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INTRODUCTION

Field and laboratory exporiments designed to show theo
merits of alr-entrainmont in coment conerots havoe beun conductod
by tho Dopartment of Highways sinco 1940, During that time six
laboratory projects with many variablos havo bocn complotod, and
most of thoso were dircetly related to the four cxporimontal
roads which haya boen in service from four to six yoars. Col-
loctivoly theso oxporimonts form a modorately comprohonsive
aﬁalysis of the foaturcs of air-ontrainmont, still thore arc many
points which have not been fully coverod cither bocauso of limita-
tions in timo and porsomnol or becauso of new dovelopmonts which
rondor somo of the 1940 oxporimonts obsolote in dotails

For cxample, in 1940 it was known that blended coments
would accomplish air-entrainment provided one containod a éd
called entraining agont or the othor was prop;rod vith a grinding
aide At that timo matorials ranging from beof tallow %o potroleum
dlgtillatos (of uncortain grado) woro usod as o grinding aid, but
in tho intorim new devolopmonts havo brought about a more thorough
standardization of tho quality and quantity of mebtorials uscd for
this purposc. Similarly, othor oxperimeats (10) (15)* complotod
in 1944 and 1945 and dosling with Vinsol resin as an alr-ontraining
ggent Mtindicatod clearly that the non~uniformity of rosulis ob-
teinod by tho usc of flake Vinscl rosin was duwo to the fact that
alr-ontraining capacity of the Vinsgol resin was dovolopod only
whon the water-solublo alkalioss prosont in portlend coment were

dissolvod and roacted with tho rosin to form a resinato with sud-

% Numbors in paronthesis rofor to the referonces at clogo of
thig roport.
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sing qualitios®. Beeauso of'variations in tho alkali contont of
difforent coments, this lod to now techniqués such as tho addi-
tion of a Vinsol roéin—sodium hydr oxido-wator solution (nocutra~
‘lized Vinsol rosin)e "

Thus; tho absoluto efficiency of CGﬁénté énd ecombina~
. tiona of comonts ﬁanufacturod today cannot bo judgod_by tho por-
formanco of matorizls produccd as rocently as six yéa£§ 8g0 s
This dood not cd;§10t01§ vitlato tho rosults’ from oldor 6xperi—
ments but rabher it merely modifies them, for ths valuo dorived
from air-antraiﬁmcnt aépOars to lie in tho amounts ofy%ifienﬁrqinod
and not’ndcaséaﬁily in.thp moang by which it is cntrainod; Congo-
. quontly, tho objocé oflimm@diata cencorn is an ovaluastion of comont
coneroto from the étandpoint of bonoficial or dotrimontal effocts
of irappoed eir,

With that in viow, tho rosults from all tho complobe ox
poriments (one is in progross) have beon summari zed in th;shreport
and. thoso have ann'suﬁplomqntod by information from otho; gtates,
tho Highway Rosoerch :éoar_a, 4.5.&1\{., and similar sou}cosqin order
to covor points not included in ho fiold and 1aboratory rosoarohs.
On thp‘basis of all‘ﬁhase data, qoncluéioﬁs have beon drawn and
recommondations made for futuro policles and spocifiCatiqéslwar?anted

by tho data and dcsirable for futuro design.




PROJECTS, MATERIALS, AND METHODS

Only two, tho oldost and the most rocent oxporimonts
with air-ontrainment have not boun roported to the Regoarch
TBoard horotoforc., For dctalls of thoso that have beon doscribod
proviously, roports by Gollior (14)(17) should bo revicwed.
Othorwiso, in this manuecripf complete déscriptions of maberialg
and mothods havo boen confined to the two sxﬁorimentﬁ roported
heroin for the first time, and only cursory mention is mado of theo
othors. All arc troatod in accordance with their comparablo

foaturos in tho discussion of rosultes,

Combined Piocld and Laboggtory Projocts

Tach of the four cxporiments on fiold projocts had a
_corrplativo group of laboratory tosts. Throo of those wors of the
typo called Macccloratod" in that artificial a}tarnations of frooz-
ing and théwing woro usod, and tho duration of tests nover oxecodod
twonty-four monthse In the fourth, all but two of uightodﬁ suts
.of boams were placed on the roof of the laboratory for natural ox-
pogurg. If cerriod through as originelly plenmned, this oxporimont

yrill continun for fourtion yiors.

Projoct F.he 79 D(2)8, Louigvillo-Elizabothtown Road. The

initinl work with air-entraianment wag appliod to & ono-lang addition
t0 TeS. 31W ond U.8. 60 in Herdin ond Meonde countics. Thisg pro joct,
built in 1940, containod a mumber of varicbles in comonts and air-
ontraining faaturos, curing m2thods, and surfacce noplications of a
metallic hardnnor. Those rosulted in an sbundanco of toste made

in fivo different laboratoricse. Since this projoct has not buen
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Code | Proj. | Designation Geologic Region _ Soil Dosignation
A C-1 | PA 366 ¢(R2) Upper Ordovician-Cincinna- Eden-Fairmount

tian (Bdon and Cynthiana)

B g-2 SN--FA 19UB(3) | Dovonian (Joffersonville Ls),|Hagorstown, Ruceol-
#(3)n(2) Silurian (Louisvillo Ls and |ville, Crider;

Laurel Dolomite) and Pleis- |Wheoling, Sciofo
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G - T4 79 D(2)s Mississippian-Meoromae (¥ar~- | Whcoling, Scicto-
saw and St. Louls Groups) villo, Wostmorclsr 3.
and Pleistocono-Glacial Concyvillos Aocfor
Talley P11l Cookosville, Raxher

D €-3 Fa 79 B(5)D(4) | Mississipplan-Meromac (St. Bedford, Cooko- ’
Louwis Group) vills, Baxtor

Fige 1 Locationsg and Doseriptive Data for Ficld Exporimorte
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rcportod boforo, o spocific outline of data and a loyout aro in-
eludod as Fig. 7 in Plato I following page Eéi Tha roador should
cpon this and havg it befors him for roferonce whonovor thy pro-
Joct is montionod, |

Both aggrogates, crushod limostono (spparontly about a
gtoandard size 36 with a maximum nominal gizo of two inches) end
Ohio Rivor sand wore from ginglo soprgos; Limostono was takon
from a. quarry alongside old Routo U.§. 71W, and the sand camo
from the vicinity of Louisville.. Vingol rooin wheﬁ-usnd was intor~
ground in tho comont at tho manufacturing plant. Specificstions
for tho job roquired a woight loms of né£ less thaﬁ‘four nor moro
than cight pounds por cuble foot, |

In tho laboratory tosts, emphasis was placod on dura-
blllty as detorminod by froozing and thawing and upon logs in
gtrongth caused by pir-ontrainmont as woll as by intornal disinto-
gration rosulting from thoe tomporaturoIfluctuaticns. Tha intonsity
-and duration of froozing and thawing cyeles woro differcnt in all
tho laboratofioe thus making a diroct comparison among tﬁo rosults
impossible. Howovor, tronds in rosults wore so dofinito that o
valld bneis for corrolation was avallsblo. Tho Notes on Plato I
adoquatoly describe ell meterials and procodures.

Closcly associatod with this projecf wore teste for the
fatiguo charactoristics of difforent concreto mixos, This oxpori-
nont - possibly tho only ono of its kind devotod to air-entrainmont -
vas nadd spocifically for tho Kontucky Department of Highways by
Purdue University and was raportod (9) in 1943, A total of 280
boams worc proparod with matoriales suppliod by tho Departmont of
Highweyse Astdo from minor sdditions and o top limit of 3/Y inch

.’ . X ' .o . ‘-5'- ’
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'coarse aggregate size, thess materials wore tho samo as thoso
uged on thoe fiold cxporimontal roads

Among tho comonts and coment combinations wors tho
followlng:

1, Normal portland.

2¢ A H5:1 blond of normal portland and natural.

3. A 5:1 blond of normal portland and nstural with a
grinding ald,.

4, Portlond with 0,034 percent Vinsol rosin intorground.

5. A& 5:1 blond of portland with interground Vinsol
rogin and natural,

6. A 511 blond of portland with intorground Vinsol
rogin and natural with grinding aid.

A comont factor of 1.5 was uscd, and coarse and fino aggregatos
waro combinod in proportions of 45 porcont and 55 porcont rospoctively.
Boam gpocimonsg for both fatiguo and gtatic loanding wero
4 x 6 x 30 inches with 4 x 4 x 12 inch reducod midsections. Holes
for strain-gngo plugs, spproximately ton inches apart, wore cast in
the sldos of the beams, A typical sample in placo and ready for
tho fatlgue tost is shown in Flg. 2.
Prior to tosts for fatlgue, broasking strongbths under
static logds wore determined by verticeal ond leadings. "Boams
wore clamped in a rigid vortical position in the fatigue machine
[sco Fig, 3/ and swyported a horizontal atraining beam fastonod in
ong position .to tho test spocimens. Joads wore applicd to ono cond
of tho straining boam in incromonts of 10 1bs. _ _ _ until tho boam
frocturod. Tho brosking load sccurod was usod as a basis for fa-
tiguo loading.
"Fatiguing of boams was accomplishod by camploying o systom

of horizontal stool straining beams operating from a cam to produce




2 TFatigue Specimon in Place with
Strain Gages Mounted for Momsuro-
ments of Deformetion




Fig. 3 Arrangomont for Tosbting Concrote Under Fatigus Loads




rovorsod bonding moments in tho spceimens. Whon a tost spocimon
is clamped in the basc of the framo and the movable stool strain-
ing beam is mountod at tho top of tho vertical tost spocimen, alter-
nate tensile and compression stresses are inducod in the faces of
tho boam in the planc of bending as the machino oporatoes., The rato
of load spplication was ton rovorsals per minute.®

Initial loads woro by serivs, wlth benms ropresonting
onch concrote mix boing started at B0, 55, 66, £5, 70, and 75 por
cont of the static load for that miz. Aftor épproximatoly 100,000
rpyarsals of stress_at tho initial load, the boams wero sudjocted
%o an incrcase of 5 porcont load aﬁd an additional 160,000 rovorsals.
fhis woe carricd on umtil tho spocimons failod. Rocordings of the
measuro&'doformations and the total number of strosg rover-wls were

madoe.

Project FuA. 366 C(2), Falmouth-Cynthiana Rosd. In 1941,

a portion of ono project on U.S. 27 in Harrison and Pendlaton coun—

tios was used for ton oxperimental soctions totalling 7.89 m%lfs-in
Diachal

longthe Two coarsc aggregatos - crushod limestone and &8

gTavol — were combinod individually with five comenbs or cement
blends and treatod matorials as outlinod in Tabie I. A total of
155 boams (F'x 6"x 20) were mado on the job and testod for floxural
strongths and durability in the laboratory. Dotails of this pro-
Joet woro roported (1M) in 1945,

Bocause of contrasting porformanco rccords for concrete
pavemonts with different aggregates as rovealed in a rocont survoy
(19), and becausoc of specevlation rogarding the possible morits of
blendod sggrogatos for improved poerformance, this projoct has

gomo indirect significenco. Also, located as it is In an extonsive

....9_




TABLE I - COMPOSITICON AWD STATIOWING OF SZCTIOHS IW FROJECT F.A. 366-C(2), FALMOUTE~CINTHIANA ROAD.

Section Ho. Cement Comnosition Coarse Aggregate Stationing
1 Por?land vith interground Viansol TAmestone 234400 to 373+00
roain,
Blend (5:1) of portland with inter— L o)
2 ground Vinsol regin and natural. Limestone 373+00 to L2l+06
B d : f voriland and natural . -
3 h&:ﬁéaigﬁiiqi ﬁggr e ant ura. Linestone LeltQ6 to L475+30
L Bilend (5:1) of voriland and natural. Lingestone L75+30 to 521420
5 Vormal portland. Limestons 521420 to S5E5464
) Hormal portland. Gravel £55+66 to 547+10
b
7 Blend (5:1) of poritland and naturel. Gravel ZE7+10 Lo é@&k&e
Blend (5:1) of vortland with inter— , ,
8 ground Vinssl resgin and natural. Gravel g12+42 to 710+43
5 3iiaéﬁsg;égpiiﬁ?grtland and natural Gravel ' 21043 to 762409
“tland with interground Vins
10 P01?_ﬁ d with interground Vinsgol Gravel . 762409 to 388438
rezin,




rogion where the woll known Bdon shale dominatos topographlic and
soil coﬂéitions, the road has a subgrade factor which is axtranc-
ous to tho lmmediato objoctive of cyporimentation and which must
be watched for unduo influenco.

Projoct SN-TA 164 B(3)F(3)L(2), Loulsvillo-Cincinnati

Eggé, A third field projuct was startod in 1941 as a two lane addi-
tion cu U.S5¢ 42 boginning at the Zachary Paylor monumant in Joffor-
son county and oxtending 6.4 miles to a,poiﬁt about 1,000 foob
ingido 0ldham county. Hore a coarac aggrognto from a quarry noar
tho road was usod throughout, but tho project was dividod into

fivo soctions. Comonts and comont combinations wore the samo as
those used in the Falmouth-Cynthians Road. Table II is a briof
outline of tho project as it was previcusly reportod (1Y4) in 19k5,
Durability was the primary objoctivo in theso tests.

TABLE IT - COMPOSITION AND STATIONING OF SECTIONS IN PROJECT
SN-Fohe 194 2(3)P(3)N(2), LOUISVILLE-CINCINNATI ROAD

Section No; Cement Composition Stationing

1 Portland with interground Vinsel

regin, . | 112450 %o 187400
2 Blend (5:1) of portland with in-

torground Vingol resin and natural. | 187400 to 263+20
3 Blend (5:1) of portland and natu~

ral with grinding aid. 263+2C to 331+um
b Blond (5:1) of portland and natu-

ral, 331445 to L22+10
5 Normal portland. U2p+10 to U840

Projoct Feh. 79 B(RID(WY, Louisvillo-Elizsbothtown Roszd. 4

final tost road for expoerimonts with air cntrainmont was a third-land

il
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northbound addition on U.S. 31W in Bordin and Moado countios.
The oxperimontal portion bogan at station 3040 and oxtonded to
stasion 266400, all of which was in Hardin county. Only ono
typo of comont, a H:1 blond of portland and nabural containing a
grinding aid was uscd, ond the aggrogatos woro crushed limostone
(maximum sizo, 2-1/2 inchos) end sand combinod on a 62 to 38 por
cent basise

Beamg were poured on this job in May and June of 1941,
but thoy were almost two years cld beforo tests woro startod.
Most of thosc samplos woro placed on tho roof of the laboratory
for oxposureo, and from that growp roproseantative samplihgs for
annual tosts havo beon made throc times boginning in 1944, Originnl
tosts in 1943, as roportod (1l4) previously, consistod of initial
gonlc modulus and floxural strongth, as woll as durability by

aeltoernations of froczing and thawing.

Laboratory Projocts

0f throe studios carried out entiroly in tho laboratory,
ono was concorned gololy with volumetric snd sbaorptive proportios
of the mixe That roscarch was roportod (1%) as Projoet C-17 in |
1945, and sincc it was only incidontal to tho objectivos of this
report 1t will not bo givon further consideoration. In addition to
the two remaining projocts, some minor oxporiments related to an
oxtonsivo ptudy of blonded aggrogatos (now in progross) havo ro-

voalod somo interosting and significant rosults,

Rosoareh Projoct C=1%. In order to study tho offcet of

alr-ontrainmont on concrote containing an sggrogete known to bo of
poor quality, Rosearch Projoct C-13 was started in 1945 and com-
~12~
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pleted and repovted (17) only this yoari Hore a crushed limopten:
contakning & high percontage of shale (not accoplable in progont
spociflvations) and having a large amount of clay in tho limogton:
itsolf, was mixod with nermal pertdand evmont and aleo was troatuds
with a 5:1 dlond of portland ccmoﬁt and natural comont with = grind-
ing aids In addition, somo samplog woroe made with a modifiod sgaro-
gato proparcd by crushing somc of tho eriginsl material and using
tho "dust" pagsing o No. Y siove in tho amount of 15 parceﬁt. For =
comploto doseription of the matorials and tho procodurcs - particu-
larly duradility toste - tho roador should roviow tho raport notod

Resaérch Projoct C-16., Ono of tho most elagborate of al’ o -

porimonts with air-cntrainmont woe Laboratory Projoct 016, shart.d
-in 1945 and just complotod within tho past fow days. Tha staind pu:.
posc of thig wark at the timo it was initiatod was to %dotorminoe the
affoet of vafious sir-ontraining agonte on tho strongth and dura-
bility of coneroto mado with both high quality and low quality
conxrsn aggrogato! ' , -

Sovontocon diffuront mixos, all aliko in basic dosign i
difforing in air-ontraining matoriale and coareo aggrogabos, waro
mado and tostod for sirongth and durability. From tho standpolntg .
sgonte for alr-cntrainment shoub tho ontire rango of products
commonly associsntod with thig typo of coneroto ware includod: vig,.
pozzalith, Vingol rcsinrintorground; Vinsol rosin-godium hydroxido
solution, blond_of portland and netural with a grinding «id, Darox,
and an ordinary soap solutiqn. ‘

Coarso agerogatos (No. 6 size) wore crushod limesiono
from two pourcos ono of which had an excollent sorvico record and

the othor failing to moot spocifications for concruoto sgaropato,
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In addition, a third typo was produced by crushing the low quali-
ty rock and rocombining so that 15 porcont of the total was Tdugt!
finor thonm the Wo, 4 sicve sizo. A stondard concrote sand wos
combined with cach limestonc aggrorate in the ratio of Y0 to 60
poreont by weight. Tebleo IV following page W4 is a summary of data
portaining fo‘aggregatos. Thoro in colum 5 hoaded "Cosrso Agero-
gato”, the No. 1 matorial was that which failed to paes spocifi-
cﬁtions: Fo. 2 wag an éggregato from the samc soureo but contain- -
ing 15 porcont dust; and No. 3 was the matorisl having an oxcel-
lont sorvice rocord.

Three of the air»entraiﬁing agents were interground in
tho cement and throo woro added during the mixing procoss. Those
werd as followssd |

1. Pozzalith added at the mixor at tho rats of 3/l
pound per bag of portland comonts

2¢ Vinpol rosin intorgrotnd in portland comonte

3. Noutralizod Vineol rosin solution addod at tho
mixor in quantity of ono quart per gix bags of
portland comont. Thig ie equivalent to 0.007

- porcont Vinsol rosin $o cement by weight (solu~
tion preparod in proportions of 749 1bs. .of flako
Vinsol resin and 142 1bds of commoreinl sodium-
hydroxide to fifty gallons of wator).

4. Blond of five parts portland to ono part natural
coment with a grinding 2id,

5« Darox interground in portiand comont,

6o Portland cement containing a soap solution pre-
pared in the laboratory. fThe soap beads woro
complotely dissolved in wator and the solution
added at the mixor in smounts such that 1/U 1b.
of somp was combinod with six bogs of coment,

Samplos for a tost congisted of 6" x 12" cylindors,

3 x5 x 20 inch boams end 12 x 12-1/2 x 1-1/2 inch slabgs ' Mixos

wOro not rodosignod for constant coment factor, rathor tho objective

~1Y4




was to maintain a slump ffom three to four inches and a coment

factor as close to 1.5 as pogsible. The woight por cubic foot

of concrcto coming from tho mixor was carofully detormined for

ovory pour go that the actual cement factor, water-cement ratio
and porcentage of drop in waight could be dotormincd.

All semples woro removeod from the molds aftor twenty-
four hours end worc storod in a moist room for a poricd of twonty-
soveon days. Thon initial sonic moduli wors detorminod for all
beamg after which those beams and 211 the cylinders wore loadod
in flecture end comprossion for initinml strongths. Thﬁ remaining
beems and 213 the slabs wore then suhjoctud to froezing and thaw-
ing tosts with tﬂo former boing thawed at. room temperaturs in
wator and tho lattor at room temporature in a 10 percent sclution
of caleium-chloride. Freoozing tomporastures wore spproximatoly

~10°F.

Incidontal Data, Moasuromeonts, and Toste

In conjunction with a study of combined coarso aggro-
gatos not particularly rclated to alr-ontralnmeont, it was con-
vonient to make somo evaluation of mesns fbr controlling air con-
tonts as obtained by the propoged Indiana mothod {soce Appendixz B).
The porcoentagos of air-entrainod moasurod by this mothod wero com-
pared with those calculated from the drop-in-woight mocasurod in
accordance with A.8.T.M. dosignation Cl38-44. Also, some of the
samples roprogenting both esir-untraining snd non-air-ontraining
conerote, upon boing brokon for gtrength, wero sampled at random
for microscopic inspection to detorming whothor thorc were differ—
ences in charactoristics of the oxposed surface. Finally, to

supplement all the data accurmlated in field and laboratory




oxporiments, contacte woro medo with statos surrounding Kontucky
to find out what policics wore boing usod by these statos and

methods and specifications prefurred for design and control of

thoso concreto mixes. Tho information obtained from the sevoral

statos ig tabulatod in Tablo III =nd discussed abt appropriato

points in tho soctions on Rosults and Rocommendations,




RESULTS

With some reservations the results from six years of ox-
porimental work in Eentucky corroborato discaveriog made olsowhoro
(18) during tho samec poriod of time. For example, tho consonsus of
of investigators is that:

1. Alr entrainment improves tho rosistance of concrote to
froczing and thawing.

2e Tho comprossive and floxursl étrangths of normal con—
ereto aro roducod by air ontrainmont, and in goneral this rodugtigp
is progressive with incroascs in tho amount of air ontrainod.

3; Thore is littlo bonofit dorivod from air antrainmonu
whon tho air contont is loss than 3 por cent; similarly, when tho nir
contont is greator thon 6 or 7 por cont durability is not inecroasod
approciably yot strongth is roducod improportionatoly.

4, A concrotc mix with an sir-cntraining material is more
workable, has loss tondoncy toward sogregation and blooding, and is
slightly more difficult to finish than pormalrconcrcta,

In gonoral, those ﬁasts produced data that conform with
prevailing conelusions, Whoro thoroe ié'diSagreemont tho cause can
sometimos beo attributod to results that are contradictory within
thomsolvos and honco subjoct to doubt. Diffoeroncos in tost condi-
tions such as storage éf Spbcimens, variabla comont confonts, and.
limitations in the number of semplos roprosenting a given mix all
have influonce on the rosults. Where such varisble factors oxist
and results aro not accordant, concluéions magt be drawn on the basis
of provailing trends with rocognition but elight account givon to

tho contradictory data.
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¥ot 2ll the contrasting situations ere of this type. In
some, the resulte from laboratory tests hero are invariably diffcrent
from thoso originating in othor laboratorics. Onc of thesc projocts
dofinitely showod a markod inercaso in tho value of concrete with a
so~-callod M"inforior® coarss aggrogato whoen alr ontrainment was usod,
yot ono study in Missouri (8) lod to conclusions that wore just the
opposite in offect,

It ien't that thoso findings contradict complotely thoso
made in Missouri or olsewhoro¥s rathor, thoy aecontusate tho impor-
tance of all constituonte in o concroto mix and further emphasize
tho fact that local matcriais mako local probloms. In ovaluating
this typo of concroto for usd in Kontucky, preferonce must ho given
to foaturos poculiar to local matorials and not nocessarily appli-

cable to similar matorials in othor statos.

Combinod Field ~nd Laboratory Projocts

Ab théir prasont sges, the experimontal roads show little
or no tangiblo ovidonco of difforoncos among the soveral concreto
mixas, Most of tho spparont damage can without question bo charged
to abrasion by military traffic or to inoqualitios of subgrade sup~
port which caused pumping, broaking of tho pavement, sottloment with
cracks, and evon a sorious side~hill fill glido**, For tho mosf
part, tho slabs havo not cracked to tho extent of requiriﬁg main-
tonance excopt where pronounced breosks have dovelopod from causes
mentionod above. Thus, the most rocent survey (19) showed that tho
rocordod crack and joint intorvel was hardly diffcerent from the

original jdint gpacing in a1l casos.

¥ Notc particularly a digcussion by Wuorpel, Procoduros, A.S.T.M.,
Vol. 43, pago 1000, 19L3,

#¥% U.B. 27, Proj. F.A. 366 0(2), Falmouth-Cynthiana Road, About Sta,
511400, Anocthor is doveloping on tho oppositc sido of tho road

at about Sta. H509400.




This condition is about as expected. General experionco
hag shown that aside from extromely active scaling usually attri-
butod to mothods of ico control, difforences in durability character-
istice soldom bocomc manifost on the surfaco in loss than oight or
ton yoars, Possibly difforences coﬁld have boon found had coros
boon drillod or a now mothod of fiold sonic messuremonts boon eppliod
to tho sovoral pavomonts. Neithor was practicable bocause of tho
priority status of construction work in the curront program or be-
causo nocosgary oquipmont was not avallable, Ono or both will bo
triocd in the fall or early noxt spring.

In lioun ofltheso fundamontal procoedurcs for evaluating tho
concrote, soveral photogrophs wore takonm at difforent points on the
E&paraté projocts, Piloturos in Figs. 8 to 16 inclusivo are ropre-
sontative of the group, Although very goneral in appoarance, theso
photographs will sorvo as n ropsord of proesent conditions for com-
parison with futurc shots takon from the samc points. As such,
thoir valuo will incroase with time. For tho prosont, significanco
can bo giveon only to the laboratory tost rosults and tho fow po-

cullar conditions noted on the roade when inspoctions were madc.

Projoct FeA. 79 D(2)8, Lovisvillo-Eljzabothtown Road. &
layout, tabulation of results, and graphe of data from oxperimonts
with concroto in tho third-lanc addition on U.S. 31W and U.S. 60
are givon in Plato I. In addition, Plate II is a plot of rosults
from fatiguo tosts mado on mixos comparable with somc of thoso
placed in this projoect. Tho ocssoned of notss taken during the in-
gpoction was:

1. ZEntiro lane (expcrimental) abraded by military traffic.

In somo placos, rod surface almost 50 percont romovod

by this abrasion. No noticeablo éifforonces in this
charactoristic in all tho soctions.

- ?3’79:‘.‘ aZr
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5, Pronounced subgrade difficulties in Sections 3, U,
2A and 5. In effect, thie means that the most
trouble was confined to the rock cut on Muldraugh
Ei1l and immediately adjacent areas, The portions
on Ohio River Valley sediments and on upland soils
where the grade was about at ground line were
hardly affectode

3., All sections pitted to some extent, Indications that
individual pieces of aggregate had broken down or had
been removod.

4, Conditions throughout comparable with that of the two
lenes built entirely with normal portland cament,

Important relatiomships resulting from laboratory tosts
arc plotted in Plate I. The curves of Figs. 4 and 5 apply to beanms
tostod in Laboratory No. 2 (see notes or Plate I), while Fig. 6
applios to cores tested in two other laboratorios. The tabulation
and bar graph apply to all sources of data. In Figs. 4, 5, and 6,
the numbers in pafenthasis at the end of each line refer to the
soction of the road reopresented by that line.

On the basis of oithor field condition or laboratory tosts,
tho value of the red iron-oxidc surface is hard to determine, Since
boame and cylindors wore poured bn the.job prior to the finishing
oporation, only those laboratory tests on coros were rolevant to tho
rod surface matorial. Thercurveé'in Fig. 6 on Plate I, which are
rosults of thego tosts, show the cumulative pércontage lose in
woeight with incroasing alternations of freczing and thawing. Dashod
‘lines reprosont results from tests in laberatory No, 4 Whilé those
that aro solid rofor to laboratory No; 3e |

In this figurc, tho ordinato scale for porcentage loss in
voight was divided into two ranges, with tho one roprasenting tests
in laboratory No. 3 boing twice as groat as the 0 to 35 roprosent-

ing tosts in laboratory No, 4, This was moro a mattor of avolding

congestion of lines near the bottom of the diagram rather than
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designating any groat differcnces in results from the two sources,
Actually thero is ;s mich as 100 percent difference in tho loss

in weight for some mixos measurcd by the two tost methods as

parly as 100 frecszing and thawing cycles. The two mcthods of test,

as outlinod in tho notes on Plate I, weres:

Lav. No, 3. C&clo: 7 hours at 0°¢ to -10°F. and 7 hours
at 65° to 7H®F. in 10 percont CaCl2 solution.

Lab, No. U Cyclé: 24 hpurs at ~10°F. and 24 hours at
T0°Fs in water. - -

Corce for both laboratorieg were extracted simultansougly but there
is a possibility that the samplos were a little different in age
mhen tho tosts wore started,

If the rod surfaco could have been of any consequence in
theso tests, ovalustion must bo made by comparison botween Soctions
3 and 3B: sections U and 63 and soctions 5 and 7. A wido dver-
goneo batween tﬁe porformance of Sections 3 and 3B (both containing
normal portland cement) is cvident in results from both laborstorios;
on tho other hand, the data for cores from Sections 4, 6, 5 and 7
are not so.inconsistant mith respect to eoither the soctions or
sourcos. of data. In goneral, thesc lossos of welght by coros from
Seetions % and 5 wore slightly loss than those for cores from Sec-
tiong 6 aﬁd Te

From this standpoint slone, it sppears that somo benefit
mas dorivod from tho rod surface of iron oxide and comont, and that
the Lonofit was moro pronounced for the mixes with normel portland
coment than for those with airecntrainment, Obviously, in tho labo-
ratory freezing and thawing tests the red surface could glive pro-
tection only to the tops of the cores — a nogligible factor at bost.
Henco,. if and when advantago was galnod by uso of the rod surfaco
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it must havo occurred in tho setting or curing of tho conersto de-
foro it was corcd.

Rosulte from durabllity tosts on beam samples as plotted
in Fig, 4 end Fig. 5 tond to discount possibilitios of increased
durability impartod by the rod surfaco insofar as laboratory tosts
aro concorned, Sinco tho beam samplos were poured en the job, tho
rod surfaco was not involved ir their characteristics, yot in =all
cases the semples roproscnting Soctions U and § wore swporior to
those ropresenting Scctions 6 and 7. It is ovident thon, that con-
ercto in scetions heving a rod surface coating was more durable than
similar concreto in soctions without - dut st least partiazlly for
Toasons oxtraneous to tho coating. Furthermoro, the roduction in
sonic modulus (Pig. %) for Soction 3B (portland comont without a
coating) was not as graat as for Section 3, a condition which fur-
thor obscures the value of a réd surface particularly since this is
éontrary to results from tasﬁs on corss as illustratod in Fig. 6.

A more distinet rolationship brought forth in Plato 1) end
illustrated by Fig, 4, 5, =nd 6 and ﬁho Bar Graphs, is concornod
with air-ontrainocd vergus non airwanffainod éoncfoto; With but ona
oxcoption {corcs from Soé%idn 1, goo Fig. 6) tho rosults showed
that tho mixos with nofmal portlénd wero not as durablc as thoso
contalning comants coﬁbinod or treated. Thht ono oxception was a
mix with air eﬁfraincd in about the same amount as contained in con-
eroto with normal portland. Thus, in all casos air-ontrainment in-
croasod tho durablility over that for normal pertland coment con-
croto mixes, yot somo of the mixes with air-entrainmont wero not
gquito cqual to one with practically no air-entrained (ses lines for

Section 1 in Figs, 4 and 5).

5t111 more definito ds the faect that air-ontrainmont
~25.
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roduccd tho strength of the concrote if Section 3B contalning normal
portland is used as a basls for comparison. Asg éhcwn by the tabula-~
tion end Bar Greph on Plate I, tho mix in Soction 4 had the least
over-all strength reduction which on a strict porcentagd basis was
logs than the strongth lost by samples from Section 3. Spoecimnons
gufforing the groatest loss in strength from.all gtandpoints wers
thosc roprosonting Sactions 2 and T.
In fatiguo tosts, the rosults of which ars charted by a

Bor Greph in Plate II, difforentiation of mixos and their rospoctive
propertiog was not so woll definoaq without doubt, Group II (com-
parable with Seetion 1 in the experimental road) had tho loast ovor—
211 rosistonco to prelonged alternntions of stross, yot it was
slightly bottor than somo of tha other groups when the initial fa~
tiguo load was high apd orly a fow alternations wero carriod through.
.Actually. only Grouwp VI, which was not strictly analagous to any
secction on tho road, was invariably suporior to Group I (reprosont-
ing Scotion 3B) in fadiguo rosiséanco. However , Groups III, IV and
V, which worc mixes eimilar in composition %o thoso in Scetions 7, 6,
and 2 on the cxpurimontal road,'ﬁeré sometimos superior and some-

timos inforlor to Group I dopending wpon tho initial fabigue load

appliods .
As illustrated by avorago values of deformation and gtross

ravorsalsg plotfed as dashed linos sbove tho Bar Graph, Group IIT with
a H31 blond of portland and natural and a grinding aid was highost,
whils Group II with a 5:1 blond of portland and natural without a
grinding sid was lowost in fatiguo resistanco. Otherwiso, Groups IV

and VI were slightly above snd Grouwp V glightly below Group I in this

-respccta
In viow of all those date taken colloctively, tho rogulis

from this oxporiment show the mixes with differont comont compesition




Fige 8 Proj. F4 79 D(2)8, Louisvillo~Eligzabothtown Road. Near
viow of tho boundary botwoon soetion 3 with normal port.-
land cemen$ and scchion U with portland comont and intor-
ground vinsol rosin. Thoe pavoment in both so¢tions was
glven a rod surfaco which has bocn sbredod conslidorably
by treads on military vohiclesg,




Tige 9 Proje T4 79 D{2)8, Louisville-Rlizabethtomn Roads Soc—
tion & in tho foreground contains portland cement with
intorground vinsol resin and soction 7 in the distanee
hag & 5:1 blond of normal portland with natural and a
grinding aid. The juncture is about at the rear of the
parked car on the right.




to be genorally as follows:

1. Normsl Portland {goctions % and 3B and Group I in fatigue).
Extromoly low durability, mcdium %o high strongths; fatigud
rosistonce about averagl.

2« Blond M1, nermal portland snd natural (Seection 1, Group Il
in fatiguo). Folr to poor durability; medium to little
 strongth reduction; poor fatlgue resistanco; practically

ne alr ontrainment.

%, Blend 5:1, portlesnd with interground Vingsol rosin =nd natu-
Tal (Soctlon 2, Growp TV in fabiguo). Falr dursbility;
sovore strongth Toductiony averago fatigue resistanco;
gatisfactory zir cntrainment. i

4, Portlend with interground Vingol resin (Scctions 4 and 6,
Group IV in fatiguo)e Durabilivy good to falr; modium to
slight strongth roduction; fatigue rogistanco above aver-
ngot satisfoctory air cntrainment.

5, Blend 5:1, normal portlend and natural mith s grinding aid
{Soctions % and [, Group III in fatigue). Durability good
to fair: medium to great strength reduction; fatiguo regis-
tanco high: sntisfactory oir entrainment.

Restlts from this projoct are comparad with those from other
prOJOEté in tho summary bcginﬁiﬁé on bégo 54 and in figﬁ 2l mnd Fig.
25 reloted to that summarys

Projoct F.A. 366-0(2) Falmouth-Cynthiane Road. In conjunc-

tion with discussions of r-sults on the ecxperimontal road in Herrison
end Pcndloton Countios, roforonce to a provious repert by Collior (34
is rocommended. The data which formed tho basts of Table VII in that
roport ero listod by section and station numbors in Appondix C heroln,
Additienal moterisl drsym from daily reports and coro drill rocords
for the job has boen incorporatod primerily as a means for Judzing
strength redyctions and durability factors representative of construc-—
tion intervals smzller than sntire expefimental sectlionss
Gongideration of strengtﬁ and durability characteristics for
the several mixes were hampered somewhat by ths lack of accuracy and

sometimes lack of data thet could have marked influence on performanca,

Circumstances relative te any field construction are not conducive 49




Fige 1B Proj. FA-3%656 0(2), Falmouth-Cynthiana Road. Viow across
tho boundary botwoon soction 1 and soetion 2 (concrote in
foreground contained portland cement with interground
vingol resin while thab beyond tho sccond joint had a 5:1
blond of portlend snd natural without grinding aid).
Coarso pggrogate - crushod limestone,
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Fig. % Proje Fa-366 0{2), Falmouth-Cynthiana Road, Tho flag at
the odgo of the pavomont marks the joint whoro coarse |
aggrogato was changoed from crughod limostono to @EEEAglacial
BEBA grovol., Slabs with crushod limestone arc 60 foot
in longth while those contsining gravel arc %0 foot long
Both gsoctiong contain normal portland cement. :




precise measurements or careful handling of samples; similarly, on
this project weight determinations were not always made at locations
where samples were taken, hence egtimates and interpolations were re—
guired. Finally, the pattern of variation in cement contont, water
coment ratic, and eir content could be only egtimated. The first was
csguzed to be constant at six sacks per yard, tho gocond was kncwn to
vary in some manner that could not be detorminod (hence it was dis-
regarded), and the last was calculatod from wolght measurements, a.
fow of which indicatod not only no air-entrained but a wnit woeight in
excess of that pogsiblo as computod by theorotical solid volumes,

In contrést to thee restricting influeonces, the project had
an cutstanding foature in the dual coarse sgerogates - bank gravel
(glacial) from a source near the Chlo Rivér and crushed 1imastonb from
the inner dlue grass (lower Ordovician) rogion. These were used scpa-
rately but each with all the combinations of cemenbs,

Briefly, tho ficld inspection produced more informetion con-
cerning difficulties causod by slides and £111 sottlemonts with occ-
casional cracking of the pavomont rather than anything grlely dopen—
dont wpon the concrete, On tho surface this pavemont was in oxcél-
lont condition, the most obvicus damage being fow minute cracks —such
as ghown in Fig. 14 - where sottlement had occurred. Occasionally the
surfaco was pitted probably as o result of pop-outs or romoval of woak
aggrogato or mud. In the fow areas of scttloment, whore slabs had
been mudjacked, reallgnment was accomplished without causing apparsr’
structural damage, Notwithstending the favorable aspeocts, tha general
character of topograply, soils, znd rock exposures along this righ?
of way cloarly indicated that tho pavem@nt‘would have suffered much
moro damago had traffic boon heavier - a factor quito aside from

tho merits of alr-ontrainmont.

e
AR



iz
Fig. B4 Proj., FA-366 ¢(2), Falmouth-Cynthiana Rond. Cracks such
as those sghown in this picturo occurrod ot somo points in
tho pavomont, particularly in soction 5. Theso wero obvie
ously locations whers sub-grade support was not adoquato,
honeco, thoy arc not indicativeo of disintegration in tho
conerote itsclf, The coment in this case was normal pori-

lanmd and tho coarso aggrogato was crushod limostone (Sta-
tion 544¥50),
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Fig. ¥ Proj. FA-366 ¢(2), Falmouth-Cynthiana Road. Pavement in
the foreground of this picture contains a blend of five
parte portland comont with intorground vinsol resin and
onc part natural coment (no grinding aid)., Boyond tho
sign on the lofy, a blond of five parts portland and ono
part natural {no grinding aid) was used. Both soctions
contain gzravol aggrogato.
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Fig. @@ Proj. FA-366 ((2), FPalmouth-Cynthiana Road, Tho juncturo
botwoen sections 9 and 10 oceure at tho second joint from
the bottom of the picturo., Seection 9 in tho foroground
contains a 5:1 blend of portland and natural cemonts (with
grinding aid). Section 10 has portland comont with vinsol
rosin interground. Both have gravel cocarse aggrogalo.




ﬁabora?ofy tosts on boam samples poured on this projoct again
showod with littlc deviation that airmentfaining éoncreto was mofe
dufablo than normal portland coment concfate or any concreto contain-
ing a small percontage of air, Howover, the rélatibnship botwoon oe-
timebod porconbagos of air ontrained snd measurod dwability facters
was not direct or consistonf for mizes with eithor typa of coarso
aggregato; in faet, it was so erratic that only the tronds were evi-
dent. This could be largely attributed to the inoxactness of flold
ﬁmight dotorminations and con50qnont ostimatos of air content.

From tho standpomnt of strongth reductlon, thoso mixes . woroe
soriously affoctod by air entrainment, yet the actual strOngths woro
vory high rogardloss of tho ceomont composition or percont air ontrainod.
For oxemple, among the ;ampIOS from the LbuisvilleaElizabofﬁtcwn Read,
comprosslive strcngths of coros rangod from leb to 4690 1bs, por sga in;
and Lg day modull of rupturc Tan from BRT7 to 820 lbe. pcr s5g. ine. In
_contrﬂvt, tho 1ow and high valuos for averago compr0331vo strongths on

this projoet wero 5126 and 67?0 1bs. per sq. in. rbspectively, while
the averago m oduli of ruptuarc for control voried from 787 to 1113 1bs.

POr BQe iﬁ. Thuru are onlJ two mitigating factcrs in favor of tho
tests ;qpresonting tho Loulsv1110«Elizabethtown Road - spucimons wore
youngor and indicated air contonts woro higher than on the Falmouth-
Gynthiana.projocé. |

'Thoro-was gomo diffarande botwoen the ovor-all rosults from
tmsts on samplos containang limestons aggragato and corrgspondlng sp
mens containlng gramal aggrtgate. Ianriably, astimated porcentagos
of ontrqanod air S hlgher for mixos w1th limestonce thar for similar
mixes with gravel; also, the two mixes w1th prastlcally ne air ontrain.
mont wero definitoly morc durablo-and slightly strongoer with grafel

than with limostono aggrogatos Thesgo two groups woro the spocimons
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containing normal portlénd coment and the 5£i blend of portland and
naturnl, naither of which had an ostimetod air content oxcoeding l.b
purcont. As 2 minimﬁm thoy indieato (if tho peossibloe offoets of comont
brands and fine aggregatos arc considoroed nogligiblc) thot for those
particular sggrogates tho gravel has moro inhqrant gurabllity than the
stonc whon both arc usod in concroto, ¥Furthor comparisons for rola~
tive durability valuos reprosonbing thesc and othor mixes cen be made
readily through roforonco to Fig. 2l following pago 58, This will bo
discussed in the summary of rogults.

Goneral porformance of the difforemt mixos having varied
camunt compositionh as moasurzd by thoso laboratory tests on boams and
coros from this projoct was as follows:

1.' Wormal Portlend (Scctions 5 and 6). Durability low and

gtrongth high., Indicatced rato of deterioration moro
than twico as groat as any other mix with ono excoption,.

"Slightly strongor and more durable with gravel than with
limostone sggrogato.

2, Blond %5:1, mormal portlsnd and natural (Soctions % and 7).
Extromoly low durability with limestone and fair dura-
bility with gravol. Insignificznt roduction in fleoxural
strength and modorato reduction in compressive strongth
duo to air ontrainmont. Estimatod amount of alr catrainod
slight bub still about twico as grest as that for mizes
with normal portlendi

3. Blend 511, portland with interground Vinsol resin and

© natural (Scctions 2 and 8)s Durability good with gravol
nd modorato with limcstonoi Moderate roduction in both
flexural and comprossive stfongth duc to air cntrainmoni.
Relatively fair smount of air ontrained, .

4., Portland with intorground Vinsol rosin (Scetionsg 1 end 10.
Durnbility fair =ith gravel and moderato with limostono.
Grost reductions in flexural strongth with gravel and
compressive strongth with limestono; negligiblo reduction
in flexural stronsth with limestono. Estimatod amount of
air ontrained lower than dosired amount, yot higher than
in all othor mixog.

B¢ Blend 5:1, normsl portland and natural with a grinding
ald (Soctions .3 ond 9)e Durability excollomt {measurad
incroage in soundnoss or intogrity of concroto desplio
frooging and thawing) with gravol snd good with limestono,
Great roductions in flexural and compressive strengths in
2ll cases. Alr entrainment modiocro,
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As will be shown in a later summary the general trend of
results indicates that these mixes were superior to similar mixes
used on the Loulsville-Elizabethtown Road but were inferior to those
placed in the experimental sections of the Touwisville~Cineinnati Roads

Project SH-PA 19% B(2)T(3)L(2) LouisvilleGincinnati Road,

In many respects the fundamental featurss of concrete on the Louigville-
Cincinnati experimental road were similar to those on the Falmouth~
Cynthiana projoct. For example, limitations in data necessitated en
assumpticn of a constant cement factor of 1,5; no regard for possible
variations in water—cement ratio: and spproximate calculatione of alr
entrainod based on veight measurcments some of which were eicessiva.
Similarly, there is a strong possibility that subgrade conditions were
of groat influernce, but this time in favor of prolonged sorvice.

By ecalculation the air contents for this concrote wers very
low, the highest being 1,1 percent and the great majority being lowor
than 2.5 percent, Nevertholess, all mixes in this pro joct were very
durable as datérmined by labvoratory freozing and thawing tosts, for
even the least durable (containing normal.portland coment) was oqual
or suporior to the majority of those in the other experimental roads.
This characteristic can ba best attributed to either or both the
quality of eoarsc aggrogatc - since that was tho principle variable
from tho other projocts ~ and the subgrade conditions whieh probably
promotod durability through drainago (=zssumcd so since wo companion
lanag built carlisr with é different coarse sggrogate and all normal
portland coment are in execollaont condition).

As a rogult of tho excellent pavement performancs, there
wero no notes made during the inspoetion other than to record the out-

standiﬁg conition that was evidonte
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' }W Projs SN~FA 194 B(3), Louigvillo-Cincinnati Road. Viow
at tho junction botwoon soctions 2 and 3. & 5:1 blond
of portland comont with vingol rosin intorgrownd and a
natural coment was usod in the pavoment in foreground
and a 5:1 blond of portland cemont with natural comont
{containing o grinding ald) was used in pavomont boy ond
tho joint opposito tho parkod car. Bxporimontal scetions
spply only to the two lanos on tho right.
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Proj. SN-FA 194 T(73), Louisvillo-Cineinnati Boad. Pave-
ment in foregronnd contains s 5:1 blond of portland
cemont and natural cemont without grinding aidy whiloe
that beyond the point whoro mon aro standing on tho di-
viding strip contains normal portland comont.




Although the durability of 21l mixes was oxcoptional, thero
was cnough diffcronce in results of laboratery freozing and thawing
toste to ahow that tho reduction in durability index in boame contalr-
ing normal portland ccment was at loast two times and approximately
as much as ton timos ag great as the logs for boams with other coments
and coment combinations (moasursd by chango in modulus of rupture).

All mixog averaged hjb or more cycles with a maxizmum reduction in modu-
lus of rupture of 61,6 percent or 14.3 percent per 100 cycles. In con-
trast, tho mix with portland coment and limostone aggrcgate on the
Falmouth-Cynthiana Road avoraged only 117 c¢ycles with 63«7 parcont It
duction in modulus of rupturo or 54,5 percont por 100 cycless

In furthor contragt with the concreto on the Falmouth-Cyn-
thiana Road (for which high strongths dospito great strongth reductions
more notod on page 33), the average flexural strengths were from O.h %o
24,0 porcent higher than thosc of corresponding mixes on $he Falmouth-
Cynthiana Roade. Low and high values here were 1054 and 1233 lbs, per
8qe in. rogpoctivoly, while on tho Falmouth-Cynthisna Road they wero
862 and 1087 1bs. per sq. in, for mixes with limostone aggregato or
787 and 1113 1bs. por sq. in. for mixes with gravel aggregato, Com-
prossivo strongths of coroes ranged from 15 porcent lower to about 16
percont higher than those for similar mixes with limeostone on the Fal-
mouth-Cynthisna projocts Tho lowost aversgo strongth, 5760 1bs. per
8da 1ge for tho mixoes with normal portland cement, was determinod as
an average for five sgmplos and thus should be roliablee

Bocausc of the superlsative combination of durablility and
strongth eharacteristic of nll mixes in this projoct, distinctivo
qualitice fcr the various groups could hardldy be oxtracted from the

dotne Gorerally, ameng thomsolvos and not comparative with mixes in

othor projocte, thoy worc as followss
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1, Normal portlsnd (Soction 5). Poor durability; high
floxural strongth, low comprossive strength.

o, Blond 5:1, normal portland and natural (Scction W,
Palr durability; vxcoptionally high floxural strongth
(no Feduction), congiderable roduction in comprossivo
strongth,

-3, Blond 5:1, portland with intorground Vinsel resin and
notural (Soction 2y, Durability good; considorablo ra-
duction in floxural strength, inercasc in compr osaivo
strongth. . '

L, Portland with intersround Vinsol rosin (Scction 1).
Bxcollont Gurability; modersto roduction in floxural
strongth, inercase in comprossive strength.

5. Bleond 5:1 normal portlsnd and natural with o grinding
old (Scotion 3y. Fair durability; considerable decroaso
in floxural strengthy moderate decrcaso in comprossivo
strongth. c

Thilo thé subgrads factor mey be of groat importance in the
actunl 1ifo of tho pavomont, this could have no boearing on gamplos pro-
pareod in the fiold but tested in tho leboratory. A4s such, the labora-
tory data omphagize tho importance of constituonts other than coment
in those concrote mixes, and servo as a rominder that air-entrainment
(important though 1t #¢) may in many lnstances bo subordinate o proper
saiéction of component matorials sueh as coarse aggregatoa

Project T.4. 79 B(5)D(U4}, Iouisville-E14 zabothtovm Roads In

bricf, tho iong~time oFposuro en samplos poursd during tho construction
of this road domonstratos that simple oxposure on the roof of the labo-
ratory was not compsrable with accelorated tests nor with cxposure in
tho road itsolf. Howover, it could poseibly bo roproscntative of
actual oxposure in structurcs,

Inttial tosts in 19U43 rosulted in en avorago modulus of rup-
turo for control specimens (not oxposed to freczing and thawing) of
g2l 1bs, per sq. in., while tho average modulus for corrosponding
samplog subjectod to 160 cyclos of freozing and thawing € acculoratod

in air and wator) was 379 1bs. por sq. in. - a roduction in strongth
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of 58.9 vorcont or 36.8 porcent por 100 cyclos, Following that, a
sot of four samplos was tostod Sach year for tho past three yoars,

with tho following resulis:

Year Yoars of Modulus sf rupture Porcont change
tested OXpOogurc ibs, por gd, in. in modulusg
19kl 1 859 - 6,7
1945 2 863 ~ 6.3
1946 3 1062 415.3

all semplos hoving becn oxposod on the rToof of the laboratory with all
faeos caxpesod and freo drainago.

fhe chango in modulus for samplos tosted in 1946 appéars to
bo unroasonably abrupt and honco open to quostion dcspito tho feet
that four samples takon at random woero tostod to provido an avorago.
Nevertholoss, 1t is hardiy conselvablo thatrthoro could havo beon an
a?preciahlo roduetion in strongth had any other or all samplos boon
tosted and tho rosults averﬁgod.

If about K5 eyeloas of natural froozing and thowing had oc-
currod dﬁring sach of tho three years as indicated by temperature rec-
ords (see Appendix AY, then about 165 cycles of this exposure cavsed
relative little or no damige to the concrete wheréas 160 cyclee of
accelerated testing reduced the strength 58,9 percent, Naturally less
rigonoué exposure and consequent doterioratiom of the beams would re—
sult from on-the-wroof storage as compared with thawing in a water bath,
yet the actual onvirenment fqr o pavement slab would certainly be
somewhore between the two extremes.

In view of these results and conditions, it is proposed that
the ramaining samples for this experiment be divided so that half are
embedded in 2 sﬁil-filled conteiner with only one of the beam surfaces

open %o air, while the other half are oxposed as in the past, Thercby,
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a compcrison can bo made botwoen the two methods and conclusions drawn

regarding tho efficacy of oach type of ‘exposules

Laboratdry Projocts

Dirsct comparisons between results of tests on samplog pro-
pared in the field versus thosc made in the lakoratory are hardly
fomsiblo dosplte uniformiby of tochniques spplied in froozing and
thasring oxposure and fairly definito relationships attondant to load-
ing éasts on boame, For all beam specimens poured in tho field on
exparimental jobs, centor loading was used wheroas sll laboratory besms
wers ﬁestéd with third-point loading. This situation alono doas not
provont direct comparisons because laboratory tests (Research.?r&ject
11, .reported in Decombor, 1943) hate shown that the actual doveloped
stross obtained by third-point loading is approximately O.8 that deter-
mined by conter loadings

It ig a combination of other minor but indeterminate fac-
tors thot makos the rolative valuo of tho different boams indafinite.
Sempleg pouwrod on tho éonstruction;projects ware not stérod in an aé—
mosphoroe of constant moisture and temperature as werc the laboratory
spoecimons: the former worc always much older than the latter when

froezing and thaming tosts were started; field samples wore immersed

‘iIn wator for seven days procedihg the first freoze while laboratory
samplos were takon from the moist room and gub jeeted to freezing and
thawlng without an interim for absorption; and the care and control
givon to field samples was without doubt inferior to that glven to the
laboratory samplos. |

Hone of these rolatipunghips has o partdeular boaring on the
rolativo merite of alr onprainmont, but any or all could have considar-
ablo influeneo en the validity of direct comparisons between tho two
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types of gamples. Should such a compariscn be desirable, as it may
be in an evaluation of aggregate variables, probably the rogults of
tests on laboratory samples should be modified to compensate for

the advantageous treatment given those specimens.

Resesrch Project G—lé. As noted in the description of this

project an pﬁges 12 end 139 both nofmal portland énd éha 5:1 biEn& of
portland and natural with a grinding aid were spplied to an Winferior
coarse aggragate with two gradations. Percontegos of alr entfained,

"ae caleulated by the gravimetric method (4.S.T.M. Designation: ¢ 138~
44), wore not high. See tabulation on page 43. The fine aggregate,
aside from cases where 15 percent stone passed the No. 1, was Ohio
BRiver sand throughsut.

Initial strengths on control specimens were rulatively low
but lossos in strength due to air entrainment were generally small\or
even a gain in strength obcufred. On beams 5 x 6 inches in cross sec-
tion - which approximated the dimensions of beams poured on the experi-
mental read projaéts - average inltial moduli of rupture for the two
mxcs ﬁith coarse aggrogatos No. 1 and No, 2 and normel portland coment
were 613 and 690 lbs. per sqg. in. respectively, while corrosponding
m xos with alr ontrained had flexursl strsngths of 653 and 547 1bs. per

'8gs+ in. rospoetivoly.

Thceee boams wefe tosted by third-point loading whersas the
field boams werce tosted with centor loading: hence, if the cqualigzing
formila {stress third-point loading = 0.8 strees centor loading) is
spplicd, the strengths of those beams with normal portland are almost
equal to thogo for boams from Soction 3B on the Loulsvillo-Elizabethtown
Road as tebulated on Plato I, Furthermore, tho bvams with dblended
coments tosted in this oxperimont had adjustod strongths greater than
those reprosenting similer mixos in Section 7 of the Louisville-Rliga-
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bokhtews caporimental read. Phe faet that porcontagos ef alr orirained
en tho fiold preject woro from aboul omc te merc than twe poreont
bhighoF then on the laberatery prejoet should met Bo everleekod as an
influoneo fam:rabia o tho laberstory bosms.

In eppositien to tho lessos im strongth sppreximating six
poreont®, thore wero distinet inercagos in the dwradility ef the eon-
eroto vhon 2ir was ontrainod. In fast, for throo ef tho four grews

of mpoeimoms containing tho ecmon$ dload tho stromgths aftor 508 eyelos
| of froozing smd thawimg woro from § te 18 poreont highor than theso
for serrospondiag esntrel spocimons. In vthor werds, fronglng and
thaving improvod thé quality ef tho seneroto eontalning this *inforios?
coargo aggrognse whem ko aemer.q_}e had a eensidorablo smeunt of alr

entraimod, :
Centrary to this, the mizos with nermel pertlend eoment lost

frem 6 to 87 porgont strongth affor oxpesure to froceing end thowing

Trom 256 te 580 cyclop‘. fho corrosponding ratos of daterioration (ro-
dustien in stfongth por 100 eyelos) wore from 1.8 to 27.§ porcont per
100 eyedos, In nummar;r,‘- tho rul@‘ioashipa of avorago ﬁi:rahility fan-

tory i as tebulatod Bolowt

Durability Factor

Limcateno Foreont  Porerept shange in Modulus

- AEETgep Gomont Alx of g?tura por 100 eyclos

- _ ' 5 x bg&gg 3 x 5 Woamg

180 poreont S '
roteinod e HePhal pértland 0.6 - =38 ~25.4
Yo, b Blopd 3¢9 3.7 + 1.3

. 85 porgont

rotainod en  Nermal portland 8,1 -27.8 -26.7
2.2 * 0,9 - 8.2

¥a, 3 Rl Ond.

®hetually, tosxts en 5x5 iseh bosms indieatod that alr ontrainmont eamscd
an inercese ian stropgth eof 6.? p-reont for samplce with 100 pereont Yim:.
steno largor than tho Ne. M sfeve. On the ethor hand, 3x5 imeh boams
indientod a roduetien of 22.2 poreont for samples with 85 porcont limo-
stono roteinod en the Ne. 4. Thoro is me roasen te digcard thoso ¥o~
ewlts ag bolng orremoowe, yot it is pPebaplo that thoy woro oxtrome and
ned roprogomtative, BT
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Reference should be made to Table II of a former report by Collier
{1¥) for details of variations among samples in the separate groups.
Desplte pronounced variations in these results, thers can
be 1ittle doubt that the air-entrained concrete was far superior o
the normal conerste. 8o far as the twe gradatiens of aggregate were
concorned, the addition of crushed 1imestone.fines in the mix was not
beneficial dbut rather slightly detrimental. §inee tﬁis limestone was
known to be of poor quality and not aceeptadle undor oxiagting speeifi-
cations, the possibilitiss of usirg alr entrainment to produce botter
conercto where the sggrogates are quostionable are groatly enhanced

if thege results are a valid indicator.

Resoarch Projoct C-16, With 1ts variety of air entraining
materials, calculated air contonts, and aggrogate combinations, Re-
goarch Project 0-16 provided a brosder basis for ostimating tho bene-
fits and detriments of air ontrainment than did any provious oxperi-
mont, Evon here, whoro laboratory contrel was availablo, thero wera
some indicatod doficioncics which must be abelished if a scientific

dosign and production of sir entraining concrote is to bo accomplishod
consistontly.

Outstanding among these doficiencios was the porcentage of
alr calculated from the moasurcd (actusl) and ealeulatod (theorotical)
weights of green concrafe. As listed in Table IV, thoso pereentagos of
entrainod air renged from 1,56 to 7.40, both of which are extraordinary.
slthough there is no conclusive reason for condemning determinatiéns of
#ir content in normel portland cement concreto that are invariably
above 1.5 percent, there is reason to gquestion ﬁha efficacy of methods
for making the detérminations when the usuel air content is less than
one percent. This is particularly so when the personnel and equipment

involved are good and relisble,




TABLE V - ADJUSTED STRENCTHS AND CATLCULATED REDUCTIONS

I8 STRENGTHS FOR MIXES IN RESZARCH PROJECT C-16
a j A P . 5 1 3
Pet . Adjusted Sirength Ferc i%t s@‘%g‘ﬁfé%ﬁ‘m G?%Ees 1uigau1-§2dggt§8%t$ e
froup| Series! Cement Composition }Air | Compressive| Flexural| Compressive | Flexural | Completed| Totgl | Per 100 cycles
xs : y
1.4 {A) |Normal portland 1.56 5430 910 - - 237 75,8 32.0
(¢) |Portland with -7 7,50 4750 825 12.5 9.3 383 66.3 17.3
{(E} |Portlend and Vinsol
resin - NaOH Solution { 3.85 14820 g17 11,2 10,2 Lo3 53.8 10.9
(G} Portland with inter-
zround Vingol resin 2.40 5350 998 1.5 + 9.7 el 75.1 33.4
I Blend - Portland and
(1) natnral w?gh i Y 5.8 3940 732 27.b 19.5 Lyz 60.3 14.6
2.{ (B) {¥ormal portland 1.65 L6Lo 851 - - 500 31.2 6.3
(D) |Portiand with HP-7 7.37 L2970 809 8.0 L9 500 b2 6 8.5
(F Portland and Vi .
(®) |Eortland ang Tineol wissi| 0o | & 10,0 0.6 | - - _
(K) |Fortland with inter—
ground Vinsol resin 2.11 4810 822 3.6 3.4 413 61.h4 14.9
J Blend - Poriland and
() atural Veih o 5,98 3450 7Ll 25.4 12,6 489 55.2 11.3
3.0 (k) |¥ormal portland 11.87 L4260 779 - -~ 187 23.7 Lb
{L)} |Portland with HP-7 6.67 4020 734 13.3 13.7 L87 26.3 5.4
M) | Portland and Vinsol
. resin o Ha0H 301u%1pn 4,59 4350 839 6,2 1.9 485 29.1 6.0
) Fortland with inter-
( ggound Vinsol resin 2.28 5170 912 +11.4 L+ 7.2 485 32.5 6.7
(F) |Blend - Portland and
natural with G. A, 6.52 3620 656 22.0 22.9 183 18.7 3.9
(Q) |Fortland with inter-
ground Darex L, 20 L5810 75h3 0.6 12.1 Ly 27.7 6.3
(R} |¥ormal Fortland and
Soap Solution 6.77 3180 555 31.7 34,3 431 17.4 L2




in a nanner somewhat similar to thib critical feature, the
data ghow that the properties of air entraining condrete ¥aried when
mixes.we?e not adjusted for air resulting in tnder-rdn on the cemeht
contonts In this experiment the nedrest approximation to a six bag
mix was one with 5:98 bags and the most remote was Kik% bags. Abcord-
ingly, the strengths fafie& graatly and undnubﬁe&iy darability suffered
slgo. 1h All comgbfativo stronghh pelationships such as those listed
in Tanlo T or plotted in the gummery chart Fig: 25, the stremngths wors
ad justod proportienately so that the comparativo strongth was one eg-
timatcd for the mix if it had o coment content of six sacks por yard,
For oxample, tho mix for s Tics B (Table IV) had a comont content of
5.78 bags por cubic yard and an ectual comprossive strongth of Luss
1bs. per sq. iK., honco, tho adjusted comparative strongth vas (6.0/5.78)
x 4453 = 4630 1bs, per sq. ine

Resulis of those tosts brought out marked offocts of the
three aggregate combinations® on concrete durabi)ity and strength,
Those mixzes containing the acceptable (No. %) aggregate were consis-
tently more durable than corresponding mizes with either of the other.
aggragates. In additiom, the beams containing the uneeceptable lime-
gtone with 15 percent fines had a bettor record than the beams with
the same stone having 100 pereent retained'cﬁ the No. 4 sieve.

Csntrary to trends in other projects, there was no pronounced
inforiority of cencrete with normal portland cement insofar as dura-
| bility was concerned. Actually, in eaeh of the threc growps of mixes
there was slways some combination which\had a groater voduction in

medulus of rupture per 100 cycles than did the correlative mix 05 .

$Seo pp. 13-14, In Table IV these sre referred to as aggrsgates No. 1
(1imestone which was not acesptable under existing specifications), No.
2 {limestone from the same souree ss No. 1 tut having 15 percent fines
nassing the ¥o. U sieve), and Mo, 3 (limestone aceepntable under soeci-
ficaticus and having a good service record)s, Fine aggregate was rivir
sand throughoeut, .
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with normel portland. Tho numer of cycles slone was not indicative

of durability unless the cycles completed totaled less than H400. The
roason for this is that some samples wero made later than others and
hence at any givon time had not been exposed as long to freezing and
thawing. Since the experiment was arbitrarily stopped within the past
month in order that reéults could be included in this report, some
boams which were carried for slightly more than 400 cyeles might have
completod ROO eyeles had the test baen continued,

Once sgain, the relationship between percentage of air en—
trained and durability value was not consistent, thus indicating that
thers was some difference in the efficieney of different materisls for
accomplishing durability irregardlzss of the amount of alr trapped.

In a brief form, the durability indexes (porcentage reduction in modu-
lus of ruptiws por.130 cyrloe}” as well as adjustod sirongths and
strength roductions due to air entrainment are summarized in Tpble V.
Further and more distinct comparisons of durability factors can be
made through reference to the bar graph of Fig. 24,

From almost ovory stendpeint, the group of mixes having the
poorost durabil ity rocord (those containing aggregate No. 1) had the
bost record so far as initial comprossive and flexural strengths were
concorned, Comprossive strengths for samples containing eggregate Yo,
1 were from 10.1 o 14,5 percént higher than those for eorresponding
samplcs econtairing sggregate Nou 2 and from 3.4 to 21.6 percent higher
than those for samples with aggregate No. 3 (the only aggregate accept-
able under specifications)s, Similarly, flexural strongths for mixos
with aggrogate No. 1 were from 1.6 percent lower to 17.6 percent higher
than those representing mizes with aggregate ¥o, 2 and from 2,2 percent
lower to 1M.Y porcent higher than those whore aggreogate No. 3 was

wgods Tho spocific relationships among those strengths asg they varied
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with coment composition wirod

Petg, Dacreaso or Incrgase from Strongth of
Getlont Gompesition Corresponding Samplel ﬁtgéggragate Noy.1

Gompregsive Strength storet snran@g
Azgy Nos 2 Agga N0,3 éhgs No.2 Aggl Nos3

Not#mal portlsnd i TN 2136 - 56 -1k

Portland with Hp-7 -10.1 -15.4 - 19 -11.0

Portland with Vinsol
resin - NaDH Soldtion  ~13.5 ~ 9.7 - 6.9 422

Portland with Vinsol
resin interground -10.1 -k -17.6 - 8.6

Blond -~ pPortland anéd
natural with G. A. ~-12. U - 8,1 + 1.6 -10.4

Actually, the adjustad flexwral strengths of these samples -
adjusted for the relationship betwoen third-point and eenter-point
loading - indicated that the quality of mixes with aggregato Hoe 1 was
-somawhara betwaen those for comparable mixes with limostone used on
the Loﬂsvilla—ciﬁcimati Road and the Falmouth-Oynthiana Road; com-
-pfessiv'e strengths gave about the same indlcation when tho coment was
portland with interground Vinmsol resin. Also, allowaneos must bo
made for air contents which in this project wore generally much *igher
than in any of the field pro jocts.

From the standpoint of duwrabllity, Fig. 24 ehows that the
rogistanco of samples with aggrogate No. 3 spproached tbat of samples
from the Louigville~Cincimati Road, but that tho mixes with aggre-
gatog No. 2 and No. 2 wora much poorer in quality although in some in-
stancos better than simiiar mlxes pouvred in the Falmouth~Cynthiana Road.
With rogard to the soveral compositioms of cement, tho variations in
mlzoe wore aboul as followss
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¥ormsl vortland. Durability low with aggregate No. 1
but geod with aggregate No, 2 and No. 3. Sprength
high with aggregete No. 1 and moderate with azgre-
gates No. 2 and No. 3. OCaleulated percentage of alr
entrained higher than normally expected,

Portland with E-7. Durability fair wlth aggregate
Yo, 1 and good with aggrogates No. 2 and No. 3. Falr
reduction in strength with aggregate No. 2 and moder-
ate reduction with aggregmtes Ne. 1 and No. 3. Fer-
centage of air entralned higher than amount usvally
permlssible,

Portland with neutralized Vingel resin, Durability
moderato with aggrogate No. 1 and good with aggro-
gato No, 3 (no results with aggregate No. 2). Moder-
ate reductions in strongth with aggregates No. 1 and
No. 2, slight roductien with ageregate No. 3. FPer-

contago of alr entraimed - good,

Portlend with interpground ¥insol resin. Turability low
with aggrogate No. 1, moderate with aggrogeto No. 2,
and good with aggregate No. 3. Blight redustiens be" .
markod ineroascs in stresgth for ol cases. Pércen-
tages of air entrained low -« below tho amount usually
permiselble,.

Blond R:l, normal portland and natural with o grinding
aid. Durability modeorate with aggregatos No. 1 and
No. 2 and excellent with aggregate No. 3. Reductions
in strength extrems in all cases. Alr entrainmont high
- in all cases, at or near the upper limit usually
gpeclified,

Portland with interground Darex. Durability gocd,
strongth reduction slight to moderate. Percentage of
alr entrained - good. (Used only with agegregate NMo. 3).

Portland with a sozp solution, Durabillty good border-
ing on excellent, Sirongth roduction excessive., Per~
contage of air ontrainod high - abovo permissible upper
limit,  (Used only with agegregate Ho. 3).

Incidental Data, Measurements, and Tests

Toterminations of alr content made incidental to the primary

investigations of alr entrainment wore too asbbreviated to bo conelusivo.

Thosge consisééd of laboratory moasuromonts related to Regearch Projsct

G-22 (A Study of Combinod Coarsc Aggrogatos In Concrote) and to tho

materials now boing used on tho Lexington-Nicholasville Road, Projoct
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TABLE VI - CALCULATED AWD PTASURED WEIGHTS AWD AIR COWIENTS ¥FOR REPRZSTUTATIVE CONCREETZ US-ZD
I¥ LARORATORY FROJECT C-22 AWD IN THE LEXINGTON~NICEOLASVILLE ROAD

otual Wo. [ Wb, of bolid Concrefe on Air Free Basis Tir Content

Designa— of Concrete Caleulated Meagured Gravi- Press—
Project tion Cement ibfecu. ft. (Gravimetric) (Indiana) metric | Indiana | ure
i Tortland withi{ 147,30 153.25 152,63 3.88 3.4k
Tab. Proj. 1-C neuntralized 17,00 153.72 ' 153.23 4,37 L, o7
g-22 Vingol resin | 148.22 153.72 153. 64 3.58 3.53
Study of Portland with| 147.60 154,54 155.77 hoho 5.24
Combined 1-D neutralized | 148,00 154,54 159.17* 4,00 7.0l
Aggre— - Yinsol ré8in 147,00 154, 54 15k, 66 L,62 k.95
gates N
: _ 150.1 154.17 155. k0 2.60 3.140
; -E TYormal 150.80 154,20 155.90 2.20 3,30
_portland 150.6 158,17 : 156.00 2.7 3.5
Proj. ¥ 154.80 : 155.2 0.26
52k (1)-1: Wormal 154.60 155.1 0,32
S.F. 34-124 Tabo- portland 153.60 155.3 1.09
ra- , 153.60 15L.9 0.84
tory**
Texington- o 150.50 155.9 3.53
Hicholas— Portland with| 150.40 155.8 3,47
Ville Road interground 149.30 1560 .29
Vinsol resin 150,40 157.7 4,63
Pertland with 150.0 155.10 3.3 3.2
Field interground 149.6 155.10 3.5 4.0
Vinsol resin 1h8.6 155.10 42 b2
% QObvious error in weighing :
** Determinations made in Research Laboratory by Testing Laboratory Staff



F 524(1)-1, S.P, 23124, The objective of the tests was to compare To-
gults of air contont moasurcmonts by the gravimetric method (4.5.T M.

Dosignation ¢ 138-4i) with those by tho volumetric or Tndians method

(seo Appendix B), and the prossuro method, and thus ostimate the foagi-

bility of specifying and conbtroliing air-entraining concroto by air con-
tents rathor Lhsn drop ip wolght.

The firet group of tests, as listed in Table VI, included sets
of throo spocimons from each of threo gerios having difforont coarso
egerogate combinatione and ropresenting oach of the two comonts — normal
portland and portland with a neutralized Vingol rosin solution added.
From any glven batch, detorminatibn of thooretiecal wolght of concrote
computed on an air free bagis and of the actual woight of an equal vol-
ume of tho concrote were mado and the rosultant air content figured,

Matorial from the same bateh was salso tosted by the Indiana method, and

the two resultant air eontents compared,

In 2 similar manncr; doterminations with tho volumotric proce~
duro woro mado in the Research Laboratory by the Testing Laboratory staff
preparatory to the pouring of concrete on the Lexington-Nicholasville
Road, and during a day‘é pour on th;s job pressure measurements by 2
rapresantative'of the Portland Gement'Association and gravimetric deter-
mination by the Research Laberatory were made simaltaneously. Hers nor-

mal portland and portland with interground Vinsol regin were used with
one coarsge aggroegate, |

Although there was seldom a g;eat difference betwoen alr con-
tents determined by gravimetric versus volumetric methods, the computa-
tions showed that rosults of the Indiana methoa eould vary considerably
unless weight measurements were precise. In fact, calculations from
tests on materials forlthe Lexington-Nicholasville Road revealed thab
at ono point - woighing of the conercte sample prior %o inundation ~ an
error of about 0.3 percont could make a difference of about 0.& percent
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in the computed air contont. Ordinarily, the samploc would weigh about
10 to 35 pounds, hence an error of approximatoly 0.1 pound in wolghing
would bo sufficiont to vary the air content boyond permissiblo limlis,
ogpocially if specifications and control were placod on that basis. Such
procistion on 100 pound scalos ls practicable when wolghing 18 dor,3 ia the

laboratory, but whether it can bo accomplished congistently in the flold

is questionable,

With no more than Toasonable care givon to wolght moasuroments,
the rosults of thros gravimotric tosts mado siruitansously with pressure
tests on the Lexington-Nicholasville Road were gratifying. Maximum dis-
cropancy was Q5 percent in air contont which, considering tho scalos
usod, was reasonable. By tha same token, tho pressure spparatus gave
promising results at least from tho standpoint of corresponding with

those obtainod by the new method now required in specifications,.

X0
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VYolume ~ cubic inches

Absoluto Prossure - 1lb. por sq. in.

Tig. 17 Illustrative Diagram of Thooretical Pressure-Yolume Relation~
ships Pertaining to 4ir Entrapped in Concrato
The pressure method utlizes that property of gases vwheroby at
sny given temperature the volume varies inversely with the prossure, Sincc
all components of a concroto mix (oxcept the air entrepped) aro incompross -
iblo or practically so, theorotically a group of pressure-volumo relation.
ghips could be made ffom which theo volumo corrosponding to zer'¢ prassuls
could be extrapolatod. A hypothotieal solution is depicted in Pig. 17.
-5l—
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whore py ropressnts the prosswe gppliod in the tost (y, is atmospherie
prossurc) and V; represents tho volume of alr gorresPDnding to Pl’. The
initial volume of air at atmospharie prossure, Vo, is tho value which 1&
of intorest. Actually, the roading on tgo mator column in the opparatus
reprosents differential voluﬁo digplacement, Vi-vo; but sinco the volume
of concrote tosted is constant, the gaugo may be calibrated so that not
only V_ can be roprosontod but actually the air contont on a porcontago
basis can be read directly from tho geuge. No specific gravitios or
othor proportios necd b2 kaowm, snd tho volume Qf conereto in the pross-
ure vessel can vrry consldorably without seriously affoeting the result,
Hence, the test need not require skilled or extremely competent personnel.

Other suxiliary data.pertinent {0 this analysis but extraneous
to these projects were amccidentally discoVered ;hrough microgcopic study
of smell samples broken from beams poured for 1laboratory project C-22.
There different concrete mixes were made and are now being investigatad
principally from the standpoint of gombined coarse aggrogates although
both air-entraining and non air—antraining cements are involved, Samples
%ar% takOn from & set of boams roprosenting ohe design mix but poured
ffom throo or four different batchos, theso beams being control samples
brokon at twonty-eight days and not exposed to freezing and thawing.

Four difforont sots were samled, Cemont and aggregétes TOpT 0~
sentod in the sets-moro ag followss

A. Normal portland coment with 100 pércent gravel (ﬂbz 6)
coarss aggrogatos

B, Portland =nd Vinsol rosiniNaOH solution with JOO"psre -
eont graﬁfél soarke agereshtbl P

¢, Portland and Vinsol rosineMaDH &olution with 20 pereont
ilmestone (Noi 3) and 80 pebcent gravel (Not 6)4

D. Portland and Vinsol resin-NaOH.solution with 40 percent
limestone shd 60 percent gravel,

The semples - D¥oken from the beame with & hammer - were about

the size of n nickel or quarter dollar coin, There was no selectiva
~52




sampling with regard to oither the beams taken or the samplos observed,
for vach group was represontod by at least twenty c¢f the smell chips,
¥ 3 p'ictwe of the microscops - camors arrangement used for this study

is ghown in Fig. 18.

Fig. 18- Arrangoment of microscepo and
camera for making the phetegrasphs on Flate
ITI. The eoncrotc specimon cen bo soen im
dim outlino en tho white plate at thoe baso
of the mierescepo,

Plato III contains photomicrographs of throec reprosentative
photogreaphs from. caeh of tho four mets, and a scalo 1z lncluded as well.
Mzgnification in all cases ig spproximately ten diameters, honeo, tho
scele in Flg. 20, whorc oach division unmegniffod was 1/16 inch, can bo
applicd directly te the othor onlargeoments.

Fig. 19, comprising three photographs of samples from Ofcwp 4,
showe that the coneretc with nermal portland coment had fow voids dis-
cernible undor this magnification, wheroas tho air-entraimed conereto
of Groups B, C, and D, roprosented by Figs. 21, 22, and 23, had numorous
voids of varying sizo. If not ovidont in thesc photographs, it was cor.-
tainly ovidont in the actual mierescopic viows of the samples that
these wore net eavitios from which particlos of aggregate had boon
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pullod as tho samples worc brokon from the boams.

gomo significanco can bo given to thoso photomicrographs in
that thoy give a new and bottor description of possible di stribution of
alr than has been presonted hersﬁoforo. Tho provailing cencoption is
that air is digporsed in ext#cmoiy minate - almost infiritosimal -
bubbles throughout fresh cohé;ate; perhaps this is partially corroct
but not entirely so, if the ayidonco contéino& in Plago IITI is modor
ately roprosentative of all air-eptrelning and porma} §0ncrcto. Alsog
thqsp pattorns end tho voids obsorvod thoren, nay providﬂ an answor to
ré&uéed'strcngths in air—ontraining concrote - roduction in strongth

being dopondont upon roduction in affoctive cross_sqqﬁ@op»

Summary

Throughout tho discussion of results thug far, individual,
analyscs havo becon mado for cach oxporiment; comparisons éqong similar
featurcs in diffcranﬁ projocts havo boon notod; and, most lmportant of
all, limitations as woll as spplications of tho data have boon omphe-
sizocd. To bring this mass of obsorvations end numorieal rosults into
sharp focus through an abbfcviatod form, sovoral of tho important rcla~
tionships unoncumbercd by qualifying statoments and conditions are
ligted bolow. |

Oraphiesl illustrations of folati¥e durability charactefis-
fics in Fig. 24, actusl average strongths in Fig. 25, and strongth radue-
tion cheracteristics in Fig. 26, should facilitate correlation as will
tho notations calling attention to certain pages where feoaturos in ques-
tion have boen discussod mere fully. Hence, the réadﬁr is reforrod to
tho oxpandod discussions which procoded this summary when and where da-

talled dxplanations are of intorost.
-5l



Within the limits imposed by test cenditions, the essence
of results from these several experiments was:

1. Outward sppearances of the field experimental sectlons
were so uniform that differences among the sections or even among tho
goparato projects could not be detected with certainty, Probably this
was Guo to the fact that none of those projocts was moro than six years
0ld - an insufficient length of time for aursbility eharacteristics to
become apparent.

o, With but two exceptions, concrete cqntaining normsl ports
land coment was not as durable as corrolative mixos having cements of
an airecntraining nature (sco Fig. 24). Often but not alwaye, tho mixes
containing 2 5:1 blend of portland and natutral witheut a grinding ald
were slso inferior in durability characterisiies. This could be expectod,
sinco the percontage aif entrained in this type of mmxxwua-salﬂnnﬁmnﬁh'
greater and often less than that in corresponding mixes with nofmal
portland coment,

_ 3f Rela&i%a of ficiency of different mixtures for entraining
air and prOmatingudurability varied cpnsiderably throughout the diffor-
ent projocts (see Fig. 24). Summarles applicable to the soparabe expori-
ments should bo consulted (pagos 23, 34, 39-and 48) for general doserip-
tions of thoso variations.

4, 1In the majority of cases, alr entrainment caused a decrease
in tho streagth of concrote; i.0. concrote with an air-ontraining ccment
or mith 'an spprociable amount of air cntrained was weakor then eoncreto
with normal portlénd coment, all other constituents being the samo (son
Pig. ?5). Whero incroasos in strength were ipdicatod, thorc was a
possibility but no definito ovidonco that samples with normal portland

.gemont wore inerdinatoly weake

~55-~
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5s The reolationship botwoon calculated or estimatod air
content znd roduetion in strongth was not constant (sec Fig. 26). How
ovor, thore was a perslstont tondency on the part of somo matorialg to
canso groator strength roduections thanm did others, Outatrnding in this
respoct was the blond 5:1 of portland and natural with the grinding
aide incorporatod in comont for those exporimonte. |

6. If valups of pormissiblo strongth roductions set forth in

Highway Rescarch Board, Current Road Problems, Bulletin Wo. 13 (18, 1.9),

aro used as a critorion, -most of the mixes in those projocts wore satisw
factory even when sir contonts woro groater than six pereont (see Figs.
25 and 26),

T« On the basls of avorage values of doformation end numbor
of stross roversals withstoed, the fatigue resistance of samples with a
5:1 blond of portland and natural with a grinding aid was highost and
that of tho 5:1 blond of portland and natural was lowoest of o1l mixes
tested in conjunction with Project F& 79 D(2)§, Loulsville-Blizabothtom
Road. Actually, only tho one mix eontaining a 5:1 blond of portland
with interground Vinsol rosin and natural with a grinding aid had more
fatigue resistanco than tho concrote with normal portland for all gondl..
tions of loading. (Sec Plate II znd page 23).

&, More outstending and more definite than any of the data ro-
gerding the offoct of ontrainod air wefe the indicated effacts of coars
sgzrogatos, Contrasts in durability characteristics woro so groat (gen
FMg. 24) thet tho losst durable mix in at loast two instances was moro
than twico as resistant to froegzing end thawing than tho most dursble
mix in another project. Among thoso relationships weros

+ a2, Crushed limostone used en the Louisville—Cincinnall
Road had an excellent rocord from the standpoini o

both duradbility and strength (Sec Figs. 2W and 2F
and pago 38).
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b, Orushod limostono from Source 2 in Laboratory Pro-
Joet C~16 was oxcollent from the standpoint of dura-
bility but fair from the standpoint of strength,
(800 Fig. 24, Fig. 25, and pagos 45 and 47},
c. Tho gravel usod on the FPalmouth-Cynthiana Road was
Inhorontly moro durable in this concrote than was
tho limestono usod on the samo projeet, ovon though
air cntrainment providod more pretoction for the
mixes with limestono. (8oe Flg. 24 znd page 34).
d. ZIimestono used on the Loulsville~B1l}zabothtown Road,
Projoct FA 79 D(2)8, had a poor regord from tho stand-
point of both durability and strongth. (Seo Fig. 2L
and Flas 25). T
e While air cntrainment in ﬁﬁd.ﬁ&jb%tfﬁ of cagop wag defi-
nitely benoficial to concrote containing indicated good or fair coarse
aggrogate {loss beneficial for the good than fer tho fair), much more
bonofit was dorived by tho concrete with known pooy aggrogate. In labo-
ratory project C-13, tho strongth of boams aftor oxposuro to freeszing
and thawing mas mich reduced whon normal portland coment was used, bu
whon boams with similar aggrogatcs andéd air-ontraining coments woerc
tostod tho strongths incroasod aftor oxposuro to froozing and thawing
(s00 pago U3). This phonomonon was obgerved in only ono otherT instanco:
that of the mixes on tho Falmouth~Cynthiana Road containing gravol coarso
sggrogate end a 5:1 blond of portland and natural with a grinding aid
{seo Fig. 24, Appendix G, and pagc 34),
10e Boams of air-antraining eoncroto storod on tho roof of the
laboractrry with all faces oxposed suffered little or none from tho
attondant frooging sand thawing., Strongths of a sot of beams tasteld fur
160 cyclos of laboratory froczing and thawing werc groatly raducod, -
whoreas corrogponding samplos oxposed for about 165 cyclos or ikroo
years (see Appendix A) on the roof were practically unaffected (see nag

ko).

1}. Calculations of air content by the methods ordinerily
usod were ditblous particularly when made in the field. Although %ho few
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tests made indicated that reasonably cdimparable results could be ob~
tained by the gravimetric (4.S.T.M. Designation C 138-Lk) aﬁd the volu~-
netric or Indiana methods (s-e Appendix B), the potentislity for crrors
with the letter was shown to bo great cspecially in ficld detormiia-
tions (see page 50 and Tablo VI), Ilimited tests using tho pressure
mothod gavo results that corresponded well with thoso obtained by the
gravimetric method.

12, Contrary to tho usual conception of air ontrainment in
Thinttto discornected bubblosH, ot loast & pd?tion of the trapped alr in
spgéimens ff&m Labotratory projoct (e22 was it & foim guch thet rosuliing.
voidi eould bo feadily koot undbd & mierbscope wibh about ton dlahmoters
efilabpomant, - (8oo Blato trif,

13, 4n avorago of abvout 55 frsezing and thaving cyclos occcur
per year in the central and castern portion of Kontucky. (Seoe Appon-

dix A)o




CONCLUSIONS AND RECOMMENDATIONS

The principal advantage erdinarily attributed to air en-

trainment Ls the improvement in durability characteristics of con=-

crete brought about by the entrapped alr. Without doubt, this

can bo accomplished in most if not all cases, if durability is
judged as Tesistance to freozing and thawing by laboratory methods.
From the standpoint of actual field exposures ovidence is not so
econcluegive; however, if the promise upon which laboratory tosts are
based is gpplied to the field thére are roasons to believe that
direct correlation is velid. Despite the fact that goneral weather
conditions in Xentucky ars moderate, procipitation is far abou®
average for states in this laxituda.and tomperatures fluetuate ofton

and over a broad range throughout an average winter. Theso, com-

‘bined with soils (which often inhibit drainage and thus rotain

moisture to intensify the 6ffects of freozing) provalling in this

_ state, constitute vigorous oxposure for pavement slabse. That being

the caso, air entrainment in concrete pavements ig desirable and
advantageous from the standpoint of durability alono.

There are other factors which favor cencrote with air en-
traineds Although not revealed numerically or graphically in the
data of this roport, pouwring of concreto on eonstruction projects
and in tho laboratory as woll, showod that the materiel was more
workable and far loss subjoct to segregation end bleoding than was
normal concroto. Also, not only doos it permit but it domands
finishing within a short time after placoment, a foature which
could have two advantagos: All oporations on a Job ara condonsed
thus facilitating supervision and inspection: and, in tho fall whon

tho rato of evaporation is low and time is nsually eritical, normal

s



pouring can be oxtondod lator in the day eliminating a groat
allowanee for timo lag in finishing,

In addition to thosc, air-antfainmant improves the gqual-
ity of concratc containing a low-gradse cosr'so agerogate in ab
loagt some cases. Bvidnntly this isn't universally truo, bub on
the other hand thero is no evidenco that or any roason why air ons
trainmont should bo dotrimontal in comcrote with aggregato of this
typo unloss 16 bo the Toduction of a strorgth which would not bo
high at bost. If inersas:d dwrability moro than componsates for
loes in strength, it sooms posdible that where necessity fictabes
mfavorablo aggregates may bo used to mako favorable concrate; or
Eonversely, whon en infirior sggrogetd bocomos mixed with one of
bottor qualiky (es thoy ofton do from oven tho best of sources and
undor ordinsry conditions), air ontralnmomt offors a provoction or
insurance sgainst dotrimontal offects of the 1nfofior matariél.

The outsta;xding disadvantage of air ontrainment is tho
Toduction in strength (over that of normal concrete) vhich elmost
inveriably rosults. This is accontuated by difficulties in adjust~
ing the mix for entrapped air vhich as it varios cangag variable
comont and water contonts. Thus, control is more important and
nora difficﬁlt with air c¢ptrainmont than withoﬁt. Also, & portion
of the finishing oporation is complicated by this type of mix ba-
eause the conersto toars undsr tho scroods of a machiney yet, the
total amount of work roquirod for finishing is roduced by air en-
trainment.

About the only possibility of overcoming the detriments
of varisble sir contents which necessitate adjustment of the mix 1s

to make many determinations %o keep the best control possible.




Even so, the proportiens of ingredients cannot bve kept as constant
in alyr entraining concrete as in normal conerete. In conjunction
with this, constant control and adjustment of the mix may lessen
the amount of strength reduction by keeping the cemont content and
wabor-coment Tatlo st of noar tho proper levelss Proﬁably reduc-
tiops in initial strength would generally occur oven with the best
of control, but this would become of 1ittle eonsequence after the
pavement had been exposed for a fow yoars, at which time the
guperior durability of the air-entrained concrote would bocome manl-
fost as a strength highor than that of normal concrete under similar
conditions., Thus, the concrote with alr ontrainment would have tho
groator strength at a time when gtreongth is probably of most lmportancea

In view of thoso conditions, it is recommended that air-
ontrainment be specifiod for all future pavoments of comont concroto
tuilt in all parts of the state. Futhermore, bridge docks and rail-
ings as woll as othor portions of structures oxposed in a similaxr way
should alwayé have tho prptection afforded by alr entrainmont, Criti-
cal situations are pler and abutﬁent caps and wing walls or retalning

‘walls, all of which in oxisting structures have ghown the rosults of
dotrimontal exposure. Practical accomplishmantlof this, if alr en~
£rainmant is not wsed for all structural concrete, may require pour-
ing the major portion of an installation with‘normal portland-cement
conereto, with the top two or thres feet being finishod with concrete
containing an alr-ontralning agont addod at tho mixew.,

Actually, the ordinary objectlon %o air-entrainment in all
structursl concrote = roductions in strength or lack of accufate con-
$rol over strongth - is invelidated by the data of this raports With-
out doubt, it has been shown thet materiale othor than the cements
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can havo moro influonco on strongth than the comant or snvthing
added to it for the purposo of antraining air. fThus, the strongths |
of normal coneroto containing onc coarse aggrogate may be (and were
actuzlly shown to be) far below thoso of comcrote containing another
coarso agegrogate and having gir-ontrainment that causod a large por-,
sontage mdué.tion in strongth, In other mords, some aggrogote con-
stituonts can o much moro important than comont in actually provid-
inz a strongth a.ccopﬁable in structural concreote. Since the mero
fact that no sir entTainmont is included docs not assuro a nigh
streng%ﬁ; since tho strongth of even the pooror mixos is almost in-
variably far above that acceptable for degign, end since alr on-
trainment does Lmprove workability and thus facilitatos placement

of conctote in the forms_; this type of concrote should be gariously
coneidorod oven in parts of structures whero durability has sppoarod
to bo unimportant horotofore.

Becauso of the variatlons in matorials and proportions of
matorials usually attondant to alr entrainment, specifiod limits in
alr contonts are preforablo to spocified 1imits for drop-in~woight.
Woights of concrete with normal portland comont are far from con-
stant whon measurcd in the ficld or in the labo;?z;tory for that matier,
heneo there is no absolute or unchanging basgig ’upon which to calcu~
late di‘op—-imwoight, Furthormore, both the in;proved durability and
reduction in strongth are depondent upon entrainment of =air, so it is
important to specify acceptablo maximam end minimum air contents and
roguire that they bo mote

The range usually considered best for durability without
gxcassive strongth roduction is from 3 to 6 percent air ontrapped.
Witheut particularly controvorting :theso stipulations, the resvlts of

, o
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this group of tosts suggosted that in some situations.an alr content
abovo 6 porcent would not camse $oo mch reduction in strongth, whore-
as in othor cases sn air content as low as 2-1/2 percent would resuld
in an inordinate strength loss. In contrast, there woero many instances
whors faworabla durability characteristies were obtalnod slthough the
ealeulatod amounts of air untrainod were loss than 3 percont, These
discordant featuros indicato that different combinatiens of matorials
ars gsltod to difforont limits on air contont, but tho data provide
no valid basis for ostablihsing limits applicable to difforent mator-
jals nor do thoy provide dofinite moans for rovising the gonarai
limits ordinarily sppliod at prosont. That being the case, it 1s
rocommonded that air contents botwoen 3 and 6 porcont by volume bo
considored acceptablo.

Practiesble spocifications and cond¥ol on this basis are
dopondont upon a reliable procedure for determining the volume of
air ontrepped., The volumetric or Indizne mothod is inadequate, but
the gravimotric mothod (A.S.T.M., Designation: C 138-UY) givog
roasonable accuracy if caro is takon in makling tho méasuraments, How
over, any procodurc which is dopondont wpon physical pranrtias of
the constituonte and which cannot adespt itself to tho'viciSSitudﬁé of
batehing that arc always considorablo on a construction Job, will
nover be froo from orrors of somo consequance, Therafors, the gravi-
motric mothod is recommondod tnly for tontativo uso to be rgplacod by
tho prossure method if the latter is found to be accurate under all
conditionse

Ono of tho mogt important factors rogquiring attontion is
coment with the air-ontraining meterial interground. At prosent,
AeS.ToM. Dosignation: ¢ 185-L6T for measuring tho sir contont of port
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1and -cement mortar is a controlling feature in some states ut in
others failure to pass this test does not constitute basis for re-
jection. Essentially, a test with the Burmister flow treugh 'speci-
fied by this Designation is a test for- consistency of thekmortar,

at which consistency a determination of alr content is made on a
gravimetric basis. The latter pexrt of this procedure is indirect
and of quegﬁigpﬁb}a value; and it too should be repléﬁ?ﬁ.by'the
p}assure method provided that ‘method is found to give invarisble
results thab cen be checkoll by alr eontehts in corcrete made with theé
caments tes%e&x Thare 1s ho basls for judging the conaistency measut'e
et this timei

I sddibion to the air-entrainihg materlals slready per-
nittod in‘the 1945 $tandard Specifieabiond) pPovision should bo made
to iﬁcluaa othery which have beon of will be found satisfdceoryi For
axample, in laboratory project (=16, portland cement bontalhing a
material dasignated commerdially as Darex 1nterground was uged in &
corios of tests and the resultant durability and efficlency of air
ontroinment were good yot the strength reduction was only slight to
moderate. Use of the materizl as an admi xture at the mixzer has beon
roporéed unfavorably olsewhiT o,

Iikewigo, in the samo laboratofy project, mixes contalning
portland coment with HP-7 added at the mixer had good durability
charaectoristics with no more than a moderate amount of strongth ro-
ductions This was so, dospite the fact that the calculated percentage
of pir ontrainod was groator than 7 porcont. On the basis of these
rogords, it is recommonded that Darex bvo acdapt@&,tn the specifica-
tions ag an interground material; and that HP-7 be accopted as an at~

mix; Other materiqls chould be given equal consideration but only
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after thorough investigation through research procedures.

Finally, the value of all research and all specifications
and tests formulated through intensive study and consideration by
divigion heads and their assistants will be 1afgeiy wasted tmless
personnel charged with their application are theroughly familiar with
the properties of alr entrainlng concrete and methods for its contreola
To accomplish this, 1t is proposed that a two or three day course in
instruction and study be given at the Resaar;h tatoratory during the
coming winter months. A suggested group to attend thig includes dis-
trict materials angineefs,rrasiaent enginesrs who mayrbe gonducting
projecté of this type, technical inspectors or assistants who would
bo agsigned to such work, and any others who may have a resgponsible
part in carrying out the opéraxions of control on the Jjobe Instruc-
‘“¢ion ng such would bo kept at a2 minimam, and little emphaslis would
be placed on the thooretical. Rather, most of the time would be
givon to demonstrations supplemented by operations of mixing, test-
ing for weight and air content, and similar procodures in which all
could partielpate.

As 2 mimbmum, the articles in the 1945 Standard Specifica-

tions affectod by these recommended changos ared

4.,1,6 Troated Portland Cement Concrote

4,1,7 Portland Coment - Natural Cement Blend Concreto
4,1,8 Portland Cement - Vingol Resin Solution Concrete
7el.4 fTreatod Portland Cemont

7-1.5 Natural Cement

7.42,2 Vinsol Resin Solution

All thoso provisions arc influenced by one of more of the recommens

dations which briefly and in review propose that:

l. Air entrained concraote be sgpecified for all futurs
pavements, bridge decks and railings, and other parta
of structures that may suffor serious oxposure. This
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should apply throughout the state.

‘specified air contents from 3 to 6 percent replace

the 3 to 6 pound drop-in-weight set forth in the
1945 Standard Specifications,

The gravimetric method (A.S.T.M. Designation: ¢ 138-
44) be wwed only as a temporary expedient for deter-
mning air contents until the pressure method or soms
method not dependent wupon physical properties of aggre- .
gates and not influenced by other variables can be
firmty established, :

Specifications for acceptance of alr-entra ning cemant s
bo made more rigid through elimination of at least a
portion of the provisions of A.S.T.M Dasignation:

0 185-461, and substitution of the pressure mebthod or

a ¥mown roliable method for arriving at the air con-
tent that can be expeected in concrete made with the
cagpait testeds Further research will be necessary to
adapt a now mothod to the dotermination of alr-enirain-
ing valuz of coments,

Darex ag an interground material and HP-7 as an admix
be included in the specifications as done with Vinsol
resin in all the artiecles of 1945 Standard Specifica~
tions iietod on page 65, In effect, this means a
change in part from A.S.T.M. Designation ¢ 175-42T to
C 175-46 (See reference 18, p. 15), with additions inw
cluded as woll, The merits of other materials should
be proved through research before being admitted to
similar gtatus,

A two or throe day course of instruction and study beo
given for personnel who will be largely responsidle
for the spplication of specifications and tesis to
field construction, that course to be held at the Re-
soareh Lgboratory during the coming winter monthe, '
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