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- ABSTRACT
The study reporied herein was concerned Withrthelv
effect of stiffness on fatigue reslstance of asphaltic _
concrete. The féctors belieVed‘tb contfibuté_significanﬁly
to stiffnesé are témperature,'support_pressure.andfasﬁhali
content. These are examined in ﬁhe‘sfudyo
An-exteﬁsive survey of the literature on fatigue

téstingris given, and the merits of a re1atively new test
equipment--the déflectometeruware obserVed;F This equipment
was uéed»in the study. Test procedures are adéquately |
described; | | !

| :The aggregate gradation nsed was-vefy céarse aﬁd
~ gap-graded and-resulted5in a stiff mii;AAResults‘of tﬁe
test are‘n6£, thereforé; in:absqlute}conformity with data

reportedAfrom other mixes or test procedures.
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~ CHAPTER. 1 -
INTRODUCTION

_  Deéign considératiohs for asphél£10fconcrete

_pavementé aimvat providing a pavement surface that will
give good sérvice to traffic throﬁghout its;servicé»lifeor
Tblthis end the_pavément is designed for stabllity, dur-
ability; flexibility; imper#iousness and skia resistance.
Other facﬁors'which are also.considéred are fracture
(tensile) strength and fatigue'resistancé° |

Stability of résiStance of é mix to’deférmation is
affected by frictional resistance within the mixture,
60hesion, and ihertiao. Ma jor contfibuting factors are -
‘aggregate.characteristics (eépéciélly'surfacertextUre); 
: compaction'bf mix, and asphalt content. For good stability
fhegaSphalt_content must be maintéined at a comparatively
low valuéf. f | ‘

Dursbility is the resistance of the mixture to
weathering,_including'aéing, and.to the abrasive action:of
traf_fice Tﬁis is normally achievéd through usé of high
asphalt cdnten‘ﬁs9 deﬁsely gfaded‘aggregate, and well com-
pacted mixtures. A ; t

Flexibility 1is defined as the abiliﬁy of the mix:to
 cbnfoPm ﬁo variations in subgrade and base elévaiﬁions° It

1



,
is promoted by high asphalt content and comparatively open-=
' graded aggregate° ' 7
| Imperviousness is desirable if the pavement stfucn
ture is to. be durable. Permeability is here defined not .
only in terms of percolation of water into the pavement but
~also of air ‘and water vapor both of which are detrimental
t0 th_e;mixture° Skidvresistance is furniShed by the same
factors‘thatvcontribute'to*-stability° It also requires .
aggregate type that is. resistant to the polishing action of
traffico

Fracture or tensile strength is the maximum strength
of the mixture,-'This is important;when considering heavy '
loeds, particularl& at lOW-temperatures or'when the.subgrede
is satureted "Itfis influencedlby asphalt cbntent aggfe=
gate gradation mineralogical composition of fine aggregate
and mixture dens:Lty° Increase in asphalt content and
mineral.filler_tends-to increase fracture strength within
limits. " | |

Flexibility of asphaltie ~concrete pavements~has
also been referred to as fatigue Pesistance (1) In its;
strictest sense, however, fatigue failure refers to cracking
of the asphaltic concrete resulting from the resilient or
elastic deformation_° This may be associated With‘little or
no permanent deformation of the pavement at the outset.

Data seem to indicate that allimixtureS‘exhibit fatigue.;



(2)9 and'thatecracking is related:tofthe intensitylof»the
tensile strees Induced in the mixture. Mixture variables
that contribute to high fracture ‘strength would'.therefrolee-‘, '
cater to fatigue.resistanceov | 7 o

It will be seen from this brief survey that there'
is a conflict-of interest’between faetorS'contributing to
stabillty and skid resistance ‘on-one hand and those re- - -
quired for durability and flexibility on the other., A
balapce_has thus to be struck between a stable but rough'r
bandeeathered surface, and a»smoothy'etherwise flexed
surface. As to which side gets the upper hand is 1afgely
~ a question of economics and engineering “judgment "

While thls conflict is being resolved fatigue re=
Asistance is unwittingly being involved. We noted earlier
that fatigue, which is a process of progregsive localized
pefmanent structural change due totfluctuation of stresses
and strains (2), is influenced by aSphait‘content among
other things. Hence the ultimate design will have a direct
contrlbution on the fatigue 1ife of the pavement

Fatigue failures of aSphaltic surfaces were noted
and commented on by Hveem and Carmany (3) inA1948° In a
later paper, Hveem (4) presented'data.on measured pavement
deflections and performaﬁCeg and suggested 1iﬁitiﬁg deflec=
tions for different types of pavementso The implication‘te

this was that a pavement could sustain any number of 1oad"5



Pepetitions provided the permissible deflection was not
exceededo-v _ _

' Following on Hveen' s 1ead many researches have been
carried out in the 1ast two decades, notably in EurOpe and -
the United States. These.haveclnvolved test roads such as
the WASHO and the AASHO, and 1aboratofy tests on both
.specimensvtakenffme'the'paVemeniiand specimens made ‘in the
laborAtorjo'eTherlaboratory investigationsfwhich,have;been
underfakeh are of two basivc,approaches° The fifet approeoﬁ :
ls oonoernea more with the fundamental behavior of the as-
phaltiovconcrete“as an engiheerins.materiale__Tests'arev )
4oarfied_ou£ with eetablished.methods of fatigue testing
such as’the'foteﬁing cantilever machine used by Pell'(S)o
The second approaoh endeaeors to simulatevfield:conditionsa
It inoludes such notable works as reported by Monismiﬁh (6),
Papazian and Baker (7), Monismith, Secor ané Blackmer. (8),
Jimenez (9) and Vallerga, Finn and Hioke (10) to mention
only a'few;  These will be discussed later in the review of
literature. |

or particular interesﬁ here is the'appafatus and-
'test procedure that was reported in Jimenez (9). Commen-
ting on the. rationale behind this test method Jimenez notes
that (p. 4): |

In the past, the usual pfocedure used in‘

testing for flexibility has been to load a

prismoidal shaped specimen in some sort of
beam condition.. This type of testing does



not appear to be adequate for duplicating
gservice conditions, although it does serve

to obtain comparative values of parameters
with which to determine the effects of
certain variables. A model for testing,

more closely related to the conditions in

the pavement, is a large diameter disc -
fixed about its periphery and loaded on 1its
- center. - . _ :
'To simulate the effeét of subgrade reaction the
deflectometer, as it is now called, has a,reaction-Unit
which can be adJusted to give variable support to the pave=
ment model More description of this will appear in the
| report . ,Test data obtained with thls procedure has been
reported by Jimenesz (991i1);A:and Layman and Philippi‘(]Q)o
It indicated that the defleétometer'yields reproducible
results and that it 1s sensitive to factors affecting the
flexibility and fatigue resistance of asphaltic concrete.

Laboratory fatigue tests are generally of two types:

controlledmstréss where the load is in the nature of alter-
nating stress of conétant amplitude, and controlledmstrain
where 1oadiﬁg is in the form of alternating strain of
conétant_amplitude; Modes of fallure of the two types are
_ differentc - In the formef-a flaw will-lead to stress'conw
'centration at the point of 1nitiation, wvhich will in turn
lead totfast propagationAand complete failure or rupture°,
In the latter, however, cracking will result in a'decrease*

in stress and hence a slower rate of propagationo_ The

fatigue 1life measured, therefore, includes a.considerable.



length of time required to initlate a crack that defines
| failure. ‘Inlfact failure in.this caseeis arbitraril&
:determined since complete rupture will take a long time to .
;achieveo | 7 | : _ »
v | ~ The ehoice as to which mode of- testing should be
-adopted depends on. the type of pavementa It has been_ o
suggested (10)-that since thin layers of asphaléic*concrete
exhibit greater flexibility under load application they
should be made with mixes of . low stiffness° _Consequently;i
"from.available>fatigue\data the appropriate ‘mode -of teét'
would be controlled s’traino On the other hand thick pavea
'ment sections 1mpart more stiffness to the structure and
hence require Stiffer mixes - Testing pPocedure eppﬁoprlate
to this would be controlled stress, 7 A |
» In actual field performance pavementsvare:subjecﬁed;'”
%o nearly constant load during their service life. This
:makes the controlled-stress mode of testing a more logical
‘onee»
| A The defleotometer is‘essenﬁially a contfolledmstressl
. tYpelof apparatus. The same load magnitude isfmaintained
during fheﬂperiod of testing. ~Thie-is made'poesiblevby
using a floating load system° |

While the work reported by Jimenez ( 9) was exten-
sive, the primary object was to evaluate the deflectometer

as a fatigue testing machine. The material used was limited



to fine—grained asphaltic concrete mixtures"and it was
suggested that coarse~grained mixtures should also be
~tested to find out whether they conformed with the genefa1~
findings. Theework by Layman and Phillipi (12) was c¢n=_
cerned with flexural properties of certain black base
mixtureso Ameng the things-investigated was,variation of
the mixture stiffness with tempefature fona constant asal
'phalt content | | |

The work reported here. is an extension of the two
works above, and deals specifically with the effects of
stiffness on the fatigue resistance of the asphalcic con-
crete mixtures. The materials and aggregate gradation
‘coincideiwith‘those used on the construction of the UDSQ
Interstate Highway 19. Detailsréf'this will be discussed
in the report ' |

Stiffness or dynamic stiffness as 1t 1s often
called, has been defined simply as the ratio of stress
amplitude ﬁo strain amplitude (2, 4, 5), It is"debenden£
on both the.timeaofuloading end.the_test temperature, and
gives a reflection of the rheological behavior of the mix=
ture. Stiffness of asphalticrconcrete_pevements'is a
fuﬁction of.all the compeneﬁts_fhat'constitute the pavement,
vizo,vsubgfade; sub-base, beserand surfacing. However,
Hveen (ﬁ;'p; 46) prefers;'for desigh purposes;

To associate the concept of stiffness With'
the pavement and base structure alone in which



"case’therevWill not be a coﬁsistent'relationn

ship between stiffness and deflection as the

character of the supporting soil will then .

represent a variab1e° "regilience." _

In this study the subgrade support is e cohtributing
factor to stiffness., The effect of initial support-on the
stiffness and/or fatigue 1ife of the mixture forms rart of
the investlgationc Other varlables are temperature and
asphalt content. ‘ 7 o »

The signifilcance of mixture stiffness,iﬁ the fatigue
performance of pavements has been recognized from the
earliest investigations, although disparity exists between
the interpretation then (13, 14), and what is currently
known. Every investigator'after Rader (13) has made con-

‘ siderable contributions to this subgect., Finn (2, p. 66)
has the following to say: _

To manipulate the fatigue characteristics of

asphaltic mixes, it would be desirable to

have a single- parameter whose assoclation

with fatigue 1s known. At present the stiff-

ness modulus=-geems 1o be most loglcal, in-

"asmuch as a considerable amount of 1nformation

has been reported relative to its cerrelation

with fatlgue lifew=,

Yet we 40 not seem to have reached the ultimate, or
eVen approached it, because although the‘knowledge is-piling;'
pavements continue to fail in"fa‘tigueo This is hardly éurer
prising when it is recalled that stiffness and fatigue resis-

tance‘are’functions of many indeterminate variables in-

cluding the mixture'pPOpertieseand environmehtal conditions.



‘ o 9
“Also, some éfvfhé basic assumptions of homogeneity-isotrOpyb
, énd elasticity;éssumed in the analysiS'ére oniy'cldse'apaf'
'proXimationS‘at best . Thereforeg-any additional*infqrmation'
'in this field,‘especialiy_by ﬁest methods that approach
éite‘conditions,_will be a wéléome contribuﬂioho_.lt is

hoped that ﬁhis study will add to the knoﬁledge@f



CHAPTER 2
LITERATURE REVIEW

One of the earliest investigaiionsAihﬁo the cracking ,
resistance of asphaltic ﬁoncrete was reported by Rader (13)..
in'1936;‘ This was largely concerned with the physical
.properties of the mixture at low temperatuﬁes, Beam Spec;m
mens 2" X 13" X 6"‘were cut from two existing pavements of
-contraéting ﬁerfofmahce (one heavily cracked and another in
good condition) and tested in flexufe, Asphalt was also -
extracted hy the Abson methad and copsistenny tests par.
AfOPmed on ito‘.Remolded samplés were tested for stabilitye
The results ofAthis investigation are of particular interest:
Rader reports that the pavement which was in good condltion
after 8 years of service had avérage‘values of modulus of
elasticity® of 479,000 psi, while the cracked pavenent had
average values of 624,000 psi. He noted that the great
differences in stiffness wére due to great diffeﬁences in

density, and that the high stiffness was responsible for

*The term "modulus of elasticity"” used here is the
game as "stiffness modulus" used elsewhere and definesg the
relationship between stress and strain for static loading.
For dynamic loading the term "dynamic stiffness modulus”
has been used. All these terms have the same connotation.
The higher the modulus, the stiffer the mix, ‘

10



11
high tensile stresses which_resultéd from low temperatures.
.Thus9'he cbncluded that é.ldw modulus of elasﬁicity was |
,_desirable from the standpoint df,reducing_crackingo in a -
subsedﬁent_report (Té)he‘produced more data which cénfifﬁed-
his initial findiﬁgs:b;Althoﬁgh these findings do ﬁot'seem
to agree with our currenﬁﬁknbwledge, they paved way for -
1aboratory and field réséafch into flexural propertieskof
asphaltic conQrete pavemeﬁts; It_is now generally acknowl-
edged that thermal étreéses are'ndt a main cause of surféce
cracks, N _

_ The first repeated-loading test was reporﬁed'by
Thomas (15) in 1948, His studies involved spedimens 16
inches inydiameter supported on a'Spring base and IOaded-
éentraily,' Eight repetitions of load were applied on eithéﬁ
side of the spécimenc The_strength of the specimen was
eValuatéd from the.amount“Of damage resulting from the load
applicationof It Was'concluded that high stiffness was noﬁ
advantag%ous sincé-cracking occurred more on the stiffer:
mixtures. |

The next WOrk in 1ine,is'that;reported by Hveem and.
Carmany (3) and later,extendéd.by Hveem (4). 1In the latter
work Hveem discussed the different components of a pavement -
and how they interact with each other during the éervice
life of the pavement. VDeflection measurements were made at.

different elevations in the pavement and road basement and



12
~ these. were correlated with field performance. ‘Comparison,
" was also made with the results of the Road Test One«Maryland
and the WASHO -road test and it was concluded that a limitlng
deflection of about 0. 020 inch was essential for repeated-
flexure endurancean Hveem also presented initial'results of
laboratory fatigue tests on beams 2" X 2" X 10" cut from
exlisting pavements. The test’apparatus had a-éam arrange-
ment operating at speéds to s;mulate’truck-traffic; The
results indicated that fatigue life decreased as the strain
or deflection incneaseda Thus, concluded Hveem (4, p. 72),
There is an'unusuaily'close correlation between
" observations of cracking and fatigue type
failures-=-~ and measured deflections---, These
~deflections appear to be assoclated with com-
pression and rebound in the soil-==~. It may be
sald that the prin01pal destructive force is
the energy stored in the subgrade by each pas-
-sing Wheelo
Hughes and Faris(16)worked on the deformation of
aSphalt and sand mixes employing two rates of deformation,_
The results for high deformation rate (3 inches per second)
were not very significant as they did not show any effect
on mix variables. However, for the low rate of 0.07 linch
per hour effects of asphalt oonsistency and temperature
were»Significant in mixture deformability. Specifically,
it was noted that fallure oocurnedﬁat lower magnitudes of

deformation, and theséfvaried with asphalt cdnsistency and

temperature susceptibility.



B Wood Goetz and MeLaughlin (17, 18) treeented :
papers on . the strength of bituminous nixtures under difm_
ferent: loading conditionso‘ Tests were carried out on.

- cylindrical Specimens loaded axially, and under different
temperatures and loading_preesuresu The results showed a:
llogarithmic Pelationship between'deformation and load-repem
titions'tO'failure. It also . indicated a 1ogarithmic Pelau
tionship between temperature and compressive strengtho
, ' Several reports have.been presented by Moniemith
gg al. (6, 8 19, 20 21) on aSphalt mixture behavior in-
| ’repeated flexureO' In Reference 6 MOnismith presented some
'of the factors which should be censidered in the analysis
of flexibility charecteristics of pavements. These in-
cluded (a) properties of materials that i1s, asphalt, aggrem
gatee and‘the mixture, (b) structural effects including
slab thickness and. load distribution, and'(c) external CONe
ditions such as tempefature, resilient properties of the -
subgrade, and magnitude, frequency and durationlof-the'load,r
fDetailed,discuesion of each of these factors}was giveri° In
.particular hebpointed out the'significance'of asphalt'visa'=

- cosity to the overall performance of the mixture, and how

- repeated stressing can cause strainwhardenlng and- eventual

,cracking of theiasphalt«fine aggregate matrix. In this
:etudyrbeam'specimens'B" X 2" X 12" were compacted by a

_kueading ccmpactor anditested_in the manner of Thomas (15).
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_Signifiéaht conc1usions.of this study were that,(a)‘ﬁhé‘_f"
. modulus of Puptﬁre'ingfeased with increase in asphalt cén=~

- tent aﬁd the number of Ioadtapplications, and (b) deéréased
B temberature increased the modulué of rupture whiéh wids ac=
.companied by incfeased rigidity under dynamic 16ading; In
thé paper cited in Reference 8 ﬁhe discussion centefed |
. more on the effects df ffeqﬁency of load application aﬁd
‘stress reversal. Three rates of aﬁplioations of 30, 15;
and 3 per minuﬁe,Awith load application time of 1'second;g
were used. These corresponded with slo& moving traffic on
an urban highway operating at éapécitya Monismith et al.
concluded ffom this investigation, that for the range of
.ijéquencies and temperatﬁres_utilized, the frequency of
loading had little effect on the modulus of rupture. The
"effects of stress reveréal were also negligiblé;;és long'as
the maximum strains for the PeversalAand noﬁmrevePSal test-
beams wefe ‘thé.Sameo Based oh_thié and other data avall=
able at the time, it was suggested (8, p. 197) that an |
"excellent criterion for prediction and prevention of
fatigue failure" was the limiting-bending‘straino‘ For field
performance.it Waé suggesied that the radius of curvature of
the loaded area would be a good indicatof; R

In presenting thelr work on flexural fatlgue Deacon

and Monismith (20)'reudefined-theﬂfacfors affecting fatigué

behavior both for field performance and laboratory testing.



.Laboratony variables were categorized.into (a) 1oad varie K
ables such as pattern of. stressing, ‘time distribution of |
. 1oading and mode of loading (whether simple or compound)

(b) environmental variables, including temperature, moisture

and aging,'and (¢) mixture variables, Significant variables - .

in the mixture were aggregate type and gradation, binder
type and hardness, and specimen air~volds, surface texture,
-shape, size, stiffness, anisotropy and'asphalt content. |
'Emphasis.was:placed on compoundnloading=fatigue ‘behavior
~ since vehicular stresses were essentially compound in naturen
The test equlpment used was therefone deslgned for such
| loading. During each load application the specimen was
flexed for a given duration after which it was forced to
return to its ofiginal posiﬁionc' This resulted in stress
“reversal without correspdnding strain reversal. Several
conclusions were made from the study, but the most signifil-
cant here was that (20, p. 12):
In general it appears that load, environmental
~and mixture and speclimen variables tending to
increase the stiffness modull of asphalt specl-
mens--~tend also (a) to increase the observed .
service lives for controlled-stregs loading
at any given stress level, but (b) to decrease:
the observed service lives for controlled-
strain testing at any glven strain level.
The stiffness modulus was found to alter‘considerably during

the final phase of the test, due to the démaging Tatigue

loading.
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- The last paper (gl)'deals with:predictiph of pavement
' qef1ecti6ns from laboratory testis. A sefiés of repeated- |
load tests were conducted on‘prototypevéavement éedtions and
observations were made on-the behavior of the subgrade bése
and surfacingo It was noted that'temperature had a signif»
icant effect on the méasured defleciion;: This effect was‘
attributed.mainly to changes in stiffneséai in discussing |
- the results, the authors stated‘that,the resilient* charac-
'tefistics of asphaltic concrete éurfacing were depéndent on
ﬁhe rate of loading and temperature. Nomographs preSentedv
by van der Poel in 1954, and modifications thereof by
Heukelom ahd Kloﬁp (22) gave good estimates of mixture
stiffness, knowing the stiffness of t};e binder and volume
of-aggregate, ":, | |

Another paper by Epps and Monismith (25) will be -
discussed 1a’cer° ‘

Papaz1an and Baker (7, 24) carried out fatigue tests
on prismatic specimens tested és simple beams with an elas-
tic support at the center. They repofted that the endurance
of the~mixture:wés a function of the étfessmlevel, In the

second paper they analysed the effect of stiffneSs'Patio on

#Deformations in pavement structures caused by
moving vehicles are essentially elastic in the sense that
they are almost completely recoverable. However, to avoid
confusion the deflections have been termed resilient rather
than elastic. This term as originally used by Hveem (4)
referred to the. subgradeo‘ :
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pavement stresseégrﬁSing-WesférgéardS'equationsrand Bufe
mister's iheoryjfor,tﬁo—iéyered systens, _Tﬁey noted, how-
'ever,_that-maximum deflections depended noikbnly-on.ratios;
but also on the rigidity of the supporting subgrade.

Dehlen (25) présented a study of7“chicken net" crack-
ing#* of a road surfacing, conducﬁed in Soﬁth Africa. -Dea'
fleétions were made by means of avBenkelman beam, and from
thé,deflection pfofiles the curvature was dé.termined° This
wasfused t0o assess the stresses induced.in the pavement.
The author noted.ﬁhat a8 correlation existed between maximunm
: deflectioﬁ, curvature, and the conditlon of the surface.

He stated that the curvature.was dependenﬁ mainl§'on the
modulus of the base material.
Although many of the laboratory tegt procedures so
far tried to simulate subgrade reaction thrbugh the use of
a spring base or an eléstic centralvsupport; noné had suf-
ficlent lateral confinement to approach field condition.
The deflectometer reported py-Jimenez (9, 11, 26), and
Layman and fhillipi (12), nad both devices incorporated.
A subgrade éupport was ﬁrovided by an oil-air system in a
cylindrical chamber sealed at the top with a thin'rubbef

membrane. The specimen was clamped onto the chamber by

#The terms "chicken net" cracking, "alligatoring”
or "mapping" have been used to refer to the .pattern of .
surface cracking typical of fatigue failure of asphaltic
concrete, ,
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‘means of ‘a Steel ring and bolts° A»constant clamping force
AWas7maintained-through the use of springs and metal Spacer
sleeves.’ A vibratorymkneading compaction method wags de-
'veloped along with this test procedure to compact specimens
4" and 17l"'in diameteru Further details of this»will
acpear in the report. Thefgeneral findings reported'in‘
Reference 9 were'as'foilows:

(a) Fatigue 1life increased with increasing asphalt
viscosi‘tyo _ : _

(b) A logarithmic relationship between applied
stress, S;:and fatiguerlife, N, resulted in the eipfession
S—I'N“b, where I, and b were mix conetantaa For normal as-
phaltic mixtures b was very close to 1/5.

_ (c) There was an optlimum asphalt content associated
with ﬁaximum fatigue life.

._(d) There was an-obfimum agphalt content assoclated
Awith_maximUm dynamicAmoduluso-

| (¢) Dynamic modulus'increased with increase in
sbecimen density (for an optimum asphalt content).

(f) Within the limited range of stress and specimen
densiﬁy stcdied; the dynamic ﬁodulus for a mixture was
reiatively constant regardless.of’stress level or specimen .
'thickness;’ |
From these studies Jimenez suggested that fatligue life of

_asphaltic concrete could be increased by increasing the.
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~ density by compactiénv(within 1imits)§’incfsasing the a8«
phalt content to an optimum value, iﬁbreasing"viscosity of"
asphalt (if loss of density is not great), or by increasing
-the dynamic modulus of elastlcity with the use of mixture
additives, The findings;of Léyman and.Phillipi (12) con-
.firmed the>above,results;~.1ﬁ additibn théy.reported thatz.

| (g) Radial stresses'withih thé Specimén,vafied ap- |
proximately'invphase with the applied stresée |

| (h)-qu:a given test ’cempératurey as radial stress

increases fatigué,life decreases,

(1) The radial strain for a given thickness inéreased‘
as test temperature Iincreased, due to decrease in dynamic
modulus at fallure.

| (3) Igtal_defléction at failure incpe_a_,sed. at higher
test,tempefaturéso‘ : | |

_ ferfdrmance’of flexible pavenments has been.ana1ysed

by Kondner and Krizek (27) based on the findings of the -
AASHO Road Test and a rigld bearingmplate study. Analytical
methods of analysis were employed in evaiuating‘stresses
and effects of layers on deflections. It was noted in par-
ticular that iempérature,decreasé'had an effeet of increas-
'ing the stiffnessvof'thé soil-pavement system. Also the
load deflection response for déflectionmébntfbiled tests was

different from that of load-controlled testso
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White (28) presented a summary of a comprehensive
study on fatigue ‘and deflections of asphaltic pavements 7
-1rwhich had been conducted by the Oregon State Highway Departm

‘ment. These consisted of fleld tests u31ng the Benkelman
'beam,,laboratory tests on beams cut from the pavements,
and'laboraﬁofy‘testS'on/molded‘specimens. One interesting
deduction frOm the laboratory tests was ﬁhat there was "no
evidence of_connection between void.content'and.fatigue )

, durebility0"~ From the fleldaout beams, also, no correlation
was found between the pavement characteristics and tbe nume.
" ber of deflectlons to fallure.

An interesting study on paving materlals for orthom
tropic steel plate bridges was given by Metcalf (29) This
-'was in conjunction with the construction of such .a bridge
at San Mateo in the San Francisco Bay. Composite beam
specimens 4" widerby 18" long consisted of a- steel plate
5/8" thick end a paVemeot layer 13" thick. Among the
findlngs of the study was that a temperature of 72°F was
falrly critlcal for flexural fatigue of asphaltic concreteo
- Fatigue life tended to 1ncrease,at.temperatures higher or
lower than 7201?o | |

From France, Bazin andFSaunier’(BO’ submitted results

-of}a-study on»deformability, fatigue,and healing properties
"‘g'of asphaltic conefeﬁe° A epecially designed apperefus im=

-parted.forced vibrations into a clamped testbar. The force
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(load) and displacement were measuned'with transducer'é'and"
‘carnier'fneqnéncy amplifiers° Specimens differed 1n shape
and. size. - Some were parallelepipedic with dimensions 2 cma;
:X 2 dm, X 15 cmng while othevs-were trapezoidalo The re=
sults showed the séﬁe type of éorrelation between'étiffness
modulus‘and'temperature':time of loading, asphalt. type, ,and
void content, as had been reported by other 1nvest1gators
';Using van der~Poel s nomographs and incorporatlng the efe
fects of vnids:found in this investigaﬁion, the authors
developed new nomographs for mix stiffness. Thevaarned'
‘that these were only valld in the range of linear behavior
of the mix, | | a
Kirﬁ (31) presented resnlfé of:fafigue tests bn
specimens 5 cm. X 7 cm. X 35 cm,, which were tested in a
fourmpbint'bending machine. The vertical load variedisinu«
soldally at the rate of 50 cycles pérAseconda Rangé,of
test temperatures from-wSOC to 20°C was employed, and
failure was defined as the point where the load had fallen
to 50% of the starting load. Some of the notable conclu--
‘sions drawn fron the,studynwere that binder content was' the
most ‘important contributbr'to'fatigne life of asnhaltic |
" mixtures, and that ain voids had no effect on the fatigne
strain. | | |
Significant eontributions have come from Pell since

1960, Some of his papers ‘on fatigue of bituminous road
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mixes appear in Kolloid Zeitschnift (July, 1960), Proceed-
ings First International Conference on the. Structural : |
Design of Asphalt Pavements, and Proceedings Institution 7
of Civil Engineers (Volb»BT, 1965)°x Later papers include
the two cited in this report (5, 32). The testing machine
used was of the form of a'roteting bending<cantilever; 1t -
was thouéht to be advantageous in that the crack propa-.
gation was very rapidgfand there was no measureable change
in stiffness. Specimens-had a maximum diameter of 2% |
inches at the neok, which 1ncreased_continu0usly to 3% in-
ches near both ends. They were submerged in a coolant
liquid. Preliminary wonk had demonstrated that there vas
’no.difference between cooling by liquid or by‘alr; although
ihe'latterlproduced:more eXperimentel»scatter. Different
. test temperetures were-nsed,.and a‘constant speed of 1000
rpm., Stiffness was measured by a speclal machine which 
applied a constant amplitude deformation to  the speclmenn
The study confirmed that strain was a orlterion for fatlgue
cracking and that stiffness was important in determining
fatigue 1ifeor Addition of filler in coarse,gnaded'mixes
resulted in longer fatigue-life due to the neduction of
rvoids and an 1ncrease in stlffness, It was also noted that
there was an optimum asphalt content for maximum fatigue
life. Thus, concluding their study, Pell and:Taylor (32)

observed - that the most important factors leading to a



_eohdition'ofilineer mix behavior were low void contént, low -
testing temperature and'adequatetquantities of filler and
binder. o _ . _
| Vaileréa et al. (10) investigated the effect of
asphalt aging on the fatigue of aSphaltic concrete. Their»
reeults are significant in'that they indicate that stiffu
ness per se 1is not a determining Tactor of fatigue 1life.
The test pfooedure involved aging of asphalt by the Rolling'
Thin Film Oven method to obtain different consistencieso-
Unaged asphalt of similar ranges of consietency was also
sed to manufacture beam specimens of asphaltic mixtures..
The speclmens were. tested in simple beam loading at the
rate of 100 appllcations per minute (with a load duration
of Od,seconds)° It was found that although stiffness
bincreased fétigue life, épecimeﬁs made with eged asphalt
- outperformed those made with unaged asphalt for the same
renge of stiffhesso_ From field data it was Tound that an
increase in the base moduluskwasvsignificant in Increasing
fatigue life for both aged and unaged asphalts.

Another paper of interest here is that presented
by Schmidt and Santuccl (33) in 1969. Their study involved
the proper@ies of asphalt as,reletes to fatigue cracking on
a road test projecﬁ_(Zaca-Wigmore)a Schmiét'euggested an

expression which describes the influence of asphalt viscosity
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on fatigue resistance of flexible pavements measured under
controlled strain. The expression appears below:

Nl = KNO M o/rl,)) (Vs )n

where K is a constant dependent on the mix, NO is
fatigue life of a reference sample at temperature TQ,

6 is the dynamic strain,

mp is viscosity of asphalt in the reference sample

at TO

vl1 is viscosity of asphalt at temperature T,,

N1 is fatigue life at temperature TI,

n is a constant varying from 4 to 6.
Thus, the authors claimed, viscosity could be used to pre-
dict fatigue cracking of an asphaltic concrete pavement at
any reasonable prevailing field temperature. Although the
equation suggests that doubling the viscosity results in
halving the pavement fatigue life, field observations did
not confirm this. In fact data showed that a thousandfold
drop in viscosity was required to merely double the pavement
life. This was attributed to the fact that the loading
conditions were not of controlled-strain type, but lay
somewhere between controlled-stress and controlled-strain.
As we noted earlier, these two modes of testing are nearly
opposed to each other, so that with controlled-stress fa-
tigue life increases as viscosity Increases, while for
controlled-strain fatigue life decreases with Increasing

viscosity.
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‘The last paper to be reviewed here wa.s presented by .
Epps and Monlsmith (23). 1In their study-the authors in-
vestigated the influence of'stiffness,,air volds, aggregetee\,
V.gradation and type, and asphalt content on the fatigue life
‘ofrasphaltie concrete. Significantrfindings of the etudy
were: | | | ‘ »
(a) High air voids resﬁltedfin shorter fatigue life.,
The structure of the voids as well as their abeolute volume -
Cwere important because of their effect on load carrying
capacity and stress concen‘tratione
(b) Stiffness increased with reduction in air volds.
Fatigue life increased with stiffness for a particular
étress 1eve1; However, they observed that "the change in
fatigue life due to varietions:in air void content cannot
be whellyvexplained by change in stiffness ?roduced by the
same air void variation" (23, p. 433). | .A "
(c) Aggregate.gradatioﬁ was thought to have an ef-
fect on fatigue 11fe for coqtrolled«Suress tests° |
(a) Aggregate type had an influence on fatigue life.
- (e) Average stiffness_values of . 656,000 psi, 318,OOO;A~
 psi§ and»288,000‘psi‘were ebtained for asphalt grades of |
40-50, 60-70, and 85=100 reSpeetivelyg Tﬁus, harder ag-
phalts demonstrated higher stiffnesses and longer fatigue

lives.
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‘ () An_oPtimum.asphaitiéontent exiéted for maximum ”i
‘fatigue endurénce, all other things being equal. This
optimum asphalt content was higher'thanrthat'reéuired-on
the basis of stabiiityo | |
| From this review it is evideént that the problem of
faﬁigue failure has yet to Eé résolved@ Variabiiity-in-mix
“properties and testing procedures resﬁlt in a wide sﬁeetrum
of test results and intérpretations@. Therefore, a number
of_questions rémaiﬁ unanswered, -such as, for example, why
asphalt aging should contribute to 1onger fatigue 1ife for
the same range of stiffnesses, or ﬁhy stiffness and fatigue
‘1ife dQ not %ary COnsistently’with thé>factofs that are
believed to influence them. The results 8o far show great
promise, and it 1s hoped that fatigue resistance may soon
be incorporated as & criterion for the designfof Tlexible
pavements. Iﬁ is evident that laboratory test procedﬁres
most beneficial to fatigué testing are those which best |
simulate field conditions. Among those avallable today is
the deflectometer discussed earlier,A This was used in the

present investigation.



CHAPTER 3 _
MIX DESIGN

. The”mixture uséd in this study:was_designéd forr
£ilm thickness according to the Hveem Method oerix Design 71
(34); Slight departure from the standard procedure was z
made in sample compaction. This’ chapter descrlbes the o

design method.

| Materiéls

| VThe aggregaté Which was supplied by the State' r: 1
“Highway Department, was taken from Pit Number 75 500 on the
‘TucsonmNogales highway (U.s. Interstate nghway 19) The
‘contractor for the project was New Pueblon Three nominal
}aggregate sizes of 3/4", 3/8" and "sand" were'obtaingd
.‘directly from the hot bins at the ‘hot le plant These
' will be_referred to hereafter_aS‘ coarse," medium rand
| ﬁfiné" lrekspe'c:‘t»ivel.y‘_cf

" Steve analysis waé éarried'out on eachiof*the aggréa‘
gates. The fine material had a high percentage of siltym-:
1.clay and was very dustyal It was thus necessary to conduct
v a wet=s1eve analysis,‘ The Pesults of this analysis are

given in Appendix A.

Cpr
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" The aggregates were combined to meet thetdesigh'
specification for the highway project (I-19). A percentage
combination of 37-19-44 for coarse-medium-fine was obtained.
This agreed with that used'By the Higﬁway department. The
final gradation is given in Table 1 and Figure 1. Table 2
shows two independent results obtained by the Highway de-
:partment; These are ‘given here for comparison purposes
'onlﬁg |
| The optimum binder content was estimated by the CKE
_method and a Sand Equivalent test was made to estimate the
proportion of clayey or deleterious material in-the_mixq
"The,fesﬁiﬁé.of this analysis are summarlzed in Table 3. _
Detailed.data; ineluding that on ﬁhe mixture9 is also given”

in Appendix 4.

. Mixture
© 4n optimum asphalt content of 5.5% by welght of

total mix was adoptéd, It was deéided to compact Hvéém
‘specimens (4 inches in digmeter by 2,5'inches high) at
three asphalt contents -- 5.0%, 5.5%, and 6.0% -- for the _
- purpose of characterizing the mix, A vibfatorynkneéding
compactor was usedf This compactor was also used for the
'1argé specimenso Therefore, describtion of the molding -
ﬁroceduredwill be deferred to the‘nexf chaptere. Evaluatiom
of this apparatus (26) showed that 1t yields densities com-

- parable to those obtalned by other established procedures



| | | 29
'(Mérshall_or Hveem)o .Hence,'i£ seemed logical to use this "
Qbmpaéﬁor, in lieu of Hveem's kneéding"compactor, in the
chaﬁacierization of'the mixtufe. Hveem_stability-and doQ/
| hééiometerrvalues were_detérmined'in the manner described’
in Referencej#o The results are given in Table 4. :
‘Since‘oné objeciiVe Qf}this study was to observe.
the_effects of binder content on the fatigue life, de-
flectometer specimens_?ere-made at the three asphalt . -

contents used above. The procedure for this follows.
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Table 1

SieverAnalysis.of Combined Aggregate

Sieve Number " Percent Passipgl:"-Specification'Limité%
e 100 100
3/ 4" - , 96 ‘ 89-100
38" 65 | 6175
g 46 . 4656

8 40 | 3047
e : 33 . 28.37

0 Ces o 17-26
50 . i2 . 10-17
100 o 5.5 - 6-12
200 3.4 2-6

. #Design Specificatlons for the I 19-1 (60) Project-
Arizona Highway Department : '
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Table 2
 Sieve Analysis of Combined Aggregate.
- Obtained by Indépendeﬁt Operators‘

Sieve Number B .. Percent Passing
_ oer | A B
o - 100 | 100
3/4" - 96 o 95
3/8" o 68 - 65
#4 o 1 | 50
8 e a4
16 235
s 2 | P
50 - | 12 | BEEE
Cio0 ' 7 5

s00 . B 5 | 3

#Courtesy of Arizona Highway Department. Set A was
- done in the Central Laboratory of the Arizona Highway Depart-
"ment, Phoenix. Set B was obtained by the Highway Department
in Tucson. These results are furnished here for comparison
purposes., ‘ A ' ' co



Table 3

Aggregate Properties
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Specific Gravity - Coarse, gm/cé , . 2.65
- - = Fine, ém/cc | .v2,64
7 - Combined9 gm/cc | 2.64:
CKE - Kerosene Equivalent, % 3.3
- Oil'Equivalenty.% 2.9
Sand Equivalent, % 47
Surface Area, sq. ft./lb. 25.0
01l Ratio,-%’of dry aggrégate , } 3.9
Asphalt Content (60-70 pen.), % of to£a1 mix . 5,12
Table 4 |
Design Characteristics of Mixture
Asphalt content, % of totaikmix | 5.0 5.5 6.0

_'Theoreti¢a1£8po Gr., gm/cc . - 2,445

“Speéimen Density, gm/cc | 2.316

' Void Content, % 5.2
Hveem Stability, % o 56 .

Cohesiomeﬁer Value : . 225

2.435  2.414
2,371  2.372

2.7 1.7
54 42
429 41T




CHAPTER 4
SPECTMEN MOLDING PROCEDURE

Preparation of Materials

_ An estimate of the quantities of different materials
required per sample waslmade based on the dénsities obtained
in the mix design;'.lt was desired to maintain a uniform
-specimen thickness of 2.0 inches,,’The'diameter>ﬁas:17°5'

inches. Table 5 gives the respective quantities used:

Table 5

Batch Weights, In Grams,_Pef Spécimen

Asphalt Content, % of total 5.0 | 5.5 6.0
Aggregate - Coarse - 6,315 . 6,280 6,245

| - Mediﬁm_ - 3,242 3,227 . 3,212

| - Fine 7,505 7,465 7,425

- ioial weight of Aggrégate 17,062 16,972 16,882
Welght of Asphalt 899 988_x' 1,078
Weight per Specimen - B 17,960" 17,960 17,960

Mixing of the mixture was done in a Hobért Food
Mixer. Since the guantities involved]are large each batch
was split into three equal parts and these were mixed

34
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Sepafatelyo Thusp-the'différent size aggregates were
weighed into a‘large tray (dﬁe.tray ﬁer’Specimen> aﬁd thor-
oughly mixed my hand. These weré then weighéd into thrée;
| - equal parts and put in pans for oven heatlngb_' Th?'aggregate 
was put in the oven at 300°F overnight | |

Meanwhile, a 60-70 penetration grade aSphalt cement
Waé trgnsferred from 5 gallon cans into.small’cans capable
of holding approximafely 1,200?gm. of asphalt (the amount
“required fbr one specimen). The transfer waé ddne at a
 temperature of 140°F in order to avoid overheating the
~ binder. A‘few hours pﬁior to mixing (normally about 4 hours)
'the asphalt was placed in'a smallfoveg and the temperature
regulated to 250°F. A_thermometérrwés inserted ln the as-
phalt to monitor the tempebaturea As soon as it Peached the

desired consistencyumixing was ready %Q commence ,

Mixing

Two minutes before mixing, the mixing bowl was
placed in the'oven to heat 1t up td the mixing temperature.
Thé aggregate was thenftransferred'into the bqwl and by |
means of a trowel a depression'was méde'in the center for
the binder,"A balance capable of'weighing'up to 15 kgs.
was used to tafe off thé welght of the bowl énd its cone
tents° The desired quantity of asphalt was then addedmmthe
remaining asphalt was immediately returned to the small

oven.  The bowl was fixed in the mixing machine and the
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operation started. A Spatuia was eccesionally'useq to clean
;out'materialiadhering»to_the_sides of the bowi, in‘order to
obtain gniform,consistency Mixihg wasestopped when ther‘
mixtufe looked uniform. Normally the whole mixing operation-
7 took less than 5 minutesn'

| ‘The mixture was transferred Iinto closed containers
(two containers per specimen) and stored in the oven at
300°F until ready for compaction, which normally followed
within one nour after,mixing; ‘it,was deeirable.to have
-these two operations aver in as short s time as pessib1e~in
order to eliminate mixture varlables due to asphalt harden- -
ing. _ | |
| The mixing room and the coﬁpaction room were in .
separate 1ocatiens of the building. Ovens were avallable
in the com@action rOOm iﬁto which the”mixtufeacehtainers
were traﬁsferreda ‘Before COmpaction'started.the molds andA'
compaction head were heated using a hot plate. Kerosene
was liberally applied on all.surfaces_which would come into
contact with the mixture in order to minimize -the risk of

adhering, Once the stage was setucompaction began.

The. Vibratorvaneading Gompactor

A photograph of the compactor is shown in Figure 2
The main features of the machine are, a tllted turntable on
which the mold is set, a loading system of counter-rotating

eccentric masses, a ballast for dead load, electric motors,
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Figure 2. Vlbratory-Kneadlng Compactor

4-Inches diameter mold on tilted turntable

Electric switches and timer

Loading system of counter-rotating eccentric masses
Positioning crossbar

Electric gear motor for turntable

Electric motor for positioning crossbar

Electric motor for loading system

Tilt control for turntable

Ballast for dead load
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swiﬁches'and a cbmpédtion head. Two compaction heads:Weré"
aﬁailéble.fbf the,Aninches and 17%—inches diametér spéci;
mens. A detaiiedvdesoription.of ihe apparatus ahdﬁprOCedufe;_
':islgiVen in Reference 9, and 1s summarlized belows |
' (a) The dead load was 283 1bs. (225 1bs.,_‘-;’m‘ the
a h case of 4"-diameter specimens)° _ | B
(b) A dynamic load of 400 1bs. (250 1bs. for the
4" diameter samples) was imparted by the
rdtation'of egcentric masses at a frequency
Of‘TEOd revolutiohsvper'minutee- | |
(c) A folding-type work-table was attached to the
| turntable and the heatedrmold was set on 1it.
A %"nsteel and %"-plywood plates, and a paper
disé each 17% inéhes-in diameter were'place&
inside‘the mold. The paper was wetted with
kerosene.to avoid sticking.
7 (d) Gompactioﬁ ﬁas done in two layers--the mixture
in each container forming a layer. After in-
troducing the ﬁot mixture in the mold a trowel
was used to spread it evenly, and a tamping
foot was used over the surface. Care was
taken to avoid segregation. |
(e) The mold was placed on the»turntable'énd the
" compaction head; ballast, and loading system

were lowered into position. A tilt of one
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degfeezwas given to the turntable. During |
the compression of the mixture tﬁevwhole
loading systen ﬁas.resting freely on the
mixture. | ' |
The timer was set fof two minutes and the
master switch was set on. :During compaction ,

the turntable and mold rotaﬁe at 1765'revom

- lutions per minute. The rotating eccentrics

cause a vibratory compaction while the~tilt

.insures a kneading action°

After two minutes the load was Pemoved and. the
surface 1lghtly scarified before putting on

the second 1ayer, The above procedure was

repeated.

Thextilt.wés removed and a levelling load
(vibrétory) was applied for 30 seconds.
The 1oading system was raised and the mold was
removed from the turntable. 'TO'extPude the -
specimen the mold was set on a leinder about

15 inches in dlameter., It was then forced -

‘downwards by*pulling.on.itc Withtpfoper

heating and application of kerosene it was ..
found that the mold came_clear_very easily°
The specimen was placed onra»flat bench and

allowed to cool before 1t was labelled.
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Curing“

| There was no,épeeified curing time fdr the.specimensoJ
However, to limit the risks of damage'the spedimens wére
~left in positioh for at least twdVdays‘before'they wépev
moved to anoﬁher bench for density determinatlon. After-
Wards they were transferred 1nto a controliedatempérature
room where they stayed for at least four days to achieve the
4tést,temperature, In general, Specimens‘were‘cured for at

least ten days.



CHAPTER 5 -
TESTING PROCEDURE
-In this chapter a description of the test equipment

and the method of testing is presented. . For a bétter un-

derstanding of the development of this procedure the reader

is referred to the original work (9).

The two variables controlled during testing were
temperature (for all three asphalt contents) and initial

support pressure (for the optimum asphalt content). These

are shown in Appendix B.

The Deflectometer

The primary components of the deflectometer are, a
loading system and a reaction unit. The photograph in

Figure 3 shows. the equipment fully assembled and ready for

“testing.

The loading system coﬁsists_of rotating eccentric

and mirrorapositioned'masses rotating at 740 revolutions

per minute. These are driven by a motor which 1is mounted

“on the same platform as the masses, and whieh contributes

to the total load on the specimen. A ballast for dead load

:_is also mounted on the shaft. The number of loading is

recofded bj a counter drivén by'the shaft rotating the
41
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Figure 3. Deflectometer

Reaction Unit Supporting 1Yi" diameter specimen
Loading system of counter-rotating eccentric masses
Displacement pump

Pressure gauge for reaction unit

Specimen

Ballast for dead load

Electric motor for driving masses
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edcentric masses. Onercdunter Peéding corrésponds to 20 |
revoiutions, With‘thisrarrangement the apparatus gives a .
dead load of 175 lbs. and a live load of 150 1bs. These
can, hpweverglbe vafiéd,

The reactioh unit pfofides support for the épedimen°
It'cdmpriSés‘a'cylindrical chamber containing oil and air,
and sealed at the top with a thin rubber membrane. The
2amount'of'oil énd air is-controlléd to give é standard sﬁpm
port preésufe to the specimen. Tordo this the equipment. |
has to be calibrated at each test temperatﬁre, and as ofﬁen'j
afterwards as 1is @eemed necessary; A specimén is clamped
onto the o0il chamber by means of a steel ring and 16 bolts.
The ring has an internal‘diaméter of 14 inches. The clampa
ing force of each bolt is controiled by using identical
springs and meﬁal spacer éleevese The support pressure is
_recorded.on a bourdon préssure gauge mounted on the side of
the 01l chamber.

To monitor the deflected Shape of the specimen |
gauges are nmounted on a_rigid carriége (steel bar) which is
gecured onto the oil ohambef;.:This is referenced'sorthat :

1t is always in the sadme location.’

Calibration of the Deflectometer

A stiff disc. 173" in diameter consisting of a "
plywood plate sandwiched between two %" steel plates was

used for calibration. Thls was clamped onto the oil chamber
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‘by means of the steel ring and-boltso' The valve OOnnecting -
‘the oil chamber and the o1l pump was opened. The pump
piston was displaced inwarads untii a pressﬁre of 1.0 psi
was registered on the bourdon gauge (the gauge was tapped - -
'_lightly in the process) The plston was further displaced

2 inches and the pressure noted, With the equipment in

calibration a pressure of 2,50 pSL was obtained. A Purther - -

diSplacement of 2 inches brought the pressure to 4,05 psi.

A When the apparatus was not in calibration either air was

- added (or removed) by blowing into the air pipe, or oil was

added (or removed)‘by means of a tee-connection arrangement.
'_It'waS‘sometimes heceséafy'to repeat the operation several
times (trialaandmérror) before calibrationrwas achleved.
After calibfatiOn the dise wasfrémoved and 'a specimen

clamped in position.

Sp901men Testing

Both the deflectometer and the test speclmens were
‘piaéed’in the temperature»controlled room for at least four
days before use, Calibfation was done just prilor to actual
testing. ‘Temperatures of 59°F, 75°F and 90°F were used.
One specimen was tested at 41°F but had to be abandoned.
after eight days. Initial support pressures of 0.0, 1.0,
and 2.0 were also used. The fblloWing-prOcédure waé adop-

:ted:



(a)

(b)

(e)

(a)

(e)

(£)

The specimen was secured 1nto position and the'
bolts were tightened just enough for the
sleeves to make eontact During the progress

of the test the bolts loosened and had to be

 tightened again,,

A load disc (or loading foot) of 5.0 sguare
inches was used. For the lower temperature it
was necessary tovusé a higher stress and there;
fore a disc of 3.142 (i) square inches was
used. | 4

The loading system was lowered until the load
disc barely touched the specimen;

The gauge carriage was Tixed in position and
all the gauges were set to zero..

The valve connecifng the pump to the chamber

was opened and the piston was displaced until

'a pressure of 1.0 psi (or whatever other pres-

sure was used) was fegistered on the bourdon
gauge . The'vélve was then closed and remained

80 during the remainder of the test.

The géuges wereirenchécked to ensure that they

T Were at_zero;' The counter was also set to

- Zero.

(a)

The loading system was lowered-bnto'the speci~

men and the motor started.
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(h) Readings of deflections and pressure were
taken at given nuﬁber of load-repetitionsa*f'

- The initia} readings were always 01ose1j»
spéced; timewise. ‘A sample of data record
.Shéet is’shown;in-Appendix cC.

(1) The acounulated deflections of the load disc -

"~ (central deflection) were‘plotted against the
ﬁumber‘of repetitions to monitor the condition .
of the specimen. This plot was lineaf until
fallure occurred. At least two more readings

, were taken beyond the point of failure to
enéure a smooth curve. A typlcal plot is shown
in Figure 4,

(j) After failure the spegimeﬁ was removed énd:the:
crack patiern on the lower side was marked out
by chalk. This is shown in the photograph in
Figure 5. |

(k) Radlal stresses and dynamic moduli were com=-
puted-for two points in the loading history of
the specimen. One point cdincided with the
failure . stress and.another was'arbitrarily
chosen mid-way between the initial support
pressure and the pressure at faillure. The sup-

_port.préQSure at this point is Peferredito,
flater,in_the repbrt;,as'Pg; éﬁd the fallure

pressure as Pf°
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Figure 5.

Typical Crack Pattern of Failed Specimen
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Stress Computation
Equations used in step (k) above are those given by
Jimenez (9) and commonly referred to as Grashof’s equations,
They were developed from the Bernoulli-Euler theory of
bending and modified for dynamic loading. These are given
below:

(1) Radial surface stress, S, at the center of a
circular disc, fixed about its periphery and
supported from below and loaded centrally on
top:

S = 3ImtO, W (In § ) - (a)

Zirmt" ro 8mt
where m = reciprocal of Poisson’s ratio

assumed = 0.2

W= Dead load + load of rotation + load
of translation

r = effective specimen radius

r0= radius of loaded area

P = support pressure at failure

t = specimen thickness

(2) Expression for Modulus of elasticity or the

Dynamic Stiffness Modulus:

E = 2122!zli [ WV - (b)
(4x rep. defl. at failure m”t*) L -IT 4



Where wl =2 (Load of rotétiqn + load_of.irahsm‘
| 1ation)'and the othervvariables are as defined in
.equatign'(a)Q~ ' o |
The equation for load of ﬁranslatioﬁ is given as
L P M%¥E
where M = Mass = Total Dead Load
| d = repeated déflébtioﬁ
w = angular velocity of the eccentric masées
= 77.5 radians pgr.second |
Wﬁen_the valueé of load, r, r, and m are substituted
in equations (a) andr(b)érthe‘folléwing equations are ob-
tained. “ | ‘ | o |

For a 5.0 square inches load disc:

1 510 4 1.3351a) - | |
S = 5 [(319 + j5331d} 22005p] (c)
For a T square inéhés load disc:
.~1- ._ _ -~
5= L &ﬂ362 + 1.5114) 22.05pj (a)
g = 100 (3370 + 30.45p - 432p) (e)
&t -

where t = épecimen thickness
p = support pressure at point Qf determin-
ation |
d :'répeatéd'deflection at point of deter-
'miﬁation_,

and & = repeated deflection at failure
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If the mixture‘Chéraéteriétics aré determiﬁed'at’?
failure, then d = 8. | .
Equations (c¢), (d) and (e) were used in finding_the
radial stresses and dynamic moduli of the specimens. The
'resﬁltskare discﬁssed in the.next chapter. The number of
1oadrrepeti£iohs'to failure»wére évaluated? for each test,
from the runningéplot of the,deflectionA1oad repetition |
Acurve, The point of faiiufe was taken at the»tangéncy
point shown in Figure b, bata obtained using the small
1oéd,disc was then reducedvto obtaiﬁ_the number of repe-.
titibns for failure correSpénding'to a'ioading areavof‘B,O
sguare inches, by calculatiné the new radial stresses, and
aésumiﬁg’the validity of the relationship betweeﬁ stress
~and load repetitions: _ _ _ |
8 =TI, NP , with b = %
Further reductiohIWas made of the 105& Pepetitions to falile-

ure at a conétan@ stress=level of 80 psi.



CHAPTER 6
TEST RESULTS AND DISCUSSION

The results §f the deflectometer.tests are given in
Tables 9 to 14, They,are'élso represented gfaphicallyvin:
Figures 6:t9 14, In this chaptérrwekéhall,discussrgénerally
the faqtdrs'which_influence_the test results, and then eX-
amine specifically the effects of temperature, asphalt COnl=
tent, and initial suppOrt pressure on stiffness and faﬁigué
life. |

The behavior'of'many engineering materialsAis'a
function of their past history--whether they have been :
subjected to stresses or environmental conditions.which maj
weaken thelr strength. With asphaltic concrete Specimens?
care in handling is very iméortanty especially immediaﬁely
after molding since the material'ié semi-fluld. Careless
hahdling can-thérefore weaken the‘specimen and yield bad
results. Although every care was exerciseé iﬁ'thi$~study,
1t should be noted that disturbance to the sample especlally _A
around the-edgéé was inevitable during the removél from the' |
inold° As we mentioned earlier, specimens were left undis;l
turbed for at least two days before they were transferred.
‘It is not expeoiéd that any damage resulted from these
iransferso | | i
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The initial curing was at room temperature (about
70°F), The samples were then transferred to the test ﬁem=
perétureg iThis}woﬁld undoubtedly set uprsome'stresses in
the hardened mixture. Whether this has anj cqﬁéidérableA
effect on the subSeQuent behaviOP of thé specimen is un-=
known . | | .

An important aspect of the mix bélieved to affect
the results is aggregate gpadétibn, As will be seen from
Figure 1 the aggregate_is gap-graded and has a high per-
centage of coarse aggregate. This results in a rough
surface textufe, ~Although this 1is ﬁotrunusual for a high-
way, in a labbratory test it may lead to erratic results
vdﬁe to the uneven distributiqn of stressesg on the load
disc. Thus séme-portions'of the 1daded area may be over-
stressed, and failure will be localized;

The effect of the coarse gradation 1s also mani-
fested in the air voids obtained. Average volds for 5%,
5.5% and 6% aSphéit contents are 6;3, 5.0 and 4.2%, with a
range of values from 5.0 to 8.1% for 6 samples, 2.7 to
704%‘for'18‘samples,.and 1.9 to 5.5% for 6 samples, re-
spectively; These are higher than those obtained from the
4M sampiess‘ However, they show the expected influence of
aéphalt on vold contents. The 1afge scattef is attributed
to the néture-bf,the mix, Aiﬁhough care was taken t0

‘avoid segregation, it was noted, on coring one of the
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specimens, that some pockets of’ﬁoids weré visiblea Thié
was a local phenomenon only and may have,affected‘difféfentA
specimens.differently, ‘For although specimens couid havé
equal air voids;vthe 1océtibn of distribution of the voids
as well as shape and'size have been knowngto-influéncer

strength performance considerably (23).

Temperature‘Effectsr

The 1nfiuence'of ﬁemperature on fhe test results is
examined'for'two test conditibnsﬁ. (a) Vériable ans.%pk:x.al‘lr,,é'onw=
tent and wniform initial support of'1;0’psi, and (b) con-
stant asphalt.conteﬁt of 595%.and variable initial support.
Figure 6 shows the effect of ﬁémperature on_faﬁigue'life on
a‘logalog sealea‘.lt is seen that_the effect is essenﬁially
linear, and that fatigue life incfeases as_the’tempefature
decreéses, The lower ésphalt:content yields‘a flatter
curve indicating thétlthe samples are 1esé“susceptib1e toi
ﬁemperature variabilitya vThis 1s probably due to the film
thickness, since at the highef asphalt content the nixture
has a thicker film than 1t is designed for. Therefore its
behaviof approaéhes ihat of'the binder which is thermo-
blasticc The éffec£ of ihitial support pressure 1is nof
clearly defined because of thé-scatter in the results.
However, 1t appears that medium suppofﬁJQf 1.0 psl gives a
bétter performénoe for’the same tesﬁ‘temperature, It was .

noted that the effect of zero,initial support was-té.ihduce
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a large initial deflection in ﬁhe specimen, but dtherﬁiée
the fatigue life was comparable to that given'bj the higher
support. These will be discussed more in a later section
’of'this_chaptef; | |

| FigﬁrQSIYa‘and 7b'show:the influenée-df'temperatufe =
on the dynamic stiffness modulus. A nonlinear Felationship
is indicated but this also»ﬁaries'with aSphalt3cOntent and
_suppdrﬁ pressuréu The modulus increases aé'the tempefature
decreases. This was to be expected since the ésphalt vig-
cosity,'in poiseg, increases aboul two orders of mégnitude
for a temperature drop from 9O°F_to"59°F° But the precilse
effect this change'ih viscosity has on a_mixturé stiffness
is still a matter of conjeéture° For example, it is indi-
cated that for low asphalt contents there is én optimum
temperaﬁﬁre below which' the modulus will decreése, This
optimum is even more pfonoﬁnced for a zero inltlal support
(see Figﬁre 7b). Similar results were obtained by the
WASHO road test, where an'optimum temperature gxisted for a
méximum modulus of .rupture. Thls is shown inrReference 11,

- Figures 8a and 8b shoﬁ_thatvthe cumulative central
deflection varies with temperature, and that the optimum
temperature mentioned,abo#e_also results in minimum deflec- .
tion. The magnitude of the deflection 1s greatly influenced
by the initial support ﬁressure, Tt wés.noted‘thét for

zero support most of the deflection was instantaneous.
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However,.as we shall see. later, this did not seem to"impair ,

‘the fatigue performance of the specimen.

 Effect of Asphalt Content

Flgure 9 shows . that there is an optimum asphalt
content ass001ated with maximum fatigue life, for each test
temperature. For this mixture it is about 5.6%. It will be
recalled that the estimated binder according to the CKE
test was 5.1%. This would suggest that the desirable binder
content for fatigue life is higher than that obtained by -
the Hveem Method on the basis of stability.

In Reference 9‘Jimenez also reported an'optimum
asphalt content for maximum fatigue liféo‘.He explained that
this ﬁay be due to exceésive film thickness (in the case of
the higher asphalf contents) resulting in reduced frictional
Pésiéﬁaﬁce° It was also suggested that the crack patterh
on mixtufe surfaces Which_afe deficieht in asphalt is difé
ferent from that of mixtures ridh in*aSphalta In this
stﬁdy éracks‘in specimens containing 6.0% asphalt were not
cleariy definéd'and 80 110 distinction could be made. A
typical ecrack pattern observed in.a 500%-as§hait sﬁecimen
was shown in FiguPe 5. For comparison, Figure‘ff is a
photograph of a cracked’ section of - street in Tucson, The
erack patterns are similar, indicating that "alligatoring"»
~is a characteristic fatligue failure.of'asphaitic pavementé

which are deficient in binder content. Thislmay seémA11ke
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Figure 11. "Alligator” Cracking of an
Asphaltic Concrete Pavement.
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statiﬁg the ob#ious ,  Since pavements are designed for
stabillty or film thickness and hence a lower asphalt
. content than is required fgr-fatigueo Yet many pavements'
would last longep if thisbpoint.waS'given éerious consider-

ation by designers.

Effect of Initlal Support

Observed results on the influence of initlal support
pressure on fatigue 1life show some inconsistenc;es which -
cannotvbe simply explained (Figure 10). For a temperatufe-
of 75 'F, which was noted co be approximately optimum for
maximum stlffness and minimun central deflection, the lower
the initial support the higher the fatigue 1ife° Howeverg
for temperatures of 59°F and 90°F, an initial support of
1,00 psi 1s optimum for best fatigue resistance.

The se findings are not in accord wilth whet has been
repopﬁea‘previou51y (9). It was shown that a linear in-
crease'in fatigue 1life with support.pressure,existed, Howe -
ever, i@ should be pointed‘out that the two mixtures vary
considerably in composition andbphyeical properties. As
Pell and Taylor (32) notéd; mixtures with a fine gradation,
low voids; and adeqﬁate filler and binder have a linear
behavior under load streeses° This mixture;7to-the con-
trary,,was coarsesgrained and gap-graded.

Nevertheless an optimum initial support “as indi-

cated, may be 81gn1ficant for flexible pavements on elastic
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foundationé; -Hveem (4)'postu1éted that the "principal
destructive*force" in fatigue cfacking,wasvtﬁev"energj
stored in the subérade by.each passing wheelo",.Suchreneﬁgy
or Pebound-would bertainly be higher'for‘the ﬁighef'suppofto
But for the low (zero) support, the larger deflections '
would tend to rééuce the fatigue resistance,'except‘at the
optimum temperature where stiffﬁess-éﬁd fiexibility combine

to give better performance. .

Dynamic Stiffness Modulus

in'an earlier sectlon the effect of temperaturé on
the_dynaﬁic stiffness was discussed. It has also béen noﬁed
that stiffness ié affected by avnumberiofbvariablés such és‘
aggregate type and gradation, asﬁhalt consistency, void cone-
tent and stress level. The last two variables will be dis-
cussed here. |

Figures 12a, b and ¢ show the variation of air voids
with stiffness fér test temperatures of 59°F, 75°F and 90°F,
respectively. Several other variables are involved, as
will»be seen. However, a general pattern is evidenﬁ irre-
spective of asphalt content or initial support pressure:
the stiffness Increases és the void content decreases; The
effect of temperature is to produce a family of éurves which
are parallel. These are shéwn in Figﬁre 12d. From this
figure we see that for the same void éontent the stiffness

is very much a function of temperature.
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Although the deflectometer is essentially a con-
trolledrstress dévice,.vafiations in stress 6ccur-due to-
‘variations in the translation force. The Variability_df
‘the. radial Stresge$ with dynamic stiffness is shown in |
Figupeﬁv}° The:effects,of:different %emperdtures;:asphalt
coﬁtentéfand initial support pfessures were not apparent,
ahd 80 novattempt has Beén made to isolate ail these ﬁarin
ables. It is seen from this that the radial strésses
increase as the stiffness increases. But since the fatigue
resistance is dependent on the stress level. (8, 9) the con-
tributibn made by stiffﬁess to stresses ray be defrimental
torthe fatigue lifé of'thé mixturé, However, a number of
other :actors'which contribute to the higher stiffneés'also
contribute to longer fatigue life.

The variability of stiffness with load repetitions
to failure is shown in Figuné 14, This is at a stress-
llevel of 80 psi. Again no‘aitemph has been madé to isolate
the many variables, although 1t would be désirablerto do
éoo This is because of the very limited number of samples
‘available (even for replicate samples there is variability '
in vold content which has‘to be accounted for). A general
trend is,-howévef, indicatéd that an increase in stiffness

a3

results in longer fatigue'li €.
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CHAPTER 7 .
SUMMARY AND CONCLUSIONS

This thesis has attempteaito give a broad outline
of the ihfluenoe of mixture stiffness on fafigue_resistance°
Nﬁmerous factors affecting stiffness weré discussed; Be-
cause of the limited number of sampleé ﬁestedi it is not
possible to give more than a generalized picture of the ob-
- gserved relationships. .As Deacon and Monismith (20, p. 28) ; o
pointed out, fatigue life is a "stochastic rather than

' and hence techniques of analysis

deterministic phenomenon, '
should employ statisticalvmethodso A . _
. The following 1s a summary of the;findings reported
in this study: | | | - |
(1) Temperature has a profound effect on fatigue
life. The fatigue life increases'by about one -
order of magnitude for a temperature drop from
90° to 75° and from 75° to 59° (see Figure 6).
It wés noted that for.the same range-of-tem;
ﬁeratures,'ééphaltvviscbéity iﬁcreases by bne.'
Order of magnitude,» However, these variations
were not reflected in the dynamlc stiffness
moduli.
73
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(2) The influence of.temperétupe on stiffness is
' non<linear and varies with asphalt content and
initial.support pressure. For 1ow'asphalt
contents theré'is an optimum‘temperatufe belowv
which the modulus will decrease. Buf for as-
phalt cohtents greéter than optimum the stiff»
.néss increéses with'decreasing_temperatufe
(Figure 7a). |
(3) There is an optimum temperature (about T75°F)
for which the central cumulative deflection ~
ét failure 1s a minimum. This temperature
coiﬁcides with that required for (2) above.
v (4); There is an optimum ésphalt content of 5.6%
for best fatigue resistance. This was 0.5%
higher than that estimated by the Hveém design7
“method, |
" (5) PFor the dptimum temperature reported in (2)
énd (3) above, 1§w ihitial support pressure
resulted in better fatigue resistancea This
effect was pbserved only for an asphalt con-
tent of 5.5% (slightiy lower than the optimum).
It would be désirabie'to investigate this ef-
fect with other aéphaltlcontentso
(6) An initlal support pressure of 1.00 psi gave

best performance for temperatures of 59°F and -



(7

(8)

(9)

(10)

75

- 90°F, Again this was for an asphalt content

of 5.5%. This suggests that 1arge support
pressures may‘be detrimental to fatigue'life.

because of'the'elastiq rebouhdo'

_The dynémic stiffness increases with a reduéa

tion in air volds. The effect of temperatﬁre

. is to produce a famiiy-qf'parallel curves on.

the Volds-Stiffness plot.

Although the deflectometer is essentially a
controlled stress type of device varliations
in radial- stresses occur, due to translafion
of the load. The stresses increase with inm
éreasing stiffness, - | _
In general, the fatigﬁe life increases with
the dYnamio stiffnesé modulus.

The behavior of the mixture tested was-fairly

erratic. This tends to confirm earlier re=

. ports that coarse graded mixtures lend them-

selves to non-linear behavior. The radlal

| stresses and stiffnesses calculated at two

points in the loading history of each speci--

men (Tables 12 and 13), indicate a consider=

able éhange of these ﬁroperties during the

test, whereas earlier reports (9, 12, 26 ) had

shown these to be falrly cbnsténto. Hence;
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gradétibn may have a large influence on. the
behaVior and fatigue resistance of asphalticu_

concrete mixtures,



CHAPTER 8
 SUGGESTED FURTHER RESEARCH

The study reported here is by no means concluéives
The humbér of samples for eaéh variable'was not 1argé
enough to allow a statistical analysis. It would be de-
sirable to continue this study in order to be able to
establish a general relationship for each of thevfactors
affecting stiffness. In pafticular, the effects of initial

support on fatigﬁe life for a range of asphalt contents,

| _should be investlgated

_ Another avenue is that dealing with aggregate
gradation. As this and other studies have indicated the
grédation is impoftant,-especially'aé it influences the’

" amount of binder that can be incorporated in the mix. Gap=
gradéd mixtures andAbinders of high viscoglty have been
}used.with great success in Burope. It would be desirable

to evaluate the deflectometer in terms of these,

T
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MIX DESIGN
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~ Passing Coarse

. Table 6 - -

.Aggregate Combilnation

o Mediun

Fine

79

Combined

- Size Total % xO

100 -
200 -

.37 Total % x0.19

1" 100.0° 37.0
3/4" 9.2 33.0
3/8" 12.6 4.7
Hh 0.3 0.1

8 0.1 0.0%

16 0.1 0.04
30 - -
50 - -

100

99.
86.

1

SO O O© O W

.0
6
5
8

.6
5
5
4

-19.0
180

c O O O

9
5
6

Total % x0.44 Analysis

100.0
100.0
100.0
98.6
90. 4
74T
52,6
26.5
.1205
7.6

44 .0
44,0
440
43,4
39.8
32.8
23,2
11.7
5.5

3.4

100.0
95.9
65.1
46.1
40.0
32.9

23,3
11.8
5.5
3.4
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Table 7
Aggregate Properties
(a) Specific Gravity

. Size Range S 3/4%# 3/4%-#4 Minus #éirMinus #h

: Identification . Cosrss  Coarse  Fine ~ Fine
Wt. in Alr, gn 1119.0  1167.0  955.0  1009.0
Pyc. + Water, gm 2703.0 2703.0 2703.0 . 2703.0
Sum, gm o | 3822.0 f 3870.0 3658}0 ' f3712,0'

" Pyo. + Semple + Water 3400.8  3427.7  3207.0  3329.8

Vol. of Sample, co 4212 - 42,3 361.0  382.2
Apparént Sp. Gr. gm/cc é°658 B  2°640 N 2;6457 | 2,641
(b) C.K.E,
' Size Range . : »m#4 =7 3/8“=#4, C3/8MaA#h
:Identifieatidn v R 11 I 'jv\. IT
. Sample + Cup, gm. 317.3 - 318.7 ‘ 18C.Q~ 180.0
Wt. of Cup, gn. L 217.3 218.7 80.0.  80.0
Wi, Qf Sample, £m . 10090-  . 100.0 ' TOOOO 100.0
‘Wet Sample + Cup 320.6 - 322.1 183.0 182.8
; Wt. of Kerosene/bii 3,3 3,4 3,0 2.8

 Ammmﬁmn,%’» . ’:%3.’. 3.4 3.0 - 2.8



Identification

Sand level, in.
Clay level, in.

S.E. %

Table 7 (oontinﬁed)

(c) Sand.Equivalent

2.1 . 3.1

3.82 3,80
7-8035 ’ 8932
45,7 45.7

22’

4,05

'iso,o

81

3.2
3.75
8.00

47.0



Calculations

Specific gravity of pius #4_size (coarse) = 2,65

e " " minus #4 " (fine) = 2.64

Combined S.G. = - 100 "

_#Finer % Retained
- Fine S.@. Coarse S,Gu'

‘From gradation curve % Finer than #4 = 45.3

| 7 _ % Retained .. é 54.7
8¢ (combined) = _____ 100
| | 45.3 . 54T
2.64 2,65
= 100
37.82
= 2,642

Surface Area (S,A.==sq. £t./1b.)

Sieve Size % Passing 8.4, Factor . Surface Area
Plus #4 - - | 2.0
I T 2 0.9
8 S 40 4 1.6
6 3 8 . 2.7
50 26 14 | 3.6
50 e . 30 o 4.2
100 - | 06 - 60 - R 3.6
# 200 o4 1600 6.4

Total = 25.0
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- Surface Constants: .

© CKE:
Measured CKE = 3.35%

Corrected vélue - 3;35 X 2864' = 3,34
' 2.65

From Asphalt.lnstitute Mix Design Handboék (34;7F1g° V;2):
. kE = 3.3 o .
S = 25 o | o
b% Finer #_4.m 45,3% - | - Kr = 1.05

0il1

e —————

- 01l retained = 2.9%

Corrected oilvretained = 2.9 x 2,65
o 2.65
' = 2.9%
 From Fig. V-3 (34) Ko =-1.3
From Fige‘vm4 (34) i
(chKf)_# 0.25 .
S.A. = 25.0 |
%‘Coarse = 54,7 i Gorrection = 0,09
Ep = 1.05 +.0.,09
From Fig, V-5 (34)
. S.. = 25.0  8.6. = 2.65 Ky = 1,14

!

011 Ratio = ' %.85%
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From Plg., V-6 (34)
' Asphalt Pen. 70 at 77°F

Surface Area 25.0

0il ratio 3.9 . | .- . Bit. Ratlo = 5.4

5.4 1bs. of asphalt are requifed,for'TOO lbs. of'aggregate

Percent of total mix = ~ B % 100
’ . ! (100+ 504‘)
= 5',,12 »

Estimated optimum asphalt content = 5.12

Compact Hveem specimens at 5.0, 5.5 and 6;0%



Identifipation‘
Sa@?lﬁ in‘a;r, ga

" Pyc. + ¥Water, gm |
>Sum, ga

Pyc. + Sample + Water
Vol. of ngple, ce
Loose Sp. Gr. gm/co

Theoretical Sp. Gr.

5.04

 578.0 .

2704.5

3282.5

$3048.2

243.3
2.470

2,445

V‘Table‘B‘

Asphaltic. Concrete Testing--Hveem Method

(2) Loose'Mixture Specific Gravity

5.0B

577.2

2704.5

3281.7

3041,2
' 240.5
2.400

2.445

5;oc
£69.3
2704.5

3273.8

©3036.7

2371

2.403

2445

5.54

582.2

2716.2

5298 .4
3054.6
243.8
2.330

2.435

608.0

2716.2

3324.2

.3070.1

254.1

2.393

2.435

558.0
2716.2
32742

3039.0

235.2
2.375

2,435

6.04

562.0

2716.2. -

3298.2

3052.3

245.9 ‘

2.369

5,414

580.0

2716.2

6.03

6.0C

581 .1

2716.2

3297.3

&g



Identifiqation
Wt. in air, gu
WﬁQ in‘wétér
Vél; cc
Density, gm/cc

Density, pof.

Vold Content, %

5.0A

1195.5

681.2

514,3%

' 2.321

145.0

5.0

.S.OB
1198.2
682.3

515.9

. 2.321

145,0

5.0

Table 8 (continued)

(b) . Specimen Density and Voids

. 5.00

1200.2

679.2

521.0

5‘5!\

-\

1193,

ny

691.

502.C

5.5B

11916

688.8

502.8

2.373
148,71

2.7

5.5C

1 1182,1

680.7

501 .4

21360

147.3

3.1

6.0B
1185.8
686.6

499.2

2,373

148.2

1.6



i Tab1e'8 (continued)
(¢) Hveem Stabilities . -

Identification , '5.0A 5,0B 5.0 5.54° 5.5 5.5 6.0A 6.0B 6.0C -
* Spec. Height, in. 2.52  2.53 2.57 2.45 2,47 2,49 2.43 2,44 2,46
Initial Displ. 0,001 in. 202 202 202 202 202 202 200 200 200

P, at P of 3000 1b, 1h 13 12 15 s 38 19 25 26
P at P of 4000 1b. | 16 16 14 19 16 52 24 . 33 33
éL at.Pv-Sf 5odo'ibg 195 18 16 23 19 69 31 4 43
P, at P, of 6000 1b. 23.5 21 18 29 24 8 38 52 55
Final Displ., .00 in. 350 355 390 308 367 338 305 274 290
Specimen Stability9 % 55 ‘ 57 57 54 55 4% 46 4i 39
- Corrected Stability, % 55 57 57 55 55 24 '46 41' 39
Cohesiometer Load, gnm - 664 858 611 - 1400 1401 1118 1425 1143 1213

Cohesiometer Value 212 273 190 =~ 464 460 362 478 - 371 400

#¥This velue was omitted.

L8



APPENDIX B

' CHART SHOWING THE TEST VARIABLES REPRESENTED

' IN THIS STUDY

88



Constants: Thickness, Gradation, Compactive Effort

SUPPORT 0.0 psi 1.0 psi | 2.0 psi
TEMPERATURE |59 |75 | 90 59 - 5 90 59 {75 |90
ASPHALT 5.5 5.0 15.5}6.,015.0(5.5|6.0|5.0}5.5}|6.0 5.5

Replicate specimens were made for each test variable.

.68’




APPENDIX C
TYPICAL DATA RECORDED FROM.
' THE DEFLECTOMETER TESTS

%0



DEFLECTOMETER DATA SHEET

Mix, I-19 A.C, 6.0%4 Thiek. 1.95 in. D.L. 175# L.L. 150# Mass 4 disc Date:
_1-19 ek. 1.95 4 disc

Speed 740 rpm Press. 1.0 psi Cont. Area 5:0 in? Temp,75°F Spec, 6.0-1

Mold 1/25/72

wiTiin

Test 2/

B L 2 1/A4C

o ' _ - _ Load Press Time and
Density | Counter Reps. D d D Disc Gage Remarks
Before Test 0 0 300 700 . 0.000  1.00 10527 am
Wt, (air) 17,770 gm 50 1,000 315.5 662 84,5 1,68 R
: : ~-663 ~92.0
“Wt. (H,0)_10,070 gnm 200 4,000 19.0 51.5 106.5 1.85
N - : ‘ - =52,0 =113.0
Vol. 7,700 ce 500 10,000 20.5 - 46,0+ 119.5 2.00
- — R «46.5 +126.0
 Density 2,308 gm/ce 1,000 20,000 21,0 42,5 . 128.5 2,07
o - - K =435 1345
Max, S.G. 2.414 gn/ce 2,500 50,000 21.5 41,5 139.5 2,17
. — S oo 42,00 -146.0
Void 4,39 % 5,000 100,000 21.0 35.5 1490 2.20
. : . ‘ "’36'95 "1 5505 i :
11,500 230,000 21.0 30.0 167.0. 2,29 5.44 pm
o ) N ' "'30a5 v-173n‘5' o . .
16,000 320,000 21.5 26,5  180,5 2.29 5.47 pm
| o - =27.0  =187.0. o o
20,000 400,000 21,5 623 194.5 2,31 7.38 pm
P . L =201.0 o ‘

16



APPENDIX D

REDUCED DATA FROM DEFLECTOMETER TESTS
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Specimen No* Density, gm/cc - Void Coﬁtent;%:

’ 500 1

500 "“2

5.5 =1

505 “2

5.5 =3

' 505 ’”4

5.5 =5
5.5 -6
5.5 -7
5.5 =8
6.0 -1

6.0 -2

505 “’9

5.5 «10
5.5 11 -
5.5 12
5.5 «13

5.5 =14
5.0-=3

Téble_9

Mixture Characteristics

2,323
2.316

- 2.231
2,243

2.318

2,315
2.369
2;347}

2,290

2,312

20308
29300
20286

- 2.285

2.320
2.255

2.323
2,310
2.296

4,99
5.28
8.38
7.89
4,80
4,93
2,71
3,61
- 5.95.
5.05
4,39
4,72
6.12
6.16
k72
7.39
4,60
5.13
6,09

93

Height, in.
 1.92
1.93
2,03

2.06
.94
1,94

1,93
2.00

- 1.91
1.95
1.94

#Specimens are numbered to indicate aSphalt content
and gerles. number for ﬁhat aophalt content.



Specimen No Density, gm/cc> Void .Content,% Height, in.

5.0

 6;0
6.0
5.0

5.0

5.5
5.5
5.5

- 5.5
5.5
5.5
6.0
6.0

i
-3
"

-16

-17

-18

Table 9 (continued) -

Mixture Ghéﬁacﬁefisticq

2,281
2,296

2,365

2,277

- 2,247
2,358
2,319

2,314

2,286
- 2.298
2,331

2,329

2.280

6,71

4.8

1.89

6.87

.'8¢TO
3,16
AL Th

4097

6,12
5.63
4,27

3,52
5.55

1.96

94
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Table 10

~ Deflectometer Test Data

Temperature, ©F Load Dlsc.  Specimen Suppoft Pressure, psi -

'-1lng - e _ Initial Final,P, Mean,Pp

41 | 5.00 5.5-9 1,00 - 1.50
59 3,142 5.5210  1.00 1,90 1.50
5.5-11 0,10 ~  1.88  1.00

5.5-12  0.10 _ 1.70 1,00

5.5-13  2.00 = 2.60  2.50-

5.5-14 2.00 2.60  2.50

5.0-3 1,00 2.39  1.50

5.0-4 1,00 2,05  1.50

6.0-3 1,00 2.18  1.50

6.0-4 1,00 ° 1.88  1.50

75 5.00 ~ 5.0-1 1,00 2.65 . 1,50
5.0-2 1,00 2,28  1.50

5.5-1 1.0 2.70 1,50

5.5.2 1,00 2.57 1,50

5.5.3  1.00  2.00  1.50

5.5-4 1,00 2,00  1.50

5.5-5 0,00 1.78  1.00

5.5-6 0,00 1.64 1,00

5.5-7 2,00 2,68  2.50
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Table 10 (continued)
Deflectometer Tést,Déta

TemperaturegoF Load Disc. Specimen  Support Pressure, psi

in2 ~No . Initlal Final, P, Mean,P

6.0-1 1,00 2.20 1.50

o 6.0-2 1,00 2,40 1,50
90 5.00  5.0-5  1.00 2,60  1.50
| 5.0-6 1,00 ©  2.70 1.50
5.5-15 1,00 2.55 . 1.50

5.5-16  1.00  2.58 1.50

5.5-17 0,10 2,25 1,00

5.5-18  0.30 1.94 1.00

5?5=19 2,00 3.00 2,50

5.5-20 2,00 3.20 2.50

6.0-5 1.00 2,72 1,50

6.0=6 1.00 2.75 1.50



- Table 11

Deflectdmetér Test Data Computation

Specimen Ng Repeateg ?z?gﬁ%ligeglection ‘ iﬁ;gigzzév , L2 : $£3
. At P t, in. |

5 .59 5.5 e 1.97  3.881 . 42,051

5.5-10 8.0 6.5 1.96 3.842  48.947
5.5-11 8.5 70 193 3725 50.325

5512 8.0 s 2.00  4.000  60.000
5.5-13 9.0 - 8.0 1.9 3.648  55.7h1
5,514 9.5 75 1.95 3.803  55.619
5.0-3 7.0 - 6.5 1.94 - 3,764 AT . 464
5.0-4 7.5 7.5 1.96 3.842  56.477

 6.0-3 6.0 45 | 1.96  3.842 33.886
6,0-4 ' 5,0 45 - o 1.87 o 3.497 29 . 427
5,0-1 - 6.0 5.0 192 3.686 35.386
5,0-2 6.0 6.0 1,93 3.725 43,136

L6



Table 11 {continued)

~ Deflectometer Tést Data Computation

Specimen No Repeated central deflection Specimen

d (x1075 in.) = thicknéss, £2 A.H | 813
At P : At P t, in.- o .
5.5 2.5 5.0 2,05 4121 41,828
5.5-2° 6.0 75 2,06 . 4284 65.570
5.5-3 6.0 _' 6.0 1.94 3,764 43,813
' 5.5-4 7.0 5.0 S 1f94l . 3.764 36,511
5.5-5 5.0 5.0 S 1.88 3534 33.220
5.5-6 6.0 o 6.5 1.91 f | 3.648  45.290
5.5-7 - 6.0 5.5 o 198 jf° 3,920 | ‘542;689
5}5&8- BRI 2.0 193 3.725  86.271
6.0-1 7.5 6.5 1.95  3.803  48.203
..6,02 5.5 , 5.0 | 1696‘ ‘ 3.842 37.652
5.0=5 11.0 ‘ 11,5 1.99 3,960 - 90,625
5.0-6 . 10,0 12,5 | 2,00 . 4,040  101.505

86



. Tabie 11 (continued)

'Deflectometer Test Data Computation

Specimen No- Repeated central deflection Speclmen

d (x10~3 in.) thickness, _Vtg' | 8t
At P At P, &, in. o

5.5=15 7.0 - 8.0 | | 1.88  3.534 53,151

5,516 10.0 11.0 1.93 3.725 79,082

5.5-17 7.0 7.0 195 3803 51,911

5.5-18 5.0 - 5.5 | 1,98 3.020  42.689

5.5-19 65 7.0 ©1.95 - 3.803  51.911

5,520 7.0 6.5 o 1.92 - 3,686 46,001

6,05 7.0 I 6.5 1.93 3,725 46,730 .
 6.0-6 7.0 o 7.5 2,00 : 4,000 60.000
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Specimen No

LdADLTG 1 Q

Dynamic Stiffness, Central Deflections, and Strainé‘f 

Dynemic Stiffness, psi  Radlal Strain (1073)

Central deflection

“ix e, 5T b7 Bt B, 5T P at failure, in,
5.5-9 68,726 — 1.100 _— (0.15%3)#
5.5-10 60,596 56,124 1.465  1.531 0,180
5.5.11 63,527 55,062 1,491 1,615 0.220
5.5=12 53,033 47,733 1,659 1,760 0,195
5.5-1% 45,998 44, 678 1.911 1,943 0.112
5°5m14: 46,369 44,503 1.822 1.867 0.152
5.0-3 61,836 53,417 1,459 1.588 0.155
5,0-4 52,034 48,03 1,696 1.778 0.190
6.0-3 85,729 75,701 1.026 1.103 0,151
6.0-4 97,699 ' 91,576 0.985 1.022 0,170
5,0-1 82,005 67,188 0.971 1.079 0.139
67,345 59,526 1.172 1,248 0,152

5,0=2

#*The specimen did not fail.

001



Table 12 (continued)

Dynamic Stiffness,-dentral Deflections, and Strains

Specimen No  Dynamic Stiffness, psi Radialistrain'(1oa3) Central deflection

At Py At Pp At Py - At Pp at failure, in.
5 .51 66,893 56, 324 1.049 1.147 0.201
5.5-2 44, 304 37,947 1.564 1,692 0.100
5.5-3 66,305 61,358 1.178 1,225 0,136
5,54 80,387 - 72,808 0.975 - 1,027 0.138
5.5-5 193,016 82,881 0.925 0,977 0.187
5,56 68,911 63,135 1.213 1,266 0.17%
5.5-7 57,931 55,745 1.198 1,223 0.100
5.5-8 30,427 28,276 2.458 2.553 0,185
6.0-1 61,200, 54,302 1.271 1,352 0.159
6.0-2 76,756 66,012 0.994 1,076 0,162
5.,0-5 33,732 28,657 2.250 2.44% 0.174
5.0-6 29,821 25,459 2. 485 2.683 0,210
5.5-15 55,220 47,252 1.512 1.638 0.180

101



Table 12 (continued)

'~ Dynamic Stiffness, Central Deflections9 and Strains

Specimen No Dynamic Stiffness, psi Radial'Strain‘(JO”j) Central deflection

VAL Py - - - AL Pp . AL P, .. AP, - at fallure, in,
5.5-16 8,277 32,756 2.100 o.081 0,230 |
5.5-17 60,700 50,301 . 1.326 15T 0.213
5.5-18 72,384 63,234 . 1.071 IRV 0.196
" 5°5“19 47,928 | 4,060 . 1.496 1.564 . 0.115
5.5-20 54,412 . 47,510 . 1.362 s 0176
'6,of5 62,808 fj 51,207 1,263 1,404 k 0.247
6.0-6 48,917 40,173 1.509  1.670 0,250

c0l



| ‘Teble 13
Radial Stresses and Load-Repeti‘tioné"tb Failure
S_iaecimen No '~ Load Repetitions - Radial Stress, psi Stress etjuivalent

Ne (x10%4) At P At Pp for 5 in? disec
S . Rl At P At Py

5.5-9 ~goo 75.6 e |
5.5-10 230 8.8  85.9 772 Thu
S 5.5-11 120 O 9aT 88.9 82,7 77.0
5.5-12 ~ 140 - 88,0 840 76,9 . 72.9
5,5-13 L . 110 R 879 . 86.8 '_75_;6 o 7407 -
5.5-14 150 . 8hks5 850 2.6 . Ti.4
5.0-3 90 00.2  84.8 . 78.4 3.1
5.0-4 - 190 . 88.6  85.4 L7700 T73.9
6.0-3 110 8.0  83.5 76,5 T2,
6.0-4 28 - 96.2  93.6 83,7  81.1
5.0~1 - 60 L7907 725
5.0-2. I S S 78.9 - TAL3
5.541 10 70,2 646
- 5.5-2 ' 19. R 69.3 642
5.5-3 | 9.5 781 T5.2
5,54 15 | 78,4 74,8

¢oL



Table 13 (continued)

Radial Stresses and Load Repetioions to Failure

Specimen No . Load Repetitions Radial Stress, psi
_ S CNe (x10%) APy A% Py
5.5-5 30 - 85.9  81.0
5.5=6 17 - 83.6 79.9
5 .57 o 13 0 69.4 . 68,2
5.5-8 30 A8 72,2
6.0-1 12 : 77.8 73.4
6.0-2 14 . 76.3 71.0
5,0-5 1,0 75.9 70,0
5.0-6 v 1.0 Th .1 68.3
5.5-15 1.4 8%.5 774
5.5-16 | 1.9 . 80.4 T73.4
5,517 0.9 80.5  73.3
5.5-18 1.0 77.5 7203
5,5-19 0.44 71.7  68.9
5,5-20 1. o 741 69,8
6.0-5 1.9 79.3 7.9

6;0“‘6 0083 o A 7308 6701 :

voy
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Teble 14
Load Repetitions Reduced to a Stress-Level
. of 80 psi ' .
Specimen No. - Equlvalent N (x10%) .

5 in? disc. 80 psi.

- 5.5=9 - : ST I e

5.5-10 400 350

5 o5l I 200 230
5.5-12 - o 240 . 205
5.5-13 . 1ss - is0
5.5=14 | 260 180
5.0-3 | | " 160 150

5 . Oudl | 330 290

6,0-3 | S 190 .  165
6.0=4 _ K 47 ' 55
5.0-1 | 60 59
5,02 o 7 6.7
5,5m1 | 10 6.1
5.5-2 19 10.7
5.5-3 | 9.5 8.7

5.5l - . 15 - 14

#Specimen did not: fail.



- Load Repetltions Reduced to a StressuLevel-'

Specimen No. -

5.5-5
5.5-6
5.5-7
5.5-8
6,0=1
‘63@m2

' 500‘”5
. 5,0-6

505‘“15 )

- 5.5=16
V 5&5“17

. 565‘“18

5.5=19

5.5420

- 6,0=5
6.0=6

Table 14 (continued)

of 80 psl

Equlvalent N, (x104)

5 in< disc. 80 psi.
30 39 5
17 20,5
13 7.4
30 23
12 qo.7
14 11

1.0 0.8
1.1 0.8
1.4 1.6
1.9 1.9
0.9 0.91
1.0 0.90
0.44 0.28
1.4 1.0
1.9 1.8
0.83 0.61

106



 REFERENCES

3 Monismith C. L., "Asphalt Pav1ng Mixtures, Properties

De31gn9 and Performance," Prepared fov the Short
Course in Asphalt Paving9 1961m62 Berkeley,
California.

Finn, F. N., "Factors Involved in the Deésign of As-
phaltic Pavement Surfaces," Natlional Cooperative
Highway Research Program Report No. 39, 1967,

Hveem, F. N., and Garmany9 R. M., "The Factors Underlying
the Rational Design of Pavements," Proceedings,
Highway Research Board, Vol. 28 1948; pp. 101n136o

Hveem9 F, N., "Pavement Deflections and Fatigue Faile-
ures,” Bulletln 114, Highway Research Board, 1955;
bD. 43m67 . .

Pell P, 8., "FatLgue of Asphalt Pavcment Mixes,"

: Proceedlngs Second International Conforenco on
the Scructural Design of Asphalt Pavements, Ann
Arbor, 1967; pp. 577-593. :

Monismith, C. L., "Flexibility Characteristics of
Asphalt Paving Mixtures," Proceesdings, Association
of Asphalt Paving Technologists, Vol. 27, 1958,

Papazian, H. S., and Baker, R. F., "Analysié of Eatigue
Type Properties of Bituminous Concrete, " Proceedings,
Association of Asphalt Paving iechnologLsts Vol.

28, 1959,

Monism¢th C. L., Secor, K. E., and Blackmer B, W.,
“ASPhalt Mixture Behavier in Repeated Flexure "
Proceedings, Assoclatlon. of ASphalt Paving Technoa
loglsts Vol 30, 1961,

'Jimenezg R. A., "An Apparatus for Laboratory Investi-

gations of Asphaltic Concrete Under Repeated
Flexural Deformations," Report submitted to the
Texas Highway Department, 1962.

107



10.

11,

12,

3.

14, -

15,
16,
17.

18.

1’90

108 °
Vallerga, B. A., Finn, F. N., and Hicks R, GOg ' :
"Effeots of Asphalt Aging on the Fatigue Properties
of Asphalt Concrete," Proceedings, Second Inter-

national Confefenoe on the Structural Design of
Asphalt Pavements, Ann Arbor, 1967 pP. 595=617 .

~Jimenez, R. A,, "ASpects of the Bending Strength of

Asphaltic Concrete," Proceedings, Assoclation of
Asphalt Paving Technologists Vol. 36 “1967.,

Laymany A, H., and Phillipi, S. W., "A Study of the
Flexural Properties of Certain Black Base Mixtures,"
Proceedings, Association of Asphalt Paving Technoa
logists, Tol. 38, 1969; pp-. 684--»705° :

Rader, L. F., "Correlation of Low Temperature Tests with
Resistance to Cracking of Sheet Asphalt Pavements," .
Proceedings, Association of Asphalt Paving Technom '
logists, January, 1936.

Rader, L. F., "Report on Further Research Work on Cor-
relation of low Tempersture Tests with Resistance to
Cracking of Sheet Asphalt Pavements,' Proceedings, -
- Association of Asphalt Paving Technolog¢sts January,
19370

Thomas, T. W., "The Testing of Asphalt Paving Specimens
Upon a Flexible Spring Base," Proceedings, Associ-
ation of ASphalt Paving Technologlsts Vol 7,
1948, ‘

Hughes, E. C., and Faris, R. B., Jr., "Low Temperature
Max:mum Deformaebility of .Asphalts," Proceedings,
ssoclation of Asphalt Paving Technologists Vol.
19, 19505 pp. 329-347. .

Wood, L. E., and Goetz, W. H., "The Strength'of Bitu-
minous Mixtures and thelir Behavior Under Repeated
Loads," Proceedings, Highway Research Board, Vol.
35, 19563 Dp. 405-%17; Vol, 36, 1957; pp. 318=333.

Goetz, W, H., McLaughlin, J F,. and Wood, L. E.,
"Loading Deformation Characteristics of Bituminous
Mixtures Under Various Conditions of Loading,"
Proceedings, Assoclation of Asphalt Paving Techno-
-logists, Tol. 26, 1957. -~

Monismith, C. L., "Effect of Temperalure on the .
FleXLbiany Characteristics of Asphaltic Paving
- Mixtures," Proceedings, Third Pacific Area Meeting,
ASTM, October 1650, - ' -




20. -

21,

22,

23,

24,

25.

26.°

27,

280

290

109

Deacon, J. Ag and Monismith, C. L., "Laboratory
Flexural-Fatigue Testing of Asphalt-Concrete with
Emphasis on Compound-Loading Tests," Record No,
158, Highway Research Board, 1967; pp. 1=31.

Seed, Mitry, Monismith, and Chan, "Prediction of
Flexible Pavement Deflections from Laboratory .
Repeated=Load Tests,"” National Cooperative Highway

Research Program Report No ., 35 1967,

Héukelom, W; and Klomp9 B,

J. G., "Road Design and.

Dynamic Loading," Proceedings, Assoclation of

Asphalt Paving Techpologlsts Vol. 33, 1964;

pp. 92=125.

Epps, J. A. and Monismith,

c. La; "Influence of

Mixture Variables on the Flexural Fatigue Propertles
of Asphalt Concrete," Proceedings, Association of

Asphalt Paving Technol@glsts Vol. 38, 1969; pp.

423464,

Baker, R. F. and Papazian,
ness Ratio on Pavement
Highway Research Board,

H Sog "The Effect of Stiff-
Stress Analysis," Proceedings, -
Vol. 39, 1960; pp. 61=85. -

Dehlen, G. Le,'“Plexure of a Road Surfacing, Its
Relation to Fatigue Cracking, and Factors Determin-

ing its Severity,” Bulletin 321, Highway Research
Board, 1962; pp. 26=39, :

Jimenez, R. A., "Fatigue.Teéting of Asphaltic Concrete-
Slabe,” A paper for Presentation at the ASTM Sym-
posium on Fatigue of Compacted Bituminous Aggregate

Mixtures, Julyg 1971,
Kondner, R. L. and Krizek,

'R, J., "Factors InfluenCLng

Flexible Pavement PePformance " National Cooperative. -
Highway Research Program Report No, 22, 1966, ~

White, O, Ao? "Fatigue an
Concrete," Record No,

d Defleection of Asphaltic
131, Highway Research Board,

19665 pp. 154-159,

Metecalf, C. T., "Flexural
Orthotropic Steel Plat
Highway Resgearch Board;

Tests of Paving Materials for
e Bridges," Record No, 155,
1967; pp. 61=81,




30.

31,

320

330

34o

110

Bazin, P. and Saunier, J., "Deformability, Fatigue, .
and Healing Properties of Asphalt Mixes," Proceed- -
ings, Second International Conference on the Struc-

“tural Design of Asphalt Pavements, Ann Arbor, 1967;
pp. 553=570. ‘ v

Kirk, J. M., "ResultS»of,Fatigue Tests on Different.
Types of Bituminous Mixtures," Proceedings, Second
International Conference on the Structural Design
of Asphalt Pavements, Ann Arbor, 1967: pp. 57‘1-=575°

Pell, P. S. and Taylor, I. F., “"Asphaltic Road _
Materials in Fatigue," Proceedings, Association of . .
" Asphalt Paving Technologists Volo‘38,,1969; PP.
371 422 ‘ ' ,

Schmidt, R. J., and Santucci, L E., "The Efféct of
ASphalt Properties on the Fatigue Cracking of As-
phalt Concrete on the Zaca-Wigmore Test Project,”
Proceedings, Association of Asphalt Paving Technom
logists, Vol. 38, 1969. :

The Asphalt Institute: Mixz Design Methods For Asphait

Concrete and Other Hot-Mix Types, 1963,



IT.

91




