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ABSTRACT

THE EFFECT OF ASPHALT CONTENT AND TEMPERATURE
ON THE TRIAXIAIL PROPERTIES QF AN
ASPHALT CCNCRETE MIX
Bobby Eugene Cox
57 pages
Directed by

Radnor J. Paguette and Alekszandar B. Vesic

Thlis research was undertaken to detarmine the affect
of asphalt content and femperature on *the .csal carrying
abllity of an asphsaltlic conerste pavement 1f Lt was molded
by & constant "kneading" compaction effort and loads were
applled at & constant rate. The method of analysia chosen
was the open trlaxial teat with application of test results
to the Mohr ftheory of stresa and rupture for straight rapturs
lines.

The five asphalt contents chosan were equally spaced
through the entire possible range of wvaluss. For each
&sphalt content chosen, sufficilent 4-inch diametsr by 8-inch
cylindricsl apeclmens were compacted by Z50 blows at 335 psi
foot pressure of a kneadlng compactlion mathline to allow two
specimens to be loaded at a constant ratz cf 0.0%5 inches
per mlnute in an "open type" triaxlal csell at each of three
lateral pressures (10, 20, and 40 psi). The temperature

chosen for these tests was 14%0° F and the affect of temperature



on the strength propertles of thls mlx at one asphalt content
wes studied by repeating the above procedure at test temper-
atures of 70, 35, and 0° F.

VYolds characteristlcs were computed from densitlies
obtained by the wax cosating method. This data along wlth
the triaxlal properties of angle of internal friction, cche-~
slon, and unconfined shesar strength are presented on charts
and graphs In the text. Also stress vs. strain curves are
presented for sach specimen loaded.

This pavement exhlbits an angle of Ilnternal friction
that varies lnversely with the per cent volds existing in
the mineral aggregate. It has an unconfined shear strength
that appesars to reduce directly with the volume of asphalt
added to the mlx up to the point of maximum compaction, 1f
the angle of internal friction 414 not vary. Results indi-
cate that thils rate of strain is suffieientlyzslow to prevent
ylscoug shear of the binder from influencing the values of
angle of Iintermal friction of thilis asphalt mix for test
temperature above about 120° F. As specimans were tested
&t lower temperatures this mix exhibits a decressing angle
of internal frictlon between 100 and 60° F srd increasing
values between 60C F and 10° F. Unconfined shear atrength
increased with decreasing temperatures dus to increased

binder wvisceslity.



CHAPTER I
INTRODICTION

General--Prior to 1045, practically all asphalf{ pavement
design procedurses had sn empirical tasals, This was nsces-
sary to solve the problem at hand, but it was an expedient
since these procedures afforded no physical pleture of thne
material's imner working mechanism. A completely rational
azphalt pavement design method canroct be developed untll the
neterial's physical structure is better understood. A com-
plete solutleon to the asphait pavement's mechanism has not yet
been devised, even though considsrable effort has heen exeried

vy asphalt paving technolcglists and rheologleal sclentlsts.

The Triaxial Teat .~--The most premising approach to appralsing

the lcad carrylng charactepristics of gramnular materials is
the triaxial compression test. Data from triaxial test
aupplies informatlcon concernlng the vertical load reguired
to produce deformation and fallure of a matsrial undsr 4if-
ferent conditicns of IZateral support. This lateral support
coerresponds Lo the suppert affordsd the material under a
leaded area by the surrounding materlal. The prinecipls of
triaxlal compresslon test is lliustrated by Filgure 1. This

schematle diagram 3hows a8 cylindrical specimen encased 1in



A

two metal disks and & rubber membrane. The porous stone in
the base serves as & drainage outlet for any fluld lnside
the sample and thereby insures atmospherilc pressure inside
the speclmen with the rubber membrane preventing the cell
fluid's entrance 1nto the sample. Pressure is appiled from
a constant alr supply and recorded on the pressure gage.
This pressure ls transmitted hydrostatlcally to the speci-
men's slides and top by the cell fiuld, and thus ths speclmesn
is given lateral support &53) aqual %o %pe pressure gage
reading in units of force per unit area. Alsc a vertlcal
pressure,equal to the lateral pressure,ls dlstributed over
the specimen’s ftop, which in sffect applies a force per unilt
area by dlviding P by the specimen'’s sircular arsa, and the
two are added to obtaln the total axlal stress.

The specimen is deformed at a constant rate of deforma-
tion until 1t fails by s31liding along an inclined surface
similar to as or bb on Figurs 1. The triaxisl compression
test informs us of the intensity of vertical pressure, @ﬁl,
in force per unit area that 1s required to produce fallure
of the specimen at a given horizontal pressupejﬂ5éa Since
the fallure occurs alcong an inclined surface of sliding,

the state of stress along thils surface 1ls of lnterest.

Mohr Clircle.~-When the stress actling on a plane consists of

only & component acting normal to the plans, this normal

stress 13 termed a principal stress. éTi andtfé sre pringcipal

stresses by the nature of their applicatlon. HNc shear can



exist along the test apecimen's vertlecal sidss since the
pressure 1s hydrostatlcally applied and the ball connection
at the speclmen's top prevents shear 1ln that plane. Then

the data from triaxlial test 1s applicable to a shear stress
vs. normal stress dlagram known as the Mohr Dlagram, Filgure
2. According to Mohr {1), a circle drawn through'fhe ordi-
nates, 0‘1, and 63 - 0'2, represents the state of normal and
shear stress 1ln any plane of & materlal loaded by{fi and,

0f3 =05 Since (53 equals 52 only a two-dimenzsional dlagram
will be used here. For sxample, the stress components along
plane a8 may be represented by the coordlnates to point x,
(Cﬁp'r)o By the same token 3stress components along any plane
through the specimen may be determined frow the c¢lrcle by

simply knowing the angle & .

Mohr Theory of Rupture.~-An important approach to studyling
the propertises of a particular materisl with triaxlal com-
presslon tests 1s the evaluatlon of stress conditions at
rupture. A theory of stress conditions in a materlal at
rupture, contributed by Otto Mohr, hss been found to apply
particularly well to solls, asphalt pavement, concrete, and
stone. "Mohr reasoned that yield or fallure within a material
was not caused by normal stresses alone reaching a certaln
maximum or yleld point or by shear streases alone reachlng
a maximum, but by critical comblnatlions of both shsar and
norma) stresses. The fallure 1s essentlaily by shear, but
the ceritical shear stress i3 governed by the normal streas

acting on the potential surface of failure" ({2},
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Triaxial Compression Test results containing rupture

principal stress values, T andCTs, for a series of samples

1
tested at various lateral pressures substantistes Mohr's
Rupture Theory. Figure 3 shows a series of such test resuits
plotted on & Mohr diagram. The line drawn tangent to all
these c¢ircles, known as Mohr's envelcope of rupturs, repre-
sents the critical comblnation of shesr and normal stresses
necessary to induce rupture in the test spscimens. Thils is
an accepted method for analys=ls of triaxial test data, and
the materlal's strength properties are ususlly reported in
terms of ¢, the slope of a stralght Mohr rupture envelope,
and C, the shear intercept at zero normal strass. The term
apprarent coheslion, C, stems from a mathematical representa-
tion of this line known as Coulombh’s eguation.

The Trilaxlal Compression Test Specimen.--Triaxial testling mro-

cedures have undergone considerable scrutiny during the past

twelve years by such interested parties as members of the

Triaxlal Instltute, and certaln specificatlons have bean

set up for a rational triaxial apecimen. Prior to 1947,

there was much controversy over the specimen‘s dimenslions,

loading rate, and particularly the compactlion method used

in molding asphaltic concrete specimen for trlaxlal testing.
Practically all asuthorities on the subject agres that

the specimen shall have a diameter at least four times that

of 1ts largest partlicle and shall possezs & helght to diameter

ratio of at least two, and a compacted asphalt pavemsnt



speclmen shall meet aggregate orlentatlon and dsnslty reguire-
ments simllar to those obtalned from field cores.

The compaction method used on laboratory specimens ls
of prime Iimportance since these specimens should have mech-
anical propertlies that correlate with thecse 1n the field.

A "kneading" type compaction method has been developsd that
produces specimens whose aggregate structurs is very similiar
to field cores (3). The most important lmprcovement over the
conventional drop hammer or statlec compaction methods was
reallzed in asphaltic mlixes contalnlng ccarse fractlons of
ageregate. Lack of particle movement freedom prevented the
larger particles from seeking a more favorable orientation
to attaln the desired density, while the compaction equlpment
used 1in construction allowed this mogement. Consequently,
the particle polnts under static compactlon Lad a tendency
to crush into each other and puncture the asphalt film.
Several ilnvestigations {4) have hesn cornducted to compare
teat results of samples molded with the statl:, drop hammer,
and kneading compaction methcds. Results of these tests
prompted the following statement in the mlnutes of the May,
1948, meeting of American Socie*y for Testing Materials
Committee D-4 on Road and Paving Materials. "The committee
unanimously agreed that kneading compaction methods were
necessary to useful Iinvestigation; otherwlse, there could
be no certalnty that the samples tested 1n the laboratory

would correlate in mechanical properties wilth those placed



in the field" (5). The Hveem machine uses a cam shaped foot
to apply a load for 0.36 seconds dwell time. The foot for
& 4-inch diameter specimen has an area of only 3.2 sgquarse
lnches; hence, several blows on the rotating specimen are
required for a "coverage." With sufficient foot preasure
and number of blows, asphaltic mixture, fed in uniformly as
the machine operates, may be compacted to uniformly high
densitles.

Messrs. Monismith and Vallerga published a paper (6)

in the 1952 Journal of Assocliatlion of Asphalt Paving Tech-
nologists concerning the effect of pavement density on the

triaxlel stabillty of samples molded with & kneading com-
pactor. A serles of curves was presented which showed an
increase in mix density with increase 1n asphal® content
and also with an increase in compactive effort employed.
It also indicated that the increase 1n compactlive effort
resulted 1n a corresponding increase Iin mix stability at
the lower asphsalt contents, and at the higher asphalt con-
tents, especlally after the point of maximum mix denslty had
been reached, the mix stability decreased to approximately
the same low value. Results shown here also Indicate that
the moat thoroughly compactsd mix showed the greatest loss
in stability.

This ressarch is essentially an extsnsion of Messrs.
Monismith and Vallerga'‘s paper. Using the same asphalt

grade; an ldentical aggregate gradation, but & less dense



Georgla granlte; and the same molding and test temperature;
slx specimens at each asphal% content ware compactad 8t one
of the intermedlate compactlve efforts, 250 plows at 335 psl
foot pressure. For each asphalt content, %wc specimens were
loaded trilaxially with the same loadling rate {0.05 inches

per minute), at each of three lstersl pressures {10, 20, and
40 psi). Then an asphalt content was selected which would
probably make a good pavement, and the above procedure was
repeated at test tewperatures of 70, 35 and 0 F. The obiec-~
tive of these tests was to show the effect of asphalt content
and temperature on the load-carrylng ablilty of & pavemsnt

with a constant compaction effort and loadling rate.



CHAPTER II
EQUIPMENT AND MATERIALS

Materials.--A crushed granlte from Consolldated Quarries,

Inc. near Lithonla, Georglia, was used for slzea coarssr

than the No. 200 sieve. Aggregate finer than the No. 200
sleve was marble aggregate filler from Marble Products
Company of Georgla at Whitestone, Georgia. The aggregate
gradation, shown in Figure %, conforms tc requlrements (7)

of the Georgla Highway Department for a "type D" asphaltic
concrete pavement. The respective buik sgpecific gravities

of the marble and granite was 2.80 and 2.61. The granite
shows a wear of less than 60 per cen% whsn subjected to the
Los Angeles Abrasion test {AASHO T-9€) and haz been used
extenslvely in Georgla Highway pavements. Thes “inder was

a paving grade of asphalt cemen*t (AC-8) with a peretration

of 85 to 100 at 77° F, and a specific gravity of 1.012 at

77° F.

Eguipment .--The mlxing egulpment included miging spcons,
bowls, and storage pans. The mix was batched t¢ the nearest
1.0 gram with the use of Toledo Scales. Ths electro-hydraulic
kneading compactor {No. 1 in Figure 5) was tullt by Soil Testh,
Inc. of Chicago, Illinois, to compact samples that mweet spuc-
ifications for the Hveem asphaltic concrete design method (8).

The material was fed into the 4~1lnch dlameter split mold
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{(No. 2 in Figure 5) from eight l-inch by £-inck by 12-inch
alumlnum sleeves (No. 3 in Figure 5) and the mold was secured
to the compacztor turnteble with a mold hclder {(No. 4 in
Figure 5).

The triaxial cell {(No. 1 in Figure 6}, designed and
bullt by the School of Civil Engineering personnel of Georglsa
Instlitute of Technology, has a 12-inch diameter chamber and
a depth of 18 inches. This allows the sample to be surroundsd
by a 4 inch thick jacket of constant tempsrsture fluid. The
lateral support pressure was Iindicated bty pressure gage read-
ings on the cell with accuracy of £ 0.5 pounds per sguare
inch and this pressure was applled from a regulated alr socurce.
A Tinlus-Olsen loading machine applied the load at a constant
deformatlon rate of 0.05 inches per mwinute to a 20,000 pourd
capacity. Samples tested at a temperaturse of 0° F were loaded
with a 200,000 pound capacity Rilshle loading machine at %the
same deformation rate. Data from both machines was recorded
o 2 per cent accuracy and deformation was recordsd from a
micrometer dial gage to + 0.001 inch.

A freezer, egulpped with a temperseturs selection dilal
and sufficient thermostatlec controls to maintain any desired
temperature between 4+ 75 and -25° F to £2° F accuracy, was
used to maintain the test temperature of the cell flulid and
specimens at test ftemperatures of 0, 35, and 700 F. An elec-
tric oven was used to maintain the temperature of miring,

0
compaction, and the 140° F test specimens to accuracy of 22 F.
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CHAPTER III
PROCEDURE

Genersl .--Triaxial specimens were batched, mixed, and com-
pacted with asphalt contents of ¥, 5, 6, 7, and 8 per cent
by weight of dry aggregate. For each asphalt conftent, dupli-
cate specimens were loaded triaxlially at each of three dif-
ferent lateral pressures (10, 20, and %0 psi). Sufficient
data was obtained for calculation of denslty; stress va.
strein curves, the Mohr Diagram compcnents (¢ , ¢, and Sa)j
per cent vold in the total mix, and per cent velds in the
mineral aggragate. Test temperature and loading rate sm-
ployed on these speclmens were respectively, 140° F and

0.05 inches per minute. Specimens contalnt & per cent
asphalt were trlaxially loaded at the same lateral pressures
and loadling rates, but at temperatures of ?005 350, and 0° F.
The effect of temperature and asphslt content on the triaxial
properties of angle of internal fricticn { ¢}, apparent cohe-
sion (C), and unconfined shear strength.(sc) were computed
and presented in graphical form. {See Appendix III for
definitions of ¢, C, and Sco)

Aggrepgate Preparation.--Crushed granlfte was oven dried and

divided into sizes by material retained on 3/4 inch, 3/8 inch,
Nos. 4, 8, 16, 30, 50, 100, and 200 sileves and marhls aggre-

gate was used for slzes finer than the No. 200 slsve.



15

Cumulative batch welghts for 2800 gran speclmens wers com-
puted from gradatlion curves on Filgure 5, and @ach specimen
wvas batched and sealed In a tin contaliner. Although an exact
reproduction of this gradation curve could he sascertalned
only by washing the aggregate through the sleves, the samples
batched are at least uniform 1n gradation. This method pre-
sented some control over the amount of fine material in the
mix.

Mixing and Curing.--Following overnight storage in a 300° F
cven, the aggregate speclmen was placed in & miwxing bowl,
welghed, and & predetermined amount of asphalt was added by
welght. The sample was mixed to a uniform conslstency with
8 mixing spoon. Asphalt was only heated enough tc attain

the mixing temperature {300° F} as & preceution against oxi-
dation. Storage for approximately fifteen hours 1ln cpen

12 x 18 inch pans in a 1409 F forced Araft oven preceded
compaction.

Compactlion.--Compaction was achkleved by 25C blows of a knead-

lng compactor at 335 psli foot pressure with a dwell time of
0.36 seconds. The mixture was fed Into the Y4-inch diasmeter
mold 1in & uniform manner a8 the machline operated by achedule
shown in Table 1. Prior tc compactlon, each specimen was
heated to 2300 F and divided equally lnto elght aluminum
Sleeves. Each sleeve was removed from the cven separately
and its contents fed intc the mold by small iIincrements as

the maching cperated. Upon @ombletion of crne specimsn, ths



Table 1. Schedule of Compactliorn Blows for
4-Inch Dismeter Specimen

Part Blows
0 0
1/8 20
1/4 51
3/8 82
1/2 113
5/8 14i
3/4 176
7/8 208
1 2L0
Leveling 250

next was placed in the eight sleeves and returned to the
oven. Next the mold and holder were removed from the com-
paction machine turntable and the specimen extracted by
releasing the split moldis restraining belts. The mold,
holder, and turntable was reasgssembled and the compaction
procedure repested.

This compactlon procedure 1s based on =50 total blows
and the use of a maximum number of blows that could be applied
at the top and bottom of the speclmen wlthout excessive aggre-
gate crushing. Preliminary tests indicated that no more than
20 blows could be applied to the first 1/8 of the specimen
without excessive crushing and no more than 10 levellng blows
could be used for the same reason. The remainder of ths 250
blows was dlvided equally to the other seven parts of the
speclimen.
Bulk Specific Gravity.--Freliminary triaxial tests indicated

that paraffin coated samples yleld different strength results,
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at some temperatures, than uncoated samples. Therefore, it
was necessary Lo establish a correlation betwsen bulk specific
gravities obtained from speclmens with and without the parsffin
coating. This was accomplished by compacting four samples
at each asphalt content and determining the bulk specific
gravity of each before and after paraffin ccating. Prior
to paraffin coatling, each sample was alr dried %o a gdﬁstant
velght.

Bulk specific gravitles of test specimens were deter-
mined by procedures set forth 1n AASHO Standard M-132. Formula

used for paraffin coated speclmen calculatlion was:

Bulk Specific Gravity = A 5% (1)
D-E-i%§=)

where:

= welght in grams of the dry speclmen Iin air,
welght in grams of the dry specimen plus
paraffin coating in air;

= Wwelght in grams of the dry specimen plus
paraffin coating in water, and

= bulk specific gravity of the paraffin .

MW b
[

The formuls used for uncoated speclmen calculation was:

Bulk Specific Gravity = - A = (2)

where:

A = woight in grams of dry spscimen 1in air, and
C = welght in grams of dry spacimen in water .

Subsequent speclmens were not coated with wax for bulk

specific gravity determinations, but the corrections in



Table 2 were applled to correct for the water that penetrated

the sample when submerged welght was measured.

Table 2. Bulk Specific Gravity Correctlion
for Various Asphalt Contents

Asphalt Content Bulk Specific
Gravity Correctlon

0.10
- .07
.03
- .02
- .02

Co—l O =
i

eparation f g.-~Prior to testing, the

average helight and diameter of sach specimen was recordsd

and a brimsto cap, simlilar to that used on concrete c¢ylinders,
was applied to the top and bottom of the test specimens.

The hot fluld was poured Into the capping mold, the sample
was set Into place parallel to the capping mold's wvertlcal
gulde, and after the cap became solld,;, the sample was remocved.
This cappling procedure insured that the losding ends would

lie in parallel planes and be perpendicular to the specimen’s
vertlical axis. Drainage through the lower cap was facili-
tated by drilling approximately 25 holes through the cap.

The specimens were then wrapped in a papsr towel fo reduce
triaxial membrane breakage due to the sharp aggregate.
Triaxial Testing.~-Specimens %o be tested at 140° F were

placed in a 140 + 5° P oven for three to four hours prior

to testing. Cell fluld used in triaxial chamber was tap
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water at 140° F. While the 70, 35, and 0° F test specimens
and the cell fluld were stored cover nlght in a freezer,
designed to maintain these temperatures within * 2° w,

The specimens were removed from thelr constant temperature
alr baths separately and placed in the triaxlsl cell. Ths
sample temperature was controlled by fllling ths trlaxial
chamber with fluld. Air pressure was applied in the tri-
axlial chamber and regulated such that the prsssure gage on
the trlaxial cell 1ndicated the desired latersl pressure
(10, 20, or 40 psi). After the deflectlion and load dial
gages were zerced, the sample was deformesd at the rate of
0.05 inches per minute. Simultanecus readings of the load
dial 1n pounds and the deflectlon dial in 0.001 inches were
recorded at sufficient increments to plot & well-defined
stress vs. 3train curve.

Computation of Triaxial Strength Propsrtles.--Values for
angle of internal frictlon {(® ), spparent cohesion {C), and
unconfined shear strength (S_) were computed for each series
of tests. For a more detaliled account of these calculatlon
procedures, see Appendix IITI. A comparison of the values
of these terms under conditions of changing asphalt contents

and temperatures are shown iIn Chapter IV.



CHAPTER IV

RESULTS

Compactlon and Asphsilt Content.--The effect of asphalt con-

vent varlakion on compaction is 1llustrated In Flgures 7 and

8. The addition of each ilncrement of asphalt from 4.0 %o

6.0 per cent resulbed in & uniform lncreases in the bulk
specific gravi$y of the mix apnd uniform decreases in the

per cent volds 1in %he total mlx and per cent volds 1in the
compacted aggregates. The reduction of voids 1ln the total

mlx was 6.0 per cent whille the reduction 1n veilids in the
compacted mineral aggregate was only 2.0 per cent. This
indicates that only about cne third of this increase in

bulk specific gravity resulted from aggregabte volds with
asphal®. At 7.0 per cen® asphalt “he bulk specifilc gravity

of the compacted sample reached a maximum of 2.33 and dropped
back %0 2.32 at 8.0 per cent asphalt. Over the same increment,
the volds in the total mix continued to reduce, buh at a
decreasing rate and appear %to approach a limit of about one

per cent. Now Sthe per cent® voids In the compacted aggregate
drops slightly to a minimum of 16.8 per cent and swings sharply
back up to 18.2 per cent. Apparently the sample becomes
flooded with binder between the asphalt conternts of 7.0 and
8.0 per cents and the lubrication afforded by the asphalt

allows the aggregate to attaln the most desirable orlentation
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at an asphalt content of about 7.0 per cent. Monlsmith and
Vallerga (9) conducted compaction tests on an aggregate of
this gradation at ldentical asphalt contents. Thelr results
indicate that lncreasing compactive affort lowers the amount
of asphalt necessary %o attain msximum density. This asphalt
content &% maximum density must be considered then in terms
of the compaction effort used. A greater compaction effort
will yield msximum density at & lower asphalt content.

le_of Internal Friction end As

Anp phalt Content.--Figure 9

1l1lustrates the effect of asphalt content on the angle of
internal friction of this mix at 140° F. This angle in-
creases &1most llinearly to a peak at 7.0 per cent asphalt
and drops back to 45 degrees at 8.0 per cent asphalt. The
shape of thls curve compares almost identically with the VMA
vs. asphalt content curve 1f one of the curves are inverted.
This relationship is further exhibited In Figure 11 where
per cent volds in the compacted mineral aggregate plotted

as & linear functlion of the angle of internal frictlon.
Since the volds between the compacted aggregate particles

1s a measure of the amount of compaction experienced by the
aggregate, regardless of asphalt content; 1t 1s reasonable
to conclude that the friction angle for thisg mix ls a function
of the degree of compaction experienced by the aggregate.

Shear Strength and Asphalt Content.--The shear stress along

the plans of rupture, just prior to fallure of the specimen,
when no external lateral pressure ls termed unconfined shear

strength decreases along & convex curve of uniform curvature
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as the asphalt content increases from 4.0 per cent to approxi-~
mately 7.0 per cent. Here the btrend seems to reverse %o a
flatter slope and descends to a shear atress of 0.7 psi at
8.0 per cent asphalt. The bulk speclfic gravity curve
(Figure 8) and VMA curve (Figure 7) indlicate & condition
of maxlmum compaction at abcut 7.0 per cent asphalt and
experience Indlcates that thls 1s caused by the asphalt
reaching a preactical limit for thls aggregate or nsar
flooded conditions. Here fluid pressures prevent further
compaction and increasing asphalt contents bayond 8.0 per
cent were impossible since the flulds prevented sufficlent
particle contact to form a cohesive sample. The abruﬁt
change in the curve could have Indicated & nesr saturated
conditlion.

The segment of the unconfined shear strength vs.
asphalt content relation between 4 per cen%t and 7 per cent
has a convex shape which may be elliminated by removing the
effect of a changling friction angle. Since shear stress on
& plene 1ls a function of the fricticn angle and the normal
stress, then the normal stress on this plane will be an
sguivalent lndex. This unconfined normal stress, compubed
from squation (3) 1s shown (Figure 1l) to vary linearly with
asphalt contents bhetween 4.0 per cent and 7.0 per cant.

So
@M - W (3)
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where

¢ = the normal stressz on the rupture plane cf &
of triaxia)l specimen wilth no lateral support
= 0), at the maximum lcad attainsd by
thg specimen,

S¢ — the shesar 3tress on the plane of rupture at
the maximum lcad attained by the specimen,
and

tand = the slope of the Mohr rupturs line .

One explanation for this lLinear relsabtionship between
unconfined normal stress and asphalt content is related to
the surface tenslon properties of the asphalt st relatively
high temperatures, 11}0g F in thls case. At say 4.0 per
cent asphalt & speclmen 1s molded with a c¢ertaln volume of
volds within the mineral aggregate. Then the asphalt must
have a certaln smount of "fluld to air" surface area. If
surface tension forces btend to pull the sggregate particles
together, then a normal stress mast be inducsd at aggregate
conbtact polnts that 1s governsd by the shape, size, and
number of the void spaces around the points. This 1s true
since surfacea tenslon force on a solid 1s a function of the
fluld surface’s curvature. Now if an eguivalent specimen
containa sufficient asphalt te f111 some of these voids and
thereby destroy the surfaces; the normal stress at contact
points must decrease. 1In Flgure 11, the asphalt is added
by weight of dry aggregate, then constant volume increments
are added to the mix 1n thls 1llustration. Because fllling
the voids is also a volumetric function, then 1t stands to

reagson that the unnconflned normal streas will dscrease.
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linearly as voids in the compacted aggregate are progressively
inundated. An important polint to keep in mind when deter-
minlng unconflned normal stress ls the viscosity of the
asphalt. For the above analysis to be valid, the sample

must be deformed at a rate slow enough ¢ ellmlinate viscous
shear of the asphalt film. There are two properties of flulds
to be consldered, viscosity and surface tension. Both vari-
ables are believed to take place but at high temperatures

and slow loading rates, viscozity shear forces are quite

amall for most paving grades of asphslt.

perature .~-Figure 13 1llus-

trates the effesct of temperature on the angle of internal
friction or the angle subtended by the horlzontal axls and
rupture line of the Mohr diagrem. This datse was compubted
from trend curves (Figure 26) of fallure stress at various
lateral pressures with variation of temperature.

As test temperature was increased from 10° F the angle
values decreased from 54 degrees to a minimum of 25 degrees
at 60° F. The curve then ascended at about the same value
of slope to about 100° F where the trend tends to flatten
and approecach & horlzontal ssymptote of angle of internal
friction equal to 45 degrees.

Since asphaltic concrete pavement is composed of & vis-
cous llquild and a c¢coheslonless solid, the propertles of both
ingredlents must determine the characterlatics of the mixture.

Shear strength for cohesionless material 1s chlefly attributed
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to aggregate contact polints and the shear generated at a
particular contact point is proportional to the pressure
forcing the polnts together. The performance of liquilds
having high internal friction or viscosity 1s usually des-
cribed by referring to the movement of two plates separated
by the 1liguid in guestion. Under these condltions, the
resistance of the liquid 1is virtually independent of pres-
sure, but -varies dlrectly with the srea and directly with
the speed of movement. Then any characteriatic of a pave-
ment of this type must be & combinatlion of these two differ-
ent materials unless speclal test condltions redvuce the In-
fluence of some of These component charascteristics.

The variation of the angle of internal friction shown
in Figure 14 may be explained as the resultant of two oppo-
site effects caused by decreasing vlscogity of the binder as
the temperature rises. Decreasing viscoslty with increasing
temperature results In a gradual transformatlon of the hinder
from a so0lld to a seml-solid and finally to a fluld. When
the binder is a solid, the amount of shear force transferred
from one aggregate polnt to another 1s a function of the
normal preassure betyeen the points but when the binder is &
fluld, the smount of shear transmitted iz a functlon of the
binders vlacosity, not the normal pressure. Now decresasing
viscoslity also ellows more aggregate polnts %o penetrate the
separating bilnder films and strength derlived from aggregate

polnt contact ls & functlon of the normal preazure; thus,



one effect seems tc cancel the other at about 60° F. Viscosity
decregses, resulting from lncreases in temperatures, continue
to allow more and more aggregate contact points until the
shear due to viscous forces is small compared to frictlon
fbrces of the aggregste. Further reductlon in viscosity at
temperatures above about 100° F effect 1ittle change in the
angle of internal friction; hence, thls value ls considsred
a measure of this mix's aggregate’s frictional property alone.
Note that a combination of high test temperature and slow
deformation rate 1s neceasary to ellminate viascosity effects
of the binder.
Shear Strength snd Temperature.--Shear stress at rupture for
unconf'ined compression of a 6.0 per cent asphaltic concrete
pavement is lllustrated in Figure 13, like Flgure 12, thils
is an 1lllustration of & trend which was dsrilved from the
family of curves on Figure 28. Values for unconfined shear
strength decrease a3 & llnear funstion of temperature in-
crease from 324 psi at 10  F to 150 psi at 50° F. This shear
stress then continues to reduce as temperaturs increases,
but at a progresslively slower rate between the temperatures
of 50 and 100° F until the curve seems to approach a con-
stant slope between 100 and 140° F.

The unconfined shear strength 1s a measure of the speci-
mepa vlscous shear reslstance and frictional resilstance due
to internal normal pressure (surface tension) on the plane

of rupture. Viscous shear 1ls conaldered the predominant
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factor in the unconfined shear strength {Figure 13) up to
temperatures of about 80° F. Between 80 and 140° F the
shear vs. temperature graduslly approaches & constant slope.
This slope 1s consldersed & functlon of surface tension var-
lation with temperature. The constant angle of internsl
friction between 110 and 140° P substantuates an absencs of
viscous effects.

Stress and Deformation.--~-An lmportant conslderation for a
good asphalt pavement 1s the amount of deformation the
material must sustaln to support & glven applled load.
Figure 14 illustraies the effect of asphalt content on ths
ability of thils asphalt concrete %o support load at strains
of 0.5, 1.0, and 1.5 per cent. The wvalues of stress indi-
cated for 1.5 per cent straln are very close to the ultimate
stress values for 8.0 per cent asaphait is cnly about one-
half that ultimate stress. This 1s an Important considera-
tion in pavement deslgn since impracticel amounts of deforma-

tion 18 required for a rich mlx tec asccommodate ultimate load.
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CHAPTER V
CONCLUSIONS AND RECOMMENDATIONS

Conclusions.--{1) The point of maximum compactlon was

defined at akhout 7.0 per cent asphalt by welght of
aggregate .

(2) This particular paving mixture seems *o exhibit

an angle of internal friction that 1s dlrectly dependent
on the percentage of volds sexlisting in the mix, in-
cluding that volume occupled by the asphalt.

{3) The shear strength at zero lateral pressure
decreaseg as asphalt content 1s increased frcm the
leansst mixtures to the polnt of maximum compaction.
{4) After cancelling the effect of chamging friction
angle, the above property reduces in dirsct proportion
to the wolume of asphalt added to the milx between the
lowest asphalt contents and the polnt of maximum com-
paction.

(5) The rate of strain used in this ressarch 1s suf-
ficliently slowv te remove the effsct of wviscous shear
this pavement’s angle of internal friction If tests

are conducted at temperatures above 120% ®.

(6) Reduction in btest temperature betwesn 100 and 60° F
effected decreasing angle of lnternal friction values
while further reduction %o 10° F resulted in incrsasing

values.
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(7) Specimens contailning %.0, 5.0, and 6.0 per cent
asphalt generally reaches ultimate stress around 1.5
per cent strain.

(8) 1Increased lateral support and asphalt content in-
creased the amount of strain required for rupture.

Recommendations.--{1) An extension of this research into

many different types of pavemsnts is necessary to
determine 1f the relatlionships derlved from this
research apply to seyeral types of asphalt congrete
pavements.

{2) Improvement and standardization of compaction
methods, using a kneadlng compactor, would greatly aid
the field of asphalt pavement research.

{3) A study of the shape of Mohr envelopes for varilous

paving mixtures would greatly ald the pavement designer.
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APPENDIX I
VOIDS ANALYSIS PROCEDURE (10)

The maximum theoretlcal bulk specific gravity, D, was
determined for each asphalt content from the batch weights

and bulk specific gravities of %he mix ilngredients.

E;«% Wé-+ WS

Duw W T (4)
L ol ol
TR

where Wl, W_, and W, are the batch welgh%s of the crushed

3
atone, mineral filler, and asphalt, while Gl, G2 and G3
represents their respective bulk speclific gravities. The
per cant volds 1in the total mix, V, was then computed from
the theoretlical maximum bulk specific gravity and the ave-

rage bulk specific gravity of the test specimens for each

asphalt content.

vV o 100 ]()ZD - G) ; (5)

where:
D = the theorstical maximum bulk specific gravity, and
G = the average bulk specific gravity for each asphalt
content
The per cent wolds in the compacted aggregate, (VMA),
was compubted from the theoretlcal bulk specific gravity cof

the compacted aggregate, (d), and the bulk specific gravity



37

of the compacted aggregate, {g), in the test specimens. The
theoretlcal gravlity was computed by using formula - but
excludilng asphelt welghts and gravities from she calculation.
The bulk specific gravity of the QOmpaéted aggregate 1n the
test speclmen mist be proportional %o the per cent aggre-
gate contalned theraln. Then the following relatlon must
exiat:

Eii; Wy w3 .

; 6)
Ll (6)

g-

whearsa:

G = the bulk specific gravity of the compacted
spaecimen,
g = the bulk speclfic gravity of the compacted
aggregats, i
W-. = batch welight in grams of crushed storne 1n the mlx,
W5 = batch welght in grams of mineral filler in the
mix, and
W3 = tatch welgh% in grams of asphalt in the ulx .

The per cent voids 1n the compacted aggregate, (VMA),
wa2 then computed from tha theoretlcal maxlimum specific
gravity of the compacted aggregate (d) end the bulk spscific
gravity of the compacted aggregate {g) by the foliowing

relationship:

100 {d - g

Reaulbta of these calculakslicns appear 1o Flgure 7.



APPENDIX II

STRES33 AND STRAIN CALCULATION PROCEDURE AND CURVES
PROCEDURE

The data obtairced from each %triaxial best was con-
verted into a 3tress versus straln curve. Simultaneous
dial and load readings were plotted and a curve was drawn
through the pointa. The lower section of this curve was
extended back t0o zero load to determine the dlal reading
at zero deformation. The dlial reading at zero deformation
was subtﬁa@ted frouw each recorded dlal reading to obtain
the specimen's deformation and %his was converted to strain
in inches per inch by dividing deformatlon by the specimen's
initial height. The specimen’s end area was correcked for
bulging during loading by she specimen'’s initial heightk.
The speclmen’s end area was corrected for bulging durlng

loading by the followirg fermula:

i
(]
i
™
)
| S_—

whare :
A" = ney loaded ares 1n aguare inches,
A x the specimens Initial and area in square inches,
and E = The computed strain in inches per inch for each
load reading.
Then %he differential stress for each load reading was

computed by dividing %he load by the corresponding new area.



The pressure actling on the specimen’s top was not added at
this time. The axlial stress plokted on stress versus strain

curves was a differential streass (CTI ~(T3)a
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AFPENDIX TIT
CALCULATION OF MOHR DIAGRAM COMPONENTS

The values for apparent cohesion (C) and angle of inter-
nal friction are rormelly determined graphically from the
Mohr rupture envelope (Figure 3) by drawing stress circles
and constructing a tangent to these circles. However, dlf-
ficulty sometimes arises when & line must be constructed
tangent to several circles that result from experimental
differences in Laboratory test data. A more realistlc
method for determining these index properties has been
developed for materisals with stralght rupture lines.

This methetd involves plotting results from trilaxial
tests on an ultimate axial stress (C71) vs. Lateral Pressure
@53) graph (Figure 25). Here a line may be drawn through
the data points by the method of least sguares &nd the slope
of this lipe will yleld sufflclent informetion for & deter-
minatlon of the angle of internal frlctlon. An expresslon
(9) may be derived from the geometry of a straight rupture
envelope that expresses the first principal stress (crl) in
terms of lateral pragsure (CYB), angle of Internal frictlon

{¢) and cohesion {(C).

c)'l =O'3 ran< (45 + 9/2)+ 2¢ tan (45 + P/2) . (8)
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Differentiation of thils equation ylelds the followling
expression for the slope of thecrl V8. 0_3 curve in terms
of the angle of internal friction (¢ }:

a0
— L = tan® (45 + B) (9)
dCY3

and solution of equation 8 for zero lateral pressure ylelds

0= 2C san (45 4+ $/2) . (10)

where I is the intercept of th9671 axls and of thecfl vs.
CT3 relation (Figure 25): then,

cC =

1
2 tan (55 + ®/2) (11)

Another lmportant lndex property of an asphaltic con-

crete mix 13 the shear stress on the plane of failure when

no external support 1ls applled to the specimen. This wvalue
is defined as the point of tangency between the rupture lilne

and a stress circle drawn through the orign of a Mohr Dia-
gram.

Like apparent cchesion and angle of Infternal friction,
it may be sclved graphically or by the geometry of a Mohr

rupture envelope. This unconfined shesr strength (8,) may

be expressed 1in terms of the angle of Internal frictlon and

the nltimate axisl stress (Cfl} where lateral pressure equals
ZEero.

iﬂﬁh

cosd 1f O'3= 0 . {12)
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Then Mohr Diagram components: angle of lnternal fric-
tion (¢), apparent cohesion {C)}, and unconfined shear strength
(8,) were computed from triaxisl data with applicatlon of
equations 5, 7, and 8 respectively. Filgures 25, 26, 27, 28
and 29 were used to obtaln necessary data to compufe these

propertles by using the Iindlcated formulas.
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