
CHAPTER V I .

road atxuo t /tsc cbsy R r m m s R *  3 law dttrict cmrgni m .

A mathematical analysis of the fracture of aggregates 

e been attempted by Koster (09 ). Ho suggests that fraoture

0 not determined by a definite load but 'ey a defirite rata 

deformation. In a crushing operation the oryptal lattice ' 

■ovldlng cohesion in a rook must be elasticallydaformed, 

eter maintains that even the most brittle substances will 

Just themselves t )  b load which is applied sufficiently 

jslowly, and fraoture will not notur until the rate of load 

application or deformation hes reached a certain amount.

Thus crushing depends um n  the rate of load appli nation 

nd it can bo stated that the energy required to produoe 

'racture will be less with rapidly applied loads. This ia 

bably the reason why Jupaot crushing produces leaa finea 

than slow compressive crushing. (See also 1 5 .a ) . The lmpaot 

■ aruaher gives more cubed pertlolea than gyratory crushera 

lich tend to produce flats and elongations.

Investigations conoernefl -1th the relat.Ior.ship between 

. the aize f * •  tMbution of the feed and the product from primary 

©rushers, have engaged many workers. Sheprard (149), found 

that at the sane crushe* tatting the product from crushing 

friable atone contained noro fines than the produot from 

erushrng hard, tough stone. Those observations have been aub- 

|»tentiated by th writer who had found that In a Jaw oruaher 

dolerite and basalt were more reatitant to reduction In al2e 

than dolomite, quartaite, and norite, respectively. It has 

j|il5o boon ehow^ with *i.eva auslyede of the oruahed material 

|;tuat, for the acme aruefter setting, more fines are produced 

the lean resistant atones.

Many investigators have attempted to explain the
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ftich tend to produce flats and elongations.
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lohanisra cf j-’ushing, the work of Fahrerr*ald (44) rnd 

udin ( 50) being especially worthy of mention. Qaudin 

ilassifles rooks, from the point of view of oonminutioa, Into 

general olesees, (a) those which are structurally homo- 

ineouo (fraoture takes 'lace through grains and grain br-un-
K 1;
daries alike)-, nnd (b) those which ere structurally hatero- 

neous (fracture passes in preference throup^i prein 

undarias). Reference is made to Reultaln’ s slow-rootion 

iving rlotures which indicate how crblcal blooks are fcrokun 

In rolls.

Miller end Ser.lan* (107 a) have studied the abrasive 

eheracter of reeks affecting crushing r.aohlnery, and conclude 

iiat the abrasive vaiee of a rock is indicated beat by a con­

sideration of the orushing strength end imrect value.

The establishment of a law of orushing is recognised as 

being of primary InnortRnoa. Von Rittlrger statod a lew of 

crushing as followu, in 1867:

•The anorgy necessary for reduction of pertiole size is 
directly proportionei to ttho inorenae of surfeoe (1 7 3 ) ."

Rittinger's  law, which was deduced from rather orude

observations, may be assumed to hove been doflnite?y proved
KL *

iy Martin unci co orkers (106 ), Gross and Zlmraerley (60 ), and 

b*' Dean, Gross, pnd Wood (31 ).

A controversy arose whan Kiok (80) intrcduv hi® 

crushing law whioh states that

•Equal changes in oenfigurntion damend equal output of work." 

Thus to reduco a oube of edge if  to cubos of edge /gn  v^uld 

doitand n tlmen rs much work as to reduoe it to oubos of .idge 

Xf/o* It wo. Id seem, however, thet Oaudin, Grosa and .imnarlcy 

(53) have shown experimentally and rraihiially that Kick's

fcjrpotheais oannot possibly hold.

ItT^RTinATIOy OF THK BITTTffi?# LAW OF OMWifm. 

w light hrs been thrown on the Ritti^rer law cf 

wishing by its employment bv the writer for th® eluoidatlon 

ioralnutlon rhenonane in tha breakdown of rof.fi eggregatea. 

From observations of the finishing of flv* types of road



agate under variable ooarreesive foroe, the writer feels 

justified In stating that iUttinger'e lew has been proved

o hold under certain conditions. (Only the tests under con- 

itant losd w ill be treated here.)

The results of the auooessiva crushing tests in • 

ohepter I I I  serve ns excellent examples for this study. It  

has been explained how in. * 3 /8  in . cubical Atones were 

orushcd in o 2 in . d ia . steel cylinder under 250G lb. per 

sq .in . for 16 c y l e s  in succession. (See p .11).

Burface Arva Calculations.

The literature der.ling with surface area determinations 

wbp reviewed for on understanding of the fRotors involved, 

whence e method wos developed for the calculation of surface 

area factors.

’tost of the methods thus fsr employed for surface eras 

noa3urements heve been devoted to the eveluation of the pro­

perties of materials in the subsievo renge. Rohwoyor end 

Work (1 4 2 .a) have briefly reviewed the rwthoda that have been 

rroposed to measure these properties, which include analyses 

by naans of the miorosoope, ultranicrosoope, oentrifuge, 

fluperoentrifuge, elutrlator, turbidimeter, and by moans of 

sedimentation, edsorption, end permeability.

It hap bean realized thet the work expended on subsiove 

sizes during e orvishing operation represents a very large 

*ert of the total work input, For the determination of the 

su-'i'aoe area, therefore, the various assumptions as to whether 

the pnrtiele shope approximates to the s’-hefa, the parsllele- 

pirod or the cube, pley « subordinate role. The important 

footer is the "article  grading in the range of the finest 

pnrtio-irts, particularly when the fine materiel occurs in 

relrtivelv i,r,>e amount.. It will to noticed that the pro­

portion of fines in the materials crushed by th e a r ite r , wag

ralatlvelv low.

In oomj utlng th® ncrt «on» In c running, It In njo .sM ry

irnrfe.. i n *  i»o '.e r * . T h . " • < • " « «  • ! * • *  « f -E0°  

mesh materiel h a ’ frequently been taken os 0 .037  m.m. (5 0 ),



,a . half the aperture of the T>ler 200-mesh sareen. The 

ocedure of assigning a definite diem*, u j* to the -200 mash 

terlal haa been rejected by Bond and tfarisou (20 ), since 

t la known that different samples, all of -200 mesh, rnlglit 

▼a widely different grain diameters. Instead, the "median 

iai&ator" method haa been developed, 

rfacQ Area Factors,

The values usod by the writer for the calculation of 

Surface area are shown In table V II I , tJie values for th« 

different types of stone being related to taoh other by the 

tics of their speoifio gravities. These surface area 

factors show rcood correlation with those seleoted by 

Shelburne (1 44 ). He assumed that all the material passing 

the No. 4 sieve wss apherioal, and that that retained waa one- 

third cubes and two-thirds parallelopipedswith sldas of 

l:r .:4  proportions.

ffrarhlofil Representation of Rittlngor’ a Law,

Using the surface area factors in table 'ViXI and the 

dotri of the successive orushing tests described in ohapter H I ,  

urface area figures ware calculated. Table IX is tin example 

Showing the first throo cycles for the crushing of basalt 

in deteil.

jp < In figure 17 tho number of oyoles of oruahlng Has been 

plotted against, tho iurfnee eree Incroase In sq.olf. per gm. 

tesulta:-

(1) A eerier; of straight lines results from the plotting

Of tne calculations.

(11) For each aggregate tasted, there Is a straight U na

relation up to a oertain point, here called the "change 

Jo int", at whioh stage another straight line relation ooaot 

Into effect for all the aggreyatoa except norlte.

( I l l )  The dolerlta and basalt lines llo reletlvaiv 

ose to each other and so do tho norlto, dolomite, and

artslte lines.

90 luglona:

(a) Tho slopes of tho first series of lines, I .a .

58.
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:aele vin  surface area factors .

I
TYPE OF AGGREGATE

! i ' 
DOUERITE | BA£ VT j DOLOKITE <*JARTZI7E ’ NORITE

SPECIFIC CRAVITT
----------------- ,------------- ------- |-------------------
3.00 1 2.83 ' 2.87 2.63 3.02

SURFACE AREA FACTORS IN 8Q. CM. PER CM.



(.tCTKt for the Mke of brevity, oaly the firet 
three oyolee of orushing of basalS ore 
ahcwn for lllua^retlon of the amtfccd of 

oaloulatioa).

CYCLE
NUMBER

STANDARD
SISV33

No* 4

No. 10

U.3 40 

Ko.100

- 100

£ By Vt. Area 
Ret. | Ffcetora 

is  sq. 

cma.per gm.

74.1

17.5

5.0

2.3

0.6

C.5
iOO.G

3 /8”

NO.4

No. 10 

U.S.40 

NO.100 

- IOC

3/8" 

No.4

No. 10 

U.S.4C 

No.100

- 100

67.8

25.4

10.0

4.9

1.0

0.9

100.0

14.3

30.5

14.7

7.1

1.6

_ k 2

100.0

£.06

3.74

7.49

26.80

93.ro

374.00

2 .0«

3.74

7.49

26.20

93.60

374.00

| 2.<* 

3.74 

7.49 

* 26.20 

93.60 

374.00

Surface 
Area in 
aq. o n

U 2 .7

65.5

37,4

60.3

56.2

187.0
55'J.l

119.1

95.1

74.9

128.3

93.6

i 336.6 

847,6

Surfaoe 
Araa ia- 
oreaae la
•q.OJn ./«*•

I
559.1-206

B r

•  3.5

........ !

647.6-8Q6
100

6.4

92.

114.0

110.1

186.0

149.7

466.2

1130.4

l iS - A S S !
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tee from tho origin to the "change points** lndloete the 

ishing susceptibilities of the ag^re^ates. Thev lie in
■
order (1) bssclt, (2) dolerite, (3) dolomite, (4) quart- 

Ite, (S) norito from tho point of view of resistanoe to 

ishlnp;.

( ti) The feot that straight lines emanate from the

Pigin, prrves that Rlttlnger’ s law holds for the five eggi'e-

ites, i .e .  that "the energy neces3ary for reduction of 
article size is  directly proportional to the increase of 

rfeoe (173)'*.

(c) A rorusel of tho "change point" gradings and tha

iller grading in table X, discloses that the gradings are

ilatlvely olose co each other and to the Fuller grading.

Lnoe the lattar represents the densest grading possible

jr Atom  of -i in. ♦ 3 /s  ln. maximum size, tiie Rlttlnger

Lew seomt to hold for the comminution of uniformly-sized
.

Itone during buocossIvo crushing (as described ln Chapter I I I } ,  

m tll a grading approximating to the Puller grading has been 

tched.
' '  'T'

(d) From the "chcnge point” onwards, different straight 

Line relationships oone into being; for norite the neiw ra-

itionsblp follov.n a curve.



TABU X "CHANGE POIWJL. QHADIWG9

»t --------
TY7E or AOCKZOm

I f 1 •
Dolente ' Basalt Dolomite 1Quart*lt* Worit*

NUULER OF (JYJLE

{ i I i
11 I. 8. V  ?_____ S ! 4

POLLER
C3UDIIO

FRACTIOn i

3/8" 

-3/8"►jto.4

•U.S.iONodOO

-No.100

16.0 17.6 15.3

;

26.2 13.5 16

33.5 36.4 28.3 21.9 30.6 25

£2.1 £4.1 19.8 £1.0 24

17.1 16.3 18.6 19.2 21.5 17

4.1 4.0 4.7 6.2 6.6 7

7.8 4.0 9.0 6.7 6.8 Pjtt



A COTtBS

CHAPT3RVIT.

?!?H^TTON O / T.H FIELD BKHAVIOUR OF ROAD

The degradation of aggregates during the rolling of 

fcd surfacea often frustrate® the reaulta contemplated 

tho design. The formation of new aurfaoe area conse- 

»nt on the breakage of the stone In a bituminous mixture 

result in e lean mix looking sufficient coating and 

lisoeptible to ravelling under t rafflo.

If the amount of oomminutlon likely to occur be known 

*lcr to oonstruotion, due allowance may be made in the de- 

jj.gn for the extra aurface oreated. Conversely, a denser 

iding of aggregate may be adopted if  an open grading of the 

irtloular aggregate oauses excessive orushing.

Tha degrej 0-" breakdown in any road stone under the 

>ller m«v be predloted in advance by making use of the 

ishing tTSt, designed by the writer and described in tho 

rsoeding oliapterp. It is , however, necessary to oorrelste 

iforehand th=* servioe conditions *ith  the crushing test.

Slnoe the writer’ s crushing test Is carried out on a 

Lgld base usinr a relatively small amount of aggregate oon- 

Ined laterally in a rigid steel oyliuler and oonpacted by 

ilforo compression, e study of the disintegration of stone 

irtiolos under road rollers becomes an investigation of 

a effeot of a variation in these faotora in pr»c ioe. The 

ise is not neoessarliy rigid , except Jn the csss 01 a oonorets 

>undation. The superficial area of *he aggregats undergoing 

upoctlon is  usually relatively large, and lateral spread of 

is material is oftjn possible. Moreover, a kneading action 

css plaoe under the roller allowing for orientation of the

tone oarticlee.

frlew of th"  f^^araturs.

?u.iotlon of the Roller.

Oray (5 9 .a) bao furnlshsd en answer to the question

64.



at is rolling?” The function of tha roller is to apply 

oh pressure on a road surface thpt subsequent traffic 

Presses ere unlikely to produce further distortion. Tn 

a case of surfece troetment, rolling assists bonding of 

e aggregate and reduces the lnoonvenleaoe to trafflo by 

rmlttlng the u^e of quiokly drying bituminous materials, 

n general, the roller should be heavy enough to oojppaot the 

ggregote withoi ; orushing it: for hard, tough aggregates 

heavy rollais up to say 14 tons ere permissible. It has 

been suggested that ohippings might be set very firmly in 

position if  a rubber-tyred roller were employed, but the 

cost of fitting  a roller in this way is prohibitive, in viow 

of the limited use of such e machine (7 6 .a ), Tha dlsadvan- 

tspec of using ordinary pneumatic-tyred vehicles for com­

paction is the rutting that Is often caused by tharelatively 

narrow tyres, 

egeorch on the Rolling of Aggregates.

In 1980 the U .8 . Bureau of Vublio Roads undertook o 

study of construction methods on bituminous ooncretc high­

way projects (1 34 .a ) .  In studying finishing operetioua, the 

bauis of G'n^arison was the "rolling f aotor1' ■

Wheel wiJth x totsl distance ooverefl 
Area of eeotion covered •

roughly representing the number of times eaoh un't area was 

traversal by a roller wheel* With regard to the reduotion 

in thickness of base and surface oourses, it is suggested 

that, in general, the weight of the roller end the number of 

rollings above a certain minimum have I osb  effect on density 

than haa tho grading of the aggregate. It has tsen dis­

covered that rolling for ooareotion should be longitudinal,

and for sn^othnors, transverse.

A oiroulnr tasting traok was uced by aoldbeok and no- 

fcorkers (50) to illustrate the resistance to crushing cf 

E egregntea  unt’ l> re«d rollers. After 800 passes of *  roller 

tar ona ire 1 "ors of stone, the percentage passing a 

No. 4 sieve was u*ed *a an index of orushing. T r^p e r  (168)



ested the resistance of stone to breakage under rolling by 

«n9 o~ a roller breakage teat. The stone samples were 

lied in a small reotangular box and a "breakage faotorH 

•s  obtaina*. Th#> disadvantages of these testa are that 

otors are enoountered which do not appear in the field , 

noluding.

(1) a pronounoed edge effeot of narrow rollers,

(11) the lar*e e .^le  of nip (144) of small diameter 

rollers , and

(ill )  the twisting aotion IndueJd by small diameter 

circular tracks.

The difficu lties  were surmounted b* Shelburne (144) by 

friiidtug tne orushing produced by road rollers in oompaoting 

typical surfece-treatroent aggregates. Two types of bases 

were used,

(a) a flexible base, size 9 feet by 50 feet , consisting 

of a pre-mixed bituminous mat and

(b) a rigid base, size 8 feet by 50 feet , consisting 

of a concrete slab.

It  was found that, on an average, 2 .5  times morn degradation 

took plaoe on the conorete slab than on the flexible bass 

when tho degree cf degradation was measured in terms of the 

‘ norease in surface area of the aggregate. 

yield tests by the writer.

Verification in the field under construction conditions 

was considered essential for conclusive proof of ihe labora­

tory results.

preparation of the Aggregates:-

Five different types of aggregate, dolerite , basalt, 

dolomite, quartzite , and norite, were oruahed in a Jaw 

rusher until a large amount of -if in . ♦ 3 /8  In. material 

a available . The flakes and elongated pertloLes were dis­

carded by using the gauges described in B , 3 S .  812-1938 (B4) 

Wooden frames r*ere prepared with f  in. by 1 in . laths 

rinus jnslgnis , purpose of the frames being to nepar- 

te the different t'-pas or aggregate from <jaoh other under
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« roller. A soft wood was fthoson beoeuse It would of°er 

t slight resistono^ to voi-tlcal deformation while tha atone 

s being crush 'd by the rorca, supplied by the weight of the 

llor. Tha frames wore 6 in . square Inside and ono inch 

gh.

Tha binder-coatod eggrogatea were prepared by mixing 

the five typos of aggregate with l.fi par cent (by weight) 

f binder, two types of binder being used. The first , a 

800 penetration streifht-run bitumen, wrs chosen to ropro- 

»ont r binder which is relatively viscous at normal atmos­

pheric temperatures. Tho seoond, an RC - 2 cut-back bitumen 

was representative of a binder which was fairly fluid at 

normal stmospherio temporetures and would provide lubrioation 

to the ohlppings during compaotioa.

The bituminous mixtures were plaoed into their respective 

containers in e lotjsoly, compeoted state before being trans- 

port3d to the testing site. The upper surfaces of the 

mixtures projected Just above the upper levol of the wooden 

| frames, while the lower surfaces wero flush with tho frame­

work.

jPreparPtlon of Foundation: -

The road baeewrs constructed on a subgrcdo of satis­

factory bearing value. An area 9 feet by 40 feat was seleotsd 

for the laying of a water-bound macadam foundation conposed 

of Reef quartslte, -2$ in. * 2 in. in size .

Plrclng of tho A^grofrtOB?-

Tho frames containing the bituminous mixtures wuro 

laid on tho prepared brso rnd thoframes f o r t h j  unoopted 

aggregatus were plaoed in line with them. Tho oentro line 

of thoframes wr ■; parallel to the length of tha foundation 

end about 2 feet from tho edge nearer to it . The five types 

of aggregate, -* in . ♦ 3 /0  in . cubiorl atones, were compacted

loeaely into individual frames with their upxxir aurfrces 

Just protruding above the frames onrl nt approximately tho 

same height as the bituminous mixtures.

An inferior quality Reef quartzite was spread over the

-----------------------------------------------------------------------



ainder of the foundation. The quartv-ite ohippirup en­

joyed for thie purpose wore -£ in. * if In . in also and wore 

reed to a dopth of approximately ono inoh (whan loosaly com~ 

ctod), and wore accordingly on a loval Just lower then the 

test spocimens. This procedure was adopted to 

tho running of tho roller end to maintain the 

ack wheals of the roller on the some height during eowp^otion. 

5at Procedure.

A 10 ton Diesol roller was soleoted for these experiments. 

One of its back wheels was allowed to paso over the test epeoi- 

ens at a ulow speed, and semplea of tho aggregates were

t».flken at intervels. 

rllnp;:-

Samples of the crushed aggregates were takon by remov'ng 

tho total eontonts of the 6 in. by 6 in. specimens and re­

placing them w ith in . ♦ ln. quartzite ohipplngs tc the 

samo heignt.

(I) Unooeted Ar.prttrsles.

Samples wore taken from ell five types of unooated aggre­

gate after 2 , 4 , 8 , and .'6 roller passes. These were meohenl- 

oally m alyaed in the laboratory with the object of illus­

trating tho effect of tho number of roller trips on the com­

minution of tho aggregates. Comparisons betwoen tho different
0

types of aggregate showed tho effeot of the type oi ggregate 

on the amount of degradation undei *he roller.

(I I )  Cor,ted Aggregates.

It  had been found in the laboratory thrt the temp mature

of the binder had an effect upon the crushing of aggregates 

ln bituminous mixtures (see f iw r e  9 ) , so that in tho field 

the tompemture m s  «e frr a* possible kept constant by 

working ln the shade t.«4 by performing the work os quickly

as possible .

After 4 roll.*' *»* bltuninou. m Ltur.e "ere re­

moved end »ere ertreotei in the Inboretory by m h  of beniol 

before the ORgreKete »oe carle.od meohonlooll,. A oooperleon 

. . .  than obtained between the effeot. reeultln* fro . the u . .
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t two t^res of binder possessing totally different viscosity 

fiareoteristics and also between coated and uncwated r^rogates 

suits: -

Teblo XI is a typical example of the results obtained 

Pin the field , si owing the analysis of the crushed uncoat*d 

olerite , while tnble X II gives a ooaperison between crushed 

quertzite in the dry end in the blnder-ooated stetes after 

4 roller trips.

Figure 18 shows the number of roller passes plotted 

agHintt the crushing ratio, for all tho uncoated aggregates.

The percentage surface area lnoreese was oaloulatod for 

all the unooated aggregates (os shown in table XI) and re­

presented against the number of roller trips in figure 19. 

iponoluslons: -

A. See figure 18.

(a) For ell the aggregates tested the amount of brer.k- 

down increases with tho number of roller passes.

in the order doljrite , bcselt, dolomite, quurtzite, norlte, 

from the point of view of increns? in orushing susceptibility.

(c) in general, the curves are atjspor for n small 

nunbor of peases, proving that a larger amount of comminution 

occurs while the gradings are still open.

B. See figuro 19.

(d) For all the aggregates tested, the surface area 

inoreases with the number of roller passes.

(e) The and norite ourvos are much steeper, 

relatively , tnan th03e for dolomite, basalt, and dolerite , 

indicating larger increases of surface in tho former ."or 

the same orushing foroe.

(f ) IT the dolerite, basalt, and dolomite curves ara 

extended, they intereoot the values coloulatod for tho per­

centage ourfsce proa increase sfter one cycle in tha writer 's  

orushing test ct 17, 20, an* 18 roller r * ” ™ . respectively.

It  ’would therefore pp^enr that a single cyola of com­

press, on st 2500 lb. per sq .ln . in the writer's orushing

(b) the curves Indicate that the aggregates teste'- 
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Surfsc« % Surface

3/e" 94.5

| No.4 99.0
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l.o. 100 lOO.P

- 100 493.4

Crushing Ratio

Crushing Ratio 

jW - 9 97B
='coo.o "  0,970

3/8" 69.4

No. 4 97.1

•TO. 10 919.8

U.S .40 99.7

No.100 99.»

- 100 486. *

i
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St corresponds to an fivei'a/ro of cbout le single roller 

ipa of a 10 ton roller frsm vhe point of viow of the de­

flation of the three types of aggregate, dolerite, basalt, 

dolomite.

C. See tablo I I I .

(g) T'te bituminous mixture containing quartzite was 

trbitrarily chosen for the example in tablo n i ,  aitnough a 

similar of 'e- - 5o that described below wea obaerved in the 

se of ell the aggregates tested.

The uncoated quartzite gave a crushing ratio of 0.955 

after 4 roller pauses (aeo also figure 18 ). In the bitumin­

ous mixture oontainlnr tho 200 penetration bitumen, the 

©rushing ’•atio was 0.962 and in tho mixture containing the 

RC - 2 cut-back bitumen, tho corresponding value was 0 .943 . 

(The temperature in the flald remained oenstant at 19°C. 

while tho experiments ware being performed.) These values 

bear out the writer 's  contention that a relatively fluid 

binder provides lubrication to the aggragrto in a bituminous 

mixture. The fluid binders in the laboratory experiments 

ware tar and ati"ight-reflned bitumen at high temperatures; 

in these oxperimenta it was a cut-back bitumen which is fluid 

at noran1 etmospherlc temperatures. Further, tho writer bo- 

lieves that r viscous binder has a cushioning aotion on 

gregates and causes less def.iYNation to occur than in th* 

oeae of uncocted aggregate. Ti.le bollef has also been born* 

out in these tests in whioh the 200 penetration bitumen

served as a vlaoous binder.

With regard to the mixture containing the RC - 2 binder,

tho w riter 's  findings are thrt a binder with the consistency

of RO - 2 lufcrloates a atone and oauses inorensed degradation

in the mixturo under suporimposed load. Tho writer tfcorofore

disagrees with Shelburne who states that

a bltumli.(]t-a c etlo« («C - 5) .fford.fl but prot.otlon
falnst dogrndat.Ion of the aggregates (147) .

It  is fsaumed that the out-back asrhrlt employed by 

Shelburne In tha field wra relatively fluid during the
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