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CURING 01 PORTLAND CEMENT CONCRETE 

I . GENERAL 

The term "curing" of concrete deals with the processes or methods 

of care and attendance to promote and aid the hydration of the cement 

in concrete . There has been much research and many papers have been 

written on this subject . A large number of English references on the 

curing of concrete have been reviewed and a general discussion concern-

!ng the chemical and physical aspects of curing concrete is presented 

with the objective of determining how concrete may best be cured. how 

much curing is needed and when curing should be initiated . Unfortu-

nately there is no simple str ightforward answer to these questions , 

but when the basic chemical . d physical aspects of curing concrete are 

understood, more definite practical recommendations can be made for 

specific situations . In general, the subject of curing of concrete 

should concern itself with everything that happens to a batch of con-

crete f rom the time the mixing water is added s ince the physico-chemi• 

cal process of hydrating cement begin at this time • 

II . PHYSICO-CHEMICAL ASPECTS OP CUlliNG 

Important Chemical Compounds 

Blanks and Kennedy { )* define Portland cement as the product ob-

tained by pulverizing clinker consisttng essentially of hydraulic calcium 

silicates and aluminates . These finely pulverized calcium silicates and 

* Numbers in parenthesis refer to corresponding items in the Bi b­
liography. 



aluminates are highly reactive and combine readi ly with water to form a 

paste, which in a matter of time hardens to f orm a strong, dense, arti-

ficial stone . Concrete , of course, is a conglomerate stone composed 

of aggregate bonded together by the hardened paste. This hardening pro-

cess of the paste i a highly complex chemi cal reaction which depends on 

moisture , heat, time and t he qualitative and quantitative chemical com• 

position of the cement . The exact nature of these reactions and the 

composition of the hydrated compounds is very controversial; however , a 

brief sWlll\8ry of the present consensu of opinion is given be low . The 

most significant compounds in cement which affect its trength properties 

after h rdening are tricalcium silic te (3Ca0 • 5102), dicalcium silicate 

(2Ca0 • 5i02 and tricaleium a luminate (3Ca0 • Al203) . 

At present there are two theories which describe the "setting" and 

hardening of portlano cement. The first is t e crystalline theory and 

ascribes the development of strength to the growth of interlocking cry-

stals. The second and more popular t eory considers the cement paste 

to be a supersatur ated so lution of hydrated compounds which eventually 

coagulates to form an amorphous mass called .&!ti· It is generally agreed, 

that both of these theories apply to portland cement . Under normal curing 

at air temperature th ear ly strength and "fina l set" of cement is usually 

attributed to the crystalline products of hydrat d t r icalcium aluminate 

(3Ca0 • At2o3) . The continual strength gain and the greater portion of 

strength is usu lly attributed to th.e formation of amorphous hydrates 

by the t ricalcillfd and dicalr.ium nilicates. \lCaO • 5102 and 2Ca0 • Si02 . 

respectively) in accordance with the ge l theory . 



l:lydr -tion and Hydro lysis 

Wb n water is f irst added to portland cement the tricalcium alumi-

nates (3Ca0 • Al203) and silicates (3Ca0 ~ sto
2

) begin to react immedi• 

ately . The tricalcium silicate breaks down (hydrolyzes) to form more 

dicalcium silicate (2Ca0 , sto2) and releases calcium hydroxide Ca(OH) 2 

which dissolves in the uncombined or f ree water . When thi solution be• 

comes supersaturated, the calcium hydroxide begins to precipitate out as 

crysta l s and this builds up a semi•ridge crystalline structure v.hi~h 

causes the 11initial set" of concrete. During this same p riod of time 

the tricalc:ium aluminate is also hydrating and forming luminate cry-

stals 't.ffiich build up more gradually (if properly retarded by gypsum, 

CaS04 • 2H20) to produce the "final et" in the c nt . 

After the initial and f ina l set the rate of reaction in the cement 

is lowed down . However, the dicaleium silicate origin lly present in 

the cement and that resulting from the hydrolysis of the tricaleium 

silicates continues to combine with water to form amorphous compounds . 

These amorphous compound form a supersaturated solution in the water-

filled voids of the capillaries and eventual ly coagulate to form a mass 

called gel . This gel is usually con idered to account for the greater 

portion of concrete strength . 

Exposure Conditions 

As !n any che !cal reaction, the conditions of the atmosphere in 

which the reaction ts taking place h s an extremely important influenc 

on the fin 1 chemical product . The most important variables here are the 
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moisture and temperature conditions . From the preceding discussion it 

can be seen that water is necessary for the curing (hydration) of tbe 

cement. As soon as the cement is deprived of certain amount of its 

water no fu.t"ther s.ignificant hardening of the paste can be realized ( see. 

Figure 1) . Concrete can be rejuvenated by re-saturating it with water , 

but this is usually extremely di fficult ( tf not impossible) to accom­

plish. T. C. Powers ( ) indicates t at t minimum amount of water 

requir. d to bring cem0nt to its ulti te egr e of hydration is about 

0,44 grams f w ter per gram of cement, plus the curing water that must 

be added tg k ep the paste saturat d . 

must .be .kerat saturated because hydra ion products can only form n the 

\1ater-filled capillarie in th pa te ; imply sa ling concrete against 

evapor tion ( as in membrane curing) will not ssure full hydration 

since cement paste is self-desiccat ng, that is , it use 

the capillary water and this st be replaced for max 

Even storing samples in water vapor will not aesure maxi 

up some of 

hydration . 

hydr tion. 

because some water will usu lly evaporat ven under these conditions 

and certain eapillat"ies will become ·emptied . Several common conditions 

which can cause concrete to be deprived of its capillary water are ae 

follows: 

( 1. ) Self·desiceation of cement p. ste sealed against evaporation 

(as in membrane curing) . 

(2. ) Normal evaporation at room temperature when exposed to dry 

OT even moist air . 

(3 . ) lvaporation or boiling when exposed to bigb temperatures 

and/or low pTessures ( as tn improperly controlled steam 

.. 4 -
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curing , see Figure 2) . 

(4 . ) Fre zin f t e ate in t e concrete . 

Once hydration is completed Carlson ( ) points out that ater i no 

lon er neede , however th trength of concrete ill be re ced by dry­

ing bee use f int rnal stre.,ses produce in the gel by its shrinkage 

whi l e the ot er co stituents o not shrink . 

Tb te perature of the atmosp ere h s ignificant 1 f l uence on 

t e rate of t e ce nt re~etio • urse ( ) and Bergstrom ( ) indi-

cate tha t e unt of hydration s unction of the prod ct o the 

curing te ~ratur time the exposure t · ( sually expressed in degree­

hours) . The curing temperature can inf uenc the seq nee in w icb the 

chemic 1 prod ct are formed ell a t eir ch r cter, and consequent l y 

the final tructure of t he crystalline-gel s is affec ted . As an ex• 

ample , Blanks and Kennedy ( ) point o t t t when concret i exposed 

t o hi&Q temper tur s during tne f~r~t 4 our , ( s cb a in team curing) 

th hydrated tricalcium eilic tes ( 3Ca0 • Si02) al o form/cry talline 

products which supplement those of t e tricalci alumi nate and it too 

contributes to the early str ength and setting of t e cement . This effec t 

of temperature on t e structure of t crystall ine- gel mass can explain 

to some extent why the chanic l properties of concrete cured at hi 

temperatures will never be the same s those of concrete cured at room 

t mperatures even after both ave c ieved complete hydration chemicall y 

peaking . This point i further illustrated by the ff.Adings of steam 

curing ree rcbers such as r ice ( ) and Shideler :md Chamberlin ( ) 

who conclude th t ile st am curi g ccelerated the early strengt h 

dev lopment in concrete it u ually h d an adver e effect upon the 
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compressive strengtb at 28 days when compared with specimens continously 

fag curd <see Figu~es 9 and 10) . 

s a cO'JlClusion to this brief discussion of the physico-chemical 

aspects of curing concret , it can be said that explanations to some of 

the apparent disagreements in the test results of various investig tors 

of concrete and in the concrete construction experiences of various 

engineer often lies in the vari ble structure of the crystalline~gel 

mass as affect.ed by different cements (chemically), different tempera­

ture nd moisture conditions of curing, and different mixing tempera­

tures. 

III • I.MPO TANT PHYSICAL PROPDTI.BS OP' CEMENT PASTE, AGGREGATE AND OONCRBTE 

Two of the most obvious deficiencies of improperly cured concrete 

are usually inadequate strength (compressive and tensile) nd durability . 

The durability of concrete depends upon its ability to r sist chemical 

attack and to a large extent its tensile strength, tnce mechanical 

deterioration is a process of cracking and spalU.ng resulting from ten­

sile stress s and cracks induced by heating and cooling, freezing and 

thmv-ing, wetting and drying, abrasion, etc . Consequently, it is desir­

able at this point to consider certain of tb.e contr ting incompatible 

physical properties of cement paste and aggregate which combine to make 

up the properties of concrete . 

- 8 .. 



The following table compares s typical values as follows: 

Siliceous Aggregate Cement Past.e Concrete 28 
Particles 28 day.w/c··~5 day w/c=.5 

Compre sive Str ., psi 
Tensile Str ., psi 
Modulus of Elasticity, psi 
Drying Shrinkage, in/ in 
Coef . of Expansion, 1n/ in·O, 

30,000 
3,000 

12,000,000 
O.OOOO(mil) 
0 .0000061 

5 ,.000 
550 

2, 000,000 
0 .00600 
0 . 0000065 

3, 000 
275 

4,500, 000 
0 .00060 
0 .0000065 

Of particular interest are the relatively low tensile stren&th and the 

relatively large hrinkage value for the cement pa te and t e concrete 

s a whole, Both th compressive and tensile strength of the c. nt 

paste are a direct function of the curing which is dependent upon moisture, 

temperature and titne . Anything that will induce tensile stre ees in the 

cement paste (particularly t early ages) t will usually produce severe 

cracking in th pa te and concr te . Blakey and Beresford ( ) have 

classified o of these cracks as follows: (1) prehardening crack 

caus d by settlement of the plastic cement p te around rigid ob tacles 

such as reinforcing bars or large pf.eces of aggregate, (2) shrink ge 

cracks in the matrix caused by the embedded rigid particles of aggregate 

and r inforcing which resist or rest:r in the shrinkage of and produce 

tensile stresses in the c~nt paste , (3) cracking due to externally 

applied load, and (4) shrinkage erack caused by tensile stresses on 

the surface of concrete when the surface begins to dry and shrink while 

the inte~ior concrete remai~s mpi~~ and dimensionally constant. In ddi· 

tion to these ,. rapid cooling of the exposed surface of "green" concrete 

causes it to contraet while the arm interior remains expanded or of 

constant dimension and th1 too induces tensile stresses and sometime 

cracks in the surface. 

- 9 .. 



I • PLACI G fl I RING CONCRETE 

Placing and f inishing of concrete re two operations ich . ave an 

eletremely import~t effect on the final quality of portland cement con­

c~ete, So~ o£ th~ ~ignificant factor in these initial curing opera· 

tiona are the t em erature, timing and p.rocedures used in placing and 

finishing . Klieger ( ) concluded t at there is a temperature during 

the early life of concrete (including mixing, placing. and fint hing) 

which may be considered opti with teg rd to strength at later ages 

(see igures 3 thru 6) . He found that the l, 3 and 7 day strengths in­

crease with an increase in initial and curing temperature, owever, lower 

strengths resul ted at 3 months and 1 year. On the other and, concret 

placed and cur d at low temper ture (as low as 25° F . ) while showing 

lcn-1er .,.trengths t early ages, show gre ter strengths at later ages. It 

can also be se n from Figure 3 and 4 that low mixing and pl cing tempera• 

ture all lower water-cement ratios to be u ed. These conclusions 

were further substantiated by Ti 

figure 7) . 

and Withey ( ) and Price ( ) ( see 

Swayze ( ) found t _ t th timing and method of finishing had a 

pronounced effect on the durability of concrete . The concrete should be 

well consoU.dat d when pl eed and the final finishing should be delayed 

as long as ls pracU.cable . Blakey and B:eresford ( ) found that re .. 

trowelling concrete would heal pre ardening cracks cau ed by settlement 

of th pl tic cement matrix around rlgid obstacles uc as reinforcing 

steel and ggregate . Beresford and Mattis-on ( ) point out tha.t this 

ettlement and correspOnding cracking may tak up to 70 minutes ( depend· 

tng on mix), bich uggests that trowel.ling or re•trowelling should be 

.. 10 -
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delayed at least this l ong. Volli.ck ( ) found th t rcvibr ting concrete 

1 to 2 hours afteT placing incre sed the colllpressive strength an ver ge 

of 13 .8 percent . He further observed t hat revibration increases bleeding 

and improved t e concrete's ppearance ich, along with the increased 

strength 1 sugges t improved dur bility . Vollick also states tha t the de­

lay perio betwee placement an r evibration of concrete that i necessary 

to incre .. e strength can be increased and is less critical if a ,. et re­

tarder" is used . 

V • CURUlG ME'lHODS 

Thi sectio de 1 wit . the procease or methods of cex and att n­

danee to pro100te an ai.d the ydration of t e cement in concrete . Basi• 

cally, the practical objeoti e of 11 t ese method is t o see th t the 

concret e r mains wet or ~ist for a given period of time (th amount of 

time depending upon t e temperature ~d degree of ydration desired). 

Water Curing 

Powers ( ) points out that the best way to ~re concrete for JM.Xi .. 

mum hydr tton ~s to keep it co letely o turated with water . To accom• 

pl1sh this :l.n t:b.e field the re l tively old methods of uponding" t wet 

sand and spraying are the nost effecti\re . 

Ponding is very effective for curing flat slabs with a laTge ;level 

exposed urface are • Th us 1 procedure 1s to build up small levee 

of e rth, two or tJX>re inches high, around the edge of tlle lab and 

then fill the enelo ed "pond" ith water which .completely covcra the eon-

crete Sut"face . This procedure should be initiated diate ly after the 
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concrete has obtained i ts fina l set (about 6 t o 10 ~urs after pouring) . 

The main disadvantage of tbi method is that a considerable st.rpply of 

curing water is required initially and to maintain the pond f·or a week 

or two since evaporation los es can be sizeabl • 

Sprtnlers and sprays are effective for almost any type concrete 
.. 

(slabs and structures), since they can be arranged to provide good cover-

agO for var1ou shapes . Here again tbe main disadvantage is that a con-

s!l,derable supply of curing water 1s requi:red along with th sp~takU.ng 

system o£ nozzles,. pipes ,. storage tankst etc ,. Very often eanvu tents 

or covers are used with sprinld.ers and sprays to break up ind cun:ents 

and reduce evaporation -of the water . 

Particular care t~Qst be t .ken to keep tbe concrete wet continuously . 

It has been found that intermittent wetting, or etting and cieying., t 

es.r ly ages is -often more dol.'l!Mging thll1l no cur.tng at all , 

Protective Covers 

One of the most CO'Im:OOn curing tnethods used today is protective 

covers such as bur lap mats 1 canvas, cotton mats • paper , straw , earth and 

~conut mata.; These covers sel:"Ve to prot ect the concrete surf act fro 

air curtrents, bold absorbed water and reduce aporation from the eon-

crete surface ; 'l'lle most effective and usually preferred of these agents 

are burlap, cotton. and camt s tnats • Voey often these mats. Very often 

these tnats a~e ueed for the first fel days and then are rep l aced by damp 

earth and a tt;'BW eov~rs . In any ease> to be effeetiva tbe:se cover must 

be kept eont1nuously wet by hand or roe.ehantc lly sprinkle~d t-1ith water . 

Of all these devices the heavy weight waterproof building paper ia 

.. 17 -



probably the least effective sine it dQes not absorb and hold water 

its lf, but only reduces evaporation by protecting the concrete from 

direct exposure to ~lind , sun and atmospheric conditions . However 

field results using sisaldraft paper with sealed lapped joints and 

using polyethylene plastic sheets t'1itb lapped joints for 14-21 days 

have been found to give curing equal to 5-7 days of water curing . In 

any case the protective covers which are used should be placed on the 

concrete as soon a the surface becomes hard enough to resist damage . 

Usually this is after the initial set or about 3 to 5 hours after pour• 

1ng . 

Membrane Seals 

The object of membrane curing is to seal the exposed surface of 

concrete with an impervious membrane of plastic , oil, a p alt, etc . in 

order to prevent the evaporation e>f the water which is necass.ary for the 

hydration of the cement . In addition., the membranes often have a whi te 

or light color so they will reflect a eonside~able amount of he t from 

the sun bich keeps the concrete at a cooler and tOOre favo.r .able curing 

temperature . 

Fresh concrete usually has enough water for hydration of the cement, 

4QWever additional tiater must be supplied f or low ~~ ter-cement ratio 

concrete if it is desired to hydrate a 1mwll amount of the cement since 

the cement paste is self·desiccating ( ) and tbe amorphe>us hydration 

produets can only form in the water filled capillaries . When 100st mem­

l»:ane seals are applied to ee>ncrete it is usually pot possible to add 

additional curing w ter, consequently , this euriag method will usually 
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not produce the maximum degree of hydration ! However, when membrane 

curing procedures are compared to other ufteld" curing methods this dis­

advantage does not seem to be apparent for Anon ( ) and Waters ( ) 

found membrane curing improved concrete compressive stre~gths when com• 

pared to wet-burlap and wet-hay curing respectively . The Bureau of Re­

clamation ( ) found that several of the c~ounds compered favorably 

w1tll 14 day wate~: curing. 

Asphalt cut-back and emulsions have been sprayed on fr~sh_ concrete 

surfac-e to seal in moisture since about 1926. Meissner and Smith ( ) 

found that while bituminous coating are effec;tive curing agents they 

also disfigure the concret and absorb heat due to the dark color. Gonner­

man ( ) also noted the undesirable eat absorption which caused a greater 

daily temper ture variation in the concrete and consequently greater 

volume change . It was found that this problem eould be overcome by 

applying whitewash, stone du t , or othe>.r light colored ubstances 

to change th color of the black surface . 

Coal tar and paraffin can also be applied in the form of -cut - backs 

or emulsion to mak~ a membrane s al . In addition t:.o these , numerous 

other liquid membrane curing compounds are now appearing on the market . 

These compounds may contain white, red or other color of pigment. The 

white pigmented compounds are effective in reflecting heat and reducing 

the range of temp rature variation in t e concrete . All of t e colors 

make visual inspection. for co plete coverage easier . Waterproof paper 

and plastic sheets have also been found effective in sealing concrete . 

'l11e results of Jagus and Sethi ( ) indicated th t a solid plastic film 

was superior to other types . 
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Irrespective of the type membrane used, the general consensus of 

opinion as to the proper time of application of tb.e membrane is fairly 

Jell s'IJll'IIlarized by Tr roper ( ) • He concluded that evaporation of 

water i s beneficial during the period t at the concrete is plastic and 

is bleeding due to the settlement of the solid particles . This period 

can last fro l to 3 hours after pouring, depending upon the mix design 

and other conditions, UPwever, at th conclusion of this period, further 

loss of water should be prevented to keep from impairing the quality of 

the concrete . In general ~ if the curin treatment is not applied by 

about 1 hours after po~ing its value is largely lost . 

Steam Curing 

The use of steam heat to accelerate the hydration of cement in con­

crete bas been used effective ly for a number of years . Steam 1 parti• 

cul r~y advantageous because high temperatures and favorable JOOisture 

condition are asily produced. In general; steam curing can be sepa• 

t:ated into tuo classific tions , fi1:st, steam curing at atmoseberie pres­

sures where-by temperatures up to' 212° F can be obt ined while still 

maintaining a saturated water vapor exposur eonditton . If greater 

acceleration of hydration 1s desired, higher temperatures and favorable 

!l!Oisture conditions can be obtained by h:i.s ._ 12ressure ste _ curin~ . As 

the temperature is inc1:eased above 212° th expo ure pressure must 

also be increased to prevent tbe vital curing water from evaporating 

or boiling from the concrete . Figu1:e 2 shows the temperature of satu~ 

rated w ter vapor corresponding to the required gage pt:essure. 

Atmospheric Pressur e . Nurse ( ) reports that the best and most 

commonly used process of steam curing at atmospheric pressure ie to 
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inject steam into the curing chamber with nozzles . The sudden lO'igering 

of temperature as the steam enters the chamber will always produce over­

saturation o£ the air, and consequently, condensation will take place 

on the eoo ler concrete members . This has been found to be a very effec­

tive means of transferring heat evenly to the concrete. 

Price ( ) found tl\at conerete strengths at later ages are weak­

ended by very rapid setting produced by high temperatures (Figure 7), 

Shideler and Chamberlin obserc..red a similar phenomenon (see Figure 8 ) and 

ree~nded a delay of from two to six hours before cOt!JI:Ilencing with 

steam curing . On the otller hand'" if onlybigh strengths at early age_s 

are to be consi~t!red) Nurse ( ) illustrated th t this \v-aiting period 

is not necessary {see Table l). 

It has been found that the time taken to increase the concrete tem• 

perature from room tempeliature to the desired curing temperature bas a 

definite effect on the strength of t he final prQduct . Saul ( ) found 

that when the time to raise the temperatul:'e to 950 C was 6 hours en: more. 

the 28 day t:~trengths of steam cured speeimens approached tbose of moist 

cured conc~ete, On the other hand, when the time was less than 2 hours 

the strength was reduced by about 251.. Dat.a taken !>y o er researchers 

( ) indicate that a rate of temperature rise of 120° (67° C) per 

hour reduced the 28 days strength o.f steam cured concrete by about 35'%. 

when compared to moist cured concrete. A rate of temperature rise of 

40° P (22° C) per hour produced strengths approaching those of moist 

cured concrete . There is evidence ( ) that a high rate of tempera .. 

ture rise (12o0 F per hour or more) and high steam curing temperatures 

(over 185° F) may actually cause a retrogression in strength at later 

ages , 
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Research at Texas A. and M. College for four graduate theses ( ) 

indicat e an i nitia l holding time of 2-7 hour s bef ore appl i cation of 

0 
steam; a r at e of t emperature rise not t o exceed 60 per hour; a maxi-

mum temper atur e of 165°-185° F ; a maxi of 24 hours exposure t o the 

maximum temperatur e; and cooling at ambient temperatures gi ve high 

early strength without retrogress ion at later ages using Type I cement 

and natural, non-reactive aggregates . Concrete eured under the most 

seve!'e of these condit ions does not continue to gain s t r ength uhen re-

moved f rom the curing chamber . The r a te of temperature rise and t he 

initial holding time appear to be the most critical variables. A very 

rapid r ate of temperature rise ac t ually causes retrogression in 

strength at later ages . The i nitial holding time should approximate 

the time of i ni tial set and should not be delayed beyond the final 

set. 

High Pressure . Concrete cured at temperatur es above 212° P is 

outside the range of pTacticalit y for highl!ay members and l ar ge build-

ing members at the present time due to economic reasons. However, on 

the basis o.f the data in this temper ture range that was examined , it 

seems that the general principles which apply to the effect of tempera-

t ure on moist cured and steam cured concrete at at100spheric pressures 

will apply here up to so unknown point . The unknown point being a 

temper ature at which the chemical products of cement hydration change 

drastically. One of the disadvantages of high pressure steam curing 

is t b costly curing pressur chamber required , however after the cycle 

of steam curing is co plated the ·chamber can be used as a heated dry-

ing oven to hasten drying shrinkage of the concrete members so that they 
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will be more dimensionally stable . This is true even for members that 

will be exposed to moisture, becau e the second, third, etc . , expan­

sion and shrinking cycles due to alternate wetting and drying per tods 

t'lere shown by Pickett ( ) to be much less than the initia.l shrinkage . 

This rocedure is often used on concrete blocks but severe cr eki ng will 

robably result if applied to large unstressed members . 

Chemical Agents 

Certain chemicals re of ten added to concrete to either accelerate 

or retard the setting ~nd cur ing. 

Accelerators . Chemicals known to accelerate the re ction of ce­

ments are calcium chloride, soluble carbonates , silicates, a luminous 

cements and certain org nic compounds . Calcium chloride i s the most 

con enie t end commonly u ed acc~lerator. Sodium silicate ( sometimes 

ca led silic te of sod nd ~'water glass" ) h . s nlso received consider-

ble use. At the present time there ' is i.n dequate i-nformation available 

concerning t he effect of chemical accelerators , other than ca lcium 

chlori e, on concrete . 

Price ( ) found that at temper tures around 400 F the strength 

of concrete was improved at 11 ages by adding calcium chloride (CaC12) . 

The strength improved s the amount of calcium chloride increased, 

for the proportions included in the scope of thi study . His data 

indicated. however, that there 1s little adv ntage in u ing more than 

3 percent (by weight of cement) as there was very little increase in 

strength realized by incre sing the amount of calcium chloride from 

2 percent to 3 ercent. As the pl ctng temperature increased the 
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pere,entage of calcium ch loride should be decreased f or optimum results . 

Further conclusions lvere t hat l ess than \ percent usually retards sets , 

hm·1ever, it reacts differently with different cements . 

Figures 11 and 12 show some of the resul ts of Klieger ( ). 

Thece figures indicate that at lC*7 placing and curing temperatures 

calcium chloride produces a r port iona l ly greater i ncrease in strength 

than at high temperatures . or both f lexural and compressive strengths , 

the increases caused by calcium chloride decreased with an increase in 

ag • At later ages t e co press "ve strength was a .. u ys c 1 to or 

greater than those for o crete without c lcium chloride . ater•age 

flex ral strength:.;, on he other hand , v7 re redu ed by a much as 

10 erc~nt wb•n calcium chloride as used . The beneficial effects 

of the accel rato for t e low t emperature curin early-age concretes 

are r lati ~ ly ore unporta t than t e small det4iment _l decreases in 

f lexura l strength at later ages . 

Clemmer ( ) f ound that lower w-ater-cement ratios can be used 

because calcium chloride incr eases the workabilit y of concrete. Voll-

mer ( ) arrived at substantially th~ same conclusions even when the 

accelerator was used with vins l res i n as n air entr aining agent . 

Other notable effects of calcium chloride was that i.t decreases 

bleeding; increases the rate of heat evol ution at e rly ageG, lowers 

freezing point of concrete slightly 2 and lowers resistance of concrete 

to sulfate attack . 

Data collected by app ( ) and Sloane, McCoughy , Foster ~ Wi .der 

and Shreve ( ) indic tes that calcium chloride accelerates the hyd~a-

tiQn of dicalci silicate ( 2C ao • Si0
2

) and tetracalcium ferro- aluminate 
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(4Ca0 • Al
2
03 . Fe203) . It appe r s to have little effect on trical­

cium silicate (3Ca0. Si02) and a retarding influence on the hydration 

of tric lcium aluminate (3Ca0 • Al
2 
03) . Rapp reported that the ac­

eeleratot: decreased the time of set of 11 commercial cements and in .. 

creased the flow and strength of the resulting concre~at ages up 

to 90 days. 

Sodium silicate can also be used as a concrete curing agent. The 

~olut!on of sodium silicat~ is usually applied to the surface of fresh 

concrete as SOOfl as ~ssib~e after pouring . R mler ( ) found that 

it reacts with free lime and forma a hard insoluble c lcium silic te 

on the surface of the concrete. Tbis compound acts as a ealing mem-

brane hich prevents evaporatio.n of the necessary curing water . tn 

addition to sealing in the watet: the insoluble calci silicate will 

harden the concrete surface considerably. 

Retarders . The principle u es of retarders in ordi~y concrete 

are to counteract the set-accelerating effect of high temperature 

during hot weather, to prevent the tendency of some cement to false 

aee, and to delay stiffening of concrete for difficult and time con-

auming conditions of placing . Gypsum (C so
4 

• 2 H20) is tbe most 

widely used set retarder and a long standing practice of the cement 

industry is to add gypsum as an int gral part of portland cement to 

control the time of set . The tricslcium aluminate (3C
8
0 • Al203) 

constituent in cement will react vet:y rapidly with w ter (when unre-

tarded) and produce calcium aluminate crystals which build up a rigid 

cryst lline structure causing an undesirable quick set . Gypsum slows 
when 

up this reaction because/it is dissolved 1n th wate~. the 

1 -



solubility of the tricalcium aluminate is greatly reduced nnd , con-

sequently. the quick set is prevented. 

A wide variety of commercial chemicals and formulations are proposed 

to have a retarding effect on the Detting time of cement . Unless ex-

perience has been had with a particu · retarder its use should not be 

attempted without competent technical advice or preferably advanced 

experiments to determine its effect on the setting time and other pro-

perties of a given concrete mix . 

Wat r Reducers . Following are selected excerpts fr a summary 

by Bruce Poster of an A. S .T.M. symposium, EPI'ECT OJ WATER-REDUCING 

AND SET-RETARDING Al'MIXTURES ON PROPERTIES OF CONCRETE: 

·~ater reducing admixturea •••• •• ••••• cla sifted into four 
categories; 

11 (1~ kigno~ulphQnic cida and their salts, (2) modifica­
tions ar~ derivatives of lignosulphonic acids and their salt s, 
( 3) hydroxylated carboxylic .acids and their salts . In each 
of these , the primary component has both water-reducing and 
set•ratardlng pJ:"operties. These may modified by the addt .. 
tion o other components to giv various degrees of retarda­
tion,. no appre iable change tJl,\ setting time or acceleration, 
while t the same time preserving water-reducing properties . 

"The ad:mixtures discussed in tbe ymposium are surface 
active chemicals whose anions and lecules are adsorbed on 
the cement grains • giving them a neg tive charge . The 
presence of the adsorbate, nnd t e charge; w s pictured as 
resulting in (a) a reduction of the interfacial tension, 
(b) an increase in the elector-kin tic potential , and (c) a 
protective sheath of oriented water dipoles around each ee~ 
m.ent particle . 'l1te resulting reduction in natural flocculating 
tendency of the cement particles then le ves the with in­
creased mobility, and the water freed from the restraining 
influence of a·highly floccula ted system becomes ~;Wailable to 
lubric te t e mix . Less water is required, therefore,. for 
a given consistency." 

The effect of commercially available admixtures is to reduce the mix· 

ing water requirement from 5 to 15 percent de ending upon a 
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number of variables . The bet.ter admixes reduce the water require­

ment from 10- 15 percent with nominal amounts of entrained air with. 

a resulting increase in strength of 1.;..30 percent . 

VI • CURING PEIUOD 

l'be length of time tha t concrete should be subjected to artifi­

cial curing procedures 1B highly controversial . While most engineers 

are trying to speed up or cut short the formal curing period for 

various economic reasens , they are also interested in obtaining a 

high quality material . In general there are two aspects to this prob­

lem. First, what is the optimum length of cur ing time desirable to 

obtain the highest percent of potential concrete strength consistent 

with maximum economy of cement and time? Secondly, at wbat age 

should conc1rete be subjected to design loads? This second aspect re­

fers to the time required to develop certain strength properties after 

the form.al curing period has been discontinued. This can usually be 

resolved for average conditions using laboratory results to predict 

strengths at later ages . 

The first aspect . however, concerning the optimum length of 

curing time consistent with maximum economy considering both quantity 

of cement and time required is more involved . In Figure 1, Price 

Ulustrstes the e .ffeet ofvarious periods of preU.mi:o.ary moist curing 

on t he comprehensive strength of concrete . If the relative values 

from this figure at 180 days of age are taken and plotted &pposite the 

moist curing period , the effect of the length of moist curing period 

on the dev.elopment of the potential compressive strength of the given 
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concrete b tch is more clearly reve led (see Figure 13) . The curves 

for Type I and III cements on igure 13 were estimated by using infor­

mation from the Portland Cement Associ tion ( ) and others . This 

figure indicates that under these conditions concrete made with Type III 

cement will obtain 90 percent of its practical strength potential with 

only 5 days of moist curing . (Note : it may take 28 days to acbieve 

this strength, but only 5 days of 1st curing) . I t is in Figure 13 

lr7ill be affected by the size and sb pe of the concrete specimen (or 

member), d the temperature and humidity conditions of exposure both 

during and after the curing period . Higher temperatures will reduce 

the amount of curing time required to reach a given percentage of the 

potential strength but it will also decrease the potential . Lm1er 

temperatures v ill increase the curing time required to reach a given 

percentage of the potential and will also increase the potential. Ex­

posure of the concrete to lower re lative humidities after removal 

from the 1st room will lower all of t e curves in igure 13 . The 

peeimens would dry out more rapidly and reac a lower percent of 

their potential strength capacity . Thus, a longer curing period 

ould be required . A smaller sL .. e specimen (or me ber) will require 

more moist curing t o obtain a given percent of strength potential for 

the same reason; it would dry out more r pidly than larger one . It 

is interesting to note here that 1£ the apeeimens (or members)are 

tre ted with a "'"mbrane seal after the moist curing period the effect 

of the size of spe~imen and relative humidity of later exposure largely 

eliminated . 
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VII . CONCLUSIONS 

1 . Tbe mixing, placing and curing temperature have great effect 

upon the strength properties of concrete . Low mixing and placing tem­

peratures in the neighborhood of 40° F give the greatest potential 

ultimate strengths . Low curing temperatures give high potential 

ultimate strengths but high curing temperatures give high early strengths 

with small sacrifices in the p6tential ultimate strengt • The strength 

sacrifice in sUJll!'ller work can be greatly alleviated with a cement dis ­

persing, set retarding admix . 

2 , It is recommended that concrete t mperatures at the time of 

mixing and placing be controlled between 400 and 90° F. 

3 . ChePneal admixes for modifying the proper ties of the concrete 

are commercially available as quality controlled products to produce 

a set retarding effect for summer c~ncrete work, a set and strength 

accelerator for winter concrete ~ork ; c n~nt dispersion (sometimes 

called water reducers, or wetting agents), air entr ainment etc • 

Summer cone ete 1ork should require the use of a cement dispers­

ing , set retarding admix f .or best results . Benefits can be gained 

at temperatures above 70° F and the admix is needed at temper tures 

above about 80- 850 F . A.S . T.M. co ttee C- 9 , is working on a new 

metho-d of test A. S . T.M. : C403-T "Tentative 1<1ethod of Test for Ti e 

of Setting of Concrete Mixtures by Proctor Penetr ation Resistance 

Needles" which gives e reasonable method of det ermining the relative 

set retarding effect of vari ous admixtures 

Winter concrete work may require the us of an acce ler ator . 
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C lcium chloride i s the mos t effect i ve chemical av ilable f or t his 

purpose . It accelerates the strength gain but does not provid an 

anti-freeze act on . It is not recommended for use in steam curing 

or prestressed concrete work . 

Entrained air up to about 5 percent for conventional concrete 

and 7-8 percent f or lightweight concrete increa e workability , de­

creases the water requirement and increases the durability o f the 

concrete with no apparent harmful effects . 

4 . Tbe commonly used curing methods can be ranked according 

t o their ability to develop lll.8.Ximum concrete stren ths en pro­

perly used as follows: 

( 1) Water curing 

( 2) Damp cu-.::ing under protective ccr-vers s ch s burlap ,. c n • 

v af!l ~tc , 

( 3) Membrane se ls to old in moisture .Certain econom c and/or 

field conditions ay make a l ess ideal method of curing 

more desirable . For instance a l ack of wat.~r, a reoote­

ne"'s of t he job from water , vertical sur face or other 

economic eon¢.iderations may die t te the use of 1 quid or 

so lid membranes • 

Liquid membranes with white pigment added re more desir­

able than clear or dark colored membranes for curing pave­

ments and bridge slabs in the summer months due to t he good 

heat reflecting properties of these materials . Reduct ion in 

maximum concrete temperatures of 20- 30° F have been re­

ported . 
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5 . L pid cooling and/or drying of concrete are particularly 

detrimental to the concrete quality nnd may produce severe surface 

cracking, Large concrete members and large concrete surfaces re 

roore vulnerable to this damage then smaller ones . 

6 . evibration of concrete near the time of initial e t and 

delayed inal finishing may increase the strength as much as 10.15 per-

cent, it 't·7ill increase e durability and correct early plastic crack-

ing due to settle nt etc . 

7 . Steam curing a t atmospheric pressure can be e pecially bene­

fic! 1 to early ~trength:s ~t some sacrifice t o later strengths . 

Variables tha~ should be controlled are the holding time before apply­

ing steam, the rate of temperature rise, the maximum temperat re , the 

length of c ring at maximum te erature an the rate of cooling. 
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