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" - ABSTRACT

Bev:.hratlon and two e.dnixtures vere e:*ployael ina resea.rch
* programe , desigrped tQ proc.uce hizh ea.rly compressive strerg_,rbh _ -~
concretes , en'xlo*‘m,, moderate steam (1!,0 F) 2nd moist (m:.tl._l oo
rixing tenpersture of €0 to 85 .r) curing . The two admLcturcs -
were ¢ li.:;nonsulphonic type -mtpr-reducina agent and fly ash',
'Bev.xh:ﬂ'tmn 5 *water reducing agents 3 ' pnd f1y ash (10% replaccmemb
of ecmu) conbined with rovibration were found effcctive. in
. m;:rc J.n_, the strenffth develop"ent of high .,trenrth concre'be
at 211 oges tested o Moist curmg 723 found more effective in
.mcre'*sana the stren"tl of concrete th..n the noderate ‘.'teen

cul‘l..“'lu » E.t -1]- a.c'es .
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. ' ' ' Chapter I

| ‘ | INT2COCCTION \

. Thcf*c are manjr‘_.situations in which high ec.rl:f stréhvth concrete
produced m.th or m.thout steam CIJI‘J..D can ba effoctwel_( used For

emlﬂ.e , in the precoat concreue mc‘uut*y 2 earl_f h:.r'h- urenutll is

.. deql*';lble‘in m.e produc‘t:.on of nzmy stmctural meﬁbors ’ concre‘be pJ.pes

and npscnr;f wits o« Low pres.,urc s‘bea:r\ cu.rmo' is ccsr.:monl*- u.,cd in this
& - -

mégx.,‘t.u"' tQ }a\cccmiera'bc the early strens'th devclopnent .
Lt Hrhﬂer_rl_;-.;trcn"uh ig also m.gnl'f dcs:.ranle in prestressed concrete

e.ﬁpllca.t" cns . Gontinued groith in this :Lndu r;} is dependent to a large

. [ 4
LI

L
- b d .
c::*tent cn its econo::;f « Two Important factors ,:hl the ocono::\;,r of nre:trcsscd

L

concrete are the cost of producinz corly hl"h-...tren'r h concreio and tie

coat sovings vhich cm be ei‘fcc'bnd by the e .rly sJ.ppl:Lc-1 uion of the )

¢

orestress u‘nch vernits more efficient utiliz ation of forms and stressing
equimcnt . In the production of pliestreased concrete it is generelly
required thot a minimu streangih of D00 to 5000 p ;1 bc obtalncd Le.f_orc

‘ tra_ns_e* of p"cstre.,s is pe;r':“ ‘qted . Stean curing is used less in

1
prestressed comcrete zpplications thrn in ordinery precast concrele ,

- »
baczuse of the loss.of prestress due to tenpercturc rise (one degree T
- L4
L]

.. temperature rise producoes stress Joss of about 1C0, psi) o On the other

hand , the shr:.n; sge end crecp of stean—cured concrete is mich less tha
for noist~cured concrete .

Iuch, s alrecly I:now.'n oboud proccuurc.: to be followed to produce

hich aorly Surcn*tn cone rete o To bepin with , it ig desirable to usz s




) . ;
oter—-cencent ratio .

hl;_,—h ed‘_}f stren-rth ceuent , good aggresates ..nd a loy

&s high spced slurry x;ﬁ.mng 3 v:l.bra.,lon , Yevibration ond pressure mouldin

different tyres of adnixtures and nany cLL_\e‘"enu curing procedures (low

" end h_cn—;_]]_‘eaSIL"‘e ..,‘beam curing , curing with hot gases ctc.) .
L s his &

The pwrpose of the e}mrmen’c._l proswuziie renoried in this thesis is
i v

to invectigoie the effect of revibration and t.o chenicel adnixtures
renzth develoment of

o
381

(2 weter—reducing agent ond {1y '-*‘h) on the euxly
crate steza curinc (140 F)
&

concrete subjected to both moist curing end ns
‘ _ . N

cénditicns - .

Yiony stuﬂ.ms have alsa been c...rr:.c.l out to .,tu:];, the effect of such factors
- 33 g’




Ghapter II
FACTORS ATFECTING EARLY STIEIGTH I D"'T’ELOPEBI’T 103 CG- CETE

In this- chapier, the nost important factors which affect the early
strenzth of concrete are cpnside;;ed_-. |

A. The :r.n_tcr.c&—zeut Rotio

AT

The cc:.entln,, ...ednm in concre'tp is produced by the ckeniczl reaction
betieen cc:nent énd unter. The mherent strcnrf’ch of this ned:.mn is prmarily
a fun"’t.;on of the rotio of the a::om:xt T these two ccmpo;mnt., R that is
weter-cement ratio o It hes bee:n -Tound by mny resegrchers thot the optn_..m
hich strengta of concrete cen te obt.nmd at ‘l:aa.t water—cenent ratio whlch
i; as lov as possible and 58311 perdts full ccmpact:.pg . Ahran; (6)
obtained s‘t.rcn;t.ns of ﬂze oxder of I,D,DOO psi usinz nixes with"e. Ua.ter—
ceoent ratio of 0.08 by weisht', birt clearly considerablé pressure: vas
necessary to obtzin 2 p:operly mnsoh&.tnd mx of: such ;moportiops . |

dhen cement = ...mi wator re‘.ct. s 21 mternal dmicn.ency of ‘ua‘ber in the ’
systen moy occur mﬁ.ess 2dditional curing weter is supplied « If this
deficiency occurs’,.the rate znd degree of ultimate hydration moy be
reduced . Such deficiencies rre none lirely to océirr in lor wter—cerent
retio mixes of concrete . It hos been found (€ tat the minimm practical
wxter-ccnent ratio for complete hydration vmés be'buecn-o 36 znd 0.33 .

For sitesm-cored concrete Hlerriti el =l (17 shoved 'l'..u.t lowar water-
cezent rt:.os rroduce ]’7"’213"" strengths within the renze of properly

censalidoted nizttures « Jutt et ol (28) showed that the ccanononts of -steom—

mz:'edAconcrete)solid ( cemont znd nos gate ) , Liquid ( nixing wmter ) , .

v : o




and g"seo‘l;s"( enﬁrdi.\mdl and entm.poeé; air ) , ’c;end +to e':c,_oand in irarioim
deeree.; under the :Lni‘luence of heat , and the d1<‘bortion oi‘ the primary
,s-bmcture of & freshly-laid concreto is due first of 211 to a volurs
" expeansion both of freec water and air , this expension is hundreds of .idmes .
higher tha:n that of the c'olakd gﬁmnon.onts of the concreto « A loxier nter-
cenent ratio ; therefore y au;)\-rs a shortening of the pre—s;tec'.._ 7 period
.end an inerease in the rote of | ‘bemperature'filse durine stéa.j:ling . It rlso
provides for the chortoning of the steaning period st a constent 'Eempcratm_:-e

N ‘ o . . )
, end gllous theuse of z hizher iemperature « Thus , lower water-cement
: "-n—" . . .

ratios cen allou & shorter steam cunming cyale. . | C -

B, Tvves ond Choracieristics of Cement

o

The individual minerels ﬂreﬁent in cement have different rates of
hynra.tlon » Strength develo.nent N hett evolution , etc The anoun‘t of heat
_evolved waen cenent hy c‘rd.tc.; can be calculated fram the fo,.lom.nrr

(7)

equation

136(c—o)+6 (C'»S)+200(03A)+3o(04h)

Hezt of hydration of 1 grem of material ( in col/gn. ) = | . o

there €4S and C3i hydrate foirly repidly and conchuenﬂy develop heat et a
fzst rate , €25 ond C/AF hydrate more slowvly and develop heat et a slower
I‘a.‘bE. ) .

There are several tyrwes of cement available co*:me*'ciellj to meet the
The

variots nceds in Lbuilding iruL:t"y » The five st.ndard types oi‘ Portlc.n.d.

cerent ( ormal (I), lodrate Tent (II) Hirh E_rly Strength (TII), Lov Heat . .
f (), ana lep.muc Beoistent (V) ) dJ..Li'cr nainly in their rates of .,trt.n'rth

develorent and !‘.e...u gvolution ., Type IH cerent develops strength nore

rapidly thon the other typos of cenent hom;\rer s there is little difference




in the‘ultimate strength of cements of .all t).rpes (6) . The di;fferent strength -\

‘9@-’:{0113811005 of the different types of cemont is ach.leVed by inposing ccrtaih

limits on tha chenical co:nposn.tion q:d. fineness of grinﬂjng of the cement
Among - the four main. compomds of Portland cement ( C3S ,C28 , C34 , end

Cz_AI*‘ ) , the siln.c,.t-es C3S end Czé‘a are primarily respons:.hlo for the strength

developncnt . C;:,S contributes .most to the strcnnth developrent durln“ the

5 ,fn_rst four wcel's and 025 Influences the gein in strength fran four uee_

. omr::.rds . For em'ﬂ.e » Hev:.lle (6) rcpor_tm‘resﬂts for neat 023 zmd
Cxs p‘_s\ites . A't the age oi‘ 7 dnys tho. CoS pdte had po s‘hrcngth 1.&13.'].3 't.he
strenrft.l'\ of “the C2S paste was about 6000 psi hovewar s at the a2ge of 18

. montls tho stron._,th of the CS and €38 pastes were about 10,000 psi. CA

contr lb{ttcs to the, ‘strength at one to 3 d:.',ys and posswhly lon,_er » but causes

/

retro*re‘ss*’ on el en advancod oge p:’l‘tlﬂﬂ.&‘lj in cemnn‘b.., m.th a hizh G_3A or __. 4

© G ¢ Gga ‘content . The effcet of C[_,EJ? ozr—ﬂxc:ée:r.el_pn.ent of “ctrensth is
deb\.'tahle Wt it cer ua:mly Aa’.’es no anprecmhle po.,itz.ve contrmut:.on . (6)-.;

Hanzon (19) m-:ox ted th,..‘b—-the‘be‘ M of concrete containing types I’
- end III cenents _appen.r to be qiite similar when subjectcd to stean curing .
Typo I}I'cc:ncnt conerete m.ll atte.ln slightly greatér acceleration_ of early
" strén;_,th'- | | : .
. KiR¥ger () reported that typesI , II , and III are mflunncea in a

1:Lke mamer by tcrocrc.tv:e « Verbeck {29) sho'.md. 2lso that the cnaractenst:.cs
1

o; the }Vdrt.tlon prouuc»., of types I znd ITT ce..cnts vere smilar whcn o

h[drw.'.on occurcd et 'te*mnratu.rcs I:et.'cen L,,D and 230

Budnikov: (20) studied e.r-ht ce:.chts cf verious mmeraloﬂicJ co:n'aoaltzcns

an:l having specz_flc surfaces of a'a.,ro.ur:..'bclj 3000 cx /g:" and revorted that




-

| Portland caments c:ond'«.::.n:l_mr appro:inately 45% 035 and ammmntely 5 CA
were the most suitahle for lou pressure stemm curing . Hurse (35) . reported
that for cement pasie the optimm c;a content is 8 to 123 at rom tmnner’*ttme -
and 9 to 10 for stemming at tenperatures betueen 80 ond 90 C , clthough
higher contents ore found ..a.tisfactory in nortara (1:3) . With C/AF the best -
. strength is found 2t 12 to 1% ot roon temperature and 12 to 153 ( or higher
in morters ) on steaning.l;. At both tenperatures the best strength is obtained
at ebout 555 of G5 (‘alite ) . Butt et a1 (26) “réported that as far a3 stem
curing * is concerned , cenents of a hich 35 ¢ content ere considered desirzhle.
Higher Gy contents charply lover the strength of m-.ee.—lea\gh\ te cements aad
. belite cements . Higher Cp9 conients in cerents dcst_ned f‘or-stem—curln._, ’
is undesirable since these cemenis rroduce low strength Valw.; especially at
shoricned penods of stean curlng . . / ‘ \

}ﬁron (25) m,gestcd tna.t pre—cz.stmo plants .,hm,ld be supnlied u:Lth

) hl"'h ea.rly strenzth ce::tents of several gredes to neet the demands of v"-lons

teciniques . He recc:n::enled the uce of high early strcn,_,n’c.a cewent with ‘¢O—
/a% end 60 C3A for plant fabrication of concrete products with noderaie
swm { 130—160 F) .He "‘eporued that hlast~furnace slog ce.ments ere
mo.,t efficient for S‘bear-m.lrmg at tempemtures up to 22 F.

C. Properties-of urm[er,“ge

Agg;revate conposes :ibout 755 of the n_‘terial in concx'ete Both tho fine
and coar.:e a:"-reg._.tes c._n h:rVe AI:L bcarme anl the ootentml conuressive stremrth
of concrete . For example , tb.e gradation , su*:“acn ‘te.rture erd- shape of Tth
the finc ond coerse aZ5regR s und the proportions in uhich they are cobined

Wect the water rcomc::en‘t for = given workability =nd ce:zent c¢ontent

,ané thereby , :x.nc.lr._ct.,, » affect tha rosultont compressiv e.strength T‘ﬂe




\ o

N

mm.ei'a.gmenac;gregam thatcmbeaccmodatedinacemntpas‘tc ofa
particnlar mtelha:mnt ratio depends u'aon its influence on the uuﬂ:ablln.ty of
the resmlting rmixiwre o Thaﬁnrbngmountzsthatmmnmammmtuhzch&.n .
be used nd, st1Y attain foll ecmmctionoi‘ the concrete . Increasing the
aggt:gat- contont in a pix with a fized water—cenent ratio rogressively
decrenses the consisiency and mrkahility of the concrete (..5) Although _
the g;,f;fegate—ca:ent ;:\:ho has been prcrven to-be e secondary factor in the,
cocrressive strength of concrete , it has been fomnd that for 2 constant wter
—ee:x:ntraﬁ,o,a.le:nern'ixleadstohigherstmngths. |

'ﬂnia’pe r{;gm"'atcusedmaconcretem_.canalsoexertadnrect
im‘lmnce ‘@ the ccopressive strenzth o Eaolpen (10) reporteo. that tie use of
different iypes of coerse agzregete in a gJ.Ven concrete nizture ( con..ta.n" ‘
. weter—cerent retic ) results in a 293 varietion In canpressive strength . It
has<also been reported thet for water—cement ratios: below 0.20 ( ct constent
wat raiio ) , the use of crushed aggegata hos given "trengths up to
36° Migher m shen goovel is used 0 dollms (2) stated that for

it NIV
ccmmtesl:an&,stmnrthsof%%ps:.ormm,tnemgate sets a linit

unt.‘..e stm::.gthatt-zinahle s this 1imit generzlly lying in the range fron
12,000 to 15,000 psi s The merimm size of coarse egaregate is lained by nony
axthorities W0 a.dect the cuzressive strenzth of concrete ( ) .- Hoaever ’
Elelzer (s) cloined thot the neSimm size of amy given aggrcga‘te a..fects i
-st:e:zgth,cn!;: i::airecﬂy 2s it inMuvences thke water requ::re:'ent for =2 gm{en

&

The Sine scgregate Tloys on importent role in the conérete as it cazbinmos
with e cooont wste to form 2 morior aml i‘ﬂ.l the yoids betueen the

) pc:t:_cles o cozrse a;;,. cole S::J.th et (.3. () re“o*-ted thal the use of




cozrse smd (‘fmencss moclqlus of amroxmately 3.0 ) in hl.r_;h ccmpro.asive
” strength concrete vus desirzshle . Kennedy (3 2) stated that there is a
tendency for stranzth to decronse vith decrensmg 'finenes.s‘modulus .
Veriations in eggregate would I;o e::cpccted' to exert sone influence on
the ni‘i‘ect of stezr curing troatients ; howover ', in structural concrete
Jtha mfect appeera to be minor . The augl'e'fatc does not enter into the
cherdcal ree.ctions 3 SO its offect is prin..ra.ly dug ‘o its thon.al pronert:.es.
The Yimited dz:t\. avglable indicates that tho dli‘a.cronces that exist
betieen the v..m.ou.a eggregates o not significantly elter the affect of

~

stezm curing . Light-weight aggregates , in generel , have lowver thermal
, " ‘ .
coefficlents of expponsion thon dense ogg_"egates., so produce less volune

chonce durine stecning , tharefore-, i eppoars to be necessery to to provide

2" longer pre-steaming Fcrlod i‘or uense s then for light-imight concrate.a(?z*)

D, Adnixtwes B

‘
L}

There are mony cdaixtures which effect tho early siyength of concrete .

However , only those types of admisxtures used in this To3dz

1, HateoRedueing Azentg

ch progrerme will
be*discussed here .

Ha.tep-rcduc_n; elmiztures are n...uer:.'il..; penerclly cons:. ting 'of
ceritin orzunle cmpoundu or miztures which , vhen odded to Portland cenent
'concrotc 3 Lx;rl:edly ineroose the flwidity of the concrete « Wken such

ac"-xi:tur.,- -are used to produce concrete of .,lunpf* equal to those ol'plain or

e.ir—entra'mcd cqncretes of ths some dc;;s:r.;-;n s & sigificont rac.uction in the
wetor-coment rotio esa b2 nede o Thus , concvete of greater _strensth should
. & ‘

rezult o : , _ o !

The nnterials thet ave cu.:cr.rL i sold CO...,.I“I‘C?.:.JJ." as "uater-
N
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reducing agents'-' for concré_;be-iz.ld.ude lignosulfonic acias aﬁd tlie sal:t‘;s ’
mddificat'ions o;' deriVatiVes of l‘ignosuli‘bnjrc cclds and 'the."tr.)z\’Z s
hydroxzylated carboxylic acids and thelr snits , and modiif:i.ca‘cions or
derivatives of hydroxylated carbo:qriic ccids and their salts .

The principal component of the water-reducing udxn..ctu.res conaidered
' in the clasai.ficati.on.. above ‘ere surface active agents , i.e., substonces
- vwhich bec::.z;.:Je of their chomical coni‘igtu-ation are concentrated at the
interfece between two Lmaiscible phases and clter the plvsioéhmaical force
acting at this interface. . Interfacisl tension is almays p&'e cn‘t at the .

. interfaoce botueen any two conpletel:,r jrmiscibly phases . Dismrsion ney be
facilitted by a rac.uction in the: intari‘acial tension of the .J_rstom . As 't.he

term 1mter—reduc..nrr inplies ’ the primary function pof this ty'oa of admirtmre

r}s to reduce the wutor requimant of a concrete nix while maintaining the

b (3) .
desired plesticity and woncabilrby .

The Concrote Divi sz.on of the U.S. aroy Enginoor Waterways Experi-
ment Stetion (@ carried out an intensive investigation to~develop
irﬂom*-mtidn on the perrormance in pastes' s mortars and concrete of saverapl
proprietary xm'ber-reducinfv elnixtures o Water rlded to the pa..,tes end
mortars as required to produce a nqmal_consistency « The vator—-cement
ratios for concrete nixes range;} from 0039 . Thirtéen chemical admixtures
were tes;tecl_ end two Portland'cemexifs vere used ( Type I manuf'actured n.n
l-Iissiésippi aml a Type II mz':nu.fé.cturod in Alabzma ) . Tho fine aggregate was
a natural silicec?us send. fron Missigsippi znd 2 crushed Linostone i‘ro::;
Tennzssce ; the coarse a;,rgro;'ates were a crushed traproci: frb;n G'ohnccticuﬁ

- end & eruched linestone fron Ternesseo . L : | .
| The test results indic;bed the follofn.n" 2 i‘or the pa.a‘be., ,\,.aeVen

of the ad:a..;ctm*cs\pcr:ut‘bed a 105 or greater reduction in the’emount of




ixing water mqtn:ed to produee a paste, ot nomal ca..smsbenc;g- as ccnnnared
vith the soownt req::i.mcl u‘..*:n.ao aXaixthure wos u:ac\i « For the nortars ’ .
eicht of the sdaixtures per:xtha & 5% or greater relduction in the azowmt
od‘.‘ nidng uater required o m a Dortar kxving & flow in the snec*_‘:md

hze (100 to 1155 )_‘ « Of the Difteen 2ortar nixiures prepured , five

excecded the stronztk of the coulirel :ﬁxbm Wy less Xhon 3355 « 411 seven
nixtures end vater-roducess percitted a 5% or prester reduction in the

nising wates . In the concrete tests caly five wter-reduclag 3 cdnixtures
wre tosted in fiftesa Sixtures o I% was found ot all Tut ireo of the
m::txme§ prmhced a m&tmu in tha u:te:-—mnt mtzo » the rechlction
_ vwmurrono.OStoQ.d)aﬂ. \ntb. ™r oz of cenea...Su I the
h.ft.een nixtures had lover mmm stoensths ot hwo dyys than thi
contmln::.m.re am,hvot&&mxmm&m&iafﬂucontmi
Three of the nn:tzmes hxd Jover cosgressive stroxgths thon ths” control at
28 o.-;:s but the éii“-e*eace mst:\s..gthmsmtom%mm case, . 411
othcr ‘“:1..*‘.::3 wc.ragc\. zn increcse In ceopressive strensth of 15 over the

'“’{JU

controlm::.

&m‘.h et al (S)\wki:z,: WA mater-senent rotios fren 0.29 1o 0,40

in the pmr}uctio:: ef"high—mm:ye stranzth conerete ‘cc‘mc;macd that
water-reducing admivtimes ave Gbﬁ:.itn!y- bmi‘icial Their -résult.s showed .
thet the 7 , 25 *ﬁmmc*vsco.\mve stremﬁzsmmll ?landl‘)‘

; ct..vcl; "matc“ o e c.\\‘.‘.tz\\l ni::as

L;.bq; ~dor- _:x‘:ns“ ilens aa:r;t\. oud =% the Talversity of

Califerniz BuZinesoring ixlonials mto‘:hta..; Q) oa co::cretes emrloyed

three 1imin YTe ol one exsale sl oo oaater m‘ucer wad fouxr

]

diirewant valiforuis Prlland evuends o The elleals o o b.m r2in t',mea ol

woter meducers oo iy ccnand conositicn and oo ressive strexk;»a were

- “: ¢

L] m
v b




evalu..'ted Based on the resxlta of the ‘beats s the i'ol'].om.n,_, concluding -
'statements were nada (r.-) "The effect of a v.:ater réducér on compresslio
strength of o concrete tan z_mt o explained by only the reduction in water—
cement ratio . The brond of coment through its chenical effectivensss has
2 lerge influenceon the effectiveness of & given water reducer . (b) Water
' ree.uccrs secn 1o _iin;nbve nore the co:nnreséive strengths of concretes |
eontz:.m:uk, cenents of low alkal::. content then of concretos containing

' ccoent of high eltali coatent « (c) If a woter reducer evhibits poor
_pcrfomcm wvith a given ceijent_ » it may be expected that other water -
Treducers a.lso v:d.]. show s:).mle.rly pocr performence . (u) Genﬂrglly the

larzest -;ercentase inprovenent in the cmpre.,sive SUrcn\,‘c.h of a concrete

i

throuzh the use of a amter reducer is obtained at an early age , end this .

percen\*..agedecma}sés vith time . (e) Na‘be; reducers used in amounts

‘ approgricte to the éo:position of a givén cement will usually allow a

reéuction in conent coatent of 5 to 15 percent without loss in coupressive
S :

strenzth . ® _ © . o ‘_

) Thonson‘ (1) showed that water-reducing azents con e_fec ulVelj

lover the water requ:'_rweﬁt of low water—cenent ratio mixes . Their

gmatcst benelicsl enect on strenr'th appecrs to be in the e;c”j agesk\

- at the h:!ther uuw:t\-c.:'enu ratios «

}"elca., (23) m_pdrtéd -th.:':t. propcrly used water-reducing snd set—

-

rotonding fanutures increase the strength of st-ow—cured concrote ( 135 & )
over thot of %crote without such '*dnLctures » end that tnc strensths

J;.anovc;i vith increasing len'r..h ol pre-ste"‘unﬂ' roriod up to 5 or 6 hours .
J Y

?
2

2. Por=ol-nic Iintn oriols ( Flv Ash) : h
Poczqlen is defined in AST'C21G as "a siliceous or siliceous znd
. Lagd 7 - - .

-




d ‘-'-. e . s .
. - O
-~ -

' aluninous natericl , which in itself possesses little or no ce_?f;entitious

L value but m.ll » in finely. d.f_vid;:d i‘?m end in the prescnce of moisture ,
chemicelly recct with celcium dee at ordinary temveratures to form y
. conpounds posse_,sm_, ccmentﬁ_t:.ouu- Imopertms ® , Exopples of such materials
which cen be used-in chounts ra:gmu i‘m 10 50 percent of the w-:|.rrht

the conent zre : f1j ash , valcenic ash. , hea‘b—tren‘bed diam:tc_-:éus eo.lr‘ths,-_

end either heat-treated or rou s.ales or claws The effect 6L rozzolans

upor the stren'-th Poer-m:sz concre’oe v.m.es :s;rkadly with the
particular po:'.zolm used . Demnd.l;za‘ on..'j:c .J..olan u..ed Por’ol._nd ccment

‘replecements of as hizh 23 205 can sometires be m,ie and s’ca_..l ac’uevc,

equivz:lenu ultinate strengths to plain mimes . It is claimed that the use.

of snall ?)crcenu.._‘; replacenents ( soy 10'3 ) c::.ri resuly in l‘i;h;r surenzths
~of mov't,r end. conc:ete thon those for pL.in nizes . .

Fly ash is oae of the "o..t COI.‘?.OD_j uced poz::olb,n natericls .
Fl;,r-ash iz a i‘inely d:widqd resicue resulting fron ‘tm CGZ'.‘.b’!lS"blCD_ of

i

' pulverized cozl a3 used in nany modern ste._m—r'enc*at:nw stations

' . " Snith et a1 (8) using mter—cencﬁt ratios of 0.29 to 0.37
}omd “that at lea.ut 10: by weight , of the ‘Portlond cc:.*.cnt'us‘cd in hirh-
mmpl‘essive—strengi‘:h caacrete , con be renlaced Ty pozzolans ouch as Dl

esh or &.}cincd shale . The streazth. increase s 163 over 't:hc.non—
zzolanic mixes ab 90 dajfé .
Two Portland cerent clinterc ( lllo‘u > 1 hish in frce G20 , \
380 . 31203', en2 £20 } were Blended with threc '::1;- csues-{ 2 ccntﬁ.;‘::' go
sphericcl viterous p';rticles s 1 con‘ca::.n:.n; fine irrezulor crpstols oi‘ high
poros:.t") in vorious p*o*ort'fons « Cooressive six c,nbull ucsts were .L-ono

soveral rmode on the mixes ot equal consist 0165 ona at cguel r—cﬂ"nnt

12




atlos . Strenn uhS changed little for equal \mtep-ce_ent ratio nixes up to
20}5 of the two vn.teroys ashes , wvith 200 day %‘t.rengths slightly grea‘bcr :
't.han that of the oripinal cexment ; uith up to 4D;o ash , the strenzth-

'A a.fter a i‘eu years snoultl be greater than fop the cement . A‘t equ..l
consistencies ', the 20 and 30‘5 zsh blends were ofien str onuer th..n the

. cezent zlone., bcca.u.:e the 'ra.ter requ;x.r(ment could te reuuccd . Ho™ .;brenc't.l
' di_f"erencns vere ibs wcd between mixes Wlended by grinding ‘the mixture ond

v

thoso -rolmd se')ar'\tc befoie blending (41)

.Chenkerlin (7 reported that the use of 307 of fly ash in noist-
ci:rei concrete reduced the cofnprpssive strc;:wth at age 1-day about 15 . °

There are limited data on the effoct of *‘lj 2sh as a replacement
of port of the Portl_nc.. cezent bn the early ..treno'tz of .,‘bcan-cured concrete.
Wathey (21') shoued that fly 2 c.sh replacements in 't.he ount of 25% of Port-
Yend cerent mey be ysod satisfactorily with a curing tenpcratm'e., abhove
160 ¥ . Chomberlin et al (22) repori;ed reduced stfe_ngth ab all ugeé vhen
using 2 eclciried shele as a 20% replacenent , stez;n-'mn'od at 160.3‘ . T
Olson (33) indicated the advanbage of fly ath and natural ce‘:.erllt in mounts |
up to 20% of the Portlend cenent .- ' '

(36) ' : »

" Stolnikov - Treported 1;113.’1: stecm~curing of concrste vith a
cexsent ash binder ( 353 of Portlend coment-25% of ash — /07 of slag ) ,
'gre'-tl,,r increases its strength , paz-'ticula.ﬂy tensile sirength . At 28~ day
ege conc'r'etc with 305 and 407 o.d:v w<tures of i'ly ash’hed lower strength t}:an
concrete without the admisture . The spoc imens were sta,_n-cured at the 2-
dz;:,' age ‘.ccord:m,_, to uhe folloving schedule 2 hoating for 2 hours .y curing
for 5 hours ot 175 to 195 F , then cooling slowly for 17 hom. '. : |

E. 1: i:,-'-? fag y ‘.

The object of nizdng. is %o cozt the surface of 213 a;; ezate p\.rtn cles *

&
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v th %eemont p-a.ste , and to Hlend all tho ingx-e'hients of cohcrete into a

. uniform mass . 'I.‘hnre may be occasions when concrete hn.s to)| be aixed by hand
k_ zmd 3 because in this case mifomity is nore d:.;ficult acna.eve ’

7 particular care ‘_n&efi‘ort are neccssary o Mi:xting concrete by hend is
e.:pensn’e in lgbcz\ur‘and it is , thorefoze s not m:rp“i.,mb thot mechanic::l
- nixers heve been in general use for a greet many years . ‘

.. There is often a tendency to mix concrete as ramc.ly po..,sa.ble send
it i... ’ thcrefore ’ importgnt to know vhat is the minimun mixdng tine
nacevsu:c'y to proc‘.uce a, concrete unifom m\ ccmpor':n.tlon and , as a result ,
of satlmac‘bory stren,_,th s It has, bean :CourLrl that the cverago strenmzth of
concrete‘increases with en inerezse in mmng tmc + Abrams §6) shoved that
‘the rate of increase falls rapidly beyond about one ninute a:ad is not
s:.cnificant beyond tio minutes . Within the f:.rst minute , homzver s the N
" influence of mixing tmc on strength is of con.,ldcrable mnort...nce » JOr
instance , Shalen ‘) calculoted that , for a glven required strength , ¢
increz—:tsn.ng the m:.:dn,_, time from 30 soc.to l nin, perm.us a saving in the -
‘cement content of as ruch as half a bag per cublc yard .

. Slurry mixing hod aroused.some interest in its effect on strength. The
process involves the advence preparation of a .cement-: mter mixture which is -

then blended with aggregate to produce concrste . Higher compressive

stronzths thus obtained are ‘presuanhly attributable to nore efficient
hydration of the cenent resulting from the more intimste contact betueen

cezent particles and water achieved in the vigorous bleadinz 3.‘.‘ cement

paste
, (38) ‘ - . a
. Bloen conductcd tests on mortors using a weter-cerent ratio of
0.6 end on concretes using cn average water—cement retio .of 0.76 . In the

o

nortar tests , nixtures of Aconstc.nt vater~cezent ratio were nade by .

1.




(1)} hand nixing of ‘ and cement prlor to adding the ‘sand , (2) slow

- =speed mechanlce mL:I.ng qf the cement paata -znd (3) hlgh—.:pocd mixing of

- the cement~imter aste . For all three me‘bhocls s clapsed tme_s for the .

- various 's"f,agos of mixing were the same » 23 was the procedurc; for blending

_' tha sand 1‘_rith the cenent paste. Mechanical m:_/m.ng of tllm’ce.:ont-mter slurrs’
at slouy spged' produced no éhange in the propqrties; of' the gortars fram =~ - “
" those obiained bff hand-mi-dng . Mixing of .the.cemé.nt-nm'tp;r slufry at a very

- ‘high spoed using a blender similar to milk shake mixer ( 15,060 rm ) '
produced en averaze increase of 3% in compressive strength for the three

'te‘st ages of 3, 7 end 28 days . In the 60ncre‘be.'bests there was a'_

'Sigﬁ_fican‘b ihcresse in conpres sive strcnoth for the hlgh-upoed mixing ,
averaging 10” greater than 'bhat. obtaine d by, hand mixing . The styength

advan.....ve., wes essentizlly con_.tant n terns of pounas per square :anh at

the three test eges of 3, 7, and. 28 days , with the result tha'h the

percentaze differcnce decrea.,ed from 13 to 6% es the sirenmth level

. increased . - - ' . ' _ : -
. (32) N .
Thonmson found that hlﬂ'h-SDeCd slurr_y nizing precuced strenﬁth ry

increases of 20,: to"30% at. the T-day age a.n% somevhat higher .a‘brcnuths at

25 dsys but.at 3 months the affect appeared negligible ..

(39) '
Ray et 21 reported that when 2 to 3 hours vore zllowed to c" apse

betueen m,a.ngthe cpncre_te and prape.rmg -t.hq 'tCutv cylmc.er.-, » the strea~th
was higher thzn if the specimens were made either earlier or later , The
incrcasel over’ thosé mede soonest vos annfo:d.mately 20% o The authers.

-
att*lbutcd this to deerezse in wmter~coment I"‘tlo dun to evaporation losses

- and ab"O"‘pulon of wnter b} t}u cug-r‘e,_,._tes .

F. Connnetion ‘

"

) . v
The strength of the concreteris contrelled vrimarily by the water—
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t ratio , provided tmo concrete s fully coapacted » Actuzily ,
strength is related to the voids-cement ratio » the voids being the sum of
the Yolumes bf water and air in the concrete. , the wolume of air being an
indox of the efficiency of compection . The air in this caso is not the air
which we intentionally entrein in the poste by means of sir-entraining
:cenents or amentr._nninb edmixtures , but is enwaﬁﬁed air rc"ul'hing

* fron the use of dry , hn.rsh nixes . Any tcclm:mua ox cmpactn.on is sultable,
mrovicded i‘u]J. -carpaction can be ettained . Ii‘ Tl con .nactlon is att..ined ’ '°
the u"'b‘.r-cc‘.,...ent ratio will then be as good a criterion oi' strongth as
:"vo:.dQ—cenent ratio , since the smount of entrap?yad air voids would be snall
and exert‘lltt_.e 1nf1u..nce on the meognitude of the volds—cerent ratio

(5) . .
Klieger ‘pointed oud that the resiriction liniting use of’ ‘t\ha -

i T
water~cezent ratie law to "plostic™ , "workable® nixtures properly should

be intormreted to zezn. to 1fully compedted nmiztures with a ninimm of
entrapred air voids © . Thus » as the.uatcr-cemcn't r::.ﬁo is px;og'e'ssivcl
reduced for a n_}.'ture by docre._sa.nrr the azount of 1q‘bcr uscd > the concrete
will becaze p‘o;resswe._y less werkable and pro;;rc“‘"*vclv 'rrehtcr oflort
will be rejuired tq achieve ﬁﬂl campaction . He shiowed that for concrete
of ;e:‘o_-s_lrm placed b:,r th Lnd—plﬂcm" and V1br-=t10n ’ uhe otrenu th
ratic;s of vibrated %o hzind placed concrete renzed fron 1.00 to“ﬁ? for
sbout 2 55 avercge inerease iIn streagth of the vibrated concretes

This indicatos that in stiff , low TIr.'{lthI*-C;‘..".lQnt rotio m_*.cs )

mech...nlczl cozpecticn oust be I‘ESOI‘\:O" in okder to compuct theso xnxp.,

Dovies studied the efiects of coipaction of ccacrete by vibralion
and cancluded th.at "The fTectiveness of vibreiion depends neinly-on its

acceleration , end not on ‘m‘mdlndtml volucs of its freguency and

16




, 'ned ; thus , an exteasion of the vibration iize bnpnd thal necescary to

Cm e *
i \

\
\

emplitude 3 but , very small mplimaes of the order of 0.002 inches , are -
émnpamtme_:,r inaffective . There is lltﬂe to chbose behmen vcr'blcal

linear and horizontzl circuler vllr:atlon ; Vvertical circular vitn'at:.on is

defmltcl,,r better thcn elther o “he ectz.venass of vibraticn increases - )
with its acce_eratlo 3 probzhly up to t_t least 20 g ; but zbove 12 g the

increzse is slo'.:r ", i T,
- The' J?ﬁit Commitiee of the Institutfcas of Structural ond Civil

. BEncincers = exchasized the inportance of conpection ia the a.ttaiémnt of

the compressive strength for which the constitvents and proportions of 2
nix mre' sclected . The report points out tha{ with a properly prol:;)r'tion:ed

concretc nixture ® extended v:.ara-n_on will be wasteiul oi‘ ‘effort but noﬁ

hami‘ul to the conc"e te ® If oo extanded vi.brat:.on » sezroegation oi‘ the

-

concrete -u.::‘au‘e occurs K, }hls .m.._w.cates that the n:x'ure is not properly

" proportioned .

‘ . (22) |
According to Szirer and Leo . the pOSSlbl].l't}" of over-vibrating

is not crz.-.lc...l inzofar as the coapressive strensth of .conerete is concer—
obtein satisfactory conpaction or over—vibrsiion is not hereful with dry
nives or with tkose in vhich the mortar content wos low .

" Siniler results were confirred by the work tlm Regearch Comitiee

af the Institutions of Civil 2nd Structury

Engireecrs - .&t a vater-
cer:ént ratio of 0.4 znd frequencies of 1} vibrations per ninute , ‘the
stren:'th Increases ._nﬂrﬂclt.'bly vith the tin} of vilration up to about, 3

ninutes ond tnereaf:c* tie increase is only sooll « For a 1rec_u:ncy of

: 8,090 vibrations reor nim “utc ; houever E the st:cnr't.h still incresses

‘ : 3
eppreciahly with ti~e of vibtration evea gfier 12 minutes . At weter-

" . " - J [ . s . - - .'.
ccent retio af 0.50 the reie of Increese of strencth m.th tize of vibro-—
] -

tion is s21l after 15 seconds with frequencies of 1,500 to 5,000

17
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vibrations per minute aﬁd after 20 soconds wlth J‘.:{i'equendies of 8,0@0
vibratiozis per'mi.nu‘te The Rescwc% Cormlttae showed thet £ jor t
pern.od., of wibration the greator strengths are obtained uith =fiall
_i‘requencies oSpcci.aI!J.y at the lower wator—comon.t ratios but that the higher
'_i‘requqr}cy of 8,000 vibrations pér minute. fove greater strensths at the -
- G, Revihration” .
By revibf;tion is r;"lcant the distu;'baﬁce of the 'ha_"r‘dehing process or
the early hydrotion process of conerete o Some investi,{,rator;h clai;xl- that
revibration has been found to bo beneficial .rafhor th.:n detrimental ’
provided "t.hat the concrete is 2g2in b*ouuht bacl: to a plast::.c condition ,
Both the test age Mcll revibra‘tea_' specimens give the grectest
‘strength _incrce.sé and the optimun time for revibration eftér the initizl

(26) .
casting ave topies of much controversy . Butt et al -rerorted that

according to scame awthors the breaking down of a cement paste structure '

—

during its formntlon does not infTuende the hardened cement paste strensth.

sherply . Thig shows that the time of revibration should be before the

final setting of tho cement paste~.

Vollick reported the effect on 25~day s‘l_:ren,é;‘ch of _revibrétion at.
:' intervels of 1 to/ hours-aftér placing . Madizum s_treng;thl increase '
| resulting fron 1‘evib;s.tioi1 voried fron 8.5 percent to 17,1 percent end
-~ .
aVeraged 1/, percant i‘o:- the nizes'vith ymter-ceonent retios ralgipg from -
0.61 to 0. 75 . Tiodhuma strenith increcée of thc mives mth vater-cenent
'

ratios ronzins from O-J to 0.03 var 10& Jrom € 6,9 percent 'to 18.7 percent and

gvercged 13.7 rercont o ALY muciinam strength gains were obu.,:l.recz vhen—

]_8 . . ! ‘ ‘.n'

-lower woter—cenent rotios yhen vibration was prolonged to twelve minutes . - .

, However , the t;roelc do'm of 'tfho‘structur‘e_a.ftér setting lowers the. strength '

(4]

ra




\d-

revxbration wa.s carried out 2 hours after placing .

Sawyer ond h @ also studiod the ei'i'octr of delayed revn.bra’cion
on concre‘ce ’ uith and.- wlthout air en‘hrm.nment « The concrote was .
rovibrated after clelays renging from 45 minutes to 6 hours « The greatest |

increase in compressive strength of revxb"ated coicrete wag at 7 d.cys for

I the specMens vithout air entra::.:tn.ent ThlS incre se was appro;:imt;ely -3

~percont and occmfred »ﬂa.en‘rew'ryq.-braltion was carried out 'n.fter a 4 hours delaye.

The correspondin_':g increzses for the 28 and 90 days spccil.l‘nens vere 27 |

~ i:ercén} end 15 percep:t s Tespectiully , Thé-increasé in strength of thé air
—entrained specimens was abnro:-:i..mltely'h.ﬂf' of the non-'aiih-entra.‘i.n'ed at
each ‘best aue wlth the m:cu*m increﬁse in strength occurring vhen rev:.br;.—-

tion s carried out about 3 hours after casting . The mter—cemnnt I‘&tlo..- )

. used in t‘m non-air-entmined mims verled. frm 0,70 w0 .7'? and in the

T Sy - -
a:.r—entrained m.::e}s Var:.egi fraa O, 59 to 0.68 . Ba.st:.an reported . - /

~

increases in conpressive stmngth i‘o‘* cube specmens of 33% et 2 days , 27% /
at 3 days , 12." at 5 days a.nd 105 at 28 dqr., . The time of revibration was

4, hours mtnr(u)stmg in aJ_.. instapces.
25
I-Ii;renov rerrted that In.-olonued and repeatod v:.bratlon rasul%

in the éestructlon of initlaMy loose struture., and. :.n "the apremance of

nev , more conp..ct oned and can uccelerate the hmﬂcn:u:g_; end r.:u..,e }bhe 2/~

i

» hour strcnﬂ’hh(of) concrete by 10
: 3L

’ the lov voter~cement ratio rﬂ:.:e° and at tle 28-dzy test 2ge

.- .
Thomson ;ound thot revibration apresrs to be most effcotive in
b%; his

results for this technique were rather i.uconclusf:e . /

/
. F(22)
To date , taw theor:.e.a have’ bccn ad\ranceu b'r Sau;mr and Lee to

account for the mc"eas«_d conpressive strengt’ﬁg producccl by F‘ev:.br._ta.on . L

I

In the first theory -, it is bolaLved that t‘rxe nor;t.ar e.nd. conerete would be

19




more, densely consolidated , thereby permitting more edvantageous use of the
| hydration products . The sacoﬁd théor_'{ contends that the vibratory
disturbences in some uny eccelerate and exctend the prod.ucticn aIﬂ.oonsequ;
‘ently increase the a..lount £ the stnengthemng lmirates at ages up to 20
dogs « ~. p .

H, Curing . - : ‘ y i
Cur:m;; is one (t)ce rost inportont facfors affecting the perfomance
oD co“c:'"te « Curinzy is the nme given to precedures used for pramoting .

 the h.jdration of cenent , end consists of the contrel of tesperature ond of
noisture novement fron and into the concrete . liors specificzlly , the
object of curing is to keep. concrete saturated , or as necrly .saturated os
pos:.“b.le s wmtil the originelly vater—-£illed space in t...e fresh cenent

~ paste hos been filled o the desired extent by the m‘oductu of” h;,rdr'-tlon ‘
of cenent.. The nocessity for curing arises from the fact that hydration
Cof cemnt can iele n'.Lace only in the Iresence af woier o For this reason ,
a loss of water by evaporation Iron the c‘_oﬂlme., must be prevented o
Fur‘“lcmore » water lGat mtern.JJy b:,' scl.f-«":e.,lcc‘_tion has be- reaL.c;u
by water fron outsz.de . Both ‘hhe avajlaa..lity mter and the teaverature
are extrenely, mpor‘t_nt asoects of curing , perticularly wiih regard to
ecTly hlgh-.,trqngth d_evelop:mnt « Therefore , adeqw:tc; curing of concrete -
is cé;eﬁtiai in order to develop %o a high de,g:ee the c'igs:"_“::ble:proper"ties _
o;_“. concreve « 3 | | | | |

1, -1-11;_:_?117- and quinrr Te'u_'_g. rotore T ' .

J.e:-merature secns to'affect the h;;dmtlon anf hence develo*::.en‘tf -

s
stren-th in o eys « first there Ys the knowm effect of t.nremtur

en crg cheniecal rezetion 2 the rate o\ reaction ‘inerpasing. os the te:
v

crgtire incressc: . Touevar 5 o secozd focior r.ai;.' e that the t;.::e ok




:in:l.nenned ::3' the tenncrﬂhm r'_*-.u':a.nu th:.s ]:wdr"tmn Lowver teaperatres
r=y be cmﬁnm.ve to 2 befte.; Iydration orocuct or better plvs:l.cd. structure ,'
of the odoct o L '
}Zliegcr (0. re*aor‘bed -.‘.1..1: concre'bc m..de ulth type. TII cement at
_gan initial m ‘.zz:n*)er‘-hn'e of 120 F had a 1-&.3’ conpre sive strength |
.ll,Egoft‘mtaq.Bz homve.,atlyearthesh‘en'fﬂlofth,samcuncrete
was 815 of ..b.e'Bz stn.ze;th Hazﬂ.soshoundthatthare isacastmonnd
caing Yeperatare , . Wich =ay be cons:.dered. o;pu::nm vith regerd to the
altinele «trend..h developed o Sor Wne Iend XX cemnt.. this optirmm is .~
55F . ertraeIIIeenenttbeont::nmn,smF Atl, 3, cnd?d..ys,
congre .es‘*engﬁhs mcrewsddx.ﬁ.thanmmm in the mitml end eorly |
cur:nc, *'na..*ahne ‘af t‘ne concrete ; ‘Bowever 3 this increase :Ln initial, .l -
s cring t:::;e:‘atxz'es conmderah.i lovers $trengths at later ;zges «-The
.inc:e..sem ..bscm'mr-te::pcrahrefmm'mtolﬁi‘ speedsupthe chomieal
*eactious of lvcb*t:.on znd consequently increzse the ec.rly strength of
ceocrete withoul any :Jl—eﬁects on the later strenzth ; hm "VEr 5 & h:l.gher
teoperaicoe Sring plecing ond mtt:n;, s olthough it inereases the very
eaxly strenzih , =y adversely offect the strengta fron sbout 7 d=ys
(2 . . U
Pl'iC."_.f': shm-n:"‘ thot increasing the tc-npere.tm-e.during‘first ]
; *m kours after nmm; z:..i‘ec..a the develomment of stren;th “ concrote o
A higher trzmzrﬁ* "d:'.S Tomd ret'qu in o h:u:he. strength durn.ng.the
’ i‘-_rst:’.‘ev_t:::;:s 2 dul b::ond the aze of 1 to 4_1:::31:3 the s:.ttmt:.on‘ch.mged-
' 2. The Temerstre-Sine Arlztion

w' ~

a2

. o TE:e.sepr::.tc inTluences of tenperature ond tioe on strength

2,




eveloment of Portland ceriont products have been extensively- studied end

pt;rtcd since ‘tho garliest use of cemantfﬁttmpts to cxpress the

canbined ef:lects of tcr*por':*ure end tine as a s:.m;,lo function vere nads
&P A ) o (59) -

by Iurse, Seul ond Rastrup . + Thesé rclations eare basaa. on the

product oi‘\tcupcmtm-e wnd tine , “the procuct correspo.ld:.ng to & dezree

-of noturity of tho cerent paste or concxeto .

S The so—ca]‘.‘l.ed Hurse-Saul relation is the most generally cccepted

- . ~

- it tolkes the form

L :'::.2( C410 )AL

vhere - ' BT meturily factor . ,
A . o B > de;_frca centizrade -~
. ;‘. - tine ) N ‘ - L
I:ykan.on (&5 . has suggested ;:.rzo:‘xification of the IIurée-Saul t

function for t-c.merat\g'm bnlo th » namcly 5

' M= K (C¢15)At - o
shoro the \'(:03“ icicnt K varies from 0.2 to 0.4 depending on the cenent .
5 . .

Berphexrdt dcvcl?nesl o sinilex *nocl._ncution .
. ‘Beré,-'stro.ﬂ_ uced extenszive Amexicon ~an'l Buropean strength “

b3 ] -

date to support the peneral volidity of the lMwsc-Szul function , and

found very slight dispersion within the resulis , tvhich indicf(.rbc)s the
) N V)

good cuulta»n.vo cacractor of 'l.m_s Ii...u'lu‘lt” relat:.on . Lvso o

s

~ reported s*dlm good cerrelaticon . _ .
' +

The various forms of the matweity funetion have been discussed

extensively in the literotwe . : : ’
v » o . -

There is -caersld o men'.; that hc" taierctwe~tine formuileoe

. -

cre of v.,luo proviceld they rwe wsed with care o It is generally concet.ed

; however , that it fuils in accurccy db very ‘hi;h or very low -




tenmra‘bmc., . Saue feor is exprosscd n.n its uce at voarying uenpe“atureu .

It is regarded es a'taplicaole only to Por'tla.nd cenﬂn‘ts . i
licIntosh considers that the I‘urse—Saul function lends to

‘ ovc’aresfimate sirenzths at lovw ma‘c.ur:.tio., and undﬂrestunato then o.t high

] meturities . Hé cuzgeats that the time durisg vhich the concrotc is in

| thy, plastlc state showld not be includod in the celculations o

(21)
Klieger reported poor c(:or;:elation betireen strength ond
49) .
Tdegree~days "o Alexcnder and Teplin ° found "important systenatic

-

deviations" from the nmaturity rule .

3. Stonderd Moigt Curine

. The Importance of keeping concrcte saturated in order to att.in
greatest strength develomment Ims olrealy been enmas:.zod « The
recosnition of t}}i., hos led to the ¢eveloment of so=called standard
moist curing proccdure;s « Lhese requ.a.re that the test spec:mcn,, should be
- rexoved from the molds not less than 20 hours nor more than 48 hours h.atc**

" molding and stored in a nmoist condition.with free weter neintoined on oll

surfaces of the specimens at 21l time at a temperature wiihin the ranzo of
. - j _ . S
732 £ 3F un_ti.l the time of tosting . The concrete spocinens uswelly ave

stored in either moist air , or lime-irater . Curing with water has been

: .long recognized as the most sat_is;‘.‘aotory mothod .

LS

According to Saith et al continiaus moist—cwiring of the

I3

"couciete for at lecst 26 deys is necessary to develop compressive strenzth

in-excess o.f.‘ 10,000 psi et 90 doys . I{J.icgér (5) reportcd‘t'hat' for ?.o'.-.r
1mtcr,.hcc:;cn't ratio coneretes , it- is more necessary to sup;nly zdditional
water, during curin'f'?)tlmh 2?.1'1‘"2}10 case vith higher 1-rartér-ccnent'ra'bio:.
coneretes . Price shoved thut at the 60 doys oge cpnérota‘s;:eci*:ens
that had been canu_nuou_,__ ;- noist=cured showed hizher conpressive sirenzth

B
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thanm- umicse cwring haqbr:e......n wma Homm » htestsof
specinens -t e 90 dns 35 » la ’m:ﬁ RWdwr sthrancths for specmens
noist—cced to 283:xys and ﬁn:m.i‘ﬁbr stered In Lshoralory air o -

- Qeiger = rororted thnd the an.h‘.nl;t:y & zuring waler

during e first 2 howos peried in w..ish Ve tost &inders were in molds

.increcsed the strengtd of ol covereds o T using Sa‘!ma‘lted sggresate prior o

use , ond roading the top of &q&m;‘&ﬁ.@sm’t&c‘shng,he

found throt the strorstl of spoedrens wes 550 nel o 1000 psi greater st 28

days thon thad of cct:;x:r*h.\. soeciens wede W Ory apgrezeles ond cure:l
uwnder damd Wrlap o | ‘

4. LouwPressuxe Siogn Qoo

Low p:*e:d‘“'e Steen exing owens ewring Wik soivrated stem

v

-!.
-y

atmospheric pressue, ..ce*s::\:r:.‘\“ 2% Tomperetaes bblm:r AIF . The rimary

" bonefit of o messune sa._ =g 38 e T3id strength goln vhich it

jnperts to concrole mvivels o Howersr , oarinin Liilations mwust be
observed o the conenedx ¢ W :‘.‘:c::-\z:ﬁ relher Von domeliled Wy steaning
It hos deen ropested ‘:a::: ihmb@rtbrs et more than 603 of

: 3
the ::oi?t s:m*ec SS-doy stoenzil meyr Do odteimed In 22 hours .

18 . .
Honson C Yeyored cu\\*wassm s"qa.{;th oonerete In axwcess ol 2000

psi 18 hﬁura a‘.‘m cocting | ToSs ws abhont &%) of T the 28=3sy strer\,th of
stondoxd zeinsd-crel spoeinens o Rigrinwom (SB) indicated that mbout 305 .
of the 2000 rai 20-I-y st::c:;;@:. wms ovtnined wder 2L howrs oi‘ stea:* curing
and o sizhily hi-der poreenlise Toe D Jwr s“*o.\.,.h conerete o

B exxlicst Stroacl 3t ertel 3 Rusiig <a) Sexloon Q)
Tor concrots NWeck s xk 3 :.:;*s 2. Wis aze ey of the blocks Given
15 howrs ©f sloc iz &2 QC\‘T‘{‘-.‘.E"&SE-VQ: sha;;ths oI‘ 30 W §5 percent of

the 28 doy melst-cied strenih 3 howmwer 5, the st smemed Wodk hed been

-,




A\

' 1 T (12)
dra.ed to /D JRreent of tote absorptmn pr:.or to test . Sh:Ldeler

reported olmosiiidentical results on another study conducted at the
Portland Coment Assoc1¢_t.~on ltoratories o Hational Goncrete lasonry
Associa‘hion - .reported résu_.ts of cured hloa. »at temperatures ‘betwaen
: 13) 2nd 200 F for various p_I‘lCKL betveen 4 und 13 hours in nllants of

pexber canponies .. The 3=day Strenguh of sto..m—wred block renged {rom
5 to 9 nerce..‘xt of the 28-:1.4 strenzth of block noiﬂ'b—\.urod 1/ days end
. then air dried 14 days « A% precent , there is- pot }:‘et a generally -
accepled opinion concerning the optiram stean-curing cycle . The_efi'cct
ol veriations in the steon curiﬁg iacriods ‘on the optimum strenzth

doveloent will be discussed -in the following sections .

od :?rchﬁteS?ji\f_P;:ii.ad
~ Thgso—called re~stecring period is the period of delay
from the ti:-.e ol mixinT of t‘m concreve canpononts with water wntil the
anpl_..c:.tim of stornm o Durn.n,_, this :\er:.od some hydraticn of cement

occurs viich provides soae sb‘..bz.l:.ty to the procuct prior to e.:po.,ure to

stem
Szl  reported that the srength of concrete raised to

° ) N .
212 & in 2 howrs wes sbout ono<holf thot of conerete glven a slouv initial

G

A3 . .
teoperature rise o He sugzesicd that the concrete Should not reach a
° - ' . )
teopercare of X220 F for at least 2 howrs after casting end 212 F forpat

least 6 hours after casting o

3 ) (D‘) . o . ”
- - Shideler observed swolling and circunferential craci-
in- iz:,‘g*lil;acrs reised guidd, la:.S F and sho é_ed the adwult“n'e of a
‘ 3) ¢
deloy 'r.-eried wicr to steaning o Further tesis. . indiea tcd that o 3
hear ore=sicraing neriod wms desirable
. (15) oo _
I.._nc'o.u f coencleded that a pre-stexiingg pariod of zbout

-~

25
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.liou_:s pro‘duoed ooimm strength at all'aées «. The 28-day stean c&ed ’
streasths was about §0to 95% of the 28-&._3 moigk cured strenzth .

' Merritt end Johnscn 7 reported that ﬁe highor stean

| curing tc:.'.perﬂtures require longer dclq' perlod.. to prow.ce the maxiram
' strenzth . At 1 dny the grestest’ stren;th was obteined b;,r steaning e.‘h

:175 F a_té'-* a 3 hour dela,; At 28 days the hiahost strengths

?roduccd 1-ri.th'tenpcratm‘es of 125 and 190 T ai‘ter 6 ‘hours delay prior to
stosming ; they indicated zlso that &t all teuperaturos , the specinens
fiven a G—hour delay prior to steaning had the. best gein in strength
bcu.muntgldaytctu‘dtuo%d._ytg., | .

Chanberlin et 2l 3 found thot a deley of Z.to' 6 hours
‘prior to stesning , nroduced s “en;":.h 15 to /00 hlvhcr at age 224 hours
then vhen stesming wos stort ted irmidia vely alfter ths coucrete was ;l aced.

Butt et ol reported tiat the strencth of = concrete‘
ol 2 hours prc—ste:mg vas higher than th.e' szme céncrete of 4 hours
pre-stcc:.xihg « The opti:.*téﬂ tine of z pre-=stex _IIF of concretes mede fran
T ‘Portland co n..nt v‘_ried in the ranje of 2 to 10 howrs . They suzzested that
| the bezinning of setviing can be CQD..:lGD“cd as the- op»::.‘alu tire of .prc-

. -

stcaning . Kite ccoonts ( Ligh &xly stren{;th' cements ) allowed a shorter

v

pre—sieoiing neriod .

be Rate of Tenerabure Rise ' N
@) - . |
Seul . found. thal the best strengih resulis ere opteined

. N [ - L .
ot o rete of temperature rise of ehout 27 F 2lcng with a pre—-sierniny.

i rerioa of 3 to 4 hours o

‘ ' (1) - : -
Zznson indicated that a ruede of ienpersture rise of

' o N NS ' - ’ - AJ ‘ﬂ -

0 I per homr mroduced ontimm strcng;ta re"v_l'ts Hizher rales profuced

o skight :‘c"uctz.cn in sirensihs wiih zoe-s ~r.\.::..:_ns_; rericds of 3 aours or

LoIre.
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L 3

(20) . ' o
I-I'ango'bich found that varictions in the rate of

nperature rise within thc range of 12 to 1,8 F per hour had little -
offect on the co:1'Jr0"'_'"._va strength . ° . ‘ ‘ S
_ (26} | *
But et al fomd that o slou tcnneraturo rise prior
4o steaniing compensated for the ebsenca of prostegning . They-i‘ound.that
& quick terperature rise (up to 175 F) lod to = considersble loss of -
stren:;tﬁ « Thoy indicatncd thot "step-by-stop tenpereture rise "produced

no serious adverse effect on the gstrength .°

€. Hoxdirnm Te?'!TJO-I'O.'tlE‘O‘

(30) o -

Sevcr._l inves 'tors ho.\fe ‘L‘ouncl that the most

.

eifective re.aults are obtained whcn the concrete is cured at 2

ue:;lpertu‘-:e between 150 F and 180(1?5 IR :
1) N . -
Chorberlin et 21 ° found thet the 145 F produced

optimm strength resulis vith strengths slizhtly hisher thon those

obtainec(l \-:;'.th 130 F at eaxrly ages ond cque.l strength ot later ages o
13 o
Hanson indicated that a te:mc*a.hlre of 175 F gave hizhest stren f-tﬁ.,

elthou r'h this provided cnly a slizht adventege over those obizined at

lm n " ) ‘ . - . i - .
.. (15) : Lo _ . |
F Szul obtained nood resulis with concre‘tc terperatures

of 212 F vren this was :\.cmd only after 6 Lours of steoming
- (25) - _
Hironov et 21 rencrted that 705 of the stondard noist

cured conerete sirensth (of = concrete hoving g waterecoment rotio of 0.20)

o

ves cbioined vihien the ducation of isothermecl, stezning amounated to: 2t
20F -9 hours , =t 276 F - 5 hows , =ad ot 212 I' - / hours , respect~

ively . The cbsolute volue of nodmn Suren"'t.l 2% olev ated 'b*::“crﬂtl.re., ;

b

wzs less thaca that 2t lower teinmeratures oh stemn curing for the soze

go:icréte . | _ . : . -
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(26) s _
Butt et ol fomd that en inereased isothermnl

-

steaming period lowered sharnly’ the strenzth gain of o concﬂete. . TI“e
' l}i‘_,her the' isothernal tcmpcra‘hure » the'more st 5 the ﬂer in the
stronzth gein .

» ,
de Poriod of Tenrerptures Droo
By period of femPerature drop-is meant the pericd during
which the meximm tenperature of the concrete is louvered at a controlled:
rato to roon temperature o 7 oo
. o (28) o ‘ .
. -Budnikov et al found that the rate of toipgrature
\1
drop did nc(:t ;.n_"luence the strength of concreto . Hovcvar ’
52 :
Rem.,dori' . mdlcaterl that o sb.arp tenperaturae drop influvaneed the

strength of concrete um.ts a.t _early z(aue)s .
19 . )
. Kuenni.nu and Carlson renorted that the strcazth oi‘

JHE Ry

temperature . Roductiovla duo(to) f*o..J"mg genércllf vere leas than 155 o
- 53) .

On the contrary , Mensfiecld - reported soaliing gave hijiier strzngth

than constant pesizum :benr.\eratlwe at ages ‘excceding 28 hours . squliing -

did not cause & significond reduction in strength vhen teupcraiuce was

. o ‘
not perniited to drop faster then 5 F per hour .

Suzaesr of Pc:‘t' nt indines

The Droduc tion of .high atrenzth concre% ( both at ec 1~1:;; ond later

ezes ) requires the use of lower veter~cerzent ratios thon those f‘cnr*rall Ve

o

usad . Concrete proportioned using such lov water-cement rotios will &

"drier” ,"lurs!ﬁér", t;n'd less Mrorkable™ th.an usuzl , Consequently , the

_;ﬁxir;-_,", pl..;cim ’ .:md co:n;nacti;n proce:lures e:-.ploycd m.ll‘-r.ecd o bc

nodified in order %o achieve fully compacted hénogéneous concrete . It ic
) o .
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]

importont that vibration be prolonged enough to produce better compaction .

- Compaction of the coarse -particles dan not be grea’c.ly m‘UI‘OVcd 3 it seems

that thero is considorable scope for campaction of the c&nt particles s

even of the crystalline structure . Such co;npactmn would increase the

density of tensile bond end thus increase coheslon ; by analogy with soil

- mechanies , increased,compactiou would: elso increase internzl friction,.

. It is obvious that augrcg;.tes of hlgl}-enlsnlng utren th end of good

quality must be used. The use of crushed aggrege.tes of lov maximea size

seens. to produce higher strenzth concrete than gravel eggregates .

For high strength at early ages it appeors that i:igh—carly strength
cement should be used vhether curing is by stecn or standerd noist curing .

H:\.'-h-e'u:ly-s trenzth cene xont vith a high G35 coatent ( 50-60’5 } and a lou

- C3A content { 6-9% ) epverrs to be suitable for optmmn strength develoment.

Fly ash and other pozzol_ra.c materials have olten been used to renlace
10 to 307 of the Portland ccment in concrete mizes . It has been indicated
that by renlecine a s:ll percentage (10 to 205 ) of Portlond coﬁant with
fly ash , 2 significont increase in co*apresc;ive strenzth at lator ages con |

be obtc.:med However , 1t a appears that the offect of fly ash as o partial

| replace:ent of "cemont on the early—;strcngbh dev:alop:'.ent of stean "cured

spe‘c:i::ens has not been investigated .

Hater-reducing egents , br loYerinz the water requirenent for a given
o J A.J e q. -

consistency , oare noum to produce ineressed comprossive strensths . Some

.. x . . . . . - . . .
authorities claim thot the :r.ncreased cenprossive strength afforded by the

»

mtolw e_uc ing ageals is gre"ue'" then would be expected fron the c_.nou.lt of -

vater—reducolon produced . Tho effect of water—reducing agents on savly

ané leter zze strenjth duvelopmient hos ‘not been investizated for stecm

cured specimens o 4lso there is not uneninity on theis ei‘i‘ectiveness or on

.




|

b

. .
12 !

the perceatoge strength increases to be expected in noist cured: sISec:_ncﬁE".""'-----—-; -----

vy, ey,
5

. Lo
-~ . -

Revibration hzs been investigated as a means of increasing the

PR . ~ . N ' . - b
caorressive strensth of concrete of varicus classes Howcver 3 1ni‘omat10n

-on the ci‘i‘cc?i’,vms* of rev*’ ara.'blon on "uI‘Cng‘hll at -carly oges and v.r:d:h otea.n

“cured specizens is vcr; Lidted o0 0 o

.

‘Curing wroccdures have variable effects on the early ond later agoe

stz::dn;th developuent of concrotes ». Both the aveilzbility of water ond the

| temperoture ave extremely importent aspocts of curing , perticwlarly with
regerd to carl’;»" hizh-strenzth developent . Continuous or subsequent

(in th co«“se ol stcm—cm*n.nu ) noist-curing within spec:LLled termperature

llm.t.. seeas o produce increased str*ngth concrete . However s there is

not yet o gemerclly accepted opinion concerning the optimmm stean—cuzing

G.)
ACI Comittee 513 retoaended a .,tc 1 cwsing eycle for structurcl

Al

elenonts which n.ncludcs a mre-zgtecning period in efcess of three hours , o
h - —— - 2

: o : . S
teaperatmre rise rate of epproxinmately 40 F per hour and a nexdogn -
. N (-1 o . . -
teiperature of 120 to 175 T for a period of 12 to 13 howrs .

For the p*oc'h.cuion of Tn'eca.;t “re—.:tcer:cd concrete .w“uc‘u::es a

s o b i} "'ne*-"taro of 140 I or less ﬂhoulo. be used to mininize pre-.,tre.,s

losses Cue Lo tenerature drop .

The use of higlf ecxly strensth cenenis in the low woier—cenent ratios

5

range requives a2 shorter siueon awringy cycle .-

‘Hizher mosdns: tesgercatwre of stecn curdng lod to 2 grecter reduction

iz strenzth 2t later ozes as compeored with stondor

(=]
)

~oist curing .

'
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" Caspter IIT
EXETRTGENTAL ‘{.‘m:u. 1% 4D PRUCDOWES

The main purpose of this prograorme was to osiablish the effects of L

(2) revi o tion , (b) 2 wter-reducing agent =22 (¢) f1y ash ( 10 znd 20%
j as replacenent of c;__:aenfb y s on the strer:\;th dcvelo;rrént of cor;crete in
corzjlmct.{ogz 1ith lovw pressure stesn and roist curing o This wos dox:_Le
using the i‘og.loving nethods 3 ‘ :
(1) oderﬂtc los p*eSf'ure stean cu::u.rr Vith 2 orodimm t‘_’.’.‘.‘."ﬂrc.tll.;'.“a of
‘ 1!,0 » Tolloved ( 21-, hours after misxding ) by subsequent moist, curing ot
a ‘bemcr‘..‘ure 73427 . Tee mizes treated in this noomer gEL \ |

subsegrenily be colled Bsieon cired ni-es? .o
1 o

s (2) Hoist curln" vl \.-h initia2l nizing tom .-raﬁx:‘c ol 0 F to 85 F,

followed ( .'«2..r hours after nixing ) by subsezuent roist aring ot tempere~

' ture of 73 -l- 37 . The nixes trecied In #lds manmer will subsequently be
| - e 1 . " .

colled Mmoist cued mixest o . a

-

N A }fi:: Pro-o-tions

1.. UatnoLonent Ratio

Three n?':_baz.&cc:.z«:?nt ratios ( 0.;5 2 0.0 5 =nd 0.45 Ppeth ) - IO
were used with the noderzie siem curinz siethod . Oze voer—cement rotio
0f 0.0 "met? wes uscd with the moist C'u:'_.l._, rethold o

In the nites whore the vater _‘eaﬁcln;-_ a;fc:_.lt was used , the

> ( &7 weishi ) to give the scme ¢, - 3

2. Pereonte~~ of Somd to J.cml -1'--"01.%.3‘




In a1l mixes the percentage of sand to total ﬁgg‘regate was 505. ' "
. r4 , .
n ‘the prelininary experinentol work , three conerete mixes containing

308, 0% , cnd 507 send vere used o It was found thit the mixes vith 203

sa.nd produced nmore workable mixes with higher compressive strensths .

o
3. 'iﬁl?ﬁrer:e,té—(}mgcnt R;tio o
Ina]_l mixes tﬁc [;*e aate to cement ratio iwms 3. 5 s 1, ‘
A b; weight ) .t This ratio p*oduced noras vorkeble mizes wvith hi 'rhcr
.'_rc':lomproséivo ‘strengths thon did the concrote prog uced with aggregate-cenent ’

retios of 3.0 : 1 and 4.0 3 1 vhich were olso used in the prelfiinary

Prelmm:::. ‘tcsts using Lzke Ontario Type iII ccrent , Lake e
Onta ario Ty‘:c I and StlMaryts Tipe I cement showed the best resulis could '
be obtzined using the L:d:é‘Ontario Type IIL ceaent W Thig wes thercfore
the onl j ceent used in the pein body of th.c re..c‘_rch WOTK .

R Cosrse n'.'-;f're"-'auo

L]

The coarse .;.gg:r‘cuaue uscd in this prozrammie was Dunc‘.as Dolonite
( mesdones size 3/8 ) , conqor.::m\_, to AST! specifications for concretie

ezsresates . C 33 . . The Dundas egsregate was dried.in the oven for 24

: A : o_ .
i hours at a tenperoture of 2!_2 r , end then 1cft in jretel dnras to cool to
. rocz tenperature be.*.ore bo.Ln" used « The plysical 'OI‘O"DGl'th..- of {he Duadas

wd oporegate LSCd in this ProgrorTie nay ko 1-ound in Appendd xA.

The sond used was o well-greded natural sznd from the west pit

ot Poxris , Onterio , which meets 2371 specification | € 33, ¢ It wms

" - L
dried in the oven for 24 hours zt 2 temperature of 222 F , znd then left
Y . ' ’ .




- e . L |
in métal drums to’ cool. to room temperature before being ﬁécd « The pro-

pc'ri:.ies of the sznd used in this prb-;;rmme nay bte :@'oxme._:'in Appandix A,
f - ',i‘ ' '

" L Flv ash | ) ! "h

o Thc f1y. a.,h used in 'bhis pro-'rmno wos obta/mcrl t‘mou&n tho

cow:wsy of the Detroit 1“d_.son Conp,.n_{ 'y i‘ror" the entcn Clumel Pover

(

Plan‘t « The phJSlc:ﬂ. am:l chem.ca.l yroperties of 'bl/m fly ash ney be found
in fAppendix A. . . . / -

5. Hater-Raducer

A

The wvater reducin& a,fent used in tm.., PI'O"T...I"ZIC wvas a lignosul-.
, Phonic, zcid type adm..*ttu{? ’EEDA ) obt"_.nnd Iron U.R. Grg_cc znd Conpexy
of Gan\.ug. Lm:L‘tn,d Tnn reco*mended do sage of 6.5 ources ver 87.5 1bs oi‘
conent | a.; uced in 211 vater redt.cinu 'T.li.CC.a .

C. IAL"‘_H" Procoodure

A]J.‘ nixes were mrepared using a drum nizer - ( fimure 1 ) menufzetured
by Soiltes t Incor‘aoratec. of I} cubie foot apac1*" and roverd by a 1/3:
H.P. eleciric notor suitable foy 220 vo‘_!_.ts » 60 cycle , ead 3 phase AD ‘

operation’ s The conmerete wes mixed ceconding to ASTH specification G 192.

D. llovldin- sna thqction'

II:Lne 3 x 6 c_,rlinder., were moulded from each batch . The moulds rere.

Ploesd on the VIBGO T b'le V:.bmtor sho:n in i‘lgm'e 2 ( nodel U.S, L0 5 -

115 volis , 248 zmp. 10,000 ‘I.B.I' ) end vere not rewoved at ony tine

during t‘xe filling cnd tanping opert.t.t.ons . The concreto 1ms placed in

1 ~ v- -

i‘oﬁr dayers in the c'fln_m ers . Antl-clocﬂn.ae rotd’n on of t.m *1011..ds s
\
“followed dorinz the mouldinf' p Aftor each laycr Was Iﬂ.avd the co.lc”ete

was tamped with o trood-an r.allet ( fizure3 ). 10 timcn . The ..ﬂ.lz_ng

w

" bpreration tool appro::imatel:{ 10 minutes with occasional anti-_-cloc‘.-:w:i.se

=~

N\ ,_"33,




rotation of the noulds « Tho tnme(...nii tamping proccedure msed in the |
)y / |
. experirent were found oy Thonson to. zive the best results vZen working

kS
’

N N \ : N
with suchstiff mixes . The {i1led moulds were covered with wet turlap for .
2/ hours Tor noist cured specinens end 4 op 6 hours {prestecning periods)

for steon cured smeeimens .

<

E. derl "il ty

‘The wepliability of the batches ses estahlished using the flow tatle
test (i‘i;mrez,)‘. The test was concucted cecordeing to ASE] specii‘icaﬁon

C1z. .

F. Unit Hei~ht and Lir Content of Frech Concrete

K

These were nezsured using a Z x 6 meiel nmowld (fizure 2) . The colibre— ¢ h
=N

tion of the conta_ner was donc mth waier at laboratory. temperature of \’\i'(l\i
ZF . The nould was £i11ed 2t the swio tine as the other nine nowdds using -
the-.szme onperation of i‘illing end taapine . After f:lling R the veight of
i‘re..-.h concrete in the nould wes determined and 't.h‘e unit .ucight ard air
content vere eutah_luhed "cco*dlnﬂ' to .E.S"‘ *‘pccifi_catinn-. C 138 . Agy hatqhes
contzining more than 2% air were discarded . B 2 ' ‘ i

)

The specinens which were revibrated vera nlaced on the VIBGO teltle

G. Revibrotion

_v1br-=tor three hours: after m_,:mg The revibration was dome with oceasicaal
. anti-clocvise rotation of the moulds for tcn ninutes o
o - . ‘ ' ) -
-'H. C‘LB‘L: . . ) / . ) . ‘ .
l. Hoist curin~ . '

AThe nixing témperature ues held at 80 to u5 F . The rom fcl‘:ng:ra—
tvre dtu':u:'f' mizirg ves recéorded for e;.ch b,.tc.l Llter ncm_.f.h.nu 3
specimens woTe cove*'ed m.uh wet bu:-lan i‘or 2/ 4 1 hours then the spec.ums

vere re—oved from the stcel nouwlds-, loveled , and then pl._ced __n the watler




t:z.“k il -.’.n“' vere tnf'uad « Tha te.aperat\n-o the water in the t.anL. was
ElEat TBEST, o F ’

) G : ) '
2. “S¥e oine . ¢ ’
: . .

ATtexr mowdding , the specinens were covered with wet burldp fer
Lor6hcm:~s ( re-stexd 5 pericds ), gnd thon the u tburlapuasm soved

bgi'ore stezming | The metal bassd were recoved fram the noulds 30 ninutes A
B i ) -
before sizzaing , ond were ploked in the steon chmmber on a grating

shelf covered wiik wi Turl:p s shown in fisure (4) . The specimens

which were sleos cured with the teses of the moulds respved shoved hicher
stoenzths in. the r.:eli:_in::y nizes thon the speciiens withéut renoving
the tzses o The Jolloving siaon curing cycla was used in this programe .

v

F- Pw.h:i:::_*.:" Feriod ; - .

-

‘. Foxr ond six hoor’ nre-.atea'n.n\, reriods were used . Thesge

m&; mericls xTe cm;r-h%a choosen to naich m.th the recorr-end-

ticns of the A5T Coritiee A7 ?

3

-

‘b, '_-m-io:. C‘i‘(j"‘.““:'.-_-.lr‘f‘ ice . . !

It voo JETTSemlt io keep the rate of temperatiure rise

eoosiont hm.,;er » > rale of uc:mere.tm'e Tise wes coatrelled so as not

to exeeot LD',Z-“ J h&m‘ The ‘bcx:*v\r"tu:‘c rise froa (76 + 2%F) to (11.0 -i- 2 F)

Y
A}

- - ;
TES In arTaeTniely 4 hours . ‘ : .

- - The stemn wes contralled by chanzing the stesa pressure

exloning the ghzilor o Ta the first sidp the stemn nressure was coatrolled
. , p

- - ' = A

b 1 nsiz foo X howrs , then the pressure wes chenced to 2 psiz for 25

how=s o Tolle (&) shows ihe chumber teamperature fren the dinme of steon ming

_ N ) . , ° . )
TS W0 W regdireld Yemveratumre of WO F . Severel different rotes of
- - fi

. o . ‘
eperzive rise ( belvecn 1D ond 20 Ffhonr ) vere used in-the preliminary

b‘l

Irwesiirlion o A5 oo @ is 'shoim in iazbdle (2) . The rreljininzry results
. - H ‘\ . .




Tallle A

o

Stcaning Steat Chomber Stean Pressure
Tine Tenperature .
(rssning [\F3) (psin)
0:00 7% §2
0: 30 %+ 2
. 1.00
1:00 W5 +2 o
230 116 ¢ 2
T, 2100 125 ¢ 2
2:30 130 t2 ’ .
ko]
3:00 134 + 2 2.00
330 137+ 2 a
4200 102
Table B
Stezning Stean Chauber . ‘Steom Pressure
Tine « Temmorature . °
(hre3ning) = (°7) (psin).
P ooo 96 42 |
‘ 0.50
0: 30 86 ¢ 2 _
1:00 9% + 2 .
1:30 - 104 ¢ 2 .
. 1.00
2:00 11/ ¢ 2 .
1.50
2:30 123 ¢ 2
) 2.00
3:00 129 ¢ 2
' 2.50
3:20 135 ¢ 2 ‘
, 2,50
4300 170 ¢ 2 o |
% 36 :




+

showed that these slig:it chanses in the rates of temperdture rise were found

to have 1little offect on the ecn*ly-ponprassive strength of the concrote uRed.

c. FPoriod rt _119:-' irpm Tamerature

'Tlile cham'.dér tonperature was controlled at 1-4001-‘ for a peri_oa -
- of / hours . In ;prel’i_v.\.ina;f::,é studies , conérete spocinens wvere cured using
' stean duratz.onu of 4, 8 and l howrs at 11,01 . Those studie., showed no
SiCTlllflCJIl't diiferences in curly age strengths ; hanca it was decided to
use the i‘our hour stewing period for tho nain nro*r rmae of studies .

_d. Pariod of Temrerature Dron

At the end of the eisht hour steuning the apecinens were
left in the closed chaber to cool Tnc rate of tmuerature drop was
conirolled to give a dwop Ia ths tenrerature from l/-,O r °O F in abou‘b 8

hour during the night . Tile hmidity eiter 8 hovr.; wes found to be 95

| After & hours the spocinens were covered with wet burlap end left to cool
to '7u F in aoou:.b onc hour by sproying cold weter on the valls and’ celling-
of the curing chaaber . . o

- €. Subsocvent Hoist Curins o

Aftcr cooling Lo 76 F' s the s*ecmcnh. vere renoved Sron the
rioulds , labeled , end then nleced in the vatesr tzml: for subsccruent moist

/.
curing watil they were tested . Preld ininary tests. 51101.‘(3(1 that' the subseguent

" noist curing increased the stren;th develomment of the steamed concrete

I. Stew Curins Chobar

Stean curing wos accomnlished in o concrcte :ggc_. rog: lined with
! .

bituzinous matericl .. fhe roer hez cue h.to,,.a--mhu coor . The mtermr iz
oo and 80, hich o & steel grating shelf

approxdaaately 6 by 7 fteia oo

C .
25 by 6 £%. in oren cevercd with wet burlep: was placed insido the roon

'Y
+

&l oa AL-at of DRL, above the fleer.,

]




The stc..: was supnl:.cc Vg & ms m’bra;!bi Dipe of ome inch

dic et«ar ._::d 6 £33, l""“ 1c~:::.tao. y&

to the ) ot -..hn sco lewel 2s
setureted sir sroums the sxe

above the conlex

eIets o

TS t!m »ImL -4 fa::: ixed
W xix Jomend e:mﬂ.:hnn I the
a Uurramatse vas *lcca-ﬁ t‘.:rce inches

ol v shelfl e tz;{v::mtm ol '}.._":d specinens was

continvously mcozﬁm‘. Tren ovisiten Ty RTiANdy wes sparocdnately 100k

“inside the roon Sucing

n

stexing o IO shren presmme oubtering ihe chaiber

wes contmalled *"‘0“-\ ‘\,l't‘.: *ca..v\ o In :E::\?;:r*e . :

Ja C"'““‘QSS‘\'Q b‘“*“"'*“- Tesis

-

U:_oa o ‘.‘;:l_ci‘ Dy tost spooimess Dnak e wader 2% , Doy were

dry- ), were uzde o exch spocinens Im onder %O dwed

wiiformiter of the tosd

It red Dt Setemizaiisns { scburated surface-

o Tlose chedr on the

'vcc_‘}te::s «~ D3 mecians weme ool vith hish-

" compressive streazth { 10,000 52 ) sOEne aopaamd . T.“:ec specirens of

each oo vere ftesicd b codh Rt 2

were tested iz the satuscicl

~

i

- -
—. o Yyl . AT Dy 3
corneity Mrawtic tosiing maiine o TReline rooseelue wexe In

with A5T0 specificniion § X0
\ :

~= { 2,7 =3 23 Z3ps ) o The specinens
.*::.‘.:.hﬂ‘ enitiew W nsing 2 300,000 loc.
accordance

-»
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« Bigure 2 , Lo = Flow Table
. B -.5%el Alxr Meter , C - Vibrating Table
) . P - ‘ ¢ .
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. Figure 3 , A = Assedibled lNould
B - liculd Bzse , C — Rubber Huxeyr , D = Woodea Tanping llallet

® ‘.‘ : .

Y
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B - Ste

Pigure 5 , A - Theimozeter
o Pressure Gage , C -~ Romulating Valve




Chapter IV
DISCUSSIOH QF RESULTS - ]

The rcsul’c:_i.qf the exterinental progrc are presented in tables
1 through 13 , end are plotted in graphs 1 tirough 29 . The tahles of

L] j
resulis include ; wean strength values , stenderd deviations ,

* coefiicienta of varistion , percent higher or lower then stondord 3

L)

end indicate vhether or no‘o,“‘le d:‘.i‘i‘erences are statisticolly signilicont

"t the 0.....,:—, 15 ,- 55, end 105 lo'w}lu (c.g Ses- ,- yes 0.1 moans tha‘t the

-

difference 15 statistically simmificant at t‘lc 0.1 5 lcvel)
The (water-cement ratio) - (strenzth) rclationchips for all

nises are pfesexitcd in graphs 1 throygh 13 . Graphs 1 through 4 present

standard noist-cured nizps vergus stean~cured riixes with a pre-steciing

r

Teried of 6 hours . Graphs 5 throush § present standard noist-cured &

nines versus steom—cured nixes with a prest a;u.n._, period of 4 hours .

Graphs 9 through 13 precent steon-cured mixes with o prestesning period

of 6 nours versus steam—cured 'Iu.::es ith o preste: zning period of Z hours
: p re

The (a;;e) - (strensth) rela‘bionships are presented iz sraphs 14
throuzh 29 . Graghs 1/ 'Ehrough 17 present stendard ‘stc:::‘.-_-cured nixes
ﬁ.th o presteaning period of 6 hou u"s versus noist-cured mixes . Graphs
.lo 'tn,ro*~~:1 an proucﬁt ‘.01ut-carod mixes ver.n.s ste.d*--curcd nives with
pre"tcm ing periods of / end 6 hours . Graphs 23 throvgh 29 pro.:cnu a.
conparison of the strensth develomient of concretes subaecte.x to .

revibration end concretes containing aduixtures (uaw:. reducor ond {1y

sh)




; A. , Tha eflect of H ater-Comnont Rﬂtio.

streagth , graphs Q:'?tnrou\,h 13 .

‘As ‘ml.ltl be e.mecucd the nomal mtemcemant ratio strength
rclg.tlons]Lns held for ell mixes at a1l agos inves egatcdb, i.e,
for any gchn nix the lower the Vatcr-cc ment 1'at10 the hizher tﬁe

~

B. Ccmn".l‘lSO"l of ¥oist Curi rinzy ond Stecm Curinz

Tl'ie e:qmerment::l results i‘or r:lo:i.st-curcd nixos sho'.:ed consi.stentl}r

~

hlgalc“‘ cazpressive s‘brcn"tns than stce.n.-cmed nixes at all.ages (2.,.7. ,
and 28 doys) , gra*ms 1 through & . 4t the age of 2 de;,rs the moist cured
spccincns gave strengths 8 to 209 highor than .,tc'-‘* cured mixes ,';‘ITL'_lé ‘

at the ares of 7 and 28 days the no:.s% cured speciitenc rans sed fron 9 to

20 rercent hig;'.cr » CTrarh 18 .

While one would expect the moist curced specinens to produce hishor
strenzth at later azes the results.for the 2~Aoy tests ore rother

-

surprising , However , a number of factors moy hove contributed to these

reswlts , firstly , thc'l.:-.‘-‘o torv 1n which the nizes uere predored wn

. not tenneratuce coatrolled end during the tine hen these nixes wore,

S

node u*) the lab terperature uas 80 to 90 F , It is possibie.thot the heat .
D hpdeation during the ...:..Ut 24 hours could have resultzd in even hicher
concrete temperatures dvring thot poried clso it nust be recembered th.:‘

Tooe IIT C_!i;h Early Strencth) cer ont vag used .

C: The Effect of The Prostennin-~ Perlod

+

Fron tebles 8 through 10 ond ‘eraphs 9 ihwouzh 13 , it is seen”thot the

- Bl

6-hour presteciing period produced hi-her concreie sfrenzths thon’ the 2~
hour prestecaing . Specinmens subjected to "'r!c 6-hour p'r-c.,tc ning renged
from 0.5 to 9.05 hicher than for the shorier prestesting period . The beost

relative verforrence for the /=hour prestecninz was indicated for tze 105

-

'ty




. €.
o g ash nix (.ren‘wr;_‘b'\ ) 2t 2 ~ter—cenent rotio of O, 40 Hovever , in 211
‘cases e G-hour presteaning scesed’ to be more effective .
D. Bifect of Reyitrotion ‘ . e
The rovikreted oies proved pore effective 1n increasing the compress-
‘ive stren ;‘t of the hi-lLen water—conent i‘atios nizos (0.40 and 0./5) than
for the 10'; vuier—cozent ratic of 0.35 at 211 zpes , graphs , 1,5 R
12 . : ' Ty

The revibrated stecm-cured mixes produced stren;th values renging

frea 15 2o 155 hizher then for, stondord stegr-cired nixes, "T‘_.ph.a 1 and 5.

Sinilioxls , the rcv...a:: d moist cured mixes (at 2 *.r:rtcr—cez*-.cm ratio or - -
0./0) Folu t=enzths betueen 55: and 183 h::.gher than the standerd

moist—cored nives at 211 eges , groph 14 o

E, . B act oF J:‘\.M'J’.cu‘c"‘" P o‘rt.

c:-.rl;' H_,cs (2 ané 7 &3' 5) , the nixes contod ing the un mCI‘-"‘C.J.LC.Ln"'

cZsxsiare ;rovcd ore elficctive in increasing e cémprescive strenzih at

th higher woier—cenend ratios of 0.40 and 0.45 , thon for the lover voter-
cerent rotio 0l.0.35 , f"raphs 2,6, mdl15, Jie steoa cured nizes ¢

ccnt:.:_nm'* ih2 "ﬂtor ‘f‘ehuc._.l_: agent shousd Suren\_,uh leve”‘s ronzing from 55

to 193, !n:‘mr then {hé stondord stecn-cured nixes s ot tbe hirsher wator-
.ceend rzilos of O.I,O J1:1 0.45 encl a2t the corly ages (,—_ ’ md 7 day.,) -

'At the 2¢ of 287 r..a;,'s » the increase in s verg,r—ths v-:mr*ecl bet een 3‘3 and 9,'3, —

grepls 2, end 6

- ’

At 2 .r::"c.cr?e::cnt rotio of Q.25 » the sicom~cured nizes vith 6 hours s
prectessiing gove higher strex;gths (betieén 3% and 9) , than the stendard

noist~cu-ad nizes at the ege of 2 d::;;s » oraph 2 .

. Thr.- st md wizes showed lower strengtihs (b"‘b*'ccn 35 and 13) 7,

than the s»;.n.u:_.. :oi&ufclmed*ni}:es ot the c{,—‘ert_ai' 26 doys , graph 27

. L




A‘h a water—ccment retio of 0.40 the noist-cured nixes conta:l.n_no
the. ..ratcr reducer produced o hicher sirenzth (of §7) at the 7—dz=‘7 age
only . At the 2 ond 25-A:y agzes the strength cifferences were
insignificent . gr;.ph 15 .. |

F., The ETfect of F1-- Ash ) .

The ex -"-*enuel restlis "or: ke {1y esh mites shoved congistently

lower con;:rcnsme @"-n"t‘m then the s..‘nd._r:i rmne., a2t eaxly azes , the
4

-

lovest strengths being mroduced by the mives ccmta:_nm 20.? fiy "ash as a
bs - e ' . . ’

pariizl replaczient ol ezent., grephs 4, 8 ’ and 17 . T

m.en stecrcuzed nixes coataining 1075 1% ash were subjected to

revil r vicn , these mites showed hl“"'L_,"" conpressive strensths , than the.

sta.nn.;r-l sieo—oured nizes ot hiz T m‘t *-cc:_ent rztios of 0.40 and 0.:;5 )

A

un:‘xc.u..hc:'-f'csoi'?a;:d&-a;s,graphsB,and?. '
v the oge of 25 doys , the nizes contain:i_n" 105 i‘ly ash shoied a
slight incre=zse in sirensth or cqv:’_. stre.b «a to tna stidnderd nises for a

water-caient ratio of 0.35 , groshs 3, 7 ’ axd 16 .

s
J

G. Cororison of Blfeet of ?.c*vibr:z'.hion 2ot Adni-heres

| Fron gremhs 23 throush 20 , both the mives centaining wmter reducing
agent cnd the xizes sebjecied to revibrotian vx.-oduwd hizher .Jurenfrthu at
21l ores then the nises con«:ingg 105 1y zsh . )

At early oges (2 end 7 dogs) the revibrated mises zppear to procuce

slightly hizler stoonzihs thon the —ives containing the water—reducing
at the low'imter—comert ratio of 0.35 for siean cured-smecizens o Cn
the controx- , ts.: sitantion was reversed "t a h_.ch waler—conent ratio of
0./5 « In this cusnpt the 22 of 25 doys , both :ni_ms sho 'ed no ‘siznificant

difference in strenzih , sconhs 23 Wrovzh 26 . .

At 2 wwior-ccoent rotio of 0440 , the rev::.or‘:bcd nives produced hizker




. . . -
-
¢ ) . . . . . !
.

i ‘ : . .
. strength than the nixes. con“baiﬁing the water reducing agents at all ages
(2, 7, end 28 days) for moist cured specimens , graph 29 .
- N ('? . D
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Deleterious pc.rticles: " Sof% ::arl 'énd.ironstcmcs

" Particles suspectod of being del
'  1imonitic calearcous

‘Pcr;ccnt -

Good particles. 977
Fair pa.i'ticl.eAs -8
Poor particles i 1.5

e R X
Chemcol Quzil‘:-".tz
Innocuous parti(‘lea %.1
Deleter:.ous (?) particles 2,0
Dele’pcr:.ous part:.cles B " 1,9
| i 1000
Harmful particles 48

+

chlori‘bc)

® " 4n limonite. 2

o, 4

Per Cent .
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Appendix A

TABLE IV- = . ER L

t "y

Physical Properties and Chemical Components of
Fly Ash from Trenton Channel Power Plant

Physical Properties

1, Specific gravity. . : _ 2.15
2.%  Specific surface, sq cm per. g 3080 .
3.7 . Mean particle diameter, microns " 9.1 : J
4.%% - Density (loose), 1b per cu ft 49.70° ' .
5. Percent retained on No. 325 Sieve (wet sieving)20.1 ¥ ' R
6. Percent retained on No, .4) Sieve (dry sieving) 0.09 I .
7. Percent passing No. 200 Sieve (dry ‘sieving) . 85.9
8.%*% Microparticle size analysis, percent finer than:

‘ 20 microns = ‘ . 58

10 nicrons e ‘ ' . 38
. "*_5 microns ' o - 22 ' e ‘

9, . Moisture, percent . 0.07 - L9
10. _ Loss on ignition, percent . o S
11.- pH S f

o

. Chemicnl Components, berccnt.of dry weight

A, Spectfograpﬁic analysis
- " 1. . sS40 '
N . "2. Fea

~ sl o T
~ 4. cabd ‘ : |
5. Mgo . .
6. Ti0, ° :
T -Naaa ] '
80- 52. 'l p
B. " Chemical anglisis*
1. Si0 _ 1 - 50.4
e 2. FeyUg . o ' 8.4 '
e . 3. A0y u 31,4
) - 4, Carbdn ’ BERRETLL
. 5. S0, . ‘ 0.44
¢ ' a ) .

_ Blain‘A1r4permenb111ty‘Appnratué
A%  Scott Volumeter _ . | N o
‘wka Bahco Microparticle Classifier. 105 s 5 S

BUN L T e e Y A A
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Test Date of Stoa-Cured Hiixes
(Votor-Cenent Ratio: 0, 35) :

. S A K '
Tyye of | Presteening oo le"'). Cmnres*ivc Laad ( lbs_) :
T Hix . Period{iour) ot _laxmr 2 days | 7 day.. 23 éeys
f g 78100 | 55000 : 63750
| =79 - L7700 | 56500 55500
Fly Ash | 6 | - L8400 58500 69000
05 ¥ . 48200 | 57200 | 6700 .
~ogo JT500 | 57/00 70300 . .
K 48200 58600 68200
- /8000 53500 | 70500
o . - 8l 48300 54000 96250
Fly Ash L - 47600 55500 65000
10% o - 46100 53300 66200
9 [ 49600 | 56700 67300
"' 4T | 52400 | 69800
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- 82 LIH00 - § 48500 66500
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Fly Ash 6 " © 45900 51750 v | - 66750
L2085 ) -85 45300 29100 68100
A ° 14500 50800 67.00
’ : N . /0000 | 0900% f. 62250 ..
o - 83 42500 16900 62000
Fly Ash -, - 0750 | 44600 | 62250
205 . . 1500 | 46600 63750 -
86 1 42300 18700 62500
| 11700 | 2855 6000
3y Ash 100 o
Reviltrat- -
-' ion -
"1y Ash 107 .
‘Revibrat®
ion"
' E © % Rejocted -
, o | *;—"‘ | ‘ / ) .
108,
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— — T - ‘ » ‘ L
Test Date of Stoawn-Cured lixes . |
(Weter-Ceuent Ratloip, 457 '
Type of |- Predtconing ~| Roon Téz:p.‘ ' Commressive Loz g (1bs )
¥iix ~| - Pericd(lour) | . at kizxing 2 deys | 7 deys | 26 deys
| % 3375 | 41700 " 52000
Simndard | 6 - 33150 33600- 52100
' ' o] 34200 39600 - 53250
78 34100 38900 50100 -
32500 | 40550 51800
o - 33300 | 41300 51700
' o - 78 32750 }..39200 48/00
Stoaderd | gA 33500 41700 49700
- R 3800 | 40200 50950
- T 32650 39900 | 49200
) o 32900 L1500 18750
) . _
- 35300...% 243500 55150,
T 35700 | 42200 55100 ¢
Revibrot- 6 35200 | 22600 | . 55700
- iom ‘ ' 37900 L3700 | 54600
82 37200 L4200 55900
%e00 | 42900 | 55200
: /3 1 73000 | 55000 - |
. ' 76 A 38200 41600 ) 53700
Revibrat—~ A 37700 22200 ° 5900
fon - 35250 | 71900 | 5300
1 8L 3700 | . 43400 53900
30100, | 42300 | 55100
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Reducer ' w S 4100 - 14500 55500
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' || m
Hat L 200 12100
R;duup.czr- : 4 39100 L3700 50250
' ™ 39600 | . 42200 52750
37600 LL200 54600
’ W R.e;}ectacl‘ )




APPEIDIX B

Test Data of Stoom-Cured Mixes
(Weter-Cenient Retio: 0.45)

" Tyve of Presiecaing ROCL'.I" Tempe : Co;mrc;:-:.si..ve Lood { 1bs )
Hix Period(tiour). | atMixing | 2days | 7 deys 23 days
. E - .
. 29200 36500 LEE00
- 79 20500 37000 L7500
Fly Ach 6 30570 - 37500° L8100
10; % T 25006 33/00 29900
: o 30600 | p6300 | 47800
20100 | 3700 o 48300
g - 27200 1 35000 45200
\ - 8 27600 34200 43500
Fly Ach 4 ¥ | o260 | 34000 | 44000
13 5 : 20100 35100 L6L00
‘ \ &0 27300. | 36200 | 45900
a 22900 "35700 !.1,21)0 _
S .. ] 2507 200 74000
: 79 ~ -} 25200 | 33200 15150
Fly Ash o - 25700 | 32200 13250
205 ) s e 25000 | 33600 15200
o e S 75 26200 33900 | 44200
/ | 27300 | 3300 |- 44700
oL ..-..'-. 20000 - | 3000 L1750
' 8l ! 2/690 20350 . 1600
'“1.r Ash 4 v} 25200 0500 13050
205 o 25600 31300 2200
7% 25700 | 32200 | 42600
V. § 25200 | 3500 | 44300
T 33500 | 39900 | 54300
g6 32600 | 41600 53750
Fly Ash 6 - 31200. | 42800 53250
103, {. C 32300 10500 | 52000
Revibretd - ' g3 . | 320600 42000 53600
ion | 34600 |, 4400 ‘5,5600,
| 30600 | 30800 | ¢ 49300
v Es | | aR
‘Fly Ash . - 33200 39400
{or; .4- - 31100 39400 552238
8L 32300 20000 000
Re‘:ﬁ‘_ﬂ,t' - | 3200 | 3970 51300
- s o \




. | APPEDX B v
’ I i = ] '._ P . .
Test Data. of "oist—-Cm'ed 2ab st ' '
) (Ua‘tcrh(}enent R..tio' 0.35) - '
S\\ . ' ) 7 T,
Type of. | Roca Tezp. Co.'z‘gn_:essive Load {( 13s )
1z at Mixing ~2days .. Tdxggs . 2.6&5s.
1 570 0000 . &0
- R S - - 56250 71750 70000%
Stendord . 5500 . 70750 &0 -
| - S | sm00 - 69000 77200
83 57250 70000 79700
58750 . 68750 81200
- Test Deta of Eoist-Cured Hizes
\ ( Water-Cement Ratdo: 0.1,5) ‘
Type of " .Roca Teqtp. . Coorressive Loed ( "‘:b\)
i © ot ixing 2 dmge . 7 s - 26255
80 33900 - £3100 57000
Standerd ' | 37200 . 2O 58250
: . ... | 349007 £5620 . 55500
, 1 ) 35500 12500 - 5575
34300 13200 - 56250
) 7 ' ¥ Acjectol
" .
o ) W
. /‘ R /
# ° o+
. us
-




APFEDIX B .
S Test Deta of loistecured Mises
) “ ( Hader—Ceuent Ratio:0,40)
(_/_ ' . ’ . a - . . . P . B - - "(-- s -
Type of . Roanx Teape Cermressive Lopd (( 1bs ) i
i at iixing . 2 days 7 éoys . 28 dags
- L 15600 55000 . 67150
D 79 4,59C0 53830 65500
Stendard L7500 - 50700 66250
| . 36900%  -5L750 1 TL750
80 50500 56000 70750
' . 50750 53750 71000
. ... . .| - 50900 . .. 6430 ° TIR00 ..
72 52200 63250 72750
Revivraticn - 52700 . 64500 - 72000
: 50300 63300 72500
o 73 51000 61500 71250
/ . . 50200 625:03 72000
‘ 2900 ... o R
. ) - 51800 . 61500 = 66000
Water - 219900 53000 62000
Reducer N 15600 57750 . 67250
I a 25600 57750 65500
; 16300 56500 68250 -
. "L350 55750 . 69000 -
77 © 41800 56000 - 69600
'Fly Ash . 12700 55250 68/00
105 3 20600 50250 67750
- 78 38500 50000 67500
: - 35800 51750 68200
. 35,,;‘82; L7250 23?5503 .
7 3 48250
' Fly hsh 37000 ©LER50 60750
q0 D S
74, 33400
L Jo00 470 510 ¢
........ , ... ..% Rejected
A
- 114
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In Iiovéza'm:." s 1965 , he wor "‘cd at 'L’uo i3 n_:‘;ﬂ‘ary of s

<" VITi AUGTORIS

. : /- ’ " | . a . '
Cnor Ah::cd_El-Zoih wag. bexn In Gaza Polestine , on ligy

L_-. 19/,3 .

1

In Scpuc:"r‘er ’ 19/9 he entered Gaze Colle'fe ’ mcre
he obtcined his elenentary ccuc\.,tmn .
In Septe :n‘ber s 1953 , he cnrol..ed; at Ir.u. oo.- Pra i:aratory

School , there he obtained his m:'emm.tor' education .
I’a Sc,.mc...o\.r, 1957 4 he enrclled ot Palestine Seconf.l—
ooy Bchocl hanve hn ott.::.ncu his eco*u""r" educauj.on )

In Scp’oc:*.ber , 1960 , he enrolled at tho }Tm.wr.,:. 7 of

" Coiro , Yeovlt of En;.‘_ncermg ; .n Jux19 » 1955 , ke

was credvated fron th Univercity of G.::L:.“O uith a"

2]

Bzeholor of Civil "'hf':.nncruy, Degne .

-

Public Vorlzs 5 Kwminit 5 as -Struc‘o‘-.ﬂrr._.\‘?l\flgineér .
] - .

In Scp‘oc:.me{, 1967 ,' he crrolled at the Univ::z‘s:‘.tj: ol
II:.nL..,or in order to obtein tT c.eg'eo o:l'.' faster of

Anlied .::c...cnce in Civil En"mccr...n .

1ns.
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