:':~Q~~: 'd~~ ~gn: .. "', 
.:',.~ '", .-', .~ .•.. "'. -, '-'J'~~._~.-, ~ .••• -.~' -.'" 
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. whe'n the, .data .. fol' (foncretes, havl.ng'.a·-o-omp~eS:~ivo:- strength of less 
,"o!: ~ .... : :~ . ,~'. I":.~'<' -, ,'. ~~. ,- ~':' -.; . .' ' ~ '~~"~ . .: .. :. -•• -, ;-", ~ ~ 

, ',;'th:an 290 0" psi ~ere .. o~1tt-ed. (23,·). 'T.he eXolus'ion, of. these'. data is' be-

' .. ·'lieved' ,lio;'" •.. j~stih"d~U><;~:the ,~od~l.Wli;r,~l~S~~;;~ ~.,i" gane-
-,r· , .. c .. ;:J!:;.\'.'~~' .- ',-t .. " . ,',' '_," .~. .'" ,r';" .'\. 
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,\,~, Ett~'ct"ot AggregAte,' iUid'~oias' ',~o~ .tlia::r~~dulus" otmla~t~itY 
"', " """:.~;,, ot/c'6licxi~t~«;::~.·~::::"''':' "';' ". "., " ;"' 

. ,." •. ' :.- " • ~ • - -t " _ j .. 

• • • c ,,' , ::se~:;"~~: 're~~~Ch" '~o~kers )~~~~' ,a~'t~~Pted to' co;~;'i~'te '~h~,,~' 
.' "':" .'" • -...' _. • 1: • ~ '. ~ ~ , '".. • '" ~ • ", ' . ' 

'·· .. ~cidullis"Of.~.~~'~t1.City,oi·conc~et~~,c~~a·nt~orta~;~and·ce~nt:'p~'~t~: - " 

·'·"'.'t·~:~th~·/~b~~~S',.;6i';,'~i~'S~i~i~;:~O,f. the~'6iipon~nt~:'ila~e~ihL'S# an~'~t~~:: 
:" "~o~i~;'~o~~:~~~,~~:'.'bel,:, S~~lZ~'~' a~"fol~o~;~:' . ,~.: ,.: .... ' '. ~ ',.:', '.' ':"-- " 

',. .....•. .·.·o: .. ~~e~{.3~1'~~~f~~~~t~.·to:~~£i~.~tr~la .. 56f;,i~Il~~:et~~.. , •.. 
<,' '~d~;' 'wi th.;', ~ggr'ega.tes",havirig>a ;~o\1'er'moq.u:ius':of . alas tic1ty;:,than ,:the", ' 

"'-'''':':,.~'' -: .... :,_ ... : . ': .~~\":'~ --." "'- "'~;"~::.';_-.' __ .'; ~., __ ~.- ..... ~.;< .... ;.,- ',,~".,;':' :" .. ~ ... :'c"'.,'· " ',-" ...• ~.: ... ,.:,'.:~' .. :'~- ,~ .. ::';' 

.• - ,- -, : -'-.- .. ",j' 

.~;7fr~:··:,;;rE?~.;i~·~ .. ::;X\Ei .,>; ..•... ~< < :: ',.. < (.""> •.. : .•. < • 

, , <wb,ar"e:::': ;, R " = Modulus'.of, elasticity of c'oncrete"".,~ .'. ,. .". ,', .,~ •. 
:~',~~:·:i~,~,t-'<:},<.::,c~.;::.;:. ',(/~;:":/';'·':'>·":.'·:c"',',?,·» .. ,::,.']:'~~;«·" '~.' , .... ~ 

. "~'.i.;E·= Modulus, 'of,elai!i;.1c'1ty.':of .ceinent."ln6rt.ar",:. . '. ',' "", , ;:>~'1!l"" <' ,'~::,;:~:". : ;,,: ,c'::," ,,:,;,.-'.-, ~ ',,:":. :~','" ~",> · <:" ".,' "~""" ";.:: : . 
';iE ,'=.O::ModulutL,of el~stle:j,tY,'ot·'. aggre'lS~tes.t.<, ',' ":'., .' ' 

., :.-t::~~,: . '; .:'!<':J',:, ,',':,""':;:'.: ,>;,~.,- '."':::',:-;. '; ',::,',' ,',' ': .. ;,' 
',' J<': V;= Fractiona;1;:voltim.e"·of.:eement:m6rtar,', .. ,> 

""":,,,~?; ·<o":';::::':;~." ".". ,.,;.:.,:":,<:,,i,/;.>.:_ )\.:<,' " 
,~'., ··:"f .':;·V'·· .. = Fr.a() t i,olial, :.¥ olun'ls' ,.of·aggJ;'~gates ~, ,', ~ 

;' ,:'/:I( ·';<,:a. ,:<~/,.} ,;>':', ,:' . ,: ::):;::';,:::,~; : .. ':"'. :',: "'::' .,,~. . :".' , 
.. ', .. -)i';,;:,'~ In>:a,:<recent ,'treatis"s' ,ll1.rscll' (22:)' suggeit~d: :that ,tlia.modu~ 
,,/'~;'~( ,>:' '~: .~:.c:' ',.,;::, ~';,'~, :-'".:~< ;':;~ <' ,:::,",>-'," ,:,:', ,,;;:- .~'.' c..' 

'~,:;',,"luiLof, ela.stic'itt Ofcement"mortar~ can:'"be"W'rit,ten,~ as <a ',f'unc'tdonof '" 
, '~':~'C':'i~');':' ,'c . ",~,.". ", >,' .," ',"" ',,;'" ." ,", . 

"'t,:: ~1¥~(iu~·~ulus ,'of,~'}ast~~i:t~' or :al5sre g~t~8 ,:aridC6!!lQnt past~ ,~l1. the., 

'~>',:f~liowirig ,~a'y':', . ;.' ::,:.' "j' 

: 0', '. :'Em~ "V',l" V " '>,' .' 

. ,;' " .... Kl'~ + K2'2.E.. ,,'" '.' 
• ' .. ":'.,, " ~o.," ~cp 

" 
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, 1 ~.~l ~2: [l~(l_V l+>~']' 
. ,. . ,a a E 

., .. ,,'. ., 'Cp 
.'. '." ;z·, ~ ~A~~'emplf'1ea1'~~)IlS tant:::',vhiCh' ~1~~ "found' to'b~~" 

, .' ,t· 

<:::~~~~ox~a~~e!1 ::~,qu~i~o'~'b.78~: :"'~ .,'-".:;.:',.,,,/"':.:'~~.;." ." .'. . "".,' . . " ~ 

'~, "'::it' vliil,,:~b~~~o~e4<tth3i:::thls':hipoth~s.1:s.~&kos·no . sp--e'c1f16" 
~',~' >' •• ,,,~,. .:. ~." .:- .~\ : .". , " '-. ,.,., " '" ','.,~.' •• , ." ,- -

.:: ~j:i~~iinrie~:f 0; ; the,': et:r~~~,:::.or··:kh~~·-' ~j¥e··,,~·~~~~,· :.o~".~~a~geP,1~nt<Of· 

.. · ••.. ;~e,~.~titi~~;~~~.~~~if~~i1"ac:~~i;-ara1l~ii.e1re~;toh~ve .on~ ...... . 
. : ~lra' 'rdnor':':etfe()~:: on,th~~'9Ver;;;'.-a:l1 '~odu3.\is ','of'a co~rete"speeimen> 

.... ;:' p~o'i1:&i 'tiW .... :~'p¢~imeri~ ·~s:. "·:1arg~·c~ipa~ed:tO.t~e··max:tnium··aggieg~ te'" 
" ;. "",,,=' -. .,. ,":~' • ': 0'. ~.! ~"'; .;~ .,; •. ', ;, .,.'; .. '.~ -;'_' ", :~. ~' ,'. ".;.. ". --' '."" , , .' 

." :~ize·"·~:~nd;providedt;he·;·~ggr~ga.te?·pE.1.rticiesbave··,~;rand<D 'shape' and 

.·.'·;~~a~e*ent"·~ith1ll:~ha:'·eOn~*·e·t~·;~s~:~:':·'.:.' .:,: ....... ::. : ,': .'. : ... , .' :: .... . 

.~.:- .. '} .:'. iBh~i·"(2p\'·~pr61b·i~~f:'~:· ,,' .. ~. '~:'.:".:. ; '. ..' :. 
- " ..' , ' , . ' '" i ' :.: 

, ", " . ..... ....._ .. -.... ,. <. :Em.';'(l;}i:,~YA;~;·E~ll ,: .' •.... 
.•... ~'for·the:·.·l31odulus .... of~.elaf:ltle::ityof, cement nor tar ei,.pressed ~s· ~a' 

:':'-:'-~' ,'~~~ .. ,--,~:':'~:,: '>-.. ;.'. , -";, ". '.~.: ;','.: '.~~ :". ," ',," ,: .~.'-,,, ;.:. «~,-..,:.:, '.~:~",.':-, "~, .. -,, :,.':, ,,' 
•.. ~ : ,:runat'ion:> of ,the. modulus'.' of:'elas t~~ by ~ofr cement I>a~ teanq. ,frac·-. 
~·.",~·,t· ~-.';::;:.<~-";' ..... ,'.<.'~,: .. "-<"._'>'_>"<.-"'~~. ~J. ',': '<'.~' :-"'~;:'J."~/> .. <'''> .;-~,''''': ,> . ~,,' ~:~''': ... ~, ... : '. ~"-__ '" < ~ :'. ~ :." _,' 

" ·.!~~i?ri4l.·.'·vol~e ">of:'~he ··ag~·e'gate.s~.~~c~~s:a·.fimcti9n·. oi\the.:~lastic,· 

'·'·.',~~~~~~~t'i~~· '()t. "ggr~ga:beS'9:~<;l ';~~lieritPa~te'o':,~ ';,'.:. ). ..•.. .' >:. 

'::~~::'?(::';'··;~··;;.·sin~~.'iigil6re;igh~ ai~~gate:::~onerate'~.1~·· ~~e:wi th . ~g~ega tea 

·'>'~v··fns; a·low~r 'lao~ulus< . ~f"airi.stic :i.tj.: tluln':'fue'~ tpiX:,the'f ormula' . 

. ,f .. ··'·s~~g~sted: by':Hanse~'<'d4J";ili ·bet~k~ri.~:1~t~ ·a~cou~t~~r~: .•. ·'. ' ... 
r •.• .. .. '., · Ec='VmEm*V a>i, ,. .. ' ...... , .. ... .... ... . .' ,. . .' . 

. This . t'ormula:t~deduced.·fr.Om"the ~o~e:l.in· Fig.~i8 )'1br t\1Jo-phase 

, '.ma.t'er·ial~"con3iS~l~,O~··partic~~~,"~f an' elasi;ict1ateriaidispe~Be'd . 
, ,.-

" 

·iria·ma.trpc· ot'another,alast1c"ntate'rial, basea,orithe >B.ssUmption. 

:, 't¥t~"· :~he .. ' a~er.~~at~a·~:.~··a'·'·tV(O-~~~~·ma~er1al -due, to apj>l~ed 
,:', ',~<- .~>: ~';"'. -<.:-"~" ~ .• ,:,<::, :' ;-:~,":,,< ... ,~:~ ~>~~,,'::.'~ ~" "'~:~ ::: ~;<:::-~¥'.'!~-;:' .. <'.~.->,~,:" '~-.' -;", "< ", -- . 

. . 1oad'·itJ'I!he .~~m~.·1l:i·~~riX:a:na"A'f?,:p8.1{tiCl:es~.: "< 
, " . ..; , .... ' ~ . ' '- . .;':. "', .. '~-, ", ... -, . ' . : 

,,' '::::.~-~'>'~-, >-",,;. , ' 
" '. <.> "~' . , 

'. ~ -: '. 

'.,':-" :':,'.':-" ., 

. :, \: 
. .' 
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" 
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, - .~.' 

. ,'.2.: t~r1~:t 17~ thpart1c le.s· of . l()w. modulus of' 
~~~~~~~~~ 

.r--o-~-7"'"'--:-~--.....r7-,-~~'" ':: .. :'":. ~~~:,:e.~~'S~iC ityem~e ddt},d':I~ e.ma~ri~oi·h1gh' 
r"l\i1bdulus ".of ela~t1p1ti~(24)" , .' 

, .' . . 

' .. 

'st'ate4··t:0rmula ,can .be lilotiifiedforce'ment mortar 
. . - ~-' '. ,., . 

". , ':E' ",':':: V 'E':;~+· V· E 
' .. , '., " , :·'"m~ . . :c.~,;~p, '. :~:a ,", " . E~ . J. 

. ':>::.; ,.:~e· ·.straight 'line {I)' in ;Fig.(19 } stands ,for - ::.-. , and 

:;:r""::~:~.~~:'J~*>~~:;;··:~,.~;~J~~~:'u~pe~bcniri~a;~ .' r or th ~~~d~lj •. ~f ,~la~!18 i ~~ 'ot: 
'''::~~~~~~',::'',,:f~:}::~',{ .... ,.: "" ¥' ,~, ~.'~ •• >~ ~ .;::'. "' :: , ~. : .. - '.. . . . ,_ .• ',-.- . ";-". ..' 

. f:~~ twc>-'p:q.as~ ~t.er'ie.laJ ,.which is reo,chad'only trhen thet~~e::'~4;lte·:r1D.l 
;7~¥:~-;;~'::."~·~.:,::-.:,~.~,>,:~;;.,~.,(".~" ':r:.~'._ "0.",: ;:.':"":'.,: .. " ._' ":'_~' ~~ .J.' '. ~.:--.' ,-.' , ' 

':~';struoture ,.olo·sely>res6rnplest,he . ,column s tructurein the~' ~ode.~. '. 
\'·':·'.;:~·~~:·~f '·~.>:: .. f~,. ~." .~~.-',. '.>~ ':~,.', ': .. / .. ",- ;.: ,," ..... .,::, ,~.- . '. F ._ > "J :. ' ;..." ," 

, .... 

:: " 

. - ,,'. " 

',Fig:_ (J.S).Graph showing'theoreti-

c:a:l ,'vs.riationofl1'l..odulu$of elasti .. 
~ ,'" 

city of ,be terogeno ou.s .ma t'erial 'with 

'.:·~i'~C~1~nal;:vol~~o~'pa~tioles.(z4) . 

' .. ~ "'-; 

I 
-'-'-'; ...... ~, -
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, ...': " ';·A~'a~b.ther,.'a.pproa'ch. :.to·;'the:·'.probl~nl liashlil ~(24Jderlved. the 

:p).1~~<~4:.~1o~(~~t.~,:~?~s~:~~te1'7Jc6~bti~ ·ot sPheric~l . 

:1>,~ti?I~~::e.ve~y'd;iJ:~:.~~;R~J?~~A·~: n:contip.ilou.s: 'matrix:'· . ;, ' .. :~ ... ' -': ':",.,', ,: ["(i.v ~i~,~" ~; ·:<.i+v:'?) ~], -. , .' ' .: ' 
: .', E, = ,.' .- ,G "'.,' , ,.:: ::::". :" .. " 'E

1
" ,.' " 

.. ,.,' :~~+Y2'-}~'~i~:'*·:'·~~~-~2.):E2 . :' : .... , ' 
A", !,' :," 0" 

: Mo:aifiirk' It'ii:~r'~Q~iti~Iitcmor'ta~:·, . '" ,:' :C 

... ~" '~'.' .. , " ·"[·/(i"~~'~)~~~p':;''''(+~V· )'~:] ~~.' ,.... ...... ; 
, E-.: . . ......' " - fl· a .€ . 

<:1l1: " .. (l+V .) E ,+_. (l-V l.R . ep .. 
, " ',., a',>PP ..... ~ '. a 

~--'¢~:!(~s: :~he: - th~or~t~~~l v'~ia;~i~n of . the' m09-ti1us .'o~ :elas.ticiti ~f ee~ 
-~,.~:~~~;~~:'.;?;.». :., ·:.·:.;·:··l·.~·: ,' .. ,. r.:.,.·.:.': ..... ~.:',·, ,..... '". ,.,", -.:.::.,":- .... : .. -# :".~ •• '. ~ " ,. 

_ /.:,:iitent.:m..ortar ,,\'i.1th·,fra,et1:oriaR:· volume' of .o.ggrega ~es It 

:7~:~~;\!;':.~:r~1h::"::. a::~:.::) o:e:::::.:st:::ee~.,::~::::.:ate 
. :, -' . " . .. - - . 

-. -. 

. · ... (:,:·:·~A¥~~~i~:s·:h,avi~a'·.~j9Wer~;lO,~~lUS:· of~laB~?-~ity 'embed~ed i~' c~ment, ',;; 
:~'}~o;t!tar. !l~th'G.:q.igher.mdduius .. of .t)iasti~l.ty .. shoul4· theoretically 

:: ';,:\1'i~i~~~':Ra~hi~!~::,·'~q~at10~.f?r:':,:E2~El.· Fig.{2'O) ShO\~S,'the' onl;tdata 

·,:"·~vf;d.l~·bl~·'to:,t~st .. thi~hypc>~l1e·giS.lnthe~etests, .,$Oft·'·limest~no.,· 
. : :.:~~:tic.l'es··;.~ere .. ,~m~e~de.d~~" e;~ent mortar. The du ta . "are: shov~ 'ill re·. 

',. '"r:i~i:'i()it'~:~urve;~~(ll.~rid:· (II) drawn 'nc~ ordirigtothe formulae of' 
-",' ,_" #: ,., , , or' 

,\iansen' . and:lIfl~bill;;' resp~ct'~vely 
i j';,: .. ' , 

.{.>. 
; '.oJ .. '.· 
: r:\ '.' 
. ,30 0t-, ,"':",...:.." ~_~ ... -.po...~~~_~ '." Fig. (20 )~G:raPh' showing the' 

, .. ,.., ... 

Variation .orm.od~lus of>61ast1city .. 
-. . . ' 

of.conarete,with.f'ract1onaJ. volUme' 
v . " " ~ • . 

of ·'~.oft·l1me:Stone ps.'rt'icles '.( 24) " 
". " 

r '''. 
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.. 

ranges, f;ti:o)i 47to,6~ % w1t'h:a~'aver;ge.value ,Q£,57.6,%. 

"~~1eb' aIid weI'ner, '(21) '&1~e··this_:r~ng~)aS57 ,toB~r%' :v'11th; 
. . '.' . .' . '. ~ . - '", 

an a.verage. va·~~~·.,ot 76· 1;,a:5 a'result of ··tests on concretes 'pre~ared 
.. 

". with 10 d;itf~rent,11ghtwelghtB:ggreglltea.'.~e,h-,va.luE)s have a h1.g1lcr 
. ,: .' 

.. range ,tha.nour~. -', -

, ' 

.' : 

. : ~~ 

',F1g.(33) ·sho~s .the~~l!~'l~~tlonsh1p be~e~n.,:'the initial' tan";' ." 
<.. ". ''', '~.: . " . ," "'. '- -, .' .y' -,' '~1' • .;;' : -, , :.,.'::~' :,.-

gent modulus lihdf·I.~ ";.' " 
" '. c·'.>", ,-- .... 

.. "Elh~S 'a 'r~~~':"frp.'c29.oi()odt(".l'#,300,dOO 'pa1.fora C~P:-
.'res·siva. st2-e,ngth: raIlge~Of 200;:tg';L20(): p~rl.:':i·::':.': .-:,,;:,. ",' . ,.:, . 

> "val()re·114,t~ap~c~~.eB ',the rilI~ge()~'~El f¢r.;:p~r11~e insula-- _ 
" - ~~.. . I - - ' . . - ;.... ~, , -.., 

-. tiniligh.t\i~:£ght cone*ete·a.sfi.()l':1~~~~'OOO to,250 .• :0dO.ps{iora.range_ 
. ". .. . ", '. '. ~ . -. . '.' '. .'., .-. -:".. ',' , .' ~. .', '.' - ." ~ .' .. - .' .:. '. ,-' " .... ' 

. of' c.oripres~i;Lve~$treDgth.o.f80t0450~psi.·ln~r:te~tBthe:ran8e: of 

El·O;~;'~~~'.'r~i~~s,\';hi~h~'~·n. Q~·U.S~dfO/i~~.~~~iQn·pUrpos~s.-··1S' ,tr,6m·.·· 

220''''000 -to :2J~o,~ooops'~~, ·,"f6;-:.'a'·r:atig~.'bt:CO~PIt~ssJ.ve;dt~enghi of 26P" . 

. ·.··1;0560 psi • 

. Modulus":,8:r elastiCity is also' related to density,,' and_ this 
.' 

reiation,i's ~lio~n in' Fig~"{34;)~ 
. ..~-. 

,1.- • 

',AS, canbe:"s6(,n·::from'Fig. (3~),.$:~~Fig.(34)~mOdulUS o:felas- . 

-ticity inc~~~~~'s ata '<fi~i'hi~hlng:rate"f~r,i~reasesoftl~~"cc)~p-
- ,- . -' , ,- - ,. ," . -

"'.t -

ress1vestrangth, and;:atan;'1ncreasing:,rate, .fOr'irioreasr~s~~r'tJ:ie· ' -, 
. ~ ,-',' -. : - .. ' . . ~ - . ~. '.' ~, .' ~. ," .. ,-

denalty. 'From this rel.~·~iOD:th~fo.ll0\V1ng facts can' beeOn~luded: 
'- Moduius,ot:ei~s~.1~l~Yis ,·not,.i~~early depe,nd,sllt. Ori'f~ .; 

, '.' and densltYI 

. .,' . 

, ~ .. 

------------------~--------------~------~----------------~~--~~~. I 
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'. i'.a~. density, . \vhere .. th~;·:~x~6li~.n't;·1.~ ·le~~.~an'C)ne,to;;'fb' •. and 
.. ~ .. ;" " ", .' '.' , ....' , ;:.".:'.':(::'<~,/:'" .... <:.':";' ,: . 

greater than. one 'irar denBlty~ '" l' ':. ,", ' 

..... ' ":pa~~: .<'23) .'~i"~~ ~'the 'exp~~antd" and··i;~~·relation as: 

"", ,." . '. ':Ec ' =A.w3/f'fV.r~-". "'. '\v~ere";A"r,t;S" ~:co~tant, given' as~~,~. 
. ',-.' -' 

" .j 

. ~ , . ~,. ." " 

\'- ". ,' . 
. '.;-. 

• ". ' . ,', • . i . .' • .i·, ,'f ...;". '. '3 

.. ~,yalue' O·f'Ki~·;·obt'~1n~d·:b:tl>~Ptt;~ng·.1~'Ei·,\T((~ln:(w1C.m-) ina 
;". :"'''''- -:- ," "; ":. ," /"",',' ',; ,"', ,' .... ~:;:. ~.-. :.;-~ .. -:.~ .. ,""' ... ' .. "" "," .~ ".' '~.::;".:,.:",: ... ,," ' 

l()g~log '~paper',a~ '~ho!1nin . ~~g'.'{ J.plt·' anq,the 'value'>6f\A 'c'amG out to 
. ,",". . . '., ~ .- '. \.. - :.: .,.' , . . . , 

;>. be·27~O·. so .. ·.the:torDnlla ',.:: ;" ", ........ :.. . ........ ' .. . 
, }' ~ , 

, ., , . ' " '., "',', .', .' .. E': ;;;"27 W~vt?'1S obta,-rtedi·+n:;oUr.teats,,~·t~: oG!:1ent-. 
.. ' .... ','. . ... '. ' ",9'::,"'-' . " ;.c.· '.' .. > 

; '; ,·p~r.1.1te-sand,:~o~e~ete •.... ..:- ' .' 

~'+>- 'i . ".' ' ",1,_ 

• " . '. ,"', .. '. ~ .. ' ",' _, • ~ • I 

., .... ~ ..... --..... --... ,-! .. ~ !-~-.- ..... - .... ~ .... -. 

', .. 

'. : .... 
: ,i 

':':.'.:" ',',". ,: ' 
-.'.' ' 

.' ";:"'S~"o~pari's'~ 'of· th~ '. Obtaine'd i-±-6Perties' vl1tll the Genei-al Quaiif10a-

"~i().k A ~ t~1;';'t~'-;,tot1@tVtelght ASs;ega'tec0run'0b.S, .•.. " . •.• .... •... . ' .. 

. ~. .... . ,>~ .:::Gen~r~:L··p~o;ert;~ei":or .. ,,li~twe·~~hb,aggre~at~,cQhore'te,~~~~ 

.•... "g~~~il 'i;~"1>i~'J7)..i¥~Ving ';;P~~~i t#~.)Tniue~.·~~a ted the .... >lith 
:.'.··th~:'v~iues '6btained'ae theresults:Of'ourt~its·aa·'shatedin:,Table. 
~ "'". .... '- '. '. "'. ',.' •• ' , +. / • .' • ,., '.:' • ...., -.: ',: • • >-

;" '.lf3:J,;·the·:rOll0w:1.ng>t~c·t~ 'ar,e": Qbs.~~~ed:.:,.' ., .:,.,' '.' , .. ' ":.' 

:.;,.;':.::~:>':.",: ':',~' ,q~~~gory~ 'l::,~e';qualif{ca~~o~.":Of: ali.the, ce~e~t~Per:ilte' 
:'-'~ix~~,':a;e'i~'I)'erfec,t . ~gr:eeme~t'witl~'thO'~~' cit. ins'uidt1~ li~twe'1ght 

. • ~'" .:. ~..." ' • '. .' , • 'J " .. : - ' .• --' • ,- ''o : • • • • • • '" • _. '.-: • 

'cone'rates" ._,' .. ,".'; > . , :" "'.' ' ,:' ...•. - .' ., '. , . 

: >' .' ~ ·6~teg.()l'Y' ,1li::i':~~lliixhas'th.~',qti~i1.r·fclltions . of ins~l- .. 
• <. ~ • 

-l~ti~can' 'be 
'l- ,', 

,,' -',~, , ". :, 

t· •.. \w,e.ight"c()n~re~es,··lii1 .. 2,aar.i:be;,~a.ad·a.~;:.;~t~0tl.1lt;:ll,· ;~lghl.-weight·,colicre 
~.~~'~,' '>~'.-\:::'.:':' ":. :/-:' .~".',:-.~'::.'-.':.~: ,:~,.~,,~ .. ...-;:,: ,:'.' .< ...... \~.~.--... :~::,,//'.:-::.:>/ .. ~.~.-.;,~-~:.~ .. ' .. /.--:,,:<:~;,., .. ::~,.'->.:"'>',."'';,- ,_:::'- "".'~. ' .. ~.' ...... ~.::"; 
i ','te .,biit -];.';':4 -3'mlj(liaa'·:qu.~:ri~ie,s~' nop':i:n: ~~i~plete~ ~ agg~(;)me,nt uith' any .. 

!' .. '. ::t.~~,:~r. 'li~tieight,~:ond~~t~>::,>'::' " ':~',; :;.': ',:,':-: :;. i ", " ", ~ ~'..' .' . ", '. '". 

,,,.',, .:" , .', -~. ,,' ' -.... - .. 
',. , 

" - , :'" ,. . ~. . , . ; --.~ . ~ 
.~ >. • 
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.' ". > .••.. : ',' ". "'.' 'Ou't:' ~1/, thr:a'~· ~e~·,,(1~3~2·~i-3·~~··,f~4·~~}:~hich e~~{,be" u~e~' . 
. ,-. ,' .. ,. '-~ .. ," '--'. . ... :. ;' . . . ~ '. ", ~ " ' ' ... :" .: .. ' ,'~ , - ... -. '.', --

....••..•. i9~s~'j~.Jall'~~ ... ~1'~~~I<..1;5+3~~"t~~~~~tu~~ .·.s .. ~i~l'yi~~he . r~W;red 
.' ·o~~actf3r,ls~ic.8; ~o1te<than. the': others iIi' the: tollo),ling''- way~·:· . . . 

. . ' '., ,', : :. .' " " a~:.:~±~g.'·.~·om~f~~~~".~ .. <:~t;~~~h'~iid· ~o~u:tu~ : ()f:~la~ti'~·1t;. a;r,~ 
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, .' ., ',' ..~ < .. ~ . :"i~~: ·:~t~e~~~~~~lgh.ti· .;at~()':oi·l~3~3;hix'~· is~.·io.~ % :'gre~ter', :: ...•. ' 

'.thrm th .. t OfI-S-2~.X> and a:D;;o. {th&.a;"'~t1itha t 01'1.-4 -2 .. i*~ 
'.: . .: '.', ... ··.d~The:()n.lyd1sadvantage·;·o~ -i":3-Sluix., ai-ises 'in'the: value 

.' ·of.' i t{ dGDsl~y' whlch •. ia~~oute%~~~rt~tho.:()l:th..?th~r lJli"e 
" 'Butad:'1~: '~'een frola th1s:'percentage~tftlis:'his'adv~ntageu lineons1de": 
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" ". 

':;.-,: 

~ 

,',,-'_'1:';" '..!;:'.~ _~; :."~.~; 
•. '; .. \1 

-~'~"-"~~--"'---"''''~-.-''--'' 

',Stress-strain' curves and corresponding, stress-E curves 

drawn:f"CX'allthemixproport1ons are shot'lnil,'l Fig. {3tOJ to 'Fig. (3~) ~ 
: .. , 

and .from these figures initial tangent modulus 'a'nd secant modulus' 
, ' 

at C.Sf t were obtained for, each:, mix pr,oportio~, ,and' th€)"se'v'alues 
,', '" c 

wer,egiven,in Table '(13"'. 

The relation of' the two -types of, noduli of elasticity to 

-ce:ment~total"aggregate proportlonswere shown in Fig.-(24 ) and ;in ' 

~ig. (25 h and were discussed in- Page (55). 

If we exanine the stress .. strain curves; we see that: 

- For celuent-perli te mixes; the curves get .flatter and 

flatter as the perlite amount 1s increased; and t,p.e 'linearity of -

cr-e, relation is tru.e-onlyfor a Bl:'lallrange of' rr.-

!t'or: cement..;perlite-sandmixes; the curves are getting 

sharper and sharper as the sand al!llount is,1ncreased" but fla.ttening 

-- begins when the sand proportion is .1ncreas'edabove t1'10" in mixes 

having a' perlite proportion ot 4 Q Also the linearity of tr- e. rela­

tion applies for a'greater range ,of cr. 

- For cement-sand ~ixes ; the curves are sharpest,. but' 

as the Band amount 1s increased they begin to flatten. 4-lso'the rang 

of giving rise to So, linear relation between tr and e., -is largest. 
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We c'an: corieludetha t. 11gh~we ightaggrega tes \ca~s~~F'~ome 
~ .' , :' . ; , 

flatteIi1ngln.cf ~.' €.,Ctirv~s,:andna:I':t'oV1B. ,the ;r~n8eOf (J Wh.i~~:,g:J.ves-a . 
j 

" .1:Lriear-:relationsh&p be·tween·'o-:and>·c • ' . 

"c.' . ;:~'~Jrat'io'no~':th~'m6d~us"ot_el:~;stlcity'~£·'~teel:~tQt~at' 
-.' . ~. .', <' • • '- > '. • .:.' -.. , " ' • - •••• ,". - - '.' - - " • " ••••• ,. ' • • 

of.:(:rdrio:ret'~1~:·compa~ed·'· toyaiues of" nestabli~he4' by.the,ACI ' Buil-
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co N,OL U S I:ONS 

'From the'}'~Bults':,of:theteBt~ nnd from various plott1ngs 
" 

chs. folloVl~hg conCluiJ~forJi,:can'be' drawi: 

... t~~ :r~p~ density, ModuluB of rupture" init1al tangent 

'nlodulus, and, secantm'odulus for one-.type-aggrega te-mortars decrease 

lineal'li as the aggregatea.ll1ountisl~creased~ 

For tVlo-type,,;aggrega,te-mCbrto.ra, namely perlite and sand~ 

the above values increase to a inaxi!mlm with the increase in sand 

ainqunt# perIl be amount being Itept' cons tant ;, and t1:len ~ decrease be-, , 

g~s',Vlhen theaandpr.oportlon'is increased aboV0acerta1n value. ' 

'; (.'f1l:?e sandproport'1on 'w~ichgives the ma?tllmm values ,for 0. perIl te , 

'p~opoi~ti({ri;ot'3"taklng'thato:r ,cement as one, is 'smnewhe'i>a ,between,1 

2:5 and 3 ~5: and' :for a ;pe~li be ,proportion of 1 , it 1s 2.) 

The devreaae' 'in the values beyond 'a'certalnpr()portlon 

1'a due 'to'the:fac t"tha tthe lowering effect on the vaau.~n~~.o.f variOus 

propert1es~ ot1nereasingaggregateamount overcomes the' increasing , 
"," ~ • '-," ~ - , • " '." '< ,. • • • ' 

a!'1"ect of ~dd~', sanato'par:11te lightweight aggregate • 
. " :~' . " "-' , ," 

'-'ov:.en d~ dens! ties' ,1.~creaB~ as;f~ ,1'~creas~s • 

. ,";", The 'relation of modulus of rupture. and :rap to :r~ can 

" be, repre~en~edbY parabolas as: 

f :: 3eSVfcf' ,e sp 
-Therelationb~tweenfspt,lnd Ris given by: 

:rgp= 0.54 R e, 

All, of 'the' c'ement-perlite mixes • and 1-3-1 , 1-'4~1 

'cement-perlite~sa~9- mixes have . qual1f'1catioIlB ot i~ulating light-, 
.' 

we~g1it concretes,1:'6 mix Qeing the best .far this purpose. , 

I," 
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