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ABSTRACT

This report presents the results of a three and one-ha1f year study of
the plastic and hardened behavior of superp'lasticized Portland cement concrete
made with several Arkansas aggregates. These included 'limestone in the plas-
tfc testing and limestone, grave'I, and sandstone in the hardened concrete
strength testing.

The investigative emphasis was on the effects of temperature, superplas-
ticizer dosage, time of addition of the admixtures, agitation time before
deposition after water/cement contact, and the sequence of admixture addition
on the plastic behavior of the concrete. Target'concrete temperatures exam-jned included 50o,70o and gOoF. Time of addition of the superp'lasticizer
after water/cement contact and amount of agitation time after initial mixing
included 0, 30, and 50 minute periods.

Tests performed included slump at time intervals, time of set of the
mortar fraction, unit weights, air contents before and after admixture addi-
tion, measurement of bleed water, freeze/ thaw durabi'lity, and deicer scaling
resistance. The examinajion of the hardened concrete specimens focused on
the effects of aggregate type, air content, superplasticizer dosage, and
cement factor on the compressive strength at various ages, split cylinder
strength, and abrasion resistance.

The principal findings with respect to the plastic behavior of the
superplasticized concrete included the following. The rate of slump loss
in the superplasticized mixes was significantiy higher than in control mixes.
The larger the amount of extra workability gained the faster the i"ate of loss.
This resulted in a general rule-of-thumb that has been noted by other studies
that the useful portion of the extra workability is generalty lost within the
first 30 to 50 minutes from the addition of the superplasticizer. The rate
of slump loss is increased as the temperature of the concrete increases.
The efficacy of the same amount of superplasticizer in producing a desired
amount of slump seems to be a function of temperature. Surprising'ly, it is
not lessened simply by an increase in temperature. The efficiency of the ad-
mixture seems to be significant'ly reduced at lower concrete temperatures as
well pointing to some optimum range of concrete temperature whose definition
was outside the range of this study. The efficiency of the superplasticizer
for the same dosage is a'lso significantly reduced if the mix is agitated for
some time after initial mixing before the superp'lasticizer is added. These
last two facts point to the need of depositing the concrete as soon as possi-
ble after it is mixed and of adding the superplasticizer as close to the time
of deposition as possfble.

Addition of superplasticizer to a mix, especially to achieve a "flowing
mode" will result in some reduction of the origina'l air content. if this is
anticipated superplasticized concrete will have enough freeze/thaw and deicer
sca'ling resistance. In this study these resistances were improved by adding
the air entraining agent after the superp'lasticizer.

The results of the hardened specimen tests were consistent with previous
studies of superplasticized concrete. 0nce a reduction of water/cement ratio
was achieved with the superplasticizer, the compressive and tensil e strengths
and the abrasion resistance were essentially commensurate with Abrams' Law.

if



GAINS, FiNDINGS, AND CONCLUSIONS

Port'land cement concrete made with Arkansas aggregates and using at'leas

one of the commercially-available superp'lasticizers with proper mix design an

control wi'l 'l exhi bf t desi rab'l e strength characteri stics commensurate wi th

Abrams' Law. The superplasticizer may be used to significant'ly reduce the

water/cement ratio of normal-workability concrete or it may be added to nor-

mal-workability concrete to produce a "flowing mode" concrete. In either use

the final strength and the rate of strength gain may be important.

Difficu1ties associated with the use of the superplasticizer.include the

increased rate of slump loss over contro'l mixes and the potential modifica-

tion of the air-void structure. The higher the amount of increased workabi'l-

ity from the.superplasticizer the faster the rate of slump loss. The usable

part of the increased workability is typica'lly'lost within 30 to 60 mir s

of the addition of the admixture. The rate of slump loss is worsened by high

concrete temperatures. The efficiency of the superp'lasticizer is reduced by

both low and high concrete temperatures, as well as by delay in adding it af-

ter initial mixing of the cement and water.

The difficulties associated with air content can be anticipated and if

care is taken in roix design and in mixing procedures an adequate air-void

structure can be achieved in the concrete. Considerable agitation beyond

the superp'lasticizer addition will harm the air-void structure although that

may not be apparent from a measuring of the total air content since the air-

void structure after agitation may well contain a larger fraction of large-

bubble air. Air content also seems important in assuring the quality of the

mix and in eliminating bleed water problems. Adding the air entrafning agent

after the superplasticizer seems to enhance al'l the qua'lities of the ai n-

trainment except rate of slump loss.

.I1'I



IMPLEMENTATiON STATEMENT

The results of this study and others emphasize the'importance of care-

ful mix design and construction qua'lity control in the successfu'l use of su-

perplasticized concrete. A'lso emphasized'is the potential variability of the

mix with a change in Portland cement source or type, aggregate source, a99re-

gate gradation; brand of superp'lasticizer, air-entraining agent, etc. In

.that regard attention shou'ld be paid to the minimum recommendations listed

below in section 8.1 Recommendations of this re port.

Despite the difficulties assocfated with slump'loss and air-void struc-

tures that are inherent to the use of superplasticizers, their advantages far

outweigh their disadvantages. They wi'11 be increasingly used in American con-

crete practice although their use will requ'ire more careful construction pian-

ning and inspection than is the case in much current concrete work. Their

successful use will require experience.

In that regard, it is recornrnended that the Department beg'in to use super-

plasticized concrete in a water-reduced mode for high-eariy-strength in patch-

ing. As experience in the use of superpiasticizers fs increased, they should

be tried in several bridge deck overlays and/or new construction. Both

sequences of addition of superplasticizer and air-entraining agent should be

tried and the durabi'lity and performance of concretes with each sequence

closely monitored and comPared.

Further study should be made of the perforrnance of superplasticizers in

respect to air-void structure as a function of admixture addition sequence,

optimum range of temperature.for superp'lasticizer efficiency, and the use of

fly ash 'in conjunction with superplasticizers.

'tv
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I. INTRODUCTION

1.1 H istorical Backqround

Aithough so-called "water reducer" admixtures have been in existence

and used for scrne time it is only in very recent years that attention has

been pa'id to a new class of Portland.c-ement concrete admixfl,rres variously

called in EngIish-speaking practice "superplasticizers", "super water

reducers" or "high range water reducers". The patent for the first of

these materials was applied for during the mid-1930s but it has been only

during the last decade and a half that their use has been large, notably

in Japan [4]* and Germany [13], and more recently in England [1,7], other

European countries, and the United States.

Overseas, wide application of superplasticizers has already been

made. Literally millions of cubic yards of superplasticized concrete

have been poured in the last decade. Japan is making routine use of

flowing concrete usually placed by pumping. The Sibogriippe, a chain of

West German ready-mix suppliers who account for some 40 percent of the

concrete poured in that country, use superplasticizers now as routinely

as air-entraining agents. It is used throughout Canada. The 0lppic

stad'ium in Montreal could probably not have been built without flowing

concrete. Its use for high-early-strength special needs has been reported

worldwide

As is inferred above, the use of these admixtures provides a spectrum

of concrete qualities from norma'lIy stiff "water reduced" concrete on the

one hand to "flowing" concrete on the other. In the first, the increase

fluidity imparted to the cement mortar by the superplasticizer allows the

*Numbers in brackets refer to like numbered items in the List of References.
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use of lowered water/cernent ratio with resu'lting increased strength. In

the second mode, the fluidity is added to an already norma'l-workability

concrete to provide flow characteristics that approach a self-leveling

character. In this latter mode, special attention must be paid to proper

mix design to avoid segregation and excessive bleeding. Specifically,

this can mean the possibility of either normal strength concrete at 8-

inch slumps and high fluidity ("flow.i.ng concrete") or extremely low

water/cement ratio concrete (0.30 to 0.35) at usual consistencies. It
also means the tailoring of concrete mixes anywhere between the end

points of this spectrum.

These improved qualities for Portland cement concrete cou'ld poten-

tially give maior savings in construction and maintenance. "Flowing

concrete" has resulted in reductions. in construction time and labor costs

from ease of placement, less need for vibration or other forms of densi-

fication, ease of finishing, less forming costs because of less need for

"windows" in multi-lift placement, etc. "lrJater reduced" concrete, on the

other hand, has demonstrated savings from early form removal, 'less materi-

a'l bbcause of higher strength, and gives promise of lessened maintenance

costs because of the potentia'lly increased abrasion resistance and im-

permeability to deleterious substances resulting from its increased

strength.

Despite heralded successes associated with the use of these admix-

tures outside the United States and the potential advantages incumbent to

their use, their incorporation into American concrete construction has

been relatively slow and tentative. There have been a number of reasons

for this. First, they are new and the normal conservative attitude of

American concrete construction discouraged their use without better
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knowledge of their effects. In addition, little research has been done

in the United States to establish and provide public access to either the

control parameters for their optimum use or the predictable materia'l

properties of plastic and hardened concrete made with them. Since super-

plasticizers are made frcm a variety of chemical compounds, and since

most companies were selling a product based on only one of these chemicals

the usual cornpetition meant that mos.t.of the information available about

the products were in sqnewhat guarded proprietary reports, and many of

those in Japanese or German.

The breakthrough in calling attention to American concrete practice

of the use of superplasticizers came at the first International Symposium

on Superplasticizers in Concrete held in 0ttawa, Canada on May 29 through

31, 1978 [2]. This conference was of great importance because the some

thirty papers presented there represented approximately 75 percent of the

material specifically on the use of superplasticizers then available in

English apart from those in-house reports of suppliers and a few reports

on special uses by sone state highway departnents.

It was evident at the conference that despite the many prob'lems as-

sociated with their usage, their advantages seemed to indicate that they

were "here to stay". One internationally known concrete researcher re-

manked that with the possible exception of air-entraining agents they

represent the most important development in concrete technology in the

Iast fifty years [20].

A number of difficulties in the use of superplasticizers was noted

in the pre-Ottawa literature and widely discussed at the Symposium. These

difficu'lties seem to center on three major topics: 1) the loss of worka-

bi'lity with time of the superp'lasticized concrete,2) the effect of super-
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plasticizers on the air-void structure of the concrete and the resulting

effect on the freeze/thaw durability of the concrete, and 3) the wide

variability in the plastic properties of superplasticized concrete. The

variables noted with respect to this last item included type of cement,

actual chemical content of the cement, type or brand of superplasticizer

used, dosage used, sequence of addition of the superplasticizer in com-

bination with other admixtures, etc.

A maior area of agreement at the symposium with respect to the 'loss

of slump problem was that we are presently lacking a test to adequately

measure the consistency and f'luidity of concrete, especially in the

flowing concrete mode. The slump test is a static test of consistency.

Even if it is cqnbined with the German flow table (German Standard

DIN 1048, 1972, Sec. 1., Clause 3.1.2) to get some measure of flow charac-

teristics,there is still the possibility of getting the same numbers for

concretes of completely different suitabil ity.

An English researcher Lzl,zzj has proposed a i,two-point,, test for the

workability of concrete that measures the rheological properties of both

static yield and plastic viscosity. However, the prototypes of the appa-

ratus necessary for applying the two-point test are quite expensive and

represent a measure of quality control that is not typical to much

American concrete work. There is obviously the need for some more relia-

ble and simple test for both the static and dynamic workability proper-

ties of concrete than the slump test.

This need was illustrated by the most negative report on the use of

superplasticized concrete given at the symposium. The Virginia Highway

Departnent hd unsuccessful experiences using superp'lasticized concrete

on bridge deck installations between July, L976 and May, 1977 t191. The
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properties of the concrete showed wide variabi'lity. The reference mix

design had a zero slump before the addition of the superplasticizer. It
was the consensus of many of the participants at the symposium that "zero

slump" measurement in itse'lf would allow a great variability in the mixes

brought to the job to which the superplasticizer in appropriate dosages

was added. This emphasized the need for an adequate workability test

for the entire spectrum frorn very stiff "zero slump" mixes to the f'lowing

concrete mode.

Since the first Qttawa conference of three years ago, there has

been a smal'l but fairly constant stream of literature about the use of

superplasticizer admixtrres. Sorne of that Iiterature is indicated below.

At the time of the writing of this report the second 0ttawa conference is

underuay.

L.2 Recen t Research and Problem Statement

Much work was reported at the Ottawa symposium that sought to isolate

the problems inherent in the use of superplasticizers and to identify the

parameters controlling them. The results were mixed.

L.2.t The Problem of Slump Loss

A good bit of the discussion focused on the problem of slump loss

with time and the workability characteristics of superplasticized concrete.

The attempt to use superp'lasticizers like other admixtures will not

be successfu'|. Careful attention must be paid to each different manu-

facturer's reccflfiiendations. Most admixtures, even water-reducing admix-

tures, are introduced into the mix water. Superplasticizers of all types

are more successful if they'are added after the concrete has been mixed

thorough'ly. This fact, combined with the phenomenon of the rap'id loss o
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slump in the superplasticized mixr rrledrs a departure from usual ready-mix

practice. The addition of the superpiasticizer at the ready-mix plant

will be useless unless the time frorn the plant site to the point of de-

position is very short. Thus, most manufacturers of superplasticizers

will reconrnend addit'ion at the job site just before depositing the con-

crete. This introduces further difficulties. It is often difficult to
ensure cornplete, uniform mixing of the admixture and good quality control

is difficult to obtain. German usage seems to have encouraged the train-

'ing of ready-mix truck drivers as technicians. At least one recent

conversation of the author with a ready-mix company executive 'indicates

that movgnent in that dTrection is already present in the United States.

Even with proper introduction and mixing of the admixture, the slump

that has been gained initial'ly with the use of the superplasticizer is

Iost rapidly. A general rule of thumb is that the beneficial effects of

the superplasticizer are gone within the first 30 to 60 minutes. See

Figure 1.1* for results reported at the.0ttawa symposium [17]. A few

researchers who did report at the symposium on the s'lump loss phenomenon

had no agreement as to the controlling factors [3, 13, 17, 18]. And only

one speaker [13] stressed the importance of temperature and the quantity

of total fines as important factors to be examined. The Portland Cement

Association researcher E7] indicated that with minimal care toward proper

mix design, the problem of having a s'lump "window" (adequate period of

time during which a "usable" range of slump is available) may not be as

difficult as initially thought. However, the effect of temperature was

not included in his study. It is interesting to note, however, that the

current Australian Code governing the use of super water reduced concrete

encounages the use of ice and chilled water and, in their very dry areas,

*
Figures and tab]es follow their chapter of initial reference.
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does not allow the casting of super water reduced concrete if the ambien

temperature is greater than 330C (91.4oF) t2{.
The restoration of the initial slump by means of redosing either with

superpiasticizers or normal water reducers had been minima'lly examined at

the symposium. See Figure L,2 [10] for one such experience. A'lthough the

workability can be restored by a second dose of superplasticizer without

harm to the concrete, this pract'ice j.i- wasteful of the admixture which is

already quite expensive. Moreover, it seemed to be the experience of

other researchers that it took more admixture to achieve the same initial

slump and thatmore than one redosing was not at alI effective. That

dosing with the superpiasticizer is 'less effective as time passes seemed

to be born out by the work reported in this report. Any such attempt at

retempering again required otcellent quality control.

The problem of controlling slump loss is further aggravated by the

wide range of parameters that seern to affect it. Included among these

would be: the amount of admixture, the time of addition of the admixture,

the amount of agitation time, the initial slump of the mix, the type of

admixture, the superplasticizer's interaction with other admixtures,

the cement factor, the cement composit'ion, and the temperature of the

concrete.

The amount of increase of s'lump depends direct]y on the dosage of

the superp'lasticizer L7, 8, 13]. Most manufacturers recomrnend a range

of dosage. Below the minimum of the range there is little effect on

workabi'lity. Above the upper limit of the range, the effectiveness of

the admixture is greatly reduced in terms of adding any extra workability.

This effect is more noted in mortar pastes [17] than in concrete mixe^

As was indicated above, it is more effective to add superplasticiz'ing
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admixtures after the other ingredients of the concrete mix have had oc-

cation to mix thorough'ly. There has not been general agreement about the

effect of further agitation time on the effectiveness of the admixture.

Some authors at the symposium reported a delay from mixing time to admix-

ture addition as having little effect [8, 10, 24), while others reported

that the result of sufficient de'lay would be to reduce the plasticising

effect of the admixture [ 7, L7 ). It was also indicated that continuous

mix agitation aggrevates slump toss I e]. Som authors suggested a

periodic incremental addition of the dosage [t+, eS] to overcome the slump

loss prob1em.. Those who investigated the problem reported being able to

restore workability by repeated doses of the superplasticizer [1., 10, 13]

but at ]east one author advised against it [ 6 ].
The rate of loss of initial slump with time seems to depend on the

magnitude of the initial slump gained by the use of the superplasticizing

admixture ItO, ta]. In general, that additional slump is lost within the

first 30 to 60 minutes. Therefore, the greater the additional slump the

more rapid the loss. At least one author, however, has noted the same

phenomenon in non-admixtured concrete [26].

Mixes with higher cement factors seem to attain a higher initial
slump [10], al1 things else being equal, but the effect on slump Ioss of

cement factor is not yet fully invest'igated. Different chemical composi-

tions of Portland cement also seem to affect the efficacy of superplas-

ticizers. Seyeral authors indicated the importance of the trical.cium

aluminate (CrA) content ItO, tZ] in that cements with a'low C3A content

such as Type V cements often had less slump loss than Type I. Alkali [28]

and sulfate levels [tO] also seem to be important.

Different types of superplasticizers seem to have different effects
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on otherwise identical mixes. A number of different types or categories

of superp'lasticizers were identified for the American reading public by

the Cement Association pub)ication of 1976 tt ]. ,These include:

Type A - sulphonated melamine formaldehyde condensates;

Type B - sulphonated naphthalene formaldehyde condensates;

Type C - modified lignosulphonates; and

Type D - others (inc'luding mixtu!"-es of saccharates and acid amides).

Superplasticizers made with al'l of the above types are commercially

available in the United States today but those of the first two types are

the most common. Malholtra has since demonstrated the difference in be-

havior of different superplasticizers, particularly with respect to air

content and slump loss with time L27). In general, admixtures of the

type A require higher dosages than those of type B for a given effect

17,28 ). Also, different admixtures may show different rates of slump

loss, even if they are of the same type [ZZ]. Reference 27 was unavail-

able at the time to guide the choice of the adnixture used in the present

study.

An additional possible effect on slump loss rate and other proper-

ties of fresh superplasticized concrete is the chemical composition of

other admixtures used in conjunction with it. The relation of super-

plasticizers to air content structure changes would seem to indicate this,

but no work has been found by the author that has looked carefully at

this posibility. It would seem the better part of wisdom to use an

air-entraining agent made by the same manufacturer as the superplastici-

zing agent, if possible. The addition of some retarding admixtures has

been found [7,8, 10, 17] to be helpful in delaying slump loss. There was

also some private discussion among the participants at the 0ttwa symposi
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that if the action of, the superplasticizer is a physico-chemical one, then

the interaction of the superplasticizer with various other admixtures not

only might be important, but also the sequence of addition of the admix-

tures and their re]ative times of interaction.

Additiona'l]y, it was discussed at the 0ttawa conference whether the

composition, shape and overall gradation of the coarse and fine aggregates

might not affect the efficacy of a superplasticizer [18]. There was no fu]l
report given on this subject at that time nor is the author aware of any

systematic work that has been done in that regard since.

A fina'l factor that should be mentioned at this point is the effect

of the temperature of the concrete on slump loss. High temperature con-

rete hastens slump loss in p'lain concrete and several investigators

indicated at the symposium h0, 13, 1,7] the same was true for super-

plasticized concrete.

L.2.2 The Problem of Air Voi d Structure Chanqes

The second maior aspect of the use of superp'lasticized concrete

that seems problematic is the possible change in the air-void structure

when an air-entraining agent is used in conjunction with a superplastici-

ze?. There was agreement that superplasticized concrete should be air-
entrained, but a number of researchers expressed concern regarding the

freeze/thaw durability of such concrete [1, 11., LZ, 14, 15, 17 ]. A

number of these reports indicated a reduction of the specific surface and

an enlargement of both bubble size and spacing factor to the point that

the relative durability factor was no longer acceptable. It was sometimes

found that the spacing factor might exceed the recommended maxirnum of

0.008 in. (0.2 mm) despite the total air volume as measured by ASTT'I C-231

being within normal limits.
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0ther researchers, on the other hand, reported acceptable air-void

structures and durabil i ty factors [ ]., 11, 14, 15, L7 ), Re'lated to the

controversy was disagreement as to which procedure in ASTT'I Standard C-666

was proper; those stud'ies showing poor freeze/thaw resistance had typical-

Iy been done accord'ing to Procedure A with water surrounding the sample

during both the freezing and thawing. Most of the successful freezel

thaw results had used Procedure B, a:llowing the sampte to be surrounded

by air during the freezing cycle. Mather [12] emphasized the use of

procedure A and critically saturated specimens. Mielenz and Sprouse h4]

recorrnended the use of ASTt'l C-671, "Critical Dilation of Concrete Speci-

mens Subjected to Freezing", for future testing of the freeze/thaw dura-

bil ity of superplasticized specimens

The discussion was further corplicated by the challenge of several

of the superplasticizer manufacturers to the users to produce an example

of freeze/thaw durability fai'lure among thestrtctures that have been

built of superplasticized concrete in the last decade in severe climates.

Thus, they emphasized that the testing procedures of ASTM C-566 are

measures of relative freeze/thaw resistance rather than absolute tests.

It is important to note, however, that the makers of both Mighty and

Melment, the oldest and possibly the most popular of the superplasticizers,

announced at the symposium the development of modified forms of their

products that improve both the s'lump loss and air-void probiems.

This problem was emphasized by some researchers as of special im-

portance ltil. In the attempt to explain the variety of results mentioned

above, Mielenz and Sprouse [14] suggested that there might be a different

re1at'ionship between spacing factor and durabi'lity for superplast'icized

concrete than for p'lain concrete. It was noted by another researcher
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that this has been observed in concretes containing lignosulfonate-hased

admixture L29).

The presence of superplasticizers in the concrete can also change

the dosage of air-entraining agents required for a given air content

[1, 14 ]. The issue of when air content should realistically be measured

in fresh form was also raised by some who reported greater loss of air
from superp'lasticized concrete during.-placing and consolidation than

with plain concrete.

L?.3 The Problem of Variability in Plastic Behayior

As has a'lready been noted above, there is a wide variability in the

plastic properties of Portland cement concrete made with superplasticizers

Many of the contributing variables have been'listed above. It was of

interest in this project to constrain as many of those variables as was

realistic and to control in a reasonable range those of the rest that

seemed relevant to the normal use of superplasticized concrete.

1.3 Object and Scope of this Study

The original obiectives of this study inc'luded the following: 1) to
identify those aspects of the operations of the Arkansas State Highway

and Transportation Department that could be benefited by the use of con-

crete containing superplasticizers both in the "fiowing concrete" and in

the "water-reduced" modes; 2) to collect available data regarding the

material properties and construction usage of concrete made with super-

plasticizers commercia]ly available in the United States; 3) to confirm

the material properties of fresh and hardened concrete made with these

superp'tasticizers and typical Arkansas materials; and 4) to project the

magnitude of economic benefits that might be realized by the use of
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superplasticizers in this state.

The problems of avai'lable 'laboratory space, equipment and availa-

bility of graduate students encountered during the conduct of this study

caused sufficient delays so as to limit the realization of some of these

objectives. Tests were conducted with the use of only one conmercially

available superplasticizer. Tests were 'limited to an examination of only

three of the most typical'ly used aggregates in the state of Arkansas.

Portland cement was a Type I frorn one source. Thus, although somewhat

restricted, the objectives of 2) and 3) above were essentially accomplished.

The time available, however, combined with the de]ays mentioned above

and described in detail in previous henchmark reports has prevented this

study from accomplishing objectives number 1) and 4) in any great detai'1.

Some deve'lopment is given to these two objectives in the conclusions to

the report.

The scope of the project is described in greater detail in the fol-

lowing chapters, but can be surnmarized here as two-fo'ld. First was the

examination of the plastic properties of superplasticizer Type I Portland

cement concrete. This incjuded a study of s'lunp-loss with time, air-

content, etc., as the temperature, time of addition of the superplasti-

cizer with respect to initial water/cement contact, and the period of

agitation between initial water/cement contact to deposition varied. The

resistance of specimens made under this range of variab'les to deicer

scaling and freeze/thaw durability were also examined. Second was a

study of the effect of cement factor, air content, and superplasticizer

dosage on the compressive strength, tensile strength, and abrasion resis-

tance of a series of specimens made with several Arkansas aggregates.
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II. I.ABORATORY STUDIES

2.7 Materi al s

The materia'l to be tested in this part of the study was portland

cement concrete containing superplasticizer and an air-entraining agent.

The aggregate was an Arkansas limestone. These ingredients are described

in more detail below.

2.1.1 Portland Cement

The Portland cement used throughout the conduct of both parts of this
study was a Type I Portland cement avai'lable in 94 pound bags manufactured

by the l4onarch Cement Company of Humboldt, Kansas. A chemical ana'lysis

of the major oxides in the cenent was beyond the scope of the departnent,s

research facilities. However, sampies were taken of each shipnent and a

conposite sample made so that later tests may be conducted. No noticeable
difference in the properties of the concrete seemed ever to be occasioned

by the arrival of a new shipment.

2.L.2 Mixinq Water

Mixing water used in all tests consisted of tap water supplied by

the Ci ty of Fayettevi I 'le, Arkansas.

2.1.3 Agqresate

A number of aggregates were considered for inclusion in this study.

These inciuded limestone, river gravel, sandstone, and syenite, a granite

base aggregate. Three of these were examined in the second part of the

study regarding the propertiis of hardened concrete. Because of time

lirnits, it was decided to consider only one aggregate within the scope

of the plastic tests. In conference with the research 'liason committee

16
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of the Arkansas Highway and Transportation Department, it was decided to

use a limestone aEgregate exclusively in the plastic test series. This

limestone was secured from the McClinton-Anchor Co. of Fayetteville'

Arkansas. Near the middle of the time period of the p'lastic test series,

the source of the Iimestone changed from the companyrs Johnson quarry and

shifted to their tlestfork quarry, some 10 miles south of Fayetteville.

The limestone was selected because it is one of the most common aggre-

gates in Arkansas and, therefore, widely used in concrete construction and

because it was readily and economically available in the Fayetteville area.

The change in site caused a temporary increase in the angularity of the

aggregate for a few weeks, but did not seem to greatly affect the worka-

bility of the concrete.

The tlestfork limestone quarry is located in Section 30, Township 15N'

Range 3014 of Washington County. It is part of the Hale formation. It has

a specific gravity of 2.68 and an absorption with respect to saturated-

surface-dry condition of 0.65%. 0ther iests on the same material done at

other times have shown an L.A. Abrasion (Grade C) of 24.7, a Na2 S04

soundness of 0.6, and a percent Insoluble Residue +#200 of 0.7 [31].

A small measure of chert was present in the Westfork limestone which

caused some "pop-outs" in the freeze/thaw samples when they were tested-

The delay in receiving the freeze/thaw machine meant that most of the

samples were stored in a frozen condition after being cured untii the

machine could arrive. Thus, a major portion of the work of Part A was

already accomplished before the chert made its presence known in the

freeze/thaw specimens. It was decided to finish the work of Part A

us-ing the same limestone since it was from a source for much of the con-
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crete work in this area of Arkansas and the performance would be repre-

sentative of that which coujd be expected from that material.

It was decided to use the same limestone both as coarse and fine

aggregate to serve as a base line of workabiiity behavior. The angularity

of the stone was suspected as having an influence on the workability at-

tainable from the use of superplasticizers. The effect of the rounded-

ness of river sand normally used for the fine aggregate with most of the

angular coarse aggregates in the state could then be later observed. To

assure a consistent gradation for each mix in Part A, the 'limestone re-,

ceived was separated into a number of gradation fractions so that they

cou'ld be rebiended in the same manner each time. This wouid eliminate

the variable of gradation from the loss-of-slump examinations. The

following is the list of ranges of gradation into which the limestone

aggregate was divided and frqn which it was reblended for tests in Part A.

Range # Size Range Qg4!$buting Sieves

1

2

3

4

5

5

3/8" to 1-L/4"

#4 to 3/8"

#16 to #4

#30 to #16

#50 to #30

finer than #50

3/8", l/2", 3/4", L"

#4

#16, #8

#30

#50

#100, pan

The gradation targeted for both the fine and coarse aggregate is shown in

Figure 2.1. They both meet the gradation requirements of ASll4 C-33, al-
though the gradations conmercially available and economy forced the fine

aggregate gradation to be a bit on the coarse side.
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2.1.4 Superplasticizer

At the 0ttawa sympos'ium, Mather had reported successful freeze/thaw

durability resu'lts with oniy one superplasticizer that was a modification

of one of the more popu'lar admixtures at that time [12]. It was decided

to use the same adnixture, Melment L10A, manufactured by the then Anerican

Admixtures Corporation of Chicago, Illinois. That decision was made be-

fore the work of Ma'lholtra, et al. was published [27]. That paper showed

a wide variation in the behavior of different superplasticizers with res-

pect to slump-loss-rate and air-content retention. In retrospect, it
might have been more advantageous to have chosen a different superplasti-

cizer. However, at the time, the Melment, a type A sulphonated melamine

formaldehyde condensate, was, and continues to be, a very popular and

widely used superplasticizer. Moreover, from the variability of results

reported with different plasticizers and with the problems of repeata-

bility using superplasticizers that will be mentioned frequently through-

out this report, it seems reasonab'le that substantial mix design and

demonstration of adequate performance will be required of each contractor

for each superplasticized mix that is proposed on a job. Therefore, the

present work done with this current'ly popu'lar superplasticizer, Melment

110A, is valuable.

2.1.5 Air Entraining Agent

The air-entraining agent used throughout the entire project was

Fmex 210, also manufactured by American Admixtures Corporation and,

therefore, assumably compatible with the Melment L10A superplasticizing

admi xture.
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2.2 0rqanization of Vari ab 1 es

In Part A of the total study, the study of the Plastic Concrete

Behavior, it was intended that emphasis would be given to the loss-of-

slump with time aspect of the superplasticized concretets plastic behavior

as well as study of the change in the air content and its effect on such

properties of the hardened concrete freeze/thaw durability and resistance

to deicer scaling.

The loss of slump would be measured with respect to three variables:

1) time of introduct'ion of the admixture with respect to the initial
water/cement contact, 2) duration of agitation of the mix after initial
water/cement contact until time of deposition, and 3) initial temperature

of the concrete mix. The time of addition of the superp'lasticizer from

water/cement contact was to be within the range of zero to one hour in

thirty minute increments. The time of additional agitation beyond initial
water/cement contact was in the same range and intervals. The three tar-

geted concrete temperatures were to be 50o, 7Oo, and gOoF.

l.Iith respect to the materials described above the superplasticizer

was to be used in four dosages: 1) none, for control specimens,2) single

dosage to achieve a reasonable percentage reduction in the water/cement

ratio with the same workability,3) double dosage necessary to doub'le the

previously achieved water/cement ratio reduction, and 4) sufficient dosage

to achieve "flowing" concrete from a reference mix of given workability.

The air entraining agent was to be used in sufficient dosage to

achieve an air content of 5 + l% by volume.

The combination of these variable ranges and interva'ls led to the

following logical combinations of variables and specimen indication. Each

specimen or separate "data point" was denoted by a combination of one
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symbol from each of the following columns:

The first column refers to the superplasticizer dosage. The symbol rrcrr

is for a control specimen with no superplasticizer. The "C" series was

a controi series with a 1.5 a 0.5" slump for comparison with the "F"

f'lowing concrete series. The d series had a 3-ll? !l/2" slump and was

used for comparison with the "l" series with single dosage of super-

plasticizer and with the "2" series containing a "double" dosage of super-

plasticizer.

The second column refers to the use of an air-entraining agent, rrNrr

for "none", and "A" for an air-entrained mix. The rrLrr, rrM., and "H"

indications of the third column refer to low (50oF), medium (700F), or

high (90oF) concrete temperatures. The "0", "3", and "6" of the fourth

column refer to intervals of zero, thirty, and sixty minutes from the time

of initial water/cement contact until introduction of the superplastici-

zer. The same symbols in the last column refer to zero, thirty, and s'i

.-o-o
=E_(uoJ+)o(uvt+r.FrF

qoE+,
?agG'

AUJOCLtrr)

cNL0g
e A M 3 3

1H65
?

F
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minutes respectively of agitation time from initial water/cement contact

until deposition of the concrete.

Thus, 'tAL06" on a specimen would indicate an air-entrained control

mix containing no superplasticizer at a target concrete tenperature of

sOoF, which was agitated for sixty minutes before deposition. "1AH36"

would refer to a mix with the same 3 inch target slump achieved with a

singie dosage of superplasticizer. -The mix would be air-entrained, with

a target temperature of 90oF. The superp'lasticizer was added at thirty
minutes after initial water/cement contact, but the agitation was con-

tinued for another thirty minutes before deposition.

The ful'l set of unique cornbinations of variables used in the study

are given in Table 2.L fo'llowing. The total number of unique cornbinations

of variables is 162. The prime series, including lAM'00,was an additional

number of data points whose combination of variables was the same as like

designated data points without the prime. The difference between these

data points and those like designated points w'ithout the prime was that

the air-entraining agent was added after the superplasticizer.

2.3 Conduct of Tests

For each separate data point indicated in Tabl e 2.1 by a unique set

of the first two indicators, a concrete mix was designed and confirmed by

trial batching. When the correct proportions had been achieved to give

the desired workability, a number of batches were made to give sufficient

concrete to conduct att the tests prescribed. If the change in data

point combination included only a different concrete temperature, a

different superplasticizer addition t'ime or a different time of agitation,

there was no need for a separate mix design.
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For each separate data point, the fo'llowing tests were made. Each

will be discussed in more detail below:

1) slump 'at regul ar interval s af ter ini tia'l mixing,

2) time of setting of the concrete by penetration resistance,

3) bleed water accumulation,

4) air content at several times, and

5) casting of samples for later qyclic durabi'lity tests.

2.3.L S'lump Tests

For each data point, slump tests were conducted at jntervals ranging

from fifteen to twenty minutes continuously from the point of initial

water/cement contact and mixing until the slump became essentially zero.

The slump tests were made in accordance with ASTM C143. In the early

part of the study, an attempt was made to corre'late the results of the

s'lump tests and use of the "K-slump tester". The results were found to

be conpletely unsatisfactory and without correlation.

For the "flowing concrete" data points, the data point identificat'ions

beginning with an "F" symbol, the spread was also taken using the same

modification of the German flow table specification as was described in

the Cement and Concrete Association paper t t l.

2.3.2 Time of Settin ts

For each data point, time of set tests were conducted using the pene-

tration method described in ASTII C 403. At 'least three batches were made

from each data point. One sample of mortar was taken from each batch by

sieving through a #4 standard screen. A commercially available hydraulic

operated penetration tester was initially tried but proved unsatisfactor

because of difficuities in calibrating the device. An a'lternate device
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was constructed using a bench stand for mounting an electric drill as a

drill press. This was fitted with a smal'l proving ring and an attachment

for holding the penetration points that had been machined to size. This

alternate device worked very we'lI.

2.3.3 Bleed Water

The bleed water tests were conducted in accordance with ASTT,! c z3z
on samp'les of fresh concrete proper'ly placed in LlZ cubic foot containers
approximately 5/6 full. Bleed water was co]'lected at the specified time
intervals and accumulated until the total accumulation of water remained

constant for three time interva'ls

2.3.4 {ir Content

For each data point, the air content of the mix was measured in
accordance with AsTIvl c231 using a Type B pressure air meter that measures

air content to the nearest 0.1 percent by vorume. The air content was

measured at various critical times for each separate data point depending

on whether superplasticizer was used in the data point or not, the time at
which it was added, and the length of agitation time. The aggregate cor-
rection factor was measured and appiied for each mix design that used a

different amount of aggregate per unit volume.

For each data point at the time of deposition, three separate 3,,

diameter by 6" high cylinders were cast and cured. These cylinders will
be kept for later use in measuring the bubb'le size and spacing factor if
that is needed or usefui. The civil Engineering Department laboratories
at the university of Arkansas. presenily do not have the capability of
performing such a linear traverse test as specified in ASTT\4 c457, ,,standard

Recommended Practice for Microscopical Determination of Air-void content
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and Parameters of the Air-Void System in Hardened Concrete',.

2.3.5 Cvc'lic Durabili ty Tests

For the data points indicated in Tab'le 2.L, additional specimens were

cast for testing the cyclic durability against freeze/thaw conditions and

deicer scaling action for that particular data point. The freeze/thaw

samples consisted of 3" x 3" x l.4" specimens. The deicer scaling speci-

mens consisted of a volume 7" x 3" x 17" r'inged on the flat side by a dike

3/4" high by 1" wide at the base for enclosing a L/4" deep quantity of

brine. The surface exposed within the dike was 5" x 15". Normal'ly, if
a surface treatnent or a surface texture is being tested with respect to

deicer scaling resistance, the dike is added to the top of the surface to

be tested. since the object of these tests was primarily to test the

mix design, the deicer scaling specimens in this study were cast as one

piece using a 3-3/4" deep form with a plan view area of 7', by 17,,. A

polished hardwood insert in the bottqn of the form structured the 5" x

15" testing surface and the walls of the dike.

The freeze/thaw specimens were tested in accordance to ASTT,! C 666

using procedure A that requires a minimum of L/8" of water surrounding the

specimen during both the freezing and thawing parts of the cycle. The

machine used was manufactured by Logan Refrigeration Co. of Logan, Utah,

which uses a horizontal position for the copper cans that hoid the speci-

men and surrounding water.

The deicer scaling specimens were tested in accordance to ASTT,I C 672.

Two samp'les were tested for each data point sampled. The specimens were

cyc]ed daily from a commercially availab]e freezer cabinet and f]ushed

and evaluated each Friday, at the end of five cycles. The cycles were
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continued for each specimen until a total of fifty cycles had been com-

pleted or until the specimen had reached a surface condition corresponding

to a value of 10 on the scale listed below [30]. The 0 to 10 scale used

aliowed more flexibility of evaluation but with the same range of surface

deterioration as that measured by the usual 0 to 5 scale. The rating is
based on visual observation of the extent and depth of scale. The foI-
iowing tabulation describes the physical significance of each numerical

rating.

0 - tlo scal e

1 - Scattered spots of very Iight scale

2 - Scattered spots of light scale

3 - Light scale over about one-half of the surface

4 - Light scale over most of the surface

5 - Light scale oven most of the surface; few moderately deep spots

6 - Scattered spots of moderate'ly deep scale, otheruise light scale

7 - Moderately deep scale over one-half of the surface

8 - Moderately deep scale over entire surface

9 - Scattered spots of deep scale, otherwise moderate sca'le

10 - Deep scale over entire surface
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TABLE 2.1 MIX VARIATIONS EXAMINED AND SPECIMEN MARKS

Single Double F'lowing
Dosage Dosage Mode
Seri es Seri es Seri es

CNLOO

CNLO3
CNL06
CNMOO

CNM03
CNMO6

CNHOO

CNHO3

CNH06

euuoo
-cNr-os

Et'tt-oo
Erul,too
eNMos
c-nmoo
eNHoo
Et'tttos
druHoo

1 NLOO

1 NLO3
1 NLO6
1 NL33
1N136
1N166

2NLOO
2NL03
2NLO6
2N133
2N136
2N166

2NMOO

2NMO3

2NMO5

2NM33
2NM35
2NM66

2NHOO

2NHO3
2NHO6
2NH33
2NH36
2NH66

2ALOO
2ALO3
2ALO6
2A133
2A136
24L66

FNLOO
FNL03
FNLOs
FNL33
FNL36
FNL66

FNMOO

FNM03

FNMOs
FNM33

FNM35
FNM66

FNHOO

FNH03

FNHO6
FNH33
FNH35
FNH66

1 NMOO

1NMO3

1 NMO6

1 NM33
1 NM36
1 NM36

lAMOO
lAMO3
lAMO6
1AM33
14M36
1AM55

1 NHOO

1 NHO3
1NHO6

1 NH33
1 NH36
1NH56

rALOO
1AL03
1ALO6
1A133
1A136
1A166

FALOO

FAL03
FALO6
FAL33
FAL36
FAL66

CALOO

CAL03
CALO6
CAMOO

CAMO3

CAMO6

CAHOO

CAH03
CAHO6

enloo
fnuog
EALO6
eRNoo
EnMos
EAMO6
EAHOO

eRHos
EAHO6

lAHOO
1AH03
1AHO6
14H33
14H36
1AH56

2AMOO

zAMO3
zAMO6
2AM33
2AM36
2AM66

zAHOO
2AHO3
zAHO5
24H33
2AH35
2AH66

2At4'00
zAM'03
2AM'06
zAM'33
zAM'36
zAM'66

FAMOO

FAM03
FAMOs

FAM33
FAM36
FAM66

FAHOO
FAHO3

FAHO6
FAH33
FAH36
FAH66

FAM'OO
FAM,03
FAM'05
FAM'33
FAI'I'36
FAM'66

lAlvl'00
1AM'03
1AM'06
1AM'33
1AM'36
lAl,l'55

Control
Seri es
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III. RESULTS OF TESTS

This chapter describes the results of tests made of the portions of

plastic concrete made according to the system of variab'le variation des-

cribed in the previous chapter. The emphasis was on concern for the

effect of temperature, dosage of superplasticizer, dosage of air-content,

time of addition of the superplasticizer with respect to initial water/

cement contact, time of agitation, etc., on two major properties of the

superpiasticized concrete: 1) its loss of workability with time and 2)

the variation of its air content and resulting durability property changes.

3.1. S'lump Loss with Time

As has been previously described, the C and E series were control

series containing no superplasticizer. The first had a target slump of

1.5" + 0.5" for conparison with the flowing mode mixes, and the second

series had a target slump of 3.5" + 0.5" for cornparison with the "1"

(single dosage) and "2" (double dosage) series. The approach to mix

design w'ith respect to temperature of the concrete was the following.

Since the investigator anticipated the best workability with a cold

temperature, the first mix designs in each general group of variables

were those with a low ("L", 50oF) concrete temperature. In the attempt

to'look at the effect of temperature as a variable, a'll things eise being

equal, the differences between those data points w'ith all other specimen

mark notations being the same except for temperature are exactly the

same except for temperature. The same mix was simply redone with a dif-

ferent water temperature to cause a different 'initial concrete temperatt

It was expected that a steady decrease in workabifity would be found as the

?9
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temperature of the mixes increased. Instead, the workability increased

from "low" to "medium" ("M"r 70oF) and then dropped again for the',high,'
("H", 900F) concrete temperature mixes. As a result, the medium mixes,

workability often exceeds the initial target workability and the high

temperature mixes often are lower. This resu'lt, although somewhat un-

o<pected, is, nevertheless, consistent with the phenomenon that first led

the author to be interested in the effect of temperature, namely the

h'igh'ly touted success with the use of superplasticizers in countries in
highly temperate cl imates such as Japan and Germany.

Tables 3.1 through 3.6, following, indicate the data for slump with

time for the C, e, 1, 2, and F series respectively both with and without

air-entrainment] Plots of this same data are shown in Figures 3.1 through

3.23, following. Slump numerical values marked with an asterisk (*) are

initial extrapolated values consistent with trial batches of the same

mix. These extrapolated values represent data points that were on occa-

sion missing frcrn the lab data for a batch because of intensive activity
with other tests at those initial times immediately after mixing.

Figures 3.24 through 3.38 show the same s'lump with time behavior but

plot instead "percent of original slump" versus time to more graphical'ly

illustrate the rates of loss of slump. For a number of series, especial-

ly the control series with]ow s'lumps, problems of repeatability and

difficulties associated with low slump concretes occasional]y meant that
the target slumps were not achieved within the desired range but the

effect of temperature and the rate of slump loss could be profitably
exami ned.

Table 3.1 contains the data for series ,,cN,,and "cA,,and Figure 3.1

plots that data. As can be seen quite graphically, the
*

" Primed " seri es are i ncl uded i n Ta bl e 3 .6 .

probl ems of re-
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peatability were present here trying to target a siump of 1.5 inches. A

the temperature of the concrete mix increased, the workability decreased,

giving almost a zero slump for the same mix as the low temperature initia'l
mix. These results i1'lustrate the difficulties associated with setting a

low initial slump as a starting reference point for a later f'lowing mix.

In the authorrs opinion, it would be better to set 2.0 or 2.5 as a minimum

reference slump for mixes to be converted to a flowing mode by the ad-

dition of large dosages of superplasticizer, particularly in hot weather.

Table 3.2 contains the data for slump for serieu tt-g11tt and "EA" and

Figure 3.2 plots that data. Figures 3.24 and 3.25 show the same data as

percent of original slump versus time. Several interesting trends for

non-superplasticized mixes should be noted. First is that for non-air-

entrained mixes, the CN series, the deterioration of workability for the

- same mix is proportional of the concrete temperature. The workability

decreases as the temperature increases. Secondly, the start of the loss

of slump seems to be related to the concrete being deposited outside the

mixer. As long as the concrete was kept in the mixer being agitated,

the slope of the slump-vs-time 'lines was seemingly somewhat delayed.

This behavior seemed consistent for all of the concrete ternperatures.

This behavior is seen even more clearly in the plot of percent slump loss

with time that mol'lifies the effect of different starting slumps. The

genera'l rate of loss of slump with time in that portion of the typical

curve with the greater siope sesns to be about 4.5 inches per hour or

40.0 percent of original s'lump per hour for the non-air-entrained control

seri es.

In the eA, or air-entrained control series, a somewhat different

behavior is noted. Now, as the concrete temperature shifts from 'tow to
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to medium, the workabi'lity increases before decreasing again as the con-

crete temperature increases to the high target value. The ',delay" in

the high rate of slump loss portion of the curve is again present as the

agitation of the mix continues and can again be seen even more clearly

in Figure 3.25, which shows the percent of original slump with time.

This behavior does sesn to break down somewhat for the high temperature

concrete, but this may simply be bad data.

Table 3.3 contains the data for slump for series "1N" and "1A" and

Figures 3.3 through 3.8 plot that same data in slump-versus-time. Figures

3.26 through 3.30 plot the data as percent of original slump with time.

By the time the testing had proceded to this series of tests, it had

been recognized that the Iow concrete tenperature series were giving not

more workability but considerably less workability than the medium and

high temperature mixes. Therefore, at this state, the target workability

was now used in the medium mixes and a'll variables were held constant

except for temperature for the low and high temperature mixes. The re-

sults for all further series in the plast'ic testing part of this study

fol'lowed this procedure.

The first significant thing to be observed in the data for these

series is the severe reduction in workability in these now superplasti-

cized mixes with 'low concrete temperatures. The ambient temperature of

the working space for these mixes was at norma'l room temperature or below.

SmalI amounts of ice were used to establish the target concrete ternpera-

tures and al'l of the ice was melted before the addition of the super-

plasticizer, but it became vbry difficult to achieve the target slumps

at these reduced concrete temperatures. This previously noted reduction

in workability for low concrete temperatures and high concrete temperatures
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was consistent throughout the testing of the superplasticized concrete

mixes.

The rate of s'lump loss for the steep portion of the lNL series was

approx'imately 2.0 inches per hour. The percentage of original slump versus

time curve for this series was not drawn because of the difficult nature

of the data, although it might be estimated in the order of 200 percent

per hour.

The rate of slump'loss for the steep portion of the lNM series was

approximately 10 inches per hour. The rate of loss on the percentage

versus time curve, Figure 3.27, was in the order of 165 percent per hour.

The rate of s'lump loss for the steep portion of the 1NH series was

approximately 4.5 inches per hour. The percent of original slump rate of

Ioss was approximately 450 percent per hour.

It should be noted that the variation of these rates are in line

with a previous work published [17] that noted that the additional slump

prov'ided by the superplasticizing admixture is usually lost within the

first thirty minutes to an hour after deposition. Thus, higher initia'l

slumps result in larger rates of slump loss. The results from these

tests fit essentia'lly into that evaluation, but the rates of loss for

any one mix, whatever its agitation and/or time of addition changes,

were approximately the same for the same initial target concrete tem-

perature.

For the air-entrained mixes with the same single dosage, the pattern

of slump loss was much the same as the non-air-entrained. The low tem-

perature mix did not al'low the development of the target slump. No

figure is drawn showing the percentage loss with t'ime because of the

scanty, difficult data. The rise in ternperature, however, to the
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medium target temperatr.rre of 700F showed a marked improvement to the

target slump. As the concrete temperature was raised to the high vaiue of
gOoF, there was scme reduction in workability a'lthough not as much as in

the non-air-entrained case. The rate of s'lump loss with time for the

medium temperature was in the order of 5 inches per hour and 90 percent

per hour. The rate of slump loss for the high temperature mixes was in

the order of L2 inches per hour ana 2rib percent per hour.

A trend shou'ld also be noted at this point which will become even

more noticeable as we approach larger dosages and particularly in the

flowing concrete mode. As the addition of the superplasticizer is deiayed

until, in the case of this study, 30 minutes and 60 minutes after initial
water/cement contact, the efficacy of the same dosage of super plasticizer

is reduced. The slump reached at the thirty minute initial addition

point is much less than that achieved if the superplasticizer is added

at the inttial mixing. The slump achieved at the sixty minute initial
addition point is even further reduced. Just from the point of view of

econorny, therefore, it is again much more advantageous to deposit the

concrete as soon as possible after initial water/cement contact and to

add the superplasticizer as soon after initial water/cement contact as

possible.

Table 3.4 contains the data for s'lump for series "2N" and,,2A', and

Figures 3.9 through 3.14 plot the same data in s'lump-versus-time. Figures

3.31 through 3.32 plot the data as percent of original slump with time.

The data for the 2NL series is very ematic. There is even a seeming

reversal of the reduced efficiency of the superplasticizer with de]ay of

addition and increase of agitation time before deposition. However, the

scatter of the results does not warrant making this evaluation. it also
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does not warrant drawing the percent of original s'lump with time curve.

The data for the 2NM series appears nearer to the erpected results.

This temperature is now used for the target slump. It shows the trend

of slump'loss and of lessened efficiency of the superp'lastic'izer as delay

and agitat'ion are increased. The slump loss rate for this series is in
the order of 8.5 inches per hour and 180 percent of slump per hour.

The data for the 2NH series also demonstrated the same pattern as

before except that now the reduction in workability with temperature is

even more pronounced. The starting slumps are less than half what they

are in the 2llM series. The slump loss rate for this series is in the

order of only 4 inches per hour and the percent'loss is in the order of

270 percent per hour. Both slump reduction rates essentially changed

because of the small value of the starting slump.

For the air-entrained mixes with the same double dosage, the patter,,

of slump 'loss was much the same as the non-air-entrained. The low temper-

ature concrete workability was reduced to very low values and after

extended agitation was essentially zero before the concrete could be

deposited. The percent of original slump versus time was not plotted

for thi s parti cu1ar seri es.

The data for the 2AM series seems much more norma'!. The loss of

efficacy of the superplasticizer with delay in addition is seemingly a

smooth curve. The slump loss rate for this series is in the order of

6.5 inches pdr hour, less than that of the non-air-entrained corresponding

series. This same advantageous effect of air-entrainment on the rate of

siump loss seems to be common throughout most of the superpiasticized

mi xes

The 2AH series shows a quite pronounced loss of workability due to
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the raised temperature. l'lith increased agitation and delay of addition

of the superplasticizer, the loss is sufficient to destroy the usability
of the mix before the appointed time of deposition. The slump loss rate

for this series is in the order of 4 inches per hour. The percent loss

of original slump versus time curves were not drawn for the 2A series

since they were of no inrnediate help.

Tables 3.5 contain the data for slump for series ,,FN,,and',FA,,and

Figures 3.15 through 3.20 plot the same data in slump versus time.

Figures 3.33 through 3.38 plot the data as percent of original slump with

time.

The data for these series with their large original slumps provide

more graphic display of the slump Ioss tendencies of superplasticized

concretes with time. The slumps attainable in the FNL series are sub-

stantially less than the target initial slumps of g,,+0.5, reached in the

FNM and FNH series. The rate of slump 'loss in the steeper immediate por-

tions of the curves are larger than those in the 1NM series, 10, 9, and

12, respectively, inches per hour for the FNL, FNM, and FNH series. The

Fl,lL series, however, seemed to "Jevel off,,and maintain its lesser slump

values for a longer time than either the FNM or FNH series. The reduction

in the efficiency of the superplasticizer with delay and agitation time

was there in all three series although much more pronounced in the FNL

series and somewhat more pronounced in the FNH in comparison with the FNM.

The FNH36 data point seems to be an anomaly in this regard and should

probably not be considered representative at 'least in its initial achieve-

ment of s'lump

l'Jhen air-entrainment is included in the series, it seems to soften

the rate of slump loss in the low concrete temperature series, FAL, but
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seems to allow for an increase in the rate of slump loss in the other two

series, FAM and FAH. The steep rates of slump loss with t'ime are 5,13,

and 13 inches per hour in the FAL, FAM, and FAH series, respectively.

In addition to the series noted previously in this section, three

additional series were completed to observe the effect of a difference in

the sequence of admixture addition on the slump loss phenomenon and other

properties of the plastic concrete. In all the previous series, the

air-entraining agent had been added with the mix water and the super-

plasticizer as specified in the variable Iist. However, because of some

questions at the 0ttawa conference, it was decided to hold the addition

of the air-entraining agent until after the addition of the superplasti-

cizer. This was acconplished by holding out approximate'ly 100 mI of the

total mix water and adding the air-entraining agent to it. After the

superplasticizer had been added to the mix and had become effective, the

air-entraining agent was added slowly and the mixing continued for another

two minutes to ensure full mixing of both admixtrres.

Table 3.5 contains the data for slump for series "l.APl1",2AM"', and

UFAM"'. Figures 3.21 through 3.23 plot their slump with t'ime. These mix

series were exact'ly the same as the 1AM, 2AM, and FAI'I series except in

that the sequence of admixture addition as described above was in effect.

In comparing the effect of the admixture sequence reversal on s'lump loss,

it would appear that the slump available or the initial effectiveness of

the superplasticizer was increased. The rate of slump'loss is about the

same, 7, 22, and 12 inches per hour, respective'ly, for 1AM', 2AM', and

FAIvtrseries. The large increhse in the 2AM' series versus zAM is diffi-
cult to explain but seemed cons'istent throughout ail the data points of

the series. Although these rates of slump loss were interest'ing in their
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lack of pattern, as wi]l be reported later, there was a definite advantage

in the freeze/thaw resistance of these "primed" series with the admixture

sequence reversaj.

3.2 Time of Set

Tab'les 3.7 through 3.11 contain the data for the time of set tests

for the control , sing'le dosage (',1',.series), double dosage (,,2,, series),
flowing mode ("F" series), and prime series, respectively. The same

times of set for all data points are represented graphically in Figures

3.4L through 3.51. Figure 3.39 gives a typical plot of penetration

strength versus time. The time of initial set is recorded when the pene-

tration resistance crosses the 500 psi penetration resistance line, and

the time of fina'l set is recorded when the penetration resistance crosses

the 4000 psi level. Figure 3.40 gives the same plot on semi-logarithmic

paper.

The data in Tab'les 3.7 through 3.11. show a great dea'l of scatter.

Some of this was probably occasioned by the problgrts encountered with

repeatability in the trial batches; part of it may be due to the varying

differentials of temperature between the initial concrete temperature and

the ambient environment in that the laboratory space used was not air-
conditioned. In Table 3.7 for the control mixes, it may be possible to

recognize the following pattern although there are anomalies throughout

the data that seem to deny the pattern. When the water/cement ratio is
lower the time of the initial set is sooner but the period of set between

initial and final set is somewhat 'longer. As the temperature increases

and as the time of agitation before deposition is lengthened with'in any

one series, the t'ime of initia'l set is shortened and the period of set
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is shortened. This trend is typically 'less striking between the medium

to high temperatures as it 'is between the low to medium. Moreover, the

trend is also less striking between 30 to 60 minutes agitation times as

it is between 0 to 30 minute agitation times. All of these trends among

the control mixes are softened by the presence of air-entrainment. Most

of the anomalies are among the Iow temperature mixes with little agitation.

Table 3.12 is offered as a comparison among the various series. It
gives the mean value of initial set, mean value of final set and mean

value of period of set for all six data point series as well as the con-

trol series. Again, there is much scatter among the data but the following

general trends may be observed. As one shifts from a control mix through

a single dosage mix to a double dosage mix for the same temperature, the

time of initial set is reached increasing'ly sooner. Also, the period of

set is shortened frorn twenty to fifty minutes, the period of set being

very nearly the same for the single and doub'le dosage mixes for the same

temperature. Again, the effect of air-entrainment is to regularize these

changes, making them less severe between mix series of different tempera-

tures and between mix series of the control mixes by comparison with the

superplastici zed mixes .

The same general trends hold in comparison between the control mixes

("C") and the flowing mode ("F") mode mixes if not air-entrained. However,

in comparing the a'ir entrained C control mixes with their f'lowing mode

counterparts, a delay of from 30 to 80 minutes is noted. The answers to

these phenomena wi1'l probab'ly be found at the level of work of the physi-

cal chemist rather than at the'level of macroscopic observations as in

this study.
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3.3 Bleed Water

Tables 3.13 give the results of the bleed water measurements for all
data points. The tables show for each data point which showed any bleed

water at all the actual amount of accumulated water in milliliters, the

volume of water Per s\posed surface area in miltiliters per square centi-

meter, and the percent of available mix water that was collected as

bleed water. Figure 3.52 gives a representative view of the accumulation

of bleed water versus time for one series that had non-zero bleed water

data for essentially all of its data points, series FNH.

General trends are observable from the data. More bleed water will
be available in'larger slump concrete than in concrete with a smaller

slump. This is true even if the large slump results from adding super-

p'lasticizer to a small slump non-admixtured concrete. If no additional

agitation follows the m'ixing or if the b'leed water is measured in a mix

after the addition of superplasticizer fol'lowing some previous agitation,

the Ionger the agitation of the mix before the superplasticizer is added

the less the bleed water immediately after its addition. In general,

all things else being equa1, the use of air-entrainment and sufficient
fines will render the bleed water prob'lem insignificant. The presence

of air-entraining agent and superplasticizer were more effective in
Iimiting bleed water than just the presence of air-entraining agent in

control mixes. There seemed little difference between the bleeding in

superplasticized mixes and the corresponding control mixes. There were

several anomalies in the data marked by an asterisk (*), especially

2AM00 and FAt'100, for which the author has no exp'lanation apart from the

possibi'lity that adequate mixing had somehow not taken p'lace before the

bleed water samp'le was taken.
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It shou'ld be noted at this point, however, that in many cases in

the superplasticizedconcrete where the dosage was large and/or the

concrete was in a flowing mode, the notion of "bieeding" may need re-

definition. in those types of mixes, one often experienced what might

be called "mortar bleed". The water was still intimately related to the

cement paste but the cement paste was highly fluid and did rise to the

surface in a manner that prohibited the bleed water separating from it.
However, the texture and "stickiness" of the paste was such as to inhibit

easy finishing. It would present no problem to filling a form, but

wou'ld be a potential difficu'lty in finishing.

3.4 Air Content

As was described aboven all of the data series described below,

ercept for three, were mixed in the procedure where the air-entraining

agent was added to the mix water before contact witi the cernent. Then

the superplasticizer was added at the appropriate time. In three of the

series, however, the initial mixing was completed, the superplasticizer

added at the appropriate time, and then the air-entraining agent was

added after having been mixed with approximately 100 ml of the original

amount of mix water. These series include the lAM', zAM', and FAM'

series. The purpose of conducting these additional series was to discover

any beneficial effect, especial1y with respect to the air-void structure

and the accompanying durability, from such a reversal of admixture

add i ti on.

The data for the air content of the mixes in question is graphically

presented in Figures 3.55 through 3.77. There is a good bit of scatte:"

the resujts, the general problem of repeatability was present during the
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conduct of these tests. Some problems developed with the air-content meter

being used- When some of the tests were later duplicated, it was in a diffe-
rent ambient temperature and humidity because the laboratory space was not

environmental'ly controllable. However, some trends did demonstrate themselves

which are consistent with the results of the freeze/thaw tests to be reported

bel ow.

Figures 3.53 and 3.54 show the resu'lts for the CN and CA series respec-

tively. Points plotted represent actual air contents modified by the appro-

priate aggregate correction factor. Ihe air contents for the CN series seem

high for a non-air-entrained mix. It is supposed that this stiff mix held

more entrapped air by virtue of being more difficult to consolidate in the

air-meter. That same phenomenon will appear 'later in the superplasticized

results. The air-entrained low-slump mixes showed high initial air-contents
also that inc'luded possibly excess entrapped air that was difficult to remove

from the air-content sample. A higher temperature allowed 'less air-entrain-
ment typically. Continued agitation of the air-entrained mix resulted in a

drop in air content that was mirrored in the freeze/thaw results except in
the CAL series.

Figures 3.55 and 3.56 show the results for the CN and EA series respec-

tively. Now with a larger slump and more fluidity in the mortar the mix is
easier to densfty in the afr-meter and the dn results are reasonab'le. The

drop in air content from 30 minutes of extra agitation is more pronounced but

the second 30 minutes means a gain in total air content plus sufficient loss

of slump so as to gain more entrapped air and make it harder to eliminate it
in the air-meter before taking the test. Except for the EAL ser.ies the

freeze/thaw results to be seen later show consistency between the 00 and 06

specimens indicating'little change in the small-bubble air despite the noted
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changes in total air content.

Figures 3.57 through 3.63 show the results for the single dosage series

where the initial slump after the superplasticizer was added is 3 to 4 inches.

The inequality symbols (< and r) on the figures he'lp to indicate "before!'(.)

and "after" (r) superp'lasticizer addition. Almost a'll the figures indicate

roughly a 2% drop in air content with the addition of the superplasticizer.

in the case of the non-air-entrained.mixes this is down to reasonab'le values.

The drops are typically iarge for the non-air-entrained mixes without agita-

tion before addition of the superplasticizer, i.e., the 00 mixes. The drops

here can be explained again in terms of the'loss of l.arge-bubble entrapped

air as more fluidity is given to a stiff mix. As the stiffness of the mix

(measured by a reduction in slump) increases because of increased agitation

time or remperature the drop will decrease and the total air somewhat increase

indicating the retention of more'large bubble air.

It is apparent even at this stage of the description of the results that

it is only possible to get really representative evaluations of the important

smalI-bubble entrained air-void system by job site methods only after the

addition of the superplasticizer. The possible interchange between small-

bubble and large-bubble air in the mortar of superplasticized mixes needs a

great dea'l more investigation. It is a'lso apparent that a simple, immediate

method of distinguishing quantitatively between them in a fresh sample of

plastic concrete would be very valuab'le indeed.

In the air-entrained sing dosage mixes of Figures 3.60 through 3.62 the

same initial drops are there but explainable by the same reasoning as before.

Now as agitation continues there is loss of quite possibly some small-bubble

air also and after even further agitation there is more often than not a gen-

eral increase in the total air. Here again that is probably a further
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decrease in the small-bubble air but a significant increase in the large-
bubble air as the mix becomes stiffer. This supposition is reinforced by the

general trend of the freeze/thaw results to be discussed below wherein the

durability factor is optimum if the agitation time is kept small but it is
also somewhat reduced if the addition of the superplasticizer is delayed and

the mix is stiffer.
Figures 3.63 through 3.58 show the air content resu'lts for the double

dosage series. In the first three with no entrainment the initia'l drop for
the 00 data point is much greater than before ranging between 3.5 to 5.5%.

Now, without afr entrainment and depending upon a'larger dosage of superplas-

ticizer the mixes are even stiffer before the admixture addition and the

possibility of an even larger portion of entrapped air is greatly increased.

The fluidity imparted by the superplasticizer makes the elimination of this
entrapped air from the air-meter container easier and more reasonable va]ues

are obtained- Now as the addition of the superplasticizer is delayed the mix

becomes stiffer, the superp'lasticizer becomes less effective, and the drops

'in air content after superplasticizer addition grow smaller leaving more en-

trapped air to be measured in the total air content. Again these suppositions

are reinforced by the freeze/thaw results although it must be admitted that
thene was more dffficulty in achieving adequate effective air content in the

double dosage mixes than in any others

The supposition regarding the interplay of small and large-bubb]e are

further reinforced in Figures 3.69 through 3.74 which plot air content for
the flowing mode series. Considering the first three figures for the non-

air-entrained series first, the initia'l drop in air content is now min.imized.

Thfs means that the flufdity imparted by the hrgh initial slump before addi-

tion of the superplasticizer allows a more accurate evalua.tion of the mortar
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air content so that the extra f'luidity given by the superplasticizer chan,--

the eva'luation very little. Note that this is especially true for the FNM

series where the superplasticizer is more effective than at the other two

temperatures. Unfortunately,. problems v{ere experienced with the air-meter

during the conduct of the FNH tests so some of the data points are missing.

However, those that are present seem consistent with the analysis presented.

In Figures 3.72 through 3.74 the air-entrained flowing mode concretes

also exhibit an initial percentage drop, but that drop is now more probably

a'loss in small-bubb.le air due to the increased f'luidity of the mortar. Fur-

ther agitation gives scattered results. Some data indicates a continued loss

of small-bubb'le air; others show an almost constant total air content and the

FAMoO + 03 + 06 line indicates an increase in total air with further agita-

tion. This increase is again probably large bubble air since the freeze/ w

resillts of the FAL and FAM series showed a consistent pattern similar to that

descri bed above

Figures 3.75 through 3.77 gives the air content variations for the

"primed" series. Now the air entraining agent is added after the superplas-

ttcizer and air contents were no'longer taken before the superp'lasticizer was

added. A new symbol is now added to the figures, "<a" or ">a" indicating

"before air added" and "after air added" respectively. The most striking

change in these figures as compared to the previous ones is the movement up-

ward in air content rather than a drop for the 00,33, and 66 data points.

The initial readings for the 00, 33, and 66 points now more closely repre-

sent the actuaj "non-air-entrained" condition due to the high fluidity of

the superplasticized mortars'and the increase in air contents ">a" represent

essentially a true increase of entrained air. If the mix is subiected t

continued agitation the increased stiffness of the mix will entrap some air
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before the air-entraining-agent is added so that the initia'l 33 readings are

usual]y higher than the "<a" 00 readings. Also the increase in air from,,<a,,

to ">a" for the 33 readings is smaller than the O0 and the 66 increment is
smaller stil'l- In these cases it would be difficu'lt to interpret or project

the interaction of entrapped versus entrained air in the total. The general

decrease of total content from left to right in the figures coupled with the

freeze/thaw results does seem to indr'.cate a loss of entrained air with con-

tinued agitation.

Another interesting phenomenon emerging from these three figures is the

converging of the 05, 36, and 56 points. The author is not confident that
he can properly interpret this. It would seem c]ear, however, that unless

the initial slump of a mix is large enough to ensure ease of eliminating

entrapped air from the samp'le in taking an air content reading before

adding the superplasticizer the reading may not be very reliable as a qual-

ity control technique. This would certainly discourage the use of a ,,zero,,

s'lump concrete as a mix to be brought to a job site at some significant
time interval after mixing and before the addition of superplasticizer to
use as a reference before such addition. Quality control of such a mix

especia'lly in regard to air content would present a number of prob'lems.

Addition of the air-entraining-agent after addition of the superplasticizer,

however, would give a satisfactory reference with respect to air content.

3.5 Freeze/Thaw Resistance

Freeze/thaw testing of the specimens cast was done according to

ASTM C666 Procedure A on a machine that averaged approximately 7 cycles

per day, including down ttme, to take readings. At that pace, six weeks
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is required to test a specimen if it lasts 300 cyc'les before deteriorating

below a 60% durability factor. Because of the time invo'lved, the freeze/

thaw specimens made in Part B of this study for those m'ixes used to evalu-

ate the hardened strength of superplasticized concrete have not been

tested but are being stored at OoF according to ASTl,l C 665 for later

tes ti ng .

The data resulting from the freeze/thaw tests made on specimens cast

from the mixes used in Part A of the study regarding the plastic behavior

of the concrete is shown in Table 3.14. Figure 3.78 shows the durability

factor in percent versus number of freeze/thaw cycles for two specimens.

0ne, 2Al,l'00, demonstrated a durability factor greater than 60% at 300

cycles and the other specimen, 2AM'36, deteriorated to a 60% durability

factor before reaching 300 cycles.

In ASTTvI C494, the governing comparison between a specimen containing

some admixture under test versus a specimen not containing the admixture

is a required relative durability factor of 80 for all types of admixtures

including superplasticizers. In Table 3.14, the durability factor received

for each data point by averaging the results of three specimens is shown.

In parentheses for the superplasticized specimens is shown the relative

durability factor in comparison to the 00 non-plasticized specimen for the

same temperature. This allows comparison with that specimen for dosage,

time of addition of the superplasticizer, duration of agitation both before

and after the addition of superpiastic'izer and temperature.

The first information to be noted among the superp'lasticized speci-

mens is a genera'l tendency among almost a'll the series. As the agitation

is cont'inued, sufficient air content seems to be lost, producing a much

lowered durability factor. If the addition of the superplasticizer is
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delayed, then completed, followed by some additional agitation, the dura-

bility factor is lowered but not as much. Finally, if the addition of
the superplasticizer is greaily delayed, then added, and the specimen

made without further agitation, there is essentially litile reduction

be]ow the durability factor of the 00 superplasticized specimen.

Between the control specimen 00 samples and the superplasticized

air-entrained specimens, the fot'lowihlj trends may be noticed although

there was some scatter in the resu'lts and some anomalies. For the singie

dosage series ("1") and flowing mode series ("F,'), the performance of the

superplasticized concretes not on'ly met the 80% relative durability factor
requirement but more often than not were near or above the 100% relative
durability factor in conparison with the controi mixes for al'l times of
addition and durations of agitation. In the case of the,,primed" series,
lAM' and FAM', this was certainly true, demonstrating a definite freeze/

thaw advantage in the sequence of admixture addition that has the air-
entraining agent added after the superplasticizer. This seeming advantage

should, however, bc tempered by observing that all of the low temperature

air-entrained control mixtures showed a lower durabiiity factor for the

00 data point than the 06 data point, indicating some difficuity in the

air-entraining agent being ab]e to build the proper air-void structure

at this low temperature, possibility indicating the need for a modified

and more adequate mixing procedure at this iow temperature. Therefore,

the superpiasticized comparisons at low temperature are possibly improper-
'ly exaggerated.

Another trend to be noticed is that for superp'lasticized concrete

at larger dosages and higher temperatures, the performance is not at all
successful. However, if the "primed,, sequence of admixture addition is
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followed and the concrete is deposited quick'ly without additionai agita-

tion, the superior freeze/thaw performance of the "primed" procedure is

still evident.

3.6 Deicer Scaling Resistance

Table 3.15 contains the data received from the deicer scaling tests.

Each specimen is cycled once a day for five days then f'lushed, evaluated,

and re-filled. The maximum number of cycles completed is 50, so the test

may take as long as ten weeks to cornplete. In the interest of time and

because of the lack of sufficient freezer volume in which to store and

from which to cycle the specimens, only the 00 data points for each series

were cast with the exception of 06 data points for the control specimens.

The 05 specimens were done to see the effect of e,rtended agitation on

the control specimens. Figure 3.79 shows the actual change in scale

vaiue with number of cycies for a specimen showing large deterioration.

Figure 3.80 represents a plot of some values on a fina'l scale value ver-

sus number of cycles curve. A1'l points should normally lie on the sca'le

= 10'line or the number of cycles = 50 line. Any point within the square

formed by these lines and the axes represent specimens that "failed"

prematurely by virtue of their moats deteriorating beyond repair. These

specimens are marked with an rrxr' in Tabie 3.15.

In general, most of the air-entrained control spec'imens and essential-

ly ail of the air-entrained superplasticized specimens performed very well

in these tests. FAH00 is an exception. The non-air-entrained spec'imens,

both control and superp'lasticized, performed very poorly, as was expected.

In general, except for a few of the eN specimens, extended agitation sub

stant'ially lowered the deicer scaling resistance of the mix.
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Table 3-1 DATA FOR sluMp ANO PERCENT sLur{p vERsus rlr.rE -- cN ancr cA sERIEs

Seri es
Mark

CNL

Per-
c ent

100
100

68

oo
At Slump
l{in Ins.

0 0.75
9 0.75

24 0.5

o3
At Slump Per-

Itli ir Ins . cent

0 0.75 100

o6
At Slump Per-
It{in Ins. cent

01
8l 1
920

t07 0

5 100
5 100
75 50
25 t7

CNM

cl,rH

CAL

cAtr

CAH

0
8

100
i00

0.25
0.25

0
36
56

0
0
0

t5
5

25

100
58
,l?

0
60
7t

1.0 100
0.5 50
0.25 25

0
16

0.25
0.25

100
100

0
38

0.25 100
0.25 100

0
67

'100 "
100

0.0
0.0

0 0.75 100
10 0.75 100

0 0.25 100
45 0.25 100

100
0

0
65

0
0

25
0

0
l0

'100u
100

0.0
0-0

00
00

1

I
0

50
0.0
0.0

0 0.25 100
100 0-0 o

0
22

" 100"
100

0.0
0.0

0
5

" 100"
100

0.0
0.0

0
5

" 100"
100

0.0
0.0
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rAbIC 3.2 [)ATA FOR SLUI,IP ANO PERCENT SLUHP VERSUS TIME -- C_H ANA EA SENTSS

Seri es
Ma rk

Enl

EHU

c-lrx

CAL

-cnN

eeH

oo
At 51 ump Per-
lilin Ins. cent

o3
At 51 ump
Min Ins.

Per-
cent

At
Min

0
70
85

100
115

o6
5 r unrp

tns.

4.0
2.25
1.5
1.0
0.25

Per-
cent

100
55
38
25

6

i00
94
38
25
2L

4.0
3.75
1.5
1.0
0. 75

0
9

24
44
59

0
36
51
65
81
96

100
86
43
29
14

0

3.5
3.0
1.5
1.0
0.5
0.0

100
58
33
L7
I

3.0
I .75
1.0
0.5
0.25

0
23
38
53
58

100
92
54
46
23
l5

0

3 .25
3.0
1.7s
1.5
0.75
0.5
0.0

0
43
59
74
89

104
119

100
100

70
50
40
20
l0

2.5
?.5
I .75
t.25
1.0
0.5
0.25

0
l2
77
92

107
t22
137

2.75 100
?"75 r00
1.5 55
0.75 27
0.25 9

0
i0
?5
40
55

100
100

70
60
10

5

5

75
5

25

2
2
1

I
0

0
10
40
55
70

100
100

29
l4

1.7s
1.75
0.5
0.25

0
9

74
91

4.0 100
4.0 100
3.0 75
2.0 s0
1.25 31
0.75 19
0.25 5

0

l0
25
40
EE

70
85

100
100
88
63
38
l9
13

5

0
0
5

5

5
75
5

25

4
4
3

?

1

0
0
0

0
10
35
50
65
75
90

105

100
100
45
31
25

0

4.0
4.0
1 .75
t.25
1.0
0.0

0
10
75
90

105
120

100
100
84
47
26
11

0

7E

0
25
25
5

0

4
4
4
2

I
0
0

38
68
83

113
143

750
13

100
100
85
64
36
36

7

3.5
3.5
3.0
2.25
1.25
1.25
0.24

0
o

38
55
70
85

100

4.5 100

2.0 44
l.7s 39
0.5 11
0.5 1i
0.25 5

71
85

101
115
131

0

100
100

57
)1

7

,E

3.5
2.0
0.75
0.25

0
10
?5
40
55

0 3.0 100

67
42
25

8

0
25
75
25

?

1

0
0

35
50
65
85

0 4.0 100

2.0 50
1.5 38
0.75 19
0.25 5

58
85

100
11s
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TABLE 3.7. TIME OF SET RESULTS . CONTROL MIXES

Specimen
Mark

Final
Set
h:m

53

04
29
15
51
22
00
27
55
49

Ini trial
rt
m

Initial Final
Group Set Set

Averaqe h:m h :m

Setti ng
Incrernent

h:m
Se
h:r

CNLOO

CNL03
CNLO6
CNMOO

CNM03

CNMO6

CNHOO

CNH03
CNHO6

Fverage

CALOO
CAL03
CALO6
CAMOO

C,AM03

cAt405
CAHOO

CAH03
CAHOS

Fverage

-cnloo
enlos
ft'tt-oo
CNMoo
eNmog
enuoo
euuoo
eNHos
ENuos
EveFasA

Enuoo
EAL03
eruos
eRNoo
enMos
-cnNoo

EAHOO

enHos
CAHO6

I[erage

4
4
4
4
4
4
3
4
3

6:23
7:06
6:51
8:45
6244
6228
6:24
5:55
5:31
67r

?
2
2
3
2
2
2
1

1

19
37
35
55
22
28
57
00
42

:35
:47
:00
:57
:19
:56
:06
:13
:07

5
4
5
5
5
4
4
4
4
4

52
16
?7
50
20
40
25
23
02

2
1

1

2
1

1

1

1

5
5
5
6
6
5
5
5
5

4
4
3
4
4
4
3
3
3

CNL 4:30 6247 2:L7

CNM 4:35 7 zl9 2:44

CNH 3:53 5:57 1:64

CAL 3:27 5:07 1:40

CAM 3:49 5z?4 1:35

CAH ?:58 4:09 1:11

Tfi
3:28
3 :15
3:38
4:05
3 :39
3:43
2243
3:07
3:03

2207
lz32
L:22
1: 51
1:40
1 :13
Lt23
1:06
1 :04
L:29

2:28
1 :59
1 :11
1 :55
?205
Lz32
1 :46
L:12
1 :09
Tfr

3

5
4
4
3
4
4
3
4
3

25

34
10
?6

:55
:54

8:12
6 :09
5237
5:51
7:00
6:04
5:30
5:L7
4249
6:TT

enr

enu

enu

Enl

eRpt

-cnu

4:43

4:27

3:50

4:05

4: 19

3:31

5:39

6:18

5:12

5:52

6:17

5:17

1 :53

L :51

L:22

L:47

L:57

1 :4S

32
44
05
40

24
01
49
28
29
0t
29
?9
36

?8
15
38
22
51
39
56
54

L:26
ilfo'

Sett'ing
I ncrernent

h:m
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TABLE 3.8. TII4E OF SET RESULTS - SINGLE DOSAGE I4IXES

Specimen
Mark

Fi nal
Set
h:m

Setti ng
Increment

:m

Initial
Set
h:m h

INLOO
INL03
INLO6
INL33
INL36
INL66
Nerage

INMOO

IHMo3
INMO6
INM33
INM36
INM66
Iver;rge

INHOO
INHO3
INHO6
INH33
INH36
INH65
Nerage

lALOO
lALO3
1ALO6
1A133
1A136
1A165
trerage

lAMOO
1AMO3

1AMO6

14M33
14M36
1AM56
Nerage

lAHOO
1AHO3

1AHO6
1AH33
1AH3 6
14H66
Aterage

4
3
4
3
3
4

:03
:38
:06
:50
:42
:17

5 :41
5: 13
5:17
5:15
4:55
5 a41
5-m'

1

1

1

1

1
1

38
35
2t
25
13
24

J :56

24
09
11
42
22
43

4
4
4
4
4
4

3
2
3
3
3
3

5
4
5
4
4
4

08
57
09
29
19
38

4:49
4:26

1 :16
L:12
L:02
1 :13
1 :03
1:05
m9'

1 :53
0:50
1 :09
trTz

1 :43
L:20
L:23
1:30
1 :10
L:32ft6

3:24
3:18

03
?0
t7

25
08

1

I

3
3
3

4:56
4:10
4:264B

4
3
3
3
3
3

01
25
45
2t
16
19

44
45
08
51
26
51

L2
50

2
2
3
2
2
3

2
2
2
2
2
2

55
39
03
50
56
03

4
3
3
3
4
4

59
57
00
05

4
4
3
4
3
3

L7
11
55
07
04
03

:16

1

1

0
1

1

1

1

i
0
1

0
0

44
54
50
57
56
53

06

:00
:03
:49

:09
.59
:09
.57
.55

53
48

f:0'4'3 :56
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TABLE 3.9. TIME OF SET RESULTS - DOUBLE DOSAGE MIXES

Specimen
Mark

Initial
Set
h:m

2:40
N6

31
a2
02
?t
54

Fi nal
Set
h:m

Setti ng
Increment

h:m

2NLOO

2NLO3
2NLO6
2N133
2NUr6
2N166
fSEffise

2NMOO

2NMO3

2NMO6

2NM33
2NM36
2NM56 -
Tverage

2NHOO

2NHO3

2NHO6

2NH33
2Nl{t5
2NH66
Tfffi'se

2ALOO
2ALO3
2ALO5
24133
2A135
?4L66
ffierage

2AMOO

241,03
zAMO6

2AM33
2AM36
2AM66-ffierage

2AHOO

2AHO3

zAHO6
2AH33
2AH36
24H66
7rvffi'gE

3
2
2
2
3
3

3
3
3
3
3
3

3
3
3
3
2
3

1 :10
0.59
0.5s
Lz0Z
1 :02
0.36

44
50
59
37
02
03

42
09
26
18
09
15

Tm6'

07
01
18
58
14
59

51
38
25
32
29
43

5:L7
4:?7
4220
4:11
4:21
4:50
r:?r

4223
3:53
4:24
3 :56
3:59
3 :39
Trir

1

1

1

1

1

1

1

1
1

0
1

0

1

1

1

1

1

1

1

0
1

0

33
37
2L
34
19
47

4
4
3
4
3
4

4
3
4
3
3
3

ffi
3:16
2252
3 :05
2:58
2:45

5
4
4
4
4
5
4:57

tr9
37
36
43
40
13

58
20
58
22
52
20

32
42
03
42
51
4t]

15

L7
25
55
45
48
50

3
2
2
2
2
2

27
18
55
01
58
05

1:15
L:L7
1 :08
0.57
1 :03
0. 58
il06

5r3'

4:52
4:08
4:?L
4z?0
4: 11
3:51m

3 :28
2:59
3 :11.
3:11
3:11
3 :30
815'
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TABLE 3.10. TIME OF SET RESULTS . FLOI^IING MODE MIXES

Specimen
Mark

Initial
Set
h:m

Setti ng
Increment

h:m

27
11
22
52
01
53

Se
h:

ral
rt
m

32
4t
02
24
40
27

23
10

Fin

FNLOO

FNLO3
FNLO6
FNL33
FNlj}5
FNL66
ffierage

FNMOO

FNMO3

FNMO6

FNI€3
FNM36
FNM66
Nerage

FNHOO

FNHO3

FNHO6

FNH33
FNt-t36

FNH66
mrage

FALOO

FAL03
FALO6
FAL33
FAL36
FAL66
Nerage

FAMOO

FAMO3

FAMO6

FAIi83
FAI,B6
FAIVISS

-ATerage

FAHOO

FAHO3

FAHO6

FAH33
FAH36
FAH66
Avera ge

5:05
4:30
4:40
4232
4:39
4:34
T:,[0-

7
6
7
6
6
6

5
5
4
4
4
5

5
6
5
5
5
6

2

2
2
1

2
1

I
1

1

1

1

1

1

1

2
1

1

1

3
3
3
3
3
3

4
4
3
4
3
4

57
53
28
L7
24
55

5:40
7:00
5:57
6:32
6:?9
5:40
6':37

L:26
L:L7
0. 51
0.58
0.48
1:15IM
1 :50
I :11
1 :10
L:26
l:20
0.58trrf
1; 55
tz02
1 :39
1:39
1:35
1 :49Ity

19
15
r2
10

3
3
3
3
4
3

43
38
37
59
24
77

5
4
4
4
5
4

53
27
27
33
04
i9

ffi6

28
58
44
00
43
50

56
49
01
22
22
34

6:35
5:57
6: 43
5:22
5:47
5:27

28
51
17
22

4:43
.4:30
4:38
4:02
3:50
4: 14m

5: 5I

s59.

39
44

52
27
05
20
57
13

4:45
4:58
4:18
4: 53
4:54
4:51w

W7
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TABLE 3.11. TIME OF SET RESULTS - "PRIMED'' MIXES

lAM'OO
1AM ' 03
1AM'06
lAM'33
1AM'36
lAM' 55
A-verage

Spec'imen
Mark

initial
Set
h:m

3:50
4:01
3 :45
3:40
3:24
3:50
Fr5
3:25
3:26
3:33
3:24
3:43
3 :02
3..7'j6

Fi nal
Set
h:m

Setti ng
Increment

h:m

5:25
5:48
q.?o

5:12
4:56
5:20
5:A

1

1

1

1

1

1

1

1

1

1

35
47

2AM'OO
zAM'03
zAM'06
zAM'33
2AM'36
zAM'56
Nerage

4:59
4:55
5:10
4:48
5:06
4:3 5
aE5',

L:24
L:21
L:37
l:24
l:23
1 :33
Tlz,7

54
32
32

58
22
32
37
13
28

FAM

FAM

FAM

FAM

FAM

FAM

5
4
4
4
4
4

00
03
06
33
36
55

16
39
06
50
25

t4
01
38
27
38
04

7
6
5
6
5
63

ffierage
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Spec'imen
Mark

Accumul ated W/C FactorErc Vol /Area
ml /cm3

0.0101
0.0020
0. 011 1

63

Perc
Ava'ilable
Mix Water

0.?76
0.055
0.307

TABLE 3.13.1. BLEED I,IATER RESULTS - CONTROL MIXES

Water /mi
Un.lr,lt.
pcf

Cement
Factor

CNLOO

CNL03
CNLO6
CNMOO

CNMO3

CNM06
CNHOO

CNH03
CNHO6

CALOO

CALO3
CALO6
CAMOO

CAM03
CAMO6

CAHOO

CAH03
CAHO6

euloo
CNL03
C'l,lL06
etluoo
erul,tog
CN14Os

etlHoo
enHog
enuoo

enloo
eALo3
EALO6
Buoo
EAMO3
eRNoo
eAHoo
eRHos
dRHos

0
6.

0
0

tr

1.
5.

0
0

5

5

.0
0
0
0
0
0
0
0

0

L44
t44
143

145 4.84 0.571 0.0132 0.357

81
8t
77

54

3
0
0
3
0
1

2
0
0

59. 5
19.0

5.5
75.0
8.0

2L.0
44.5
10.0
3.0

0.541
0.541
0.541
0. s41
0.541
0. 541
0.541
0.541
0. 541

28
48
48
28
40
44
28
4t]
44

4
4
4

0
0
5

L37 4

0. 571
0. 571
0.571

0.479 0. 0101 0.349

L2.0
7.5
1.5

37.s
2.0

16.5
30. s
9.0
1.0

145
t44
145
143
L44
145
L44
145
143

135
141
141
136
139
140
136
141
140

5. 13
s.10
5.10
5. 06
5. 10
5.13
5. 10
5.13
5. 06

0.506
0.606
0.505
0.506
0.606
0.606
0.606
0. 606
0. 506

0.1407
0.038s
0.011 1

0.1518
0.0162
0. 0425
0. 0901
0.0202
0.0061

0.243
0. 01 52
0.0030
0. 07 59
0.0040
0.0333
0.0617
0. 0182
0. 0020

'.270

.7L7

.393

.0?7

.188

.489

. i49

0.638
0.384
0.007
1.99s
0.104
0.852
t.623
0.46i
0. 052

5
5
5
5
5

5
5
5
5



Specimen
Mark

Accumul ated
Water/ml

Cement
Fac tor

Vol /Area
ml /cm3

0.0030

0. 0020

64

Percent
Available
Mix Water

2.391
0.s47

0. 088

0. 058

IABLE 3.13.2. BLEED WATER RESULTS . SINGLE DOSAGE MIXES

!,ltUn
pcf

W/C Factor
w/o SP w/SP

lNLOO
1NLO3
1NLO6
1N133
1N136
1N166

lNMOO

lNMO3
1NMO6

1NM33
1NM36
1NM65

lNHOO
1NHO3

1NHO6

lNl-t33
1NH36
1NH66

lALOO
1ALO3
1ALO6
lAIJ3
1A136
1A166

lAMOO
lAMO3
1AMO6

1AM33
14M35
14M66

1AHOO

1AHO3

1AHO6
1AH33
1AH36
1AH66

1AM'OO
1AM'03
lAM'06
1AM'33
1AM '3 6
lAM'66

8.0
0
0

1.5
0
0

14s s. 19 0.489 (. so6) 0.0162 0.463

147 s.26 0.489 (.506) 0.0030 0.0086

t44 5.17 0.4e0 ( . s10) 0.0627 t.78731.0
0
0

13.0
12.5
9.5

41.0

13.0

147
148
146

0.490
0.490
0.490

.510

.510

.510

.505

. s06

5
5
5

0. 0263
0.0253
0.0192

28
32
?5

0.
0.

0830
9201

48
48

(
(
(

)
)
)

0
0
0

73
70
53

4
0
9

L44
L46

5. 1s
5.22

0
0

)
)

9
9

(
(otr

0
0
0
0

0
0
0
0
0
0

0
0

4.0
0
0

t2.0
0
0
0
0

i.5

1.0
0
0
0
0
0

143 s.7t 0.443 (.4s4) 0.0263 0.762

143 5.83 0.443 (.454) 0.0081 0.230

146 s.75 0.443 (. +S+1 0.0243 0. 699

L47

146

5.7t

5.75

0.443

0.446

(.4s4)

(.+st1



Specimen
Mark

Accumul ated
t^later/ml

Vol /Area
ml /cm3

0.4999
0.0010

65

Perc=,,t
Available
M'ix tllater

16.021
0. 032

TABLE 3.13.3. BLEED WATER RESULTS . DOUBLE DOSAGE MIXES

t,ItUn
pcf

l.l/C Factor,Ere
2NLOO
2NL3O
2NLO6
2N133
2N136
2N166

2NMOO

2NMO3

2NMO6

2NM33
2NM36
2NM66

0
0
0
0
0
0

8.0
0
0

4.0
0
0

3.0
0
0

1.0
0
0

0
0
0
0
0
0

0.5
0
0
0
0

0.5
0
0
0
0
0

s.91 0.33e (.369) 0.0162 0.5s8

2NHOO

2NHO3

2NHO5
2NH33
2NH36
2NH56

247 .O*

150

149
149

0.357
0.357

0.381
0.381

148 5.84 0.33e (.36e) 0.0081 0.282

1sl s. e5 0.33e ( .36e) o. 0061 0.208

lsl 5.9s 0.339 (.369) 0.0020 0.069

2ALOO
2ALO3
2ALO6
2A133
2A136
2AL66

2AMOO

2AMO3

2AMO6
2AM33
2AM36
2AM65

zAHOO

2AHO3
2AHO6
2AH33
2AH36
zAH66

2AM'00
2AM'03
zAM'06
zAM'33
2AM'36
2AM'66

15
15

6
6

(
(

148 7.64 0.340 (0.354) o.oo10 0.027

0
0
0
0
0
0

Cement
Factor



Accumul ated
Water/ml

Un . t,.lt.
pcf

14s

Cement
Factor

Vol /Area
ml /cm3

65

TABLE 3.13.4. BLEED WATER RESULTS - FLOI,IING MODE MIXES

t^I/C Factor
w/o SP w/SP

FNLOO

FNL03
FNL06
FNL33
FNL36
FNL66

FNMOO

FNMO3

FNMOS

FNM33

FNM36
FNM66

FNHOO

FNH03
FNH06
FNH33
FNH36
FNH66

FALOO

FAL03
FAL06
FAL33
FAL36
FAL66

FAMOO

FAMO3

FAMO6

FAM33
FAM35
FAM66

FAHOO

FAH03
FAHC6

FAH33
FAH36
FAHOO

FAM' OO

FAM'03
FAM'06
FAM'33
FAM'36
FAM' 66

6.0
0
0
0
0
0

6.0
2t.0
6.0
8.5

8.0
0
0
0
0
0

8.5
0
0

0.5
0
0

3.5
0
0

1.5
0
0

4.85 0.s62 (.587) 0.012i 0.320

79.0
15.0

2.5
11. 5

0
19.5
20.0
7.5

371.0*
3.5

0

145
t46
147
14tI
148
148

L47
145

14s
146
L47

143
145

143
146
144

L47

145

0.562
0.562
0.562
0.562
0.562
0.562

0.562
0.562

0.479
0.479

0.479
0.479
0.479

4.191
0.847
0.316
1.101
0.314
0.445

4.88
4.89
4.91
4.94
4.94
4.94

4.91
4.84

0
0
0
0
0
0

0
0

0.
0.
0.

(.s"az1

ll

ll

ll

(. sBzl 1599
0324
0127
0425
0t2t
0L72

.0233

(. s04)

n

il

lt

ll

4.84
4.88
4.91

51

95

52
0405

00

03

01

0.
0.
0.

5.
5.

5
5
5

0
0
0

562
562
562

0. 7 508
0.0071

0.0202
0. 0020
0.0040

0.132
0. 615

1 .043
1.061
0.395

0s7

143 s.18 0.47e (.s04) 0.152 0.465

10.0
1.0
2.0

15
23

15
26
20

ll

ll

586

1i6

s.3o 0.47e (. so+; 0.0172 o.4r]4

i4s 5.23 0.47s 0.0010 0.029

s.24 0.479 (.504) 0.0071 0.201

146 s.26 0.479 (. s04) 0.00s0 0. 086

Percent
Available
Mix Water

Specimen
Mark

21.723
4.202

lt

ll

I
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TABLE 3.15. DEICER SCALING RESULTS, 0 + 10 SCALE

Specimen
Mark

enloo
-cNt-00

eNMoo

lltt'loo
CNHOO

enHoo

ERloo
eRloo
enuoo
eRMoo
eRHoo
enuoo

CNLOO

CNLO6
CNMOO

CNMO6

CNHOO

CNHO6

CAL
CAL
CAM

CAM

CAH

CAH

N/M**

t0/20
L0/2?.s
5/15*
to/s
t0/5
10/10

Specimen
Mark

INLOO

INMOO

INHOO

IAMOO
lAM'OO
lAHOO

FNLOO

FNMOO

FNHOO

FAMOO

FAM'OO
FAHOO

N M

7 /12.5*

6.5/2Ar,

6.5/L7.5r,.

t/s0
o. 5/ so
t/s0

t0/L0

10/10

10/10

50

Specimen
Mark

2NLOO

2NMOO

2NHOO

2AMOO

zAM'00
2AHOO

N/M

L0/20

L0/27.s

L0/7

a/s0
0/50
L/s0

s/s0
10/s0
1.5/so
4/so
L/s0
2.s/45j,

IAL00 1.5/SO 2A100 Z.slso

70/40
e/?st
6/50
10/30
10/30
t0/20

1. s/s0
8/ so
3/ 50
9. 5/ s0
3.5/so
L0/45

FAL00 0/50

r/50
L/s0
6.s/

*

**
Indicates testing stopped when dike became irrepairable.

N/M = (Scale Value)/(Number of Cycles).
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IV. CONCLUSIONS

The following conclusions may be drawn from the results of tests
performed on specimens of piastic concrete as described in the two pre-

vious chapters. All of the conc'lusions'listed be]ow must be considered

very general. They are based sole1y on the'limited data received from

the tests reported above. They are niEant to serve only as gufdes to the

expected p'lastic behavior of concrete mixes made with the particular
superplasticizer studied. Actua't behavior for a given project should be

confirmed in each individual case by actual trial batching and standard

tests.

Sl um Loss with Time

The increased workability of superplasticized mixes as measured by

slump is lostata rate that exceeds that of control mixes of simi'lar

workability. The higher the amount of slump gained through the use of
the admixture the more rapid the rate of slump'loss. The additional

workability is usually effectively'lost within the first 30 to 50 minutes

afterSP addition. |,Iith adequate care in mix design and careful construc-

tion management, however, the full advantage of this early workability
could be fully ut'ilized.

Temperature has a marked effect on the workabif ity achievable with

the superplasticizer. Tests were made using on'ly three target concrete

temperatures, 500,70o, and 900F. The superp'lasticizer showed optimum

performance at the middle temperature, greatly reduced performance at the

lower temperature and significantly reduced performance at the higher

temperature. The rate of slump loss was increased at higher temperatures.

Delay between the time of .initial water/cement contact decreases the
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effect'iveness of the same dosage of the superplast'icizer. The degree of

increased workabiiity available with a particular dosage of the super-

plasticizer is very sensitive to small changes in the water content of

the mix.

Air-entrainment seerts important in helping the quality control of

superplasticized mixes, expecially at high dosages and low temperatures.

Itmay, however, increase the rate of'slump loss in mixes in the flowing

mode. Adding the air-entraining agent after the addition of the super-

plasticizer does not help the slump loss problem, although it may have

other advantages described below.

Time of Set

For most mixes, both control and superplast'icized, lower water/

cement ratios wi]l lower the time of initial set, but lengthen the perio'

between initial and fina'l sets. However, in comparison with control

mixes, the use of the superplasticizer will shorten the period of set

between 0.5 to 1.0 hours

Higher ternperatures and increased agitation before deposition shorten

both the initia'l set and the period of set. Increased superpiastic'izer

dosage w'i11 shorten the initial set somewhat proportionately.

Most of these effects are moderated slightly by the use of air-

entrainment. But adding the air-entraining agent after the superplasti-

cizer seemed to delay the setting approximately 1.0 hour. Most of the

time of set variation is probably more a function of the water/cement

ratio changes since there was very little change between the C and

corresponding F series, indicating little change in set t'ime when the

change was in superplastic'izer dosage without a correspond'ing change in

water/cement ratio.
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Bleed Water

More bleed water is available, of course, in high slump mixes rather

than lower slump mixes. If bleeding is occasioned by the add'ition of

superplasticizer, the longer the agitation before the superp'last'icizer

is added, the less the bleed. The use of air-entrainment and sufficient

fines renders the bleed water prob'lem insignificant.

However, it should be noted that in mixes of high superplasticizer

dosage, either in a water-reduced or f'lowing mode, the probiern becomes

more a problem of "mortar b'leed", wherein a thin cement paste rises to

the surface, rather than b'leed water. Workers smoothing such a surface

found it "tacky" with a tendency to stict< to the trowe'l . Prob'lems in

finishing such a surface might be significant.

Air Content

In normal use of superplasticizing admixtures, if air-entraining

agents are used in conjunction with them, the air-entraining agent is

added to the original mix water and the superplasticizer added later in
its own solut'ion. In that kind of adm'ixture addition sequence, the

following behavior can be reported. The addition of the superplastic'izer

to a previously air-entrained mixture results in a loss of from 0.5 to

3.0% air content by voiume. The larger the dosage, the larger the drop.

Long additional agitation of flowing mode mixes will exhibit sometimes a

recovery of from 1 to 1,5% air content. This recovery is h'igh1y erratic.

The freeze/thaw results imp'ly it is probably entrapped rather than en-

trained air.

If, however, in the few m'ixes tested, the air-entraining agent is

added after the superplasticizer is added and mixed, there is little
loss of air content even with cont'inued agitation and the freeze/thaw
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resistance iS greatly improved by comparison to control mixes.

Freeze/Thaw Res'i stance

Further agitation of mixes consistent'ly 'lowers the freeze/thaw re-

sistance. Thus, df,y recovered air content ment'ioned above is probably

entrapped air. If specimens are cast soon after initial mixing of the

concrete and adding of the superplasticizer, there is no problem in ob-

taining an 80% relative durabi'lity factor in comparison with contro'l

mixes. Except for mixes with very high dosage of superplasticizer, the

re1ative durabil ity factor is c'loser to 100%. If the air-entra'ining

agent i s added af ter the superpi ast'ici zer, the re'lative durab'i'l 'ity factor

with respect to the control mixes is greater than 100%.

Dei cer Scalinq Resistance

Air-entrained superp'lasticized mixes perform as well as the cor-

responding air-entrained contro'l mixes. Extended agitation substantial

lowered the resistance of air-entrained contro'l mixes and will probably

do so in air-entrained superp'lasticized mixes un1ess the order of admix-

ture addition is reversed.
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V. LABORATORY STUDiES

5.1 Material s

The material to be tested in this part of the study was Portland

cement concrete containing superp'lasticizer and an air-entraining agent.

The concrete specimens were made of three different coarse aggregates.

The primary aggregate used in most of the tests was an Arkansas I imestone.

In addition, representative tests were made with an Arkansas river gravel

and some tests with an Arkansas sanclstone. The fine aggregate in all cases

was an Arkansas river sand.

5.1.1 Port'land Cement

The Portland cement used throughout both parts of this study was a

Type I Portland cement available in 94-pound bags manufactured by the

Monarch Cernent Company of Humboldt, Kansas. A chemical analysis of the

major oxides in the cement was beyond the scope of the department's re-

search facilities. However, samples were taken of each shipment and a

composite sample made so that later tests may be conducted. No notice-

able difference in the properties of the concrete seemed ever to be

occasioned by the arrival of a new shipment.

5.1.2 Mixi ng Water

Mixing water used in all tests consisted of tap water supplied by

the City of Fayetteville, Arkansas.

5. 1.3 Aggregate

The major port'ion of the tests described below were done using the
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same Arkansas limestone for coarse aggregate as was used in the previous

part of the study concerned with the plastic behavior of the concrete. in

addition, two other typical Arkansas aggregates were used: a river gravel

and a sandstone.

The river gravel was obtained from McClinton-Anchor Cornpany of

Fayetteville, Arkansas. The gravel, of l-L/4" maximum size, was identi-

fied as having ccme from the Murfreesboro area of Arkansas. The quarry

site for river gravel from the Murfreesboro area is'located in Pike

County, in Section 7, Township 8S, Range 25W, from a quarterrary terrace.

Its buik specific arav'ity was measured at 2.58 and its absorption with

respect to saturated-surface-dry condition at 4.82%. 0ther tests on the

same material done at other times [31] have shown an L.A. Abrasion (Grade

C) of 21,.3, a Na2S04 soundness of 0.3, and a percent Insoluble Residue

+ #200 of 99.6.

The sandstone coarse aggregate was obtained from Arkola Sand and

Gravel Company of Springdale, Arkansas. The sandstone, of L-L/4" maxirum

size, was identified as having come from their Van Buren quarry in Craw-

ford County, located in Section 4, Township 9N and Range 311,1, a part of

the Hartshorne formation. Its bulk specific aravity was measured at

?.52 and its absorption with respect to the saturated-surface-dry condi-

t'ion at L.73%. Other tests on the same material done at other times [31]

have shown an L.A. Abrasion (Grade C) of 26.5, a Na2S04 soundness of 2.0,

and a percent Insolubie Residue + #200 of 95.6.

The fine aggregate used in all tests of this part of the study des-

cribed below was a river sand obtained from Arkola Sand and Gravei Company

ready-m'ix piant in Fayetteville, Arkansas. Its bulk specific aravity w

measured at 2.59 and its absorption with respect to the saturated-surface-
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dry condition at 0.4t%. Gradation curves of representative samples of

ail aggregates used in this part of the study met the grading requirements

of ASTT'I C33 for thei r si ze.

5. 1.4 Super pl asti ci zer

The same superplasticizer, Melment 110A, as used in the first part

of this study was used also for the hardened tests.

5 1.5 Air-Entraininq Aqent

The air-entraining agent used throughout the entire project was

Amex 210, also manufactured by the American Admixtures Corporation, and,

therefore, assumably conpatible with the Melment Ll0A superplasticizing

admixture.

5.2 0rqaniza tion of Variables

In the second major part of this study, Part B., emphasis was given

to examining the properties of hardened concrete made w'ith superplasti-

cizers. The emphasis was, therefore, on the compressive strength, the

tensi'le strength, and the surface hardness as measured by abrasion re-

sistance.

These genera'l qualities were measured with respect to several

variables: 1) coarse aggregate type, 2) dosage of superplastic'izer,

3) air-content range, and 4) cement factor. In all mixes, by comparison

to the variables used in the first part of the study, the superplasticizer

was added after initial mixfng of the cement, water, and aggregate. The

air-entraining agent was added after the add'ition and mixing of the

superpiasticizer with the concrete. in all mixes, the target temperature

was held at 70oF.
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The three coarse aggregates have been described previously. The

limestone coarse aggregate was used for a full range of tests. A set of

representative cunparison tests using on'ly the middle cement factor was

made with river gravel as the coarse aggregate, and a number of control

comparison mixes were made with the sandstone.

In this series of tests, since compressive strength was of interest'

mrx designs were made using the water/cement ratio as one of the maior

vari ab'les to achi eve the same workabi 1 i ty. Thus , i n al 'l the tests of

Part B, the dosage of superp'lasticizer was either none or the upper or

lower bounds of the range of dosage recormnended by the manufacturer,

i.e., 20 fluid ounces per hundredweight of Portland cement or 40 fluid

ounces per hundredweight.

The air-entraining agent was varied in quantities such as nonerso a

to achieve a target air content percentage of 4%rand such as to achieve a

target air content percentage by volume of 7%-

Finally, the cement factor was utiiized as a variable using three

separate cement contents of 5.0, 6..0, and 7.0 sacks per yard (470, 564,

and 658 pounds of Portland cement per cubic yard of concrete, respectively.)

The combination of these variab]es range'led to the following logical

combinations of variables and specimen identification code. Each specimen

or separate "data point" was denoted by a combinat'ion of one symbol from

each of the fo1 l owi ng col umns :
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The first column refers to the coarse aggregate type: L (limestone), G

(gravel), or S (sandstone). The second column refers to the superplasti-

cizer dosage: "C" for "control", i.e., no superplasticizer r'1tr for a

single dose of 20 f'luid ounces per cwt of cement' u2'for a double dosage

of 40 fluid ounces per cwt of cement; and "F" for a f'lowing concrete with

sufficient superplasticizer to get the comesponding "C" mix with a 3"

s'lump to an 8" slump, if possible.

The third column refers to the amount of air entrainment targeted:

"N" for a mix to which no air-entraining agent has been added; "1" indica-

ting 4% and "2" indicating 7% targeted air content by volume. The fourth

column refers to the target cement factors' rrlrr, "M", and "H" indicating

5, 6, and 7 sack mixes, respective'ly.

Thus, "LINM" refers to a mix made with a sing'le dosage of superplasti-

cizer and no air-entrainment using'limestone coarse aggregate and a cement

factor of 6 sacks per cubic yard. "GC2H" would be a 7 sack mix using

river gravel as a coarse aggregate with no superplasticizer but enough

air-entrain'ing-agent to give a 7.0% air content by volume.

L

G

s 2

F
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The ful't set of unique combinations of variables used and the speci-

mens cast in the second part of the study are given in Table 5.1 following.

The total number of unique combinations of variables is 51.

5.3 Conduct of Tests

For each separate data point indicated in Tab'le 5.1, a concrete mix

was designed and confirmed by trial batching. From the results of work

done in the first part of the study, it was much easier to achieve an

adequate m'ix design than had been true earlier in the study. Neverthe-

less, it should be noted at this point that great difficulty was experi-

enced throughout the study in being ab'le to achieve repeatability between

batches, even successive batches on the same day. Great care was taken

in weighing, measuring the moisture content of the aggregates, etc., but

the laboratory personnel still had large changes'in workability in both

directions for supposed'ly the same mix. The author has come to the con-

clusion that these difficult'ies were caused primarily by the combination

of a great sensitivity in superplasticized concrete to smail changes in

moisture content and a scale factor. Most batches made in this study

were done in a mixer for which the maximum batch capacity is 1.5 cu. ft.

At that size, small unavoidab'le differences in moisture content would

result in a larger percentage change in the workability than if the same

magnitude of error were made in a'larger batch. This difficulty will be

addressed again in Chapter VIII, "Recommendations and imp'lementation".

For each separate data point, the fo'l'lowing tests were made. Each

will be discussed in more detail below:

1) s'lump after m'ixing was cornpleted,

2) air content by volume after mixing was completed,
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3) compressive strength,

4) tensi'le strength, and

5) abrasion resistance.

In addition, for certain se]ected data points, additional freeze/thaw

specimens were cast to ho'ld for later testing to confirm resu'lts found

in the initia'l part of the study. To date, these specimens have not yet

been tested.

5.3.1 Slump Tests

For each batch of each separate data point, the siump was measured

to ensure compliance with the target workabifity of the mix. This target

slump was either 3" +L12" or 8" !L/2". The latter was applicable in the

"F", or f'lowing mode, with respect to superplasticizer addition. In this

latter case, the spread was also taken using the same modification of

the German flow table specification as was described in the Cement and

Concrete Association paper t t l.

5.3 .2 Ai r Content

For each batch of each separate data po.int, the air content of the

mix was measured inrnediately after mixing to ensure compliance with the

target air content of the mix. The measurements were taken in accordance

with ASTM C231, using a Type B pressure air meter measuring to the nearest

0.1 percent by volume.

5.3.3 Compressi ve Strenqth

For each separate data point, fifteen standard 6" diameter by L2"

high cylinders were cast'in accordance with ASTM c Lg? and tested in

accordance with ASTM C 39 using a 400,000 pound capacity hydraulic cylinder
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tester. The specimens were tested at ages of one day, seven days, twenty-

eight days, ninety-e'ight days, and one hundred ninety-six days. For each

age and data point combination, three cylinders were tested and the mean

result in pounds per square inch reported.

Because of the large number of specimens and the limited facilities

available, the fo'l'lowing curing proceduFe was consistentiy fo'l'lowed in

the case of a'l'l cylinders, both tensile strength and compressive strength

specimens. From the time forms were stripped, some twenty to twenty-four

hours after casting, until the age of seven days, the cylinders were cured

in cabinets meeting ASTl,l C 511, "specifications for Moist Cabinets and

Rooms Used in the Testing of Hydraulic Cements and Concretes". At the

age of seven days, the cylinders which had not yet been tested were re-

moved from the cabinets and placed in a submerged condition in fifty-fiv
gallon drums at room temperature untii the age of twenty-eight days. At

that time, the remaining six cylinders for the long-term tests were re-

moved from the drums, wrapped in a saturated material, encased in a double

thickness of waterproof piastic bags, taped shut, and left in a constant

temperature basement room. At no time were the specimens ai'lowed to dry

from their saturated condition once the curing process began at the oc-

casion of form-stripping.

5.3.4 Tensile Strensth

For each separate data point, three standard cylinders were also

cast to serve as specimens for a twenty-eight day evaluation of the ten-

sile strength of each mix by.means of ASTM C 496, "Standard Method of

Test for Splitting Tens'i1e Strength of Cylindrica'l Concrete Specimens".

The specimens had been cured continuous'ly unti'l the twenty-e'ight day age
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by the same method as described above for the compressive strength

cyf inders.

5.3.5 Abrasion Resistanc 6

For each separate data point, three specimens were cast to be used

in studying the abrasion resistance of the concrete. The specimens

consisted of biocks sfx inches square in p'lan view and three inches high.

They were cast in one ]ayer, rodded twenty-five times, and struck off
and troweled smooth in a light fashion. After twenty-eight days of
curing consistent with the same methods used for both the compressive

and tensile strength spec.imens, they were removed from curing and tested

using an apparatus meeting the requirements of the u.S. Army corps of
Engineers Method CRD-C 52-54. The apparatus subjects the surface of the

spec'imen to be tested to the rotary grinding action of wheel dressing

cutters under a constant normal load of 4,400 grams. The cutting action
is continued for a perfod of two minutes and the amount of abraded materi-
al evaluated by the difference in weight of the specimen.
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Table 5.1 MIX VARIATI0NS EXAMINED AND SPECIMEN MARKS

Li tone Gra v el

LCNL
LCNM

LCNH

LClL
LClM
LClH

LC 2L
LC2M
LC2H

LlNL
LlNM
LlNH

L11L
L1 1M

L1 1H

L1 2L
L1 2M

L1 2H

L2NL
LzNM
L2NH

LzIL
121.M

LzIH

L22L
LZ2M
L22H

LFNL
LFNM

LFNH

L F1L
LFlM
LFlH

LF2L
LF2M
LF2H

GCNM

GClM

GC2M

GlNM

G1 1M

G12M

G2NM

G2lM

G22t4

GFNM

GFlM

GF2M

SCNM

SClM

SC2M

Sa nds to ne
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VI. RESULTS OF TESTS

This chapter describes the results of tests made of hardened concrete

specimens made according to the system of variable organization described

in the previous chapter. The emphasis here is on the effect of aggregate

type, superplasticizer dosage, air content, and cement factor on the

result'ing compressive strength, tensiie strength, and abrasion resistance.

Aithough outside the intended originar scope of the project, freeze/

thaw specimens have been made of these mixes for later evaluation of
freeze/thaw durability and confirmation of trends observed in the first
part of the study concerned with the behavior of plastic concrete. At

this writing, those additional freeze/thaw tests have not been made.

6.1 Compressive Strenqth

Table 6.1 lists the thirty-six rimestone aggregate data points

considered in this part of the study together with the following values.

For each data point, the target cement factor in sacks/cubic yard is
given, and the target water/cement ratio. 0n the basis of trial batching

and mix design used in the first part of this study and subsequent

continued batching in the second part, water/cement ratios were continu-

ally projected as reasonable for the next data points. These target
water/cement values served as initial guides in the mix design and trial
batching procedures for the hardened concrete data points. The next

three columns of Table 6.1 give the actual resulting values for cement

factor and two water/cement ratios. The first ratio contajns the mix

water provided div'ided by the ceffi€rrL provided. The second ratio also

conta'ins the water avaiiable from the superplasticizer itself. This
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second ratio is calculated by adding an equivalent amount of water found

by multiplying the m'illiliters of superpiasticizer used by its specific

gravity of 1..1 and then by a factor of 0.8, which represents the propor-

tion by weight of the superplasticizer that is water.

The discrepancies between the intended and actual values are in

part a result of the actual effects of the variab'les under study and in

part the result of the prob'lems of repeatability referred to earlier.

These problems of repeatability are understood as a result of the inter-

action of the sensitivity of the superplasticized concrete to small

changes in water content and the sca'le factor incumbent in the size of

the m'ixer. Thus, the results obtained'in this part of the study should

not be taken as data that can be preciseiy repeated but as indicative

of trends.

The next column 'is the superplasticizer dosage and the fo'llowing

column is the measured air content of the mix. The superp'lasticizer

dosage is 0, 20, or 40 fluid ounces per hundredweight of Portland cement

for the xCxx, xlxx and x2xx mixes respectively. The first dosage repre-

sents a control mix with no superplasticizer. The next two dosages

represent the upper and lower recommended dosages of the manufacturer.

In these two types of mixes as wel] as the control mixes, water was used

as the variable to bring the mix to the proper workability. The xFxx

m'ixes are "flowing" concrete of a target slump of 8 inches. In these

mixes, the water/cement ratios, etc., of the corresponding control mixes

were rough'ly followed and the superplasticizer used as a variable to

give the greatly increased slump of 8 inches. When the air content was

small in the control mix, that was somewhat difficult to do and problems

of normal bleeding or "mortar bleed" as well as segregation were more



i53

pronounced. As the air content of the mixes increased, it was easier
to achieve the desired change in slump with the same water/cement ratio.

The next to'last corumn in Tabje 6.1 is the 2g-day compressive

strength of the mix based on the average of three cylinders. That data

wi'l'l be enlarged later.

Table 6.2 contains the same data as Table 6.1, but now for the

twelve mixes for which gravel was the.coarse aggregate and for the three
control mixes for which the previously described sandstone was the coarse

aggregate.

Table 6-3 gives the compressive strength and tensile strength results
from the hardened specim-ens in a more expanded fashion. In addition to

the specimen mark and the casting date, the tabie lists, where avaiiable,
the compressive strength in psi at one, seven, twenty-eight, ninety_
eight and one hundred ninety-six days. The two latter ages of specimen

were not always achieved. For a number of specimens cast in the later
stages of the study, time was not availabie for these'long-term tests.
A few changes from the targeted ages of specimen are noted in the tables.
The next to last column is the ?g-day tensiie strength, fip, of the

indicated mix based on the average of three split-cylinder tests. The

last column of the Table gives a non-dimensiona'l factor, f lp/ff,, which

will be usefu'l in correlating the tensile strength, f;p, to the square

root of the corresponding 2g-day compressive strength result, f;. Table

6.4 gives the same data for the gravel and sandstone mixes.

Figures 6.1 through 6.LZ plot the same data as Table G.3 in com-

pressive strength in psi versus age of specimen in days p.lotted on a

logarithmic scale. This semi-logarithimc plot was chosen to be able to
see more smoothly and easi'ly the rate of increase of strength w.ith time.
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Each figure shows curves for three different mixes with the same first

three variable'indicatorsi that is, the three in each figure differ on'ly

in the cement factor.

Figures 6.12 through 6.17 plot the same data as Table 6.4 in a

similar semi-logarithmic plot. For these figures, all cement factors

are "M" corresponding to a target cement factor of 6 sacks per cubic

yard. The three different mixes reBresented in each of these five figures

differ only in air content. The three curves on each of these figure

represent target air contents of 0, 4, and 7 percent by volume.

6.1. 1 General Obs ervatl0ns

A number of general observations may be made from the tables and

figures referred to above. In data of this type' even with the typical

scatter of concrete research results as well as the problems with repeat-

ability experienced in this study, one w'ill expect relatively smooth

results with time. However, there are a few curves that exhibit anomalies

that should be noted. The strength with time curve from LCNM is erratic

and the 195-day results for al'l three members of the LCN series plotted

in Figure 6.1 seem unrealistic. Also, the curve of L12M is similarly

erratic as is the 196-day result for LF1M. All of the rest of the stress

capacity versus age curves Sesn fair'ly smooth and reasonable.

A general trend that can be noted'in a'lmost every one of the first

twelve figures in this chapter is that strength increases with richness

of the mix. The 1ow, medium, and high cement factor curves usually

exhibit the same sequence of lower to higher 28-day strength' One ex-

ception is that the 28-day strength LC2L is greater than LC2M, but the

water/cement ratio of the former is lower than that of the latter, indi
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cating perhaps again a repeatability problem in water content with

respect to a desired workability. Another exception is that L12L strength

is greater than L12M strength at 7 days, but this is probab'ly a problem

of scatter.

A third rather obvious trend is the lowered water/cement ratios with

the use of superplastr'cizer and the corresponding increase in strength.

This will be discussed in more detail 'later. In add.ition, however, it
should be noted that as the superplasticizer dosage is increased and the

water/cement ratio is lowered for the same workability, that the

character of the strength versus time curve changes. First, the early

strengths increase rather dramaticaily, but a'lso the latter part of the

curve for long-term strengths becomes increasingly flatter. This indi-
cates an increased rate of hydration with the use of superplasticizer.

This is consistent with the pictures and discussion of the Cement Asso-

ciation paper I i], which speaks of the dispersing nature of the super-

plasticizers and the maintaining of fineness of the Port'land cement

agglomerates during the ear'ly stages of hydration. This tendency is

especial]y noticeable in the results of the 122M, L22H, and G22M curves

of Figures 6.0 and 6.15.

Figure 6.18 is a piot of 28-day compressive strengtn (ri) versus

nomina'l water/cement ratio for a'l'l mixes. ',Nominal water/cement ratio,'

indicates the water/cement ratio calculated using the indicated mix water.

Figure 6.i9 is the same type of p1ot, but uses the water/cement ratios,

where applicable, that include the water provided in the superplasticizer
'itself. The lines drawn on.these Figures are "best fjt" lines drawn

by the s'imp1e method of extended differences. Under time considerations

with respect to finishing the report, and the genera'l scatter of concrete
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compressive strength resuits, the author did not try for a more accurate

non-l.inear curve fit. The data should be expected to give a curved best

fit, especially in the'lowest water/cement ratio va1ues. However, for

the m.iddle range of water/cement va'lues, the curve would be very flat and

the straight Iine fit does have some value.

The three lines drawn on each of the tvlo figures are fits for points

that have the same target air content, The general effect of air content

on strength will be discussed in more detai'l below. The results show

very good correspondence with Abrams' 'law and the increase of strength

withreductionofwater/cementratio.Thescatterisnottoopronounced

despite the repeatabiliW d'ifficulties that were experienced. This would

reinforce again the notion that the workability is sensitive to sma'l1

changes in water content in superpiasticized concrete.

6.2.L Effect of Air-Con tent on Compress ive Strenqth

The best fit straight lines drawn on Figures 6.18 and 6.19 emphasize

the influence of air content on compressive strength of the mixes. There

was some range in the actua'l values of measured air versus the targeted

values. Those ranges, however, were always within the lL.0% and usual]y

much closer to the target vaiues. using a water/cement ratio of 0.45

that is roughly the midpoint of the flatter portion of the actua'l curves,

there is 18.1% loss of strength between the "non-air-entrained" value

and the targeted 4% air content line strength, and a 30.6% loss between

the,'non-air-entrained" value and the targeted 7% air content line for

Figure 6.18. These respective va]ues are 16.2% and 32.13% loss when

calculated using F'igure 6.19. These values appear to be not unconmon.

For examp'le, in a popular PCA manual [32], the loss between a "non-air-
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entrained (no percentage given) for 28-day strength for the same water/

cement value is approximate'ly 21%.

0f course, this kind of major loss of strength due to air content

is not normally appreciated because the extra workabi'lity coming from

the air entrainment allows for a lower water/cement ratio and corres-

ponding increased strength by comparison to the original non-air-entrained

mix.

That effect is seen in Figures 6.20 and 6.21. Each plot 28-day

compressive strength versus air-content for spec'imens with 3 inch target

s'lumps. Figure 6.20 contains data for l'imestone m'ixes using l imestone

as the coarse aggregate, and 6.21 is for gravel and sandstone mixes. Each

set of three inter-connected points have the same mix variab1es except

air content. That is, the sequence of points shows the effect on com-

pressive 'strength as the air content is increased and the corresponding

needed water content is reduced. The two digit indicators at the begin-

ning and end of each broken-'line show the superp'lasticizer dosage and

cement factor for the three data point mixes of the line. The general

trend shows a slight increase or reduction of strength as the air content

is increased from "non-air-entrained" to a target air content of 4%

followed by a s'l'ight to moderate decrease in strength as the air content

is further increased to a targeted 7%. There are several curves that do

not show this type of behavior and the anomalies of each of those curves

seem to be associated primari'ly with the middle points. Such middle

points are labe1ed and their points on Figures 6.18 and 6.19 are marked

with an under-bar. The points on these later figures seem close to the

appropriate f. versus water/cement ratio lines. It would appear, there-

fore, that these anomal'ies are again caused primarily by difficulties
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with repeatabiiity in relation to the water content versus workability.

In any case, it should seem that close quality control shou'ld assure

re1atively moderate loss of strength with increased a'ir content for the

same workabi'l i ty.

6. 1.3 Effect of Aqqreqate Type on ComP ressive Strenqth

Figure 6.22 is a replotting of part of the data from Figures 6.20

and 6.21. All data points are of a medium cement factor, 6 sacks per

cubic yard, target value. The type of aggregate is indicated by the

shape of the data point as described by the legend. The single digit

notation at the beginning and end of each curve gives the superp'lasti-

cizer dosage for the three points of each curve.

A comparison of the 'l'imestone points with the gravel points indi-

cates a Value in the order of 500 psi extra strength coming from the

use of the gravel. It would seem that the extra smoothness and lack of

angularity of the gravel as compared with the limestone gave sufficient

extra workabiiity to a'llow a lowered water/cement ratio and thus in-

creased strength. The one curve available for sandstone comparison is a

"COntrol" CUrVe whiCh, Iike the 'limestOne "COntrOl" curve, iS atypiCaI.

However, it would appear that a best fit line for the two would be

fa'irly close with the sandstone curve higher than the limestone. The

sandstone is also fair'ly angular and sandstone mixes with larger super-

plasticizer dosage could well have given smoother results, probably 'in

the same range of strength as the limestone. The actual strength of the

aggregate themselves are not factorable from this data.

Effect of Cement Factor on C ompres s ive Strenqth6.1.4

F'igure 6.23 plots 28-day compress'ive strength versus cement factor
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for a'lI limestone mixes. All the gravel and sandstone mixes were medium

cement factor (target of 6 sacks per cubic yard). The curves demonstrate

increased strength with increased richness of mix in the order of about

750 ps'i increased strength per sack from a 5 to a 6 sack mix, and approx-

imately 500 psi increased strength as the richness is increased from 6 to

7 sacks per cubic yard.

6.1.5 Effect of Superplasticizer Dosage on Compressive Strenqth

Figure 6.24 plots nomina'l water/cernent ratio versus superplasticizer

dosage for al'l the limestone aggregate mxies of 3 inch target s1ump.

Figure 6.25 does the same for the gravel aggregate mixes. There are

several obvious irregularities in the shape and slopes of the curves,

again due most probably to difficu'lties in repeatability from batch size.

Nevertheless, there is enough uniformity in genera'l siope in the two

figures to be ab'le to evaluate a general reduction in water/cement ratio
per ounce of superplasticizer per hundredweight of Port'land cement in

the mix. These water/cement reductions combined with the compressive

strength versus water/cement ratio lines of Figure 6.18 give the fol'low-

ing genera'l results for this particular superp'last'icizer when mixed with

the examined Arkansas materia'l. The extra compressive strength gained

by the use of this particu'lar superplasticizer ranges between 18 to 35

psi/ounces/cvrt w'ith the predominant rate being 20 psi gain/ounce/cwt of

Portl and cernent.

6.2 Tensile Strenqth

Three cy]inders for each mix were tested at twenty-eight days by

means of the split cylinder test (ASil4 C 496) for the tensile strength

of that mix. The penultimate coiumn of Tab'les 6.3 and 6.4 contains the
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results expressed in ps'i. Tensile failure in concrete usually correlate

with the square root of compressive strength. It is often modeled by

some constant t'imes such a Square root. The modulus of rupture from

beam tests is often modeled as 7.5 q, , or 6.0 fi[ in the presence of

orthogonai cunpressive stress. The last co'lumn of Tables 6.3 and 6.4

contains, therefore, the tens'ile strength resu'lts of the split cylinder

tests divided by the square root of the corresponding 28-day compressive

strength.

That ratio of fiO/Q for all the limestone mixes is p'lotted versus

28-day compressive strength, f; , in Figure 6.26 and for the gravel and

sandstone mixes in Figure 6.27. The mean for the limestone mixes is

6.81 with a standard deviation of 0.66 if all the points are considered.

If the three top points above 7.5 are discarded and the two bottom points

below 5.8 are also discarded, then the mean remains 6.81, but the stand

deviation becomes 0.35. Thus, it seems reasonab'le to say that the split

cy'linder strength for the 'limestone mixes may be predicted by

(6.g a0.7) q,. This ratio is norma'l1y in the range of 6 to 7 for hard-

rock concrete [33] and the modu'lus of rupture is usua'lly between l'.25 to

1.75 flp Thus, our results seem quite reasonable and one might expect

an actual f. value between 8.5 to 11.9 times fl .

The mean for the twelve gravel specimens is 6.17, with a standard

deviation of 0.42. This is insufficient specimens to get a firm value

for the f|r/E ratio, but it would seem to be in roughly the same range

of va]ue as the limestone.

The three values available for the sandstone g'ive a lesser mean

value of 5.38. The spiit cy]inder test often fails through the aggregate

as wel'l as the Portland cement matrix. Therefore, these values may we
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represent a reduced value of tensile strength of the sandstone as com-

pared with the 'limestone and gravel .

6.3 Abras'ion Resi stance

Table 6.5 lists mixes and the average weight ross in grams for

three specimens for each mix. The procedure followed was described in the

previous chapter. The 'losses were a'|1 quite sma'll, most under 1.0 gram.

Figure 6.28 plots the average ]oss in weight versus the 2g-day compres-

sive strength of the same mix. No pattern emerges from this data except

that most values are under 1.0 gram'loss. Eliminating the four data

po'ints greater than 1.0 gram, the mean is 0.40 gram for all aggregates

with a standard dev'iation of 0.25, putting essentially ati data within the

1.0 gram loss range.

The concrete strengths are obviously great enough to ensure adequate

wear resistance for normal usage.
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IABLE 6.1. MIX VARIABLES ANO 28-OAY COMPRESSIVE STRENGTH -
LIMESTONE AGGREGATE

Target Actua i
Data Cement VUC C$ent Vl/C W/C Ratio SP Dosage Air Content

PercentPoi nt

LCIIL
LCNM

LCNH

LC2L
LC2M

LC2H

L 121
L1 2M

Ll 2H

Factor

5

6
7

Ratio

.50

.50

.42

.51

.43

.35

.44

.40

.34

.40

.36

.34

.52

.44

.38

.37

.32

.30

.34

.31

.28

.57

.46

.42

.44

.40

. JO

.44

.38

.36

Fac tor

7. Lt
6.24
7 .L6

Rati o

0.601
0.503
0.422

0.481
0. 396
0.371

400
360
322

515
419
141JLL

352
341
297

345
284
257

548
463
419

4B
42
?o

with SP lz/cwt

-0
-0
-0

.4t2

.372

.333

.538

.44?

.344

.375

.364

.320

.368

.307

.280

.59?

.472

.430

0.6
1.6
0.6

5.6
7.t
6.2

1.0
1.1
12

4.2
4.3
4.5

7.L
7.2
7.4

0.6
0.7
0.9

4.0
4.0
4.3

7.6
7.6
6.2

0.5
0.5
0.9

3.6
AO

3.5

7.1
6.7
6.8

2

2
4

5.2
4.0
4.5

28-Day
Strength

psi

4200
4304
5247

4190
5080
5290

LC1 L
LClM
LLIII

4.85
s.92
5.81

.44

.38

.36

LiNL
LlNM
L1 NH

5.02

6. 93

5

6

5

6
7

5

6
7

5

6

6
7

E

5
7

5

6
7

5

6
7

5

6
7

5

6
7

5
6

7

0
0
0

0
0
0

0
0
0

72
60
95

4
5

5

0
0
0

0
0
n

0
0
0

4. 98
5. 86
6.84

4.77
5.77
5. 84

5

6
7

4
5

6

4
5
7

YI
00

95
00
98

85
04
09

67
94
20

437
443
37t

545
457
430

454
453
420

0
0
0

436
443
4t2

0
U

0

0
0

0

0
0
0

0
0
0

555
469
441

0
0
0

0
0
0

3845
377 6
4827

L11L
L11M
Ll1H

0. 511
0.371
0.34?

0.524
0.380
0.352

20
?0
?0

20
20
20

20
20
?0

40
40
40

40
40
40

40
40
40

76
16
19

4044
5336
5648

3542
5370
5726

4248
4878
5136

4428
5578
6202

5320
5534
5960

4628
5411
6346

4355
53 55
58?9

L2NL
L2NM

L2IIH

L21L
L21M
L2 1H

L22L
Lz?M
L22H

08
03
05

72
75
7q

0
0
0

0
0
0

0
0
0

LFNL
LFI,IM

LFIIH

4
5

6

4

7

4

5

7

LFl L

L F1M

L FlH

LF2L
LF2M

LF2H

0. 480
0. 399
0.403

0. 502
0.417
0.414

38. 85
30.76
L9 .42

4?70
481 1

5?49

33.24
16.35
13 .48

3456
3886
4757

0

0

0
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Target Actual
_Dlta l@ ffi spDosasePoint Factor Rat.io Factor Raiio ,iu, ii -b.7.ri'-

TABLE 6.2.

0.43

0.34

0.32

0.40

0. 32

0. 30

0.32

0.30

0.27

0.43

0.36

0.34

0. 50

0.40

0. 38

MIX VARIABLES AND 2B-OAY COMPRESSIVE STREIIGTH -
GRAVEL AND SANOSTONE

Air Content
28-0ay

Strength
psi

GCNM

GClM

GC2M

GlNM

G11M

Gl2M

G2NM

G2Uq

G22t1

6.07

5.80

5.99

R Or

5. 78

5.72

5.88

(oo

5.98

5.99

0.3 90

0.360

0.334

0.369

0.331

0.314

0.373

0.300

0.270

0.396

0.381

0.353

0. 380

0.342

0.325

0.396

0.323

0.293

0.410

0.399

0.370

1.2

4.5

7.1

5883

5291

400 (

5730

5906

517 6

6048

6137

EO'?

594u

5i05

4i]06

6

6

5

0

0

0

0.7

5.8

6

6

6

6

5

6

20

20

20

40

40

40

6

6

6

24.28

29.14

?9.14

0.7

3.7

6.7

0.5

3.7

6.8

GFNM

GFlr'1

GF2M

SCNM

SClM

SC 2M

6.18

5.74

(ao

0.51s

0.463

0. 380

0.4

3.8

6.5

5300

4056

4339

0

0

0

6

5

6
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TABLE 6.3. COI'IPRESSIVE STRENGTH SUMMARY . LIMESTONE AGGREGATE

Specimen 1980-81
Mark Date Cast

LCNL 7 /2t
LCNM 7 /?9
LCNH 7/28

LCZL 9/4
LCzM 9/9,\L
LCzH g/LT,L2

LINL l0/9
LINM 10/15
L1NH 10/16

LC1L 7 /30
LC1M 7 /3L
LC1H 9/3

4190
5080
5290

Comoressive Strenoths. osi, at Aoes:
1-Day 7-Days 28-0ays 98-0a_vs 196-Days

lt

'sD
t,c

1171
?370
220L

307 4
4056
4738

5189
481 1

5917

fir, Psi

29-0avs

404
386
448

L632
2083
2260

L6t2
2498
229t

t542
2087
2598

207?
2340
L722

1740
2009
2667

1341
4099
3648

?203
3633
4i10

2786
3135
3s28

3266
4484
4650

?948
4397
46L7

3608
43L2
5773

3444
5148
6t62

4105
4555
4805

4698
5714
5823

4451
4668
5717

1955
5148
6548

5.02
5.39
6.68

6.20
7 .34
7 .t9

6.62
6.7 4
6.9?

4200
4304
5247

3845
377 6
4827

4044
5336
5548

3542
5370
5726

4248
4878
s136

4428
5578
6202

4?70.
481r"
5249

3456
3886
4t57

4861
6249
7230

4786
5867
5L23

5053
5641
6249

5376
6356
6632

5665
5481
7488

6.23
5.88
6. t8

503
576
610

432
309
492

?10

467
502

7
8
a

6

5

n
08
39

97
03
08

1447
17t6
3g942

3065
3074
4637

1580
3239
?842

L11L Lt/4
L11M Lt/6
Ll1H LI/7,10

L2NL LI/?O
L2NM LL/?L
LzNH LI/24

4253
5946
6423

4667
51 63
6544

403
517
523

L12L 11/11
L12M LUt2,L3
L12H 11/13

3445
3266
4307

4757
5050
571 I

5255
6629
677 4

447
483
501

433
517
534

st2
540
499

486
>tt
556

453
5i3
536

405
509
52L

389
420
446

.77

.06

.91

.86

.92

.99

.51

.9?

.78

.02

.26

.46

.14

.10

.98

.96

.01

.02

6
7

6

6
6
6

5
6
6

7

7

6

7

7

5

5
7
7

5128
6242
66L?

L21L
L2lM
121 H

4071
4625
4850

53 20
5531
5960

L/
t/
L/

?/9,t0
2/16
?/20

3/t2
3/t2
3/t3

19
?0,2!
22,?9,30

6034
6162
6427

5209
55414
6522

477 4
5661
59 55

4434
s828
5546

t?zL
L22M
Lz?H

L/30,2/2
?/4
2/6

4528
541 1

5346

LFNL
LFNM

LFNH

1 605
3571
4201

3452
4863
5261

4366
535s
5829

LF1 L
LFlM
LF1 H

2/24,25
?/?6,27
2/27,3/9

LF2L
LF2M
LF2H

I
2-day,

2
3-day,

t46? 2885
?664 3467
3?45 3866

3t+
32-day, 104-day
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IABLE 6.4. COMPRESSIVE STRENGTH SUMMARY . GRAVEL ANO SANDSTONE AGGREGATES

Specimen 1980-81
Ithrk Date Cast

GCNM 3/25

GC1M 3/26

cczM 3/27

G1NM 4/t

G11M 4/?

G12M 4/3

G2NM 4/6

G21M 4/8

czzlti 4/9,L0

GFNM 4/L3

GFltr 4/L4,t6

GF2M 4/?I

sc Nr4 4/ 24

sclM 4/27

sczM 4/29

2405

1746

1343

3254

2?43

2069

3337

4180

3874

3738

3809

2 518

197 4

2385

2982

4257

3948

3356

4807

4582

42t2

5010

5542

5548

5504

4810

4095

4055

3 458

3710

5883

529L

4995

5730

5906

51 76

6048

5137

5923

5948

5105 
I

4806

5300

4056

433 9

fir, Psi
28-0ays

536

51.3

q7

5C9

448

488

551

567

523

518

44?

433

352

395

335

6.99

7.05

6.89

6.72

5 .83

6.78

7 .09

7.24

6.80

6.72

5.19

6.25

4.84

6.20

5.09

a
€t,SD

4

3 0- day
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TABLE 5.5. ABRASION RESISTANCE RESULIS - ALL AGGREGATES

Spec'imen l.Jei ght Loss
Mark Grams

LCNL
LCNM

LCNH

Gravel

SpdffienTeTg6t-T^oss
Mark Grams

GCNM 0 .80

GClM 0. 83

GC2M 0.7?

G1NI,I 0. 37

G1 lM 0. 23

G12M 0. 40

G2NM 0.20

G21M 0. 37

G2?1,1 0.23

GFNM 0.47

GFlI{ 0.47

GF2M 0. 30

Sandstone

Spedmen-TeTsFiloss
l,tark Grams

scNM L.Z3

SClM 0. 99

SC2M 0.83

0
0
0

0.23
0.43
0.71

03
23
13

LC 1L
LClM
LC 1H

LC2L
LC2M

LC2H

L1 NL

LlNM
LlNH

Ll1L
Ll1M
L11H

L21L

L12L
L12M
L12H

L2NL
L2NM

L2NH

0. 17
0. 07
0.L7

0.37
0.17
0. a3

0.40
0.23
0"10

0
0
0

0
0
0

85
30
33

53
20
13

0.30
0.33
0. 33

2.73
1.93
0.47

t.20
0. 83
0.50

L21M
L21H

L22L
t2?t4
L22H

LFNL
LFNM

LFNH

LF1I,
LFlM
LFlH

0.63
0.42
0.21

LF2L
LF2M
LF 2H

0.56
0. 31
0.20

L imes tone
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VII. CONCLUSIONS

The following conclusions may be drawn from the results of tests

performed on hardened concrete specimens as described in the two previous

chapters.

The use of l'le'lment L10A superplasticizer permits the achieving of

28-day compressive strengths in the order of 5,000 psi with adequate

air-entrainment to resist the numerous freeze/thaw cycles of the Arkan-

sas climate beginning with a workab'le s'lump in the order of 3 inches.

In a flowing mode of up to I inches, again with adequate air-entrainment,

28-day compressive strengths in the order of 5,000 psi can be achieved.

With continued curing, higher strengths wi'11 result that are consistent

with the usual'ly achieved rates of increased strength with Portland ce-

ment concrete.

The relationship between 28-day compressive strength and water/cement

ratio seems to follow rather closely the inverse re'lation known as Abrams'

Law. For non-air-entrained Portland cement concrete, that relationship

is closer to linear and gives approximately a 1,000 ps'i increase in 28-

day compressive strength with a 0.10 decrease in water/cement ratio.

Strengths achieved with non-air-entrained concrete mixes will be reduced

from 5 to l0% per each percent increase in air content for the same water/

cement ratio. However, the increased workabi'lity due to air-entrainment

wi'll moderate that loss greatly for usual air content percentages.

Rounded gravel will normally allow as much as 500 psi extra com-

pressive strength due to the in...ur.] workability of the rounder ag-

gregate when compared with the angular aggregates such as limestone or
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(
sandstone.

dl'
Compr essive strength is increased in the order of 500 to 750 psi by

a one sack/cubic yard increase in the cement factor.

Use of Me'lment L10A superplasticizer increases the compressive

28-day strength in the order of 20 psi per ounce of superplasticizer

per hundredweight of Portland cement in the dosage range of 20 to 40

ounceslcwt. The higher the superplasticizer dosage, the more rapid the

rate of initial strength gain.

The split cylinder tensile strength of mixes using limestone and

gravel as coarse aggregate may be predicted by approximately 6.7q,.
A11 of the above conclusions must be considered very general. They

are based on the timited data received from the tests reported in the

two previous chapters. They are meant to serve only as initial guide

lines for the design of mixes using Arkansas aggregates. Actual values

should be confirmed in each individua'l need by actual trial batching and

standard tests.
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VI II . RECOMMENDATIONS, GAINS, AND IMPLEMENTATION

The foiiowing are recommendations regarding the use of superplastici-
zers in future Arkansas State Highway and Transportation Department pro-

iects, an evaluation of the gains made by this research, and suggestions

for the implementation and further deve'topment of information about super-

piasticized concrete in the activities of the Department.

8.1 Recormendations

Many researchers have reported erratic results with respect to con-

sistent workability in superp'lasticized concrete, especially at high

temperatures. That has been the experience of the present study as well.

In the present project, it would seem that that prob'lem in repeatability

had to do primarily with the sensitfvity of workabi'lity in superplasticized

concrete to re'latively sma'l'l changes in moisture content and the scale

factor of small size batches. Therefore, the following recornmendations

are made with respect to mix design and quality control.

a) Careful mix design and trial batching should be done in advancefor any use of superplasticized conciete. Initial tria'l batching
should be.done us.ing a minimum trial batch size of 1/3 cu.yd.
Confirmation batches by the supplier should be made of a mr'nimumof 2.0 cu .yd.

b) confirmation batches should be made using a range of three
temperatures expected in the concrete at the job site.

c) A redesign and reconfirmation of mix properties should be done for
any change in Portland cement source, aggregate source, aggregate
gradation, superplasticizer, air-entraining-agent, or iny-6trr6r
adm'ixture used.

d) Mix design with respect to workabi'lity should take into acccunt
the expected transport and holding time of the mix before depos.i-
tion.

e) Target slumps for times just previous to addition of the super-plasticjzer in flowing concrete should be between 1.0 to Z.b inches
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and should take into account expected high temperatures at the
job site.

f) The upper'limit of slump for flowing concrete should be limited
to approximately 6.0 inches unless there'is a iustifiab'le reason
for us'ing a l arger slump.

g) Use of a flowing concrete on flat work that requires finishing
beyond floating and surface roughening should be preceded by
examination of the tendency toward "mortar bleed'r that might tend
to inhibit troweling.

h) Careful attention should be. paid to the superplasticizer manu-
facturer's recommendations as to maximum and maximum dosage and x
mixing procedure.

This study and other research reports have dernonstrated the rapid loss

of the additional workability avai'lable from superplasticizers. The rate

of loss is higher in higher slump concretes and is generally lost within

30 to 60 minutes of the addition of the superplasticizer. The rate of loss

is also greatly increased by high concrete temperatures. This research has

shown that the particular superp'lasticizer examined performs optimally t

concretes whose temperature is c'loser to 70oF than 50oF or 90oF. There-

fore, the following recommendations are made with respect to construction

pnocedures, temperature, and dosage.

a) The contractor for a particular job involving superplasticized
concrete should be carefully informed of the potential difficul-
ties related to the use of superplasticized concrete. Preferably,
both the contractor and the concrete suppi'ier should have 'increas-
ing experience with superplasticized concrete.

b) Superplasticizer dosage should be added before and as close as
possible to deposition.

c) The job organization should be such as to finish placement of the
concrete within 30 to 45 minutes of addition of the superp'lastici-
zer.

d) If necessary in emergencies, a single re-dosage of superpiasti-
cizer can be permitted.

e) Extremes of h'igh or low concrete temperatures should be avoided.
0ptimum temperiture would be in the range of 650 to 75oF. Use
chilled water would be preferable to the use of ice. Any ice
added to the mixing water should be melted before the addition of
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the superplasticizer.

f) Differences of-exposure of flatwork to sunlight should be avoided.
Shading or ear'ly morning or late afternoon w6rk schedules shou'ld
be coniidered i? the poisibilit, Jt iev.re differences in setting
time are anticipated.

g) Placement should be continuous. Inspection should take careful
note of possible changes in concrete temperature, initial slumpat delivery before addition of the superilasticiier, and total
water content of the mix.

The other major concern related to the use of superp'lasticizers is
the possib'le change in the air-void structure within the mortar and the

resulting reduced freeze/thaw resistance. 0n the basis of this research

and other studies recently reported, it would seem that manufacturers of

superplasticizers have made and are continuing to make modifications of
their product that improve their performance in this regard. Limited

data from this study has indicated that addition of the air-entraining
agent after the addition and complete rnixing of the superplasticizer may

very well be advantagous at least from the point of view of freeze/thaw

durability. Therefore, the following recommendations are made with respect

to air content in the superp'lasticized mixes.

a) If the air-entraining qgent is added in the mix water, the targetinitial air content before superplasticizer addition ihould be"
approximately 2.0% iarger than would normally be the case.

b) If the air-entraining agent is added after the superplasticizeris added and blended with the mix, a norma'l targel air content
percentage may be used.

d) Carefu'l Tglltoring-of the air content of the mix just previous
to deposition should be continued throughout the iuration of thejob.

8.2 Gains

In general, the gains of the present research have been to confirrn

the behavior of superplasticized concrete using typical Arkansas aggre-

gates and to see the differences in that behavior and hardened qua'lity as
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a function of a number of variables including de'lay of superp'lastic'izer

addition, agitation before deposition, air content, temperature, cement

factor and aggregate type. In all these variables, the perfonnance with

the parti cu'l ar superp'l asti ci zer examined, Me'lment L10A, was essenti a'l 'ly

consistent with behavior reported elsewhere.

The gains peculiar to this study might be considered two-fold. The

first has to do with the improved freeze/thaw durability potential'ly

inherent in the addition of the air-entraining agent after the addition and

blending of the superplasticizer in the mix. During the conduct of this

study, this feature was considered to have been a new development. How-

ever, additional reading during the preparation of the report found the

following statement frorn an appendix to Prestressed Concrete Institute

recorrnended practice paper on the use of "high-range water reducers"

(superplasticizers) :

"Most researchers have found that if the HRI'IR is thoroughly
blended in the mix before adding the air-entrain'ing agent,
the air voids wil'l have the proper size and spacing for
durability." [34]

The author has not seen any other references to this reverse procedure.

The second possible ga'in from this study in particular is the

recognition that not only does high concrete temperature make the use of

superplasticizers problematic, but low concrete temperature reduces their

effectiveness severely.

8.3 Impl ementation

Despite the difficulties associated w'ith slump'loss and air-void

structures that are inherent to the use of superplasticizers, their

advantages far outweigh their disadvantages. They will be increa:ing1y

used in American concrete practice although their use will require more
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careful construction plann'ing and inspect'ion than is the case in much

current concrete work. Their successful use wil'l require experience.

Therefore, it is important that the Arkansas Highway and Transportation

Department gain further experience in the actua'l use of these admixtures.

In that regard, it is recommended that the Department begin to use

superplasticized concrete in a water-reduced mode for high-early-strength

in patching. It is preferable that it be used in a region of the state

with more severe freeze/thaw problems and where some ready-mix companies

already have some experience with their use. Both sequences of addition

of superplasticizer and air-entraining agent should be tried and the

durability and performance of concretes with each sequence closely moni-

tored and compared.

As experience in the use of superplasticizers is increased, they

should be tried in several bridge deck overlays and/or new construction.

Again, comparison should be made in the durability performance of concretes

with the two admixture sequences.

Further study should be made in the performance of superplasticizers.

The present report is made with respect to on'ly one of the commercially

availab]e superplasticizers. The work of Malhol tra 127) and others indi-
cates that the performances of each d'ifferent chemica'l type of superplasti-

cizer may be greatly different from the others. Therefore, it is impor-

tant for the Department, as experience is gained with one t-vpe or brand,

to use others as we]l in the same type of program of patching, etc.

Further studies should be done to establjsh with a larger number of
samples whether the reverse sequence of admixture addition is significant
in other superplasticizers as wel'l with respect to freeze/thaw.resistance.

A1so, further studies should be done to establish for Meiment L10A and



202

other super^plasticizers the optimum range of temperature in which the

admixture is most efficient.

Fina11y, the use of superp'lasticizers in conjunction with fly ash,

particu'larly liestern coaj f'ly ashes, should be examined. The use of fiy

ashas partial substitution for Portland cernent is becoming widespread.

Such use adds to the specific surface available for the superp'lasticizer

to react with. Moreover, recent data received by the author from an

industria'l source indicates an almost linear increase in freeze/thaw

durab'il ity with percentage increase in f'ly ash substitition [35]. Most

fly ashes in scanning electron photographs show themselves as smal'l holluw

spheres [i01. Perhaps the introduction of the f1y ash, which partially

hydrates in the mix, effectively introduces a further distributlon of

small bubbles in the mortar. The combination of superplasticizer, f]y

ash, and some retarding agent might well work together to help solve mo--

of the probisns attendant to the use of superp'lasticizers.
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