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EFFECT OF TYFE OF AGGREGATE

oK

SHRINKAGE AND CRACKING CHARACTERISTICS OF CONCRETE

Reported herein are the results of an investigation on the effect
of type of aggregate and of continued mixing and retempering of con-
cretes on their shkrinkage and cracking characteristics. This investi~
gation was made for the Division of Architecture, Department of Public
Works, State of California under the conditions of State of Califormia
Standard Agreement Number 2379. These studies were carried out in the
Engineering Materials Laboratory of the University of California,
Berkeley, California during the period June 1961 to January 1962.

Results clearly demonstrate that type and source of aggregate is
a major factor influencing shrinkasge and cracking of concrete, that
continued mixing and retempering Iincreases shrinkage and aggregate
breakdown, and that air entrainment somewhat reduces shrinkage.

SCOPE OF PROGRAM

The main purpose of these studies was to determine the effect of
type of aggregate on the magnitude of shrinkage and the tendency towards
cracking of a typical concrete mix that might be employed in the con-
struction of reinforced concrets buildings. The mix used had a cement
content of 5-3/4 scy and a maximum slump of 4 inches, and contained
1 1/2«in. maximum-size aggregate.

Continued mixing and retempering of concreis was included in this
study to evaluate its effects on degradation of aggregates and on
mwﬂmemmnmsmnmmnWHnmcmnowﬁw@w@moUWmmﬁnﬂmamewmmmmcxﬁawwwwmnm

mixing times of 3/4, 1 1/2, and 3 hours. Although specifications

usually require that a concrets mix be discharged from a truck mixer
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concretes are agitated for longer pariods

prioT Lo dischargea.
4lso included in this investigation was a limited study of the
=ffect of aiy entrainment on shrinksge and cracking chavacteristics.

only standard-mixed concretes not subjected to
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=d wiwing and retempering.

Four zoncvete aggregates were included in this study. Two of

Niles Valley deposits. The other two aggregates included Fair Caks

gravel and Warsonville crushed granite. The Livermore Valley coarse

aggregate was also employed in one mix after being beneficiated by

Aguid separation.
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For the shrinksge and cracking study, all concretes were moist-
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and 50 percent relativs humidity,

COMCRETE MATERIALS AND MIXES

A Ssnta Cruz Type Il cement was used in all concretes of this
tovestigation., The chemical analvsis is given in Table 1. The alkali

A conient only 4 perce

content of this coment was 0.5 percent and its mw

Appresates

The four aggregates included in these tests weres:

{1} Fair Daks gravel and Prattco sand, mmmmwwmm by the Pacific
fement gnd Aggregats Company of San Francisco.

Livarmorve Valley five and cosrge aggregate used with a small

amount of Felton sand, all supplied by the Haenry J. Railser Company of

n

Gakland., The Livermore materials came from the company’s Radum plant

thaese aggragates were vepresentative of the Livermore Valley and of the

nl.
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and the Felton sand from their plant in Olympis near Feltom.

(3) Nilas Valley coarse aggregate and sand, supplied by the
Pacific Cement and Aggregate Company from thelr plant west of Niles
on the Alameda Creek.

(4} Watsonville crushed granite snd Olympia sand, supplied by
the Cranite Rock Company, Watsonville, California, The crushed
granite is produced by the Granite Rock Company in their Watsonville
plant. The Olympia sand is produced by the Central Supply Company
at their Olvmpia plant.

Also submitted for test was a small sample of the Livermore Valley
coarse agpregate which was processed by heavy-liquid separation to
remove material of specific gravity lowsr than 2.60. This materisl,
prepared by the Henry J. Xaiser Company, was employed in only one of
the test conditions.

The above-described combinations of aggrepates ave designated in
this report as Fair Osks, Livermore Valley, Wiles Valley, and Watsoaville.
The Livermore Valley aggregate szubjected to hesvy ligquid separstion is des-

mafad  as beneficiated Livermore Vallesy apgregats.

Physical Propsriies. —- The physical properties of the aggregates

are given in Table 2.

The finensss modulus of the concrste sands ranged from 2.85 for
the Prattco cand used with the Fair Osks gravel to 3.11 for the Niles
Valley sand. Both the Fair Oaks and Watsonville aggregates had
substantisily higher sand equivalent and cleanness values than did the
Livermore Valley and Niles Valley aggregates.

As judged by the specific graviti capacitisg of

the aggregstes, the Falr Osks and Wats {lls aggregates would be
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considered of superior quality im comparison with the Livermore Valley
and Niles Valley aggregates.

The benseficiation of Livermore Valley cosrse aggregates by heavy-
liquid separation improved somewhat the quality of the material by

increasing its specific gravity and reducing its sbsorptiom capacity,

Petrographic Analysss. == Petrographic analyses of concrete

aggregates az reported im U. . Corps oI Engineera, Technical Memo-
randum No. 6-370, "Test Data Comcrefe Agpregates in Continental United

I

oy

States™, are summarized as follow

1) Fair Oaks pravel from the American River comsists of basic
igneous rocks (24%), basic meta-igneous rocks (42%), andesite (147%),
sandstonz (11%), quartzits (3%}, slate (2%), wsin quartz, chert, and
schist (2%).

The sand used with this gravel was Prattos, s dune sand from the
Monterey Bay. This sand is compossd of granitics, sandstone, chert,
and meta-volcanic rock types with gquartz, fellspar, biotite, magnetite,
amphibole garnet, and antigorite winmerals,

2) Livermore Valley sggregate is a river sand and gravel from
Radum, Californias. The cosrse aggregsate is composed of sandstone
and graywacke (611}, wvein guartz {14%%, basic igneous rocks (6%},
basic meta-ignesous rocks (8%}, and jasperoid type chert (10%).

The sand is composed of graywacke and ssndstons, quartz, basic

igneous rocks, meta-basic vz and chert {iasperoid type},

In addition to this = zmount of Felton sand was used.

This sand is from the Zayante Cresk st Olvopia nesr Felton, California,

v of guartz {30%) and feldspar

Its minersl consztituants congizt lavpel

{50%), with trace guantities of biorize,
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3) Niles Valley aggregate is from the Alsmeda Creek west of
Niles. The coarse aggregate conslsts of sandstone and graywacke (847},
vein quartz (8%), basic igneous rocks (4%), basic meta-igneous rocks
(3%), jasperoid type chert (1%}, and a trace of shale.

The sand consists of sandstone, graywacke, vein guartz, basic
igneocus rocks, basic meta-igneous rocks, chert and shale.

4} Watsonville crushed comrse aggregate comes from a quarry
near Watsonville, California. It is composed of a dark-colored granite
which has an shundance of amphibole, m

The concrete sand uged with this crushed granite was Olympilas
sand from a deposit at Olympis on Zayante Creek. This sand is composed

of aanﬁn {50%) and faldspar (50%), with a trace of biotite and

magnetite.

Concrete Mixes

Concrete wmixes employed in this investigation had a cement
content of 5-3/4 scy and a slump of 4 inches. This type of concrete
mix is typical of that which could be used in the constructiom of
reinforced concrete buildings. Mix proportions for the concretes
noﬂnmmawﬁm the aggregates investigated are given in Table 3. Since
both the Livermore Valley and the Hiles Vslley coarse aggregates are
quite similar msterials, the same basic mix design was employed for
concretes containing these two materials. The mix sslected was the
one suggested by the Henry J. Kaiser Company to be used with their
Livermore Valley aggregste.

Concrete mixes used were based on the mix proportions shown in
Table 3, except that the water contents were adjusted slightly to

produce the desired 4-inch slump. Actual water contents used are



given in Table 4.

Three of the wmmnnmmnnm AMmﬁH Oaks, Livermore qmnwn%u and QanOﬂdmwumu
were also amnm in mwﬂenmwﬂmwwwa concretes. The air-entraining admigture
Darex was added in sufficient guantity to produce an air content of about
4.5 percent. As shown in Table 4, the saund-to-total aggregate ratio
(S/4) of the air-entrained concretes was reduced by 0.03.

‘wm.mwosw in Table &, the water-cement ratios of the plain concretes
ranged from 5.53 gal/sk for Fair Osks aggregste to m,mm gal/sk for Liver-
more Valley aggregate. For the air-entrazined concretes the watsr-cement
ratio renged from 4.92 gal/sk for Fair Oaks aggregate to 5.22 gal/sk
for the Livermore Valley sggregate.

The one concrete mix containing beneficiated Livermore Valley coarse
sggregate was of similar proportions ﬁo,nwomn of the concrete containing
the unprocessed material. Its S/A ratio was slightly reduced (from 0,39

to 0.38), and its water-cement ratio was also slightly lower.

MIXING PROCEDURES AND TEST SPECIMENS

Mixing of Concretes

All concretes were mixed in a tilting-type, 3-cubic~-foot capacity
drum mixer, The mixer was equipped with an adjustable speed motor.
The aggraegate and cement were placed in the mixer first, and were mixed
together for half a2 minute., Water was added, and mixing was continued
at 2 mixing speed of 17 rpm mwﬂ 2 minutes., Mixing was then stopped for
3 minutes, after which the concrete was mixed for an sdditional 2Z minutes.
The concrete was then discharged into a wheelbarrow, slump znd air
content were determined, and specimens were casts.

Concrete to be subjected to continued mixing and retempering

was . infitially mixed following the procedure just described. After
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complatism of | this initial mixing, at a mixer speed of 17 rpm, ths
mixing was continued st a mixer speed of only 5 rpm. During this slow
continued Euwwﬁm the opening of the drum mixer was sealed with s sheet
of plastic to wmemwn evaporation of water. Tests were made on concretes
which were subjected to continued mixing periods of 3/4, 1:1/2, and 3
hourss All concretes subjected to continued mixing were vetempered to
bring the slump to 4 inches. For the concretes gsubjected to 3/4 hours
of continued mixing, the retempering water was added just prior to
awmnﬁmﬁwam of the concrete. For the concretes subjected to 1-1/2 hours
o¢f continued mixing, retempering was &nwm at 1 hour and just prior.
to discharge. For the 3-hour mixing period, retempering was aonw .34
1 and 2 hours and just prior to discharge.

The entire procedure of mixing was carried out in a specislly

- R . [+
constyucted room (wood frame and plastic cover) maintained at 70 F

and 90 percent relative humidicy.

Agoregate Breakdown Tests

To mmmmwawwm the degradation of aggregates in concretes subjectsd
to gontinued mixing and retempering, a sieve znalysis was made on the
entire batch before and after mixing. The sieve: analysis prior to
mixing was made on aiyr-dry aggregates. For the analysis after mizing,
the concrete was wet-screened through successively smaller sisves.
All cement and fines passing the No. 100 sieve were washed awsy from
the aggregate. Hatsrials retained on the individual sieve zizes ware
gir-dried znd then rescreened thyough the set of sieves used for the

analysis of the aggregats prior to mixing.

Test Snecimens

For szach test condition there were cast two 4-7/8 by 6 by lé-inch
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shrinkage bars, two 4-7/8 by 6 by 40-inch crack-resistance bars and
sixz 6 by 12-inch compressive-strength cylinders. In Fig. 1 are shown
the details of the two types of concrete bars employed.

The moids used for casting of shripkage specimens had 1/2 inch-
diameter brass plugs secured in the ends of the molda for embedment
in the concrete. These plugs projected 1/2 inch ocut of the concrete
spetimens to permit length measurements,

In order to produce the vestraining effect for the crack-resistance
bavs, a steel rod of Wwwmmuwﬂnw dismeter was secured in the mold
longitudinally along the nmmﬁwwaﬁm.cm the mold. As shown in Fig. i,
this steel rod was threaded at each end for 2 distance of 3 inches to
provide anchorage. To prevent bond slong the remaining 34-inch
length, the bar was covered with 1/8-inch-thick soft rubber tube. To
permit length measurements, the steel bar projected 1/2 inch out of
the concrete &t each end.

Compressive-strength specimens were cast in 6 by 12-inch card-
board molds.

Casting of Specimens

The molds for shrinkage and crack-registance bars were £illed in
two successive layers, each comsolidated by the use of a lsboratory-
size internsl vibrator. Immediately after casting, specimens were
stored in the curing room. They were stripped after 24 hours, and
remained in the curing room (70°F and 100 percent relative humidity)
for 7 days.

Standard procedure was employed for the casting of the 6 by 12-

inch compressive-strength specimens.



Measurements

After completion of the 7-day moist-curing period, initial
measurements were taken on both the shrinkage and the crack-resistance
bars. The bars were then transferred to the drying room (70°F and
50 percent relstive humidity), where length measurements were taken
every 24 hours for the first two weeks and then every 2 days until a
crack oﬂnmnmmm in the crack-resistance bars. Shrinkspe messurements
were then contimued, at weekly intervals, for three months. Cracke
resistance bars which did not crack within 30 days were thersafter
measured at weekly intervals.

Shrinkage.-=- The shrinkage, in millionths of am inch per inch
of length, was computed by dividing the total change in length by
the effective length (15 inches) of the concrete bar.

Crack Resistance. ~- The resistance of concrete to cracking is

the tensile stress developed in the concrete due to restrained

drying shrinkage (Fig. 1). Crack resistance of a concrete is eval-
uated on the bases of (1) tensile stress developed prior to formation
of crack and {2} the drying period {in davs)} required to produce &
crack. The tenszile sfress in the concrete was calculated from the
cbserved length change of the steel bar, using the following equation:

Ag

FAS TR
Se=mgm TP &

<

where:
mn z Average tensile stress in concrete, psi
AL = Mzssured deformation of steel rod, in.
L = Effective length of steel rod = ww in.
E., © Moduluz of elasticity of steel rod = 30 x wom psi.



10

Area of steel rod = 1.77 s8g. in.

b
g

Het avea of concrete bar = 26.85 sg. in.

o
B

The effective length L of 37 inches was detemmined on the
agsumption that the tensile stress in the concrete, over the 3-iamch
threaded portion of the steel bar, varies linearly from O at the free
surface to its maximum at 3 inches from the surface. Therefore one
half of the thresded portion of the steel bsr can be considsred to
be subjected to the average tensile stress and the effective Mmamww
becomes (34 &.w:m\w + M;W&Mu £ 37 inches.

mﬂmeawmmwmwmmﬂm wmwm made with a concrete mix of low shrinkage
characteristics snd of high tensile strength might not develop a
crack during the drying period. 1In this investigation concretes con-
taining the Fair Oaks and the Watsonville aggregates did not develop
& crack within the $0-day drying period, after which time the tests
were discontinued.

Compressive Strength. --Compressive-strength tests on 6 by 12-inch

cylinders at ages of 7 2nd 28 days were made in accordance with ASTM
Specification C39. Hydrostone was used for capping the ends of the

cylinders.

TEST RESULTS

Properties of Concretes

Properties of fresh concretes and compressive strengths af ages
7 and 28 days are given in Table &.
¥Water Reguirement. -- As shown in Table 4, the water-cement

ratio for plain concrete containing Fair QOaks gravel was 5.53 gal/sk,
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for Watsonville crushed granite 5.65 gal/sk, and for the Livermore
Valley and Niles Valley aggregates 5.83 and 5.71 gal/sk respectively.
Hﬁm water-cement ratic of the concrete containing the beneficiated
Livermore Valley coarse aggregste was 5.68 mmH\mw as compared o
5.8% mbwwmw for the concrete containing the unprocessed material.

The water-cement vatios of the air-entrsined concretes weve
lower by sbout 0.6 gal/sk than those for the corresponding plain
concretes. This reduction im water-cement ratio was due not only to
the improved workability produced by the air-entrainment but also to
the reduction of the sand content im mixes comtaining the afr-
entraining admixture {(Darex).

Compressive Strength. --Compressive strengths at ages of 7 and

28 days sre shown in the last two columns of Table 4. Data given sare
the average of three cylinders per test condition.

All plain concretes produced 28-day compressive strengths in
excess of 4000 psi. The 28-day compressive strengths of air-entrained
concretes wers somewhat lower than those of the corresponding plain
mixes. The Livermore Valley and the Niles Valley sppregates produced
concretes of lower compressive stremgths tham did the Fair Oaks or
Watsonville aggregates.

Compressive strengths of concrete containing the beneficiated
Livermore Valley coarss aggregate were about 10 percent higher than

those of the concrete mix made with the unprocessed material.

Breskdown of Apgregates
Tests to determine degradation of aggregates caused by continued
mixing for O, 1-1/2, and 3 hours were made on concretes containing

three of the aggregates, namely Livermere Valley, Niles Valley, and
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Warzonville. As described earlier, the concrete was mixed for a total
of & wiputes at a mixing speed of 17 rpm and mixing was then comtinued
#t & mixer speed of 5 ypm., Concretes subjected to this continued
mixing were retempered to brimg the slump to & inches. The O-hour
coptinued miwing condition represents a concrete mix subjected only
te the initisl 4-minute miming time.

Gradations of sggregates were determined before mixing and after
completion of continued miming. The change in grading, expressed in
terms of mﬁWﬂmm in fineness modulus, is shown in nwm bar diagrsms of
Fig. 2. In thies figure the degredation is shown separately for the
sand and for the cosrse aggregate. Also shown is the degradation for
the combined aggrsgate.

& study of these disgrams (Fig. 2} reveals that the major part
of the aggregate breakdown occurs within the sand fraction. The
change in fineness modulus of the sand ranged from 0.04 (Livermore
Valley) to 0.22 (Niles Valley} for 0 hours of continued &wamm and
from 0.17 (Livermore Valley) to 0.50 (Niles Valley) after 2 hours of
continved mixing. After 3 hours of continued mixing the sand fraction
of the Watsonviile aggregate changed its fineness modulus by only 0.15.

The breaskdown of the coarse aggregate was in all cases very small.

The

o

nconsistencies in the change in fineness modulus of the coarze

()

aggregate, for the three pericds of continued mixing, are comsidered

to have no significance. A few pieces of coarse aggregate passing a
given screen would produce the small differences observed. The maximum
change in finsmess modelus observed was only 0.05.

By studying the degradation of the combined aggregate (last set

of bar diagrams of Fig. 2}, it will be observed that sbout 40 to &0

o

percent of breskdown of aggregate occurred during the initial 4 minutes

i
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of mixing. Afier this initial large degradation, further breskdown
of aggregate was approximately proportional to mixing time.

Shrinkspe and Crasck Resistance

Shrinkage and crack-resistance tests were made on comcrete
specimens moist-cured for 7 days prior to drying at 70°F and 50 percent
relative humidity. Tests were made on concretes containing the four
aggregates investigated. Also included for three of nﬁm aggregates
{Livermore Valley, Niles Valley. and Watsonville) were shrinkage and
crack-resiztance tasts of concretes subjected to continued mizing
for 3/4, 1 1/2, and 3 hours, Effect of air-entrainment on shrimkage
and crack-resistance was evaluated for concretes containing ¥Fair Oaks,

Livermore Valley, nnd Watsonville aggregates,

Shrinkage. --Shrinkage data for selected ages up to 90 days
for concretes moist-cured for 7 days are given in Table 5, and various
comparisons are made in Figs, 3 to 8.

Effect of type of aggrepate on shrinkage up to 90 days is shown
in Fig. 3. Dats of Fig. 3 are for concretes not subjected to continued
mixing (0 hours). Concretes containing Fazir Oaks or Watsonville
aggregates exhibited substantially lower shrinkage than concretes con-
taining Hiles Valley or Livermore Valley aggregates. For example, nwm
shrinkage after 21 days of drying (Table 5 and Fig. 3) for the concrete
nowwmmmwmm Fair Oaks aggregste was 220 millionths (0.0220 percent) as
compared to 420 millionths (0.0420 percent) for the comcrete containing
Niies Valley aggregate, Shrinkage of concrete containing Watsonville
aggregate was even slightly lower than that containing Fair Osks
aggregate. The Livermore Valley aggregate concrete had & somewhat lower

shrinkage than the concrete contsaining the Niles Valley materisl.
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It should be pointed out that the shrinkages observed for the Fair
Osks and for the Watsonville sggregate concretes are to be moﬁmwmwﬁmm
a8 being exceptionally low. There are not many aggregates that will
produce concretss of such low shrinkage characteristics.

Effect of air entrainment on shrinkage of toncretes containing
Fair Osks, Livermore Valley, or Watsonville aggregates is shown ip
Fig. 4. Datas of Fig. 4 are for concretes not subjected to comtinued
mixing (0 hours). In all cases the use of mwﬂemmﬁwanﬁmﬁw reduced
somewnat the shrinkage characteristics of the concretes. The reduced
water-cement ratics of the sir-entrained mixes are primarily responsi-
ble for this reduction in shrinkage. For sxample, the shrinkage sftey
21 days of drying (Table 5 and Fig. #) for the plain concrete contain-
ing Fair Osks aggregate was 220 millionths as compered to 190 millionths
for the mcwwmmvnmmMﬁm slr-entrained concrete mix. RBven a greater
effect was observed for the concrete mix containing Livermore Valley
aggregates. On the other hand air-entrainment had ilittle effect on
the shrivksge characteristics of concrete containing Watgonvills
agpregate,

Shrinkage data up to 90 days of drying for concretes subjected
te continued mixing (for 3/4, 1-1/2, and 3 hours} and retempering are
given in Table 5 and plotted in Fig- 5 (Livermore Valley aggregatel},
Fig. € (Niles Valley aggregate), and in the lower half of Fig. 7
(Watgonville aggregate}. Alsc given are the water-cement ratios for
the different periods of continued mixing. As described earlier, all

concretes were retempered to maintain a 4-inch slump. Shrinkage of

N

concretes sub

ected to continued mixing and retempering was greater

than that of ths torvesponding mixes not subjected £o continued mixing.
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The lomger the period of continued mixing, the larger was the incresse
in shrinkege. For exsmple, after 21 ame of drying, the incresse in
shrinkage ranged from 15 to 20 percent for concretes subjected to
1-1/2 hours of conbinued mixing and from 30 to 40 percent for those
subjscted to 3 houvs of continued mixing. Continued mixing had a
somewhat mﬂmmwmw.mmmmnﬁ on WWHWm%mmm of concretes containing Niles
Valley sgpregate {Fig. 6) than on concretes containing Livermore
Vallev aggregate (Fig. muw ae sarlier discussed and as shown in Fig. 2,
continued mixing produced a more severe degradation of aggregate for
concretes made with the Niles aggregate than for thoss containing
Livermors agpregate.

Increases in shrinkage observed in these comcretes subjected
to continued mixing and retempsring are primarily due to increasas
in water-cement ratios. This incresse in water-cement ratio ramged
from 0.2 to 0.3 gal/sk for 3/4 hour:of continued mixing and from
0.8 to 1.2 galfsk for 3 hours of continued mixing. These resuls
clearly justify the usual requirement that concrete be discharged
from the truck mixer within 45 minutes and that no retempering be
permitied.

Shrinkage data up to 90 days of drying for the concrete mix
containing the bensficisted Livermors Valley coarse aggregate are
shown in the lower half of Fig. 8. The shrinkage of concrete contain-
ing the bensficisted coarse aggregate was lower by about 20 percent
then that of the concrete made with the unprocessed coarse aggregate,
Although the water-cement vatio of the concrete mix containing the
beneficiated aggregate was slightly lower (0.15 gal/sk), this

relatively lavge veduction in shrinkage must also be due to the im-
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provement in the quality of the coarse aggregate by removal of
material of minus 2.60 specific gravity,

Crack Resistance.-~ Tensile stresses developed i{m the vestrained-

concrete crack-resistance bars are plotted in the top halves of Figs., 7
to 11, and in Fig. 12, The lower halves of Figs. 7 to 11 contain
plots of shrinkage observed in specimens of corresponding concretes.
The shrinkage data for concretes corresponding to those shown in Fig.
12 {effect of air entrainment) are plotted inm Fig. 4.

Thess data are summarized in Table 6, in which are given the
periods of drying to crack formatiom, the tensile stress at time of
cracking, and the shrinkage values for the drying period up to time of
eracking. For concretes which did not crack within 90 days, values of
tensile stress and shrinksge at 90 days are given,

Im evaluating these crack-resistance data it should be reslized
that several factors influence .the tendency towards crack formation,
They include shrinkage n#m«manWﬂwnnwﬁmb tensile strength, elastic
properties, and creep charscteristics of the concrete miz. Size of
gpecimen and degree of restraint {size of restraining steel bar) will
also influence the cracking tendency of s concrete mix. For this
reason, comparisons should be made on & relative rather than ap absoluts
basis. However, the cracking tendency of s concrete wix, as hereis
evaluated, is far more significant than the drying shrinkage alome.

As shown in Fig. 9 and Table 6, concretes contsining Livermore
Valley or Niles Valley aggregates cracked after 13 days of drying. Wo
eracking was obtained within 90 days on bars containing Fair Oaks or
Watsonville aggregats:.concretes. It might be pointed out that the

ionger the elapsed period of dryimg without formsation of a ¢rack, the
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smaller is the possibility that & crack will form. This iz due to
creep which reduces the rate of tensile stress amqmwmvamﬁmw slgo tensile
strength increasse with time,

The effect of continued mixing and retemperimg on cracking tendency
for concrestes containing Livermore Valley aggregates is shown in Fig. 10,
and for those containing Niles Valley aggregates im Fig. 11. &l1 of these
concretes subjected vo comtinued mixing (Table 6) cracked within 8 to
13 days, st tensile stresses ranging from 190 to 265 psi. WNone of the
concretes containing Watsonville granite and subjected to continued
mixing {Table &, me@,wu cracked within the 90-day drying pericd. The
tensile stresses of these concretes at 90 days were sbout 300 psi.

The effect of air entrainment om crack resistance ig shown im
Fig. 12 and Tsble 6. In some cases the use of mwa entrainment appears
to have improved the cracking characteristics and the tensile stress
developnent of the concretes., For example, the air-entrained concrete
containing Livermore Valley aggregate did not crvack until afrer 28
days of dryiag, as compared to 13 days for the corresponding plain mix.
The tensile stress of the sir-entrained concrete mix containing Fair
Oaks aggregate was 270 mem and that of the plain mix 300 psi. A&ir
entrainment did not reduce the 90-day temsile stress developed in con-
cretes containing the Watsonville aggregate. Although the results of
the effect of air entrainment are not comclusive it would be expected
that because of the lower water contents of these sir-entrained con-
cretes their cracking tendency would be improved im comparisom to
corresponding non-alir-sntrained mixes.

Beneficiation of the Livermore Valley coarse aggregate {Fig. §
and Table &) reduced the cracking tendency of the concrete containing

this aggregate in comparison with that of the mix containing the unprose
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gEEEE mavevial Concrete containing the beneficiated waterisl cracked
sftey 26 days of dryisg at & tensile stress of 270 pst, whevess Chat

agpregats ovscked afrer 13 days of drying
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vestigation indicate that
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infivencing the shrinkage snd crscking characteristiecs of conerates.
Greater shrinkage and cvacking chavscieristiss wers obfained with

and Mites Valley agpregates, which comtain a bigh
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#
Gk
5
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)
o
o
P
kit

percentage of sandstons snd grayescks, than with Fair Osks gravel or
Watsonviile rrushed granite. Howevar, the shriskage of concretes

ng Falr Uaks and Watsonville aggregates be considerad

.t

Lowally low, 48 very few agpregates would piaduce comparable

iow shrinltapes characreristics,

T

L]

2. Concretes pubjected fo continued wmixlag and Tetempering
e¢xhibited a larger shrinkage thsn did covresponding control mixes,

@aly 5 small iscresse in shrinkage wss observed for concretss subjectad

=

to continued wiwing for 3/4 hour. The ldmger the period of continued

miging snd retsmpering, the pgreatsy was the increass in shrinkage.

3. Continued wmiwing also rasulted in significant aggregata

breastdown. Alshough the major portion of sgpragate breakdown wss
shtained within the {nitisl mixzing peried, continuved mizing producad
sddirional degradation of the asgpregate. This degvadation of aggrepate

imcroased with iwcresse in continued mining time. The major part of

sabedown oocurred within 1tz send fracrion.




1%

4. Alr sotraimment veduced somewhat the shrinkage charscterigtics
of the concreies. Heduction in watsr-cement ratis by use of air entyain-
ment was primerily responsible for the reduction ma.mwmewmmmw
5. Beneficistion of Livermore Valley coarse aggregate by heavy-
wwnmwm separvation lmproved the quality of the aggregate with yespsct
to its effect on the shrinkage and cracking characteristics of the
momnwmmmw This beneficiation was sccomplished by vemoval of material
of specific gravity less thap 2.80.

Resulrg of lszboratory tests, as herein veported, sghould only
be analyzed om a comparative basiz. The relatively small laboratory
specimens cannot dupliicate the properties of concretes in & fullescale

styucture. Such laboratory tests, however, are essential to estsblish

certain limits for various comcrete properties.
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TABLE 1--CHEMICAL ANALYSIS OF SANPA CRU TYPE II CEMENT

Oxide Composition

510,

Al,Cq

mmmow

Cal

Meh

Alkalies as Na,0
m@u

ignition loss

Comppund Composition

mwm
€48
mw#

n&bw

Percent

3.4
3.9
3.7

64.2
1.6
0.5
2.0
0.8

46

33

11

TABLE 1



TABLE 2--FHYSICAL PROPERTIES OF AGGREGATES

Bisve
Size

- Gﬁﬁﬁlativé ?brgent Passing

Peir Osks

Livermore Valley

Beneficiated
Livermore

Wetsonville .

ﬁémﬁy

Nes 4
to
3/4 in

3/4 to
11/2
ins

Blend
Sand

Sand

I Hoo 4

te
574 in

.N@g 4
o
3/4 in

'afé to
11/
in.

3/4 to|

1172
ine

Ko: 4

. to
3/4 in

7739!3‘&

to
5/4 in

5/@ te
11/2
ine

11/2 in
L
3/4
/2
5/8
Ne. 4
8
18
30
80

100

Fineness )

Modulus

e

100 2

100
99
84
41

93
27

tpen

L]

=

e

PR

100
99
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95
33

100

100
96
69
30

0

LT

95 -
36 || 100
4 83
o | 4
| I
e 0

a7
41

o

LY

100
89
77
40

4
G

L

100
56
5
2

0

AT

Specific
Gravity

Abeorption
Capacity,%

0.9

Sand
Equivalent

69

T4

< i

o

89

Cleennsss

Value

97

e T

oo 4y

86

]

i, G

86

n

2 e

94

90

a=-Prattco

sand

© b--Falton Band

z FIgvL

s-~Beusficiated by heavy-medism eeparstion to remove msterial of specific gravity
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TAELE 3--CONCRETE MIX PROPORTIONS

1kein. meximuyr 2ize aggregatls
Halotio e Type 11 cement
Nomiwal zlump 4 inches

. Quantities of Materiasls, 1b per cu. yd.
mmwmwwmw
: . Livermore Niles T T
Faty Osks Valley valley Wztsonville
Cement 541 541 541 541
Water | 265 280 280 270
Sand 1320 1111 1271 1244
RBlend Sand o 160 oo o=
Fo. & 2o Yb-in. 1030 8l4 8l4 827
8fL o 1 LfZedn. 1040 1219 1219 1264

TABLE 3



TABLE 4--PROPERTIES OF CONCRETES

1%-in, maximum size aggregate
Cement content 3 3/4 seyi Samta Cruz Type II cement
Slump 4 imches

moamﬂmmm»cmu
Strength,
Concrete Aggrepgate [S/A ®/C, Al psi
Ratio, | gal/sk | Content,
by percent
welght 7 da 28 ds
Fair Osks 0.3¢ 5.53 1.1 3090 4690
Livermore 0,39 5.83 1.0 2260 4070
Flain Benafi=
ciated
Livermore G.38 5.68 1.¢ 2540 4450
Niles 0.39 5,71 0.9 2150 4110
Watsonville] 0.37 5.65 0.9 2740 4630
Fair Ozks 0.38 4,92 4,7 2660 429G
Air- EN
Entrained Livermore 0.36 5.22 4.4 2250 3780
Watsonville| 0.34 5.06 4.2 2550 4140

& - Average of three 6 by 12-im. cylinders; standard curing

b - Air-entraining admizxture Davex

TABLE &



TABLE 5~--SHRINRAGE OF CONCRETES

1%-in. maximum size sgg

Cement content

Slump & inches

regate

$-3/4 scy; SuntsCruz Type IT cement

Contine Shrinkage, millionths®
ed b
Mixing | W/C,

Concrete Aggregate [and gal/sk Moist-curing for 7 days then
Retem= drying &t 50% R.H. and 70°F,
bering, days
hours

1 2 7 211 421 601 90
Fair Ozks o 5.5%3 75 | 126 | 155 220 | 230 3251 385
G 5.83 110 | 170 | 240 400 | 590 | 710 | 820
W\b 6.12 8¢ § 150! 240 410 595 | 715 | B25
Livermore :
11/2 1 6.34 95 | 150 260 480 | 675 | 790 | 8%5
3 7.05 1206 | 220 290 5151 740 | 850 | 955
Beneficiated O 5.68 B85 | 120 175 325 4501 575 | 665
Plain Livermore
0 5.71 $5 | 150 250} 420 640 | 76D ! B3O
Niles 3/4 5.20 115 | 165 | 2551 470 690G | 805 | 925
1172} 6.17 110 | 1951 2751 490 705 | 835 | 960
3 6.62 140 | 220} 325} 58Q 7 820} 950 10%C
a 5.65 45 60| 85] 1601 2401 2901 360
i1/2 ] 5.87 40 60§ 110¢ 2001 285 3351 390
3 &.44 65 851 120} 220 ¢ 310§ 370 | 425
Fair Oazks 4,92 63 901 1207 190 265 | 310 mmm

Alr- Livermore 0 5,22 100 | 150 |,210{ 360 | 515 | 610 | 600

Entrained -

Wargonville 5.06 35 501 80| 160 240 | 285 340

s - Averasge of two 4 7/8-in by 6 by 16-in. concrete bars
b« After initial miwing for 4 minutes at normal spesed (17 rpm), mixing
continued at slow speed (Srpm) for period iandicated.

TABLE

=
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TABLE feoCRACKING CHARACTERISTICS OF CONCREIES

1-in. maxinum size mwmfmmmmm
Cemént contant 5 3/& soyy Sow tType II cement
81lump h inches
Contine ~
nad mmwwnwho a Shrinkage,
Concrete; Aggregate| Mixing {W/C, ormacioe Millionths
ard gal/zk | Days Tensile {at time of
Reteme at stress, crack formation,
paring, 50% R.H.| psi or at 90 da)
hours
Pair Oaks| O 5.53 | (90)° (300)° | {385)°
] %.83 i3 220 305
374 6.12 12 240 205
Livermorse .
1 1/2 6.34 13 265 355
3 7.05 10 240 345
Bensfi-
slated 3] 5.468 26 270 370
Plain Livermors )
0o 5.71 i3 230 320
als 5.90 11 225 310
Niles
1172 6.17 10 267 3z3
3 6.62 8 190 345
00 5.65 | (90)° (265)% | (360)°
3/ 4 5.83 | (50)° {295)° | (390)¢
Watsonville e . c
11/2 5.87 (90) (285)% | (390
33 6.5 | (90)° 29007 | (425)°
Fair Oaks 4,92 | €903° (270)% | ¢350)°
Aixe Livermore 0 5.22 28 3i3 &5
Eatrained |y i convilles 5.06 | (90)° (300)¢ | (350)°
a = Average of two 4 7/8 by & by 40-in. restrained comcrete bars, moist cuved

for

-y

{ days

b - After imitial mixing for
tinued at slow speed (5 rpm) for period indicated.

¢ = No crack within 90 days of drvigg; values of tenmsile
are for 90 days of drving.

2

4 miputes at normal spesd (17 rpm), miwing com-

stress and shrinkage

TABLE &
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SHHRINKAGE SPECIMEN
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/V—sz“ STEEL RQOD v /8" RUBBER TUBE —

CRACK RESISTANCE SPECIMEN

FIG. I — SHRINKAGE AND CRACK RESISTANCE SPECIMENS



‘ . COARSE : " COMB
SAND AGGREGATE AGGRE

CONTINUED MIXING AT LOW SPEED (5 RPM) FOR

CHR | II/2HR] 3HR | O HR | IIV/ZHR| 3HR O HR [ {I/2HR| 3 HR ~

LIVERMORE VALLEY AGGREGATE

0.5
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FIG. 2 — EFFECT OF CONTINUED MIXING ON GRADING OF AGGREGATES

Fig. 2
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SHRINKAGE — MILLIONTHS

OO 1
IGO0 Average of twe 4 7/8x6x |6-in. concrete bars
!

900

800 Niles Valley -
W/C= 571 Gal/Sk.
700 | 1
Livermore Vaolley u_mm_\
c00 w/C= 5.83 Gal/Sk
P j,,w"’f | ) Fair Oaks e |
200 ” ' T Watsonville %m—-—-\ IW/C = 5.53 Gal/Sk.
W/C = 5, 65 Gal/ Sk,
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& M‘“M

200
100 |

09 10 20 30 a0 50 80 70 80 90

DAYS AT TO°F AND 50% R. M.

FiIG. 3 - EFFECT OF TYPE OF AGGREGATE ON SHRINKAGE OF CONCRETE

5 3/4 Scy, Santa Cruz Type I Cement, [1/2-in. Maximum Size Aggregate,
4-in. Slump, Moist Cured for 7 Days
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SHRINKAGE — MILLIONTHS

1000 l E {
Average of iwo 4 7/8x6x16~-in concrete bars
200
Air entraining odmixture — Darex
LIVERMORE VALLEY
PLAIN AN
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0 i i : _ . i
20 30 40 30 60 70 80 G0

DAYS AT 70°F  AND BO% R.H

FIG. 4 - EFFECT  OF AIR ENTRAINMENT ON SHRINKAGE OF CONCRETE

5 34 Scy., Santa Cruz Type II Cement, | I/2-in. Max. Size Aggregate,
4-in. Stump, Moist Cured for 7 Days
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Average of two 4 7/8 x 6x16 concrete bars
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After 4 min. of mixing at
200 | normal speed (17 rpm.) i
mixing conlinued at low
speed (5 rpm.)
100 4
0 |
20 30 40 50 60 70 80 90
DAYS AT 70°F AND 50% R.H.
FIG. 5 — EFFECT OF CONTINUED MIXING AND RETEMPERING ON SHRINKAGE

dan. Stumn., Moist Cured for 7 Days

OF CONCRETE CONTAINING LIVERMORE VALLEY AGGREGATES
5 3/4 Scy, Santa Cruz Type I Cement, | 1/2-in. Maximum Size Aggregaie,
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CRACK

350

4 7/8x 6x 40 -in. concrete bars
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steel rod

RESISTANCE

0
& 250
i
&
Wn._ 200 \\\\
- ~
w Il

150 A
" v
- s
5 100 7
= |/
L
b 50 -

Afier 4 min. of mixing
0 at normal speed (I17rpm)
mixing continued ot
. low speed (S5rpm)

5C »/
w 100
= HOURS W/C, GAL/ SK
z
© 150 =0 5.65 1
- e V4 583
= 2 \|.._-||||||_ 172 587 T
| ) \\\! e 3 6. 44
w 250 . i
o ~
M ....aia /.f.r
< ,.WOO T e l.ll/
o I~ ~
nn“.i..u wmo / /f..““”‘iw?ifl / —_—

SHRINKAGE T~ T Tmee
/ .ﬂ
400r— 4 w\mxm_x |6 -in. concrete bars J.../

450

0 15 30 45 60 75 20
DAYS AT 70°F AND B50%R.H.
FIG.7 — EFFECT OF CONTINUED MIXING AND RETEMPERING

ON SHRINKAGE AND CRACK RESISTANCE OF CONCRETE
CONTAINING WATSONVILLE CRUSHED GRANITE

5 3/4 Scy, Santa Cruz Type II Cement, | 1/2-in. Maximum Size
Aggregate, 4-in. Slump, Moist Cured for 7 Days

Fig. 7
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FIG. 8 — EFFECT OF BENEFICIATION OF LIVERMORE VALLEY
AGGREGATE ON SHRINKAGE AND CRACK RESISTANCE OF

CONCRETE

5 3/4 Scy., Santa Cruz Type I Cement, | I/2-in. Maximum Size
Aggregate, 4-in Slump, Moist Cured for 7 Days

Fig. 8
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