
ted oe oe 4 
SAV A ET CAA OM oes 

Aaa whee 
oe ee ee ey 
$489 ob 4's bo 8% 

erie ry) 
T9949 28 Oto e 

io det a8 ee 

4 

ena a 
rasa a 

‘ 

5 tae ; 
ie id dchsdid 

A tad 

; 4 
Wa ded eae hg 4 ua i, ae nae 
CMe he ea DY 

oF ep tavint cehe Ge 

Atal Ett 

ae hr) ; 
VE el ed ee 

. Car 

Perey 

vipat 

Va 

HV 9 9 89 O9 o” 
ie ii hw deep Orde 8 6 wt 

See vende ee lites besa ® 
ey re 
ee eee ere ee eee 
‘ $9 9 9 wi 98 

cia 
Re Brat ’ 

Paes ea yin oie Bl bes des 

” 
anda ase ans 

PN ah Mh oa +6 

eer 

exe ne Ser} 
sop edehy 89458 

« 18 aes ie Les tot ey 4 
ee ee vi Ch te aiihy alas calats talene sd '8 

is re Saath 
0b ed tet have oe 

Hy¥ e982 8 Pe) ih 
haa eee rts rn Be 

* Coonan eee ese 
Webuted diet wie 
Ne $ 

Sagres: aed iy 
4 bie! res Bey 
Nein fore arid Ryhe 

i 

wae fi 4 
Cie Acti en} 
oa ao ew haveaeit eter ti 

BSy'y ” {Es omtoue oh 
Bitter age 

’ 
Maoist ae oreo hon 

a2 
Mie 

4 giant 

P theridee 
Ce ed on eds at 
rien * 4 

‘ yee 
Ws asd V EN se 4 egiwd a dw 

* 

woth i438; wa ” acai ri 
% Bae 

soa fe NA oe a ' 
Fe acer eee ere ts Ast 

CH Se ete Wie Reve hale Owe 
rie Owed ee a Wak 

” 
aa 

ui 
as at a “ YA i, Fee ty f) 

a) ey aul ait Ou 

headed andyi.9-a yt ob 
Paw a ae “ 08 We 

Ws angi ity tas 

eh ia rea) Ps < 
a4 ve Oy i aa rele Bn 

fiat A one 

Ni ie Fi 

hi AR A, set 
Ai i ey hye ii mi; : 

i oan sian Dar 
Bit a SiMe ee ya) Mea 

fh thoy ape Mit o 6 

Abs tase ee poe 
Sf ¥ erat sty Care Se ite pr 

aicytt ty aa Ky id 
i te at iY, Ban ata 

sii Rated iat 
Peon i re) pithy 
H(i 

PE Suir ibe Wty tot 
Me tw ie My i) My 

a sia eK) 
Vey 

Hh Vite 

nt ‘ay ais 

i} i" 
he Wea aye 
Wehbe 

ge i yea a: ’ f 
vag hit bay Akasa “ shy a ee i 
Ya D ht payh Gloa ded PP lid Ladd i met abel it a gal f alae i ne OS Naw eerie tit : 

ny Cn aa rs sii Hien 
Mes GR vty SO eG 

rif eae Kh haa bY at iy ie dita eee Kee 
‘ estat oe iy es CO 

Cre We ka weer bev 4 i, hth | a an * 44 ‘ 

Nee BF toked Edy AUN a0) 
4 4 Pree Hide did 

tod Pike bk at del i Lh 

lat taf te i terri HO) 
x isi bdo Ried Pao Ae 

Ra) fa AN etal 

aes i 3 M it igh Donte 
Cea) ae nentnaae CL 

* 
siete ita 

AS 

1c 

Hrike 

ad i! 
eit gy wi aa 

Boe ay 
net 

Hy ba 

i Fi 
io: ao 4 ‘lig 

oe oa a 
rye) Vig 

on beg aig 
a aaa 
44 My 

Ney ‘i ve Thee 4G ifs ii 
ei ahs igi aa 

Pie Ary as eu 

da aid 
Hs add edled ecth ad 
ORR RID 

iho tt einai Ne P 
saieateastuan ea i iy vine 
a aed ‘ By en 

1 ooh Ne AH 1 J eal eats ‘is te 
ata ae ee 

i ryidlarb 
nr idan iy ai 

As seh taty 
Wed i De 

yi Milt ye diva 
Whe det H 
PO 4 i 

pelt 
“ty 1, NHK 
a a: iad) " 
ett wine ROY 

i) Vi 

i, i cae mE hy ae HRS ae) 
a a vil Rah ist mec 

fie aie ait uel Neil vil: 
iF FAO 4 Pent Dy ii it OA ii } 

4 MENARD 

htt geal 

i 
i 
a) ut 

st te 
ae atta ae 4 are pany 

Baa 

New RMI? ri ‘ Arn 
Tata tie ig Lode ai 

a8 Ay wage * 4 i 
H-A.4 45 a; a af oe) a 44 ar, 

fi) eC eh ne ee 
Labi re he Jal ev 

4 " ! i 4 ANS ty say KH 

behead 
mite ih il ill a) Ap mate 

th 0} ity ia! ini 

yee 

Wahid aed ae 

iH ae iw 34 # ai Meat Fi fi el ie 
hy a Aerie: 7 7) Pitatete Pari ene a PR OHTA Atty ih " CONN RHF 

Renney teat Way beaded 4 te well ed { ‘i a Nea a 

ae ut Py att if) Uta RRR OM NR 
SUC 
Wire 1 Wh Ha ' a, 

Wy ity 
aad a aie if 

Di banging i 
1, ! asa At fia et eR) LY ui ui pia Ri ‘ sibel} tant 1 Tia \ a aeaty enna aca! sina 

ONDER sy AU Hie bearers PAT be ale tar eee r) 

Mi A 

ay see 
nie ‘i Rann i's ni 

hf HY mF BAM ie 
WaT ea he an i 

a Fo lh 1 
a DN ie Pi ee Wiagdy a at giana ao aka A 

: ae arava cat Ata RRE at ¥ 
FI My ty) a 1 “ 

ae 
wie at an ta ny ait iy os 

el ody Bde dah 
idea ht 

4 ina 
aR Dee lt + 

‘aes 7 site eb ed rs 

LW we 
. i) AR Petar 

Ytaltaven? " 
avy oe 

AA 
Ae iienayt 

alan a ash ta 
a is 
pane 
a "at ihe 4) 

OU) Oba Da De + Ranting yay it a] eqatoue er 0 et ra? 
i a 4 J » 1d vaa . PT! A RT teas TVR iin eH 1-4 ‘ DEEN ia fu ie 

| . : wt sitet aa " 
vie tashuinht delat Mian lite DOR 

Mot) i 2a ote ged ¥ aaa 
‘ P 4 

¥ eda a a4 7 ane wl ne Hy 

Weta ee ached a TR tk 
dak J AO hed) ait Mote 
* ses vy 

Beas ae 

at i] . i) nae ry 
4 s 4s Nghe Vata ‘ 

4 oi) Oa 
Lael aa! LW L 

aon A nema A why 
sake 

.! tenet 
hee i 

rite 

i iH vis * pi 

Tat i AY 
iN rik ey Oe) ieee 

irate ae H8 ni ms rupee i i 
iyi to! 

i ie “4 ise oe vias ee i i 

ih Hatatieg! rit 
Me io is ee 

ii} ue ‘ oe 
fe ay 
ees RAS 

MF 

My iy 
Y 1 way ii # 

Lh yt pened id te 

we 
feces ae eie es) 0:8 

rari a Ay eer aH 

i teed Pye 
yee pee 5°55 rae ts ar Tess hile 

wate oe 
Pe ee re 

‘ib oo8 Oe ew 
a Dalotis peaked was putea sait nt 

ed hate Binh a8 on hit us 
Ren ms wy tte ie 

Meith i 

ee i ey i is 

o 

wd , 
KK: 
aca, A ita ia 

Han ease a NT 

i rae i 
i Hon) 
date ag 
apy Ons iy 
ia itera i 
nes wh ae 

ce sete i ae at 
ao Nga 

eet Ky 

ae te 

ry oe 
th 

+) 
cect 

vgs Sis Heb ' 
it tt eee eu ph) an i 

Bs ff 1 a Da on 

a4 dab He + e ae 
Rodns Ne Sart i 
Ub iiels sera 

* 

ki my a0 v HY 
Wa iM vei 

Matai i) a ‘i iti 
Hat 

oh 

_ 
it 

ihe 

atte, i ay Ny oA ae Haat) 
a se Her eH men} i tleta ist ea MCP) 

A ‘ eit Hat 

Na ain Nia 14 hess a 

aad 

ty a sie on Nee 
Gow H)) wy Waee 

d) rina SSRIS HS 
Cree wren 

be 4a 
Mt itil tee A ie 

ahaa rs 
" ma Vineet sa nen on Chea) 

a8 Vans eases A bree i 
cP Pon bear ts 

aah taht doaranr 
HEH Fe Pea 

) ai Pre eR PL Aae ) 
tit Natt Pad hs 

fol all get 

hin a ". face v 
yw athe 

Tate 
dat 

yt Hy 

3% 

RU) 

Wea eb Fy es) 2 Ait 
Wd oi Aisieatara 

158 dat siete ray 
ny ve, 

Buran ot! 
ia ataaai vit 

7 ‘se 
hf ise " 

See) 
neh 010-4 0 hee 9 18 

+8 
a ae 

a Mi) Tastes 

aa 

is iF oe 

) 

Peal h 
oer Ite | Intl a ea iP ia ug Pee 

‘aa pues 
My 

LAeduah butetaaed 
ed Rate eee 

: Casure sin a¥a bk aWitertygod- hd tahoe wr 
fe 4 vr y he a Pitti eas tot oe Oly 

PO bed te Ere 9216-4 9009-b 18-9 so reere <a 
Rey ete hesoons 

Be Pirig Poaadl Beano 
~ 

” 
whe ~ 

Soeaeot * weitee oy at rod 
nieae aa ts ate ers siecle ssagaigeterecteron thas 

cities 

" 

An Shima nieces taa 

Sth rere 
oi rahe sis 

SS 
Cytiery eae 

A ponees Sort 

Pe Oe aaa 
fh Sih ti 

Be sti 
atts ag hres es 

» tee 

nt ry 
pies 

ce ie 

poses 

a 

rece ” prota se iets 
ot ny abitytrsbrh lh ae eh 

. 4 ove “ip heed, 
hal ete \) vad 

bins } rat siete 
eet ia 

ie oe ae aR 
iat ates 

iat tty 
ih aie ae oe Le ee 
i ee iii noe pan 

ee bas 
oe ice 

ee os 

ri 

fh sh 

Sietinans 

nese 
ue Ais i 

yh, i ‘ 

nt ia ith sey ihe ke 
seta Rae ie i wae Aen ithe wees ina 

shat 

iy 

, pan i) are Hi Sate 
a i ae si cn _ a ae 

. siaeti ee jai Pansy 4 wis oa 
na arses ; aes aif sii casein aan Cit MY Rigi ae ea eh fe wit a 

it 

‘A rst reek ie 
ons ris fe 

ue Fi ae siti 

SONATA 

| res oe 
Pats ‘ Sia! 
ce 

ae {yi 

hon i) 
15 

i) i Uy at ih anh iva meh Ay 

i ii 
in aye as ‘ shanti . 
NE RR 

eye Brae ah v4 ict na i 
es ini a a ae 

C 
Li aie 

‘i B i 

a i 

oH ad t wan Pen eh 

ne cary anes 
et erly Ha ER 

SR SOR AED ba i te Hee 

Aiki ith " at it 

An 
eu 

" et eae 

“1 
sai 

‘ Lt ae 

ie 
4g ue 

i ath 

ita = 
inet "i 

us) 
nae rae 
vats Ht nyt! 

rie 

Replat ah 
Hf eR Ea pay a i intewaa mH ath 

vil a He He it oe 
yaaa qist amine: eae au 

pat iti, f 

a uP cH yr nits panera 

sa by 
ea ited fh Hy) a Fase fue os ” 

iH RN shad se ox ete ¥4 at i 

hye! nue Ait a i ee 
RYT Pe is gen sit cn) 4 

nH hon heii Siuahinar areata 

teresa spe ae 
AUs 

eH 8 

M " ity ee 
saa east 

cir wear 

Wey 4 
it be 

a 

rat vie 
iN 

Beath aang fat 
satan) .) Cree LJ 

Tse! Heiter 
ine Sica 33 

; 

ay he 

rr) sensi want 
SEs ate 

tai ah FF Mads 

Hea ade ath habek 

Oa PURI (8 

sedis * 
nay’ Aa 

eked 

ibeanss 
as 

pti 
saath 

sie Beast 



, 

ae - 

‘ 

* ; 

j a 

‘ 

’ ‘ 

oe r ry 

tied * 

‘ x 

7f 

- . 

*% > ; 

e. ce 
U Soe | J a8 4 

ha F Cs 

© Rae ee ond, ee 

» ik 
a 

7 



ee Ps || rr" | | a | rs 

JUBLIC ROADS ; |e a a | 
A JOURNAL OF HIGHWAY RESEARCH 

FEDERAL WORKS AGENCY 
PUBLIC ROADS ADMINISTRATION 

VOL. 24, NO. 5 V JULY-AUGUST-SEPTEMBER 1945 

———————— 

MOLDING SPECIMENS FOR THE IMMERSION-COMPRESSION TEST 
J nnn nn EEE EEEE sea 

For sale by the Superintendent of Documents, U. S. Government Printing Office 

Washington 25, D. C. - See page 2 of cover for prices 



PUBLIC ROADS ivnietsiceh 
FEDERAL WORKS AGENCY 

PUBLIC ROADS ADMINISTRATION 

Volume 24, No. 5 July-August-September 1945 

The reports of research published in this magazine are necessarily qualified by the conditions of the tests from which the data are obtained. 
Whenever it is deemed possible to do so, generalizations are drawn from the results of the tests; and, unless this is done, the conclusions 

formulated must be considered as specifically pertinent only to described conditions. 

In This Issue 

A Test For Determining the Effect of Water on Bituminous Mixtures. . 

Additives for Bituminous Materials . 

THE PUBLIC ROADS ADMINISTRATION --= = = - - Federal Works Building, Washington 25, D. C. 

REGIONAL; HEADQUARTERS == = 4 = - = -929- ~.-35)=) =) = =2)-720 Phelan Building, San Franciscor2 seals 

DIVISION OFFICES 

DIVISION No. 1. Maine, New Hampshire, Vermont, Massachusetts, Con- DIVISION No. 5 (South). Iowa, Kansas, Missouri, and Nebraska. 
necticut, Rhode Island, New York, and New Jersey. 729 U. S. Courthouse, Kansas City 6, Mo. 

76 State St., Albany |, N. Y. 

DIVISION No. 2. Delaware, Maryland, Ohio, Pennsylvania, District of _ DIVISION No. 6. Arkansas, Lousiana, Oklahoma, and Texas. 
Columbia, Virginia, and West Virginia. 502 U. S. Courthouse, Fort Worth 2, Tex. 

1415 K. St., NW., Washington 25, D. C, 

DIVISION No. 3. Alabama, Florida, Georgia, Mississippi, Tennessee, North DIVISION No. 7. Arizona, California, Nevada, and Hawaii. 
Carolina, and South Carolina. 720 Phelan Building, San Francisco 2, Calif. 

249 Peachtree St., NE., Atlanta 3, Ga- 

DIVISION No. 4. Illinois, Indiana, Kentucky, and Michigan. DIVISION No. 8. Montana, Oregon, Idaho, Washington, and Alaska. 

2938 East 92d St., Chicago 17, IIl. Post Office Box 3900, Portland 8, Oreg. 

DIVISION No. 5 (North). North Dakota, South Dakota, Minnesota, and 
Wisconsin. DIVISION No. 9. Colorado, New Mexico, Wyoming, and Utah. 

1109 Main Post Office Building, St. Paul 1, Minn. 254 New Customhouse, Denver 2, Colo. 

Because of the necessarily limited edition of this publication it is impossible to distribute it free to any person or institution other 

than State and county officials actually engaged in planning or constructing public highways, instructors in highway engineering, 

and periodicals upon an exchange basis. At the present time additions to the free mailing list can be made only as vacancies occur. 

Those desiring to obtain PUBLIC ROADS can do so by sending 50 cents per year (foreign subscription 65 cents), or 15 cents per 

single copy, to the Superintendent of Documents, United States Government Printing Office, Washington 25, D. C. 

CERTIFICATE: By direction of the Commissioner of Public Roads, the matter contained herein is published as administrative information 

and is required for the proper transaction of the public business. 



A TEST FOR DETERMINING THE EFFECT OF 
WATER ON BITUMINOUS MIXTURES 

BY THE DIVISION OF PHYSICAL RESEARCH, PUBLIC ROADS ADMINISTRATION 

Reported by J. T. PAULS, Principal Highway Engineer, and H. M. REX, Materials Engineer 

TIS WELL KNOWN that bituminous mixtures con- 
taining aggregates of certain types and character- 

istics are susceptible to the action of water and, as a 
result, many tests and specifications have been de- 
veloped to regulate, or to eliminate entirely, the use of 
the more water-sensitive materials. 

One of the most familiar water-sensitive materials 
is clay. Specifications governing many types of 
bituminous road construction require that the aggre- 
gate shall be free from clay, or that the aggregate 
particles shall- be free from adhering films of clay. 
Other requirements for control of this material limit 
the plasticity index and liquid limit for the aggregate 
fraction passing a No. 40 sieve. Volume change is 
one manifestation of the presence of clay in a bitu- 
minous ‘mixture, and a swell test has been developed 
and widely used as a means of control. 
A different type of water sensitivity has been found 

to be inherent in the aggregate itself. This character- 
istic has been described as the preferential affinity of 
ageregate particles for bitumen or water in the presence 
of both. An outward manifestation of this character- 
istic is the propensity of the aggregate particles to 
retain or lose a bituminous film when exposed to the 
action of water. An aggregate that tends to retain a 
large percentage of bituminous coating under such 
conditions has come to be classed as hydrophobic and 
one that tends to lose a bituminous film as hydrophilic. 

In order to test the hydrophilic or hydrophobic 
properties of aggregates, several tests have been devised. 
A bibliography on the subject appears at the end of 
this report. ‘The Nicholson test, the Oberbach test and 
modifications thereof, various scrubbing tests, etc., have 
been widely used by investigators. Whatever the ad- 
vantage peculiar to each of these stripping tests, there 
are several serious disadvantages common to all. First, 
only one size fraction of the whole aggregate is usually 
selected for test. Second, estimation of the extent of 
stripping is made by visual observation—a method 
seriously lacking in precision. Third, results of such 
tests give no indication of the actual degree of adhesion 
of the bituminous film to the aggregate particle. When 
the less viscous bituminous materials are used with 
certain aggregates, it has been observed that water 
will loosen or separate the film from the aggregate 
particle without, however, disturbing the continuity of 
the film. Failure of this type is not reflected in the 
results of the usual stripping test. Fourth, and most 
significant, there is no direct relation between the re- 
sults obtained by any of the stripping tests and the 
effects that will be obtained when the complete bi- 
tuminous mixture containing the aggregate in question 
is exposed to the action of water. 

It is believed that there is a distinct need fora test 
that will measure positively the effect of the presence 
of water-sensitive materials of any type in bituminous 

_mixtures when such mixtures are exposed to the action 
of water. This report relates the development and 
describes the procedure of a test capable of performing 

655224—45——_ 1 
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Errect oF IMMERSING MOLDED SPECIMENS IN WATER. 
MEN A ConTAINS HypropHospic AGGREGATE AND SPECIMEN 

SPECI- 

B Contains Hypropuitic AGGREGATE. SPECIMEN B Has 
Lost ALL STABILITY. 

this function, and presents data to demonstrate its 
usefulness. 

DISAPPOINTING RESULTS OF COLORADO EXPERIMENTAL SECTIONS 

LEAD TO LABORATORY STUDY 

In the spring of 1942, a laboratory study was made 
of aggregates and bituminous materials that had been 
used in experimental road surfacing by the Colorado 
State Highway Department, in cooperation with the 
Public Roads Administration. It was intended to 
study the usefulness of a requirement for viscosity 
index in specifications for slow-curing (SC) liquid as- 
phaltic materials by constructing and observing a 
number of test sections in which the only variable 
would be the viscosity index of the bituminous ma- 
terials. 

The experimental sections were constructed in the 
fall of 1941, and the work consisted of reconditioning 
and pr iming the base and mixing and laying a 11- inch 
bituminous mat composed of SC-3 (slow-curing) 
material and local aggregates. Thirteen different 
asphaltic materials of SC-3 grade were used in the 
experiment, each section of which was 3,700 feet in 
length. 

The aggregate used in the bituminous mixture was 
obtained from a local pit adjoining the highway. The 
pit material was fairly uniform in quality and grading 
and, judged by existing standards and specifications, 
gave no indication that unsatisfactory behavior would 
result from its use. 

A typical grading is given below. Other physical 
characteristics of the aggregate used in the construction 
are shown in table 1. 

TaBLE 1.—Physical properties of aggregate 

| 

Specific gravity 
E : “ Absorp- | Voids by 

Aggregate | tion vibration 
| Bulk Apparent} 

2a eae oe ea Sak poe eens po AU 

| Percent Percent 

17 percent retained on No. 4 sieve_____-_- 2.50 | 2: 62 | ja se bape Ss 
83 percent passing No. 4 sieve___________- 2. 44 2. 60 7 RE LESS 
100 percent total aggregate______________- oe, ONE oe = 28. 4 
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Sieve size: Total percent passing 

cinchis 4 8 el sper eee es eee 100 
BA-LN Ch eee eerie «Eat apy need eee: Sere 90 
IN Os, 1 OF Be a eet et oe ge oe tum eerie 70 
INO 7:40. ee 5 tee yh eh at er ee 36 
INO 7200 Fe neon k See ema Te See) 15 

The governing specifications for the bituminous ma- 
terial were as follows: 

Water and sediment, percent__________- 2— 
Hlashspoint eae, eee aah rae ney eee cee 200+ 
Furol viscosity, 140° F., seconds________ 150-300 
Distillation test, total distillate off at— : 

600° F., percent by volume__-____-_- 10— 
680° F., percent by volume_-__-_____ 20— 

Tests on the distillation residue: 
Float test, 122° F., seconds_-_____-- 25+ 
Solubility in CCly, percent.______-- 99.5+ 
QOlensis:tést-2352 tee aay ee Negative 
WAISKOVEMIAY TWAOVON es ee Variable ! 

Residue of 80 penetration, percent_____- 65-75 
Ductility tests on residue of 80 penetra- 

tion: 
UU? Wo. GiCiidk, (Ore amb ay lM 100+ 
39 Zoek 4 CIM per ming CI a aaa oF 

Behavior of the test sections, however, was disap- 
pointing. Rapid deterioration of the surfacing began 
with the first rains. The surface softened to a slight 
depth after each rain and became slimy under traffic. 
Upon drying, the surface raveled, leaving the larger ag- 
gregate particles exposed. This action continued, with 
the result that by early spring in 1942 a considerable 
thickness of surface had been lost. Consequently, the 
objective sought in these experiments, namely, to de- 
termine whether or not the viscosity index is a signifi- 
cant test requirement, was not attained. Any differ- 
ences attributable to variations in bituminous materials 
that might otherwise have been apparent were com- 
pletely obscured by the predominant effect of the par- 
ticular aggregate used. 

LABORATORY STUDY SUGGESTS NEED FOR A MORE INFORMATIVE 

TEST 

Samples of the aggregate and of the road mixtures 
had been sent to the laboratory at the time the road 
sections were built. The laboratory testing schedules 
for the aggregate included determinations of absorp- 
tion, specific gravity, vibratory density, and stripping 
by the modified Nicholson test procedure. 

In the Nicholson test, 95 grams of the aggregate 
passing a %-inch sieve and retained on a No. 4 sieve . 
is combined with 5 grams of bituminous material and 
mixed by hand until a uniform coating of the aggre- 
gate is obtained. This sample is then placed in an 
oven maintained at a constant temperature of 140° F. 
for 24 hours. After removing from the oven, the sample 
is allowed to cool to room temperature, after which 
approximately 50 grams is placed in an Erlenmeyer 
flask of 250 milliliters capacity, and covered with 175 
milliliters of distilled water. The flask is then stop- 
pered and placed in the rotating frame of the agitating 
machine. The speed of rotation is 48 rotations per 
minute. The water bath in the machine is maintained 
at 77° F. for the first 30 minutes of the test. At the 
expiration of 1, 3, 5, 10, 15, and 30 minutes from the 
time of starting the test, the machine is stopped and 
the area of aggregate coated with bitumen is estimated. 
The temperature of the water in the machine is then 
raised to 100° F., and agitation resumed for an addi- 
tional 15 minttes, after which the machine is stopped 

1 Materials were selected to cover a wide range of viscosity index. 

TABLE 2,—Results of modified Nicholson tests on Colorado and 
Potomac Raver aggregates 

Estimated area coated 
eee of 
itumi- 

Source of aggregate nous ma- | Water at | Water at 
terial TEPPA We, 100° F. 

(30 min.) (45 min.) 

Peréent Percent 
(POLOIMAGHEVIVeEsCLa Vel soe ieee ee es ee { eae 95 95 

MC-3 100 100 
@oloradovageresatene ee aes ee ee { Nels 50 40 

C-3 50 40 

TaBLE 3.—Degradation of the Colorado aggregate bY the action of 
water 

Weight 

Sieve size ‘After 24 Loss 

Original hours in 
water 

Grams Grams Grams Percent 
34-inch=9$-Ineh= assesses 78.0 Wom 4.9 6.7 
SLC IN Os seen a a ae ee 100. 0 87. 2 12.8 12.8 
INOFASINO (O22 20 eee ee ae ee 100. 0 89.8 10. 2 10. 2 
INGASHINO ml 65a ee ee eee 100. 0 89.9 10.1 10.1 
INO #L6-NO nossa ae eee ree 100. 0 87.7 12.3 12.3 
INOsS0=NOs 00222528 = oan eee ee 100. 0 85.9 14.1 14.1 

and the extent of uncoating estimated as before. A 
final 15 minutes of agitation with the water bath at a 
temperature of 120° F. ends the test. It is believed 
that the last 15 minutes of agitation with the water 
at 120° F. is too severe to be significant except when 
hot mixtures are being tested. Therefore, only the 
results at 77° and 100° F. for time intervals up to 45 
minutes are included in this report. 

Stripping tests, by this method, were made on four 
samples prepared in the laboratory. The bituminous 
materials used were: (1) An SC-3 slow-curing material 
actually used in one of the test sections, and (2) an 
MC-3 cut-back material, characteristics of which are 
shown in table 7. The latter material was included 
so as to compare the results with a cut-back material. 
The aggregates were that used on the Colorado job 
and Potomac River gravel. The Potomac River 
eravel was tested in combination with the two grades 
of bituminous material for the purpose of comparison. 

Results of these tests are given in table 2. 

TasBLe 4.—Results of laboratory tests on 3- by 3-inch cylinders 
molded from field mixtures 

Compressive strength 

Vertical swell after 
immersion in wa- After immersion in water 

Field mix} ter, unconfined et ey 3 ae 
section 5 
No. wie 1 day | 7 days 

SS = specimens |=— rier — 

£ } | Strength ee Strength 
1 day 7 days Strength arenede Strength cared 

Lb. per | Lb. per | Lb. per 
Percent | Percent SQatta. | SQ avs Percent | sq. in. Percent 

ee 20 1.4 4.9 43 19 $4 5 12 
Pee Fo oh Sel 2.4 4.0 46 7 15 4 9 
Se see 2.5 3.8 59 6 10 4 7 
Ay Ane oOo! 15 2.9 52 17 33 5 10 
Dresser ae ais 2.6 55 24 44 7 13 
Gc | 8 2,2 38 21 55 7 18 
if fe as Sante oh 1.2 2.9 54 17 31 4 7 
Operas ass 1.0 2.5 38 17 45 7 18 
be lyf .6 2.5 53 26 49 | 6 11 
LOSES 2 1.0 2.9 61 24 39 6 10 
ipeeseses sv a 64 33 | 52 10 16 
Ns a ee a0) 2.7 71 32 45 9 13 
lS, Sees dh 2.5 69 33 48 8 12 
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Tavie 5.—-Results of immersion and compression tests on 3- by 3-inch cylinders composed of laboratory mixtures containing Colorado and 
Potomac River aggregates 

; Compressive strength 
re Vertical swell of un- new eh A I 

ae confined specimens 6 Retained strength after 
} after immersion in Atta : immersion 

Aggregate Proportion water As molded 9 gid gt in 

+ by weight ( € De ’ | Grade and type of aggregate es Sek 23 Wiss a ee BL 

7 1 day 7 days 1 day 7 days 1 day 7 days 

rt Se poe ria ~ Lb. per Lb. per “Lb. per CF, 
; Percent Percent Percent sq. in $q. in. sq. in. Percent | Percent 

Pleatayy prabegy es CGH Dh cy Ae A sae Ply ane a BGreg i) nek Soe ce. 5.5 5.0 5.4 41 1 | (2) 2 0 
SOOTBOG DIY Lie seer seater ee a en NLO-8 6.0 aD 4.4 | 79 | 4 | 3 5 4 
Sola ag River sand-gravel with limestone | SC-31____________. Bed 25 .6 15 | 15 | 13 100 | 87 

ust.3 
Potomac River sand-gravel with limestone | MC-3_______._____- 6.0 op! al 31 | oe 30 103 97 
dust. 

1 $C-3 material used in the field construction and in the stripping tests reported in table 2, p. 116. 
2 Disintegrated. 

The Colorado aggregate showed substantially greater 
stripping tendencies than did the Potomac River gravel. 
It is also of interest to note that substitution of MC-3 
for SC-3 material gave essentially identical results with 
both aggregates. However, the results of this single 
test on one fraction of the Colorado aggregate did not 
afford sufficient evidence to warrant a prediction of 
failure of the type that occurred on the test sections. 
It seemed evident that characteristics of the aggregate 
other than stripping had an important effect on the 
behavior of the bituminous mixture in its resistance 
to the action of moisture. 

Early in the laboratory investigation it became ap- 
parent that degradation of the Colorado aggregate 
followed exposure to water. In order to establish some 
quantitative measure of this effect, the following 
soundness test was made. 

Portions of six different size fractions were selected 
for test. After sieving to refusal, the several fractions, 
each resting on the respective sieve on which it was 
retained, were placed in pans of suitable depth. Dis- 
tilled water was added to each pan to an elevation of 
about one-half inch above the aggregate. The pans 
and contents were covered. After 24 hours the sieves 
were removed from the water and the retained material 
dried, again sieved to refusal, and weighed. Results 
of this test are shown in table 3. The differences in 
weight shown represent the losses of the original frac- 
tions due to the action of water. 

Such a break-down can occur only in a structurally 
weak aggregate. It is also reasonable to suppose that 
this tendency to degrade affected the results of the 
Nicholson test. No doubt considerable area reported 
as stripped represented newly exposed faces produced 
by splitting of the aggregate particles in water as the 
test proceeded. , 

Although results of the Nicholson test and the sound- 
ness test showed that the Colorado aggregate was 
strongly susceptible to water action, there was still 
lacking conclusive evidence by any labor atory test of 
how a bituminous mixture containing this aggregate 
would perform when exposed to the action of water. 
It was at this point that the idea was conceived of 
comparing the compressive strength of dry molded 
specimens of the mixtures with the strength of speci- 
mens that had been immersed in water. 

Samples of the oil-aggregate mixture of each of the 
13 sections, upon completion of the mixing operations 
in the field, had been sent to the laboratory. Using 
these mixtures, cylindrical specimens, 3 inches in diam- 
eter and 3 inches in height, were molded at room 

3 Size and grading made identical to that of the Colorado aggregate. 

temperature using a molding pressure of 1,000 pounds 
per square inch, and maintaining the load for 1 minute. 

Specimens from each mix were tested in compression 
immediately after molding, and after immersion in 
water for periods of 1 and 7 days. The volume change, 
or swell, of the immersed specimens, as indicated by the 
change in the vertical dimension, was also noted. The 
results of these tests are given in table 4. 

In addition, mixtures composed of the Colorado 
aggregate as received and an SC-3 material were 
prepared in the laboratory. Mixtures containing 
Colorado aggregate and MC-3 material were also pre- 
pared. For the purpose of comparison similar mix- 
tures were made in which each of the two bituminous 
materials was combined with Potomac River sand and 
eravel after it had been sieved and recombined to con- 
form to the grading of the Colorado aggregate. Lime- 
stone dust was added to the Potomac River sand and 
gravel to bring the percentage of filler up to that natu- 
rally contained in the Colorado aggregate. 

These laboratory mixtures were prepared by hand 
with the aggregates at air temperature and the bitu- 
minous materials heated to 175° F. Mixing was con- 
tinued as long as improvement in coating could be 
observed. Prior to molding, the mixtures were placed 
in Open pans in an oven, maintained at a temperature 
of 140° F. and cured for 24 hours. Cylindrical speci- 
mens 3 inches in diameter and 3 inches in height were 
molded from these mixtures, using a molding pressure 
of 3,000 pounds per square inch, maintained for 1 
minute. 

The test pr ocedure for the laboratory-prepared 
mixtures was the same as that described for the field 
mixtures. One set of specimens was tested imme- 
diately after molding, one set after 1 dav immersion in 
water, and one set after 7 days of water immersion. 

Typical results of immersion and compression tests 
of the mixtures prepared in the laboratory are shown 
in table 5 

USEFULNESS OF THE IMMERSION-COMPRESSION TEST INDICATED 

Results of immersion-compression tests on specimens 
of field and laboratory mixtures containing the Colorado 
ageregate show striking loss of stability after immersion 
in water. The higher stability retained by specimens 
molded from the field samples, compared to that of 
specimens made from mixtures prepared in the labora- 
tory was undoubtedly due to the more extensive curing 
to which the field mixtures had been subjected in the 
process of road mixing and in the interval between 
mixing and testing. In the laboratory mixtures con- 
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taining Colorado aggregate, substitution of MC-3 
material for SC-3 material resulted in very little im- 
provement in retention of stability. Comparable mix- 
tures consisting of Potomac River sand-gravel and 
limestone dust, with either*grade of bituminous mate- 
rial, lost little strength even after 7 days immersion, 
and in these mixtures considerable improvement 
resulted from the substitution of MC-3 for SC-3 
material. 

In general the vertical swell of the unconfined speci- 
mens varied consistently with the loss of stability. It 
is believed however that the increase in vertical dimen- 
sion is not always a trustworthy index of volume 
change, and in later work the swell was calculated by 
comparing the volume of each specimen, as determined 
by displacement in water, before and after immersion. 

In weighing the relative importance of the informa- 
tion obtained by the various’ tests in_ the 
Colorado investigation, it is believed that the data 
obtained by the immersion-compression test are the 
most significant in that, (1) the test utilized the whole 
ageregate instead of one fraction, (2) soundness of the 
aggregate is determined directly in terms of retention 
of stability of the entire mixture, (8) results are es- 
pressed in numerical values, unaffected by the personal 
factor involved in the estimation systems as used in 
the various stripping tests, and (4) the results are con- 
sistent with the service behavior of the materials in 
the road surface. 

TESTS OF BITUMINOUS MIXTURES SHOW EFFECT OF VARYING TYPE 

AND QUANTITY OF FILLER 

This method of test was considered so promising 
that it was used tbe following year in a laboratory 
study of the form and type of fillers commonly used in 
bituminous mixtures. Pulverized New York Avenue 
clay ? was incorporated with Potomac River sand and 
gravel, both as a filler and as a coating on the surface of 
the particles of fine and coarse aggregate. In addition, 
mixtures were prepared in which limestone dust was 
used as the filler. 

Two aggregate gradings were used in this work, 
%-inch-0 and *%-inch-0, as shown in table 6. 

TABLE 6.—Grading of aggregates used in the study of fillers 

Total amount passing— Total amount passing— 

Seve size 34-inch 36-inch Sieve size 34-inch 38-inch 
maximum | maximum maximum | maximum 

size size size size 
Ne OEE ae Je a ee Og Be iat pa 9) ae Fis al — 

Percent Percent Percent Percent 
34-Inchs___- 100) Reese eee ee INO. 4 eee 39 68 
16-inch __ 86" rete ee IN'O} 30). See 31 45 
34-inch _- 78 LOO: INO 502 sae 19 23 
NOg Aas eee 60 94-1 3N'0.) 100 eae 12 16 
NowSietee ce se 48 Ssh NO 200s ees 9 10 

In preparing the clay-coated aggregate, the clean 
aggregate was first moistened with water, then the pul- 
verized clay was added and stirred until all particles 
seemed to be uniformly covered with a clay coating. 
The coated aggregate was then dried to a moisture-free 
condition, accompanied by constant stirring to mini- 
mize agglomeration. Bituminous material was then 
added. In the mixtures containing clay and limestone 
dust as fillers, the dry powders were mixed thoroughly 
with the dry aggregate before adding bituminous 
material. 

? A plastic clay soil found in the vicinity of Washington, D. C., and designated as 
tuxedo clay by the Bureau of Plant Industry, U. S. Department of Agriculture. 

TABLE 7.-—Characteristics of bituminous materials used 

Asphalt 
Type and grade of cut-back cement, 

Characteristics material 85-100 
pene- 
tration 

RC-4 MC-2 MC-3 

Specie eravityase ieee seen eee. 0. 985 0. 966 0. 978 1.018 
Flashpoint, Case 2 eee eee 120 135 160 304 
MULOLAVISCOSILY wate 40c hie eee See | eres 145.9 368 0-4 | aoe oes 
Furol viscosity, at 180° F..../..--.-.- 1839S NSS RP SLE Se a ee ee 
Distillation: 

Distillate, percent by volume to 
SRB i ae eee ee ee ees 14.5 24.5 22. O°. Siew ae ee 

Tests on distillation residue: 
Penetration, 77° F., 100 gm., 5 sec_ 97 194 191 85 
Ductility, 77° F., 5 centimeters 

per minute, centimeters_------- 208 122 127 110+ 
Total soluble in CCLa, percent__- 99, 91 99. 92 99-88 S\2e8-2. ee 
‘Total’ solubleinuCSe7percen tessa. ace hanes oa ae cee ae | eee 99. 90 
Oliensisispot test ses es seeee beee ee Negative | Negative | Negative |..--.-__-- 

Three grades of bituminous material were used in 
this study, namely, 85-100 penetration asphalt cement, 
MC-3 cut-back and RC-4 cut-back asphalt, the more 
important characteristics of which are shown in table 7. 
The bitumen content of all mixtures was 6 parts bitumen 
to 100 parts of aggregate by weight. 

Sufficient aggregate and bitumen for each test speci- 
men were mixed by hand in individual batches. Mixing 
time was dictated by the ease or difficulty of coating 
the aggregate. In the case of the clay-coated aggregates 
some care In mixing was necessary, in order to avoid 
scuffing of the clay coating. 

Mixing was done over a hot plate, and the following 
temperatures for batches representing the three types 
of bituminous material were not exceeded during the 
mixing process: Asphalt cement mixtures, 260° F.; 
MC-38, 120° F.; and RC-4, 160° F. 

Test specimens of the asphalt-cement mixtures were 
molded immediately after mixing. Mixtures containing 
cut-back materials however were cured loose for 20 
hours before molding—the batches with MC material 
in an oven at 140° F., and the batches with RC ma- 
terial at laboratory temperature. ‘Mixtures with cut- 
back material were molded at air temperature. 

Test specimens were cylinders, 4 inches in diameter 
and 4 inches in height, molded between double plungers 
under a load of 3,000 pounds per square inch. The 
molded specimens representing each combination of 
aggregate and bituminous material were cured in an 
oven at 140° F. for periods of 1 and 7 days. Some of the 
specimens representing each curing condition were 
tested in compression without water immersion while 
others were tested after immersion in water for 7 days. 
After removal from the water and just before testing, the 
swell of each specimen was noted. The platen speed 
of the testing machine was 0.2 inch per minute. An 
abstract of the test results is shown in table 8. 

In general, the effect of immersion in water on the 
stability of the specimens was influenced by three fac- 
tors, namely, the type of filler (plastic or nonplastic), 
the distribution of filler material (throughout the mix- 
ture or concentrated as a coating on the aggregate 
particles), and the characteristics of the bituminous 
material. 

In all cases those specimens containing more than a 
sight amount of clay lost strength by a larger percent- 
age than did those containing nonplastic filler. For the 
mixtures containing limestone-clay filler blends, the 
percentage loss was directly proportional to the per- 
centage of clay contained. Specimens containing clay- 
coated aggregate showed the lowest percentage of re- 
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TABLE 8.—Effect of immersion on stability of 4- by 4-inch 
specimens containing Potomac River sand and gravel in com- 
bination with plastic and nonplastic fillers. 

85-100 PENETRATION ASPHALT 3%-INCH MAXIMUM 
SIZE AGGREGATE 

; ; : Compres- Quantity and type Aves cids |Curing at} Immer- Son rT Strength 
° + well sive ge of filler 140° F. sion strength retained 

Lb. per 
Percent Days Days Percent sq. in. Percent 

9-percent limestone { 3.7 fy ue eee ae ea [pe ee ne 
dust as filler. _---_- 3.7 7 7 0 351 96 

4.9 1 Lyle Se eee AQS |e ate =a 
9-percent clay as |j--.------| 1 7 2.1 336 83 
ELL ete Se A a + IEE) races 7 1 eee oe 400 hae Gee ee 

iat 4.9 7 7 1.4 369 80 
8-percent clay as 70.1 1 Ott sceta. = oe5 $03) jens oe 

film on particles, 6.1 1 “4 4.0 187 48 
{ 1-percent clay as 7.0 7 OS 2 Sse y AT | eas ee 8 
HE ce ee ae 6.6 vi 7 3.2 243 58 

RC-4 CUT-BACK MATERIAL 4-INCH MAXIMUM SIZE AGGREGATE 

3.3 1 On| enero “hap yl Eats ee 
9-percent limestone 4.1 Dd 7 0.5 166 109 

dust as filler__---- 4.1 7  (-  e D2 A eee Be 
3.8 7 7 6 257 90 
3.8 1 OF. Sas oes 7 y Te ee ee 

9-percent clay as 4.1 1 7 2.6 146 59 
Rilersee es. Soe 3.8 | “f On| eet aee ASON See ice ewe, 

2a tee 7 7 Lai 266 61 
8-percent clay as |{---.------ 1] Oa pee cee SS 282) | sere 

film on particles, 4.6 1 7 6.3 66 28 
1-percent clay as |)--------- 7 ON SAR one se 301 p Reraeeeae 
dlerswes teres. Jo 4.6 7 7 4.4 134 37 

RC-4 CUT-BACK MATERIAL, 38-INCH MAXIMUM SIZE AGGREGATE 

11.6 1 Oj ete-=e acct See eee 
10-percent lime- 11.9 1 i 1.2 108 82 

stone dust as filler_ 11.9 7 Onan aoe 2 1990) Sree 
Bee oe 7 7 ai 181 91 

11.9 i (0.3/2 eee 2B0) [zane cae 
10-percent clay as |j--------- 1 7 3.9 77 133 
ETN hee es op ee See 12.4 i OTe aa oe S 0g tine Se 

12.4 7 7 3.6 162 52 
4 

3-percent clay and sven : g mares 3.6 ee Pat le So 77 
7-percent lime- 11.2 7 0 256 
stone dust as filler. 11.2 7 7 L4 133 71 

13.6 1 (Oy aes PAsy i peer = ee 
10-percent clay as 13:2 1 7 7.0 31 12 

film on particles _- 14.0 7 ON ie = ap Sp 306) =e 
14.0 7 7 6.3 66 22 

7-percent clay as 13.6 1 (i) | — pens 203i sere 
film on particles, 13.6 1 7 6.1 25 12 
3-percent lime- 13.6 7 Oneeeoeen ae VAM ip fk see S 
stone dust as filler 13. 2 7 7 5.2 41 15 

3-percent clay as 11.9 1 Aloe Seer SS G5 Seems oe 
film ‘on particles, 11.9 1 if 2.5 60 39 
7-percent lime- 12.4 @ el EA aoe 2B2 Nites eee SS 
stone dust as filler_| (_-------- 7 7 17 114 49 

MC-3 CUT-BACK MATERIAL, %4-INCH MAXIMUM SIZE AGGREGATE 

| 

4.9 1 Oe ee ge 65: Ses st 
9-percent limestone |} ------ ine 1 7 0. 2 63 97 

Gustas filer —-soi\< 2 o 7 y Osteo’ OF ti. essere 
§.3 7 7 0 123 127 
§.3 1 LC (a LG be teers oe 

9-percent clay as Ses) 1 7 4.6 30 19 
Bilpree sneer eee ee fe Oi ee yee 220 Were Tees ok 

A i 7 (Gee as 70 31 
8-percent clay as 

film on particles, 6.2 7 One cee AS ie ve wee 
l-percent clay as 6.7 “4 7 5.0 26 10 
WilterscArees cua 

tained stability. It was found that the compressive 
strength of the dry specimens containing clay was higher 
than that of similar specimens containing limestone 
filler. 

The influence of time of curing on loss of stability is 
seen by comparing the stability losses of specimens in 
each mixture group representing the two oven-curing 
periods. 

In general, a very consistent relation is evident be- 
tween the swell of the specimens and the proportions of 
clay. As the percentage of clay was increased, the 
volume change increased, with the greater changes in- 

SPECIMENS TrEstED Dry WERE Brovuaur To TEST TEMPERATURE 
IN Tuts INSULATED AIR CHAMBER 

dicated by the mixtures containing clay as a coating 
on the aggregate particles than in those containing clay 
as a filler. 

A STUDY OF WIDER SCOPE PLANNED 

The usefulness of an immersion-compression test 
having been demonstrated within the limits of the two 
investigations described above, it was decided to de- 
termine the value of the test more completely by a study 
of considerably larger scope. Bituminous mixtures 
were selected with the view of throwing light on the 
following: 

(1) The advantage of this type of test over the less 
direct stripping test now in general use. 

(2) The sensitivity of the test to minor variations in 
the hydrophilic properties of the aggregate. 

(3) The usefulness of the test in evaluating various 
types of filler material. 

(4) The usefulness of the test in indicating variations 
in the quality of dense mixtures. 

(5) The usefulness of the test in indicating the effect 
on mixture quality of various grades of asphaltic 
material. 

Three bituminous materials were used—an 85-100 
penetration asphalt, an MC-3 cut-back asphalt, and 
an RC-4 cut-back asphalt. The more important 
characteristics of these materials are shown in table 7. 
In all mixtures the bitumen content was 6 parts of 
bitumen to 100 parts of aggregate, by weight. 

Four types of coarse aggr rezate were used—a crushed 
limestone (hydrophobic), a crushed quartzite (hydro- 
philic), a pit gravel (hydrophilic), and a river gravel 
(hydrophobic) 3 

Three types of fine aggregate were used—river sand 
(hydrophobic), crushed limestone sand (hydrophobic), 
and crushed quartzite sand (hydrophilic). 

TABLE 9.—Characteristics of aggregates and fillers used 

Ap- | Percent 
1. ; parent | passing 

Aggregates Nature specific | No. 200 

gravity] sieve 

Coarse aggregates: | 
Crushed Guent7ites.sesesee nea eee EL yOropoiice: se. 2-52-25 yr 2: Os ed ate 
Grushed limestone_22 24s 2b 23 5 Bey ean: peas Ay BE) (Ce awens 6S 
Washed Potoniace River gra velse.24-22)/4-5-~ 00: -= 2. 2225 Oe ka se: ay PE ae 
Washed pit eravelist .soceosoe eee 2 Hparopbliig ee ae leet, G4 ees Seer 

Fine aggregates: | 
Washed Potomac River sand_________ Ty droOpno vices: see os | 2.64 2 
Washed crushed quartzite____________ Hydrophilic ______ > | 2.63 | ( 
Washed crushed limestone__-_-___-__-- Hydrophobie________-- enna 0 

Fillers: 
Pulverized silica. _.__.2------- peer. Hydrophilic. = ssaeuse 2. 64 | 100 
Pulverized limestone_..--.=---.----.- Hydrophobic_-_..._...- weed 100 
Pulvyerized Clay 'lt<-5.2-5..525 Se eeLydrophiNie veo ae | 2.67 100 

1 Liquid limit, 71; plasticity index, 46. 
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Mixtures For COMPRESSION SPECIMENS WERE PREPARED IN A 
Twin-PUGMILL MIxErR. 

TABLE 10,—Composition of aggregate blends 

: 7-percent 12-percent 7-percent | 12-percent 
Passing filler filler Passing filler filler 

blends blends blends blends 

: , Percent Percent Percent Percent 
14-inch sieve___ 100 100 |; No. 10 sieve_ 37 
38-inch sieve___ 66 69 || No. 200 sieve__ 7 12 
No. 4 sieve___- 42 47 

Three types of filler were used—pulverized limestone, 
pulverized silica, and pulverized New York Avenue 
clay. All fillers passed a 200-mesh sieve. 

Selected combinations of these materials, and not all 
possible combinations, were used in the investigation. 
Characteristics of aggregates and fillers are given in 
table 9. 

Two percentages of filler were used with each com- 
bination of coarse and fine aggregate. The composition 
of the aggregate blends by sizes is shown in table 10. 

All mixtures were prepared in a laboratory twin- 
pugmill mixer of 20 pounds capacity. The mixer has 
electric heating elements to prevent excessive cooling 
during mixing. 

In general, the mixing time, measured from the time 
all the bituminous material had been added to the 
discharge of the batch, was 1% minutes. Mixtures 
containing clay filler required up to 2% minutes for the 
production of a batch of uniform appearance. Prior 
to mixing, the bituminous materials were heated to 
the following temperatures: Asphalt cement, 300° F.; 
MC-3, 200° F.; RC-4, 225° F. 

In preparing the mixtures containing asphalt cement, 
the aggregate was heated to a temperature of 325° F. 
before mixing. In the cut-back mixtures the aggregate 

TABLE 11.—Results of modified Nicholson stripping test on coarse 
fractions of aggregates used in immersion-compression test study 

Estimated area coated after 45 minutes 
of rotation; aggregate mixed with— 

Type of aggregate tense ct 

AC (85-100) RC-4 MC-3 

Quartzitee ee eee eee eae Ee ee 100 90 80 
TGLINESTOUC RS aee ee ae See eee een ee a 100 100 100 
River Qray elie sje > eee age ee 100 100 95 
Pit:STavelesses 5. eee ee Re ia 100 100 85. 

was unheated. Temperature of the asphalt cement 
mixtures at the time of molding was 260° F., and the 
molds were heated to that temperature also. Molding 
of the cut-back mixtures was done at room temperature. 

Molding of the asphalt cement mixtures followed 
mixing immediately. Molding of the MC-3 and RC—4 
mixtures followed 24 hours of curing at room tempera- 
ture. All specimens were 4 inches in diameter and 4 
inches in height, and were molded between double 
plungers under a load of 3,000 pounds per square inch, 
held for 2 minutes. 

THE TEST PROCEDURE USED IN THE EXTENDED STUDY DESCRIBED 

After molding, all specimens were placed in an oven 
maintained at a constant temperature of 140° F. 
After 24 hours in the oven they were removed and 
allowed to stand overnight at room temperature. The 
second day after molding, the specimens were weighed 
in air and water for specific gravity and volume de- 
terminations. Three of the 12 specimens representing 
each mixture were then brought to test temperature 
(77° F.) and tested for compressive strength. At the 
same time, the other nine specimens were completely 
submerged in a water bath maintained at 77° F. 
They were tested for compressive strength in sets of 
three specimens at the end of 2, 4, and 7 days of immer- 
sion. Just prior to testing, each specimen was weighed 
in water, then surface dried and weighed in air, for 
the purpose of calculating absorption and volume 
change. 

The compressive strength of all specimens was de- 
termined by means of a hydraulic testing machine, 
using a platen speed of 0.2 inch per minute, the speci- 
mens being free of lateral support. The results of 
the modified Nicholson test are given in table 11. The’ 
results of the immersion-compression test, and swell 
and absorption data, are given in table 12. 

Concurrently with this study, a laboratory investi- 
gation was carried on to determine the effect of several 
additives in preventing stripping of bituminous coat- 
ings from aggregates. In addition to the Nicholson 
test, the immersion-compression test was used to 
measure the effect of these additives on the retention 
of stability by the mixtures. Although this work has 
not yet been completed, a portion of the data is in- 
cluded in this report as being of interest in further 
demonstrating the usefulness of the immersion-compres- 
sion test. These data are shown in table 13. 

RESULTS DEMONSTRATE USEFULNESS OF IMMERSION-COMPRES- 

SION TEST IN DETERMINING EFFECT OF WATER ON MIXTURES 

The use of selected aggregate gradings resulted in 
very high densities in the molded specimens. Regard- 
less of the type of coarse aggregate used, the mixtures 
containing 12-percent limestone dust were denser than 
those containing the same quantity of either of the other 
fillers. In the mixtures with 7-percent filler, however, 
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TABLE 12.—Results of immersion-compression tests on specimens containing hydrophilic and hydrophobic aggregates 

ASPHALT CEMENT (85-100) 

Time of immersion 

QUARTZITE AND POTOMAC RIVER SAND LIMESTONE AND POTOMAC RIVER SAND 

| Z Compres- Compres- Compres- r Compres-! 
2 Water 5 Strength Water Fi \Strength Water Strength Water $ Strength Swell | Swell Swell e Swell ‘ absorbed strength ae absorbed strength retained absorbed strength retained absorbed strength retained 

| Lb per Lb. per Db. per. Lb. per 
Days Pcl gids dailies sq. in. | Percent ||Percent|Percent| sq.in. | Percént ||Percent|Percent| sq.in. | Percent ||Percent|Percent| sq.in. | Percent 

Silica dust, percent____ 7 12 7 12 
Air voids, percent !____ 4.4 3.0 4,0 8.3 

ee [ce ae pa ea See | BS eet oe 71 nt SE a 295 Ose 
ee SEE RO OA ee eee | Peis Ses Oe ae 6440 (ae SUS. eee 
Shy ae Sate 7 a DR a | Ris 00) | BE ere PAGE eas toe 306s |e 

es CS SS | ee OU) (oleae tS See eee ee ODS hl ne eet oe | ee ee See SOS ESS S20. Ss 

ee SES. Sere ee ae 0.5 O245)|— Jone ee 0.9 0.8 BAT ee eee 14 0.4 kl ble Meng OO ae 0.1 0.4 Bits aeendae 
Py et, ES DRIES el a 1.0 Pa nye en eee .3 4 SOL ae eee mt a0 BS die eee an .4 SUZ esas 
Eel ee LS wk 4 She, ree Ss oe 3 .3 BY (Sal eae me a4. Bay eee ee ~2 A) BOOM see Sek 

ASVOTAR OL. seer 2 9 5 333 126 36 5 371 110 4 <5 293 114 al .4 350 116 

[LOS Re eS ea 9 5 Pilot, a nee i ae 2 15 pid | s-e ees = ae .6 SU ON oe eS .4 .5 BOON | See 
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TaBLy 12.—Results of immersion-compression tests on specimens containing hydrophilic and hydrophobic aggregates—Continued 
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TABLE 12.—Results of immersion-compression tests on specimens containing hydrophilic and hydrophobic aggregates—Continued 
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TABLE 12.—Results of immersion-compression tests on specimens containing hydrophilic and hydrophobic aggregates—Continued 
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the clay filler produced the highest density. As be- 
tween the stone mixtures and the gravel mixtures, the 
gravel mixtures were less dense. Mixtures containing 
crushed limestone produced higher densities than 
those containing crushed quartzite, when comparable 
percentages of the three respective fillers were used. 

As would be expected, the stabilities of dry specimens 
representing all aggregate and filler groups reflected 
directly the consistency of the bituminous material 
used. That is, for any type of coarse aggregate con- 
taining the same percentage of any of the three fillers, 
stabilities were highest in specimens containing asphalt 
cement, lowest in those containing MC-3 material, 
with intermediate values for those containing RC—4 
material. 

For any given grade of bituminous material and for 
comparable percentages and types of filler, the mix- 
tures containing quartzite as coarse ager egate generally 
had higher stabilities than those containing limestone. 
This may be explained by the rougher surface texture 
of the quartzite. In the mixture groups containing 
limestone and quartzite as coarse aggregate, increasing 
the percentage of filler from 7 to 12 invariably resulted 
in stability increases in the dry specimens ranging 
from as low as 2 percent for mixtures of crushed lime- 
stone, RC-4 material, and limestone filler to 77 percent 
for the mixtures of quartzite, MC-3 material, and clay 
filler. Dry specimens containing clay filler had higher 
stabilities than comparable specimens containing either 
limestone or silica fillers. 

It was observed that in many of the mixtures con- 
taining asphalt cement the specimens that had been 
immersed in water had higher stability values than 
corresponding dry specimens. In future work with 
such mixtures, a period of immersion in water in 
excess of 7 days will be used, with the expectation of 
developing more rational information. 

This same phenomenon was also observed in several 
of the mixtures with MOC-3 and RC-4 materials after 
2 days immersion. Since it does not appear that the 
ane of the aggregates, of itself, is responsible for 
this apparent increase in stability, the values from 
specimens immersed only 2 days will be disregarded 
in discussing the data. Results of the tests on mixtures 
containing the MC and RC materials, expressed in 
terms of percentage of stability retained after immersion, 
are shown graphically in figures 1, 2, and 3. 

The effect of immersion in water on mixtures with 
RC-4 material is shown in figure 1, the data being 
from table 12. For easy comparison, the curves repre- 
senting mixtures containing quartzite and the three 
fillers and those contaiming limestone and the three 
fillers have been arranged side by side. Considering 
first the effect of the character of the filler only on the 
quartzite mixtures, it is apparent that 7-percent clay 
produces a greater loss in stability than the same per- 
centage of either of the other fillers, with the 7-percent 
limestone dust mixture showing the least reduction. 
With increased percentage of the respective fillers, the 
greatest loss is produced by the silica, and the least 
loss again is shown by the limestone dust. 

In the case of the limestone mixtures with either 
percentage of fillers limestone filler produced little or 
no loss with the clay filler showing the greatest loss. 

The stabilities of the quartzite and limestone mix- 
tures containing comparable percentages of the three 
fillers are not entirely in accord with what would be 
expected from the results of the stripping tests on the 

TABLE 13.—Effect of additives in reducing loss of strength in 4- by 
4-inch cylinders as indicated by immersion-compression and 
stripping tests 

Compressive 
A Wolue strength ] os 

esto Water Bene Ne eee ee erengeh re Strip= 
i gad Coarse aggre- absorbed ae retained! ping 
MC-21 cut- | S2te (4-inch-| after4 | cron 4 After | after4 | test,§ 
Hag asphalt No. 10) 2 days in ance immer-| days in| area 

E water | waters | Dry‘ | sion 4| water | coated 
days in 
water 

Lb. per | Lb. per 
Percent | Percent | sq. in. | sq. in. | Percent | Percent 

Braye ae ob ae 57 0 0 
None: =f. es 2 |oranite 3.8 4.6 62 17 27 60 

Limestone_ 1.6 Lea 56 39 70 100 
Additive A, |(Trap_._.._-- 2.0 0 60 62 103 95 

1-percent__-- |Graniia: 1.5 He) 59 57 97 95 
Limestone_ Ao! .3 50 56 112 100 

Additive, By |\(Prap. Ss. 2.0 1.0 65 45 69 | 100 
0.65-percent - {Granite 1.6 1.1 64 53 83 100 

Limestone __ x 6 0 51 60 118 100 
Additive C, { tranite- 1.9 1.4 62 43 69 95 

0.5-percent__ Limestone__ 8 ae 49 53 108 100 
Additive D, oes ae 1.5 .6 59 57 97 95 

1-percent____|\ Limestone_ .8 Pes 50 56 112 100 
Additive E, \ecee rae 1,4 |} 4 61 55 90 95 

2-percent____|}\| Limestone __ .6 0 49 51 104 100 
Additive F, been 1.4 Has 66 49 75 90 

2-percent__.- Limestone __ aM ~2 48 49 102 95 

| Important characteristics shown in table 7 
2 Composition of mixture: Coarse aggregate, 60 percent; fine aggregate, river sand, 

30 percent; filler, silica, 10 percent. 
3 Cylinders i immersed in water at 77° F, after curing. 
4 Cylinders tested after curing for 24 hours at 140° F. 
5 Modified Nicholson test on coarse aggregate, condition at end of 45 minutes. 

coarse aggregates. It is only in the mixtures containing 
limestone filler that results consistent with the stripping 
properties of the coarse aggregates were obtained. 
Mixtures containing limestone and limestone filler in 
either percentage weakened consider ably less than those 
containing quartzite stone and limestone filler. On the 
other hand, 7 percent of silica dust in combination 
with quartzite stone showed less loss than a correspond- 
ing percentage of silica dust with limestone coarse 
ageregate. However, the loss shown by 12 percent 
of silica dust with quartzite was considerably greater 
than that shown by the comparable mixture in which 
limestone was used as the coarse aggregate. It is 
possible that the disparity in proportional effect as 
between, the two percentages of silica filler in combina- 
tion with the two coarse aggregates may be due to 
experimental error. Comparison of the quartzite-ciay 
and the limestone-clay mixtures shows that clay pro- 
duces much greater loss with limestone than with 
quartzite. 

The stability retained by mixtures of quartzite, 
river sand, and the three fillers combined with MC-3 
material in relation to that of corresponding mixtures 
in which the coarse aggregate is limestone, is also shown 
in figure 1. The data are from table 12. Consider- 
ing only the effect of the various fillers, in the quartzite 
mixtures the highest loss was produced by the silica 
filler and the lowest by the limestone filler. In the 
limestone mixtures however clay produced the greatest 
loss with limestone dust the least. Comparing quartz- 
ite with limestone mixtures containing corresponding 
types of filler, it is seen that the hydrophobic property 
of the limestone did contribute slightly to the retention 
of stability by the mixtures containing silica or lime- 
stone fillers but this is not true of the mixtures con- 
taining clay. 

The effect of water on mixtures containing gravel 
and the three fillers is seen in figure 2, based on the data 
of table 12. As stated previously, the Potomac River 
gravel is considered to be hydrophobic and the pit 
gravel to be hydrophilic. Results of the immersion- 
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Figure 2.—SrTaBILiry RETENTION OF SPECI- 
MENS CONTAINING GRAVEL. 

compression test seem to corroborate this distinction. 
However, judging from the test results on the mixtures 
with limestone filler the effect of variation in the coarse 
ageregate fraction is comparatively small. Different 
types of filler, however, cause large differences in rates 
of loss of stability. In pit gravel mixtures silica filler 
produced the greatest loss and, limestone filler the 
least, while in the Potomac River gravel mixtures 
the losses at 7 days for silica and clay fillers were only 
slightly different. 

In most of the mixtures studied, the fine aggregate 
consisted of washed Potomac River sand, which is 
considered to be hydrophobic, although it is difficult if 
not impossible to evaluate this property in fine aggre- 
gate fractions with the commonly used stripping tests. 

In order to obtain a more positive indication of the 
influence of the nature of the fine aggregate, mixtures 
were made in which the fine aggregate was prepared by 
crushing the same stone that composed the coarse 
aggregate. The data from tests of the mixtures are 
shown in table 12 and figure 3. In the quartzite 
group, the mixtures containing silica filler disinte- 
grated completely in the water bath before the 7-day 

STONE: STONE. SAND MG=3 
AND !2 PERCENT FILLER 

SNePOASRICL ER 

RETAINED STABILITY = PERCENT 

ce) | 2 S) G 5 6 7 

IMMERSED IN WATER - DAYS 

----- QUARTZITE, —— LIMESTONE 

FIGurRE 3.—STABILITY RETENTION OF SPECIMENS 
CONTAINING CRUSHED STONE SAND FRACTION. 

immersion period had elapsed. With quartzite aggre- 
gate the clay-filler mixtures had lost most of their 
stability at the end of 7 days immersion, while those 
with limestone filler lost 24 percent. In the limestone 
group, water caused most damage to the clay-filler 
specimens, less to the silica-filler mixtures, and none 
at all to the limestone-filler mixtures. 

From the meager data of these exploratory tests, no 
definite conclusions regarding the effect of the character 
of the sand fraction can be drawn. Direct comparison 
of mixtures containing crushed stone sand and those 
containing river sand is not possible due to the im- 
practicability of exactly duplicating the grading of the 
river sand by crushing stone. Gradings representative 
of these sands are shown in table 14. 

In the study of antistripping additives with particular 
ageregates entirely different indications were implied by 
results of the stripping test and the immersion-compres- 
sion test (table 13). For example, in the tests of 
mixtures in which no additives were used, the Nicholson 
test showed limestone to be least affected by water and 
trap rock to be next best. In the immersion-compres- 
sion test, while the limestone mixture lost only 30 
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TaBLe 14.—Gradation of sand fractions 

Sieve No. Potomac River} Quartzite Limestone 

Percent passing | Percent passing | Percent passing 
AT EA Sap ee Soe eee 100 100 100 
10.2 Soh 20 oe Ne St 99 99 100 
20 Sas 8oe eee ae te eee cee 90 49 39 
Ge eee ee se eee ee 77 36 25 
40 Sess sel res he Bes os ee 58 26 15 
BO tine 2 ee eee ee 34 18 9 
80S Sek ee eee eee Se 16 8 
TOO Se 222 ee ees ee eee 12 6 2 
200 Ss Re eer ee 2 0 0 

percent of its strength, the trap-rock mixtures lost 
all stability after 4 days in water. 

As another example, in the tests with additive B, the 
Nicholson test showed all aggregates to be completely 
coated, whereas 'the immersion-compression test shows 
considerable difference in the behavior of mixtures 
containing each of the three stones. Also, the Nicholson 
test indicates that all five additives produced essentially 
equal improvement of coating on the granite, whereas 
the immersion-compression test shows that, while all the 
additives improved the retention of stability of the 
eranite mixtures, the degree of improvement effected by 
the several additives differed considerably. 

SUMMARY 

Results of the studies described in this report indi- 
cate that an immersion-compression test, carried out 
in conformity with the suggested procedure, will pro- 
duce information valuable in various phases of bitu- 
minous mixture design. The test is useful in: 

1. Determining the effect of the use of hydrophilic 
ageregate, whether coarse or fine, on the stability of 
the mixture when exposed to the action of water. It 
is impractical to use the usual stripping tests in evalu- 
ating sands or fillers, yet results of the foregoing studies 
show the importance of fillers in the behavior of the 
whole mixture. It has been shown that satisfactory 
retention of stability may be developed in mixtures 
containing hydrophilic aggregate, provided suitable 
filler is used. , 

2. The selection of fillers with regard to their con- 
tribution to retention or loss of stability of the mixture 
in the presence, of water. 

3. The detection of aggregates that are structurally 
unsound when wet. 

4. Determining the usefulness of additives in caus- 
ing resistance to stripping of bituminous films from 
ageregate particles by water action. 

5. Determining the minimum proportions of im- 
ported hydrophobic material required to reduce stabil- 
ity loss in the presence of water, in cases where local 
ageregate is found to be hydrophilic. 

6. Testing aggregates considered for use in related 
types of construction, such as surface treatments. 
Although the primary value of the test is in the solution 
of problems in design of bituminous mixtures, it is be- 
lieved that adaptations of the test would be useful in 
other bituminous work. 

DETAILS OF TEST PROCEDURE 

A complete description of a suggested test procedure 
follows: 

1. The bituminous mixture for use in the test shall be 
composed of the aggregates, filler, and bituminous 
material in the proportions proposed for use in the 
actual construction. This is important, for it has been 
demonstrated that variations in aggregate, filler, or 

bituminous material result in corresponding differences 
in loss of stability. 

2. Hot mixtures shall be molded immediately after 
mixing. All other mixtures shall be cured loose in air 
for 24 hours before molding. It has been found that 
such a curing period is necessary in order to obtain con- 
sistent results. 

3. Cylindrical specimens 4 inches in diameter by 4 
inches in height shall be molded under a load of 3,000 
pounds per square inch by the double plunger method. 
Other means of compaction that will produce equally 
satisfactory results may be used. At least six speci- 
mens shall be molded for each mixture to be tested. 

There is considerable diversity of opinion as to the 
proper relation of height to diameter of cylindrical 
specimens for compression testing. Some investigators 
hold that the influence of end effects may not be 
eliminated by the use of height-diameter ratios less 
than 2 to 1. Other workers report entirely consistent 
results with lower ratios when the specimens are tested 
between rubber disks. The importance of end effect 
in certain types of testing where absolute values are 
required is unquestioned, but, it is believed that for 
immersion-compression testing, where results are ex- 
pressed in percentage of stability loss, the question as 
to the influence of end effects may be waived in the 
interest of convenience and practicability. In the 
development of the test procedure, several specimens 
4 inches in diameter and 8 inches in height were tested 
under the same conditions and at the same time as 
other specimens of the same diameter and 4 inches in 
height. Although indicated compressive strengths of 
the two sets of specimens differed considerably, the 
percentage losses in stability checked quite well. The 
larger specimens were difficult to mold, and were much 
more susceptible to damage in the necessary handling 
incident to weighing and testing. 

On the other hand, a specimen smaller than 4 inches 
by 4 inches would not be satisfactory for mixtures 
containing coarse aggregates. 

4. All molded specimens shall be cured for 24 hours 
in mee maintained at a uniform temperature of 
140° F. 

Freshly mixed and compacted roadway surfaces are 
immediately subjected to water action only in ex- 
ceptional cases. Immersion of freshly molded speci- 
mens in the laboratory would result in greatly ex- 
aggerated effects. ~ 

5. After oven curing, the specimens shall be allowed 
to cool to laboratory temperature, then weighed in air 
and water for density and volume determinations. 

6. Three of the six specimens shall then be tested in 
compression at room temperature after having been 
brought to a temperature of 77° F. in an air bath. 
The other three specimens shall be submerged in water 
at a temperature of 77° F. for a period of 4 days, after 
which they shall be removed from the water, weighed 
in air and water for moisture and volume determina- 
tions, and tested in compression, 

In the work reported here, the specimens were placed 
on glass or aluminum plates in the water bath. These 
plates were found to be very convenient in preventing 
spalling or distortion in handling those specimens that 
became softened in the water bath. 

Immersion for 4 days is recommended as productive 
of consistent and significant results in testing mixtures 
containing liquid asphalt materials. In testing hot 
mixtures, a longer immersion period will be required. 

. 

4 

le ete 
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7. All specimens shall be tested in compression 
_ without lateral confinement, and at a rate of vertical 
deformation of 0.2 inch per minute. 
_ This testing speed is in conformity with previous 
work of a simular nature. 

It will be necessary to obtain much more data cor- 
‘relating service behavior with laboratory test results 
before test limits can be assigned for specification 
urposes. However, based on the work already done, 

it is believed that mixtures retaining not less than 75 
percent of the dry stability after immersion for 4 days 
may be expected to have satisfactory resistance to 
water in service. 
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ADDITIVES FOR BITUMINOUS MATERIALS 
: 

BY THE DIVISION OF PHYSICAL RESEARCH, PUBLIC ROADS ADMINISTRATION 

Reported by PAUL F. CRITZ, Senior Highway Engineer, and JOSEPH F. GOODE, Associate Highway Engineer 

HE DETRIMENTAL EFFECT OF MOISTURE 
upon the service behavior of bituminous surfaces 

has long been a concern of engineers and, recently, at- 
tempts have been made to determine the basic causes of 
unsatisfactory behavior and to develop remedies. On 
this subject there is rather general agreement that: 

(a) Aggregates vary considerably in their resistance 
to coating with bituminous materials and in their resist- 
ance to the loss of such coating in the presence of 
moisture. 

(b) These variations are due to the character of both 
the aggregates and the bituminous materials. 

(c) Chemical agents can be used to obtain a coating 
of bitumen and to increase its resistance to stripping. 

PROPERTIES OF MATERIALS USED IN TESTS DESCRIBED 

A number of chemical agents are being produced 
commercially and offered as aids in coating wet aggre- 
gate and in coating and the retention of coating on 
aggregates that normally may be adversely affected by 
moisture. To determine the extent to which commer- 
cial products are beneficial a study has been made of a 
number of products to obtain definite information on 
the following: 

1. Effect of additives in coating wet aggregates with 
bitumen. 

2. Effect of additives in reducing film stripping. 
3. Effect of varying percentages of additives. 
4. Effect of additives upon the characteristics of the 

bituminous materials with which they are used. 
5. Effect of additives when used with different bitu- 

minous materials. 

6. Effect of additives in reducing loss of strength of 
bituminous mixtures due to the presence of moisture. 

7. Permanency of benefit obtained by the use of 
additives. 

No attempt has been made to include in this investi- 
gation all of the materials that may be available. 
There are included, however, a number of representa- 
tive materials. They are designated in this report 
by the letters A, B, C, D, E, F, and G, respectively. 

The additives were used as received and in accord- 
ance with the recommendation of the producer except 

.as to the amount of additive used. They varied some- 
what in consistency at room temperature but all were 
liquid when warmed slightly. All were combined 
directly with the bituminous material but in one case 
the treated material was used in combination with 
quicklime. 

The objectives of this study did not include the 
development of an additive and consequently additives 
were not analyzed to determine their composition. 
However, it was considered important to determine to 
what extent an additive affects the characteristics of 
the bituminous materials, especially those character- 
istics that are limited by specifications. Combinations 
of additives and bituminous materials, therefore, were 
analyzed and such analyses are included herein. 

THE RETENTION OF BITUMINOUS Errect oF ADDITIVES ON 
CoaTINGs IN THE PRESENCE OF MotstTuRE: (A) Wiru 2 PErR- 
CENT OF ADDITIVE, COMPLETE CoATING Was RETAINED; (B) 
1 PERCENT oF ADDITIVE WAs ONLY PARTIALLY SATISFACTORY} 
AND (C) WirHoutT AN AppiTivE THE BitumMINoUS COATING 
Was Atmost COMPLETELY STRIPPED, 

The bituminous materials used were MC-2 cut-back 
asphalt, RC-2 cut-back asphalt, RT-5 road tar, and 
asphalt cement of 120 to 150 penetration. 

Analyses of the three liquid materials with and 
without additives are given in tables 1, 2, and 3. Cor- 
responding analyses of the asphalt cement were not 
made. It will be observed from those tables that the 
effect of additives upon the original characteristics of 
the bituminous materials, in general, is too slight to 
be of importance unless the characteristics of the un- 
treated material are at or near the specification limits. 

The results of the thin-film oven test, which is an 
accelerated weathering test, show that no detrimental 
effects attributable to the additive should be expected 
to develop as a result of oxidation in service. For all 
practical purposes, therefore, the chemical and physical 
effects of the additives on the acceptability or service- 
ability of the bituminous material with which they are 
used, may be disregarded. 

The aggegates used in the investigation vary in their 
hydrophilic properties and include materials having a 
record of unsatisfactory service behavior with respect 
to film stripping. The following materials were used: 
Two gravels, designated herein as No. 1 and No. 2 
respectively; two granites designated as No. 1 and No. 
2, one quartzite, one limestone, one limerock, one trap 
rock. The physical properties of these aggregates are | 
civen in table 4. 

It will be observed, by reference to the tables, that 
not all of the various combinations of additives and 
bituminous materials were used with all aggregates. 
However, it is believed that the data obtained are suffi- 
cient to provide the information sought in the investi- 
gation. 

THREE DIFFERENT TESTS MADE ON MIXTURES 

The procedure adopted for examining and comparing 
the different additives was to prepare bituminous mix- 
tures with and without additives and to subject them 
to the action of water. The tests used were as follows: 

The modified Oberbach test-—This is a static immersion 
test which was performed under the following conditions 
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TaBLe 1.—Analyses of MC—2 asphalt with and without additives ' 

ee wR ee 

Identification and amount of additive in Identification and amount of additive in 
bituminous material (No. 62533) a bituminous material (No. 64439) 

Un- : n- 
treated treated 

as- A B C G as- D E F 
phalt, phalt}ii.72 23." EP aS) te ee 2 eee 
No. No. 

B2BSS NG per- | 2 per- | 4 per- | 1 per- | 2 per- | 4 per- |0.5per-| 1 per- | 2 per- Nea! 64439 Io 5 per-| 1 per -| 2 per- | 2 per- | 4 per- | 2 per- 
cent | cent | cent | cent | cent | cent | cent | cent | cent hel cent | cent | cent | cent | cent | cent 

Specific gravity 77°/77° F__._.-.__- 0.966 | 0.967 | 0.967 | 0.968 | 0.967 | 0.967 | 0.967 | 0.967 | 0.966 | 0.964 | 0.966] 0.962 | 0.962 | 0.961 | 0.961 | 0.962 | 0.963 | 0.962 — 
Leshepomi jek) ee eee ne L3G Nee sedt fae eS 1401/28 3 ee eee 140 140 145 155 145 150 145 145 140 145 140 145 
eat at 140° F., seconds__| 145.9 | 142.0 | 140.3 |. 136.3 |. 143.8 | 141.0 | 140.7 | 145.0 | 135.5 | 122.2 | 132.6 | 163.0 | 159.8 | 157.8 | 150.0 | 152.2 | 144.0 153. 8 

istillation: ; 
Distillate percentage by volume 5 

of total distillate to 680° F.: ; Bs 
Oma He cet, ewe bps Trace | Trace 2.0 | Trace 2.0 2.0 2.0 2.0 2.0 3.9 2.0 3.4 awl 2.1 Za 2.0 2.0 2.0 iA, 
TO 4372 EE ae See PE ee 8.2 8.0 9.8 8.2 19.0 6.0 8. 2 8.0 11.8 9.8 12.0 8.5 10.5 12.5 10.6 10. 2 10.0 14.0 € 
TE ORG OO SiR tx Meee ON pee ery SER 44.9 44:0 43.1 44.9 44.0 44.0 40.8 44.0 45.1 45.1 46.0 44.7 44.1 45.8 44.7 44.9 44.0 46.0 
TO(G002 Hires £ he eee 81.6 | 80.05) 76.52), 79. 6:1) 8020.) 87850 |) °77.6 | 780°} 80) 4.) 82/4) ) 82.0) )) 80.8") 79.8.) ~81.3 |. 78-7 || SEG i s2n0 80.0 — 

Residue, percentage by volume ri 
total sample less distillate re- oi 
COVELEG. eee eee 2 Sake ae ee 7820 Ni. 78s ON) 740051 756M) TOLON| 7EN0N 87506 |) FELON FAB AS S25 75.10 ees Oil Oe 6.72 lh 76508) Oona rO.fOne On 0 Minny On Om 

Tests on residue: ' : tr 
Penetration at 77° F. 100 gm. 5 i 

SeeConds ay 127 Tse 3 Bali 194 197 194 224 238 240 330 196 188 228 215 182 195 207 250. 171 182 190 
Ductility at 77° F. 5 centimeters 

per minute, centimeters _____- 122 113 163 182 111 110 79 113 119 111 144 140 160 205 215 160 180 168 = 
Total soluble in CClu, percent --| 99.92 | 99.89 | 99.86 | 99.81 | 99.92 | 99.91 | 99.92 | 99.96 | 99.95 | 99.94 | 99.94 | 99.87 | 99.93 | 99.96 | 99.96 | 99.94 | 99.96 | 99.94 — 
Organic insoluble, percent__.__-_- . 05 OT . 05 05 . 04 . 04 . 04 . 02 . 03 . 05 . 06 . 09 . 06 . 04 . 04 - 05 . 04 05 
Inorganic insoluble, percent ____- . 03 . 04 . 09 .14 . 04 . 05 04 . 02 . 02 -O1 0 . 04 SOL 0 0 .O1 0 -O1 4 
Oliensis'spot testeee meen eae INN tes eae AN fess (Reet call eed INGE ease a cee Neg. | Neg. | Neg. | Neg. | Neg. | Neg. | Neg.| Neg a 

Thin film oven tests at 325° F. of | ° 
} 50 milliliter samples: ; 

5-hour test: ie 
Loss in weight, percent_______- 2482) D403 WN 24 2h 2B) 4 oak 24 hal OB8N7) | D466. 1-24. 9. QO 2b: 10) M24 | 2374 se 2o. Onl pean 2onOe lee lonO. 23. 6 
Residue penetration, 77° F., 

LOO; TO SCCONdSe seas mae 65 63 64 77 72 78 102 74 81 97 74 58 68 74 107 70 78 80 i 
Residue ductility, 77° F., 5 “a 
centimeters per minute, cen- 

+as Limeterse. Nee ae et AE 206 214 203 200 238 228 233 183 140 176 231 240 208 50+ | 250+ 137 215 203 
-hour test: 
Loss in weight, percent____._____ onl, 25. 4 25.3 25, 2 25. 6 25.7 24.6 25.4 25.8 26.0 25:7 24.1 23.8 23.9 23.4 24.4 24,4 24.2 
Residue penetration, 77° F., \ 

100,em, 515 Secondsas. 2 eee ss a 39 39 39 43 41 * 43 47 44 48 56 41 37 42 44 58 40 46 46 
Residue ductility, 77° F., 5 ‘ 
centimeters per minute, cen- 
timeters 225 See eee 78 78 64 46 110 123 110 95 137 162 95 78 140 165 218 45 90 100 

15-hour test: : | 
Loss in weight, percent_._______- 26. 0 25.7 25. 6 25. 4 25.9 25.8 2550 26. 0 26. 2 26.3 26. 4 24.5 24.3 24.3 24. 2 24.8 25. 0 24.7 
Residue, penetration at 77° F., H 
100em-.5iseconds. ws Sea ee 30 28 27 27 31 82 32 32 34 41 31 28 29 30 38 | 31 34 32 4 

Residue, ductility at 77° F., 5 | 
centimeters per minute, cen- 
THIME TERS ue Gee ed epee te 22 15 11 10 15 21 21 2K, 53 96 27 12 16 22 78 16 17 26 

1 Bituminous material No. 62533 was used in the stripping tests of all aggregates and in the compression tests of all aggregates excepting gravel No. 1 and granite No. 2 in 
which bituminous material No. 64439 was substituted. 

TABLE 2.—Analyses of RC-2 asphalt with and without additives 

Identification and amount of additive in bituminous material 

Un- 
treated B C D E F G 

ASDN ALG esa eee Saar ae CCM Gras ee eat Se 

1 percent | 2 percent Medak 1 percent oat Gas 2 percent | 2 percent | 4 percent | 2 percent es 

Specificieravitvey17/ 7 oie we oe eee be ae ek 0. 962 0. 963 0. 963 0. 961 0. 960 0. 963 0. 962 0. 962 0. 962 0. 962 0. 962 
Blash point, © Re aes Wee ae ee ee ene ean QOR| ee eee OB.) pet eit! 95 95 90 95 95 90 95 
Furol;viscosity at 140° F.j seconds: _ 242222. 2 sie) 229.8 217.2 214, 4 222.0 205.8 225.0 199.9 217.4 201. 7 219, 4 220. 8 
Distillation: 
repens percentage by volume of total distillate to ; 

AWE YE ON DE ey aes ye ee Ute Co. ev 2 kay A 43,8 39.6 40. 4 44,7 42.6 42.6 41.7 37.5 40.0 45.8 41.7 
TOASTS BESe LG LS Sai epee es gal VES Rae 70.8 68.8 68. 1 70. 2 70, 2 70. 2 72.9 66.7 64.0 70.8 70.8 
DO: SOO CME. Wie le BS Re net a SU, ss ate! Mv 83.3 83.3 83.0 85,1 83.0 85.1 83.3 83.3 80.0 83.3 83.3 
To GOO? Fis 21 ca es SE UI, PEE 93,8 91.7 91.5 93.6 91.5 93. 6 91,7 91.7 95.8 91.7 93.8 

Residue, percentage by volume, total sample less 
distillaterecoverc dt eae Ne eee ee Sue 76,0 76.0 76.5 76.5 76.5 76.5 76.0 76.0 75.0 76.0 76, 0 

Tests on residue: 
Penetration, 100 gm. 772 B., D.seconds2 el) ne a 81 90 102 85 95 89 109 83 87 91 92 
Ductility, 77° F., 5 centimeters per min., centimeters. 250+ 194 218 218 224 220 260+ 225 195 250+ 250+ 
Total’solublesin' © C1, percent eee eee 9903 ).naae eee ae 90) 047] Caters Ree 99, 97 99. 96 99. 92 99. 97 99. 95 99. 96 99. 96 
Organic insoluble; percent see some nee ees 505) ieee £04) pepe ees 03 04 . 08 . 03 05 . 04 - 03 
Inorganic insoluble, percent_---_________.._________-- OD set eee A B02) | erence 0 0 0 0 0 0 ' . O1 

Thin film oven tests at 325° F. of 50 milliliter samples, 
5-hour test: , 
oss ineweight, percents aan se nee eee ee ne 20. 8 20. 3 20.5 20.9 20.6 20.8 20. 4 21.0 21.1 20.7 20.7 
Residue, penetration, 77° F., 100 gm., 5 seconds____ 37 41 46 44 48 46 58 40 45 45 45 
Residue, ductility, 77° F., centimeters. .____._____- 128 197 250-+- 160 150 250+ 235 108 125 150 217 



at 77° F. After 30 minutes of rotation, the tempera- 
ture of the water bath was raised to 100° F. and the 
rotation continued for an additional 15 minutes. 

The appearance of the mixture at the end of 45 min- 
utes of rotation is reported in terms of the estimated 
area that remained coated at the conclusion of the test. 

Immersion-compression test—Tests were made on 
cylinders of graded mixtures as described in the pre- 
ceding article in this magazine. 

Some specimens were tested immediately after curing 
and duplicate specimens were tested after immersion 
in water at room temperature for 4 days. Additional 
specimens from some of the mixtures were tested after 
having been subjected to various periods of alternate 
wetting and drving. 

PREPARATION OF MIXTURES FOR COATING AND STRIPPING TESTS 

Prior to preparing the mixtures, the aggregates were 
screened and the fraction passing the 3/8-inch sieve 
and retained on the No. 4 sieve was used. The dry 
weight of aggregate used for all mixtures was 600 grams. 
Aggregates used wet were placed in distilled water and 
allowed to soak for 24 hours prior to mixing. Before 
placing in the mixing bowl the wet aggregates were 
drained until they contained approximately 3.5 per- 
cent of free water, due allowance being made for 
absorption, 
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TABLE 3.—Analyses of RT-5 tar with and without additives 

Identification and amount of additive in bituminous material 

Un- A B | C D G 
treated ah =u pa “Let SNe) ee 2 real eee AS i 

1 2 4 1 2 4 | 0.5 1 | 2 0.5 0.65 
percent | percent | percent | percent | percent | percent | percent | percent | percent | percent | percent 

Specific gravity DESHORP Cis PRs | Ss gt) weg 1.174 1.173 1M 4 1. 166 LZ 1.170 1.165 1.172 1.170 1. 166 1. 168 1 vj yf 
Specific viscosity, Engler, at 56° O_-------_- 17.5 18.1 18.5 18.8 17.9 17.9 17.8 | 16.3 | 14.8 13.6 stag 16.5 
Bitumen soluble in CS2, percent __-_----_-_- 89. 42 89.07 89. 34 89. 51 89. 21 89. 45 90.03 | 89. 22 89.03 89. 21 88. 95 88. 67 
Organic insoluble, percent___---------------- 10. 53 10. 86 10, 58 10. 40 10. 75 10. 43 9.93 | 10. 77 10. 95 10. 76 10. 97 11. 31 
Inorganic insoluble, percent_---..----------- 05 07 .08 09 04 .12 04 | 01 . 02 -03 08 02 
Distillation: 
Percentage by weight: 
Te Ship Sc tt ESR Se ee ees eed Trace Trace Trace Trace Trace Trace Trace 16 | 30 0.41 Trace Trace 
ig SO GE OY BESET ase Sat Se BES ee 3.68 4.04 3.14 4.01 3. 20 4.04 2. 23 | 3.49 | 3. 96 4,33 3. 67 3.61 
EMS FENG Ae? ok ON Ce Eee ae 10. 20 9. 22 10. 44 10.08 9. 55 10. 04 8. 57 | 9.08 | 9.12 9. 57 8. 68 10. 11 
BIG TOUS MPLS finge ite Skee Seed 5k 2.2 9.03 8. 96 8. 56 9.71 9. 06 8. 51 12.05 9.03 9. 44 9.13 9. 00 8. 60 
ROR eee Ss. Rat pens foe Snot a'<* 76. 13 77.37 76. 95 75. 60 78. 00 76. 90 76. 80 77.78 | 77.03 76.14 78. 20 77. 20 

Softening point of residue, ° C ___________- 34.8 34. 4 34.7 36.3 34.1 34.4 34.5 32.4 33.0 33. 1 33.5 34. 6 
Sulfonation index (0-300° C. fraction) _____- Te RO ere acto ah 1.72 1183) |G eee 1.70 aaa My | ORT SA Pe ee eae 1.61 1. 53 1. 59 

Thin film oven test, 50 milliliters, 163° C., | | 
4 hours: 

Loss in weight, percent_..-.-_.-----.------ 28.6 27.8 26.5 25.7 28.3 27.6 | 27.2 28.0 | 28.3 28.4 28. 6 28.3 
Penetration at 25° C., 100 gm. 5 seconds___ 8 10 14 22 10 15 26 | 12 12 19 10 12 
Ductility at 25° C., 5 centimeters per 
INGLE, CON LINELOLS.- 22.5. 22-5250 ee 28 206 158 150 194 206 | 221 250+ | 250+ | 233 136 198 

i ! i 

A sample of approximately 25 grams was immersed TaBLE 4.—Physical analyses of aggregates 

in distilled water at 70° F. immediately after mixing LEER 
and, after a period of 24 hours immersion, was ex- 7 Los An- 

s : re P : 1 | APPar-| Bulk r geles, amined visually to determine the extent of stripping | gy 56 oraggregate mattnen lent spe+| ecitic ABSOXP-| percent. 
that had occurred. eravicy [stavity | "P| age of 
A sample of approximately 35 grams was cured in . Cy ue gees 

air at 70° F. for 24 hours, then immersed in distilled 
° z : L. Percent| Percent 

water at 100 1h and, after a period of 24 hours im- Gravel No. 1___.--- Gravel containing angular | 2. 64 2. 53 17 42.8 

mersion, was examined to determine the extent of quart, sandstone, quar 
; ite, and chert. 

stripping. P Gravel No. 2____.-.| Gravel containing suban- 2. 69 2. 63 .8 33. 0 

The results of the above tests are reported in accom- gular pieces of quartz, 
panying tables as the estimated area that remained iMpcaber alte heey cadens 
coated at the conclusion of the test. Granite No.1_____-- Crushed aplitic granite____- 2 67 2. 61 .8 24.7 

7 5 A Granite No. 2___.--| Crushed granite__..____- 7: 2. 76 Day B: “9, 32.5 
The modified Nicholson test.—In this test a sample of | Quartzite.-_- __| Crushed feldspathicquartz- | 2.63 | 2.60 "5| 22.8 

is 2 4 : ite. 
approximately oe hairs i the nae aes hich cured Mm Limestone_______--| Crushed argillaceous lime- QETD Nenana 4 16.0 

2 Y 5 -OXI1- f stone. 
an oven at 140 - for 24 ours, alter W ren ep PLO Timerock= 42-20 _--= Crushed limerock having 2. 58 2.37 3.4 41.3 
mately 50 grams was placed in a flask partially filled : i a powdery surface. 
with distilled water at 77° F. The stoppered flask | “?7%---------- SS Re Faecal MUP | hy 
was placed in a frame which rotates in a water bath 

APPARATUS Usrp IN PERFORMING THE Mopirinp NICHOLSON 
Test For STRIPPING. ~ 
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ae 

SUBJECTED TO ALTERNATE StroraGeE TANK For SPECIMENS 
WETTING AND Drying. THE TANK Was FILLED AND DRAINED 
AS NECESSARY TO PRODUCE A WET oR Dry CONDITION. 

Aggregates used wet or dry with liquid bituminous 
materials were at room temperature. The tar and 
liquid asphalts were heated to 120° and 175° F. re- 
spectively. In preparing the mixtures containing 
asphalt cement, both aggregate and bitumen were heated 
to 275° F. prior to mixing. 

The amounts of additives used ranged from 0.5 to 4.0 
percent of the weight of the bituminous material. 
This range included the particular percentages recom- 
mended by the individual producers. 

The bitumen contents used were such that for all 
mixtures the film thickness on the aggregate particles 
was theoretically constant. The actual percentage of 
bitumen, including additives, ranged from 4.6 to 7.6 
percent of the dry weight of the aggregate. 

TABLE 5.—Results of coating tests using wet aggregates. 

MIXTURES WITH 

In the mixtures containing the additive that required 
quicklime, the proportion by weight was four parts of — 

In preparing the © quicklime to one part of additive. 
mixtures with wet aggregate, the lime was mixed with 
aggregate before applying the bituminous material. 
In preparing the dry mixes lime was applied 15 seconds ~ 
after the bituminous material had been mixed with the 
ageregate. 
nous material prior to the mixing operation. 

A kitchen-type mixer was used in preparing the 
mixtures, This mixer was equipped with a special 
paddle composed of flexible mixing blades to provide 
proper mixing with the minimum of crushing. The 
operating speed was approximately 60 revolutions per 
minute and the mixing operation was continued until 
no further increase in coating was obtained or until a 
tendency to strip was observed. 

At the completion of each mixing operation the fol- 
lowing samples were taken: 

(1) Approximately 25 grams for the immediate static 
immersion stripping test at 77° F. 

(2) Approximately 35 grams for 24 hours of air cur- 
ing at 70° F. to be followed by the static immersion 
stripping test at 100° F. 

(3) Approximately 100 grams for 24 hours of oven 
curing at 140° F. to be followed by the modified 
Nicholson stripping test. 

ALL ADDITIVES PRODUCED IMPROVEMENT IN COATING OF WET 

AGGREGATES 

All the bituminous materials, both with and without 
additives, readily coated the aggregates used in this 
investigation when the aggregates were dry. 
When the aggregates were wetted prior to mixing 

with the bituminous materials and in the manner 

Estimated percentage of the area well coated 

MC-2 MATERIAL 

Identification and percentage of additive in the bituminous material 

Un- teat xs 

Type of aggregate eae A B Cc D E 1p: G 

terial Le he es ee SEL : wy, 

1 2 4 1 2 4 0.5 1 2 0.5 1 2 2 4 2 0. 65 

Percent\ Percent| Percent| Percent Percent| Percent| Percent Percent| Percent| Percent Percent| Percent| Percent Percent| Percent| Percent| Percent 
Gravel INO: I ¢ 2223 aes 50 100 100 100 80 100 100 100 100 100 TOOF Seeneees 100 50 75 100 100 
Gravel INO w2-=s2see ee 50 100 100 100 80 95 100 100 100 100 OOM S322. Ae ee ee a eee 100 
GraniteyNo.pleeeeeeeeeeee 65 95 95 100 60 80 95 90 100 100 95% 2... fend Se soos | See ee ee ee 100 
Granite NO. 222 sesaeee 65 95 100 100 90 100 100 100 100 100 ic)sft || Seee ee 100 7 95 100 100 
Quartzitor 22 eee 40 90 95 100 50 100 100 100 100 100 95 100 100 40 85 100 100 
Wimestones 2 =sseseseee 80 100 100 100 95 100 100 95 95 100 100 100 100) joo 5 2 | See poh eee ae 100 
Limerock 232225 eee 110 is ap teeipdenasioal PEER ed, alae WENT 100 LOO se tea he See Oe ee ea meee el eee 100 90 100 100: /Baseeues 
DT AD LOCKSS 32 aes meses 80) 2. She eS e || eee Boe se ees a SSeS I SAN oe ROSE te EN ESPEN S EOE Re ee See ee eee 95 

AVelage st. een ee oe 60 97 98 100 77 96 99 98 99 100 98 100 100 63 89 100 99 

MIXTURES WITH RT-5 MATERIAL 

Gravel No. 1_____- 90 100 100 100 80 80 100 
Gravel No. 2___- 95 100 100 100 85 85 100 
Granite INOW es 95 100 100 100 85 - 95 100 
Granite No. 2____- s 95 100 100 100 90 90 100 
Quartzite= esos = sas see. 80 100 100 100 65 65 100 
Limestones-= na tae 95 100 100 100 85 85 100 

AVGTAZO-coese eee Se 92 100 100 100 82 83 100 

MIXTURES WITH RC-2 MATERIAL 

Gravel, Nos 1 2eaaeaeaen AOE Sone, 8 | Sead OP ees 85 Of -. |eaeeee 100 1002) Pee eae |e eee 100 30 50 100 100 
Granite INO. = eee 403 SoS Se ees | soe cee 85 OO: ee eee 100 TO0 Saseeee OD Lee he Se eee ae = eet eee Sel ee ene, oe 100 
Quartzite,— = 2 sees 7 Vb hee ee ee NN Pata es YS 90 JOY |easteee 100 100) Sees 05," |fet eee 100 20 50 100 100 
Limestone. -_--=--4------ DOS eee ea ctomeee | eeorenere 95 100)|/2222--2= 90 100 ae eee Chi} asec Saale [Sec sasl|s-cSkce Ssh 100 
Limerock. = Susssse arene LO ire Stes Os lis he oe ee wae ee 90 AOQR tS, oe ONDE Le eset ee cee =e ee 100 50 95 1004):65-4 

Average. _...----.---_- a ae aa 89 95| 100 egh idole nee yi WEES 100 33 65 | 100 | 100 

1 In a test in which the bituminous material contained 4 percent of the additive, the estimated area well coated was 95 percent. 

The additive was added to the bitumi- | 



Bsaly-Avsust-Septenber 1945 PUBLIC ROADS 135 
——————————————— 

previously described, the coating obtained varied with | obtained with MC-2 asphalt varied from 40 to 80 per- 
the amount and kind of additives used. The results | cent and averaged 60 percent. With RC-2 asphalt 
are shown in table 5 and are reported as the areas that | the coating varied from 10 to 50 percent and averaged 
upon visual inspection appeared to be well coated. | 32 percent, while with RT-5 tar it ranged from 80 to 
Areas that appeared to be only slightly colored by the | 95 and averaged 92 percent. 
bituminous material were considered as uncoated. It When additives were used with MC-2 and RC-2 
will be observed that without an additive, the coating | asphalt a definite improvement in coating was always 

TasLe 6.—Results of static immersion tests at 70° F. on uncured mixtures using wet aggregates. Estimated percentage of area remaining 
coated 

MIXTURES WITH MC-2 MATERIAL 

Identification and iT of additive in the bituminous material 

Wihy jig ite oe a = Se ae — —— oS 

Type of aggregate bat A B C D E F G 
OE eae ae ean ap Se ae 

1 2 4 1 2 4 0.5 1 2 0.5 1 2 2 4 2 0.65 

Percent | Percent | Percent | Percent | Percent | Percent | Percent | Percent | Percent | Percent | Percent | Percent | Percent | Percent | Percent | Percent | Percent 
meGravel Nos de. -.o-c 3. 0 60 95 90 95+} 100 60) 1) eee 100 0 25 100 85 

RaTAVEL INO. 222023 U eT ou 0 15 70 90 40 95 95+ 95 95+] 100 SOe bat wa enya Sep BS Pane ee he ele ed 90 
» Granite No. 1--___._____. 0 10 15 40 10 30 80 30 70 95 TU ee Se Re ae I See ee 50 
m Granite No. 2.3.2.2. 0 15 70 90 20 80 95 100 100 100 90 = (Eeses 2 100 5 25 100 95 
BQMArtYtGs 2.25 8S TS 0 20 ‘70 85 20 70 90 60 100 100 15 100 100 0 15 100 80 
Limestone... .-.-..-.-_-- 5 85 80 95 50 80 90 10 20 150 50 100 1 ile: | SE (|S eee 80 
BaIerOCK os. be eet Gi ree see oe Seale ee pees 90 (Tipe ee ee el ae ae ee at Mee ee 295 20 70 WOON: (eater eo 
BPLAD DOCKS sf | 2.0P0 teat & Onis BS ae Soot S| PSS BRR Lees eee me Seas sal Le Se eee ee ee ee ee eee | ee 5 

MIXTURES WITH RT-5 MATERIAL 

RILAVOLOINO wes eee oo be 10 50 75 95 20 40 80 70 85 Tie IRS eee ay ee at RR AS Tatas Rete 2, Seal eS 95 
RGTHaVOlINO: once. eno 10 75 80 95+ 30 80 90 85 95 08) ol ee ee ot | eS pe AE eae | Se See, AL OR Cee ees 95 
RAPADICG INO) .csseed 3. os 0 - 15 50 70 20 50 95 80 90 95++ SE yy ease ign et 52 ee 6 eee les ae 95+ 
iranite No. 22. .-..2-- asa 10 70 60 85 75 85 90 90 95 5 a ae es a aes | RE 2 ee | a eee | eee 95-++ 
MUUATEZILG as eet ee Se: 10 7 85 90 20 75 85 70 80 90 OG eerte ho ees ee Rey See ee oo 100 
Pamestone ss. ees 5 2 0 7 85 80 15 20 70 5 10 315 BO yet teers SS a eee ee oes eae 90 

ara vol NOvia sea. 5 | YP Ai Oe ee OE 75 O57 | ree 95 OB {ree eet ORE GN ie 100 ‘i 5 100 95 
Granite No: lice ie, ig ee ee NS ee ee 20 it fe Shane 80 ay | a ae se Tiidy ope: ty (PE age eo Ta fh ey age 90 
MOUBT Lote Jone ee (Ok| Poe tee OB alec ia ea 9 40 Sb iinet ea 90 O0b saad ne GO| gene 95+ 5 15 95+ 95 
Mamestone 174-4 2-222 oe ili Beet Et et ee LE ee Se 60 Soto eee 50 (Ae eo £0) ae oS ie Se A ee) aR Sl > hd a ee i oe 95 
aafMerOGk tak a. oe es OS aes ee ca ie BO ay ba 85 Oia (Ee ed ae Sie os Oe ieee ee Oh 280 20 hate |: PN Ppa 
—— 

1 In a test in which the bituminous material contained 4 percent of the additive, the estimated area remaining coated was 95 percent. 
2,In a test in which the bituminous material contained 4 percent of the additive, the estimated area remaining coated was 100 percent. 
3 In a test in which the bituminous material contained 4 percent of the additive, the estimated area remaining coated was 75 percent. 

TABLE 7.—-Results of static immersion tests at 100° F. on air-cured mixtures using wet aggregates. Estimated percentage of area 
remaining coated 

MIXTURES WITH MC-2 MATERIAL 

Identification and percentage of additive in the bituminous material 

eh aVs! |! a Se a ee eS Se a ee eee a eae 

Type of aggregate weoied A B C D E F G 

yg be aaerrcne ope ae a ToT SS ee ep ne Ee eo ee ss 

1 2 4 1 2 4 0.5 1 2 0.5 1 2 2 4 2 0.65 

Percent | Percent | Percent | Percent | Percent | Percent | Percent | Percent | Percent | Percent | Percent | Percent | Percent | Percent | Percent | Percent 
aravel NOW lito 2 2 ooo 10 5 15 85 95 100 100 95-+- 95 100 60) > Bache 100 70 85 100 100 
ISETAV CU INO) Jao eens 20 15 85 100 95+ 100 100 100 100 100 LOOM SHE Sse See ae a ee eee walline = 3 se 100 
eranite No. 1s ou 5 5 10 95 wero 95+ 100 100 100 100 bP ees a Te Ls SOE ee eee ee 95+ 
rraniteINOs2 foe aot 10 10 30 100 95+ 100 100 100 100 100 S55 \ieeeewane 100 20 75 100 100 
SOUAT U7 Cees ee 5 5 15 100 90 100 100 85 100 100 10 80 100 10 80 100 | 90 
auimestones pio 2255 --ce- 10 95 95+- 100 95 95+ 100 90 90 95+ 95 100 OOS ee tee ee oe ee eee SS 95-+- 
HRINOTOCK ee ee 8 ve I Shera hat (gets SSL | (Na a a 100 HUM fee, Ree |e WD aS le © ER ae ee ae © 100 95 100 95++]......-- 
SPAIN TOCK Saein oe oe ok aya) SON Seetied | Ris 45 pa Se ee bay cal SOSA Vi Belo 8 Nl gM eg Mie a <A RES ie |e eg (ae a ae OE ey ee os) |e 80 

< MIXTURES WITH RT-5 MATERIAL 

MravelwNo. ds 100 100 100 100 95 95 95 95+ 100 TOORROs Seer re ue 2 Se alee ee, 24. ee se Bee 552 Oe eee 3 100 
ciravel NG. 2-0 -ees5 otek 95 100 95+ 100 $0 95+ 100 100 100 LOO! Ae eee ei ies SE ek Nh ae Se a ag 100 
Me TANIGOING. 1s 22 2 3. 95 100 95 100 95 100 100 100 100 100 TOURS | Sennen eee ed oe eee eee oe ee a 100 
LT VONILONIN OV ee % oe clas 100 100 100 100 95+ 95+- 100 100 100 LOOM he ae eae eens Sere 3 ee et Se See 100 
PATizlte wt = eS 100 95+ 100 100 95 95++ 100 95+ 100 100 LTO Si ee A ES ee ES eee | eee 100 
Limestone-___.-- Bi 30 100 100 100 80 95 100 40 50 70 ie eee EA es ee ol ae Oe aN) pene 100 

MIXTURES WITH RC-2 MATERIAL 

| | 
MoreRVeL NOY bias eee se RO piste Sees 9) Sart ee Sh Sees 90 O5--jek 95+ LOO le see es ee ee ee 2 160 40 65 100 100 
Paranice NO) tisget > ss OP ae 2 ee eae eee S Ts OG cs Ne Pie 100 100M 25 eres Lie [Ae ee Sse me Mae as (mage - eal Ne gle CIS ay |e | ee 95-++ 
EXC ENEA Ca ee OE 5 A Re FE ed Ue od Se 90 Oh hey os 100 . TOOB exe ee Oa Se 3 100 10 40 100 100 
mAIMmeslONne ss. ts ck eats OM ee Sere eee ee 90 Obs e a e 95 LT ae Oia ie eaeee Sea hk S| ee eke ei 95-+- 
MATOTOGR os ashe oe BOD ee oe eee. || eee, 90 SEG Wl Rotate a Pe RS Ds oe es 95+ 80 95 95-+-}_..----- 
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Mixtures For THe Coatine AND STRIPPING 
Tests WERE PREPARED IN A KITCHEN-TYPE 
MIxer. 

obtained with some percentage of additive but. the 
optimum percentage of a given additive was not the 
same for all aggregates. 
When the additives were used with tar, the benefit 

obtained was less apparent as the untreated tar coated 
the aggregate reasonably well. Of the five additives 
used with the tar, 100 percent coating of all aggregates 
was obtained with 1 percent of additive A and with 0.65 
percent of additive G. Approximately the same result 
was obtained with 0.5 percent of additive D on the 
three aggregates used with tar. No improvement was 
afforded by the use of as much as 4 percent of additive 
B with tar. Use of additive C with tar resulted in 
complete coating of four of six aggregates with 2 percent 
of additive. With one aggregate practically the same 
result was obtained with 0.5, 1, and 2 percent of additive 
C as with the tar alone. With the remaining aggregate, 
the tar alone was more satisfactory than when 2 percent 
of additive C was used, and 4 percent of this additive 
produced no improvement over the tar without additive. 

RESULTS OF STRIPPING TEST, ON MIXTURES MADE WITH WET 
AGGREGATE DISCUSSED 

The effect of the additives in improving the ability of 
the three liquid bituminous materials to adhere to’ wet 
ageregate after being subjected to the action of water 
in the static immersion test is shown in tables 6 and 7. 

Table 6 gives the results of the static immersion test 
on the wet, uncured mixtures. The conditions under 
which this test is made are admittedly severe as is 
evidenced by the fact that at its conclusion a maximum — 
of 10 percent of area remained coated when additives 
were not used. However, when additives were used the 
coating retained was substantially increased although, © 
in the case of additive E, this increase was substantial: 
with one aggregate only. 

The improvement obtained with additives varied — 
considerably. It varied with the kind and percentage: 
of additive, with the type of bituminous material, and 
with the type of aggregate. In practically every in-_ 
stance, increasing the amount of additive resulted in — 
increased resistance to stripping but the rate of im-- 
provement varied considerably for different additives. 
Also, the different additives varied considerably in their 
effectiveness with different aggregates. 

Table 7 gives the results of the static immersion test — 
made at 100° F. on the mixtures that contained wet ag-- 
eregate and which were air-cured at 70° F. for 24 hours. — 
before testing. It will be observed that when additives. — 
were not used, the asphaltic materials did not provide a 
coating resistant to stripping but that the tar did except 
when used with limestone. 

In general, when additives were used, definite im- — 
provement was obtained, although the improvement in — 
the tar mixtures was limited to the limestone since the _ 
other tar-coated aggregates showed good resistance to _ 
stripping without an additive. The amount of im- — 
provement resulting from the use of the additives, as 
measured by this test, varied as in the tests of the 
uncured mixtures. ¥4 

The tests with the untreated materials showed that. — 
the resistance to stripping had been greatly improved | 
by the curing prior to the test and it appears that the — 
benefits obtained by curing, in general, more than com- | 
pensate for the detrimental effect of the higher test 
temperatures. An exception was found when 2 percent. — 
or less of additive A was used with MC-2 asphalt. With 
such materials some aggregates gave more satisfactory 
results when the mixtures were tested immediately 
after mixing. 

RESULTS OF STRIPPING TESTS ON MIXTURES MADE WITH DRY 
AGGREGATES 

Tables 8, 9, and 10 give the results obtained on the 
mixtures prepared with dry aggregates. Tables 8 and 
9 show the results of the static immersion tests on the 
uncured and on the air-cured samples, respectively, 
and table 10 gives the results of the modified Nicholson 
tests. 

Table 8 shows that when mixtures containing no addi- 
tives were tested without curing, the amount of coating 
retained varied considerably, not only with the aggre- 
cate used but also with the kind of bituminous material. 
With MC-2 asphalt, the maximum coating retained 
was 50 percent; with RC-2 asphalt, the maximum was 
85 percent; with tar, an excellent coating was retained 
on all aggregates except the limestone. It is interesting 
to note that in the untreated MC-2 and RC-2 mix- 
tures, this aggregate showed a better resistance to 
stripping than any of the others, while in the tar.mix- 
tures it showed the poorest resistance of any of the 
aggregates. The actual amount of coating retained 
was greater with RC—2 asphalt than with tar. 
When additives were used, considerable improvement 

resulted in most cases. Practically, complete coating 
was retained with all percentages of additives B, C, 
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TABLE 8.—Results of static immersion tests at 70° F. on uncured mixtures using dry aggregates. Estimated percentage of area 
remaining coated 

MIXTURES WITH MC-2 MATERIAL 

Identification and percentage of additive in the bituminous material 

Aggregate Untreated sual : . 
material A B Cc D G 

1 2 4 1 2 0.5 1 0.5 0.65 
ree Bowe Sy 2 ves at} et pO ae. Se a = a) oe ae a ‘ec eean | 

Percent Percent Percent Percent Percent Percent | Percent Percent Percent | Percent 
BEL VOUIN Os Ab eine on oe Sk at ie nin te eek 25 20 | 70 90 100 100 95 95+ 95 100 
Bray ONIN Osey see once nee oe 8 ee. AT ee one 50 60 90 | 95+ 100 100 100 100 100 100 
SEMDILO LINO? leap eee bos ont Snel k 2 st 30 30 40 70 100 100 100 | 100 100 100 
Granite No. 2_____ 10 20 15 5 100 100 100 100 80 | 100 

i 15 30 60 75 95 100 95+ 100 90 95+ 
50 95 95 100 100 100 95+ 100 100 | 100 
TKS 3 Ss ogee ON ee ee peel en oe ey oe TOOE te soe tack ka fete acetal Sang ten RA pete pea ae 100 

| fa | } 

MIXTURES WITH RT-5 MATERIAL 

| 

CREE UN Io) A Ss es OS Se ee ae ee a 100 95 90 95+ 100 95+} 100 100 _ Ene 100 
PLT OLIN One Seo oc. oe ae> = fee ae oa 100 100 100 100 100 100 100 100 Bae a 100 
Granite No. 1... - ees be 2 ee 100 85 80 85 100 100 100 100 100 | 100 
PEP ATILGAIN On Ween @ oct tae a Ocoee FS 95+ 50 30 20 100 100 100 100 8 ote Senseo 100 
“LE VALGY Se ee Dae es 2 a ee oe eee 100 95 85 75 90 100 95+ 100 100 100 
HRMOSLOUOGeee ieee eet os oes oh ee a So 70 100 100 100 90 95+ 70 80 100 100 

MIXTURES WITH RC-2 MATERIAL 

BeNPELVOLIN Org tacit = Serene Boh oo oe Se i Yd aan [ee ok Se ee P| pee nae ed ee ee 100 100 100 O5--leenreetae ses 95+- 
BPA CONN Go ue ees eee eee et See Oba [bee Pees s Sees SN ceed Fae OR 100 100 100 100 100 95+- 
MAT UZLLO =e tear seen ate BALE eo VS eS. (ch ee ct aif er gals 2 es 95 100 95 95+ 95+ 95+ 
LADETGR OGY ate Bee ee ee ee ee See ciF i | oe Me™ Ee Ce ee a ee ae 95+ 100 | 95 100 100 95+ 

TaBLE 9.—Results of static immersion tests at 100° F. on air-cured mixtures using dry aggregates. Estimated percentage of area 
remaining coated 

MIXTURES WITH MC-2 MATERIAL 

Identification and percentage of additive in the bituminous material 

Untreated | Aggregate material A B C D Q_ 

1 if) 4 ] | 2 0.5 1 0.5 0.65 

. Percent Percent Percent Percent Percent Percent Percent Percent Percent Percent 
HCETONOUEN O fle tee Ey 2 eet Sete ty tee see 25 20 90 95+ 100 100 80 95 95 100 
RECOV OLIN Oso 58 eee Cae teee nena. 2 ae Pa ee 30 95 100 100 100 100 100 100 100 100 
FEEPAM GOIN Otel Me eee ee te er A ak 15 40 95 95 95+ 100 100 100 95+ 95+ 
SHPADITONN Onc Se een n ee eee eee eee 10 30 65 75 100 100 100 100 95 100 
OAT CRUG a wee ele Let eee re 15 20 90 80 95-++ 100 85 100 50 90 
TIMES, ON Gee ee ke es ES i Fe 30 95 100 100 100 100 90 100 95-++ 95+ 
VAL OCKS Sees ne Be BSE Se a TRS Ug cl ape ie LL Sy Sa al ei Bele ha TOO C5 e so See ee et er ee | dee ee 100 

MIXTURES WITH RT-5 MATERIAL 

ET AV CLIN Ome me eee ee fo oe ee Ss 100 100 95-++ 100 100 100 100 LOO) |e eeaes one 100 
(CrmavGlsNoecre sete eyed. FoF 28 3h Ped 100 100 100 100 100 100 100 100) | eee ss =e: 100 
(GagebehunaoNKe pg boy Ce Ree ean a ee 100 95 100 95 100 100 100 100 100 100 
TATILG INOS cle see Es Nae PS 100 50 70 380 100 100 100 1000 | Ste sese ee 100 
RU ArLZALe pee oe eg SO ee 100 95 95 90 100 100 100 100 95+ 100 
PAIRESTON Omer ec ta sn a oe eee 75 100 100 100 95 100 80 80 95-++ 95+ 

MIXTURES WITH RC-2 MATERIAL 

AGA VOLN OF be sas ei sce 5 os oe UO Ss oath so Shi lPaee 24 Se ee a alt oe 100 100 100 LOO) leer eee ee 2 100 
MOTRIINGOIN Os esate ea ee Soe ee ee BO HIME smo ts wha | aes ee ee ee OS a 100 100 100 100 100 100 
Qanhinitoe wee ee: Soest Sb AO HEL VER sar EAR |S ee 100 100 100 100 100 100 
GIES CONGR. ee eee ae Lee nN wt, OOS ba tee Tad Laity. IP Dae he ho 100 100 95+ 95-++ 100 100 

D, and G, except that tar with additive C showed only 
slight improvement over tar alone when used with 
limestone. 

Additive A was not used with RC-2 asphalt. 
used with MC-2 asphalt, some improvement. resulted, 
which generally increased with the amount of additive, 
but results varied considerably with different aggre- 

When additive A was used with tar, no improve- 
ment resulted except in the case of the limestone. 
When the gravels were used, the results with and with- 

gates. 

out additive A in tar were substantially the same. 
With the granites and quartzite, the untreated tar 
was more satisfactory than the tar containing additive 

When 

amounts. 

given in table 9. 

A and it will be noted that with two of these aggregates, 
that is, with granite and quartzite, greater amounts of 
additive A in tar were less satisfactory than small 

The results of the tests of mixtures containing dry 
aggregates which were air-cured before testing are 

In the tests without additives the 
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TABLE 10.—Results of modified Nicholson stripping tests on oven-cured mixtures using dry aggregates. Estimated percentage of area 
remaining coated at the end of the 100° F. test period 

MIXTURES WITH MOC-2 MATERIAL 

Identification and percentage of additive in the bituminous material 

Aggregate Lecter A B © D Ga 

1 2 4 1 2 0.5 1 0.5 0.65 

Percent Percent Percent Percent Percent Percent Percent Percent Percent Percent 
Gravel (NO: 1-38 o-oo ee ee ee 90 95 90 100 95 100 95 100 90 
Gravel Nog 2273. sence ee eS ee oe 90 100 100 100 85 100 100 100 95 100 
GranitoNO ste cae ok SIR ees ee eee 60 95 95 95 95 100 100 100 95-++ 100 
Granite NOs 2265 eee poe eee oe en eee 80 95 100 100 100 100 100 100 100 100 
Quartzites. Sean ee 3) eae Nee Be ee at 75 95 90 90 100 100 100 95 100 100 
TUM eStOne. ESE ai) eae ene eee eee ee 100 100 100 100 100 100 100 95+ 100 100 
EYED) DOCK Spee e es t= sae oe Bea OO iss be S80, | eee eee ee) ee ee ee ee Lita (ea pla Seti By 2 Ney iy A ete eee Soha AE PEN» WS A 2 2 100 

MIXTURES WITH RT-5 MATERIAL 

GraveliNo.yl acces na = eee pat or 2 hee 100 100 100 100 95 90 100 100),|2 ee oe 100 
Gravel No.2. 422 2: ee Se ee ern 100 100 100 100 95 100 100 100 ioe a. Se ae 100 
Granite Noa 22 Sea et ee. oe eee 95 100 100 100 100 100 100 100) | coe Sse eon 100 
Granite NO 22.52 se ee, ee eee 100 100 100 95 100 100 100 100))| 2222.22 seen es 100 
Quartzité: 2) Saree eek ee eee a 100 100 100 100 95 100 100 100! | S202. ee 100 
Eimestone: sae esee a aera ale oan seed Ae 100 100 100 100 100 100 95 1002.2 eee 100 

MIXTURES WITH RC-2 MATERIAL 

Gravel NoPies qr. Se eee ee ae ee DOS Reeser Wied rn et nl eee SUR yen ene aoe 100 95 95 LOO | sateen ee 100 
Granite:N0s Peta oe Saks eee. Pa oe ee BH Met me eee ee be onc) cor mee ne ee 95 100 100 100) [E2:2eee eee 100 
Quartzite.2 7 See 23 Be ee ee eee tifa] Fe Se ir oa ap Ok es 7 | El el 95 95 90 LOOT | eee See 100 
ILATICS COWL =- 5 Senet ee ee ee oe ees TOO) Seay she rar | EE Se ah | eee 100 100 100 100) |225. 25 See 100 

results were similar to those shown in table 8 in that 
the coating retained varied considerably. They were 
least satisfactory with MC-2 asphalt, more satisfac- 
tory with RC-2 asphalt, and complete coating with tar 
was retained except on the limestone 
When additives were used, the results were also similar 

to those with the uncured mixtures shown in table 8 
in that practically complete coating was retained with 
all percentages of additives B, C, D, and G, and that 
additive C was only slightly beneficial when used in 
tar-limestone mixes. Additive A was beneficial with 
MC-2 asphalt in varying degrees. It was beneficial 
with tar only when used with limestone. With granite 
No. 2 and tar it was less satisfactory than tar alone 
and the results obtained were still less satisfactory 
when the amount of additive A was increased from 
2 to 4 percent. 

The results of the tests made by the modified Nichol- 
son method on oven-cured mixtures using dry aggre- 
gates are given in table 10. From these results it will 
be observed that with several aggregates some improve- 
ment resulted from using additives with MC-2 asphalt. 
However, the conditions of the test were not sufficiently 
severe to demonstrate differences between the additives 
or the effect of using different percentages of additive. 
The effect of agitation at the testing temperature of 
100° F. was apparently more than compensated for by 
the 24 hours of oven curing at 140° F. 

This study was confined mainly to the use of liquid 
materials in order to compare results obtained when 
unheated aggregates, wet or dry, were used. However, 
since the opinion has been frequently expressed that a 
coating of asphalt cement on aggregate is generally 
resistant to moisture, a limited number of tests with 
asphalt cement were included in this investigation in 
order to obtain comparative data on the subject. 

An asphalt cement of 120-150 penetration, with 
and without additives B and C, was used. to coat 
gravel No. 1, granite No. 1, quartzite, and limestone. 
In preparing these mixtures the aggregates were heated 

to 275° F. All aggregates coated readily whether or 
not additives were used. 

These mixtures were subjected to the three stripping 
tests. At least 90 percent of the coating was retained 
in every instance and in 16 of 24 tests 100 percent was 
retained. For all practical purposes it can be stated 
that the asphalt cement effectively coated the four 
ageregates used and the coating was not affected in the 
tests applied. The test data are not included in the 
tables and they do not warrant further discussion. 

Considering the results of stripping tests in tables 
6, 7, 8, 9, and 10, the following statements appear to be 
warranted: 

1. In practically all cases, additives were of benefit 
in the retention of liquid asphaltic films on aggregate 
subjected to the action of water. 

2. The benefit thus obtained is increased if the coated 
ageregate is allowed to cure before being subjected to 
moisture. 

3. Additives appear to be of little benefit when used 
with tar except when mixtures of tar and wet aggregate 
are subjected to the action of water before curing. 

4. The effectiveness of additives varies both with the 
bituminous material and with the aggregate used with 
them. 

5. The optimum percentage of a given additive is not 
the same for all aggregates. 

ADDITIVES IMPROVE STABILITY OF DENSE-GRADED 

SUBJECTED TO MOISTURE 

MIXTURES 

To obtain information on the effect of additives in 
reducing the loss of compressive strength of dense- 
graded bituminous mixtures due to absorbed moisture, 
a number of specimens were made and subjected to the 
immersion-compression test. These specimens were 
cylinders 4 by 4 inches except those containing trap 
rock. These were 3 by 3 inches. The composition 
of the bituminous mixtures used in all of the specimens 
was as follows: 
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TABLE 11.—Results of immersion-compression test. Each value is the average of values from 8 specimens MC-2 asphalt used in all mixes 

mixer. 

Bitumen-aggregate Volumetric analysis of cured speci- i Tests on specimens immersed in 
ratio by weight mens oe a cae 4 days 

Aggregate and additive used Ren eth (se henge 
tests on dry eid Fre Lah ORS 

As mixed |Aftercuring| Aggregate | Bitumen Air specimens pape, feeds N pre ate 

Lb. per sq. | Lb. per sq. 
GRANITE No. 1, Rounpd 1: Percent Percent Percent - Percent Percent m. in. Percent Percent Percent 
TEN TS ne Eg ES ST he EE ee Es SS Spear es ‘ 5.6 81.3 12.3 6.4 62 17 3.8 4.6 27 
BRROEOGIIG WO. Ae Oe en hn oo ae a ae 6.0 5.6 82.0 1255 5.5 61 55 | 1.4 4 90 
“UNE Dats Ee aed 32) eS a ee ele 6.0 5.6 82.0 12.5 5.5 59 57 | 1.5 6 97 
oun ciel og De Ge AL eS, Seok ES ee Se 6.0 5.6 81.8 12.4 5.8 62 43 1.9 1.4 69 
BeDRICFCOUL AS aos Meee ees ae 8 6.0 5.6 82.3 12.6 5.1 65 53 | 7.6 ee | 82 

GRANITE No. 1, ROUND 2: 
0 Ne dae eee Be ee ee ee 6.0 5.6 81.8 12.3 5.9 58 | 10 | au7 5.8 17 
0 CSTE Tg Oe aa a ee ee eee 6.0 5.6 82.3 12.5 5. 2 58 54 | i | Al 93 
percent Boos Pane ete eee 6.0 5.6 82. 4 12:5 5.1 55 | 54 | 1.0 15 98 
O6.percent D_.. 2. 2. eRstsata peo wneiad ca3 6.0 5.6 82.3 12.5 §. 2 §2 | 34 i af 1.8 65 
PeGosPercent (toga: Ses 35 = oo ee au Ate 6. 0 5.6 82.4 12.4 5.2 58 43 1.6 1.2 74 

GRANITE No. 1, ROUND 3: 
NOLNG et elie 40) oe sateen aed ake eee ee 6.0 5.6 81.6 12:3 6.1 44 | 6 | 5.1 8.0 14 
RAPIBUORILLGD eee eae As. Rae ek 6.0 5.6 81.5 12.3 6. 2 45 | 36 | 1.6 .3 80 
PRDELOCNG Ws ate ht 2 ee AL 6.0 5.6 81.8 12.3 5.9 44 | 43 | 1.6 5 98 
LenUprOrC eri, Cie Serer ks been os Bete 6.0 5.6 81.6 12. 4 6.0 45 | 27 | ya 2.6 60 

LIMESTONE: 
(cre st Oe eps See Oo os ee ee 3 Cs 6.0 5.6 83.3 12.9 3.8 56 39 | 1.6 .7 70 

COR ELE ee se ae 6.0 5.6 83.8 13.0 By 49 51 .6 0 104 
REDO COME is esac eee a ss - Lp eebee ene 6.0 5.6 83. 6 13.0 3.4 50 56 .8 23 112 
ip DaLCeNnt 0) 2 2.5 22. 35 OSS: . 2 ae 6.0 6.6 83.5 12.9 306 49 53 .8 afl 108 
0.65 percent G________- net 5 to ete he oe, 6.0 5.6 83.8 13. 0 3.2 51 60 | .6 il 118 

GRAVEL No. 1: 
PGC rete ees Son cee teas als Moos ok atu 6.0 5.6 81.8 12.3 5.9 43 33 1.6 .4 7 
PeOLCED Ge Ame a see. ag ee ee FP 6.0 5.6 81.8 12,4 5.8 45 36° | 1.4 0 80 
PROROCH UD pon oe te ee Ld eR a 6.0 5.6 81.9 12,3 5.8 39 39 | 1.2 0 100 
REDOLCOM Lt) seam ome oe Wott. > Pipes o Te Ese 6.0 5.6 81.9 12n8 5.8 38 36 1,5 .3 95 

GRANITE No. 2: 
NCTC SN SR, A ee ee ae 5.7 53 83. 1 r2e2 4.7 64 35 1.8 Lod 55 
PEC CCOL UA eme eo te eed at 5.7 5.3 83.0 12.3 a7 61 50 1.0 om 82 
MIGUCCRiAT gees Sane cee |. Poe ed ML 6.7 6,3 83, 2 12.2 4.6 61 59 150 7 97 
PRIBECOMIN LD sets ee toad, 2 Pe es ba 6.3 83.0 Like: 4.7 61 57 | he ab 93 

TRAP ROCK: 
Nigh ok hs oe ee Ree OE ae as 6.5 5.1 81.2 te do LY Ur ee ne tad a RT Re 0 
(AGIA eal nd bb Pe ae CSE eee oe ene ee 63.5 5.1 81.5 LEAS 6.8 60 62 16 a 103 
0:65 percent G2. .2 = 2. SEE CPS 5.5 6.1 81.1 si be 72 2 65 45 | ym 1.0 69 

! 

1 Ratio of moisture to aggregate by weight. 
2 Ratio of compressive strength of the immersed specimens to the compressive strength of the corresponding dry specimens. 

Coarse aggregate.—Five of the materials used in the 
eune and stripping tests graded from 0.5 inch to 

ae 10 
Fine aggregate.—Potomac River sand passing the 

No. 10 sieve. 
Dust.—Silica dust. 
Bitumen.—MC-2 cut-back asphalt without additive 

and with the minimum amount of additive shown to 
have been reasonably satisfactory in the stripping test. 

The composition, by weight, was as follows: 

Aggregate sizes: Percent 
OFS EDC NOLOUIN Ofna = -eeeren oe kee eee 2 oye 47 
INO meErCOEN OO LO anaes Mee 2s 2 es 13 
IN Oe UORLORIN'O 27-2 OOM Le Se eo i Os 30 
Bassin caNiO sss 00 teetes Meee DoS RO 10 

The bitumen content, in terms of dry agg 
5% to 6 percent. 

The mixtures were prepared in a laboratory twin-pug 
Aggregates were dry and at room temperature. 

Bituminous materials were heated to 175° F. The 
period of mixing was 1% minutes and was sufficient to 
insure uniform coating. 
When the mixing operation was completed, the mix- 

ture was placed in a large pan and air cured at room 
temperature for 24 hours before molding. During this 
period it was stirred occasionally to expedite curing. 

The test specimens were molded by direct compres- 
sion, using the double plunger method, and a load of 
3,000 pounds per square inch was maintained for 2 
minutes. They were cured in an oven at 140° F. for 
24 hours and then allowed to cool overnight to room 
temperature. 

regate, was 

Immediately thereafter one-half of the specimens 
were tested for compressive strength and the others 
were immersed in water at approximately caw Be itor 
4 days and then, while still wet, were also tested for - 
compressive strength. 

To provide information on the permanency of any 
benefit obtained by the use of additives, an additional 
series of test specimens was made. The coarse 
aggregates used were gravel No: 1 and granite No. 2. 
The fine aggregate, filler, and bitumen were the 
same as those used in the specimens previously de- 
scribed. 

Because of the number of specimens required in this 
series, a slight variation had to be made in their prepa- 
ration, All the mixtures from which they were formed 
were made in one day but only one-third of them could 
be molded or oven cured at one time. A third of the 
total required was therefore molded on each of three 
successive days, oven cured for 24 hours immediately 
after molding, and then stored in air until the entire 
series had been thus processed. Consequently, the 
average curing time before molding, as well as the period 
of air storage after oven curing, was two days instead 
of one. A test group included specimens representing 
each of these curing and storage conditions. 
Some of the specimens of this series were tested as 

previously described, that is, some were tested after 
oven curing and some were immersed in water for 
4 days before being tested. 

Other specimens of this series were subjected to 
several cycles of immersion in water and subsequent 
air curing before being tested. A cycle consisted of 
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SPECIMENS CONTAINING 

UNTREATED MC-2 =X 

TREATED MC-2=0 

VOLUMETRIC SWELL - PERCENT 

RETAINED STRENGTH - PERCENT 

fo) 2 ar 6 O 2 4 6 8 
ABSORBED WATER - PERCENT VOLUMETRIC SWELL - PERCENT 

Figure 1.—RELATIONS BETWEEN ABSORBED WATER, VOLUMET- 
RIC SWELL, AND RETAINED STRENGTH AFTER 4 Days IN 
WatTER; GRANITE No. 1 MixtTuRsEs. 

immersion in water at approximately 77° F. for 4 days, 
followed by drying in laboratory air for 10 days. 
Specimens subjected to this method of aging were 
tested at the end of the immersion period while they 
were still wet. Duplicate specimens, cured in at, 
were also tested dry after the same storage period used 
for the wet specimens. In addition, a number of 
specimens were buried in soil out of doors with the upper 
face exposed to the elements. ‘Testing of these speci- 
mens will be delayed until they have aged considerably. 

The compressive-strength test to which all specimens 
were subjected was made on the unconfined specimen 
at a temperature of 77° F. The load was applied to 
provide vertical deformation at the rate of 0.05 inch 
per minute per inch of height of specimen. The 
compressive strength was taken as the maximum unit 
load recorded. 

The results of this test are given in table 11 and show 
that, in every instance when additives were used, the 
amount of moisture absorbed was definitely reduced. 
They reduced absorption from 0.1 to 3.5 percent, the 
average being 1.6 percent. The volumetric swell re- 
sulting from the absorbed moisture was also decreased 
by the use of additives. The reduction ranged from 
0.1 to 7.7 percent and averaged 3.1 percent. In 
general the swell was approximately proportional to the 
absorbed moisture. 

The specimens not subjected to the action of water 
varied in compressive strength with different coarse 
ageregates as might be expected, but there was prac- 
tically no difference in strength as a result of the use 
or nonuse of any of the additives. 
When the specimens were immersed in water for 4 

days, however, the effect of moisture on compressive 
strength was very pronounced. In every instance, 
when additives were not used, the compressive strength 
retained, in terms of the strength of dry specimens, 
was greatly reduced. It ranged from 0 to 77 percent 
and averaged 44 percent for the five aggregates used. 
When additives were used, the percentage of strength 

retained in all cases was much greater than when they 
were not used. It ranged from 60 to 118 percent and 
averaged 90 percent. The effect of the different 
additives varied in degree but in every instance they 
were beneficial. It is interesting to note that the re- 
tention of compressive strength, due to the use of ad- 
ditives, expressed as a percentage is approximately 
equal to the corresponding reduction in percentage of 
absorbed moisture. As shown in table 12, this relation 
appears to hold despite the considerable range in den- 
sity and absorption obtained with the different aggre- 
ates. 

e Figure 1 shows the relation between the absorption, 
volumetric swell, and retained strength for the treated 
and untreated mixes containing MC-2 asphalt and 
granite No. 1. Similar tests of other aggregates were 
insufficient in number to establish curves and they are 
therefore not included in this figure. However, it 
would be expected that these and other aggregates 
would produce curves of the same general types as 
those shown. 

BENEFITS OBTAINED BY USING ADDITIVES SEEM TO HAVE A CON- 

SIDERABLE DEGREE OF PERMANENCE 

The early advantages gained by the use of additives 
are definitely shown by the results obtained in the 
4-day immersion tests. However, these results do not 
provide information on the long-time retention of such 
advantages and, to obtain such information, a number 

wy ls Onis 

TABLE 12.—Comparison between absorption and retained strength values for specimens containing MC-2 asphalt after 4 days of 
tMmMeELSION 

Water absorbed, aver- | Retained strength, av- Change due to additives 
| age value erage value 

Coarse aggregate Difference 7 Difference 

Untreated | Treated | Untreated| Treated | 1 DEN Ue van eae 
mix mixes mix mixes BES © ae BECEO 

water ab- | sorption strength 
sorbed retained 

Percent Percent Percent Percent Percent Percent Percent 
Granite No. 1 (round 1) 3-8 1. 60 20 85 2. 20 58 58 
Granite No. 1 (round 2)___- atif 1935) 17 83 9.35 64 66 
GranitemNo is Ligound:3)< se se SR Be ee ee ie ee ee mens 5.1 1.93 14 79 3.17 62 65 
Limestone___-__ Sic Venn Daten Stn gh he he a ce eee en RN Re Caer Ree te ee 1.6 0. 70 70 111 . 90 56 41 
Gravel No. 1__--- : Me Sag Fe SAIS ty alana tte DR te a a eC eee, Sees 1.6 he Sif 77 92 . 23 14 15 
Gfanité Nios. 22 boss oe teen Sa ee Oe eel eS ie eh eine en Re ee CE ee 1.5 1.07 55 91 - 43 29 36 

1 Values taken from table 11. 
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of specimens identical with those used in the immersion- 
compression test were prepared with gravel No. 1 and 
granite No. 2. Some of these-specimens were stored in 
air for 74 days before testing and others were alter- 
nately wetted and dried for the same period before test- 
ing. The results of these tests are given in table 13 to- 
gether with the corresponding test results obtaimed in 
the 4-day immersion-compression test. Test results are 
arranged in four groups, each representing a different 
storage condition. Groups 1 and 2 represent the storage 
conditions used in the immersion-compression test and 
the results given were taken from table 11. 

_ The specimens in group 3 were tested wet after 
having been alternately wetted and dried for a 74-day 
period. This storage period began and also ended 
with a wetting period. The specimens were immersed 
in water six times and permitted to air dry after each 
of the first five immersions. The period for each im- 
mersion was 4 days and that for each air drying was 
10 days. Thus, out of the 74-day storage period, the 
specimens were in water for a total time of 24 days and 
in air for a total of 50 days. 

The specimens of group 4 were stored for 74 days in 
laboratory air and then tested dry. 

| A comparison of the results of group 3 with those of 
group 2 show that the final water contents for the speci- 
mens which were subjected to the 74 days of alternate 
wetting and drying were higher than those for the 
specimens which were stored in water for only 4 days. 
Likewise, the volumetric swells were higher. But 
increases in absorption and swell due to the five extra 
immersions did not result in decreased values for com- 
pressive strengths. On the contrary, the increases 
range from 6 to 42 pounds per square inch. Apparently, 
most of the increase is due to the air curing which 
occurred during the 50 days of dry storage. This is 
rather definitely indicated by comparing the results of 
group 4 with those of group 1 and noting the increased 
strength which resulted from 74 days of air storage. 

Reference to the 4-day strength values shows that all 
three additives were effective in increasing the com- 
pressive strength. The amount of the increase varied 
with the aggregate and with the additive. The least 
increase in compressive strength was produced by 
additives A and D when used with the gravel No. 1, 
and the greatest amount occurred with additive B in 
the mix containing the granite No. 2. 

TABLE 13.—Comparison of results obtained on specimens subjected to 4 different storage conditions. 
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Figure 2.—Errecr or ADDITIVES IN ImpRoviINnG THE RETEN- 
TION OF STABILITY Mixtures Con TaAIntna MC-—2 ASPHALT. 

GROUP 1 
TESTED: DRY, 
AFTER NO 

INITIAL STORAGE 

The compressive strengths given in table 13 are 
shown graphically in figure 2. Group 2 of this figure 
illustrates the relative effect of the three additives in 
providing higher compressive strengths after the 
initial 4-day immersion in water. Additives A and D 
were the least effective and additive B was the most 
effective. The additives were much more effective 
when used with granite No. 2 than when used with 
gravel No. 1. 

Hach value vs the average of values 
obtained from 3 specimens 

Compressive strength Water content ! Volumetric swell 

3 A 7: | oe = rs oi 

Group 3, 74 days alter- 
; . cat rene nate ‘wetting and | Group.2 Group 3, 

Kind of aggregate and additive in MC-2 material Group 1, | Group 2, | alternate | Group 4, | Group 2, drying aiid Pts poy 

a initial | 4 daysin | weeene 74 days | after4days i =a5 days in inte aoe 
storage, | water, | and dry- in air in water Sa water F f 

tested dry | tested wet | ing, tested | tested dry Ree inet Sipe 
wet in water water | : 

| | z > = = se eS = | ae = . 

Db. per Lb. per Lb. per Lb. per | 
GRAVEL No. 1: SQ. th | SOs 1s sq. in. sq. im. Percent Percent | Percent | Percent Percent 

ROR ee ee oR et fe he ese 43 | 33 | 53 82 1.6 0.6 | 2.0 | 0.4 | 0.7 
PPOLCONY Bg oe cae ao os 45 36 | 52 78 1.4 Bi fal ir Os 3 
1 percent D_____. hs 38 | 36 | 53 82 | WAG “Hal 243% ust 1.2 
1 percent B____ 39 39 76 80 12 8 | ia A Di] J 

GRANITE NO. 2: 
ones 2-2-2 64 35 | 41 98 1.5 | .3 | 2.5 | 1.3 | 2.9 
QpercentA-... Se a ; 61 | 50 | 67 91 1.0 | 15 | iat i a 
1 percent D_______. Paes fons goa 61) 57 80 95 oH 4 | 1.6 5 | 3 
fepercent Ba. -----.-- > SS RES BS” 61 | ; 59 101 95 1.0 .5 1.3 ae Fal 3 

| 

1 Ratio of moisture to aggregate by weight. 
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Group 3 shows the effect of the additives in improv- 
ing the ability of specimens to retain compressive 
strength after having been subjected to a 74-day 
period of alternate immersion in water and air drying. 
Here, as in group 2, the additives were much more 
effective when used in the mixes containing granite No. 
2. As in group 2, additive B was more effective than 
the other two additives. The effectiveness of additive 
B is emphasized further by the fact that, when used 
with granite No. 2, it produced a higher compressive 
strength after a 74-day period of wetting and drying 
than it did after the same period of straight air curing. 

In the granite No. 2 mixes, additive D was more 
effective than additive A but, in the gravel No. 1 
mixes, neither was highly effective since both additives 
failed to produce compressive strengths much greater 
than those obtained without additive. 

CONCLUSIONS 

In summarizing the results of this investigation the 
following statements appear to be warranted: 

1. Additives are available that facilitate the coating 
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of wet aggregate with liquid bituminous materials. 
2. Additives are available that greatly increase the 

resistance of bituminous films to stripping in the 
presence of moisture. ‘ 

3. The use of additives with tar does not appear to 
be warranted except possibly when mixing must be 
done under particularly adverse conditions, such as 
during a rain or immediately prior thereto. 

4, Additives appear to have no detrimental effect 
upon the bituminous material with which they are 
used. 

5. Additives appear to have no material effect on 
the original compressive strength of bituminous mix- 
tures. 

6. Additives are available that will reduce the loss 
of stability of bituminous mixtures due to the detri- 
mental action of water. 

7. The benefits afforded by additives appear to have 
considerable permanence but the degree of permanence 
was not disclosed by these tests. 

8. The immersion-compression test provides a useful 
measure of the benefits to be derived from the use of 
additives. 
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