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When the firs*% progress renort on this studv of blended
aggregate was nrepared in Janprv 1947, only three of the nire
groups of samnles in Series I had ‘compléted the durability tests,
and spvecimens in four of the seven grouns compmosing Series IT had
not even been nrevared. In contrast, at the nresent all samvnles
in Series I have commnleted %the durability tests thus concluding
the results vertaining to Ohio River gravel from Louisville, and
specimens in three grouns of Series II (annlicable to glacial
gravel) have finished the durability tests. Further than that,
several additional grouns of samwles which form a vart of the
over—all study of combined aggregate materials have been wmrepared
in the interim, and some of these were nlaced in durabilizy tests
several weeks ago. These, however, are of doubtful uliimate value
because of defects in opera%ion of egquioment, and for that reason-
plus the fact that nothing of significance has shown up in the
tests - they are mot given consideration in this revort.

As shown in Table I, where *the results are summarized,
only four sets (or two grounss of snecimens were able *to with-
stand freezing and thawing for 200 cycles = the maximum duration
of test or point at which beams were removed if failure had not
occurred previously. These samnles were in Series I, Group G,
where the mix contained 100 nercent limestone coarse aggregate
and 4.3 percent air, and Series II, Group A, vhich had 100 ner
cent glacial gravel and 6.1 percent alr in the mix. Apnarently,
the unusual durability of the la~ter must be dependent upon its
high air content, because mixes with the same aggregate but only
1.7 vercent air (Series C) or even 4.1 nercent air %Series B)
could withstand not more than 172 cycles. Thus, for nrac%tical
Purposes all mixes except ~whose with 100 nercent limestone and

air entrainment" failed in less than 200 cycles.
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DURABILITY INDEX BASIS FOR RATING

From the beginning, deterloration of the concrete under
freezing and thawing was measured by <he amount of reduction in
flexural strength or modulus of runture. Thus, in the orepara-
tion of samples from every batch, a minimum of three beams were
made for flexure tests at the end of the curing voeriod, and at
least three were poured for durability sammles, which, after the
curing veriod, were subjected to freezing and thawing, then
tested in flexure. 1In that way, the average of valid results for
these two tyves of sampnles were commdared 1ln order to determine
the percentage reduction 1n strength caused by exposure to freez-
ing and thawing. In the original revort (on page 5) these were
referred to as "control" and "durability" svecimens respectively,
and they are so deslgnated in the present listing of results in
Table TI.

Since all specimens were not exposed for the same num~
ber of freezing and thawlng cycles, the reduction in strength
must be judged in combination with length of exposure in order
to convert all measurements to a common denominator. This was
done by means of a factor known as durability index which 1s cal-
culated as the percentage reduction in modulus of ruoture vper
100 cycles of freezing and thawing. These values are tabulated
in TabIe II, and are plotted graphically in Fig. 1 to show the
relationship between the durability indexes and the nercentage
of limestone contained in the coarse aggregate nortion of the mix.

It 1s to be noted that a high durabllity index 1s indi-
cative of a low resistance to freezing and thawing, because those
mixes with the greatest durability or most resistance have the
least reduction 1n strength caused by exposure. Also, even with
the conversion to a common basis of reduction in strength ner 100
cycles of test, 1t 1s probable that the durability index 1s not
free from 1nf1uence by the length of exvosure. Thls 1s so since
the specimens do not deteriorate at a uniform rate, or at least
sonic measurements indicate them so. On page 8 of the iniltial
report, emphasls was wlaced on the fact that for some of the best
mixes cured 7 days sonic values 1ncreased during the first 50
cycles. From that point on there was a progressive reduction in
the sonic modulus. Hence, for samnles in Grounms F or G of Series
I there would be a great difference in the durabllity i1ndexes had
they been comvuted for samvles loaded 1n flexure after 50 cycles
as opposed to the durabllity 1ndexes commuted for those actually
tested after 164 or 200 cycles, as the case may be. This 1is
true, provided the sonic values are reasonably authentlic measures
of structural integrity 1in the concrete.

Even i1f thils 1s so, the modification in dats 1s one of
degree rather than direction. There 1is no means by which the
general relationship among *he dilfferent mixes could be made much
different from that shown in Fig. 1. It 1s nosslble tha* an ex-
tension of the test 1n some 1ns+ances would have increased the
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TABLEL II.

DURABILITY INDZXES OF CONCRITZ MIX=S EXFRESSID
AS A PZRCENTAGE DZCRzASE IN MODULUS OF RUPTURE
PER 100 CYCLZS OF FREEZING AND TEAVING

Turability Index

Pesignation Codrse Agsregate Combination Adr ? Day 28 Day
Series i Grouv Pct. Gravel | Fct. Limestone Content Specimens | Specimens
I A 100 0 1.6 138.3 169.5
o B 100 0 5.2 66.7 72

S -
ARl G 80 20 3.9 L. 6 56.7
[
g‘i z 60 40 2.3 6.6 50.9
=
%fﬁ o 60 540 2.4 55.1 54.8
£4 1 D 60 Lo L.7 37.5 35 4
e
& )ij L0 60 L.2 32.9 18.1
F 0 100 2.7 30.0 32.2
G 0. 100 4.3 18.5 18.1
II c 100 0 1.7 55.3 58.8
& B 100 0 L.l 42.5 38.9
H
oL A* 100 0 6,1 10.0
+ @
oA
S D 80 20 3.1 - -
4 2
Eﬁ o}
8% F 60 Lo 1.8 - -
H o
o~
g~ £ 60 L0 3.0 -- -
2 =
#p]
G Lo 60 3.3 - -

*Not considered in plot for Fig. 1 because of high air content.

Samples for groups underscored in red were intentionally air entrained,
hence these are represented by curves on the right in Fig. 1.
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percentage reduction in streng*h without a nronortionate in-
crease in cycles required to accomnlish this. Hence *the dura-
bility 1indexes 1n those ins-sances would have been increased %o

a greater reduction ner 100 cyvcles. However, for almost all the
mixes with low durabllity indexes it would have been impmossible
to increase these values to a volnt corresponding with those for
the less durable mixes, because when the tests as they are were
discontinued these samples had comnleted more cycles than any of
the sampnles representing the 1lsss durablié:> mixes. That being
the case, relative durability of the several mixes with respect
to thelr resistance to freezing and thewing can hardlyv be dif-
ferent from tha*t calculated for Table II and plotted in Fig. 1.

SONIC VALU®S ERRATIC

With regard to evaluation of mixes by the sonic method,
these values were auite erratic but not wholly unrelliable. Cer-
tainly the relationshin of 30 nercent reductlon in sonic modulus
being indicative of 50 nercent reduction in modulus of ruvnture
(as proposed by seversl investigators and used for judging mixes
by several organizations including A.S.T.M.*) did not hold in.
this case. 1In fact, the nlot of change 1n sonic modulus versus
reduction in modulus of rupture for these specimens, as shown 1n
Fig. 2, indicates that about a 15 vercent drop in sonic value
would have represented a reductlon of 50 percent in strength.
With the exception of four, all the poin%s fall within bounds
marked by the dashed lines in Fig. 2. Even if all would conform
to this, there 1s little reason to believe that change 1n sonic
modulus alone would be as authentic as the method of durability
indexes for representing durability of mixes.

One thing of great interest in the relationshins pre-
sented in Flg. 2 1s the reduction in modulus of runture corre-
sponding to an increase in sonic modulus. While these data are
very scant and hence hardly reliable, 1t 1a vnossible tha*t they
explaln the 1increase 1n sonic values exhibited by several sneci-
mens during the filrst 50 cycles and by a% least one groun at the
end of 200 cycles. Stated differently they could mean that an
increase 1n sonlc value does not necessarily mean an lncrease in
strength as was assumed with an attemnted explanation in the
initlial report on this ssudy.

ORIGINAL CONTLUSIONS IN REVIEW

Returning to the relationships 1llus*rated by Fig. 1,
these change to some degree a vart of the concluslons made 1n
the initial remort, but to a greater degree thev confirm the
procedures derived from those conclusions. In retrosmect, the

*"Evaluation of Alr-Entralning Admixtures for Concrete", Pronosed
A.S5.T.M. Tentative Method Avpvroved by Committee C-~9, and sched-
uled for early nublication in the A.S.T.M. Bulletin.
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first seven conclusions from sthe ini%ial revort are 1listed
below, and with them the quelifyving features nrovided by new
data which were not available at thst time. Basls for the
statements are, of course, durabilityv indexes determined
through these tests, and 211 but the last one refer to mixes
in which Ohio River gravel was involved.

1. The substitution of sny amount of limestone for
Ohio River grsvel in the coarse aggregete will
increase the durabilitv of concrete made with
that aggregate. This, of course, is confined %o
river gravel from *he vicini®y of Louisville and
more so to limestone used in this orojec%t, Anv
limestone of eauel qualitv (as shown by service
records) would oprobably pe‘equally satisfactory.

Confirmed, and ex%ended. Increases in durabllity are
progressive wish increeses in limestone content.

2. Entrainment of air in the nelghboarhcod of 5 ner
cent will improve the concrete by more than 100
percent ln its regigtance %o freezing snd thawing,

No necessity for confirment since specimens involved had
comnleted the test at the *time of the first renort.

3. With a substitution of 20 nercent limestone in +*he
ageregate, dursbllity of the concrete with air ar-
trainment can be inecreased by about 30 to K0 ner
cent (depending unon curing condltions, etc.) iu
addition to that accomnlished by air en*rainmqnu
alone.

No necessity for confirment since svecimens involved had
completed the test at the time of the first revort.

4, Substitution of L0 nercen®t limestme in the aggre~
gate will make %the concre%e more durable than with
20 nercent limestone, but the amount of gain in dura-
bility is not auite directly wnroportionsl to lime-
stone content. Thus fer data indicate that dura-
bility can be increased bv a% least 25 nercent over
that acccmnlished by substituiing 20 mercent lime-
stone.

Modified but substantially confirmed. At the time of
the first renort, two of five samnles conzaining 40 nercent
Jimestone and air entrainment (Group D) were removed from ex-
vo:zure nrematurely and tes%ted in flexure. Similarly, one of
three samples revpresenting the same mix without ailr entrainment
(Group E) was removed. Both aponlied only to the samnles cured
238 davs. The number of cycles commleted and *he durability
indexes bo*th ultimate and a*% the %tine of the first revnort were
as follows:
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Air Cycles Comnleted Dursbilitv Index

Group Content FPirst Report Ul*timate Firgt Renort Ultimate
D L.7 111 180 42,6 35.4
E 2.3 al 152 2. 50.9

As shown by Fig. 1, in air-entrained concre®e cured 28
days the benefit gained by adding the second 20 nercen*t lime-
stone was greater than that imnarted by the first 20 nercent
addition of this material. The opwosite was True in the case
of samnles cured 7 days. In general the shape of all curves
taken collectively imonlies that there is a-diminishing return
from the substitution of limestone after the first 20 nercent
has been added, even when the concrete is air entrained. On
the other hand the advantage gained by adding limestone un to
Lo percent warrants the use of this amount esmeciallv in view
of *he limited gain from additions of limestone bevond that
point.

The fair agreement between durability indexes for Groun

D determined for the first report and again after all sammnles
had complesed the test is in contrast with the disparityv of 1like
figures for Groun E. On the surface this amnnears to be a basis
for criticism of the durability index method. However 6 the ini--
tial durability index was determined by one sampnle which is
never good practice; but of more significance, the final dura-
bility index for samoles in Group E2 (which were made from an
entirely different batch of concre*e but which in air cont=2n7%
varied only 0.1 percent from the batch for Groun E) was 5i.4 as
comoared with 50.1 for specimens in Group E, both cured 28 caye.
The former was determined at the end of 136 cycles whereas the
latter represented samples exposed for 152 cycles. The agres—
ment in durability indexes for samnles from the same grouns
cured 7 days was not that close, these values being 55.1 and

+6 6 respectively. The effect of this in general relationshirs
is shown by the four voints representing those mixes on the lef®
side of Fig. 1 vertically above the abscissa renmresenting 4O vev
cent limestone.

5. The addition of L0 nercent limestone with no air
entrainment will nrolcng the 1ife of concrete almost
as much as the addition of air entralnment and no
limestone.

Probably an understatement. The durability of concrete
with 4O nercent limestone and no air entrainment (actually 2.3
nercent) was 30 to 35 percent better than the durabilitv of con-—
srete with no limestone and air entrainment (5.2 nercent). Of
ccurse, an air con*tent of 2.3 mercent is unusually high for ccn-
crete considered non air entrained, and that would be advantagecus
to tihe mix containing the limestone. On the other hand, the air
content of the mix without limes*tone was from 0.5 to 1.0 nerceni
higher than the average percentage of air in mixes referred =o
as air entrained in arriving at the granh in Fig. 1.
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6..While air entreinment alone will more than double
the life of concrete with 100 percent river gravel,
it will not accomplish as much imorovement in con-
erete contalning 40 nercent limestone in the aggre-
gate. This 1s in accordance with data from other
experiments to the effect that the gresteat amount
of benefit from alr entrainment is derived by the
concrese with aggregates of noorest guality.

Confirmed by tests on all mixes of all types and for
this instance amended to include "however, concrete having noor
aggregate and the maximum beneflits of air entrainment 1s noi as
durable as concrete with good aggregate and no air entrainmeni',
This is demonstratéd on Fig. 1 by the symbols "A", "RB" gnd "C"
with accomnanying dimension 1lines in red. The dimernsion "A" 1ig
representative of improvement or change in durability index ef-
fected by air entrainment in mixes without any limestone. 1In
contrast, dimension "B" is a like measure of improvement due to
alr entrainment in concrete containing 100 nercent limestone.
Finally, dimension "C" illustra®es the differential between
mixes with no limestone and air entralnment as opnosed “o mixes
with all limestone and no alir entrainment; the latter, of . course:
being sunerior to the former,

7 Based on commarisons between data from this exveri-
ment and those from other nrojects, mixes with gla-
cial gravel and no alr entrainment are almost as
durable as those with 60 nercent river gravel ani
40 percent limestone containing air entrainment,
When air entrainment is added, concrete with gla-
clal gravel 1s about 2-1/2 times as durable as
1ike concrete with U0 nercen* limestone as tested
in this pnroject.

Modified in extent but essentially confirmed in orin-
ciple. With the development of results wertaining to glacial
gravels tested in this experiment, 1t 1s no longer necessary
to rely on commarisons with results from other studies. As
shown on Fig., 1, mixes with 100 nercent glaclal gravel and no
air entrainment are not quite as durable as mixes with 60 ner
cent Ohio River gravel, L0 nercent limestone, and no alr en-
trainment. Naturally there 1s even greater difference between
the mixes with glaclial gravel and no air entrainment as opnosed
to the 60-40 mix of Ohio River grevel and limestone with air
entrainment. Furthermore, concrete with glacial gravel and
alr en*rainment is not 2- 1/2 times as durable as like concrete
with Lo nercent limestone combined with Ohio River gravel; in
fact, 1t-1isn't quite as durable as *his concrete with blended
aggregate

This disparity of results can be exvlained by the fact
that beams unon vhich initial estimates were based last January
were poured on a field oroject and hence cured differen%tly from
samples made and cured in the laberatory; they were 5x6x20
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inches in size as compared with *the 3x5x20 inch beams made in
the laboratory; and thev were loaded at *the center whereas
laboratory sammnles were loaded at the third vnoints. All %these
factors would influence resul®ts and could cause the discrepan-
cles which are apwnarent in these data.

There 1s striking similarity between results nertain-
ing to mixes with 100 percent glacial gravel and mixes with 60
percent Ohio River gravel and 40 mercent limestone in combina-
tion. This is true for concrete both with and without air en-
trainment. Thus, from the standwoint of objectives of this
experiment these two aggregate materials can be considered equal
in %urability characteristics determined in the manner of these
tests.

SUPPLEMENTARY CONCLUSIONS

Aside from those noints covered by discussions and
conclusions drawn heretofore and revised by more recent data,
there are a few significant features requiring emnhasis.

1. Concrete with 100 percent glscial gravel and no air
entrainment is more durable than concrete with 100
percent Ohio River gravel and air entrainment.

2. The advantage gained through air entrainment in
mixes with glacial gravel is relaetively small,
being only slightly greater *than the advantage of
air entrainment in mixes with all limestone coarse
aggregate.

3, Mixes with 40 nercent limestone added to the Ohio
River gravel and having air entrainment are almost
equal to those con®ining 100 nercent limestone and
no air entrainment.

L. In general, snecimens cured 7 days are more durable
than like specimens cured 28 days. On nage 8 of the
initial report made last January there was a discus-
sion of increases in sonic modulus which ended with
"The mos% plausible and most reasonable exnlanation
for this is the tendency for concrete cured but seven
days to gain in strength and integrity because of hy-
dration of cement while the sampnles were immersed
during the thawing neriods, and that the damage caused
by freezing and thawing was more than counter-balanced
by increased soundness gained .through hvdration". This
theory may apply to the general relationshins between
7 day and 28 day concrete. Inconsistencies in the
curvesg representing air-entrained concre“e can be ex-
nlained either as an idiosyncrasy typical of those
often encountered in the testing of concrete, or it
may be an indication that sair-entrained concre*te with
durable aggregates is so resis*tant to freezing and
thawing that the veriod of curing cannot be a material
influence.
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