
13.

rpABL£ I SUCCESSIVE iTRUSHISO Of -fr**»3/6" DOLCICTE.

3ISVE
SIZKS

% BY 
WEIGHT ̂

TOL*!* BY 
V7T. jWEIOHT

cm.i
; rst.

I i  FT
WEIGHT

CUM.*
TOT.

t  BY
WEIGHT

cw.i
RET.

3/8"
1.

66.2
2

66,2
1.

46.1
3.

■ 46.1 37.5 37.5 (.9<& tS.fc 
*

*9.7 j 58.9No.4 22.0 98.2 28.6 74.7 £8.9 66.4

H<>* 10 6.1 96.3 IS .4 i 90.1 j 18.6 85.0 21.1 60.0

f.S.40 2.6 98.8 6.8 • 96.9 10.3 95.3 12.8 92.8

MO.100 0.6 99.3 1.1 : 98.0 j 1.7 97.0 2.5 -25,3
PAH. 0.7 446.8 2.0 1405.8 ! 3»-Q 381.2 4.7 336.2

100.0 100.0 100.0 100.0 100.0

QRJSUXNO 
RATIO s l

448.0.
•o.ef >0.935

I

5. 6.

3/6" S4.6 24.5 17.8 17.9

No.4 28.5 53.0 29.8 47.6

HO. 10 22.5 75.5 23.5 71.1 |

U .S .40 13.1 90.6 17.5 88.6 '

NO.100 3.2 93.8 3.8 92.4 ;

PAH. 6.2 337.4 7.6 317.5 j
1 —---
! \00-0 100.0

»
*

GHUSHIW 337^  
RAil- ' 3S6.2

!

-0.948
317.5
3 3 0

0.342,
1

■ • 1

.

i
10.

—— - | 

]

3/6" 8.8 8.8 | 8.9 8. i> |

No.4 ■ 26.4 35.2 2-1.1 33.0

NO. 10 26.3 M. 3 2t>.9 56.9

0.3 40 21.3 82.8 2;:. 2 81.1

No.100 5.6 66.4 1 .1
PAN. 11.6 ,276.7 li .6 269.1

100.0! lOC.O

CRUSHING
RATIO

£76.7 „
» 29072 n0'9™

26S >1 j gi»»
f w S  " 0 , 9  8

12.4 12.4 

27.0 | 39.*

24.7 • c ;.i

20.5 04.6

5*1 9*«7
10.3 .290.2

100.0 i
!
- 0.96*

6.3 • 6.3

22.0 ' 28.3 

26.4 34.7

24.1 I 70.8 

0.9 ' 85.7

14.3 !263.8

100.0 i

m s  "°*ge3 f o  * •* * *

23.4 I
_  I

16.4 227.7 

100.0

s r* .* * -* - s h - h  aa
I i L _ I



FIGURE 2. Final Gradings after 16 Cycles of Degradation.





in size than the dolomite, i.orite, end quartzite.

(b) Gradings which fell close to those represented in 

figure 2 will probebly show relatively pood reaiatanoe to 

break-down in practice.

(0) From the point of view of breakdown, denser grading*, 

necessitating lens rolling, should be selected in preference 

to obtaining the ultimate pruding by degradation under ro]\inp 

and traffic..

(d) Tha final pradinpn are only slightly different from 

the dense gradinra suggested by Puller (49) and Rveem (98).

Th: .̂ ff'-flt of the Shape of Stone.

The effect of shape on tho crushing of stone has been 

enphasisod by Clranto (2 7 .b} £>nd by the ^edieh  Road Insti­

tute (lS9 .o ). Shelburne (144), ho\. >ver, negleotod the

effeot. Tho work by Walker (178) indicates that flat and
i* ‘t..;

elongated particles in small amount do not affaot the streugth 

of ooncreto deleteriously. Reaearoh oorried out by 

Gil'-.ey (173 .a) disproves this idea.

Markwiok (lO*) defines ’’shape" as the extent to wfcloh a 

particle may be said to be flaky or elongated. Reywood (65) 

explains 'jertaJn daftnitions pertaining to »tone shapes.

Reasoning from first principles ahows th*t a oubioal 

stone has a larger moment of inertia and consequently possesses 

a "reat'ir beatn strength than a flaky stone of sinilav lon/rth 

falling in the ~ame sieve denomination.

Table I I I  and figure 3 show t*a results of Buooenatve 

crushing on 200 gci. quantities of norite having different 

shapes, from whioh It is apparont that

(1) iSlonpatod norite is superior in reslatauoe to 

breakdown, whioh ie etsily explained by tho following fact: 

two oubioal stones placed end to end longitudinally would, 

if the oontcot faoes *.ore perfeotly smooth, repraront an 

elongated stone in the same sieve denomination. Two flctcy 

stones plaood upon each other would, in the same way, represeat 

the ohrpe of e oubioal stony. An el *ivreted stone, though, is



FtCURC 3. Cff»ct of Shape of Stone on Final Grading after >6 Cycles of Degradation.
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superior to a ouMccl cue only if its length f.oso not approach 

that of e lath, in which opse it would be less rests tant to 

break-down then e cubiool stone of sinllar sieve denomination.

(ii) Tho emounts of fine nater U  are remarkably con­

stant, particularly ai'tar one oyole of crushing, proving that 

the differences in proportions occur not so nuch in the fine 

raste^ial formed from attrition as in the larper fi«igment8 

oreeted by rracturo. 

noncluslons: -

(a) Cubical stone is more resistant to comminution 

than flaky material of the same size and should be used in 

preference to the latter.

(b) Although elongated stone is often more raplatant to 

fracture then oubioal stone, the latter should preferrbly be 

used in praotice, since it allows for bettor packing end sta­

bility.

ha gffect of Oredlnp on the luTsletrnoe _t^ qrushlqg. .

Figure 4 represents the crushing ratios of thepradinga 

used previously in the successive orushing tests of cubical 

stone. The *Dn values which are plotted as abacissae are 

four.d fr?a the denominator the crushing ratio formula,

i .e .

"D" Value - The sum of the cumulative percentages retained 
on each of tho sieves before orushing.

Conclusions :-

(a) For uniformly-sized stone, -%in. * 3/8 in. in size, 

with a MDn value of 800, the ohange In D value is rulatlvely 

large for all the aggregates. This lndioates that open grad­

ings possess a relatively low resistance to breakdown.

(b) "Dw values are ultimately r&aohed, in the region of 

300, where the ohanpes in "D" value beooma smell, i .e . little 

orushing telcos plaoe. (Jradings in this roglon ropresent dense 

gradings In which the areas of oontaot of the oonstituant 

pertioles are large, <rlvlnr: rise to adequate distribution of

superimposed forces.

(c) The slopes of the lines, and particularly their
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positions, give an indication of the susceptibility of the 

aggregates to orushing. Norite, for instance, la muoh more 

sensitive to crushing then basalt. (The dolomite line oould 

perhapa have been drawn more steeply if more weight had been 

given to the points on the left .)

(d) The dolerite and basalt lines lie relatively dose  

to eaoh other, lndioating that they possess crushing susoep- 

tibilitles of the same order of magnitude. The other three 

aggregates, however, differ fairly oonsi«1orably in their re­

sistances to orushing.

Tho 3ff«ct of e Variable Crushing F^roe.

The argument os to whether light or heavy rollers should 

he used for the compaction of surface-treatment aggregates 

har long been pursued, firm, dense surfaoes can more easily
•

be obtained bv using heavy rollers, but are only achieved by 

incurring more crushing of the aggregate. Many road carpets 

arc densified only after long passage of traffic whloh frac­

tures the protruding stones and foroes the binder through their 

tr.terstloes.

A series of experiments was run to show how the degra­

dation of uniformly-sized stone varies with variable orushing 

foroe.

Quantities of sorted in. * l'/8 in. cubical stones of 

the five aggregates used before, were weighed into 200 gm. 

betohes in nixing bowls and were orush^d (aocordlng to the 

orushing tent desoribed before) under pressures of 330, 660, 

1750, 2700, 3500, 5200, and 7000 lb. per sq. in. Tho 

orushed materiel was sieved, weighed, and the orushing ratios 

oslculsted. figt're 5 represents the results.

(1) The shapes of the curves are significant. For sorll 

loads the slopes of the ourves are gentle, then they beuoiae 

steeper and eventually flatten again. Beyond 6000 lb. per 

co. in. the gradings ar? already so danse that an increase in 

loed effects but a nmall increaso in orushing. Table IV gives
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the gradings represented by the final points on the ourvea.

(11) The five types of aggregate nay be arranged as 

dolerite, baaalt, dolomite, quartzite, and norite, In order 

of increasing or ishinp: susceptibilities.

It in necessary to know to what extent the crushing re­

sistance of e batch of aggregate is affected by the presence 

of flakes.

To aooertnin this, batohes of -i in. ♦ 3/0 In. aggregate, 

weighing 200 gm. and containing 0 , 10 , 20 . . . .  100 per oent 

flakes and 100, 90, 80 . . . . .  0 per oent cubical particles, re­

spectively, were crushed in the writer’ s teat at 2500 lb. per 

sq. in. and the orushed material sieved end weighed.

Figure 6 and table V show the reaulta of this teat. 

Conclusions: -

(a) The positions of the ourvea are lndioatlve of the 

>ru«hing suscept:bilitles of the aggregates. Norite is the 

most sensitive, then quartzite, dolomite, and basalt and 

dolerite, respectively.

(b) The relative ateopnosa of tho curves show* that 

flakes greatlr affeot tho atruotural strength of a batch of 

etone.

(c) From the point of view of resistance to degradation, 

100 per oent oubical (angular) norite, for inatanoe, la 

auperl.or in quality to 100 per cent bspalt or dolerite of the 

same sieve denomination, although the latter rocks are far 

superior in strength to tho norite. Thla ia conclusive evi­

dence that the use of the ocrreot type of aggregate may oe 

negated by the use of flaky instead of oubioal partlelea.
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CHAPfZR IV.

Accurate design of the aggregate ni^es in a binder- 

aggregate system according to metioulously-prepared grading 

ourvos ip. often frustra^.od by the breakdown of the aggregate 

during the compaction of the mixture. Whilat it it, impon- 

aible to establish a relaf.lonchip between the grading of an 

aggregate before and efter oonpuction whioh will bo of uni­

versal. oprlioaticn, the nature of the comminution prooesn may 

bo predicted if the effeota of the salient factors involved be 

studied. ,

Reviow of the Literature.

A study .of the Literature reveals that it includes but 

scant quantitative data on this subjeot. Ilncnaughfcon l103) 

points out that in servioe the partio’ ea in a mixture ore re­

arranged and pressed oloser together, with consequent frinding- 

off of corners, increase in fine material, decrease in voids, 

end possible develojinent of instability owinfe to exoops of 

binder. The wrltor considers that the proportion cf binder 

should bo so adjusted that the voids existing in a mixture 

during construction are filled only after a relatively long 

period, a’ th tgh special conditions mav require a higher 

proportion of binder.

The pr«*ant venearohca necessitate an investigation of 

the question whather road binders aot as lubricants, i .e . faci­

litate compression. Kohler (3 8 .a) believes that ro^d tar* do 

not exert a real lubricating action in the sense of reduoing 

the friction, and thot compression actually takes place 

more slowly than in the dr" mineral mans. It appears that 

Kohler performed his experiments at 25°C. and for this 

tanperature hlr statement bo valid. It lo believed,
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nowever, thet lubrication occurs at more elevated tempera­

tures. In this connection Qolflbeok (58) reports that pave­

ments compress no re In hot than In cold weather.

The atater^ent,

" ................. a bituminous coating (RC - 3) afforded
..............  protection ageinot uegrndation of aggregates,"

has been raede by Shelburne (147) without reference to tem­

perature condition* which obviously affoot the issue. It is 

oubtfal whether the asphalt cut-back used by Shelburne In 

his field expsriments was sufficiently viscous to exert a 

protective influenoe on the aggregates which he compacted. un­

ices an increase occum d  in the visoonlty of the binder 

during the nromlx prooess.

3artholomaei (16.b) also stages that with a binder 

r;«»ent the particle disintegration is less than with unooated 

ag?repao*3S, bat he fails to make spacifto mention of the 

>' affect of tho viscosity o'* the binder on the compression 

rroeess

’Vith doe respect to the views of the workers mentioned 

ebove, but wit/' no definite information on the subjeat, the 

■sriter began the investigation of the problem stated beipw.

Doos a bituminous binder provide « cushioning motion in 

•  oompresslble mineral mass?
#

To answer this question, work wqb done

( 1 ) ft constant temperature, with

(a) the size, end (b) the type of stone as 

variables, and 

(8) at variable temperatures, to i«v«atigate tht

change in meohanioal analysis of mineral aggregates 

at all he temperature* likelv to exist on the roed.

, l )

soloe of a Grading.»#■<»»»». ■■ — ■ m ■■■■■» ■ ■ »

An opan mixture, oonsi3ting of uniformly-sized pertioles, 

emod most aultsble sUice

(a) the oo.ir'lnution in open mixtures oonpared with that



in dense mixtures is more extensive, and

(b) the tests on opsn mixtures are truly oom^irative 

froja the point of view of uniformity: the presence of flues 

would interfere with the homogeneity of the mixtures.

Choioe of a Test Temperature.

The temperature usod was 550C., becaune

(1 ) it was above the softening point temperature of 

the bitun*nous binder used and would therefore probably 

give rise to lubrication if lubrication was possible, anu

(ii) the viscosity of the binder eraplcyad was of the 

same order of fluidity at 55°C as that of bltunlnous out­

backs under service conditions.

Size of Stone a.? Variable.

Experiments wore oarrled out on the fraoture of 

-$ in. ■* 3/8 in ., -3/8 in. ♦ No. 4, and -No. 4 ♦ No. 10 

fractions. In order to reduce the variables to a m'aimum, 

dolomite was selected for these tests.

Firstly, orbical ohlps, -h in. ♦ 3/8 in. in size, were 

used. A straight-run bltumon of 20C deoimilllmetreo pene­

tration was employed as a binder. The bitumen-aggregate 

mixtures were prepared by weighing 200 gms* of the aggregate 

into a bowl 0.S5 per cent bitumen by weight. 

(Allowance was made for the binder remaining in tho dish and
0

for that adhering to the spoon end stirrer at the end of the 

test by adding extra bitumen of a predetermined emount.)

The mixture was heated on a hot plate to a oonsisteaoy suf­

ficiently low for each atone Just to be enveloped In bitumen 

on stirring. The coated stones were transferred in fr dessert 

spoon to thu mould whioh had been heated in an oven at o5°C. 

for an hour. The coated stones were lightly tamped into the 

mould by means of tho spoon and the mould and i. ta oootent.s 

were allowed to 6 tond on ooi'k in an oven, regulated to 55^0. 

for an hour. Then the mixture wa.*1 compressed at 2500 lb. per 

aj. in. Duplicate tests wore performed.

Tl'.e t«jnt prooouure wes reooetad with 0 .5 , l»0, 1*5,

2 .0 , fc.3 , and 3 .*  per (sent binder by weight and with



-3/0 in. * Mo. 4 end -No. 4 ♦ No. 10 stone usir% percentages 

binder shown in figure 7.

Extraction of Bitumen: -

A series of extractors somewhat ainilar to the appara­

tus used by Zube (191) was employed, their design being 

based on the description given by Smallwood (153). Large- 

scale research, however, seemed arduous with these extractors, 

and since the extraction process formed only a seoondary port, 

of this section of the work, the writer dcoidod to make use 

of a rapid extraction method of his own.

A number of 8-oz. bottles with water-tight screw tops 

uas procured, any number of which oould be used simultaneous­

ly. A oompressed speolmen taken from a mould was gently 

transferred to a bottle and the bottle was filled with benzol. 

The mixture was left stationery for 12 hours, and shaken at 

intervals of 2 hours. At the end of this period the c! -an 

clippings were poured onto a Tyler flo.100 sieve and was.^ad 

with dean  benzol until no traoes of bitumen were left. The 

dry aggregate war sieved and weighed after evaporation of the 

benzol. The -No, 100 material was assumed equal to the dis­

crepancy between the initial and the final weights of the 

aggregate. The test results are given in figure 7.

(I) The curves of the crushing ratios plotted against
*

the percentage birder are cusp-shaped.

(II) An optimum percentage of binder exists at ».nich 

a maximum amounc of oruahlng takes place.

Conclusions.

(a) The downward trend of the curves disproves the 

oushionlng aotion at normal binder contents, suggested by 

sume investigators. The amount of pertiole disintegration 

•otuolly increases Witt inoroase of binder, owing to the 

lubricating aotion taking place. Lubriontlon is accompanied

y an increase in d e n s i a n d  by a change in the meohanioal 

nalysis of the nggregote.

(b) A point is reaohed at which maximum degradation 

takea plaoe, viz. at E.O, 4 .0 , and 6 .rt per cent oinder
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(by weight) respeotivcly.

( o) T) j right hand portions of the ourves event jelly 

reach heights equol to the intercepts of the left ..'ind por­

tions on the vertical r.xla. At therje points "cushioning"

#gts in, viz. at 3 .2 , 5 .0 , and 9 .3  por cent Mndor (by 

weight), reepeot.4 valy, for the three size' of ng^regat<#. It 

will be observed that for tha -i in. * j>/S in. stone the 

"cushioning” effect is not perceptiK a, since 3.2 £«:• cent 

binder constitutes the maximur: on- rying o^pacity of the 

stone undar the test oonditionr employed.

Type of fltone us Variable.

The experiments were /epepted using different types of 

-J in. * in. eggre*r'tea, viz. employing norite, qunrtzite, 

dolerite, end basalt ±n addition &o the dolomite already 

tested. Figuro 8 i> a graphical representation of the 

results and teb’ e VI is k detailed example of the resuit/j for 

| dolerite.
V' ‘ ■ •./ ̂  * JWhIf! *

I Conoluslor.s: -
(a) Curves of the cusp type were aga'u form<*J, ^ith 

ouspe at 2 .0 , 1 .75 , 2 .0 , 2 .5 , and £.0 per cent binder oy 

weight, respectively (see figure 8 ).

(b) frith dolerite and tasalt, which are fire-textured 

rocks possessing relatively low binder-carrying capacities,
*

the curves do not reach the heights of the vertical Inter­

cepts, i .e . lubrioetion occurs over the whole rang? of 

' binder oontents.

(c) The positions of the ourves are Indioativr- of the 

*oru3hing susceptibility ohareoteristius of the aggregates

tested. Dolerite and basalt lie relatively close to e ^ h  

J&ther as regards resistance to crushing and are move rosis- 

ant than dolomite, quartzlte, arid norite at all binder oon- 

ents.

(2 )

The visooslty of a bituminous materiel depends upon 

ts temperature, the degree of variation being defined by

THS V T V iW  0FT?:<P7.R>TtTRB ATP TK1. TTF3 Og 
T F tT T lT W T T H j  ' TnTOCqn o T E !
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