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Treface

The process of rurrosefully introducing air into
concrete came prrimarily as a remedy for surface scaling
of coacrete ravements due to freezing and thawing and to
srrlication of chlorides, FExhsustive tests have rroved
trat 1t has sccomrlished its purrvose quite admirabdbly,

And the benefits of this fifth ingredient, air, do not
stor with merely imrroved dursbilitv for highway rave-
rents, Tntreined air also imvroves workesbility of the
fresh concrete, reduces segregestion, and hence reduces
bleedinr or water gain, But £11 this benevolence hes not
been yotten free, It must be rsid for end the rrice is

a reduction of the comrressive, tensile, flexursl, =nd
bond strengths of the hardened concrete, Small additions
of air over and above ortimum guantities csuse serious
reductions in strenpth and the absolute control of quante
ities of entralned air is still in a developrent strge,

In pavement work disererancies of this neture hsve not
rroved rrohibitive, DPut flexurel strength 1s not affect-
ed as severely as 1s the comrressive strength, 7The quest-
ion would then srise 23 to whether sir entresining sgents
mry be used as freely in structural work as they are being
used in highwsy work without stringent snd execting con-
trols over quentities of sir entrained, It 1s the under-
standing of the author that over the vrast two or three

vears the use of alr entraining concrete has come to be



known as a cure all for ell types of concrete 1lls, This,
of course, 1s not true, ™ith this in mind I have exrlored
a small phase of the disedvanteges of air in concrete,

I shall present the material in two rarts, The first

part presents a result of library resenrch;of the broad
subjectj the second pert revorts the findings of lsbore
atory work concerning reductlon of strengths csuscd by

entrained eir,



Rackoround

Although the benefits caused bv ebnormal quantities
of eir voids in concrete heve been recogni,ed off end
on for a number of veara it has been only durins the last
decade that alr entreinment has rroved its resl vorth,
In the late 1920's a Frofessor C, A, Scholer, of Kansas
State College, noted that cement containing a metallie
stearate rroduced concrete saving freatly inrroved re-
sistence to cycles of frcezing and thawing., He also ob-
s2rved that this concrete of surerior dureblility yrossessed
a subnormal unit veight, During the early 1020's tests
were rerformed in which air was deliberately entreined in
concrete, In every case resistance to freezing end thow-
ing was found to be imrroved == arrarently in direct rro-
rortion to the reduction of unit weirht, Alttoush this
new imrroved durability wss much to be desired it seemed
inserareble from the horrible rrosrect of lower unit weight,
For uv until, =~nd during, this time the best concrste wes
the most dense concrete, Recause of this deep rooted
density concert the 1dea of intentionslly lowering unit
weight was out of the cquestion, 1In the years following,
however, the surface disinterratlon of concrete ravements
earrarently became so serious that the then dormant lower
unit weight theory was egain revived, UHowever, even at

this time (1935-33) 1t was not generally accerted trat
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The entreined air was the cnuse for imrroved dursbility.
Meny attributed it to some unkown action of the admixture,
Between 18328 and 1540 several test roads were bullt as a
part of a growing country-wide research program. Since
1940 a grest deal of conclusive investigation has been
carried on, Air entrsinment in concrete 1s now halled by
some as the grestest discovery since the water-cement rntio
law, Yuch has been learned about the subject == much 1is
yet wanting to be knowvn,

Any cquestion as to whether imrroved durebility found
in the less dense concrete is due to air or merely to the
agent has been answered, Tests run by H,L.,Fennedy mrade
a‘oomparison between three concrete mix:s8, One mix wes a
rlain concrete containing the normsl amount of errroxirately
one rercent air, The other two were mixes emrloving an
air entraining sgent vhich caused an above-normal rercentage
of air, From one of ths latter mixes the entire air con-
tent was remcved by vacuum -- even most of the normal one
rercent, Durasbility tests of the srecimens showed: the
mix with sdditional air was greatly Iimrroved; the mix with
an identicel amount of agent but with the sir removed show=-
ed little or no imrrovement, In fact, the mix from vhich
more than the added eir wes removed showed decreassed dur-
ability, The effect of entrained alr seems to be inderven-

dent of the meens used to gain the aided air,



How does air produce an imrroved concrete? *“hat is
its funotion?! The theorie: answering these cuestions scem
to be in close sgreement and quite widely aoccerted, The
millions of ewenly dispersed minute air bubbles immobilisge
the mixing water, This causes reduced espillary and water
ochannel structure which in turn increases durability by
'linimizing migretion of water into and out of the hardenéd
econorete, Ruinous percolating chlorides which are arrlied
to pavements for icu removal are hindered, H,L.Kennedy

sdvances the pictorial ex- Exposed Surface
Concrete

rlanation shown in fig.l of

how the tiny air rockets re-
duce surface disruption due
to freezing. The presence
of available air voids re-

lieves the inward rressure

as freezing progresses,

This pressure tends to low-

— W
er the freeczing point of the Srge | Srqe? Steged Stagef
water, If sufficient voids Concrete Aic Verd [igram
are provided for the water Fig. L

to oreep inward as freezing progresses, disintegration of

the structure is prevented. In addition to enhancing con-
erete durability, entrained air also improves worksbility

and placeability of fresh concrete. Honeycombing and seg-

regation are thereby rartially eliminated, The rultitudes
= 3=



of tiny bubbles act almost s ball bearings -- they lub-
ricate the mix., The majority of these alr srheroids have
a sieve size ranging from the 30 to the 100 sjeve, It 1s
ocbvious that each bubble is comrarable to & grain of fine
egzrevate, Such is exactly the case, The bubbles con-
stitute 2n rdditional esgrregste in the mix prossessing com-
plete flexability of shere, Because the gir imrarts these
qualities to the fresh concrete a reduction in both sand
and water is possible, In fact, it i1s advisable to make
this reduction when incorvorating air in a normal mix in
order to maintain the cement factor rer cubic yesrd, A re-
duction in weter also regeins a part of the lost strength,
Let us look briefly to the egents which sre used to
entrein air in concrete, Virturlly all of them derend
upon a foaming action for the entresinment of eir., Vinseol
Resin, Darex, fvr-trap, and Orvus gre a few of the many
commercial agenté being offered today. 10 date, Vinsol
Resin end Derex are the only ones which have been accerted
and incorvorated in A.S.7.}. srecifications. ‘mong those
used 1in earlv studies were natursl wood resins, asnimsl and
vegateble fats, varlous wétting sgents, weter soluble soars
of resin »cids, etc, It seems saofe to snv that Vinsol Resin
13 the most rorular agent in use at the rresent time, /
"ith the admlttence now that the rroce=zs of purroseful
entreinmnent of air in concrete has been far from comrletely

harnessed, let us exrmlne the variasble fnctors, “hy 1is it
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that so much difficulty is encountered in successfully
rredicting nir content obteined in fleld work? Certninly
1t 1s in the field that close control is most to be desir-
ed, Stanton “alker and D,L, Bloom have comriled a 1list of
these variables vhich seems to incorrorste nand sgree quite
well with other available writings on the subject, The
following was presented in sn article in the ACI Jourhal,
Voll7, %o 6, June,lG46:

"It 4s generall~™ conceeded that the following faciors
are rescvonsible for major variations in alr content when
the rercsntage of air entraining agent is held constant,

1.) FKichness of mix =- lean mixes entrain more air thsn
rich nixes, Fercentags of air has been found in some
cases to vary from 4 to 845 when using sn air entraining
cement containing a given perceatage of air entraining
egent, cement content varying from four to seven sacks
rer cubioc yard,

2,) PFercentage of sand =« combined argregates contaln-
ing high rercentagcs of sand will entrain more air than
the same total aggregates containing lower percentsges

of sand, In one case on record, increasing the sand rer-
centage from 33 to 424 by weight of total aggregate in-
creased the entrained air from 4,0 to 5.5%.

3.) Sand gradation -- a deficiency in =30 to 4100 mesh
sand, or conversely an excess of +30 or «l100 mesh sand
willzreduce the rercentsgs of entrsined air by as much

4,) Consistency =- high slumr conecretes (ur to 6in,)
will entrein more air than low slumm concretes, ell
other conditicns being the same, Increasing the slump
from 2" to 4" will increase the entrained alr arrrox=-
imately 13%., The same slump increase in high slump con-
crete, say six-inch, will not sffect the rercentaie of

entrained air as much,

5,) Temrerature =-- temrerature of the concrete as con-
trolled by atmosrheric temrersture and temrerature of

the mixing water, aggrezates, etc., has a slirhteffect
on percentage of sair entrained. The higher the temmrer-

«Sa



ature, the lowsr the vercentage of air, A range of
aorroximately 2% may be exrected between temperatures
of 40°F, and CG0O°F,
6,) Length of mixing and type of mixer -- larsge or
small variations in eir content mav result from these
variables, derending uvon the tyre of mixer and type
of air entraining egent used,
7.) Age of cement =« vhere alr entrainment 1s accomr-
lished by the use of sir entraining cement, ege of the
cement has been found to have a srell effect on the
smount of sir entrained in the concrete, derending uron
the tyre of air entraining egent used,
There 13 at least one more variable which perhsrs should
be added to this list, Charles E, "uerrel notes in the
June, 1945 issue of the Crushed 3Stons Journal that crushed
stone has been observed to c¢ntrain more air, using identi-
cal mixes, than cCoes gravel, He 1llustrates a case 1n
which the gravel concrete cntrained 4.4% alr contrasted
to a 5,44 entrainment vith the stone.

Syrecial note should te given to items 2 and 3, cone
cerning the amount and gradstion of sand in the mix, The
sond phase of the air entresinins mix commands a high priority
in ell re~ent discussion, Fennedy states that the smount
of alir rntrsined in concrete by s fixed rercent-ge of sir
entresining agent I1s a function of, emong other things, the
rercentaze of ssndi by volume of the concrete, In a serarsate
bulletin he contends that for s given rercentage of air
entraining agent, and const-nt mixing conditions, the

quentity of air entrsined by the srgregate i1s » function

of the partiéle slze, the ortirum renge being between the



No. 30 snd No. 100 slieve sizes, Tests secm to Indicate
that eilther excessively course or excesslvely fine sands,
as orrosed to well greded sands, will d:crease the effect-
iveness of the alr entrsining egent, FProrer control of
the sand phase is an imrortsnt part of the desirn of an
air entraining mix,

Another of the more Interestins varliables 1s the
richness of the mix, Tests have shown that a neat cement
raste incorporating an alr entrasining agent generates
but a small rercenia~e of air even with very thorough mix-
ing, The resultesnt paste, instead of being more plastlc,
18 actually less rlastic, The yaste rssumes a stiffer
consistency., It vould seem from this that the cement in
the mix hinders, rsther than sids, =1ir entrainment, This
theory 1s proven in the actual concrete mixture, The richer
mixes, those with a hisher coment factor, consistently en-
trsin leas percantages of alr then do the leaner mixes,
These facts can only reflect back as proof of the rrevious
raragrarh in which it wes said thset the entrained air is
a function of the agsrerate, This conclusion 1s axiomatic
since everything else has been eliminated,

Length of mlxing time is a much “1scussed variasble
affecting an alr entrsining concrete, This problen wéuld,
in all vrobability, have been of little concern had it not
been for the ever growing traensit-mix industry, Until

recently the condition of ext:nded mixing causing excessive
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amounts of entrained air was rarticularly bothersome in
the case of Vinsol Resin, Previously, Vinsol Resin vas
interrround with the clinker or pdded at the mixer in 1ts
rlein condition, To effect alr entrainment, the rlsain
Vinzol Resin hsd to react with eslkslies, formed when the
ccment and water combined, in order to become available
as a foaming agent, In cther words, the Vinscl Resin be-
came sodlum resinate at the time of rixing. Cbviously,
trhe comrleteness of this chemicesl reaction was a function
of the mixing time, 1hils condition has now been elimin-
ated by and large now by neutrrlizing the Vinsol Resin
(making into a soap - the sodium resinete) before it 1is
added either at the cement factory or st the mixer, Yow-
ever, even neutralized Vinsol Resin, called NVX, still
shows some inconslistencles dué to mixing time vhen 1t has
been interground with the clinker. The variastion seems
to be derendent uron the individual cement, “hen NVX 1s
added at the mixer the above mentioned inconsistency 1s
greatly reduced, f1he effect of extended nixing time with
Darex seems to closely arrroximate conditions found with KVX,
*ith this backsround of the subject in mind let us
turn to o laboratory consideration of the possible results
which mey come from eny of the several discussed variables

affecting alr content in concrete,
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Lahoratory York

The prirary vurrose of this reper 1s to shov how alr
entrainment in conecrete affects the strength of the con-
crete, VYou have seen the relative unrredicebleness of air
entrainment; let us now exesmine the effect that these
veriations might have uron the resulting concrete, The
task was undertaken with vengeance, with no spologles to
any quarter, In the normal design of rn air entraining
concrete mix care 1s taken to rartislly comrensate for a
reduction in strength caused by the additionel air, A
standard stete highrsy mix, for examrle, 1s redesigned,
The rercentage of aggregate, usuelly only the ssnd, 1s
reduced to counterect the bulkling effect of the sir and
thefeby mreintain the original cement frctor, 7The increas-
ed workabllity due to the lubricatinig sction of the eir
rermits s reduction of the water-cerent ratio, This,too,
rereins rart of the lost strength, ‘hese feoctors ere all
considered by the trsined concrete techniclian or concrete
encineer, But certeinly evervone who 1s using sir en-
treiring cements and sir entraining sagents todeny is not
aware of all these facts, A bag of sir sntraining cement
is just ss common now as was a bag of rlain cement ten
vyears ago. Because of 1ts Improved quelities rerteining
to workability, segregotion, and weter gain, alr entrain-

concrete has come to be used in every tyre of work,



For tris reason it i1s interestinc to see *ust what
the reaults are when a rlain concrete mix 1s turned into
an air entrnining concrete merely by the addition of an
alr entreining agent, This 13 ~hat hes tecn drre Iin the
laboretory, A 4500 ypsi, plain concrete mix was deslgned
to vhich was edded various rercentages of nautralized
Vinsol Resin (KVX).

The agpregnte anrlysis 13 given in tebles 1, 2, and
3. Tre course aggregate was & very smooth, well rounded
grevel, "he mix used was 1:2,4:3,5 by wéight with a water
cement retio of 5% gel/sack, Tvre I Furon rortland cement
was used, The NVX vwhich wss In the rowieved form vas wade
into solution so that 100cec of solution contained cne gram
of WWX, It should be rscognized that this is not e true
one rercent Vinsol desin solution since the NVX hes a Vin-
sol content of errroximately 887, The remainder 15 rscie
ur of the 6% caustic neutreslizer rlus molsture end non-
volntile olls, The first batch was the control batch which
contain=d no gdded air entreininr epent, <ix 6"x12" test
cylinders were mnde from each betch ~-~ three to be brolken
at 7 davs and three to be broeken st 28 devs, After setting
24 hours gt room conditions the cylinders were nrlaced to
cure in a standard moist closet malnteined bv the~y1§hipnn
State Highway‘Derartment. |

A rixing time of 6 minutes was used, It wes leerned

from the Highway NDeprartment that at least six minutes was

«]lQ=-



Aggrezate Analysis

Fime Course
|
Fercent
“ree Molzture 2,07 * 1,727 %
3ulk Specific
Gravity 2467 2,69
Unit “eight
ver cu, I't, 112,5 1b,] 109.5 lb,
3%
values varied
Sleve Annlysis
Fine Course
Percent Percent Fercent Peroent
Siave | Retrined | Passing Sleve | Retnined | Fassaing
# 4 0.62 99,38 14" o} 100
4 8 10,81 89,19 1" 10,13 89,87
#16 29,94 704,06 3/4" 25,60 74,40
#30 50,91 49,09 1/2% 51,00 49,00
#50 80,67 19,33 3/8" 764,75 24,25
#100 97.31 2,69 No,.4 lo00 0
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required for therough mixing 4n tnis yerticuler machine,
An undue esmount of difficulty wes exrerienced with the
mixer, The machine originelly hed been of the cdouktle oren
end, horizontael tvve povered by a gas engine, It hrs now
teea converted to & single oren end 1iltlng tvre with
electric mctor, The orening, hovever, 1s so srnll that a
funnel hes been devised with vhich to charge it., 1In using
one helf of the norrel six cvlinder batch as a buttering
batch, the mechiine so rcbted the mix of mortar that the
discharge consisted slmost solely of course aggregate,

The bsrrel of the mechine 1s so intricate and cleoggeld with
herdened concrete that errtying 1s very diflicult, fhis
conditicn hes come gbtout Leceuse the mechine dlischarges so
incomrletely and sluggishly, If there is to be one de-
finite conclusicn dra»n from this vork, that conclusion is
the definite need for s remedy of the situation,

Aeide from the mixer the only other difficulty en-
countered was with the varyings e:rface moisture cf the
agsregate vhich vas gotten from outsids stockriles, It was
interesting to note that a small incrcese In the surface
roisture, which increased the W/C ratio =2nd rroduced a wet-
ter mix, ceoused e carked reduction i1a the resulting air
content, 1ris fact seems to be dianmetrically crrosed to
the genercl rule (sece item 4, rege 5), Because cf this,
strict control had to be malntalned over the agzrezate

from @ay to davy.

-12-



The alir content of the fresh concrete wns celeculsted
by means of the theoreticel weight method. Following is a
samrle comrutation:

Theoreticel “t,(eir free) - Vt, Concrete
Theoreticel “t,(air free)

Tercent Alr 3

'he theoretical alr freea unit weicht of the concrete
13 found by dividing the total welskht of the comronent
ingredlients in the batch by the total absolute volume
of the comrronent ingredients in the tatch, ie,

totel u=mipght

of comronents = cement 29425 lbsg
KA 70,25
CA 102,50
vater 14,00
216,00 1lbs
tote2l sbsolute
volure ¢comronents = cerent ?9'25 8 ,14°29 cu ft
Tel5 X B4
FA 7025 = 4220
2667 X 6244
CA 10‘2.5 - .6120
2,09 X 6244 ~
water 14.0 = 27242
1 x 62,4
1,4070 cu ft
So, theoretical eir Irce o
unit welght = ~13 = 153.5 1bs/cu ft
[ ]

iterefore, rercent:ge of
alr in concrate

153,72 = *edched Tait el ht x 100
153,3
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Tatle 4 glves g comrlete tabulatlon of ths rercsantage
of NVX used In each batch, the percantage by voluwe of air
entraincd, the slumps, uanlt weights, and resultiaz strengths
et 7 and 28 days. The curves in Fig, 2 s%iow ti.e strength
r=lations at 7 snd at 23 days as the air content is increas-
ed, Migur: 3 preseats a graphical ricture of the merked

reductions in compressive strength due to the entrained alr,
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Conclusion

Figure 3 is conclusive in itself, Strength reductlions
of such a high order are unallowable even in pavements, to
say nothing of structural work, It should be borne in mind
that the mix used in these tests was a comrerstively rich
mix., A leaner mix would have entrained greaster cusntities
of air and reduced the strength more,

¥r. L, layfield, Samles Surervisor for the Hercules
Powder Comrany, mskers of Vinsol kReain, wrote the follow-
ing in his letter of April 27, 1948: "io offset the in-
creased bulk and to meintain ithe same cenent content per
cubic yard of concrete, it is customary to reduce the flne
sand in the mix, It is our understanding that concrete
rmixes so designed frequently have strengths only etout 5
percent less than would be obtained with normel portland
cement," WIr, Neyfield srcaks of en air entraining cement
which is manufactured to entrain an optimum air content of
from 3 to 5 percent, A reduction of only 5 rercent in
strcngth 18 negligible «= such a swrall reduction 1s ebsorb-
ed by factors of safety, Under ideal conditions the re-
duction mey be held down to 5 vercent, 1In fact, in very
lean mixes it has been shown that the allowable slash in
water content due to the added sir has sctually ceused a
higher strengih, But we have seen how the air content may

inadvertently vary several peroentage roints, and we have
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seon how great an effect an adlition of one or two rarcent
of air c¢an have uron the comrressivae strenzih, Cf course,
1 the variance acts to leasean the amount of entralned air,
*%he consequence 13 not as frmortant,

Unt1l the selence of nir entral:usent In concrcte ba=
comss 1ora exacitling, probably the best =olutlon to the
prcblem i1s the discreet use of mir in any work wherc strength,
not dursbility, is ths riore Iimmoriant factor, "he various
interested parties who are conducting tests on the subject
are now stronzly promoting a step that will bring air entrain=-
ment eloser to more exacting control, That step i1s the use
of alr entraining azents added at the mixer ia favor of the
use of alr entralning cemesnts which have had the egent inter-
ground with the clinker, Control of the air has been rroved
to be more accurale by this method,

Terhaps one of the biggest hazards in the use of air
in concrete 1s thre teryptation that 1t offers for economy,.

An excellent arrearing concrete cen be made with a very low
cement content 1 sufficlent added air 13 entrained with
the mix, But strengths would be 80 low theat desvite the
relicf of stresses provided by the adied air, the conerete
vould not be serviceable, °~trenzth i< gstill a reqguirement
of rortlsnd cement concrete, and alr 13 not a substitute

for portland cement,
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Thotonicerarrarng

On the following rages 1s prresented a series of phoio=
miorographs showing the structure of the hardened concrete
specimens made in this test, It 1s interesting to note
the step by step inorease in porosity, The first six micro-
grarhs are enlarged 8 times, The last two, which compare
the normal concrete with the same mix with 12.4% air, are

enlarged 14 times,



Sprecimen AT=-2
No NVX added
1.3% air
ground surface
magnified 8x

AT=4
.005% NVX
2.3% air

ground surface
8x

AT=6

+01% NVX

509“ air
ground surfsce
8x

Fhotomicrogr

Struecturé of Ha

o

aphs Showing

rdened Concrotq
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AT=8

«015% NVX

7.8 ﬂir
ground surface
8x

AT=10

03% NVX

11 . 4”’; air
broken surface
8x

AT=11-R

.05% NVX
12,4% air
broken surface
8x
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AT=2

No NVX edded
1.3% alr
broken surface
l4x

AT~ll-R

«05% NVX
12,44 air
broken surface
1l4x

A striking comparison between a normsl

concrete and a concrete which contains
12,4% entrained air, Note the extreme

spongy texture of the lower microgreph,
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