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l.O INTRODUCTION

Asphalt concrete mixtures are rather complex materials to

design, asphalt contents in excess of optimum may lead to

problems l ike f lushing and insuf f ic ient  a i r  vo ids space may

yie ld a reduct ion in  s tab i l i ty .  On the ot .her  hand,  asphal t

contents below the optimum wil l  jeopardize the long Eerm

durabil i ty of the mix and wil l  produce a harsh mix that

complicates laydown and construction operations. In general

poorly graded aggregate leads to a high air voids requir ing

higher percentage of asphalt, and normally producing a low

st,abil i ty mixture. The large surface area of part icles that

is present in f ine-grained mixes may present a problem of

selective absorption of the asphalt which may lead to early

hardening or  ag ing of  the mix (1) .

The basic strength propert ies of asphalt concrete

mixtures are derived from Lhe cohesive strength of the

bituminous mat.erial,  the f r ict ional resist,ance between the

aggregaE.e part icles, and the interlocking resistance due to

the compacted structure of the aggregate. Therefore the basic

strength propert ies are greatly inf luenced by aggregate

character is t ics  such as s ize,  gr radat ion,  sur face texture and

shape of the aggregate.

Aggregate gradation is perhaps the most important element

of  an asphal t  concrete mixture,  i t  a f fects  a lmost  a l l  o f  the

physical propert ies of the mix. A maximum density gradation
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wouLd provide increased stabil i ty. However, suff icient air

voids space must be provided to permit enough asphalt cement

to be incorporated to ensure durabil i ty and to avoid bleeding

and/or  ru t t ing.

The Strategic Highway Research Program's (SI{RP) Superpave

has recommended a restricted zone along the maximum density

l ine on the Federa l  Highway Adminis t rat ionts  (FHWA) 0.45 power

graph as shown in Figure L Q). The control points of the

restr icted zone depend on the nominal maxj-mum size of

aggregate. According to Superpave any gradation that pass

above or below the restr icted zone, but within the relevant

control points, is expected to produce a good performing

mixture.

1.1 OBiTECTIIIE

The objective of this research program is to evaluat,e the

impact of various gradations on the performance of asphalt

concrete mixtures. The measured performance indicators of the

mix included: resi l ient modulus as a function of temperature,

tens i le  s t rength,  mois ture suscept ib i l i ty ,  permanent

deformation, and low temperature cracking.

L .2  SCOPE

The scope of this research includes four aggregate

sources,  f ive gradat ions,  and f ive grades of  asphal t  cement .

The f ive d is t inct ly  d i f ferent  gradat ions se lected for  the



study are shown J-n Figures 2a and 2b. These gradations are

s l ight ly  d i f ferent  f rom one source to  another .  Gradat ion No.1

represents the actual mix design for t.he specif ic project

constructed by the Nevada Department of Transport,at ion (NDor).

GradaLions No.2 and No.3 are developed accord ing to  the

Superpave recommendations. Gradation No.4 is developed by

combining the aggregate using the Texas Department of

Transpor tat ion 's  grading factor  which has resul - ted in  a

coarser  gradat ion.  Gradat ion No.5 represents one of  NDOT's

gradat. ions which has shown excellent long term performance.
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2.0 BACKGROI.]NI)

The design of asphalt concrete mixtures has long been an

empir ica l  process.  The Hveem (AsrM D1550) ,  and Marshal l  (AsrM

D1559) are the two major methods of mj-xture desj-gns used

extensively by the asphalt community. These methods are

considered to  be empir ica l ,  that  is ,  they are based on test

values t.hat have been established on the basis of observed

field performance. Research is currently in progiress to

develop a mechanistic design procedure which wil l  relate

mixture propert ies to f ield performance. However, the

exist ing mixture design procedures have a long history of

acceptance.

The fol lowing is a brief review of the f indings by

various researchers concerning the commonly occurring

dis t resses in  asphal t  pavements.

Ruttinq

Several studies were conducted by various researchers to

identify variables most responsible for rutt ing formation.

Brown et al (3) studied f ive pavement sections out of which

four were found to have rutt ing while the f i f th was considered

to have no rutt ing after 10 years of service. Straight l ine

regressions were used to develop correlations between rutt ing

and mixture propert ies. The test resuLts showed that low air

voids are the cause of most rut.t ing in the sections evaluated.

The low air voids were due to over compaction and lack ofI
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quality control of the asphalt mixture during construction.

The Marshall  f low appeared to be a good indicator of rutt ing

potential whereas t,he resi l ient modulus and indirect tensiLe

st rength va lues d idn ' t  s lgn i f icant ly  re la te t ,o  rut t ing

potential.  In some cases str ipping of the asphalt mixture had

contr ibuted to  rut t ing of  the sect ions.  I t  was concluded that

the st.r ipping and rutt ing would have been minimized if  high

quali ty crushed aggregates had been used.

In t987,  the Nat ional  Center  for  Asphal t  Technology

(NCAT) had init iated a comprehensive study to det.ermine

mixture propert ies and to identify procedures necessary for

construction of rut resistant HMA pavements (4) . In t.he

study, forty-two pavements were sampled from fourteen states.

The overal l  testing program of the study is shown in Figure 3.

Analysis of the data concluded that most of the rutt ing was

observed in the top 3-4 inches of HMA, necessitat ing high

qual i ty  mater ia l  in  the top layers.  Mixtures wi th  in-p lace

ai r  vo ids contents  below approx imate ly  3.0? had exper ienced

premature rutt ing. The propert ies of the asphalt cements

extracted from the mixture were not closely related to

rut t ing.  AIso the resul ts  of  the s tudy ind icated that  the

angularity of the aggregate as measured by percent of coarse

aggregate with 2 or more crushed faces help resist rutt ing i f

the in-p lace a i r  vo ids are above 2.52.

A laboratory analysis of the effect of varying the

maximum aggregate size on rutt ing potential and on other
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propert ies of HMA was performed by Brown et aI. (5) . The

s tudy  i nc luded  max imum aggrega te  s i zes  o f  3 /e " ,  L /2 ' , ,  3 /4 ' , ,

1"  ,  l - .5r '  o f  l -00 percent  crushed l imestone.  The gradat ion

specif ications for each maximum size aggregate fol lowed the

FHWA's recommendations. The mix designs were done using

Marshal l  method.  S ix- inch and four- inch specimens hrere used

in the study. Analysis of the data indicated that the six-

inch diameter specimens generally showed better permanent

deformation characterist ics as the maximum size of aggregat,e

increases whereas the four-inch diameter specimens generally

showed an opposite trends as shown in Figure 4.

Huber et aL (5) conducted f ield study on lL pavement.

sections to investigate the rutt ing problem. The study

concluded that asphalt content and voids f i1led with asphalt

were the most signif icant. parameters that affected rutt ing.

Binder  character is t ics  such as penetrat ion and v iscos i ty  d id

not prove to be signif icant factors on rutt ing.

Carpenter and Enockson (7) studied 32 overlay projects in

I l l ino is .  Thei r  analys5-s ind icated that  the major i ty  o f  the

rutt ing problems can be attr ibuted to the propert ies of the

aggregate gradation. The tender mix result ing from a hump in

the 0.45 power gradation curve was found to be contributing t.o

rut t ing.  The percentage pass ing No.  40 s ieve and reta ined on

No. 80 sieve was found to inf luence rutt ing. The mixture

strengt,h tesEs showed that resi l ient modulus and indirect

tens i le  s t rength hold a s t rong corre lat ion to  rut t ing.  The

I
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Istudy recommended to have control on density, air voids, and

VlvlA during construction to mit igate rutt ing.

Moieture damaqe

Kennedy et al (B) had investigated an asphalt concrete

overlay which had developed premature distress j-n the form of

rutt ing, shoving, and bleeding. The research showed that the

fai lure viras due to moisture damage of the mixture. The test

resul ts  ind icated that  the average va lue of  Voids F i l led wi th

Asphalt (vFA) h'as s7 .s percent which is less than the

recommended values leaving the mixture susceptible t,o moisLure

damage, and ravell ing. A11 the t.hree mixtures used in the

pro ject  were def ic ient  in  mater ia l  pass ing the No.2oo s ieve.

r t  was fe l t  t ,hat  th is  lack of  minus No.  2oo mater ia l  could

have contributed to the overal l  damage to these moisEure

susceptible mixtures. The f ine material- normally helps to

fi l l  the space between larger aggregate, thus impeding the

permeation of moisture throughout the mixture by minimizing

the extent of interconnected voids. The research concluded

that the basic causes of the premature distress of the

pavement are: a) al l  aggregate and the result ing aggregate-

asphalt combinations were highly susceptible to moisture

damage and b) the anti-str ipping addit, ive used in the mixture

was  no t  e f fec t i ve .

santucci et aI (9) in a case study of moisture damage to

asphalt pavements have concluded that the water from external

sources such as rain and melt ing snow, in combination with
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t ra f f ic  resul t  in  ear ly  d is t ress of  asphal t  pavements.  The

damage is especial ly high if  the pavement has relat, ively high

air voids arlowing the water easy entrance int.o t,he pavement.

Moisture from internal sources such as inadequately dried

aggregate can also result in early pavement distress. i l igh

air voids contents in dense graded asphalt pavements

accelerates the hardening of the asphalt binder, and hence

af fect  the long term durabi l i ty  o f  the pavement .

Irow tenrllerature crackinq

Kandhal (10) studied six pavement sections in Elk county,

Pennsylvania. Two of the six pavements developed extensive

low temperature non-Load associated cracking during the f irst

severe winter. The study revealed that st i f fness modulus of

asphal t  concrete is  a  bet ter  ind icator  o f  the potent ia l  for

1ow temperature cracking of the pavement. The two sections

which developed cracking, had higher st i f fness modulus values

than E.he remaining four. Temperature susceptibi l i t ies of the

asphalts as indicated by the Penetration Index values have

changed drastical ly after 20 months of aging. However, the

same propert, ies expressed by the Penetration Viscosity Number

values were essential ly unchanged.

Fromm and Phang (11) had studied a total of 33 pavement

sections in both Southern and Nort.hern Ontario to characterize

low temperature cracking of bituminous pavements. The study

concluded that the sti f fness modulus of the asphalt concrete

at 1ow temperature is the major factor governing the low



temperature cracking. The gradation of the base and subbase

mater ia l  has a smalr  e f fect .  AsphalLs of  good f row proper t ies

at Jow temperatures read to pavements which display fewer low

temperature cracking.

Ruth et al (L2) have reported that the viscosi.ty and

temperature susceptibi l i ty of the asphalts have the greatest

effect on the 1ow temperature cracking of asphalt pavement,s.

The modul,us of asphalt concrete increases substantial ly with

increased asphal t  v iscos i ty .  Asphal t  v iscos i ty  increases due

to reduction in temperature and age hardening. The tensile

st resses produced by vehicu lar  loads wi l l  increase as the

v iscosi ty  increases.  Therefore,  i t  is  essent ia l  that  the

thickness of the asphalt concrete pavements be increased to

reduce st resses to  an acceptable lever .  High v iscos i ty

asphalts wil l  require greater thickness of asphalt concrete

than low v iscos i ty  asphal ts  to  achieve tens i le  s t resses that

wil l  not promote early cracking of the pavement.

Sumarv

As seen from the l i t .erature review, the maximum size and

size d is t r ibut ion of  aggregate s ign i f icant ly  in f luence the

propert ies of hot mix asphalt concrete. A dense graded

aggregate produces a mixture st i f fer than that produced by an

open-graded mixture. The tender mix result ing from a hump in

the 0.45 power gradation curve was found to contribute to

rutt ing. AIso, angular and crushed aggregate help resist
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I
I ru t t ing i f  the in-p lace a i r  vo ids are above 32.

The mixtures with deficiency in material passing the

No.200 s ieve could contr ibute to  moisture damage.  I t  was

observed that f ine aggregates normally help f i l l  the spaces

between larger aggregates, thus minimizing the permeation of

moisture and thereby moisture damage. It  was also revealed

that resi l ient modulus of asphalt concrete has correlated well

with low temperature cracking. Mixtures with higher st i f fness

modulus values are prone to low temperature cracking. This

implies that open graded mixtures and mixtures made wit.h

softer grade of asphalt binder should have better Low

temperature character is t ics .

This research wil l  evaluate various mixtures designed

with different gradations and asphalts. Thus the impact of

various gradations on mixture propert ies wil l  be evaluated.

1 0



3.0 RESULTS AND ANALYSE

This section of the report presents the analysis of the

data generated from the laboratory tests designed to

characterize the binders and aggregates used in the research

and to determine the engineering propert ies of the mixtures.

3.1 Materials

The mater ia ls  used in  th is  laboratory invest igat ion

consists of four sources of aggregates and f ive sources of

asphalt binders. The four sources of aggregates are al l  from

the fo l lowing Nevada p i ts :

1-. Rural Pit:  Granite Rye patch and Wahsworth

2.  Frehner  Sloan p i t

3. Apex and Overton piE

4. Las Vegas Paving Lrone Mtn pit

T h e  f i v e  b i n d e r s  a r e :  a ) A C - 2 0 ,  b ) A c - 2 0 p 1 ,  c ) A C - 2 0 p 2 ,  d ) A c - 3 0 ,

and e)AC-30P.  The Ac-20 b inder  wi l l  on ly  be used wi th  the

rural pit  in place of the Ac-30 binder. As mentioned under

the scope of t .his study, a totar of f ive differenE gradations

(f igures 2d, 2b) wil l  be evaLuated for each aggregate source

and binder type combination. In each case the f irst

gradation, Labeled as G1, represents the gradation that. uras

used on the act.ual job. The f irst parL of this study was
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compreted during ]-994 and the second part was completed during

1995. Table 1 summarizes the combinations for the evaluited

mixtures.

3.f.1 Aggregate characterization and blending

The aggregates from all  four sources were blended to meet

the designed gradations. summary of the percentagres of

stockpiles used for each gradation is shown in Tabre 2 for ar1

the aggregate sources. Tabre 3 summarizes the aggregat.e

properLies. As per NDOT plant mix specif ications, the maximum

absorpt ion capaci ty  for  aggregate (p1us #a s ieve)  is  4% and

the min imum f ractured faces is  60z.  Both of  these

specif ication l imits were met for al l  the aggregat,es used in

th is  s tudy.  The percent  f ractured faces,  f ra t  and e longated,

and uncompacted voids propert ies were measured during the 1995

program. The rural aggregates were not available for the j_995

program, therefore, their propert ies were not measured

3.1.2 Asphalt binder characterization

The  f i ve  b j , nde rs  (AC-20 ,  AC-2Opr ,  AC-20p2 ,  AC-30 ,  and  AC-

30P) used in the research have been graded based on the

Superpave grading system. The f irst step in grading a given

binder  consis t ,s  of  check ing i ts  f lash point  for  safety

regulat ions and v iscos i ty  against  the speci f icat ion l imi ts .

The Superpave specif ication l imits cal l- for a minimum flash

po in t  o f  230oC and  a  max imum v i scos i t y  o f  3  Pa*s  a t  135oC.

L 2



Further the specif ied l imit for the percentage weight loss

af ter  RTFOT is  L?.  The f lash point ,  v iscos i t ,y ,  and percentage

weight loss data given in Table 4 indicate that aLl the

binders are wi th in  the speci f icat ions.  The Ac-30p b inder  has

a h igh rotat ional  v iscos i ty  re laEive to  the other  four  b inders

but  s t i l l  w i th in  the superpave speci f icat ion r . imi ts .

The rheological propert ies of the binders are summarized

in Tables 5 through 9. ?he f inal grades of the binders are as
fo l l ows :

I
I
I
I
I
I
I
I
t
I
T
I
I
I
I
I
I
I
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Binder

A C - 2 0

AC-20Pr

AC-20P2

A C - 3 0

A C - 3 0 P

Grade

P G  6 4 - 2 2

PG 64-28

PG 58-22

PG 64-22

P G  7 0 - 2 2

The fact t .hat the AC-20 and Ac-30 binders are from the

same supplier and sti l l  graded the same, was a big surprise.

Also the AC-20p, having a low temperature grade simirar to the

Ac-20 ,  Ac -30 ,  and  AC-30p  b inde rs  i s  l i t t l _e  b i t  unusua l .  rn

order  to  ver i fy  the grades,  mul t ip le  rep l icates were tested

from both binders by independent operators. Even with

mul t ip le  rep l j -cates and mul t ip le  operators,  the data s t i l r

indicated the same grades. This represents one of the major

issues that the implementation of the Superpave grading

process wi l l  have to  face.

1 3



3.2 Mixture Designs

The Hveem mix design presented in  the Asphar t  rnst i tu te 's

manual series number 2 was fol lowed to arrive at the optimum

percentage of asphalt content. The mix designs data are shown

in Tables L0 through 13. The optimum asphalt contents have

been selected based on the forlowing NDor cri teria for Hveem

mix design for hot mixed asphalt (HMA) mixtures:

Mixture Type Min. Hveem stab. Air voids Min. wtA

Tlpe 2 and Tlpe 2C 35 3-G L2

T'ype 2C in Las Vegas 37 3-7 t2

T1rye 2C on In ters tate 37 3-7 L2

The forlowing mi-xtures were el iminated because an

acceptable mix design could not be found:

Mixture

Rural -c5 -AC- 2 0

Sloan-G5 -AC- 20P2
Sloan-G2 -AC- 3 0P

Apex-G4 -AC-30
Apex-G1-AC-20P2
Apex-G2-AC-20P2
Apex-G5-AC-20P2
Apex -G1-Ac -30P
Apex -G2-AC-30P

Vegas -G5 -AC- 3 0
Vegas -G2-AC-20P2
Vegas-G3 -AC-20P2
Vegas -G5-AC-20P2
Vegas-GJ, -AC- 3 0P
Vegas-G3 -AC-3 0P
Vegas-G5 -AC-3 0P

Fai led Cr i ter ia

Stabi l i ty

Vl"lA
\ru4

Stabi l i ty
\/IVIA
VIYIA
wl.A
\/IIIA
Air Voids

Stabi l i ty
Vl,[A
Air Voids
Air Voids
Air Voids
Air Voids
Air Voids

I
I
I
I
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The resuLts show that the percentage of optimum binder is

dependent on the tlr)e and gradation of the aggregate and the

grade of asphalt cement. The f iner the gradation of the

aggregate, the higher the optimum asphalt content due to

h igher  sur face area.

3.3 Selection of Best Mixtures

Severa l  se lect ion cr i ter ia  were establ ished to se lect  the

best mixtures from each aggregaLe source. The selection

process consis ted of  the fo l lowing:

l - .  Select  the set  o f  mixtures that  meet  cer ta in  cr i ter ia
fo r  res i l i en t  modu lus  (Mr ) ,  Tens i l e  s t reng th  (Ts ) ,  and
reta ined st rength rat ios.

2. Evaluate the serected mixtures from step L under the
repeated load t r iax ia l  permanent  deformat ion test .  Base
on the results of the permanent deformation tesE,
recommend the best mixtures for the low temperature
c rack ing  tes t .

3. Evaluate the low temperature propert ies of the
serected mixtures from step 2 using the thermal stress
rest ra ined specimen test  (TSRST).

3.3.1 Selection of mixtures based on Mr, TS, and strength ratios

The select ion cr i ter ia  were se lected based on the

analysis of NDOT's mixtures propert. ies data base as summarized

in reference L3 and the current NDOT's mixtures

speci f icat ions.  The adopted cr i ter ia  are as fo l lows:

a .  M in imum res i l i en t  modu lus  a t  77oF  o f  215 ,OOO ps i  f o r
AC-20P 's  m ix tu res  and  270 ,000  ps i  f o r  a l l  o the r  m ix tu res .

b .  M in imum res i l i en t  modu lus  a t  104oF  o f  50 ,000  ps i .
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c.  Min imum tensi le  s t rength at  77"F of  65 ps i .

d. Minimum resi l ient modul-us and tensile strengEh
re ta ined  ra t i os  o f  70* .

Mr values can be used to evaluate the relative quali ty of

the materials as well as to generaEe input. for pavement design

or pavement evaluation and analysis. Also one of the desired

propert ies of a hot mix asphalt concrete is to have a low

temperature suscept ib i l i ty ,  i .e .  less var ia t ion in  the modulus

values as a function of temperature.

Low moisture sensit ivity of a mixture is desirable t.o

e l iminate s t r ipp ing problems.  For  assessing the moisture

damage, the resi l ient modulus and tensile strength are

measured before and after moisture condit ioning of samples to

determine the retained strength as a percent of the original

strength. A high number indj-cates that good performance is

expected while a low number indicates that poor performance is

expected.

The test  resul ts  of  Mr,  TS,  temperature and moisture

suscept ib i l i ty  are compared wi t .h  the above l is ted cr i ter ia .

As mentioned earl ier, the mixtures which meet the

specif ication l imits from each aggregat,e source are selected

for further evaluat. ion under Ehe permanent deformation and

TSRST.

Only one mixture have fai led the resi l ient modulus

cr i ter ia .  The Vegas-G4-AC-30P mixture had a Mr at  '77oF of

2 O 8 , 0 O O  p s i  w h i c h  i s  b e l o w  t h e  c r i L e r i a  o f  2 7 O , O O O  p s i -

1 5



Tables t4 through l7 summarize the Mr data for the

mixtures.

None of the mixtures fai led the tensile

criteria. Tables r.g through 2r summarizes the

strength data for the serected mixtures. However,

mixtures have fa i led the s t rength rat ios cr i ter ia :

I
I
I
I
I
I
I
I
I
I
t
I
I
I
I
l
I

Mr
Mr
TS
Mr
Mr
Mr
Mr
Mr

Mr
TS
TS

selected

strength

tens i l e

several

Mixture

Rural -GL -AC- 2 0p,
Rural -G3 -AC- 2 0pr
Rura l - c4 -AC-20pr
Rural -G5 -AC- 2 0p,
Rural -c1 -AC- 2 0
Rura l -c3 -AC-20
Rural- -c4 -AC- 2 0

Sloan-G1 -AC- 2 Opr
Sloan-G2 -AC- 2 OPI
Sloan-G5 -AC- 2 Opl
Sloan-G2 -AC- 3 0
Sloan-G3 -AC-30
Sloan-G4 -AC- 3 0
Sloan-G5 -AC- 3 0
Sloan-G4 -AC- 2 0p2

Apex-G1 -AC- 2 0Pr
Apex -GL-AC-30
Apex -G5-AC-30

Vegas -c2 -AC- 3 0P

Fai led Cr i ter ia

Mr rat io
Mr ratio
Mr and TS ratros
Mr ratio
Mr and TS rat,io
Mr rat io
Mr and TS ratios

and TS ratios
rat io
rat io
and TS ratios
and TS ratios
and TS rat ios
and TS ratios
rat io

rat io
rat. io
rat io

rat, io

Tables 22, 23, and 24 summarize the strength rat ios for

the mixtures that passed the moisture sensi t iv i ty cr j . ter ia.

At this point, all of the mixtures from the rural pit have

been eliminated either through the mix design or the strength

ratios criteria. As can be seen from the above data summary,

t 7
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the rural aggregates have problems satisfying both the Mr and

TS ratios. This would indicate t,hat mixtures produced from

t.his source would be highly susceptible to moisture damage.

It should be noted that al l  of the evaluated mixtures included

1 . 5 ?  l i m e .

3.3.2 Selection of mixtures based on permanent deformation

The mixtures t.hat made the cut through the strength

values and strength ratios cri teria were evaluated using the

triaxial permanent deformation test at l-04"F temperature under

dry condi t ions.  The test  consis ts  of  subject ing the asphal t

concrete sample (4"xBu1 to a constant  conf in ing pressure and

a  repea ted  dev ia to r  s t ress  (0 .1  sec  du ra t i on  and  0 .5  sec  res t

period) and measuring the accumulated permanent vert j-cal

strain over the entire height of the specimen. Figure 5 shows

a typical relationship between the permanent strain and number

of  load cyc les.  Two repl icates $rere tested for  each se lected

mixture. Table 25 summarizes the permanent strain data for

the se lected mixtures.

The permanent deformation criteria cal ls for a maximum

al lowable permanent  s t ra in  of  1? under  l -2 ,000 cyc les.  The

permanent deformation data in table 25 indicate that a total

of six mixtures would perform well for the Sloan aggregates,

eight mixtures would perform well for the Apex aggregates, and

six mixtures would perform well for the Las Vegas aggregates.

r-8



The data in Table 25 indicate that the source and

gradation of the aggregate plays a signif icant rol,e on the

resistance of the mixture to permanent deformation. rn the

case of  s loan aggregates,  the Ac-3op mixtures exper ienced

0.55? permanent  s t ra in  wi th  gradat ion GL whi le  i t  exper ienced

1.452 permanent  s t ra in  wi th  gradat ion G5.  Also in  the case of

Las vegas aggregates,  the AC-20p,  mixtures exper ienced 0.53?

permanent  s t ra in  wi th  gradat ion G1 whi le  i t  exper ienced 3.3?

permanent strain with gradat. ion G4. rt should be noted that

the Gl- gradation represents the actual gradation that NDor

used  on  bo th  p ro jec ts .

when evaluating the impact of the aggregate source, i t

can be seen that  the G5-Ac-30p mixtures wi th  s loan aggregates

experienced 1.452 permanent strain while the same mixture

( i .e .  same b inder  and gradat ion)  exper ienced 0.g62 permanent

strain with Apex aggregates.

The permanent deformation data also indicate that the AC-

20P mixtures wit,h the appropriate aggregate gradation would

have the same res is tance to  rut t ing as the Ac-30 and Ac-3op

mixtures.  For  example,  the s loan aggregates wi th  G3-Ac-2opr

experienced 0.323 permanent strain while the same aggregat,e

wi th  AC-30 exper ienced a 0.30? permanent  s t ra in .

3.3.3 Selection of mixtures based on TSRST

The TsRsr was used to predict the row temperature

performance of the selected mixtures. The most important

I
I
I
I
I
I
I
I
I
I
T
I
I
I
I
I
I
I
I
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parameters measured during the test is t.he f ract.ure

temperature at the point of faj- lure. Table 2G summarizes the

TsRsr test results. The mixtures were evaluated based on the

premise that higher fracture stress and lower fracture

temperature ind icate bet ter  1ow temperature res is tance.

There is no actual fai-rure cri teria for the TsRsr. The

results of the test indicate the lowest temperature under

which the mixture is expected to perform without the

development of low temperature cracks. Therefore, the lower

the cracking temperature the better the mixture would be in

res is t ing low temperature crack ing.

TabLe 27 summarizes the fracture temperatures for each

binder type for al l  aggregate sources and the serected

gradat ions.  The data in  Table 27 Leads to  the fo l lowing

observat ions:

1. The fracture t.emperatures of the mixtures are rower
than the binders 1ow temperature grades.

2. The polymer modif ied mixtures showed lower fracture
temperatures than the unmodif ied mixtures.

3. The AC-20P1 mixtures showed the lowest fract,ure
temperatures while the AC-20P2 mixtures fracture
temperatures were s imi lar  to  the AC-30P mixtures.  This
strongly supports the reason why the AC-20P, has similar
1ow temperature grade as the AC-30P binder.

4. The binder plays a major role in control l ing the
fracture temperature of the mixture regardless of the
aggregate source and gradation. This is supported by the
low coeff icient of variat ions for the fracture
temperatures (below 10?)  for  a l l  b inders.  For  example,
mixtures made with the Ac-2OPr binders had a mean
fracture temperature of  -35.soC and a s tandard deviat ion
(STD) of L.4oC when considering al l  aggregate sources and

qradations combined. Such a low STD indicates that al l

2 0



AC-20p1 mi-xtures would crack at
temperatures.

3.4 Selection of the Most Desirable Mixtures

nearly the same

9
1 1
1 5
1,5
1 6
L 8

I
I
I
I
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I
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I
I
I
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I
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The most desirabre propert ies of HMA mixtures consi_st of

high resi l- ient modulus at 77oF, high tensile strength retained

ratio, good resistance to permanent deformation, and good

resistance to 1ow temperature cracking.

using these criteria, the mixtures from each aggregate

source were ranked for each category as shown in Tables 2g,

29,  and 30.  r t  should be noted that  the mixtures ranked in

Tables 28, 29 , and 3o are the ones t,hat have passed the

strength and performance criteri-a. The f inal step is to rank

the mixtures based on their performance under al l  cri teria

combined.  For  th is  purpose,  Ehe sum column of  Tables 2g,  29,

and 30 wil l  be used where the mixture with the lowest sum wirl

be ranked f irst while the one with the highest sum wi_l l  be

ranked last. The fol lowing ranking was obtained:

Aqqreqate Source

Sloan

Mixture Rank Sum

Apex

G3 -AC-20P,
G3 -AC- 3 0P
G1-AC- 3 0
Gr_ -AC- 3 0P
G4 -AC- 3 0P

G2 -AC- 20Pr
G3  -AC-20Pr
G3 -AC- 20P2
G 5 - A C - 3 0 P
G3 -AC-30P
G4 -AC-30P

2 t

1 8
2 9
3 ] - 2
4 t 4
5 a 7

L
2
3
3
4
5



I
I
I

Las Vegas

Aqqreqate Source

Sloan

Apex

Las Vegas

G 1 - A C - 2 0 P ,
G 1 - A C - 3  0
G 1 - A C - 2 0 P 2
G 4  - A C - 3 0

1
2
3
4

Rank

L
L
1
2
J

1
l-
2
2
3
4

1
2
3
4

7
1 0
1 1
I 2

Sum

7
7
7
l_1
13

I
8
t 0
1 0
13
L4

6
7
8
9

l'
I
I

since it  was already proven in this research that the low

temperature behavior of the mixture is signif icantly

control led by the binder, another ranking system was

estabrished which excluded the fracture Eemperature criteria

and d i rect ly  assess the impact  o f  aggregate gradat ions.  The

fol lowing mixtures hrere ranked based on the Mr at 77oF, Ts

rat io ,  and permanent  deformat ion cr i ter ia :

I
I
I
I

Mixture

G1-AC- 3 0
G3 -AC-2 0Pr
G3  -AC-30P
G 1 - A C - 3 0 P
G4 -AC- 3 0P

G2 -AC- 2 0P,
G3  -AC-20Pr
G3 -AC- 20P2
G3 -AC-30P
G 5 - A C - 3 0 P
G4 -AC- 3 0P

G1-AC-20Pr
G1-AC-30
G4 -AC- 3 0
G1-AC-20P2

rt can be seen that the el imination of the fracture

temperature criteria only introduced minor adjustments in the

ranking of the mixtures in favor of the G1 gradation which

represents the one se l -ected by NDOT for  the speci f ic  pro ject .

I
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4.0 SUMMARY AND CONCLUSIONS

4.1 Summary:

The object ive of this research program is to evaruate the
impact of various gradations on the performance of asphalt

concrete mixtures and to identify the better performing

mixtures for  each aggregate source.

A total 0f 54 mix designs h'ere completed. (60 at I 'NR, and

four at NDor) with various combinations of aggregate sources,

aggregate gradations and binders. A laboratory testing

program was conducted to grade the asphalE binders based on

the superpave performance based grading system and to evaluate

the temperature suscept ib i l i ty ,  mois ture sensi t iv i ty ,  tens i re

strength, p€rff ianent deformation, and low temperature

performance of the mixtures.

A11 the testing was done in accordance with American

Society  of  Test ing and Mater ia ls  s tandards.

4.2 Conclusions:

Based on t .he resul ts  of  the laboratory tests  and anaLysis

presented in this study, the fol lowing conclusions can be

made :

1. The resul-ts show that the percentage of optimum binder

is dependent on the t lpe and gradation of the aggregate

and grade of the binder. The f iner the gradation of the

aggregate, the higher the optimum asphalt cement due to

h igher  sur face area.

I
I
I
I
I
I
I
I
I
I
I
I
I
I
I
I
I
I
I
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2-  A to ta l  o f  1G mixtures fa i led the NDor Hveem cr i ter ia .

Three mixtures fa i led the s tabi l i ty  cr i ter ia ,  s ix

mixtures fa i led the a i r  vo ids cr i ter ia ,  and seven

mixtures fa i led the wrA cr i ter ia .  The fa i led mixtures

were not evaluated under the next part of the program.

3. A1] of the mixtures that made it  through the mix

design cr i ter ia  except  one (Las Vegas_G4_AC_3Op) have

passed the Mr at 77oF, Mr at 1o4oF, and, TS at 77oF

c r i t e r i a .

4. Dense graded mixtures gave higher Mr values aE

dif f  erent temperatures t.han the open graded (G4 )

mixtures. The Mr varues are also infruenced by t,he grade

o f  aspha l t  ( i . e .  m i - x tu res  w i th  the  Ac -20  and  the  AC-30

binders produced higher Mr values than the mixtures wittr

t h e  A C - 2 0 P  b i n d e r ) .

5 .  The moisture suscept ib i l i ty  cr i ter ia  have proven to be

the most  rest r ic ted cr i ter ia .  A to ta l  o f  19 mixtures

have fai led either the Mr or TS ratio cri teri-a. The Las

Vegas aggregate source showed the least problem with

moisture sensit ivity while the Rural and sloan aggregates

showed the worst problem. Eight mixtures fai led Ehe Mr

rat io  cr i ter ia ,  three mixtures fa i led the TS rat io

cr i ter ia ,  and e ight  mixtures fa i led both the Mr and TS

I
I
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ratio cri teria. The most surprising observati.on was that

t 'he entire set of mixtures of the Rurar aggregates was

el iminated based on the moisture sensi t iv i ty  cr i ter ion.

6. The permanent deformation data showed that only 3 out

of 23 mixtures have fai led the permanent deformation

criterion. Two sloan and one Las vegas mixtures have

fai led the t-? permanent strain cri terion. The two sloan

mixtures can be considered as borderl ine since only one

of the two samples fai led which made the average of the

two sampres above r-?. The row number of mixtures fai l ing

the permanent deformation criterion indicates that the Mr

at '77oF and 1o4oF criteria can be adequately used to

ensure good resistance to permanent deformation.

7. The TsRsr data indicate that the binder is the main

contr ibutor  to  the mixture 's  res is tance to  low

temperature cracking. The polymer modif ied mixtures have

shown better resistance to ror^r temperature cracking than

the unmodif ied mixEures regardless of the aggregate

source and gradation. Also the aggregate gradation has

a minor impact on the 1ow temperature cracking resj.stance

of the mixture.

8.  Based on the data generated f rom th is  pro ject  and the

data analysis presented in this report, i t  is recommended

I
I
I
I
I
I
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I
I
I
I
I
I
I
I
I
I
I
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that NDor uses the Mr and TS at '17oF, Mr at 1o4oF, and TS

ratio propert ies to select the best gradation for a given

aggregate source and rely on the selection of the binder

to provide the resistance to 1ow temperature cracking

wherever i t  is needed. For-rowing this recommendation, i t

was concluded that the G1 gradation that NDor is

currentLy using generates the best performance for the

sl0an and Las vegas aggregates. rn the case of the Apex

aggregate, NDor should consider using the G3 gradation.

The G3 gradation is very similar to the c1 gradation

except the G3 is l i t t le coarser and it  does go below the

superpave restr icted zone while the Gr- goes through the

superpave restr icted zo..e. rn the case of the Rural

aggregates addi-t ionar gradations should be investigated

to ensure good performing mixtures.

9. The propert ies of the selected mixtures should be

evaluated under the superpave Mixture analysis and

performance predict ion system. This wilr involve the

evaluation of the selected mixtures using the simple

shear testing (SST) device for permanent deformat, ion and

the indirect tension (IDT) device for l_ow temperature.

I
I
I
I
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Table l: Combinations of gradations and binders used.

I
I
I
t
I
I
I
I
I
I
I
I
I
I

I

z
* -
+ -

1994 Conoco AC-20p
1995 Te l fe r  She ldon AC-2Op
Gradat ion G2 coincides with
Gradat ion G3 coincides wlth

gradat ion G5
Gradat ion G4

I

Year P i t Gradatlon

t994
Rural G l ,  * ,  G 3 ,  G 4 ,  G 5 AC-20,  AC-20P,

Frehner  Sloan

Apex

G 1 ,  G 2 ,  G 3 ,  G 4 ,  G 5 AC-30,  AC-20P,
G 1 ,  G 2 ,  G 3 ,  G 4 ,  G 5 AC-30,  AC-2oPI

Las Vegas Gl , t  G2 ,  + ,  G4 ,  G5 49-30,  AC-20P,

1 9 9 5
Frehner  Sloan G 1 ,  G 2 ,  G 3 ,  G 4 ,  G 5 AC-20P2' AC-30P

Apex G 1 ,  G 2 ,  G 3 ,  G 4 ,  G 5 AC-20P2, AC-30P
las Veqras G L ,  G 2 ,  + ,  G 4 ,  G 5 ac-20P2'  AC-3OP



I
I rable 2 :summary of percentages of stockpiles fior all gradations of all aggregate sources.

\ggr;source

Ruralpit

Gradatior 1 " 314" 3/8" C,FineCW.Sand
G1 1 4 27 1 4 33 12
G3 1 8 48 0 26 8
G4 1 4 43 23 20 0
G5 0 0 60 32.5 7.5

Frehner
Sloan pit

1994

GradatiorCoarse Inter. Al.C-FinesW.C,Sand ,X,,
G1 25 1 5 45 1 5 x
G2 28 1 0 27 35 x
G3 39 1 6 22 23 x
G4 33 30 27 1 0 x
G5 0 33 50 1 7 x

Frehner
Sloan pit

1 995

GradatiorCoaise Inter. A/.G.FinesA/.C,Sand X i  r , i "
G1 25 26 17.2 3 1 . 8 x
G2 24 17.3 19.8 39 x
G3 42 24 12 22 x
G4 37 32 1 1 20 x
G5 0 45 1 5 40 x

Apex pit

GradationCoarse Inter. C,Fines A:FineS O.FinES
G1 26 22 31 1 5 6
G2 22 12 36 30 0
G3 28 24 23 25 0
G4 30 33 1 6 21 0
G5 0 38 40 22 0

Las vegas
Paving pit

Gradatior 314" 112" C.Fines N.Sand x
G1 25 1 0 45 20 x
G2 21 1 0 29 40 x
G4 30 26 29 1 5 x
G5 0 35 40 25 x



Table 3: Aggregates Properties.

Pit: Property GI ' c 2
G3 I G4,,'',':'t:':;,.,,,,'

Finc Co. Fine Go fine, Co. Fine Co.,,:'

Rural

Bulk sp.gr 2.573 2.680 2.596 2.692 2.601 2.713 2.563 2.673
Bulk.sp gr

SSD
2.588 2.694 2.603 2.723 2.624 2.732 2.58t 2.698

Apparent
: . I P : F

2.776 2.803 2.786 2 . 8 1 9 2.797 2.822 2.754 2.rc1

Abs, Cqp (7o) 2.7 | 0.68 2.48 0.57 2.31 0.59 2.ffi 0.71

Frehner
Sloan

Bulk sp gr 2.678 2 .8  t9 2.636 2.807 2.67 2.800 2.708 2;790 2.ffi 2.787
Bulk sp gr

,ssD 2.709 2.827 2.698 2.824 2.720 2.8t  3 2.757 2.805 2.720 2.803

Apparenl
!p 8r

2.732 2.832 2.8t0 2.856 2.8t6 2.836 2.8t9 2.837 2.831 2.822

Abs. Cap (%) 2 . 5 1 0.59 2.36 0.61 t .98 0.47 r.83 0.63 2.27 o.7l
2 Fractured
Faces (7o)

93. I 93.2 93.5 93. I 91.0

I Fractupd
Face.(%)

99.5 99.6 99.6 99.5 99.0

Flat&
Elongaed

Particles (7o)
0.0 0.0 0.0 0.0 0.0

Uncompacted
Void

Content, U;,
(o/o\

50.4 49.2 49.8 50.8 49.5

I
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Table 3 : Aggregates Poperties (continued).

Pil Propedy GI G2 G3 :,G4

Fine Co. Fin€ Co. Fine Co. Fin€ col F----------------ins,r:

Apex

Bqlk sp,g 2.523 2.690 2.5t9 2.656 2.573 2.7t3 2.648 2.729 2.594 2.686

Bulk Sp g
ssD

2.593 2.710 2.584 2.673 2.631 2.724 2.680 2.737 2.676 2.703

Appar€,nl
F p g

2.697 2.734 2.693 2.702 2.730 2.744 2.734 2.759 2.827 2.733

Abs. Cap (7o) 2 .71 0.68 2.56 0.63 2.24 0.42 1.7 0.50 3.20 0.64

2 Fractured
Faces (%)

97.1 97.3 97.1 96.9 96.0

I Fraclured
Face (%)

99.0 99.0 99.0 99.0 99.0

Flrt&
Elongaed

Particles f/o)
0.9 t .0 0.9 0.9 0.5

Uncompacted
Void

Contcnt,
U.. (7o)

49.22 50.4 5 1 . 4 52.8 5 1 . 7

Las
Vegas

Bulk sp gr 2.599 2.791 2.595 2.746 2.603 2.82r 2.593 2.780

Bulk sp gr
SSD

2.663 2.808 2.669 2.786 2.678 2.827 2.658 2-805

Apparcnt
sP sr

2.8t7 2.822 2.803 2.808 2.795 2.832 2.803 2.8t8

Abs. Cap (%) 2.64 0.77 2.86 0.81 2.59 0.77 211 0.74

2 Fractured
Feces 0/e)

84.9 85.5 87.9 97.0

I FracNr€d
Face (%)

93.2 93.5 94.5 98.6

Flat &
Elongaed

ParticlCI (7o)
0. t 0 .1 0.1 0.2

Uncompacted
Void

Corturt,U,,
(ohl

5 t . 0 50. I 5 t . t 51.0



I
I

Table 4 : Flash point, viscosity, performance grade, and mass loss data of the binders.

Binder
'tyPe

FlaEh
point
(  o c )

Viscosity
(Pa*sec)

:* masE' 
l'oss

(RTFOT)

.PG
Gtade

AC-z0P, 256 o . 6 4 2 0 . 2 1 64-28

AC-20P, 25t 0 . 3 6 3 0 .  3 6 58-22

AC-2O 2 8 8 o . 3 6 7 o . 1 7 64-22

AC-30 2 4 4 o . 4 4 2 o .  1 5 64-22

AC-30P 284 2 . 5 6 7 0 .  0 8 7  0 - 2 2 *

,- 1994 Conoco AC-20P

2- 1995 Telfer Sheldon AC-20P
* - 0.7"C from being aPG 76-22

I
I
I
I
I
I
I
l
I
I
I
I
I
I
I
I
I



I
I Table 5 : Rheological properties of the AC-20 binder.

l. Original: Tmax
Temperature at which G'lsin6 = 1.0 KPa = 67.5"C

2. RTFOT: Tmax
Temperature at which G'/sind = 2.2 KPa = 72.4"C

3. DSR-PAV: Tint
Temperature at which G'(sin6) = 5.0 KPa = 18.3'C

4. BBR-PAV: Tmin
Temperature at which S(t) = 300 MPa = -20.4"C
Temperature at which m = 0.30 = -14.4"C

DSR.Orieinal DSR.RTFOT
T"mp,

c
Plate

Diam.,
nm

Strain,
o/o

G"
kPa

Phase
angle

6

G%in0
lcPa

Ternp,
c

Plate
Diam.,

ntm

Strain,
o/o

G.,
lOa

Phase
angle

6

G'/sin0
lOa

70 25 6 70 25 6
64 tl tl t .46 86.3 t.462 64 il ll 5.6t2 80.46 5.691
5E ! l tl 3.92 83.5 3.945 5E tl t l 10.5678.86 to.77
52 tl l l 6.E6 82.4 6924 52 tl tl 2 t .0175.98 2t.66

DSR-PAV BBR.PAV DT;PAV
Temp,

c
Plate

Diam.,
rnm

Strain,
o/o

G"
MPa

Phase
angle

6

G'sin6
MPa

Temp,
c

s(t),
MPa

m Ternp,
c

Avg.
Failure
Strain,

o/o

Avg.
Failure
Str€ss,

Pa
25 I I 2.23244.9 t .576 -9.9 98 0.33
22 tl l t 3 .681 44.1 2.56 -19.8 289 0.26
l 9 t l ll 6.623 38.7 4 . t 4
l 6 l l t l t3.73 35.5 7.965



Table 6 : Rheological properties ofthe 1994 AC-20p, binder.

l. Original: Tmax
Temperature at which G'/sin6 = 1.0 KPa = 64.4"C

2. RTFOT: Tma:r
Temperature at which G'/sin6 = 2.2 KPa :64.7"C

3. DSR-PAV: Tint
Temperature at which G'(sin6) = 5.0 KPa = 163"C

4. BBR-PAV: Tmin
Temperature at which S(t) = 300 Mpa = -23.7"C
Temperature at which m = 0.30 = -20.g6"C

t
I
I
I
I
I
I
I
l
I
I
I
I
I
I
I
I
I
I

DSR-Orieinal oSn-nrrOr
Temp,

c
Plate
Diam

nrm

Strain,
%

G.,
kPa

Phase
angle

6

c%ino
kPa

Temp,
c

Plate
Diam.,

rnm

Strain,
%

G.,
kPa

Phase
sngle

0

G'/sin0
kPa

70 25 6 70 25 6
64 t l il 1.06 78.3 l .0E l 64 tl l1 2.50977.05 2.s75
58 t l ll 1.92 77.36 t.963 58 tl tl 4.83075.72 4.985
52 I t il 4.05 76.04 4.t74 52 tl il l 1 . 3 073.99 tl.760

DSR-PAV BBR-PAV DT:PAV,'.
T"mp,

c
Plate
Diam

rnm

Strain,
o/o

G.,
MPa

Phase
angle

6

G'sinO
MPa

T"rnp,
c

s(t),
MPa

m Ternp,
c

Avg.
Failure
Strsin,

o/o

Avg.
Failure
Slr€ss,

Pa
25 8 I 1.40 52.59 t . t t 2 - 1 0 66 0.38
22 tl tl 2.43 50.46 1.870 -19 .5 228 0 .31
l 9 t l t l 5.46 46.94 3.992
l 6 t l t l 8.39 37.34 5.090



Table 7 : Rheological properties of AC-30 binder.

,::rDSR-Orieinal DSR.RTFOT:
Temp,

c
Plate

Diam.,
mm

Strain,
o/o

G.,
kPa

Phase
angle

E

c%ino
lcPa

Temp,
c

Plate
Diam.,

rnm

Strain,
%

G.,
lcPa

Phase
angle

0

c%in0
lcPa

70 25 6 0.85 87.5 0.85 70 25 6 2.Or E3.9 2.O3
64 il il l . 8 l 86.1 l . 8 l 64 il t l 6.36 79.6 6.47
58 I tl 4.22 83.6 4.25 58 I tl 1 6 . 1 576.9 t6.6
52 tl ll 10.5380.6 10.7 52 |l tl 26.7 75.9 27.E

DSRfAV BBR-PAV DTIPAV :,:;.:

Temp,
c

Plate
Diam.,

nrm

Strain,
o/o

G"
MPa

Phase
angle

6

G'sinO
MPa

T"mp,
c

s(t),
MPa

m T"mp,
c

Avg.
Failure
Straini

o/o

Avg.
Failure
Stress,

Pa
25 8 I 5.22 42.9 0.96 -5 60 0.35
22 il t l 9.38 39.7 5.99 - 1 0 t12 0.32
l 9 t l tl t2 .7 37.4 7.71
l 6 il l l l 8 . l 35.6 10.53

l. Original: Tmax
Temperature at which G'/sin6 = 1.0 KPa = 67.9"C

2. RTFOT: Tmax
Temperature at which G'/sin6 = 2.2 KPa =73.5"C

3. DSR-PAV: Tint
Temperature at which C'1sind; = 5.0 KPa = lg.1"C

4. BBR-PAV: Tmin
Temperature at which S(t) = 300 MPa = -17.8'C
Temperature at which m = 0.30 = -13.3"C



Table 8 : Meological properties ofthe 1995 AC-20p, binder.

,DSR-Orieind
Temp,

c
Plate
Diam

mm

Strain,
%

G"
kPa

Phase
angle

6

c%ino
lcPa

T"mp,
c

Plate
Diam.,

mm

Sbain,
o/o

G"
kPa

Phase
angle

0

G'/sina
kFa

70 25 t2 .5 0.541 67.2 0.5864 70 25 l 0 t .275 85.9 t.2783
64 t l tl 0.918 70.3 0.9745 64 tl tl 2.U5 83.E 2.6605
58 l t il t .7r7 73.r t.7946 58 tl tl 5.749 84.1 5.8t44
52 tl t l 3.451 74.6 3.5770 52 tl il t2.E2 79.0 12.8562

DSR:PAV BBR.PAV ,,P'Tl;Pfllf
Ternp,

c
Plate
Diam

mm

Strain,
o/o

G"
MPa

Phase
angle

6

G'sin6
MPa

Temp,
c

s(t),
MPa

m Temp,
c

Avg.
Failure
Strain,

o/o

Avg.
Failure
Sbess,

Pa
25 8 I 1.603 58.9 t.3725 - 1 0 t26 0.43
22 tl t l 2.868 56.3 L3852 -20 544 0.24
l 9 t l l l 4.987 53.6 4.0t24
l 6 ll ll 8.635 49.8 6.5973

I
I

l . Original: Tmax
Temperature at which G'/sino

RTFOT: Tmax
Temperature at which G'/sin6

DSR-PAV: Tint
Temperature at which G'(sin6)

BBR-PAV: Tmin
Temperature at which S(t)
Temperature at which m

KPa :63.8"C

KPa = 64.9"C

KPa = 17.7"C

300 MPa = -15.9"C
0.30 = -16.0"C

I
I
I
I
I
I
I
I
I
I
I
I
I
I
I
l
I

1 . 0

5 .0

2.

3 .

4.



I
I
I
1
$

l
I
I
I
I
l
I
I
I
I
I'
I
I
I

L

2.

3 .

4.

Original: Tmor
Temperature at which G'/sin6

RTFOT: Tmax
Temperature at which G'/sin6

DSR-PAV: Tint
Temperature at which G'(sind)

BBR-PAV: Tmin
Temperature at which S(t)
Temperature at which m

1.0  KPa =75.3"C

2.2 KPa =76.7"C

5.0 KPa =23.4"C

300 MPa = -12.2"C
0.30 = -12.4"C

Table 9 : Rheological properties of the AC-30P binder.

D$R-oricinal DSR-RTFOT ,',,,, ,,,,,, .. , ,,' ',".,',;::,

Temp,
c

Plate
Diam

nrm

Strain,
o/o

G"
kPa

Phase
angle

0

c%ino
lcPa

Temp,
c

Plate
Diam.,

film

Strain,
%

G.,
kFa

Phase
angle

0

G'/sin6
kPa

70 25 6 1 .60 82.8 l . 6 l 70 25 6 3.96 79.4 4.O2

64 t l t l 3.2r 80.0 3.26 64 n t l 6.71 75.5 6.93
58 tl tl 5.s0 76.1 5.66 58 |l I I  1 .35 72.3 tt.92
52 t l tr 9.20 72.2 9.66 52 tl l l

DSR.PAV BBR.PAV ,,.DTiPAV.]:.
Temp,

c
Plate
Diam

mm

Strain,
o/o

G.,
MPa

Phase
angle

0

G'sin0
MPa

Temp,
c

s(r),
MPa

m Temp,
c

Avg.
Failure
Sbain,

o/o

Avg.
Failurc
Sbcss,

Pa

25 E I 6.57 39.6 4 . t 9 -10.4 2tE 0.32
22 t l t l 9.55 37.9 5.87 -20.2 676 0.22
l 9 t l t l

l 6 t l ll



Table l0 : Mix design results of Rural pit aggregate mixtures.

Va: air voids, percent of total volume

Gsb = bulk sp. gr. of total aggregate

Gmb: bulk sp. gr. of compacted mixture

r 1994 Conoco AC-20P

I
I
I
I
T
I
I

Gradation Binder
Type

, , Opt.
,AC(%)

Dry,fi of
.aqS

Stab.
No.

I

Va
to/_l

Gsb Gmb

GI AC-20P, 4.7 49 4 3 2.64 2.367 t 4 4 7 0 r
G3 AC-?OP. 4 4 1 4 2 2 6 R ) 767 l s 2 7 2 4
G4 AC-20P, 3 . 8 37 5 2701 2.34 16 .5 69.8
G5 AC-20P. 4.8 3 5 5 8 2.663 2 f 2 16.9 65.6
GI AC-20 4.8 37 4 264 2.351 15.0 73,4
G3 AC-20 4 . 1 35 4.2 268 2.365 t5.2 72.4
laa Ae-,tn 2 a 2 < 1 'tn1 ,, 7,An l (  ( a o <



I
I
I
I
I
I
I

Table I I : Mix design results of Frehner Sloan pit aggregate mixtures.

Va: air voids, percent of total volume

Gsb: bulk sp. gr. of total aggregate

Gmb = bulk sp. gr. of compacted mixture

r 1994 Conoco AC-20P

2- 1995 Telfer Sheldon AC-20P

Gradation Binder
' Type r

Opt,,, :
AC(Yo),

Dry wt of
,agq' i , '

Va',', :
fo/\:::,::

. , ' . . . . . .

Gsb:,
: :  i . l

. '1 : :::: ' ::, i  ' : ::.

fu-u*.::'::r
.:; : : :,i:::'::::: : ::::: ::::':

,:..,ItrA::,:
,.:',.(Y"):'..'.,.
t:::i ::::::::::;r.,r:,,::r:,:::

GI AC-20P, 4.3 47 4.2 2.81 2.5 14.7 7 t .4
,,G2 AC-20P. 4.3 42 4 2.798 2.525 13.5 70.3
G3 AC-20P, 3 .8 38 4.4 2.78 2.507 l 3 . l 66.5
G4 AC-20P, 3.6 42 4.3 2.789 2.50t t3.4 68.0
G5 AC-20P, 4.6 37 4.8 2.765 2.478 t4.3 66.5
GI AC-30 4.2 49 4.4 2 .81 2.498 t4.7 70.0
G2 AC-30 4.3 44 4 2.798 2.54 13.0 69.r
,G3 AC-30 3.7 40 4 2.78 2.509 13.0 69.2
G4 AC-30 3.6 39 4 2.789 2.503 t3.4 70.1
G5 AC-30 4.4 38 4.7 2.765 2.462 t4.7 68.1
GI AC-20P 4.25 37 4 2.747 2.522 t2 65
G2 AC-2OP 4.7 40 4 2.704 2.497 t 2 65
G3 AC-20P 3.75 42 4 2.7s2 2.507 t2.25 65
G4 AC-20P 3.75 46 4 2.763 2.503 t2 66
GI AC-30P 5.25 4 l 4 2.747 2.59 13.8 72
G3 AC-30P 3.75 4 l 3 . 8 2.752 2.53 t 2 65
G4 AC-30P 3.75 49 3.75 2.763 2.467 t4 s7
,,ra( ac-?np 6 42 5 2 5 ) 674 2 452 1 2 )



Table 12 : Mix design results of Apex pit aggregate mixtures.

Va = air voids, percent oftotal volume

Gsb: bulk sp. gr. of total aggregate

Gmb = bulk sp. gr. of compacted mixture

r 1994 Conoco AC-20P

2- 1995 Telfer Sheldon AC'20P

I
I
I
l
I
I
I
I
I
I
l
I
I
I
I
I
I
I
I

Gradation

] ' : . :

Binder
rype

Opt; ,
AC(YI)

Dry wt of
trqg ,

Stab.
No.:

Va
(o/o)

Gsb ..\IFA
'(/A'."

GI AC-20P, 4 42 5.4 268 2.4 13.9 6 1 .
G2 AC-20P. 4 1 43 4 2.65 2.421 t2.2 67.r
G3 AC-20P, 3 . 7 47 4 2.701 2 448 1 2 6 68.3
G4 AC-20P. 3 . 6 36 4.3 2 726 2 4 4 13.6 68.4
G5 AC-20P, 3 .9 40 4 2.689 2.451 12.3 67.4
GI AC-30 4 39 5 . 1 2.68 2.398 1 4 0 63.5
G2 AC-30 4.2 40 4 2 6 5 2.422 12.3 67.4
G3 AC-30 3 . 7 48 4 2.701 2.428 13.3 7 0 0
G5 AC-?O 3 . 8 39 4 2.689 2.45 122 6 7 3
G3 AC-20P 3 8 43 4 2.651 2.432 t2.l 65
GlI AC-20P 4.5 35 5.75 2.701 2.405 t5 .  I 67
G3 AC-3OP 3.75 3 8 4 2.651 2.388 t2.75 65
G4 AC-30P 3.25 37 4 2.701 2.349 15.5 75
(i5 AC-?Op \ ) 4) A 'r 647 7 7A7 l ( 4 70



Table 13 : Mix design results oflas Vegas pit aggregate mixtures.

Va = air voids, percent of total volume

Gsb = bulk sp. gr. of total aggregate

Gmb = bulk sp. gr. of compacted mixture

r 1994 Conoco AC-20P

2- 1995 Telfer Sheldon AC-20P

Cnadation Binder:
rype

oPt,
Ac(%)

Dry wt of
agc

Stab.
No.'

Va
(%)

GI AC-20P, 4.3 37 4 2 7 8 2 477 t4.6 72.6
G2 AC-20P. 4.4 4 l 4 2.722 2.48 t27 68.6
G4 AC-20P. 3 . 8 38 4.7 2 829 2.478 1 5 6 6 9 9
G5 AC-20P, 4.4 34 4 3 2.679 2.477 14.3 70.0
GI AC-30 4.5 39 4 2 2.78 2.463 15.2 72.4
G2 AC-30 4.5 38 4 2 7 2 2 2 493 12.4 67.6
G4 AC-30 3 . 7 37 4 6 2829 2 4 7 15.8 70.9
GI AC-20P 4 .7 44 3 9 2.684 2 478 12.7 65
G4 AC-20P" 4 .8 37 4.2 2.733 2.463 t4.2 66
G2 AC-?Op 5.6 40 4 2.654 2.383 l 5 67
GA A(--?Op { R a 1 A ', 1?,?, ) 4 t't I 7R



Table 14 : Mr at different temperatures for the Rural pit aggregate mixtures.

Sanple # Mr at , V:7 oF
(dfy . ; ,

l{r at 77 oF
(uet)

llr at:
i oe"p

o.,.,,it,,,,!t,tt.

G1 AC-2OP,
G3 AC-2oPr
c4 AC-20P1
G5 AC-2OPi

s 1 0
4 s 0
4 0 0
428

250
2L5
185
202

1 2 0
109
1 1 9
L23

2467
2 4 7 ?
L754
2340

G1
G3
G4

AC-20
AC-20
AC-20

702
7 0 6
454

278
278
307

2 2 2
L20
1 3 0

2886
3 7 2 2
33L7

I
I
t
I
I
I
I
l
l
I
I
,T
I
I
I
I
l
l
I

t -
*

1994 Conoco AC-20P
AII  Values in ksi



I
I
I Table 15 : Mr at different temperatures for the Frehner Sloan pit aggregate mixtures.

I
l
I
I

Samp1e # Mr at '77 oF
(dry)

l t r  a t  77oF
lwet)

Mr at
1 0 4  0 F

G1
G2
G3
G4
G5

AC-20P1
AC-2oPr
AC-2OPl
AC-2OPl
AC-2OPl

3 6 3
5 4 1
3 8 1
3 1 0
3 1 8

L70
3 1 3
307
243
2 6 7

9 2
1 1 9
102
8 3

119

3 3 0 7
2980
2374
L768
2628

Gl  AC-30
G2 AC-30
G3 AC-30
G4 AC-30
G5 AC-30

7 3 7
8 6 0
5 9 5
429
6 5 5

s 1 0
328
3 5 5
2LL
337

230
1 9 9
1 7 0
L2L
L49

4296
5476
236L
2 1 1 3
2 7 2 4

Gl AC-20P2
G2 AC-zOPz
G3 AC-2OPz
c4 AC-z0P2

2 7 4
3 0 0
2L4
3 1 9

2L9
228
186
134

3 9
4 8
6 2
8 2

2 4 2 7
3 3 8 8
3282
4284

G1
G3
G4
G5

AC-30P
AC-30P
AC-30P
AC-30P

3 3 5
3 8 4
3 7 2
285

285
295
2 4 2
254

1 0 5
7 0

100
6 5

2872
1578
1 8 9 1
2070

I
I
I
I
l
I

l
I
I
I

t- 1994 Conoco AC-2OP
z- 1995 Tel fer  Seldon AC-2OP
rt AII Mr values in ksi.

I
I



Table 16 : Mr at different temperatures for the Apex pit aggregate mixtures.

Sanptre # Mr  a t  77oF
(dry)

l lr  at '  77oF
: (wet) ,

Itlr at
io4'o,F

,.Mr'...AU:'...,ai,,li
' .  ' '  , . ; ' : :  

: : - : . ' . '  
'  , : '  

:  ' : :  
' l :  ' '  1

: :  :  : i :  : : . : .  . . :  r 1 : .  : : . .  . . . .

G1 AC-20P1
G2 AC-z0P1
G3 AC-2oPI
G4 AC-20P1
G5 AC-20P1

498
623
478
3 4 6
542

3 0 1
525
657
465
598

105
1 4 1
t42
9 5

1 1 9

3  3 1 0
3023
3 5 5 1
2550
3 1 1 5

c1 AC-30
G2 AC-30
c3 AC-30
G5 AC-30

7 0 1
8 8 0
902
9 9 4

692
6 4 0
654
8 3 3

L74
1 6 9
L77
220

3  568
3923
2 8 8 0
4476

G3 AC-20P2 2 4 4 269 7 2 2524

G3
G4
G5

AC-30P
AC-30P
AC-30P

296
2 4 7
394

3 6 8
24L
3 7 4

LL2
1 1 3
t22

L2L7
1 3 2 0
2 2 9 7

I
I
I
t
t
I
I
t
I
I
I
I
I
I
I

2
*

L994 Conoco AC-20P
1995 Tel fer  Sheldon AC-2OP

Al l  va lues in  ks i

I
I
I



I
I
I Table 17 : Mr at different temperatures for the Las Vegas Paving pit aggregate mixtures.
t

Sanple # Mr  a t  77oF
(dry)

Mr at  77oF'(wet) Mrl 'at::,
104  eF

G1 AC-2OP1
G2 AC-2OPl
G4 AC-2OP!
G5 AC-zOPl

436
324
283
470

4 7 4
328
2 7 9
288

1 0 6
9 7

L O 7
L47

2753
2073
2364
2348

G1
G2
G4

AC-30
AC-30
AC-30

807
7 4 6
s20

443
651
592

L78
20L
203

3 5 3 4
3452
327L

G1
G4

AC-20P2
AC-20P2

250
2L6

2 4 2
205

7 4
7 3

2 2 L 7
3 095

G2 AC-30P 3 8 5 1 5 6 8 3 1918

I
I
I
I
I
I
I
I
I
I
I
I

r- L994 Conoco AC-20P
;-  1995 Tel fer  Sheldon AC-20P
i  at t  u t '  va lues in  ks i .

I
I
I
I



Table 18 : Tensile strength data ofRuralpit aggregate mixtures.

1- L994 Conoco AC-2OP

, tensile
: Strength'

(wet) in', 'psi.

rensiie '
Strength :

(dry) in psi,.
. r . : : : . . .

G1
G3
G4

AC-z0P1
AC-2OPl
AC-20P1

9 1
a4
8 0

L22
LO7
L L 7

G1 AC-20
G3 AC-20
G4 AC-20

64
7 4
3 6

1 0 4
9 4

102

I
I
I
I
I
t
t
I
t
I
I
t
I
I
I
I
I
I
I



I
)

I
I
I
I
I
I
I
I
I
I
I
I
I

2

1994 Conoco AC-20P
1995  Te l fe r  She ldon  AC-20p

Table 19 : Tensile strength data of Frehner Sloan pit aggregate mixtures.

Sanple # Tensile
Strength

(wet)  in psi .

Tensile :
'stfength

(dry) in,ps: l , .

G1 AC-20P1
G2 AC-20P1
G3 AC-20P1
G4 AC-20P1
G5 AC-2OP1

6 9
1 1 3
9 3
7 L
6 3

114
1 3 5
LL2
LO2
104

G1 AC-30
G2 AC-30
G3 AC-30
G4 AC-30
G5 AC-30

1 1 1
6 7
7 7
5 3
7 L

153
1 3 0
L 2 7
9 9

1 3 0

G1 AC-20P2
G2 AC-20P;
cr ac-zoel
ce ac-zon]

1 0 3
L L 7
100
1 1 1

1 1 1
1 1 0
1 0 5
L24

Gl AC-30P
G3 AC-30P
G4 AC-30P
G5 AC-30P

LO2
1 0 3
9 0
9 3

1 3 4
109
1 1 8
9 4



Table 20 : Tensile strength data of Apex pit aggregate mixtures.

Sanp1e # T e n s i l e '
Strength

(wet)  in psi .

:TensiIe
Strehgth

(dry) in psii,

Gl AC-20P,
G2 AC-z0P1
G3 AC-2oPi
G4 AC-20P1
G5 AC-2oP!

9 9
L07
109
L25
1 4 1

L25
L25
1 4 5
L27
L20

G1 AC-30
G2 AC-30
G3 AC-30
G5 AC-30

1 0 6
8 8

L26
L49

L47
L37
L29
1 8 2

G3 AC-20P2
G4 AC-2oP;

LO7
9 7

G3 AC-30P
G4 AC-30P
G5 AC-30P

1 0 8
9 0

1 1 0

1 0 5
1 0 1
L20

I
I
I
I
t
a
I
t
I
T
t
t
I
I
l
I
I
I
I

t
2

L994 Conoco
1995 Tel fer

AC:2OP
Sheldon Ac-2op



I
I
I
I
\

I
I
I
I
I
I
I
I
I
I
I
I
I
I

t -  1994 Conoco AC-20P
z- 1995 Telfer Sheldon AC-2OP

Table 2l : Tensile strength data of Las Vegas paving pit aggregate mixtures.

'SatnpLe # Tensile
Strength

(wet) in psi.

::TensiIe' r '
Strength

(dry) : ln pBi.
' . : . . . : . . 1

G1
G2
G4

AC-2OPl
AC-2OP1
AC-2OPl

115
9 4
8 4

tL2
108
1 1 6

G1
G2
G4

AC-30
AC-30
AC-30

9 7
1 3 1
106

1 3 9
L23
L 2 L

G1
G4

AC-2OPz
AC-20P2

1 0 4
1 0 4

9 7
1 0 5

G2
G4

AC-30P
AC-30P

9 2
8 8

1 1 9
8 8



Table 22 : Moisture susceptibility data ofFrehner Sloan pit

AC-zOPl
AC-zoPr

0 . 8 1
0 . 7 8

0 . 9 3
0 . 7 0

Gl  AC-30

AC-20P2
ac-zonl
ac-zon]

0 . 9 8
o . 7 9
0 . 8 8

o .  9 3
1 . 0 6
0 . 9 5

Gl AC-30P
G3 AC-30P
G4 AC-30P
G5 AC-30P

0 . 7 0
o . 7 t
o .  6 9
o . 8 7

0 .  7 6
o .  9 4
o . 7 7
1 .  0 3

I
Iaggregate mixtures.

1
2

1994 Conoco
1995 Tel fer

AC-20P
Sheldon AC-20P

I
I
/

I
t
I
I
t
T
I
I
I
I
I
I
I
I



I
I
I
I
I

I
I

I
I
I
I
I
I

Table 23 : Moisture susceptibility data of Apex pit aggregate mixtures.

t
2

L994 Conoco
1995 Tel . fer

AC-20P
Sheldon AC-20P

I
I
I
I
I
I

Ten- St;
Ratio '

G2 AC-20P1
G3 AC-2OPl
G4 AC-20P1
G5 AC-zOPl

0 . 8 4
L . 3 7
1 . 3 4
1 .  1 0

0 . 7 5
0 .  9 8
L . L 7
o . 7 2

G2 AC-30
G3 AC-30

o . 7 3
0 . 7 3

0 .  9 8
0 . 8 9

AC-20P2
AC-20P2

o .  9 8
0 . 8 7

0 .  9 9
0 .  g g

G3 AC-30P
G4 AC-30P
G5 AC-30P

1 .  1 9
L .  0 2
0 . 8 6

1 .  0 3
0 .  8 9
o . 9 2



I
ITable 24: Moisture susceptibility data oflas Vegas Paving pit aggregate mixtures.

Sauple '# lllr '

Ratio:
,Ten:. St.

Ratio

G1
G2
G4

AC-20P1
AC-20P1
AC-20P1

1 .  0 8
1 . 0 1
o . 9 9

1 . 0 3
o . 8 7
o . 7 2

G1 AC-30
G2 AC-30
G4 AC-30

o . 5 5
o . 8 7
1 .  1 3

o . 7 0
1 ,  0 5
o .  8 7

G 1
G4

AC-zOPz
AC-20P2

0 . 9 3
0 . 9 6

1 .  0 7
o .  9 9

G4 AC-30P o . 9 2 1 .  0 0

I
I
I
I
t

I
I
I
t
I
I
I
I
t

I
2

L994 Conoco
1995 Tel fer

AC-20P
Sheldon AC-20P

I
I
I
I



Table 25 : Summary of plastic strain data for the selected mixtures.

L994 Conoco AC-20P
1995 Tel fer  Sheldon AC-2OP



Table 25 :Summary of plastic strain data for the selected mixtures (continued).

Agfregate
Source

Gradation
and :Brinder

Specimen
, #

.  : t  , t .

Aii voide
( ' t ) : , . . " ' , . .  , .

. :  
:  : : i  ,  . . 1 . :  . r : . : : i ,

Apex

G2 AC-20P1
# L 5 . 9 0 .  2 5
#z 5 . 9 o . 2 4

Avg' 5 . ' 9

G3 AC-2oPl
rtt 6 . 5 o . 3 0
#z 7 . 8 o . 4 5

Avg. 7 . 2 o . 3 8

G2 :AC-30
# t 6 . 3 o . 1 8
#2 6 . 1 o . 2 3

Avg. 6 . 2

G3 AC-30
#t 5 . 7 o . 2 4
#z 6 . 2 o . 2 6

Avg. 6 . 0

G3 AC-z0P-
c

#t 7 . 7 o .  3 9
#z 6 . 3 0 .  1 4

Avg. 7 . 0 a:2:1

G3 AC-30P
# t 7 . t 0 .  5 1
#z 7 . 5 o . 7 6

Avg. 7 . 3 o , 6 4  -  - , ,

G4 AC-30P
# L 7 . 7 o . 3 7
#2 6 . 8 o .  6 0

AvCr. 7 . 3 o.4'9,

G5 AC-30P
# t 7 . O 0 . 8 3
#z 7 . 2 0 . 8 9

Avo 7 - 7 :,,O.:: n:el:...:

I
I
I
I
l
I
I
t
I
I
I
I
I
I
I
I
I
I
I

1 -

2

L994 Conoco

1995 Tel fer

AC-20P

Sheldon AC-2OP



I
I

I ,able 25 :Summary of plastic strain data for the selected mixtures (continued).

I
I
r
I
I
I
I
I
I
I
I
I
I
I
I
I
I

I  
- L994 Conoco AC-20P

z 
-  1995 Tel fer  Sheldon AC-20P

Aggregate
Source,

Gradation and
Binder

Specimen # Air Voids
'(%),

Las Vegas

-Gl AC;2OPT
#t 7 . 8 o .  1 9
#2 7 . O o .  1 7

Avg. ' 7 . 4 0.i: ! .8"

G1 AC-30
# t 7 . O o . 2 4
#2 7 . 3 o . 3 7

Avg. 7 . 2 0: , .31

G2 AC-30
#t 6 . 5 o . 4 2
#z 6 . 8 o . 2 7

Avg. 6 . 7 0 . 3 5

G4 AC-30
# t 6 . 5 o . 3 0
#z 6 . 9 o .  3 5

Avg. 6 . 7 0.,3:3

Gl AC-2OP,
# t 6 . 6 o . 6 5
#2 7 . 3 o . 4 0

Av(I. 7 . O O ; 5 3

G4 AC-20P2
# L 7 . 5 4 . 4 4

#z 8 . 0 2 . L 2
Avo ' l  

r .A 3.'3:O ':



Table 26 :Low temperature performance indicators.

SAI\{PLE Fracture
Tcmnaratrrrc.(A\

Fracture
Qtr;cc /;oi\

F.Sloan pit

Gl AC-20P2

#1 -30.I 165.8
#2 -30.1 t90.7

Avg. -30.1 r78.25
F.Sloan pit

Gl AC-30

#r -28.8 3 0 1 .  I
#2 -27 305.4

Ave. -27.9 303.25
F.Sloan pit

Gl AC-30P

#1 -32.3 t79.7
# 2 ' -32.3 178.3

Ave. -32.3 179
F.Sloan pit

et2 AC-}OP'

#r -33.5 248.8
#2 -30.3 176.8

Avc. 3f,?0 2t2 .8
'F.Sloan pit

G3 AC-20P,

#r -35 407.7
#2 -32.5 230.6

Ave. -33.75 3 1 9 . 1 5
F.Sloan pit

G3 AC-30P

# l -32.7 74.4
#2 -32.5 60.2

Avc. -32.6 67.3
F.Sloan pit

G4 AC-30P

#l -32.3 84.5
#2 -27,8 4 t . 7

Avs. -30.05 63. I

I
I
I
I
')

I
I
I
I
I
I
I
I
I
I
I
I
t
t

| -1994 Conoco AC-20P
z - 1995 Telfer Sheldon AC-20P



Table 26 :Low temperature performance indicators (continued).

t -1994 Conoco AC-20P
2 - 1995 Telfer Sheldon AC-20P



Table 26 :Low temperature performance indicators (continued).

t -1994 Conoco AC-20P
2- 1995 Telfer Sheldon AC-20P



Tabl-e 27:  TSRST f racture t.emperatures for each binder tpe.

Table 28: summary of the most desirable mixtures for sloan
aggregates.

Binder t14>e Standard
Deviation

(oc)

Coef,f icient
of Variatioa

(r)
A C - 2 0 P ,  ( P G 5 4 - 2 8 )

A C - 2 0 P 2  ( P c 5 8 - 2 2 )

AC-30P (Pe70-22 )

A C - 3 0  ( P C 6 4 - 2 2 )

- 3 5 . 5

- 3 r _ . 8

- 3 2 . 8

- 2 7 . 2

1 . 4

r . 2

L . 9

2 . 2

rqqling Criteria

Mixture Mr at
77.|?

TS Ratio Permaaent
Defor:m.

Low Temp.
Cracking

Sun of
Raake

G1-AC-30 t- 5 t 5 L2
G 1 - A C - 3 0 P 5 3 3 3 t4

G3  -AC-20P, 3 2 2 l_ 8

G3 -AC-3 0P 2 I 4 2 9

G4 -AC-30P 4 4 5 4 L-l



Table 29 z
aggregates.

Summary of the most desirable mixtures for Apex

I
I
I
I
I
I
I
I
I
I
t
I
t
I
I
I
t
I
I

Table 30: Summary of the most desirabl_e mixtures
aggregates.

for Las Vegas

Ranking Crl.teria

Mixture Mr at
770F

TS Ratio Permanent
Deform.

tow Tenp.
Crackiag

Sun of
Ranke

c2 -AC-2 0P, L 6 1 1 9
G3 -AC-20P, 2 3 3 3 1l_
G3 -AC-20P? 6 2 2 5 1 5
G3 -AC-  3  0P 4 1 5 6 r_6
G4 -AC- 3 0P 5 5 4 4 1 8

G5 -AC-3  0P 3 4 5 2 1 5

Ranking Criteria

Mixture Mr at
77||F

TS Ratio Permanent
Defom.

Lrow TemE .
Cracking

Sum of
Rankg

c1-AC-20P, 3 2 1 1 7

GL-AC-30 t_ 4 2 3 1 0

G1-AC-20P? 4 L 4 2 1 1

G4 -AC- 3 0 z 3 3 4 L 2
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