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THTRODICTTON

The purpesaful incorporetion of oir in concrete as a means of
improving ite physical properties hars long since passed through the experi-
mental stage, and the principle of air entrainment is now generally accepted
and widely used in concrele practilce. Considerahle information on air-
entraining concrete has been written., This meterizl is widely scatiered
through engineering perlodicule and vproceedings of ftechnical gocletles,
which makes 1t most difficuli for the average engineer or layman to acquire
a general knowledge of the subject without considerable time-consuming
relerence work.

This paver has been written to meet the need for a concise vresenta—
tion of apnroved practice in the manufacture and handling of air-entraining
concrete and of the principles Involvad. It is the hope ¢f the author that
the informetion coniained herein will be of peneral iatevest to the Llayman
and of value and assistance to engineers who have not had the opporbtunity to
bvecome fully informed on this new phase of concrete praciice. Those who
seek greater detall on the subject i1l find the attechel biblicgraphy of
materlal a help.

The work discusges the principles of atyr entrainwent in relation to
materials, mix design snd control of fthe manufactured product. Important
factors agsociated with the hundling and vlacing of alr-entraining concrete
produced by conventional or ready-mixed methoCs pecegsery for successful
resulte are included, Results and exvnerlencag from many studies aﬁd field

installations are alsc vresented,



ALR FNTRAINMENT TN COHCHETE

The purposeful entrainment of air or gas in different types of mate-
rials for beneficial resong is an old aftg Common examples are bhe
leavening aof flour products through the generation of carbon dioxdde by
baking powder admixtures and the manufacture of ice cream by means of
mechanical agltation., The entraimment of air in concrefe for the purpose of
creating more durable structures was discovered only é Little over a decade
ago through the concerted action of many research cgencles. At that time
engineers were vitally concerned with the problem of concrete detericration,
especially in regpect to scaling and subseuent disintegration of concrete

pavements,

The Principie of Alr Entrainment

The principle of air entrainment consists of introdueclug into the con-
crete mixture 2 definite guantity of air in excess of that normally found in
standard concrets, However, unlike the air In ordinary concrete, this addi-
tional entrained air must exist in the form of minute, disconnected bubbles,

uniformly distributed throuzhout the concrele maseg. Contrste in which air

has been entrzined in this munner is commonly fermed Alr-Tniraining Concrete.

Effect of Entrained siy on Properties of Cocncrete: The pliysical

properties of both the plastic und hardened concrete are materlally altered
by the pregence of this entrained alr because of the condition dn which it
exlsts. For example, ifreshly mixed CORCFete-iS more plastic, possesses
betber workability, snd can be handled with less segregation than ordinary
concrete, Furthermore, the sppearance of surface aater or wabter gain in the
concrete is practically eliminated; thue greatly reducing the time interval

between miwing and finishing operations. The hardened concrete possesses



-excellent durability with reegpect to alternate fveezing and bthawing and
remarkable registance to scailng caused by the chioride saibts used in ice
control. Alr-entraining concrete is also hipghly lmpsrvious to molsture.
Concrete strengths sre decreased slightly in proportion %o the increase in
alr content. Setbing propertiss or early strength gain are not affected by
normel air contents at pouring temperaturcs above freczing (lG).

Behavior of the FInitrained Air: lLaboratory studies indicate that the

effect of the entrained air is & function of the nuaber, size and manner of
digbributlion of the alr bubbles rather {than on total volume of alr alone.
Through microscopic analyeis it ig indicatved that the gmall air bubblesg
which apparently cling to the sand particles act as flexible, inert fine
aggregate which tends to lubricate the concrete mass, thus accounting for
the marked improvement in plasgticliy and worksbhility of ailr-entraining con-
crete over that of standard portland cement concrete. The chemical offect
of the sir-entraining material itgelf has been proven to be inconsequential.

In respect to reduction in bileading and water gain, 1t ls balleved
thalt the presencs of the nugeroug well-disperzed air buﬁbles tends to immo-
bilize the mixing walter through adscrption on the aiz bubtlas, and by inter-
rupting ths continuiﬁy of water channcls or cepillaries which have a ten-
dency to form through displacement or readjustment of the ingredients in the
fresh concrete during piacement (137,

Purthermore, the coniributicn to furcbility in considered due to the
possible lower water-cement ratio, increased ilrperviousnese of the concrete
because of the closing of the water channels, and to the actiocn of air voids
in providing reservoira For the reliof of wressure created by thermal volume

chenges and expension or hydraulic pressuree of water shen turning to lce

(10) (17).



Methods of Eniraining Alr in Concrote

At the present time air ig entrained in concreie in definite amounts

by means of organic cempounds generally known as Alr-Entraining Admixtures.

These meterials lower the surfave tension of the mixing water thus causing
it to foam easily and consequently entrain air under the mechanical agita-

tion of the wmixer.

Adr-Entraining Admixtures: Alr-entraining admixtures which have been
successfully employed 1o date are chiefly those which are socapy in nature
and whose inherent foaming action is independent of any subsequent chemical
action with the cepent. Bxanples of This type are néutr&lized Vingol resin
(NVX) and Darex.

There are other so-called air-entraining materials which, in order to
cause foaming, must be converted to water-scluble soaps thirough thelr reamc-
tion with the hydroxides of the alkaii-metals present in the cement., In
this cage the actusl amount of air-entraining material ﬁroduCed will depend
not oﬁly on the smounts of thege substances added, but also on the amount
and availability of the alkali oxides present in the cement, Fxamples of
this type are roging, flake Vimsol resin, aﬁd the various animal and vege-
table fats and oilg. There materials do not give comsistent and uniform
results, the amount of alr enirained being unduly infliuenced by mixing time;
therefore, their use is not encouraged.

Thers are meny other materisls available which have the property of
entraining alr in concrete and may prove satigfactory il properly used,
However, these materials should not be used unless it can be demonstrated
through regearch and experience thet they entrain the specified amount of

alr without impairing the cquality of the concrete. Either the flake or



neubralized form of Vinsol resin and Darex have been appréved for use by the
American Sccletly for Testing Materials in the menufacture of air-entraining
concrete.

Flake Vinsol resin ig a product of the Hercules Powder Compuny of
Wilmington, Delaware, obtained by selective extraction frow pine wood and is
composed chiefly of a mixture of various resin acids which combine with
alkali to form soaps. 8o-called neutralised Vinsol resin (sodium resinate)
is mgde by treating the resin with commercial sodium hydroxide (caustic
soda). Darex AEA is a proprietary material manufactured by the Dewey and
Almy Chemical Company of Cambridge, Massachusettév It is described as a
triethanolamine salt of a sulphonated hydrocarbon. Instructions for making
a caustic soda solution of Vinscl vesin for addition at the mixer, and for
the use of Darex, may be found in Highway Research Board Bulletin No, 14
titled, "Use of Alr-Enbtraining Concrete in Pavements and Bridges® (14).

Any of the water soluble alr-entraining agente mentioned above may be
added to the batch at the mixer or ground with portland cement at the mill
to produce air-eniraining concrete. The amounts of the materiale in solu-
tion to be added will vary somewhat with job conditicns, trand of cement,
the amount of entralned air desired, and the typé of air~eﬁtraining material
used, So-called neubraliszed Vingol resin and Darex are water soluble soaps
which can be ﬁsed as an admlixture at the mixer ag well as in the manufecture

of Air-Entraining Gement,

N
Air-intreining Portland Cement: Standard portland cement to which air

entraining materials have been added at the mill is now procurable in two
types designated as Types TA and LIA and ip covered by Americen Soclety for

Testing Materials Specification, Deslgnation O 175-46T. The amount of air

_5..



entraining material added at the mill is based on the cuantity of air which
the cement will entrain in a mortar under a definite set of conditions. The
air content of the mortar which lg prepared and tested in accordance with
A.S.T. M. method C 185-47T must be 18 per cenl by volume with & tolerance of
plus or minus 3 per cent.

The mortar test is developed on the thesis that there would ewist a
definite relationship between the air in the mortar and the =zir in the con-
crete in the order of approximately % to 1. ZIExperience indicates that no
such clear relationship existe. OSuch factors ag type of aggregate, amount
of cement, conslstency, watler cemant-ratio, etc., affect the characteristics
of the concrete to the extent that the test is not reliable. Hoviever, it
does afford a control over the amounts of alr-entraining material to be
used.

Compound Alr-Entraining Admixfures: There are on the market numerous

compound admixbures containing, in addition to a recognized air-entraining
material, various types of accslervators aﬁd deflocoulators which make pos-
gible the required sntrainment of air with an accompenying increase in
strength and bonding properties. The benefit to concrete quality by the use
of such compound admixtures ig well egtablished, but %l competitive nature
and adverse effect of winor quantities of certain materiale require the
necesgity of adeguate laboratory performance ftests and fiesld conirol. AL
the present time, admiztures of this type are added to the concrete batch at

the mixer (10),

Noturel Cements With Alr-Fntraining ksteriels: The blending of air-
entraining natural cements with standard portisnd cement will produce a

satisfactory air-entraining conorete. The blending ieg usually performed on



the bagis of cne part natural cement to five parts poritland cement. Alr--
entraining natural cements can be purchased under A.3.T.M. Specification

¢ 10-37 with the added requirement that they meet the mortsr test for air
content stated above for air-entraining portland cement. In muking the
mortar test a blend of natural and standard cemenls in the proportionsg to be
ugad in the work must be employed.

Air-fntraining Cements Versuﬂ_ﬁdmix;ures

Each method has iis advanteges and disadvanteges. The question of
choice between the use @f an alr-entraining cement or an air-entraining
admixture at the mizer will depend almost entirely on how the engineer
wishes to control ile work. In either case proper control methods must be
provided to insure a satisfactory end‘product'at the mixer.

Alr-entrsining cements contain a fixed amount of admixture ﬁhich can—-
not be changed to compensate for excess or deficiencies in air content of
the conerete, However, variation in air content cin bercontrolled within
certain limite by adjustments in one or more of the variables which
influence alr content. Separate additlons of alr-entraining admixtures may
be made successfully at the mixer tc overcome deficiencler ln air content,
and excessive awounts of air may be reduced by diluting the air-entraining
cement with standeard portland cement.

When an alr-entraining admixture ig added at the mixer, precise con-
trel of alr content can be exercised by simply changing the amount of sir-
entraining waterial onoe the mix has been established.

Adr-entraining admixtures mey be added at the mixer by mesns of a
workman with the haszard of mistakes dus to the human element or by the

installation of &an automatic dispensing device of which there are now



several on the market. In elther case, a woter solution containing the cor-
rect amount of air-entralning admixture must be prepared in advance in
batches of sufficlent size to last for at Jeset a day's pour. In cold
weather the prepared solution must be protected against freeszing. Also
measuring containers or dispensing equipment muet be kepb ciean gt all
times, slnce alr-emtraining materisls have a tendency to accumulate on the

equipment as used.

Optimum Air Content

It 18 generally accepbed that satisfactory scale resistance and dura-
bility can be obtalned without gerious loss in flexural or compressive
strength 4f the {otal alr content of the concrele ig maintainad between
three and plx per cent Ty volume compubed on the besis of the theoretical
welght of air-free concrelte of the same proporitions. Since the alr content
of ordinsry concfeie is normully around 1 to 1.5 per cent, the increage in
void content brought about by ths introduced alyr would éorrespond to a drop
in wnit weight of the concrete of from aboub three to six pounds per cubic

foot,

FACTORS AFIECTING AlR CONTENT

The initroduction of added sivr into a concrebe mizture necessitates
changes in mix deegign and carveful control of production if opbimum results
are to be achleved. Almost every element ln concrete making, whether of
materials or processes, must now be exemined in the light of 1lts effects on
alr content, and convergely, ths effect of the air content on processing of
the mix and the properties of the harvdened concrete, For instance, in a

given mix, air-enbralmment will be Influenced by the waler content, the

B



effect being more pronounced in lean mixes than in rich ones. The amount,
character, and grading of both fine and coarse aggrsgate, the individual
properties and amount of cewent used, mixing time, method of mixing con-
crete, concrete temperature, and the amount and type of air-entraining
admixbure all affect to varying degrzes the quantity of air taken into the
mix. In addition, there are encountered during the process of manufacturing
air-entraining concrete in the field numerous factors which influence the
gquality and air content of the finished product. Bach project becomes an
individual preblem in concrete mix design and control which requires much
more supervision than is necessary when working with ordinary concrete in
order to produce a wniform concrete mixture meeting specified design
requirements.

Consistency of the MNix

£y

Wet mixes entrain more alr then dry, stiff mixes. Therefore, it is
important that the conslstency of alr entrained concrebe be controlled

within reasonsble limiits at all *imes.

Tvpe and Grading of Aggregaté

Coencrete madé with crusked sggregate, such ag svone and alag, will
entrain about 1 per cent moré alr Lhap comparable concrste made with natural
agegregate, Tihiz is probably due to the fact that more gand ig required with
crushed aggregstes.

The grading of the aggregates, especlally the fine agrregate, has =
marked effect on the smount of air entrained. Work by VWalker (11),
Kennedy (5) arndi from departmental studies Indicstes that the amount of lo,

50 to Ne. B0 sieve gize has the greatest influence on glr content. See

e



Figure 1. Also there is indlcated that particles passing the 100 mesh sleve
may serve ag alr-entraining depregsant. However, at prevent no definite

facts to thig effect have been established.

Effect of Mixing Time on Alr Content

The effect of mixing time on air conteni iz unpredictable. Evidence
(10) (11) sorbs bhe £ ; . o 8 e ; -

gupports the fact that wlth the newer air-eniraining admixtures

the air content rises slightly during the first few ninutes of mixing time
{3 to 12 minutes) and then decreases with additional mixing. However, after
adequate mixing of the concrete the change in alr content 1s not critical,
The total amount of alr entrained is also a function of the brand of cement

uged. Hee Figure 2,

Effect of Temperabure on Alr Content

The temperature of the concrete ab time of mixing has a significant
effect on the amount of alr entrained. The amouni of air aentrained decreases
as the temperature of the concrete increages. A relationship of alr content

to hemperature by Walker and Bloenm (13) ig presented in Figure 3.

Effect of Ratic of Sodium Hydroxide to Vipsol Resin on Air Content
(

11) to determine what

Studies have been made by Walker and RBloenm
effect certain Varigtions in proportions of sodiuvm hydroxide to Vinsol resin
would have on the alr content and compressive strength of the concrets.
Results from thelr work indicate that air content 1s increased as the weight
of the sodium hydroxide approaches the weight of the Vinsol regin. Beyond
thet point the material becomes less active, due pérhaps to & salting-outl

action caused by the excessive amount of sodivm hydroxide. This fact is

clearly illustrated in Figure 4.
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Effect of Vibratlion on Alr Content

There 1s a slight reduction in air content as the resull of vibration.
It ip believed that thls ls due in part e upward migration of the large
volds and partial compreession of the alr content wunder fiuid ?ressure.

Laboratory studies by Wuergel (10) indicate that the apparent reduc-
tion in air content by vibration is not sufficient 1o be reflected in the
durability properties of the conecrete.

Effect of Dept@ gf an;rete on Alr Content

Laboratory eaperiments by Walker and Bloem (11) indicate that in high
sections of concrets containlng entreined air, the air ig partisily com-
pressed due to the superlaposed concrete and thet there ig no apparent move-

ment of the air from the bottom to the top of the section,

DESIGN OF AIR-ENTRAINING CONCRETE

In the design of sir-entrsining congrete, 1t is eﬁStomary only to
make gertain changes or adiustments in the ordinary concrete mix necessary
to insure the gpeclfied air content and obher desirable vroperties of the
congrete with the leagt sacrifice in strength. Methods of adjusting pro-

portions of the mix vary among different users. Features common to all,

however, are reduction in water content snd sand content.

Effect on Mixing Water Required

The entrained alr in & concrete mix%ure.ma%eriawly reduces the amount
of water required to give the equivalent slump of a concrete mixture ¢on-
taining no purposeful entrained air, This reduction in required mixing

water effectg o reduction in the water-cement ratic which in turn is no

doubt responsible for the increase in the strength, impermeability and

~11-



durability of the mortar and reduction in bleeding. Within limits the
requirsd mixing water can be reduced ag the air content is increased.

- 11
Adccording to Cordeon (11) the water content of an aversge concreste mix may be

s

reduced approximetely 5.0 poundg per cubic yard with rounded agpregate and

}.ﬁ-

A pounde per cublie yerd with angular aggregate for each per cent of air

entredned. In normal wvractice with alr-entroining concrate the water con-
. - Aen
tent ig reduced from 1L/2 to 1 gallon per sack of cemsnt.
(1) 4,

Welker and Bloem have developed iInforwstion, as showm in Plgure

o

5, conceruing the raduction of mixing welter fov different cement contents.

Effect of Sand Content on Al Entroioment

In general, the sand contant, by weizht of total

3
[

reduced by approximately L per cent for sach per cent incresse in entrained

.

riz climiige in alumn or

gir up to at lsast 8 per cend witiout any eoprecisb]
- (11) Cerey I ey
vorkability . Sea Flgure 8.

ald

offect of Air Entrainment

It nae besn found by experience fkat the incrsassd yield

jon
=
o
o
o
,;ml
o
[ )
o
oG

from the entrained alr can be compensabed Yor approwimately by reducing the
gand content of the babtch Ly an swmount pe2r cont of the com-

bined wolght of the fine and coarese L bo 1.5 times the

2 3 x ~rE Y A em PP UL S R - o O e IR A % - o
amount of air entrained. It g frecusnily secessary Lo make &t lesgd part

o

of the reduction in the courss

corcrebte mixture has a
t ndenes b he haovab
BrnGean C‘d O NDLYED,

The wichlgan Stalte High > wiortar Volds method

the design of concreto min:

o

of thic method 1s uzed fov siv-entraining concrate. The ralative water con-

tent, an empirical factor uged in the desig rou 1.215 to 1.10

-]



to allow for the decrease in water reguirement for this type of miwm, and the
vield and void content are adjusted by reducing the sand content so that the
cement factor is maintained at 5.5 sacks per cubic yard of concrete and the
total voild content kept within specified limits. All of thege original
adjustments are nade at the laboratory and are incorporated in the propor-
tioning chart prepared for the specific materials to be used on a given pro-
Ject. The theoretlcal welght per cuble foot of sir-free concrete is also
given on the chart to fecilitate computation of alr content in the field.
Further adjustments of mix proporticns may sometimes be necessary after con-
struction has begun, but such adjustments should invelve only minor changes
in the design quantities.

The alr content of a given concrete mix can be determined only on the
basls of actual trisl batches with all materials to be used. HMajor adjust-
ments of these trial batches may require control of other factore than sand
content alone for coptimum results., Such tests may reveél a deficient or
exceselve alr content which would involve too great an adjustment in sand
content, and would therefore compel a chenge of alr-entraining éement or the
amount of airmentraining admixture.

Fhen air-entraining admiztures are added at the mixer 1t is possible
to adjusi the amount of alr-entraining meterial for the particular condi-~
tions under which it is working at the time, or may be varied from time to
time during the progress of the work &s changing conditions require. This
can be done to maintain the degirved alr content without Changing the basic
conditlione of the mixturse. In the case of alr-entraining cements it is
neceasary ab times to add additional guantities of airwentraining'materials

directly to the batch in order to ralse the air content to the desired

e B



guantity. This can be accomplizhed by adding small quantitieé of neutral-
ized Vinsol resin, or other water scluble air-entraining admixtures, in
solution, Such conditions mey be brought aboui by aggregate characterigtice
or a deficiency in zir-eniraining material in the cement due to oxidation
during the grinding procesg, storing, and handling at the cement plant.

It is a general policy at the present time to desi¢n an air-entraining
concirete mixture_by retalloring the plain concrate mix to fit the new condi-
tions. It is believed, however, that in time the entrained air wiil be con-
sidered as a zeparate ingredient and a new design procedure will be
developed accordingly to take lnto cousideration all of the ingredients;
cement, air, water, sand and coarse aggfegateu

In the design of ailr-entraining mixbtures the following works should be
consulted: "Recommended Practice for Design of Concrete Mixes," (A.C.I.
Journal, June 1945}, and "Use of Air-Entraining Concreve Ln Pavenents and
Bridges," (Current Road Problems Bullebin No. 15, ﬂighuéy Research Board,

May 1948).

METHODS OF MEACURING ALR_CONTENT IN PLASTIC AND HARDENED CONCRETE

There are bthree basic methods for determining the air content of the
plagtic concrete. The first ig known ag the unit weight or gravimetric
method; the second, the dipplacement method; cnd the third, the pressure
method. Alr content of ihe hardened concrete may be succossfuliy determined

by the camera lucida method.

Gravimetric Welhog

In this method the alr contendt of concrete is determined by comparing

the welght per cuble foot of the plastic mixture with the theoretical

14w



alr-free unit weight in accordance with A.S.T.M. Method ¢ 138-44, The

ties and specific gravities of the ingredients., The resultg of this method
depend upon the accuracy with which the required data are determined. For

exanple, lack of precise knowledge of specific gravities and moisture con-—

tents of the batch lead to velatively large errors in the results.

Valumetric Method

¢

Thig method is described in A.S8.T,M. Method C 172 and permits direct
determination of alr content. It le necessary to determine the weight of
the concrete per unit of volume and on the displacement in water of a
welghed sample of the concrete after elimination of the entrained ailr from
the sample while immersed in water. The volumetric methed is algo subject
to common errors in measurements.

Pressure Method

In this method air pressure is applied to & gnownrvolume of concrete
and the reauction in volume measured, Since the air 1lg the only compres-
glble ingredient in the concrete, the amount of entrained azir i readily
caiculated from a knowledge of fthe prespure apnlied snd the reduction in
volune.

4 speclal magnesium alloy apparatus hag been developed to determine
the air content by the pressure method. The spparatus is shown in Figure 7.
The concrete 1l placed in *he lower part in tlree layers in the same manner
requiréd for the standard yleld test (A.8.T.W. Designation C 138-44}, The
top section ils fastened to the bage and water introduced untll the level is
above the zero mark on the glass gage, then adiusted by bleeding o exactly

the zero mark. Flfteen pounds alr pressure is applied by means of a bicycle

15



pump. When prescsure is steady, the water level ipg rsad on the gage. Thig
value ls the uncorrected reading. This reading must be corrected by running
blank determinations on both sand and coarge aggregaie to ecorrect for poro-
sity of aggregate graing. The sum of thase two values must be zubiracted
from the first reading to obtain correct gage glass reading,

The percentage of air in concrete is egual to

Volume of air w00
x 00
Volume of concrete
The preasure method of determining ailr eontent is fully described and
illustrated by the coriginater of the ldea in the Jume 1946 lssue of the
A,C.T. Journai (Ll).

Camera Iacida Method for DRetermining Adr Coanbent of Hardened Conecrete

The method involves the use of a camepa lucida in ccenjunction with a
suitable microscope. A camere lucida is a mirror (or prismatic) attachment
that permits the slmultansous viewing of both the spscimen under the micro-
scope and an enlarged aresa on which the actual microscoplc obgervations may
be accurately traced. In this menner an enlarged tracing is obtained of the
air voids and aggregate particles in the suitably prepared surface of the
concrete gpecimen, The method reveala the characterigtics of the alr volds
in the herdened concrete including thelr size, shape, and digtribution and
provides a check on any previous mebhods. The work of Verbeck (18} demon-
astrates that the resuite obtalned ilu the deterpination of the air content of
hardened concrete by this method are in agresaent with those obtained by
other methods applied to the plasgtic concrete. Typical air voids observed

by this method are shown in Figure 8.
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effect of entrained air content on flexural strength is iliustrated in
Figure 10,

It ie generally conceded that by the proper use of alr-entrained mate-
rials and proper design of the concrete mixture it 1g not necessary to
sacrifice strength materlally, either 1ln flexure or in comnression.

It should he sbated that these strenglh relationships do not neces-
sarily hold In all cases, especinlly when a strength accelerating agent is
used in conjunction with the air-entraining materisl.

To meet design strength reguirements when sir-entraining concrete is
used, three courses are open to compensate for losgs in strength: either
increasing the dimensions of the gtructure or adding additicnal c@meht, or
by the use of compaund admixtﬁres. However, in apy case experlence indi-
cates that for mazimum results the cement conbent ghould not exceed 7.0 bags
per cubic yard. Ia many ingtances the high factor of safety which is
smployed in concrete degign will allow for such strength reductioms in view
of the marked improvement in both durability and uniformity of the concrete

which can be expected by air entrainment,

Effect of Hntrained fir on Scale Resistence

| Numerous field studies have demonsirated beyond guestion that the
entrainment of air in concrete greatly imcreases ite resigtance to scaling
due to chloride saite employed for lce control purpeses and by frost action.
Figure 11 ghows & series of photographs of sectlons of concrete pavements

constructed with and without alyr entrainment.
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EFFECT OF ZNTRATINED ATR ON STRENGTH AND DURABITITY OF HARUENED CONCRETE

As pointed out in the beginning, entrained alr in the normal amounts
of 3 to 6 per cent exerciges a profound influence on strength and durabllity
properties of the concrete as compared to sbandard portland cement concrete.
A detalled discussion of ths most éignificamt changes which take place in

this respect will be covered in the following text.

‘Bffect of Fntrained Alr on Strength

For normal concrete mixes containing 5.5 sacks per cublc yard or
better, there is a definite decrease in strengih as the air content
increases., Bxperlence indicates that each percentage increase in the amount
~of alr which exists in plain concrete will reduce the compressive sitrength
5 to 4 per cent and flewxural gtrength 2 to 3 per cent. For the lean mixes
containing less than 5 sacks per cubic yard there is cvidence (11) to show
that compregsive strengths are siightiy increassed fer alr contents up to
6 per cent air. This bensficlal effect on lean mixes is not definitely

understood. See Figure 9,




Of further interest is the relationship bebween alr content and scale

resistance of the concrete which ig given for two types of aggregates in
Flgure 12. The graphs clearly indicate that the optlmum alr content in
regard to scale reslstance is approximately 7 per cent. Greater amounts of

. £
air produce but little additional benefit (+9),

Resigtance of Concrete to freezing and Thawing Action
Increaged resistapce of sailr-entraining concrete to freezing and
thawing action has been repeatedly demmnstrated in field and laboratory

studies by many research agencles. The results from these studies will be

found throughout the literature on alr-entraining concrete.
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Method of Evaluating Durability: ITaboratory evaluation of the resist-

ance of concrete to freezing snd thawing action is generally accompliished by
measuring the progrecsive drop in dynamic modulus "EY din terms of number of
freezing and thawing cveles. The dynamic modulus is deterﬁimed by a gonlc
apparatug, simller te that sheown in Figure 15. |

The gonic apparatus connlels essentially of four major parts as illus-
trated in Figure 13. A radio frequency oscillator (A) furnishes power to a
driving mechanism (B), which in turn vibrales the specimen. The driving
mechanism (B) usually consisbts of a radio loud speaker adaplbed to this pur-
pose, Vibrationg in fthe specimen are transmilbbed through the pieckup (C) to
a vacuun tube volﬁ meter (D) wideh indicates the nstural resonance of the
concrete by maximum deflection of +bhe dlal hand. The freguency at which the
specimen is vibrating ls shown on the disd (7). I the freguency znd cer-
tain constants for the spetimen are known, the dynamic modulug can be cal-
culated by using the following squation:

¥ = kdlie

i3

where B = modulue of elasticity, 1b. per og. in.
¥ 4

1A

ko= ocongtant depending on dimensions of gpeclmer,
made of vibraticon and conditilons of restraint

s

4 = gpecific gravity

H = fondanpental frecuency of vibration, cycles
W o »

ner #HeC,

FEST A e

Effect of Cewent Contend and Alr-imtraining Moaterial on Durability:
The resulte of studies by Wuesrpel (iO)? a8 shovn in Figure 14, illustrate
the influence of such factors as cewent contanlt and typve of alr-entraining

sdmixtures or durability as msssured by dynomic B

w2



» FIGURE 13. TYPICAL SONIC APPARATUS TO MEASURE DYNAMIC MODULUS Y
(ABOVE)., METHOD OF FREEZING SPECIMENS (BELOW).




The curve for speciuens conbtaining no enirained air is designated hy
letter “e4,

Infiuvence of Water Content on Durabhility: Further, in the same

studies there is shown the influence of variation in water content on dura-
bility of concrete containing entrained air. This ig illustrated in Figure

15,




o three factors is clearly brought out by Gonnerman

Effect of Air Conbent ?h.Durabiiitz; The influence of freesing and

thawing action on durability is manifested by loss in weighi, expansion of
the concrete, and drop in modulus T. The influence of air content on these
fr
4

d), ag shown in Figure

16, The graphs bring out very cleariy that the oplimam air content Ffor
desired results is approximately 3 per cent.

Other FPactors Affecting Concrete Durability

There are many factors contributing to lack of durshility in concrete
which ailr entrainment will not correct. The most oubstanding ére associated
with: (1) proportioning methods; {2} plecing and handling problems; (%)
structure design and envircnment; (4) quality of the ingredients; and (5)
mdisture condition of the aggregates and the concrete. These factors will
be discusged brieflly as a reminder that they must not be overlooked in the
manufacture of air-entraining concrete.

Proportioning Methods: The lack of adewuate proporiioning methods,

handling, and welghing equipment result in varistions in batch weight, moig-
a3 3

ture content and grading of the apgrezates, all of which contribute to the

preduction of non-uniform habches of concreta.

Placement Yroblemg: The consistency of the concrete may be changed
¥

due te leaky water equipmeat or by willful addition of water by workmen to

make concrete more workable. Improper placement, spresding, and handling



in forms may result in segregation, water gain, lamination, and non-uniform-

ity. Finishing and curing methods need careful consideration.

Structural Depglgn snd Envirconment: Tmproperly designed and con-
gbructed joints peranit seepage of free wabter into the structure, which will
ultimately cause excesslve saturation of the adjacent concrete and subsge-
guent deterioration wnder freezing and thawing action. Design features
which necessitate complicated forming and placement of reinforceuent sfeel
may encourage poor workmanphlp in placing the concrete in the forms, thus
resulting in an inferior product,

The locstion of the structure with respect to waler, drainage facili-
ties and general working conditions are important factors in obtaining a
durable structurs.

Guality of the Ingredients; ¥Yroper attention must be paid to the con-

trol of guality, selectlon and uge of the ingredients. The physical proper-
ties of aggregates from different sources are Suffivi@nfly different 1o
affaect the reslstance of concrete %o freemiﬁg and thawing action. Portiand
cements also react differentiy under accelerated weathering tests.

Moisture Condition of the Agsrepate and Concrete: It is now a well

known fact thet concrete made wlth many agpregates containing smell pores
thoroughly saturated has disrupted to e greater extent under freeziﬁg and
thawing action than when the agsregates arve pub in the concrete in a rela-
tively dry condition. Also, any concrets will break down more rapidly under
freezing and thewlng asction when nearly satursted with wabter. Thus it is
important fo kesp water uﬁ&y from the concrete, or make it ag nearly imper-

vious ag pogsible.



A11 of thege factors ave intimately acsociabed with, and dependent
upon, adequate inspection and control. Specifications and control measgures
are of little value in the matier of cbtaining durable concrete unless
qualified personnel are available to enforce them and they in turn are
insured the full cooperation and backing of their administration. It is
evident from experience that inefficiency and indifference are perhaps the
greatest weaknegwes at the oresent time in the manufacture of quality
concrete.

The introduction of the principle oFf air entralument has done much to
improve the durabililty properfies of concrete and mitigate t¢ a certain

A

extent the gerious effects of the factors outlined above. However, it ig
gver more lmperative that adequate control be exercised in all cages 1o

insure that the smount of purposefully entrained air ie within the desired

limits.

EFFECT OF AYR FENTRATNMENT ON_QTHER PROPERTIZS OF UONGREIE

In additlon %o improving the durability vroperties of concrete, the
entrained air has a marked effect upon other properties of the concrete of

vital interest in soncrebe design and conegtruction problams.

Effect of Air Fatrainment on Bleeding (Or Water Gain)

| So~called bleeding or water galn sssociated with plein concrete is
greatly reduced by the presaence of the eatrained air. This is yuite obvious
in concrete pavement gperaliong where at btimes insufficient water on the sur-
face results in difficult finishing. The water gain at the top of tall con-
crete sectlons is markedly reduced and the strabificetion of aggregates at

pour levels is practically sliminated when alr-entreining concrete is used.

.



In general, léboratory studies {12) indicate bthet airv-entraining admixtures
reduce bleedlng of the plastic mixture by at least 40 per cent of that
resulting from the use of plain concrate.

Effect of Alrx Funtrainment on Unifermity of Concrete

Experience indicates that air entrainment tends to increase the homo-
genelty in concrete. Freezing and thawing tests on core sections from the
Michigan Test Road durebility project definifely indicate that the top por—
tion of the pavement has appreoximately the same physical properties as the
bottom portion, which is not geﬁerally true for'fh@ pavement not containing
air-entraining materials. See Table II, presented previousiy.

Kemnedy (1) in his study of this subject presents data which also
bear out this fact. He shows that bomogeneltly is assoclated with bleeding.
The less bleeding the more uniform the concrete from top to bottom. Thus,

since air epntrainment reduces bleeding materially, it is logiczl to assume
21 Vs & gl

that homogenelty in the concrete will result from Llts use. See Figure 17.

Effget of Air Fatrainment on Volume Changes

Laboratory studiee by Wuerpel (10) indicate that the entrained air
exercises no materisl Influence on the pormel shrinkage and expansion
characteristics of ths councrete. These findings are somewhat substantiated
by field measurements of slab movement on long sections of concrete pavement

conteining air-sntraining materials assoclated with the liichipgan Test Road.

Bonding Propertlies Betyeen Concrete and teeal
Work by Wuerpel (10) and the Portland Cement Association supports the

fact that the strength of bond between concrets and ztesl ig not meterially

affected by the use of air-entrazining msberials, provided the mix is
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properly designed and confroiled and the air content of the concrete kept
within the normal limits of % to 6 per cent.

Thermal Propertieg

Studies by Wuerpel (10) indicate that the ﬁresence of the distributed
éir veids in air-entraining concrete do not materially reduce the rate of
heat diffusion when the amount of'entrained air is within the limits for
best results in concrete. Average thermal diffusivity values in square feet
per hour of concrete without alr-entraining admixtures was 0,055, and 0,034

when admliztures were used,

v

TFFECT OF ALk FNTRAINWENT ON DURABILITY OF AGCGREGATES

There is evidencs (5) (15) t

o support the fact that purnosefully
entrained air in concrete tends to incresse the durability characteristice
of good or bad aggregates. Evidence o this effect, basged on recent labora-

tory studies by the Joint Highway Ressarch Project at Purdus, is showm in

Mlgure 18.




FETRCT OF AIR ENTRALNMINT ON CONCRETHE MADE WITH LIMESTONE AGGREGATE

T4 has Leen conclusively demongirated in laboratory and field experi-~
ments conducted by the Michigan State Bighway Department and by the National

Orushed Stone Asgociation {11) that air entrainment in concrete containing

limestone aggregates, both coarse and fine, materielly improves its
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ON COMPRESSIVE STRENGTHMS OF CONCRETE MADE
WITH PLAIN AND TREATED CEMENTS (VOLLMER).



durability and resistance to scallng. 8See Flgure 20, It also improves such
objecticnable characteristics ag exceggive bleeding, poor werkability and

difficult finishing.

ALR-FNTRAINING CONCRETE ¥OR MASSIVE STHUCTURES

In connection with the use of airv-entraining concrete for massive con-
crete structures employing lean mixtures and large sise aggregates (above 2-
inch maximum slze), Wuerpel (10) hag brought out interesting information
from laboratory studies. Because of the reduction of mortar content due to
the preesence of the large slsze aggregate, the total amount of enbrained air
need be less than in pavementg, IP was demonstrated that a total air con-
tent of 2.7 per cent in & lean concrete mix containing 6-inch aggregate is
comparable, insofar as the mortar constituent is concerned, to a total air
content of 4.0 per cent in a pavement concrete containing 1-1/2-inch aggre-
gate,

In determining the unit weight of mags concrete the usual procedure of
wet-gcreening the mix to remove the large size aggregate to permlt the use
of standard contalners should net he followad hocause erroneous results will
be obtalned. The welb-scrsening nrocess encourages the loss of considerable

amounths of eptrained air. When aggregeltes exzxcecd 2 inches In diameter, a

2-cubic foot medasure is recomsended for upit weight determinations.

MaNUFACTURE OF ALR-FNTRATNING CONCRRTE

The manufacture of concrete falls inte three categoriss; namely, site-
mired concrete, central-mized concrete and tranpit-mnixed concrete. Site-

mized concrete may include the mobile concrete paving mixers end stationary

e



Figure 20, Influence of entrained air on scale resisbance
properties of concrete made with limestone aggregatese
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mixing plante at £he site of structures where the concrate is transported
directly to the forms by manuslly operated buggiss or by pumping methods.
Central-mixed concrebe is that which ig manufactured at & stationary plant
and transported over a considerable distance by means of agitating or non-
agitating truck egquipment. Traneit-mixed concreie refers to concrete which
ig completely mixed in transit by epecially deslgned truck.mixers.

gite-Mixod Concrete

Site-~mix plants offer no unusual problems in the manufecture of air-
entraining concrete. In fact, they are to be desired because betler control
- and inspection of concrete menufacture can be achleved.

In concrete pavement mixers of current design, optimum air contents
can be attained in a mixing time of one minube which 1s consistent with
adequate mizing of the ingredients. Smallier stationary mixers require
longer pericds of time and some standardization of mixing operations is
usually néces&ary in order to obialn satisfactery alir abntents.

Pumped Concrete: There is evidence that alr-entrained concrete has

baen pumped with cxcellont reesults on many projects (5). Vagaries resulting

from this type of work have been no move than thoge experienced with stand-

ard concrete. A élump loss of 1 40 2 inches per 1,000 feet of pipe is nor-

mal. Average slump at the mizer is 4 inches using 5-5 bag mixes. Experi-

enice indicates that vworkability ié improved by compachlon and release of the

plastic conerete ss it masses through the pipe. Alr content is not_affected
i

by pumplng operatliona.

Central-iixed Concrele

Adr-entraining concrete mey be completely mixed et & central-mixing

plant and transported for periods up to 90 minutes withoul any significant



effect on either the amount of ailr entrained or the sluap (1), Truck agi-
tators as well as open top dump trucks have been used succegsfully to trans-
port the mixed concrete to the point of delivery. Truck mixers operating at
agitator speed can also be employed for transporiing the mixed cencrete.
Standard practice indicates that 2 r.p.m. 1s sufficient for truck agitation.
The entrained air dees not eliminate entirely the gsgregation and packing of
the concrete in non~agltating hauling equipnent. Therefore, agitating equip-

ment should be employed when at all possible.

Trangit-Mized Concrete
From expgeriences of the Department, as vwell ag from those of others
(iz), it dg evideni that truck mixer operstlong are not adaptable at the
present time to the successful manufacture of alr-entraining concrete., This
is due to the faci that the process in ltsell cannot be successfully con-
trolled from the moment the waterials are introduced into the truck mixer
untll the time that the concrste has been discharged on the job. The
reasons for this are as Tollows:
1. The conglistency of the mix changes with distance, time of
heul and time of discharge. Therefors, it 1s necessary to
add water in excess of that called for in the miz design
to compenpate for drop in consistency.
2. The alr contont will vary with the above conditions as
well wg with the number of revolutions, speed of mixing
and mixing charactsristics of the truck-mixer equipment.,
5., A preject of normal size will require the use of several
truck-nixers of which no ftwe units wiil have identical
mixing characteristics or opsrators. In addition, their
physical condition will vary considerably.
4. Delays in time of haul dus to traffic conditions; forced
delays, changes in routes, stc., complicate control

possibliities.

5. Different cemonte and air-enbraining muterials react dif-
ferently in trensit-wnix operations.

~ED-



8. Very few plants have gufficient materials, storage, facili-
ties and capacity to handle large projects without inter-
ruption in service or bunching of the {truck units.

Specifications for ready-mixed concrefe have been approved by the

American Scocilety for Testing Materials, Designation € 94-47T, and should be

followed where concrete iy provided in this manner.

AUTOMATIC DISPENSING BQUIPMENT FOR AIR-ENTRATINING MATERTALS

At the pfesenﬁ time it is & foregons conclusion thet all cement milis
are using aubomatic dispensing ecuipment in the manufacture of air-entraining
cements, |

When air-entraining materials are added at the mlxer, a metering
device 1 egsential to the accuracy and success of the operation. Dig-
pensing equipmen® is now available on the market or can casily be made

locally for use in ready-mized concretes plants or op pavenent mixers,

- 3 1 il (-'V DR
Several such devices have been described by Kaufman (11) and Brickett (11).

CONSTRUCTION FAGTORS AFFRCTING &UAL;?Y;OF ATR-BNTRATINING CONCRETE

Even though special precautlons are followed in the laboratory to
design an air-entraining concrete mizbturs, there are numerous factors
encountered during the manufmciuring process which influence the guality and

air content of the finished product. The only solution to the problem of

obtaining a undform product is by

13

meang of rigld inspsction and enforcement

of gpecifications as the work progregscs.

————— ST A

During the proportioning, menufacture, end finishing of the concrete

the following factors must be consldersd:



1. Variation in batch weights due to faulty condition of
welghing apparatus.

2. Variation in wmoisturs content of aggregates in each batch
due to stock piling conditions.

Variation in grading of the aggregotes also due to stock
piling conditions,

R
s

4, Addidion of excess water gt the mizer due Lo leaky water
equipment or to deliberately satisly the workmon's degire
for easy workability.

5. Tmproper placing and spreading which could cause local
segregation of the mix.

8. Improper coordination of the strikeoff and Cinighing
screed of the finlshing machine and longitudinel Cloat.

7. FExcegsive hand finishing,

8. Inadequate curlng procedures.

All of these factorg moy be controlied To a great degree by enforceing
gpecifications rigovously as the job progresses.

Alr-entraining concrete heg & number of peculiariﬁies which necessl~
tate minor changes in construction proctice. For exauple, the resulting
mixture has an extremely fatlty appesrence simllar to thset of an over sanded
mixbure. There i1g little Free vwiater on the surface to facilitats finishing
operations. On thig account it is necessary on peving projects to kesp all
finighing operationsg well up behind ths mixer, sarticularly during hot, dry
or windy weather. The concrete iz inherentiy more sticky than ordinary cone
crete. Consequently, steel finiching tools have proven better than wooden
Ones.

In summary, experlonce has proven that the problems encountered in the

zge of alr-entraining concrobe are simply those invelved in adjusting



construction practices to the characteristics of the new condrete, and
include no more radical changes then might be necessary due to many other

changes which are frequently encountered in current job conditions.
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