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In tae Hoveuber, 1)23 lssue of tae Crusaed Stoue Jourial;
the United States 3ureau of Publle Roads made an aniaouce.eit
in waicn tney declared, that tne results of ltnelr ressearca
and tests, saow tanat it 1s possible by appl,in; tane tneorles
developed by tae experiizents; to procuce concrete of wmuca
sreater unifor:iity and lncreased stre:ingta. Calef Tanos. d. .iac
Donald, lald tne fOllONll“ principles by wanlca tacse results
may be obtalned.

1. Tne abandoniient of volunetric proportlomi1¢ of a s re-
gates and the adoption of projsortioain; by wel ats as slaidaarda
practice. Inuncation will be recognlzed as a peruileole alter-
nate metnod for fine agcoresate, but welshing is preferred,

2, .laintenance of the lowest water-cemneat ratio wailcea,
with the particular type, srading aad proportioas of aggrejate
used, and tae astaode of filalsalng euployed, wlll pnroduce a
worgable, ca2nge and ualfora conzrete.

3. The sclentiflc sraciag of coarse ajgre;ate by co.aol-
natlon of separated gizes 11 eaca batcn 1. the porportioas
wialeh will produce the maxianum practicable dencsity.

4, The aoaqdoxnelu of tne nand finlsaing netnods ia favor
of macnine fialsning,

Tne principle wailcn 1s of very vital intzrest to all pro-
ducers of eltner gravel or crusaned clone; is [o.3.

One of tae aany rsasona for Lae lw*uia' Gow.l of tale pria-
clple was tnat segregatlion of sizes of aggresates occurs in
~storage plles wnlca nave been bullt up as a cone by dropnplilg
Jaterlal 1na ta= ceanter, Tae larcer particles roll Lo tae Dol-
tom of tne cone and tae simaller led e so.ewners beliwesa Lae
top and tae bottom wita Las giallest at tne top. Tne worst
casz2s of segurecation are found in piles bullbl up gy coaveylag
nocaiasry walch discnargece 1n one gnot oaly,., If, 1a addiuvioa,
naterisl iz resaoved by w loader fQﬁt woris arouuu tae edge of
nile :uny becous al.aost

tne pnille, thns core and tiae ton of tLac

entirely flae matorlal and tne nogce all 1¢r“@ ro2i. a sieve
qt:lysis froxm suen a pile 20 fz224 nicn gave thz following ra-
culvg: inis 3toves anglyolo was aace Oy tae Portland Je.azal
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It 1s nearly 1lapossible Lo aake (ood coacreve wita se -
rejaled wavsrials, Wasa tas couwrse rock 1o osiag 1ato tae
1lxer the coacrzte 1s narsn; waen tae canter of a su_re_ulzd
blls 1s beling uczd taere ls too auca filae aatesriual, Iae rs-
sult 1g porousg conzrzie 1a taz flirst coace zad wsad, Sodly
goncrete 1a thes z2cond., Suoregotsd aateriauls con 2e Goae
away witn Ly ULae appllca tiul of Priaciple [i0.3.

For the application of tals priacliple tae producar .auct
snlp his Jravel, not accordlas to a (lvea groadatlon exieid-
1ng Troa taz gaallest to uaz lu‘best glze a5 1g preceat-aay
practice,out, on the otqar nand, tas sravel uast g sepa-
rated and salpped 1a several u;ff<1 nb cizes, euca, as 1l-
lustration, as ¢ to J in., I to 13} 14., 2ad 1% to 2% ia.
Tixese geparate silzes will thza be coablaed at a czatera
PQroporvioning nlaut and ine proper quantitics of each bLatea
of concrets zadess Tals ugihod of proportioning 1s iuteuusa
Lo produce zoucrste of greater ualforalty and decuusz of Lae

S

ualforaly low volds tnus produced ia the gravel, an li-
crsased a.asouat of _ravel and a decreacsed a;ount of morlar
le readered poczlble, with no sacrifices ia streastn,

Taszre 1s no lost of streagth but ratier aa lacrsase
”cnoriiq; Lo ta2 priaclinleg of prop=2r proportioala;, gilven
bd Geor:xa A, 1001, Coasulting en;ineer, Prof2gsor of gStiuc
tural dnoigeering of tne Unlversity of Wilscoasia. He ¢ QZes,

For siven materials (lacluding water) aind ascuilng worse
acls alxturss only, tae followin factore gjovera tae ineory
of »nroper nroportionliy, namnely

1. Streagta of coucrete is deternined by tne ratlo of
L2 volunme of alxing water to tae voluae of zeneat, callsd
water-ce.ient ratio. Strenstn lncrsases 2s tas water-ce.ent

atlio dezreaces,

2. FOor tne gane wordZabllity, ta=2 strsacta of concrece
s lncreased by usliay coarser agoregsate, slnce coarssr ajg-
grecate raaguireg less water and rediaczsg tn2 watzr-cegsnt
ratio,

3. For water-ticat work, tne cize well as tae per-
centase of volds 1g laportant; tdazefore, car:ful attentlion
snould be [lvea to Lhe radlng of tas arsra ates,

4, Tne quaalty of ce.2znt and tae size and Sradlng of lae
asore _=2te afrfect tae sirengta of iae coacrste only 1. 30
far as taey affsect ine q1aultj or .lxing water aesded,

5., For a ivea nlx, tne gireasta of concrete 1s ilacrsas-
ed Ly 1lncrecs lQu ceament contant, or c2creasiiy; tne water
contzat,

The fact that tne Bureau of Public Roads 1s encourajiiug
tnece new metaods for concrete nroportioaia; will unaoubt-
edly result 1n thelr very wide adontlon and as tlae joes 04,
gravel producers will be called upon to salp gravel 1n two
or .ore, separgked sizes to be coubined 1a tazlr proper
proportlons at tn-: site of tae worg, The cdevelopxuent of a
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1ore unifora concrate nas nean qulte anparent
a:ld thne present actlon on utn= nart of Las 3ureau of. P Jllc
Roads was foresean by the 3ureau of Zagliaesring of the
Crusned 3J3tone Assoclatlon as a stro:ms; possibllity :ore

than a year ago. Coasequently, word was 1lmieciately started
in thelr laoboratories a.ud ihe laformation jala waes glven
Lo tne crusaed stouas producers.

Tnerefore tae gravel procducer is aaturally laterszsted 1.
£nowlng what affect tnls new metaod of concrete pronortio-
ing will nave on nls procductlon problens. Priacinle [io.3
stateg that tne coarse eZsrsgate 1s to be ¢oiplied 1a eacn
baten in taose proportioig wnilca will produce tne .uaxi-
aum practicaeble cdeasity. Tals, in pe.ieral, .ieans tae cou-
blaations of tane varlous sizes of _ravel 1a sucn a way taat
tne swallest percentagce of volds will result. Tane purpnose
of thls taecsls 13, tnerefore, to ceterilne wiaat couablina-
tions of sizes will ilve tne lowect percentase of volds
and also what varlatlon aay be nade ia tae proportioms of
the differeat csizes winout lncreasiing tae volds appreclably
over ine :miniuumn,

desglre for 10
e

'J

ietnod of Procedire

Mor tne nurpose of tals lQV“Sui satlon gravel of a
ratn=r ood quallty was used., It was scresnsd 1lnto elgat
different sizes as follows; 1/3 - 1/4 in., 1/4 - 3/3 in,,
3/3 = 1/2 in., 1/2 = 3/4 in., 3/4 - 1 in., 1 - 1% 1.,

1% - 2% ia,

The 1/3 - 1/4 in., 1/4 - 3/8 in., 3/8 - 1/2 1n., aacd
1/2 - 3/4 in, sizes were then combined in accordance wiin a
straight line gradation. A strai;nt line on a mecaaanlcal

nelyses dlagran indicates a uniforn gradling size, Tne me-
~naq1ual analysis of thlg coablnation is snown as curve
Mo, 656 in Fig. 1 . Tals required 20% of 1/3 to Y/4in.,

20% of 1/4 to 3/3 1a., 20% of 3/3 to 1/2 in. and 407 of
1/2 to 3/4 in, sizegs,

Sinilarly tae 3/4 to 1 in. and tne 1 to 1} in, sizes
were combined in tne proportioag of 33 1/3 per cent of tne
3/4 to 1 in, aand 06 2/3 per cent of tnz 1 to 1% slzes, tals

straisat line gradation 1° caown 1n curve No. 11 1in FLo. 1.

The 1% to 2 in, aad 2 to 2% in., slzes were coadlned in
equal proportlons to produce a straliat line gsradatioan
gaown 1. curve jo. 1. in Flg. 1, Tnese three gizes, eacn
naving a sutral:snt line :ecnanical analysis curve were inen
coabined in 66 different proportions having mecnanical a-
nay sés all saown in Flg. 1. It will be noted tnatl tnese
nechanical analyses curves cover tne entire field of poss-
ible combinationg for these three different sizes, Taese
combinations are aleo saown in tne triaxial diagraan of £l
2, As thig dlagraa 1s very convenlent for showinj; tnes ef-
fects resulting froa the combinations of taree sizes of
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gravel 1In different proportions 1t will be well to explain
it briefly.

Zacn point on tne dlagran reprecents a iven coadlaa-
tlon of the three different slizes of materisls and tne per-
centage of eacn cize 1s represeanted by tae perpendicular
distance between tne polnt oa tae dlagram and tne cide of vlne
trianle wnich serves as th2 bass liie for iae slze uncer
co.slderation. Thus, polat lo. 42 1a Pl;. 2 repreceats a
material nace up of 40 per ceat of 1/3 to 3/4 1a., 20 per
cent of 3/4 to 1} in., 30 per cent of 1%} to 2} ia. size,
Sinmllarly, polat No. 11 represents 100 per ceat of 3/4
to 1} in. and O per ceat of the other glzes.

From tnls dlagram 1t can be se=n agaln taat all iae
possible combinations of Lne tare: batcaes are cowvered,
The 1/8 1a. size was chosen as tne suallest slze uszed 1a
tals iuvestigcation because staadard coarse 2 cre at8 spe-
clficatioas perait not more tnan 5 per cent of tae agjre-
gate to pass a sieve naving opening 0.185 1in. square, a:.d
by extending tae ainlauwa size down to }/3 ia., tne perals-
sible anount passing tac 1/4 in. screea willl approxiuately
be obtalned,

The procedure in testing was to welga out D0 pounds
of the comblned slzeg wnlcn were tnen tnorougnly alxed.
Tnls mixture was snaoveled into a standard American Soclety
for Testlin; 'faterials one-nalf cublc foot wmeasure. Tae
tecsts were made 1in two ways, first, by loose measura.acnt
and, second, by tne standard A.S.T..[. rodded metaod. Wnen
the loose geacurexnent tezts were aade, the naterial was
snoveled into tae measure and girucz off. Tae rodding test
calls for filling tns neasure one-talrd full, rodclng 25
tines witn a 5/3 in. by 24 in. bullet-pointed aetal rod.
This process was repeated tares tiass aad tae couatalaer
was leveled off aad wel_ned. Tae wels-ant per one-nalf cudlc
foot determination was repeat=d twice for eacn aetaod of
f1llinf tne an=zasure and the averag2 was obtaliaed for eaca
metaod. Wnen one detzrilaation did not agrec wita iae
otaer witnln one-nalf pound, a talrd deteralnation was
made, aand tae averace taden. In oualy two cases was tals
necessary. Tane percenta’e of tae volds was calculaied as
follows,

wt. per } cu. ft.
Perce:ntace of volds = 100( 1 - e
sp.or. x 31.17773

A sanple of tne zravel wasg obtalned by tne quarter-
ing metanod from tne 1 to 1} in. size, Tnen tae specific
gravity of eacn stone was found by weligniag eaca oie out
of water and in water, the difference of Lne two wel_als
save tne loss of welsnt 1a water. Thnen dividilag tae walgat
of the stons out of water by tns loegg of weigat in water
pave  tne gneclifice gravity of that plece of (ravel. Tae
averase of all was ta.en as tas specific cravity of tae
gravel used, In Table 1 thne welgat per nalf cuplc foot
and tne perce.itace of volds are saowa for bota loose aua
rodced co.adltlon. The results glvea 1n tals table for voles
are plotted 1in Filgs. 3 and 4 on trlaxial diagraas.
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The linss are contour linsgc of equal volds, The spzcific
cravity of tas gravel used In tals iavestlgatlon was 2,70,

Dlicussion of Regcults

Referring flrst to #15. 3 walcn represents tne volds for
tne mgnaterial 1in a léose conditlon in tane nalf cudsic foot
neasure, it is evicent that tne lowest p=rcenta:s of voids 1s
obtained witn :racding Mo, 3). Tals material 1s composed of 40
ver ceat 1/3 to 3/4 in. size, O p=r ceat of 3/4 to 1% 1i..
slze and 60 per ceat of 1% to 2% in. silze. Tner ars ano 1a-
termediate sizes in tne nix. Tne percsntage of volds for tals
gradlns was 32,5. It can be seenl that as 2ors aad @ore in-
terinscliate silze 1g added to th2 nlxture taers is a _easral
tendency toward an lacreass In iths perceatase of volds,

Obviously 1f every procucer were requlred to furalea
gravel graded to nave tne very mialnua of volds oa a loose
measurenent o, 3) or naaely- 1/3 to 3/4 ia., 40 per csab;
3/4 to 1% in., 0 per cent ; 1% to 2% in,.,, 6O per ceat, laers
¥ould be the necsssity of disposing of all of tae 3/4 Lo 1%
1n, size for goa2 olaer use tnan for road concrete, Tals
would be a wastcful procedure and would nagde tae productlol
of gravel nmore expsnsive. On Lae otaer aand 1f a low per-
ceatage of voids, a few p=2r cent .1ore tnaa tae .alalaud ls
peralssible and 1t obviously would nave to be perialssiovle
to max«e la2 general screne nractlcal and workanle, tae fleld
1s opened up to a reasonadble ran.e of slzes, Thls poluw 1is
well 1llustrated in #Fis. 5 1a wnlcen are plotied taes .aecaanl-
cal analyses of :nlxturegc naving witaln 2 per ceut nicasr
volds tnon tas mlnlaaa, Taness nlxtures ars as follows:

1/3 - 3/4 1a. 3/4 - 1% 1a. 1} - 2% ia.
30 0 70
40 0 - 30 60 - 20 %
50 0~ 10 50 - 40 %
60 0 - 30 40 - 10 %
70 0 - 20 30 - 10 %

If the lowest practiccbla nerceatagce ol volds on a
"rodded™ basis is requiresd and tae word "practicable" is
iaternreted to mean witnia 2.5 per cent of tae :lalaua
possldle percentace of volds, a raace of gracatloans walca
wlll satlisfy tne requirensats i1s saowa 1a (rapaical fora
as Fly. 6. Tnls possidle range of mixtures ic seen to de a3
follows.

1/3 - 3/4 in. /4 - 1% 194 1Y - 2% 1ia,
40 O-= 20 60 - 40 7
60 0~ 20 40 - 20 7

Thne closer to the absolute alal.aum perceatuss of volds
required by the specifications, tane 1ore rectricted is tae
rance of coablaations of slzes, but tae dlegraas i figs.

2

3 and 5 or 4 and 6 will show tne avallanle coabl.atlo.as
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necessary to producs any desired percentase of volds.

In tne precedin; discussion 1t sno.ld not ope 1lafer-
red taat tne lowest percenta:e of volds referrasd to is
tae absolute aialaua taal can be obtalned but 1ls aerely
tne minixnun waich was obtal..ed witan tne thnree glzesg of
gravel used, eacn of walzh nad a straignt line Sradatioa.
do doubt a still lower perczeantace of volds could be pro-
auced by speclal gracation of taz taree sizes used but tals
would be a ratasr difficult procedure froa tane opsrating
standpol.it and tae slint decrease in volds walca .ulgnt
thus be obtal.ied would probably not warraat tas extia
cost lavolved,



Table X
Wel-hts Per Half Cublc Foot and Percentages of Volds of
Gravel ( Speclfic Gravity - 2.7) ) Graded as Saowa 1a

Fl-oures 1 aad 2

Loose Rodued
Grading Wi, per Per cznt dL. per Per caut
No. Cu., L. Z30lids Voids Cu, ft., Solics Voics
1 43,3 56,2 43,3 £2.00 53.8 40,2
2 47.75 55.0 45,0 52.5 ol.5 33.5
3 43,3 50.50 43,44 54,25 2.4 . 2T.0
5 43,3 50.2 43,3 54,20 0C.4 37.0
6 51.09 53.7 41.3 5.30 o7 4 32,0
7 £C.J1 £3.5 41.5 54,37 62.5 37.5
3 50.1 57.5 42,5 54,17 62.3 3T.7
9 49.65 57.1 420) 5"*07 0203 3701
10 43,2) 55.5 44,5 53,70 01.3 33.2
11 43,41 5.0 Ly 4 £3.34 cl.2 33.3
12 50.3 57.3 42.2 55.13 53.5 2Ge5
13 52.51  G60.4 33.5 56,4 $5.0 32.0
14 £52.52 0.4 3.0 55.7 4.1 25439
15 52.70 60,6 34 50,92 05.5 4.5
146 53.42 61.5 33,5 50,34 0S.4 34400
17 52,35 602 33,3 50,2) Od 0O 254
13 52.07 £J).3 40,2 50.70 0962 2443
13 51.02 53,7 41.3 52413 03.5 3945
20. 51,51 532 40,7 55,05 63,2 30,3
23 5351 €l,0 3344 57,73 A 3540
24 54,12 62,2 37.8 53.23 7.0 3340
o5 S4,9 03,1 20, ) 57.37 QL5 33,
20 53,11 6l.1 33,9 53,04 GGeO 3304
o7 52,63 60.5 3J:5 57,70 0L 4 3346
23 52,51 60,4 3).0 E7.05 DO, 2 3.3
2) 52,13 00.0 40,0 ET.02 03,2 23.3
50 51.53 £Je¢3 40,7 57«00 QU 2 22,3
o1 57.13 05,7 24,3 G0.23 ve2 2043
32 51707 6209 3701 '\30053 U)o\S ;th’
23 £4,35 62,5 3745 5J¢91 R J1.1
24 S54.7T 63,0 370 £J.50 63,0 1.4
25 54,34 02,1 20,2 00.55 0.0 3004



Tanle 1 couatlau=ad

Loose Rodced
Gradlng Jt. par Per c=nt Wi, per Per ce.t
No. Cu., Ft. Solids Volds J4d. FL. S0lids Vvolas
26 4,13 62,2 37.3 £3.33 073 20,7
27 £4.23 52,3 27.7 £3,01 Ol W& 22.0Q
2 53,040 075 32,5 cl.0% T3, 2).1
40 E7.25 05,3 24,2 61,63 T0.J0 2).1
41 535,04 GE.0 2404 61.25 TOo4 CJ.0
42 £5,73 &8%.%5 24,5 5).41 G3ud 31,0
43 .02 G4, 35,2 5904 6J).0 1.9
44 E5.72 04,0 33,0 5).03 03.0 31.4
4LE 54,53 02,3 37.2 53,397 073 32.1
49 £3.55  o7.3 32,3 50,3 72.0 30.0
47 53,0 07.3 22.0 00,00 0.7 Ced
43 56,33 0S4 4,6 60,73 GJ.3 30,2
49 55.71 @é.p 35,0 5J.95 07,0 51.0
50 5Z.J0 04,3 35.2 00.3) 0.5 505
51 55.51 03,9 30,1 5J).2J 63,2 31,3
52 5740 C5.0 24,4 03.27 T2, 7 Zre3
54 57074 0605 3}05 61-3? 7005 2)05
55 E’?o“r'? 6\).0 34.0 60033 6)00 3\)0‘11‘
57 E3.,86 07,3 32,7 STOMR 70.0. 30.0
53 53,27  07.0 33,0 00.24 0J.2 30.8
5. 57.37  G5.0 34,1 £3.42 G3 ek 31.0
60 5204 835.7 30.3 50.77 93.7 21.3
01 £2.23 63,7 20.3 00.3) 70.1 2J)eJ
@2 56,02 24,5 05.5 .7 Udel 3l.4

65 4,63 6243 37.2 £6.91 65.5 54,5
60 52,71 60.6  33.4 55,34 G5.4 4.0
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Percentao_ e of volds 1n ravel. Loose leasurs-
ment In A.S.7..0. cstandard ozxe=nalf cublce
foot neasure,

EZanple of uge of dla_rai.
Polnt A reprecents tne
followlng gracation.
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ntaze of volds 1n gravel roddsa 1n AL.35.T...

Perce
standard one-nalf cublc foot measure.

Lxample of use of dleograi.
Point A reprecents
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wschanical analycses of _“ravel havin; low perceatags
of voidsg, loose measure.sat.

Volds are witnin 2 per cent of tane lowest posgsible
wilth the three sizes 1/3 to 3/4 in., 3/4 to 1} 1.,
1% to 2} in., used in varlous comabliaations.
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lecnanlcal anoylees of gravel,
centage of volds,

- Measurensnt,
Voicdsg are witnlian 2

possible,

witn tne

staancard A.5.T..1.

3/4 to 1% in., 11 t
conbinations.
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