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EXECUTIVE SUMMARY
 

High-quality aggregates are becoming increasingly scarce and expensive in many areas. Current 
airport flexible pavement specifications require high-quality aggregates in asphalt c ncrete 
mixtures. In an increasing number of cases, locally available aggn;gat .. are n t meting 
applicable specifications, and high-quality aggregate that meet the specitlcati os . re being 
imported to the construction site. 

'he use of marginal aggregates in flexible pavement construction is one of til possible an. vers 
to the lack of high-quality aggregate sources. This re.search study determined in engineering 
term' the impact of using marginal aggregates in asphalt concrete mjxtur s for airport pavements. 

The purpose of this study was to evaluate the utilization of marginal aggregate asphalt mixtures 
and to determine if poor-quality aggre~ates could be improved to pr vide equivalent and 
acceptable pavement performance. 

This report summarizes the laboratory evaluation that was conducted to determine the dfec of 
aag gate shape, texture, and gradation on the performance of asphalt conn t mixture. ·'he 
laboratory investigation focused on three areas: (1) aggregate charact rization tc t. 2) 
evaluation of asphalt mixture properties effecting rutting potential, and (3) upgrading marginal 
aggregate asphalt mixtures with asphalt modification. 

The findings of the laboratory evaluation indicated that several test methods including the 
Particle Index (AS M D 3398), Uncompacted Void Content for Fine and Coarse Aggn..: ates 

A Method) Unit eight and Voids in Aggregate (AS M C29), and Gyrator Elast -Plastic 
Index ( S 3397) could be used to quantitatively characterize aggregate shap and texture. 
ThOs laboratory study also demonstrated that the confined repeated load deformation (triaxial 
creep) test was successful in evaluating the rutting characteristics of asphalt mixtures. The 
laboratory data also demonstrated that asphalt modification could improve rutting characteristics 
of asphalt rrLixtures with marginal aggregates. 

Based on the findings of this laboratory investigation, the following recommendations w re 
made: (1) current -; A specifications could be improved by implementing performance-related 
aggregate characterization properties determined by Particle Index le t '.md the N AA and 
modified NA particle shape and texture tests, (2) current A specifications should be 
modified and shifted to include finer gradations, (3) the confined repeated load deformation test 
should be used in conjunction with current FAA specifications to analyze rutting potential of 
asphalt mixtures, and (4) asphalt modification can be used to improve rutting characteristics of 
asphalt mixtures. 
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TNT· ODUCTION
 

BA 

igh-quality aggregates are becoming increasingly scarce and expensive In many localities. 
Traditional flexible pavement specifications require high-quality aggregates in asphalt concrete 
mixtures for airport Dexible pavements. In an increasing number of cases, locally available 
aggr gal S are not meeting applicable specification . Id aggregates that meet the specifications 
must be imported to the sit at considerable expense [1]. 

Th usc of marginal Jag!' gates in flexihle pavement construction is one of the possible answers 
to hjgh pavement construction co ts and a lack of quality aggregate sources. A broad definition 
of il marg 'oal aggre ?ale is "any aggregate that i. not normally usable because it does not have the 
charactcri~lics req ired by 'the specification, but could b used successfully by modifying normal 
pavement de 'ign and construction procedures" [2]. For this study, marginal or substandard 
aggregate: are defined as aggregates that do not meet the ederal Aviation Administration's 
( AA) s ecification requirements for airport pavements. 

lsi g local avaiJabk marginal materials is often very tempting, but the decision to use or reject 
these materials should be made only aft f a complete evaluation. The decision should be based 
on an evaluation of the material characteristics and how these characteristics will affect the 
design, performance, and construction of the pavement. Potential problem areas must be clearly 
identified or any expected cost savings will be lost [3). 

Curren A specifications were developed at times when high quality aggregates were readily 
available. However, this is no longer the case in many areas. This study will attempt to define in 
engineering term::; the impact of using marginal aggregates in asphalt concrete mixtures for 
flexible pavements. Strategies for improving the performance of marginal aggregates to equal 
that of standard aggregates will be evaluated. 

PURPOS "'. 

The purpose of the research study was to evaluate the utilization of marginal aggregates in 
fI xible pavement construction for airport pavements. Marginal aggregates have been defined as 
aggregates that do not meet FAA specification requirements. The current FAA guidance for 
airport pavement construction is provided in FA Advisory Circular AC-150/5370-lOA, 
"Standards for Specifying Construction of Airports" [4]. Specific requirements for asphalt 
concrete mixtures are provided in Item P-401 (Plant Mix Bituminous Pavements). Marginal 
aggregates can have one or more of the following deficiencies: improper gradation, lack of 
fractured faces, flat and elongated particles, high natural sand content, high Los Angeles (LA) 
abrasion and soundness values, and excessive amounts of No. 200 material. This research will 
determine jf marginal aggregates can provide equivalent or acceptable pavement performance 
with an emphasis on pavement deformation and rutting. 



OBJEC, YES. 

The research documented in this report was executed to achieve the foHowing objectives: 

1.	 Evaluate and determine suitable methods or tests to characterize aggregate shape and 
texture to improve aggregate specifications as it relates to pavement rutting. 

2.	 Determine boundaries for aggregate gradation bands, limits for percent crushed particles, 
and maximum amounts of natural sand materials. 

3.	 Evaluate laboratory asphalt mixture tests and procedures to determ.i.ne effects of aggregate 
quality on asphalt mixture performance. 

4.	 Determine potential of hard asphalt cement and asphalt modifiers to upgrade marginal 
aggregate asphalt mixtures to produce equivalent, acceptable pavement performance. 

• COpE. 

The overall research study for marginal aggregates in flexible pavements was conducted in three 
phases. Part I was a review of available literature and existing data. Based on the literature 
review, a laboratory study (Part II) was conducted using poor quality aggregates that do not meet 
FAA reqUirements. The marginal aggregates were compared to proven, accepted aggregate to 
evaluate the effectiveness of these materials in asphalt concrete mixtures for flexible pavements. 
The final phase, Part Ill, took the concepts and techniques using marginal aggregates that had the 

greatest potential and evaluated these materials in field test sections. These field test sections 
were trafficked with aircraft loads and tire pressures, monitored, and evaluated to determine the 
performance of the marginal aggregates. 

This report summarizes the laboratory evaluation (part IT) that was conducted to determine the 
effects of aggregate shape, texture, and gradation on the performance of asphalt concrete 
mixtures for airport pavements. The laboratory investigation focused on three areas: 
(1) aggregate characterization, (2) evaluation of asphalt mixture properties effecting rutting 
potential and pavement performance, and (3) upgrading marginal aggregate asphalt mixtures with 
a hard asphalt cement and asphalt modification. The details of laboratory evaluation are 
presented and discussed in the "Experimental Plan" section. 
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EXPERlMEN .AL PLA.:."'l 

This study attempted to define in engineering tenns the im act of using marginal aggregates in 
asphalt concrete mixtures for flexible airport pavem ts. Basically, the laboratory study 
determined how much the asphalt concrete mixture's strength had been reduced by using marginal 
a regates and determined the success of strategies to improve the performance of these mi ures 

ith marginal aggregates to equal that of accepted standard mixtures. As directed by the FAA, 
the major empha is wa: on the use of marginaJ aggregates in asphalt concrete mixtures and the 
potential of upgrading these mixtures with stiffer, modified asphalt binders. 

Item -401 (Plant Mix Bituminous Pav ments) provides the' requirements for asphalt 
concrete mi tur s. This specification requires a high quality, durable, clean, well-graded, crushed 
ag r gate. The laboratory testing considered the ffects of departure from the requirements of 
he specifi ction or he standard 31 inch maximum aggregate size gradation, the percenta e of 

crushed aggregate particles, the amount of natural sand, and the amounl of material rna Jer than 
the o. 200 sieve. . he other standard aggregate requirements that are specified by Item P-40 1, 

Abra. ion ( 'TM C 131 , sulfate soundness (AS C 88) and flat and elongated 
4791) tests, wer' not e amined because these tests do not correlate particularly well with 
pavement detormation or Hin. and field performanc fS, 6]. Previous laboratory research and 
field investigations have indicated tha poorly graded aggregate adations, uncrushed particles, 
too much natural sand and excessive amounts of material smaller than the No. 200 sieve produce 
Iss than accep able a phalt concrete mixtur s and are susceptible to pavement deformation [7, 8, 
9,10] 

The aggregate sources for this laboratory evaluation included limestone, cru ned and uncrushed 
Qravel and sand materials. The limestone aggregate met the requirements of Item P-40 I and 
erved as the accepted high-quality aggregate. ncrushed gravel and sand materials were used as 

the low-quality, marginal aggregate. A...I1 lab stock aggregate materials were evaluated with the 
following Le~ts: 

• Percent Crushed Particles. 
• Gradation. 

• Absorption. 
• Specific Gravity 

The aggregates from each source were processed by screening to develop laboratory stock. 
These processed materials were used to fabricate the specific test gradations. These test 
gradations were selected to determine the effects of variation in aggregate gradation (shape of 
gradation curve), amount of crushed particles in coarse aggregate (0, 30, 50, 70, lOO percent), 
and the amount of natural sand material in the aggregate blend (0, 10, 20, 30, 40 percent). The 
description and designation of the test gradations evaluated in the marginal aggregate laboratory 
study are listed in table 1. The numerical values for these test gradations are presented in table 2 
and shown graphically on semi-log and 0.45 power maximum density gradation curves in 
appendix A. 
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TABL ' 1. DESCRIPT~ , D - IG .nON 0 M RG AL AGGREGAT B NDS 

Mix 
D~signation Description 

Mix 1 Center of FAA gradation band/Crushed limestone 

Mix2 Coarse side (lower limit) of FAA band/Crushed limeslone and fine sand 

Mjx 3 Fine side (upper limit) of FAA hancl/Cl1.Ished limestone and fine sand 

Mix4 Poorly graded No. l/Cnlshed limestone and fine sand 

Mix 5 Finely graded No. l/Crushed limestollt;, fine sand and coar)';e sand 

Mix6 Excessive Fines No. lICrushed Hmestone and fine sand 

Mix 7 Poorly graded No. 2/Crushed limestone and fine sand 

Mix 8 Poorly graded No. 3/Crushed limestone and fine sand 

Mix 9 Crushed gmvel wirh 10% coarse sand 

Mix 10 Crushed gr'lvel with 20% coarse sand 

Mix 11 Crushed gravel with 30% coarSe sand 

Mix. 12 Crushed gravel with 40% coarse sand 

Mix 13 Center of FAA gradation band/Crushed gravel 

Mix 14 Center of I·'AA gradation bandfUncfusbcd gravel 

Mix 15 Uncrushed gravel with 10 7cJ coarse sand 

Mix 16 Uncrushed .!.i,ravel with 20% coarse sand 

Mix 17 Uncrushed gravel with 30% coarse sand 

Mix 18 Uncrushed gravel with 40% coarse sand 

Mix I ~ Center of fAA gradation band - gravel/Coarse (uncrushed)/Finc (crushed) 

Mix 20 Cent 'r of FAA gradation band -O'rave!1 

COal'SC (70% crushed - 30% uncrushed)/Fine (crushed) 

Mi,21 Center of AA graJation and - gl'a 'ell 

Coarse (50% crushed - 50% uncrushed)/~ ine (crushed) 

ix 22 C~nter of A radation band - gravell 

COdlrse (30% crushed - 70% uncrushcd)lFine (crushed) 
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TABLE 2. AGGREGATE GRADATI NS FOR MARGINAL AGGREGA E
 
LABORATORY STUDY
 

M'x 
Number 

Sieve sizes (percent passing) 

3/4 
m. 

1/2 
m. 

3/8 
m. 

o. 
4 

o. 
8 

o. 
l6 

o. 
30 

o. 
50 

No. 
roo 

No. 
200 

I 100 89.9 77.4 57.0 44.5 2R.3 23.0 15.6 8.4 5.6 

'2 JOO 79.3 62.4 42.7 32._ 18.0 14.0 9.1 5.2 2.6 

3 100 99.[ 87.6 67.8 50.0 39.0 32.9 23,9 I 13.9 I 6.9 

4 JOO 80.7 67.9 48.1 43.3 38.0 31.0 22.3 13.0 4.8 I 

5 100 94.1 I 88.4 76.7 66.5 50.3 42..0 27.3 13.8 7.4 

6 100 99.1 87.6 67.7 55.3 37.9 31.3 20.9 14.7 10.7 

7 lOa 69.9 64.1 63.9 54.8 38.0 31.7 _2.7 13.0 6.3 

8 100 79.8 62.4 42.8 35.3 25.6 22.7 21.2 16.2 5.8 

9 100 8K.7 77.7 58.1 42.1 33.1 _4.5 13,1 9,0 4.0 

10 lOa 88.7 77,6 57.8 42.2 35.4 28.9 13.0 8.6 3.7 

11 100 88.7 77.6 57.5 43.9 39.7 33,7 1_.9 8.2 3.5 

12 100 8&.7 77.6 57.3 44.8 42.1 36.6 il.O 6.S 3.4 

13 100 88.7 77.7 58.4 42.1 30.7 _3.2 15.9 lO.R 4.6 

14 100 89.2 78,2 57.5 44.0 26.3 24.2 14.7 9.5 4.0 

15 lOO 89._ 78.2 57.3 44.7 31.9 29.2 13.4 g.7 4 .. 2 

J6 100 89.2 78.J 57.0 44.7 
I 

37.6 34.3 15.3 9.5 :1.4 

17 1DO 89,2 78.\ 56.7 44,9 . 40.4 36.0 14.1 8.6 3.4 

18 IOf) 89.2 78.1 56.5 46.7 44.6 39.1 13.1 8,4 3.2 

19 100 88.5 77.9 58.0 42.0 30.7 23.2 15.9 10.8 4.6 

20 100 88.5 77.9 58.0 42.0 30.7 23.2 15.9 10.8 4.6 

2l 100 88.5 77.9 58.0 42.0 30.7 23.2 J5.9 10.8 4.6 

22 100 88.5 77.9 58.0 42.0 30.7 23.2 15.9 10.8 4.6 

F A 

limits 

100 79

99 

68

88 

48

68 

33

53 

20-40 14-30 9-21 6-16 1-6 
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The marginal aggregate laboratory study included three phases, as outlined below and illustrated 
by the How chart in figure 1. 

I.	 hase I-Aggregate characterization of coarse and fine aggregate fractions for nch of Lht. 
twenty-two selected aggrcerate blends. 

2.	 Phase U- reparation and evaluation of twenty·two asphalt mixtures pro Iced with AC
20. 

3.	 Ph':e II -Preparat' 01'1 iJnd evaluation of ( 1 selected aggr "ale bl nds pru uc~d wilh 

. C-40, A -10 rno ified jtll styrene-blltlldi 'nc-styrene ( BS), and ~~O modi£] 'd with 
low-density polyethylene . ~D E (t tal of thirty mixtures). 

E~alUllle labordtory 
Mall~..ilJls 

I
 
:abri te Selected 
A1:gr~gate mends ~J 

I 

I	 1I 
r--~----=P""'h"'as'-·e""".-~-~··' Plum: n 

i\gJ:reglile • C-10 
Characll~rlintiOJl Mixlurl!S 

I	 I 

Pha.~m 

AC40 lodified 
AC-lO T\ii,lrlU!'1.>S 

1
 
I'erctot 
C h 
Particles 

Particle 
dex 

NAA. Particle
 
Shape and
 
Tmure
 

MDdified
 
N :!II'lit.!e
 

Shapw= and Tcll;tur'1!
 

Dirrtt
 
Shear
 

Method
 

Unit Weight I 
and VoidsI'----- 

1\'111r~U 

Mi: 
I'ropertles 

GymiOf)'
 
C mpact-ion
 
Prtlprrties
 

Indirect 
tm.ociIe 

77 F& 104 1" 

·llirect 
SILe:' r 
140 ... 

;:==:::::::;:~::::::;=====:;' 
Cnnfinltil
 

Repeated Lood
 
DefonnaliolJ 1.40 F
 

Selected 
Jl, i.rlur£s 

and Grad:lllions 

Gyre-to!'}' 
COl p~cliQn 

Properl.ic.s 

hldired 
Tensile 

77 II & 104 F 

Direct 
ShEar 
140 I; 

Conf"med 
Repealed lid 

Dl!fonnlJlion 140 F 

FIGURE 1. MARGINAL AGGREGA E LABORATORY ST YTE PLAJ
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After the lab stock materials were tested and fabricated to meet the desired test aa r g( te 
gradations, each blend was evaluated to characterize the particle shape and surface te; ture. fac 1 

blend was separated on the No.4 sieve so that the coarse and fine aggregate fractions could be 
evaluated. The following tests were conducted on each of the 22 aggregate blends: 

• Coarse Aggregate (+ No.4) 

Percent Crushed Particles
 

Particle Index - ASTM 3398
 
Unit Weight and Voids - AS 29
< 

Modified NAA Particle Shape and Texture 

• Fine Aggregate (- . TO. 4) 

Percent Crushed Particles
 

P<lrticle Index - AS D3398
 
Direct Shear - M i 110-2-1906
 
NAA Particle Shape and T 'xture
 

HASE II-AC-20 M
 

This phase involved the preparation a.nd testing of asphalt mixtures produced with AC-20. A 
Marshall mix design was conducted on each test gradation aggregate blend and an optimum 
asphalt content was selected at 4 percent air voids using a gyratory compactive effort equivalent 
to a 7S blow compactive effort. The details of the gyratory compaction are discussed in the 
following section. The following laboratory tests were conducted to evaluate engmeering 
properties of each asphalt concrete mixture at the optimum asphalt content: 

• Marshall Mix Properties. 
• Gyratory Compaction Properties. 
• Indirect Tensile (77°P and lC4°F). 

• Direct Shear (140°F). 
• Confined Repeated Load Deformation (l40°F). 

Details and descriptions of each test procedure are presented and discussed in the following 
section. This laboratory testing determined the range of mix properties that would be expected 
using material meeting the -401 specification and the impact of deviations on engineering 
properties by using marginal aggregates. 

HASE m-AC- 0 AND MODIFIED AC- 0 MIXTURES. 

This phase involved the preparation and testing of ten selected aggregate blends with an AC-40 
and two A ·"20 modified asphalts. The asphalt modifiers used in this laboratory study were a 
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SBS and a LDPE. A Marshall mix design was conducted for each mixture in order to select an 
optimum asphalt at 4 percent air voids. The same engineering property tests that were conducted 
in Phase IT were also conducted on th e specimen. This phase of laboratory testing would 
determine the effectiveness of stiffer a phaIr cemen and asphalt modification to improve the 
strength or rutting characteristics of asphalt mixtures with marginal aggregates. 

M, TERIALS, E T EQ MENT, AND P OCED ES 

MATER! I . 

The primary objectives of this study were to quantify the aggregate particle characteristics, to 
evaluate the relationship between these aggregate properties and the rutting potential of marginal 
aggregate asphalt mixtures, and to determine the potential of asphalt modification to improve the 
rutting characteristics of marginal aggregate asphalt mixtures. In order to achieve these goals, 
this laboratory testing program had to include several variables: 

• AggreO'ate gr dation. 
• Type of aggreoate. 
• Type of asphalt binder. 
• Percentage of crushed par' Ie . 

• Percentage of natural sand. 
• Type of aggregate characterization test. 

• Type of asphalt concrete mixture test. 

AGGRhG TES. This laboratory study incorporated the use of three coarse aggregates (crushed 
limestone, crushed gravel, and uncrushed gravel) and five fine aggregates (crushed limestone, 
crushed gravel, uncrushed gravel, coarse natural sand, and fine natural sand). Each of these 
aggregate materials, except for the natmaJ sand materials were processed by screening into 
individual sieve sizes in order to accurately fabricate the desired test gradations. Each aggregate 
type was considered nonabsorptive and had low average absorption values (limestone - 0.2 
percent, gravel - 1.4 percent, and natural sands - 0.5 percent). The aggregate materials used in 
this laboratory study had been previously used and evaluated in other rescurch studies. he test 
resu lts for LA Abrasion, soundn 'S, and flat and elongated particles meet the Hem P-40 1 
requirements. 

£\SP T BINDER'. This laboratory study incorporated the use of four asphalt binder 
materials Since the primary goal or objective of Phase II of this laboratory study was to 
investigate the influence of aggregate gradation and particle shape on the strength and fUtting 
characteristics of asphalt concrete mixtures, an AC-20 asphalt cement was selected because it is 
very common asphalt cement and would not interfere with evaluating the aggregate propl.'rties. 
The physical properties for the AC-20 asphalt cement are presented in table 3. The primary 
purpose of Phase ill of this laboratory study was to determine the effectiveness of harder asphalt 
cements and modified binders to improve the strength and rutting characteristics of asphalt 
concrete mixtures with marginal aggregates. For this phase of the laboratory study, an AC-40, an 
AC-20 modified with 5 percent SBS, and an AC-20 modified with 6 percent LDPE were mixed 
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with ten selected aggregate blends. The physical properties of these materials are also presented 
in table 3. 

TABLE 3. PHYSICAL PROPERTIES} ASPHAL BINDER MATERIALS 

Te"t AC-20 AC-40 
AC·20 + 

SBS 
AC-20 + 

LDPE 
Viscosity - aosolute, 140L'F, P 2246 3595 25,963 11,016 
Viscosity - kinematic 275°f. cSt 492 346 1878 731 
Penetration - 77°F. 100 g, 5 ~ec. 0.1 mm 75 30 4ij S6 
Flash poim - Cleveland Open Cup, 'JF 550 547 534 547 
Test on residue from thin film oven test 

Percent weight loss 0.48 0.00 0.11 0.13 
Viscosity - 140l}F, P M02 6907 21.820 13.251 
Ductility - 77°F, 5 em/min, cm 71 150 143 39 

·GATES. 

Characterization of aggregate particles has been done by various tests and methods in the past. 
The characterization of aggregate shape (angularity) and surface texture (roughness) is essential 
in selecting agaregates to produce high quality asphalt mixtures for heavy duty pavements. 
Based on the mdings from the literature review [II], the test methods and procedures used to 

valuate and characterize the coarse and fine aggregates of each aggregate blend are listed in 
table . The laboratory equipment and test procedures used in this laboratory study are described 
and djscu~... d in th following paragraphs. 

TABL -t. AG R --;CA E HARACTERIZATION' . TS 

nd texture ure 

PERC N CR ' 0 PARTICLE. This test method is a procedure for determinin the 
ercentagc of cru'ihed or fractured particles in an aggregate sample by visual inspection. • his 
1ethod is currently being proposed as an American Society for Testing and Materials (ASTM) 

standardized test method. This method involves subjectively separating crushed or fractured 
aggregate particles from uncrushed aggregate particles. The percentage of crushed particles is 
expressed by weight or count. A crushed particle is defined as an aggregate particle that has at 
least two mechanically induced fractured faces. 

The lab stock materials used in this laboratory study were either 100 percent crushed limestone 
and crushed gravel or lOO percent uncrushed gravel and uncrushed natural sand. Since each 
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aggregate blend was fabricated with individual sieve sizes of these lab stock materials, the 
percent crushed particles (composite, coarse, fine) and natuml sand contents could be determined 
from batch weights instead of by visual inspection. Calculating the percent crushed particles in 
this matter eliminated the human error by eliminating the subjectivity and personal judgment. 

INDEX OF AGGREGAT , PARTICLE SHAPE A D TEXTURE. The Particle Index test was 
originally developed by Huang for the evaluation of coarse aggregates for a soil-aggregate 
material [12]. This test was based on the concept that the aggregate void characteristics would 
indicate the characteristics of the aggregate's shape, angularity, and surface texture for a one
sized aggregate. The origina test pro edure and equipment have been modified and standardized 
by ASTM in T st Method D 3398 [13]. 

The equipment required is simple consisting of cylindrical steel molds ranging in diameters from 
:? to 8 in. depending on the aggregate size. This test method requires that the a<:rgregate sample 
be separated into individual sieve fractions and washed and oven-dried. Each size fraction is 
separately compacted in three equal lifts in the cylindrical mold using a tamping rod. This 
compaction is applied wi th two efforts, IO and 50 drops per layer. Each tamp is dropped from a 
height of 2 in. above the surface of the layer being compacted. The percent voids in the 
aggregates for each compactive effort is calculated using the weight of the aggregate in the 
cylindrical mold and the bulk gravity of the aggregate. Based on the percentages of voids at J0 
and 50 drops, the Particle Index value of an aggregate is calculated using the following equation: 

fa :::: 1.25 V 10 ~ 0.25 V 50 - 32.0 (1) 

where 

Ia :::: Particle Index value 
V 0 = percent voids with 10 drops per layer 

~n = percent voids with 50 drops per layer 

The weighted Particle Index value for an aggregate blend having multiple aggregate sizes is 
computed on the basis of the weight percentage of each size fraction in the aggregate gradation. 
In the case where a sieve size is represented by less than 10 percent of the grading, the average 
Particle Index value for the next coarser and finer size is used. 

NAA PARTICLE SHAPE AND TEXTURE. This test method has recently been adopted by 
ASTM ( st Method C 1252) but was dev oped by the National Aggregate Association O\AA) 
as a simple practical routine test to measure aggregate particle shape and surface texture of fine 
aggregate (material smaller than the Number 4 sieve) [14]. This test method determines the 
loose uncompacted void content of fine aggregate by allowing the fine aggregate particles to fall 
loosely from a specified height through the orifice of a funnel into a calibrated cylinder. The 
excess material is struck off and the aggregate in the cylinder is weighed. The uncompacted void 
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content of the fine aggregate sample is calculated using the weight of aggregate and the ulk 
specific gravity of the aggregate. The lest equipment dimensions are summarized in table 'i an 
the test apparatus is shown in figure 2. 

Three methods . re included in the A tcst method for measurement of void c nlent USlOg 

graded fine aggregate (standard grading or as-received grading) or through the ' 0 se eral 
individual size fractions. Method A uses a standard fine aggregate grading of 190 grams thal can 
be obtained from individual sieve fractions. The standard grading consists of the following .'\ zes 
and weights: 

Sieve Size Fraction Mass, g 

No.8 to No. 16 44 
No. 16 to No. 30 57 
No. 30 to No. 50 72 

No. 50 to No. 100 17 
Total j90 

Method Buses 190 grams of three individual aggregate size fractions: No.8 to No. 16, No. 16 to 
No. 30, and No. 30 to No. 50. Each siz fraction is tested separately and the uncompacted void 
content for the fine aggregate is computed as the average of th ' three size fractions. 

Method C uses 190 grams of as-received material that passes the No.4 sieve. The uncompacted 
void content of a fine aggregate for this test method is calculated using the following equation: 

Vol (~l:;:) 
ucv = x 100 (2)

VoL 

where 

CV = uncompacted voids in fine aggregate, percent
 
Mass =mass of aggregate in cylinder, grams
 
Bulk:=: bulk specific gravity of fine aggregate
 
Vol =volume of cylinder, cubic centimeters
 

MOIFIED ,A PART'CLE SHAP A TE T RE. The AA particle shape and texture 
apparatus was modified in order to test and evaluate larger coarser aggregate particles (No 4 to 
3/4 in.) with the same concept of uncompacted voids. The bas~c differences in the test apparatus 
was the size of the funnel orifice and the volume of the cylinder. These dimensions were 
enlarged to account for the larger coarser aggregate particles and to have the approximate same 
aggregate size to orifice opening ratio. The modified test apparatus dimensions are very similar 
to the dimensions specified for the Pouring Test developed by Ishai and Gelber [15]. The height 
of aggregate fall was kept constant to insure the energy levels were consistent for both test 
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methods. The dimensions of the modified test apparatus are summarized in table 5 and the test 
apparatus is shown in figure 2. 

TABLE 5. NAA A D ODlF NAA TEST APPARATUS DHv1ENSIONS 

NAA Test ApparatusParameters Modified NAA Test Apparatus 

Aggregate size No.4 to No. 100 3/4 in. to No.4 
IBin diameter, in. 4.0 6.0 

4.0Orifice diameter, in. 0.5 
4.5Drop distance,. in. 4.5 

,Volume of cylindn, in.·1 
6.l 171 

FIGUR:; 2. NAA AND MDI I D NAA PARTf SHAP . AND TEXTURE
 
E T APPARA S
 

The measurement of the uncompacted void content for coarse aggregate particles is conducted 
using two gradings. Method 1 uses 5,000 grams of as-received material that passes the 3/4 in. 
sieve but is retained on the No. 4 sjcv. The uncompacted void content is calculated llsing 
equation 2. Method 2 uses 5,000 grams of individual aggregate size fractions: 3/4 to tl2 in., /2 
to 3/8 in., and 3/8 in. to No.4. ach size fraction is tested separately and the uncompacted void 
content for each size fraction is determjned. The uncompacted void content for the coarse 
aggregate particles is calculated as an average of the three individual size fractions or by 
weighted average using the weight percentage of each size fraction in the coarse aggregate 
gradation. 
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TT SHE . This le~t method is used to determine the shear strength and angle of internal 
friction (~) of fine aggregate materials under different normal stress conditions. The shear 
strengt.h of a fine aggregat~ is controlled by the angle of internal friction and the normal effective 
stress. The shear failure of a fine aggregate is detennin d by two major factors, rollin and 
slipping. Thl) sliding resistatl e of agg gate particles for a given normal stress is determined by 
the angle of internaJ frictioo, particle shape, angularity, and texture. Theoretically, this concept 
sh ul produce u valid relationship bet\veen the angle of internal friction and the characteristics 
of aggrgate shape, angularity, and surface texture. 

1'h . direct shear test (EM 1110-2-1906, Appendix IX) [16J is performed on an oven-dried sample 
of approximat I 140 grams of fine aggregate. The fine aggregate sample is placed in a square 
box in which the top half can slide over the bottom half (figure 3). The box dimensions are 3.0 
by 3.0 in. and 0.5 in. thick. The fine aggregate is placed into the shear box at a uniform density 
for each aggregate blend. A normal force or stress is applied to the top of the box while a 
horizontal shearing force is applied so that the failure will occur along a horizontal plane at the 
midheight of the sample. This shear test was conducted at three normal stress levels (I T 

TS. , and "TSF) of each aggregate blend. The angle of internal friction was determined by 
plotting shear stress versus normal stress and constructing a "best fit" line through the data 
points. ~ he angle of internal friction is the angle between the constructed best fit line and the 
horizontal (x) axis. 

NORM .... L "'ORC~ 

SH:EA RING 
FORCE 

FlGU 3. SC ATIC DIAGRAM OF DIRECT S:HE R BOX [16] 

UNIT W 'lGH 0 VOIDS IN AGGREGATE. This test method (ASTM C29) determines the 
unit weight of fine, coarse, or mixed aggregate blends in a compacted or loose condition and 
calculates the voids in the aggregate matrix based on the unit weight. The voids calculated with 
this method are the space between the aggregate particles not occupied by solid mineral matter. 
These voids do not include any voids within the aggregate particles, either permeable or 
impermeable [17). 

The test method is basically simple and straightforward and requires approximately 5,000 grams 
of oven-dried aggregate to be placed in a specified cylinder (0.1 ft 3 for aggregates smaller than 
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1/2 in.) in a compacted or loose condition. ASTM, _9 test method allows three procedures for 
determining the unit weight of an aggregate: rodding, jigging, and shoveling. The rodding and 
jigging procedures produce compacted samples while the shoveling procedure produces a Joose 
sample. The rodding procedure specifies that the aggregate material be compacted in three equal 
lifts with 25 strokes of a tamping rod evenly distributed over the surface. The shoveling 
procedure requires that the aggregate be discharged from a shovel or scoop not more than 2 in. 
above the cylinrler. After each procedure is completed, the excess aggregate particles are leveled 
off with " straightedge and the weight of aggregate is determined. The void content of the 
aggregate matrix is calculated using equation 2. 

ES. 

In order to complete the objectives of this laboratory study, several test procedures and types of 
testing equipment were used to det rmine the err cts of rnmginal aagreqates on the eng'necring 
'ruperties (s r ngth and ruttin~ chant 'tcri:t'c.) of a. phllll concrele mix ures. urrent, :lale-of
t e-an testi g equj pm T1 and pro dures weI' ~ used in iJ. dition I J • landaI'd lab mHory proccdufL; 
grncrally used to ondu t ;,u'sh II mi' dc,~igns. Th· 11' dem l st.; includ the Cor s of 
.neineer: G. ratar 'T . ting Machine (G I and tbe indirect tensile, Jire~t sl ':.iI', nd 'onfn d 

rer ealc' 10' d d f rmatiull (Iria ial "y'lie.: tr ep I' l qllipnrnt. T e abol'Lllory e(jlipmcnt :llld 
lest procedure. hal wer lIsed i thi: bb rJtary ,ludy are 'C" rib.( and disc 1 . > J in lhe 
follo\ 111 0 pw-agr::tp!r. 

TI1~ 1[lr~h..l1J mi u .-ign a.~ L, ed tll dctcrmi ne h 
0rt imu III ilsph"llt con l~n1S r al' 'iph.dt Ct nl.:rete ll1i IlIr .'. Th om p~cli \' effurl \ly':J. I odi fi 
alJd the g~lr.tlory Cln! acti m rr l:CSS \"',:- uscu ins.lead of the Mar.shal im Old hammer (ASTM D 

SSt) [l~]. Tile optimum a:phlll c nl nt ...va.·.. ~eJedc at p rt.: III air voids (void toLal mix) to 
rerlu L: the eft" 't ot' { e '1'; hall eonl (It on t I ix properties and to 'nhanc [1 e inl1ul:m:e f 
ar!~r gat·~ gn u:Ilion anti partie e shape and tcxlUr . The , r haJl mix properties whi' in lude 
voiLl par~lllelcrs. Iv ar:hall ~t:1bilf y, Lin now were elcn lined [or ca'h a.phalt one te mixmre 
at ilS optimum, asphalt content. 

TI e quality of an asphalt coneret mixture or it· ,iiit)" to handle traffic load . - measu by the 
Marsh:..lIl st::tbility and flow values [J 9]. Th arshall stability of an asphalt mixture is an 
indicator of the mix strength defined as the resistance to ddormation or plastic flow under a load, 
Stability has also been defined as a measurement of th JDass viscosity of an asphalt-aggregat~ 

mixture and is affected by a gregate shape and texture and the viscosity or stiffness of th asphalt 
cement [20]. The flow value is an indicator of mix plasticity measured as the deformation at 
failure or maximum load of the stability test. The arshall stability and flow test was conducted 
according to ASTM D 1559 lIsing a Marshall testing machine which was equipped with an 
automatic plotting device for graphing stability curves. 

GY ATORY TE TI MACH Compaction of asphaJt concrete mixtures using the 
gyratory method applies normal forces to both the top and bottom faces of the material confined 
in cylindrically-shaped molds (ASTM D 3387) [21]. Normal forces at designated pressures are 
supplemented with a kneading action or gyratory motion to compact the asphaJt concrete material 
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into a denser configuration with aggregate particle orientation more consistent with in-place 
pavements. The U.S. Army Corps of Engineers has developed a method, procedure, and 
equipment using this compaction procedure [22, 23, 24]. 

The gyratory compaction method (AST D 3387) involves placing asphalt concrete material 
into a 4-in.-diameter mold and loading into the GTM at a prescribed norma] stress level which 
represellts anticipated traffic contact pressure. The asphalt concrete material and mold are then 
rotated through a I-degree gyration angle for a specified number of revolutions of the roller 
assembly. This compaction process produces stress-strain properties that are representative of 
those in field compacted specimens. 

Model 4C and Model 8A/6B/4C G. I's (figure 4) were used to compact all laboratory specimen 
in the marginal aggregate laboratory study. Previous research with the GTM has suggested that 
the laboratory tests will simulate field behavior and performance under traffic when asphalt 
concrete mixtures are compacted at stress levels similar to anticipated field traffic conditions [25, 
26]. The gyratory compactive effort Lt. ed in this laboratory study was a 200 psi normal stress 
level, I-degree gyration angle, and 30 revolutions of the roller assembly which is equivalent to 
the standard 75-blow Marshall hand hammer effort [19]. This compaction effort produced 
asphalt concrete specimen that satisfy the Marshall specimen dimensions of 4 in. in diameter and 
2 Ll2 in. thick. 

FIG RE . W MODE C AND 8A/ lBI G· TORYTE TING 
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The gyratory compaction method using the GTM produces a gyratory :raph or gyrograph that can 
be usc to evaluate the asphalt c:=>ncrete mixtur behavior during compaction (figure 5). The 
gyrogr h indicat $ the - I, ti 'e stability or pla:tic behavior of the mixture during the compactive 

ffort. Te gyr graph indicates an unst:.lble mixture when the gyrograph spreads or widens. A 
gyrogr;;lph that doc not spread i:- conside d stable under that loadig condition. Tll gyr graph 
31 '0 produces two indic - that de cribc t e relative stability of an asphalt concrete mixture. The 
ratio of the final width t til int rmediate ielth of the gyrograph is called ~h Gyratory StabiltLY 
fnd"'; (CSl). A GSI valu~ I)'re't f than .0 indicates an un'La e plasti mjxture with - Ii rJ1 
a:phalt "ont nt. T'l a'o of tl e inlermediate width to the initial width is calle' lhe yeat ry 
-laslo-Plastic [ndex (0 PI). Tb~ G Pl alue is .1Il indicat r of the qualit of the :.togr gale. 1'h 

G PI i a In a re of th ;o;he:.lf. [rain e pcrienccd y he mi -ture and i' an index of the an I o' 
int rn<ll friction Lhe a(1"CJ rc ate [ ... ,23]. 

he indirc tensll t ~l w' d ,veloped to indirectly deter 'ne the tensile 
st nglh - f material' by pl<lCin acyl i er of malcri'l !loriwntaLly bet'0.reen two loa ing plat,' 
>:lnd loading Lhi:. Jolpec'mt::n across it djam-ter until railure, This loading confi lIratio su jeet: 
th c mel" pane between the loadi[1cr plates to a fu:mly uniform tensile. tI't, .. which f suIt in J 

h.: ii' f'liI re of th,.; material hj ~ t :l procedu has been used to Ie -1 soils, canneL , J d 
a 'phall malerials.;lll has b 'n L1. cd by engi eers to compute fundarllental proJ rLie of 
rna ial ' [27]. 

B""u. 

--. -

e,... x 

e. . Initial shear strain (machine setting) 

e I • Minimum shear strain ( eM'n )
e... .. MaxImum shear strain 

FIG 5, TYPICAL· YROG· AP r1 [23J 
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ASTM Method D 4123 provides guidance on indirect tensile testing of asphalt concrete 
mixtures [28]. This test procedure was conducted on specimen produced at optimum asphalt 
content for all marginal aggregate a"phalt mixtures. This test procedure is considered 
straightforward and generally produces consistent results. The indirect tensile test was conducted 
on specimen at two test temperatures, 77 and 104°F. These specimens were cured in an oven at 
the appropriate temperature for 2 hours before testing. The indirect tensile test requires that the 
specimen be positioned so that the loading plates are centered and the load is applied across the 
diameter of the specimen (figure 6). The vertical load is applied at a constant deformation rate of 
2 in. per minute until failure. The ultimate load is recorded at failure and is used to calculate the 
tensile strength. The tensile strength is calculated according to ASTM D 4123 with the following 
equation: 

TS = 2P In [D (3) 

where 

TS = tensile strength, psi 
P = uHimate load required to fail specimen, lbs. 
t thickness of specimen, in. 
D = diameter of specimen, in. 

This testing procedure was conducted on a ffilnImUm of three speCImen for each of the 52 
marginal a gr gale asphalt mixtures at both t'mperatures. 

FIGURE 6. INDr ECT TENSILE TEST 
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DIRECT HEAR. The direct shear test is used to determine the ancr}c of internal friction (0) and 
the shear strength of asphalt mixture \!Inder diff rent onna1 :;tres conditions. ' he shear tnt 

f an a. phalt mixture is controlled by the cohesion of the a phall binder, th angle of internal 
friction., and the effective normal stress. For tl given normal stre. s and a 'phalt b'nder type, the 
shear strength of an asphalt concrete mi lure is dctermin y tt e a~gregalc prop ies (i.e., 
gradation, angularity, shape, and surface texture). 

he direct shear test for asphalt concrete mi tL re v s conducte in the devic~ shuwn in figure 7. 
A sa dard Marshall pecimen ( in, di. meler and 2.5 in. thi' as placed in th shearin, 

appar'tus and tested at 40°F Th . impl 'hear '-',-S mbly as laced in the Ins fI n achine 
which applied and mea urcd the ..he r load and di placcIll nt during 11 les. I he -hear load \ 3S 

a plied at a rate of /2 in, per rninule. The ircct ..hear t . l <1$ con 'lll: ed at 'hr nonnal stres' 
Ie 'ds, J00, 200, and 300 psi, Two te. l replic< te - ere c nducled for each teo t condition. The 
angle )f internal friction and coh '. ion (sh ar trcl1"lh at normal st ss equal lO ze '0) \ ere 
Jet rmin"d by plotting shear st ·e:->.s versu~ norm' I tre - and cOl1str ctinn a be t ft line LhrOllgh 
the data points. The angle f internal fri (ion is the an~/e bet\veen til onsLruct d cst fIt lin 
and th horizontal (x) axis and III cohesion value L he illLer~e of the rti ai (y) axis. 

F G JRE 7. 0 CT SHEAR EST APP R TU 

INE . REPEA D LOAD D F - oR,· TID . The confined repeated load deformalion 
triaxiaJ cyclic creep) test was used to evaluate the rutting potential of margina aggregate asphalt 

mixtures and to determine the effectiveness of stiffer asphalt binders to improve the rutting 
characteristics of these mixes. This test equipment and evaluation was developed by ~ ',S. Army 
Engineer Waterways Experiment Station (WES) specifically for this research on the basis of 
recent work conducted at the National Center for Asphalt Technology (NeAT) at Auburn 

18
 



University. This work showed the confined repeated load deformation test provided an accurate 
laboratory indication of rutting (29, 30]. 

The confined repeated load deformation tests were performed on individual Marshall specimen 
that were 2.5 in. thick and 4 in. in diameter in the test apparatus shown in figure 8. The 
specimens were placed in the triaxial chamber with smooth, dense-graded paper on each end ·and 
a rubber membrane around the sides. The triaxial chamber was then placed in an environmental 
chamber at 1400 p for a minimum of 2.5 hours. The triaxial chamber was pressurized with a 
confining pressure of 40 psi for 5 minutes. Each specimen was preconditioned with a 1.5 psi 
axial preload and then a 10 psi cyclic axial stress was applied for 30 cycles. The cyclic or 
repeated load was applied with a 0.1 second load application and a 0.9 second rest period. 

fI URl,8. .0 [II D RE --AT D LOAD D FORMATION TES ' 

The loading portion of the test applied a repeated cyclic load for 60 minutes and then the loading 
was released for 15 minutes for the rebound phase. The applied axial stress was 240 psi with a 
deviator stress of 200 psi. The deformations and loads were recorded at various times during the 
creep and rebound phases. These measurements were used to calculate stresses and strains and 
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then converted into a creep modulus and permanent defonnation values. The continued repeated 
load deformation test was conducted at 140" ~ which was considered a typical maximum 
pavement t mperaturc. 

Lh con fin .41 rep ated load deformation t~st can be used in several ways to valuate 
t mi tur~ . T e amount 0 d formati n [t J' the creep and r bound hase."i of th 

te-t 'ndi at 1 asphalt mixture's potential for permanent deformation. Smaller axial 
defor tions and lower cre p deformation val 1"5 in ieate <.I • table asphalt mi llr. he cre 
modul ,> alu in icate. tt C' asp alt mixture's stl fness. Hi h creep modulus va.lues should 
indicate minimum potentiaJ permanent deformation. The creep modulus val is calculated 
u iug r e ollowing eq ation: 

M=SxHID (4) 

where 

M = creep modulus valu ,p i
 

= vertic, I str S - ad/contact area, psi
 
H = hight of specirnen, in.
 
) = axial d forrnation, in.
 

Another t~ .. t result that cun e u.ed to evaluate lhl: rutting po ential f an asphalt conert: e 
1. Lure' he lope of the !'Ol ady stale p [rion of the rcep d format'on C I ·C. 'his slop wa 

deler ni e from the ere p deormatio curve lotted on log-lo cale. The high· r Lh slope 
V<I ue, the .ereater the potential fo ruttinb in th asphalt cone te mix. :ure [31 32]. 

P lASE ~-A ...... "" .........GATE HARA T RJZATION
 

Thi. s ·ti n presents an cli -cu· s the r . ults of th a I:>rcgate particle haract riz(lf n teo ts 
cond let d on th fahricat d P '( a gregaf gradations. The la Joratory testing progr'm f r rhi.: 
marginal ag regat slUdy was foeu ed around the dfi ct f d part.in from the It -0 
Specificl i n for the .'It 1'1 ani 3/4 in. rna imum ggre ale size gradatio and the percentaoe of 
cmshcd particles c lli'se and fine) in tile n reg'te lend. The aggregate characterization le:;l' 

w'rc onduct dod ~ rminc rne fFe t of tl1 he. e of the aggr ale r dation C I 'e and h 

quanli( the characterisLic.' of the a oregale particle hape and t lure. Anal sis of the~e t t 
re.1I ts i c1u d a a bical ao' ly e~ of the shape of the a a "gate· rada'o curv '\ ith :.tandard 
s mi-log and OA5 power ltlaximum density gradation curves and co e ation of indi idual 
aggreg te ch -acteriwtion ests with the rc nlage of cruslpd particles for compo:-;ite {I tal), 
co' . c, an fi e [facti n . ThiS analysis was conducted to achieve two of the stated objecti es of 
this study: (I) evalua~e and determine suitabk metho 'or tests to characterize abgregate particle 
shape and texture to irnprov a regale specifications as it relates to pavement rutting and (2) to 
del [mine boundaries or aggregate oradation, limits for percent crushed particles, and maximum 
amounts of natural sand materials. 
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AGG ~OATE GRA ATIONS. 

The fabricated test gradations were produced to determine the effects of variation from the 3/4 in. 
maximum aggregate gradation specified in Item ?-401. Mixes 1-8 were fabricated with crushed 
limestone materials so that the effect of gradation could be evaluated with high quality 
aggregates and that the effects of particle shape would be minimized. These test gradations ere 
designed to evaluate the general shape of the aggregate gradation curve as the gradations . aried 
from the maximum limits of the FAA specification, contained excessive fine materials and were 
poorly gap-graded. ixes 9-18 were fabricated wiLh crushed and uncrushed gravel with varying 
amounts of coar e atural sand n aterials. These test gradations were designed to evaluate the 
effect the fine aggregate portion (material smaller than the NO.4 sieve) of the gradation curve. 

Graphical analysis is the best way to evaluate an agg gate gradation if asphalt concrete mixture 
data or field performance data are not available. The graphical analysis involves plotting the 
aggregate curve against proven specification bands or plotting the gradation curve on a .45 
power maximum density gradation curve. Comparison of the test gradation to these established 
specifications is a good indicator of relative performance but not an absolute predictor of asphalt 
concrete performance. 

Of the [8 test gradations designed to evaluate the aggregateoradation characteristics of asphalt 

concrete mixtlJre only six aggregate blends (Mixes 1,9, 10, I , 14, and IS) would fall inside the 

specified FAA limits listed in table 2. Mix s 1. 9, 10, and 13 are the onl aggregate blends that 
would meet all the Item P-40 1 aggr gat require ents. This means the other 14 aggregate lends 
would be classified as marginal acrgre ate mi"tures. ach of the a ~regate t st grad'ltions are 
plotted with the FA specification limit on standard semi-log gradation curves in figures A-I
A-19. 

Previous ·~.·eat 'h sludi ' hav" indicOlted th. t P otting al~grc ate gnda i ns with a O. PO\" 

max tOlUOl nsity gradation cu can in lea the quality of the ag r' ate blend r 3, 34, 35] 
Aggre ate gradations that pI' duce' hum b l.vecn the No. .. and o. 10 sieve siz' s 'enerally 
produce a tender or un table asphalt oncrde mixture. Thi' hump is ener JIy around the o. 30 
sieve and is produced by UII execs. amount of middle-sized sand particle:. 

This h.ump was e iden! in several aggr gme gradations fabricat>d for this laboratory. tu Iy 
(Mixes lO-12 14-18). s h percenU co n:ltlJral,,' d material lncrea ed, the hump at th o. 
30 . lev inc.;rcased. Ba (on previou. laborato . and idd .'tudies 136, 37, 38], thes aggregate 

blend.. shoul pro uce sen 'itiv , cnder aspl!' It oncrctc ixtlH'cs. he test aggregate gra ation 
curves are plotted with he 0.45 powe maximum d nsity line in fJgu es A- 0-A-3~. 

The evaluation and analysis of the effect of til re leral sh. p of an aggregate gradation can best 
be conducted by comparing the gradations with the asphalt concrete properties. This analysis is 
pre~'cnted and discussed in Phases II and n . 
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AGGREGATEP TICLESHA 

The aggre ate partie e characterization tcst:' wer CC'lnd lCted to quantify the Sb'l and :urfac. 
texture 0 the aggregat in each aggrega e blend and to correlalC these' r g te characteristics 
to lh percentag of crushed p tieles and to the an oun f natural sand i the aggre are blend, 
Currently, Item P-40I controls lh quaJity of tl aggrc ate 'hapl; an . urface te ture by 
spe j in minimum v. lues for cm h d parnd : (70 ~rcen( '~an fine 'od the maximum 
amount of natural and 20 perc nt by tota aggregal, eight). The ;maly"js al'o inchJ d a 
c rrdation of <. gregat t;!laractcriz<ltion r 'Is t th arlicl~ Index alu wtich L' the only 
standardtzed test method for aggreg te ch -actcrlz<llio f r (I, phnlt concrete mixtures. Th 
particle characteristics will also b correlated with a,'>phaJt ixwre prop rti~: inc1udin rnIX 

~trength values and rutting char. 'teri lies. Tllis an.u. -is wi 1d tnnnine th relation lip bet toen 
and the influence of aggr gates on th erformance fa phalt CorlL.fcte mixtures. This analyst b,' 
discussed in detail in Phru.; sHand n. 

'pERCE RUS -I D PAR' lCLE•. A crushed particle is defind as an agorc ate particle that 
has at least twp m chanicafl_ induced fractur fa e;:.;. he lab stock lllaterials LIS d to r· br ale 
l e ~ t aggregate blends were composed of 100 perc fit crush· imesto e and em hed gravel or 
100 p r~ent ullcrushed gravel and uncru.·h n. tural I\and. . ince -"teh "ggre HI blend 
fubrical tI with individual sieve siz s of ac 1 lab sock material, lhe perc mag o· em hel 
purticles for the composife gradation, coars agopgat friction and fine acrgregat fraction, and 
the amount of natural '~lOd material w re det rmin from the at h weigh rc mag - in:-a ad 
of by visual inspection. : -sing th butch w i ht per entages. elintinale t 1t hum n error and bias 
produ cd 1)' subjecti il)' a d p rs 0" I judgment which is required by the isu.l inspection 
proccdur~, The perc-nt crush ~d artic! aJue, tid the 11 tural san _ conLent f- r ach aggregate 
bIen are listed in tabl 6. 

Th· Particle Index t st 
i characteristic." I" r a on -siz d 

aggregate compacted in a stand rd mold w uld indicate th charactri -tics f a gregatc shape, 
an ILl]' rity, and surface lext If. U erous studic. hwe indicated lhat ih Patti' Index v' I e is 
j' ger for a(fgr gates that are mor irr gula , .mgular, and fO gh r. !lese studic.s concluded thal 
a rrregates with rounded p. rtiel s and smooth surf' ce Ie tur s ha e; P rtide ndcx f 6 t 7. r 
les., while a regate with highly crushed part! 1 ': with mug tcxlur. hav> a rtic e lnde 

aluc f IS to 20 or morc. A Parlicle Fndex value of 14 has also be~n found to .' parate 
uncrll .. hcd natma[ sands from man facwred -..md [39,40, 41]. 

c p, rti e Index t twas conducte on each .. ize f etton of each lab 'tock malerial. The 
Panicle dex vallI. for thes lab. to k m t riaL arc res med in t-'-lble 7, The . eighted Particle 
Index for ach aggr gate blell "as calculated on the ba i of the wight, rcenta of 3cb size 
fraction in the aggre ate radation. The weighted Particle Index valli s or the compo, ite 
grad rion, coarse aggreg. te raction, and tine aggre ate fraction ar listed 'n table 8. To imply 
and. horten this method.., the Particle Index value w determined for the major sieve fraction and 
the major plus second major sieve fractions, These Particle Index. values are also listed in 
table 8. 
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TABLE 6. PE ENT C US PA TfCLES AND TURAL SAND CO"'l'1l·!::i1>..l 

I Percent Crushed ?artic1~s 
I 

Mix Composite Coarse Aggregate Fine Aggre ·te I Natural and 
Number Gradation Fraction Fr.lction Content 

1 100 100 I 100 0 
2 92 100 75 8 
3 88 100 79 12 
4 90 100 i 77 10 
5 I 91 I 

I 100 86 9 
6 90 100 82 10 
7 88 100 78 12 
R ~5 100 I 58 15 
9 90 100 I 76 10 
IO 80 100 53 2U 
II 70 100 32 30 
12 60 100 J I 40 
13 100 100 100 0 
14 0 i 0 a II 
15 0 0 0 10 
16 0 0 0 20 
17 0 I 0 0 30 
18 0 0 0 40 
19 42 0 100 0 

20 83 70 100 0 
21 7\ 50 100 0 

22 59 30 100 0 

TAB 7. P RTI L TNDEX VAL 'S FOR AB STOCK MA IALS
 

Sieve Size Crushed Limestone C{lJshed Gravel Ut1crushed Gravel 

1./2 in. 15.0 12.8 8.7 
3/8 in. 15.5 14.0 8.8 
No.. 4 16.3 13.5 8,0 
No,8 17.2 15.6 8.8 

No.16 17.2 16.6 7.8 
No. 30 15.9 16.6 

No. 50 15.7 13A 6.4 

No. 100 14.7 14.2 9.7 

No. 200 ISA 19.9 9.4 
Fine A ,ro-,.,.nates 

Coarse natural sand 5.9 
Fine natural sand 9.0 
Li mestone dust 16.0 
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TAB IE 8. PA TIC ' rNDEX AL ES FOR AGGR ~ yA' E BLE DS 

Mix 
Numher 

Composite 
Particle 
Index 

Coar,'e 

Aggregarc 
a icJe 
fndex 

Fine 
Art regate 

P< ide 
Index 

Mtjor 
Fracti n 
Pa.r[ile 
Index. 

Major + 2nd 
Major 

Particle 
rndex 

I 16.2 16.2 16.2 16.3 J6.7 
2 15.3 J5.8 13,8 15.0 15.3 
3 15.3 16.5 14.1 16.3 16.8 
4 15.1 15,9 13.9 15.0 J5.7 
5 15.4 J6.6 14.6 17,2 16.~ 

6 15.4 16.5 14.3 16.3 !fi8 
7 15.0 J5.8 14,2 15.0 16.1 
8 14.8 15.7 12.7 J5.0 15.5 
9 13.R 14,0 13.5 13.5 13.2 
10 12.8 13.9 11.2 5.9 9.7 
.11 11.9 13.9 9.3 5.9 9.7 
12 11. 1 13.9 7.8 5,9 9.7 
13 J4,8 14.1 15.9 13.5 13.2 
.i'4 8.3 R.4 8.1 8J) 7.9 
15 8.2 8,4 7.9 g.O 7.9 
1(') 8.2 8.6 7.7 g.O 7.Y 
17 8.0 8.5 7.3 5.9 7.0 
lR 7.8 8.5 7.1 5.9 7.0 

19 11.3 8.5 15.0 8.0 8.4 
20 13.6 12.3 15.6 13..5 14.5 
21 13.1 11.5 15,6 16.6 15.0 
"')')..  1_.4 10.3 15,6 8.0 8.4

~~2..."--".:i.l:.~=~~.:o=..::~~",----,,-=~::!...RE~. Thi aggregate chara·t rization est "vaS e' eloped 
as a simpl routine le·t t mca:ure t a gr gat particle :shape •.nd smh c texture \-jng the 
]oo,.e uncomp~lcted void 'ontent fa fille ag r gale. 't; ral sludie conclu e that d cr <Ising 

aggregate' ngul ity and, 100lher JSurface teo lures win decreas the lose uncompacte void 
content. Tht:se studi s have found that this te t cthod C' i lingui ..h the dif "er' ce elW en 
aggrcgat shape. an . ur 'ac texture: of fl e aggrecrate, Ul the three me hods (A, B, C) produce 
di f rent void levels or the s me af'J'gregatc because of ifferent aggn.:gale gr din's [ I, 42.43]. 

. or this laboratory study. Met ods A and C \vere used to characleriz each aggregate ble d. 
Method A uses a standard fine Jgg ~g' te grading of 190 grams that can h obtained from 
individual sieve fractions. he standard gradlng and weibhts were previously presented. Method 
, uses 190 gram' of as-r ceived material th t pass ,. the. O. 4 sieve. Conducting the flow te t 

wilh thi matl:r1 I was rno ifficult due to the clogging of the funnel by the plus O. 8 material. 
The clogging of the funnel interrupted the free flow of the fine ggre.gate through th unnel 
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orifice. Slight tamping of the funnel was required to unclog the larger particles. The calculated 
uncompacted void contents for Methods A and C are presented in table 9. 

TABLE 9. NAAPARTI ESHAPEANDTEXTUREVAL S 

Mix Number Method A Method C 
] 47.1 39.3 
2 46.4 39.3 
3 47.2 38.1 
4 45.8 41.0 

40.05 46.6 
6 46.8 40.5 

39.27 I 47.4 
8 44.2 36.4 
9 44.1 37.4 
10 43.1 35.7 

36.1 

I 36.2 
11 41.2 
12 39.9 
13 45.9 39.0 
14 38.4 33.4 
15 41.3 35.3 
16 40.6 33.5 

34.617 39.6 
18 40.2 34.7 
19 45.9 

46.2 
37.6 
37.320 

21 46.2 37.6 
22 44. 36.6 

MO [flED A PA :{TICL SHAP ND T TU . The A particle shape and 1 ture 
apparatus was modified an enJarg d to test and evaluate larger coarser aggregate particles No.4 
to 3/4 in.). This test apparatus was used to determine the shape and surface texture of coarse 
aggregate particles using the loose uncompacted void content. Since the concept of usin void 
contents to characterize aggregate shape and surface textme had been successful with other test 
methods. enlarging the NA flow test apparatus to quantify the coarse aggregate shape and 
texture seemed to be a valid and practical idea. 

Since there was no established procedure for testing coarse aggregate in this manner, two 
methods were established that simulated the fine aggregate test requirements. The primary 
difference in these two methods i the gradation of the aggregates. Method I uses the as
received material that passes the 3/4 in. sieve but was retained on the No.4 sieve. Method 2 tests 
the individual aggregate size fractions (3/4 to 1/2 in., 1/2 to 3/8 in., and 3/8 in. to No.4 sieve). 
The uncompacted void content for Method 2 is calculated as an average of the three individual 
size fractions and by weighted average using the weight percentages of each size fraction in the 
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coarse aggregate gradation. The calculated uncompacted void contents for the modified AA 
test apparatus are pre. ented in table 10. 

·.ABLE 10. UN OMP, ED VOID CON TS FOR MODfFTE A ST 
APPA ATUS 

~1ix Number 

Method 

As-Received Material 

Mel od 2 
A erage 0 Iodi idu·.tl 

Sizes 
Method 2 

Weighled Average 

I 47.0 49.2 49.4 

2 46.4 49.1 49.2 

3 47.4 49._ 49.4 

-+ 46.4 49.2 49.5 
5 47.4 49.2 49.7 

6 47.7 49.2 49.4 

7 49.1 49.2 49.1 

8 46.8 49.~ 4).2 
9 45.9 47.7 47.6 
10 45.9 47.7 47.6 
II 45.9 47.7 47.6 

J2 45.9 47,7 47.6 

J3 45.9 47.7 47.6 

14 39.9 42.2 42.2 

l5 39.9 -f~.2 42.2 
16 39.9 42.2 42.1 
17 39.9 42.2 42.2 
IR 39.9 42.2 42.2 
19 40.3 4_.2 42.2 
20 43.7 45.0 46.0 
21 42.9 45.0 45.0 
22 J .6 45.0 4 .9 

DIRECT S . AR. Th" d' feet shear t s( as us determine the shear strengt an rh angle of 
inte aJ fricri n of the fine a grcgat for e ch aggregalc en. Theo 'tical1y. his t -r meth d 
should prod.uce a v' r d rc!ationsh' p b'lW en the ani'1le .mernal fric i n and the ag rc ate -hap 
an surfac te tlln~. hut conflicting results have b c repcHted. Win~ rd [41] reported lh t lhe 
ang c of internal friction values cpawt the alural sand material f om 'lh manufactur~d < nd 
mal rials while StLlrat [4+] cone uded tba the direct shear method was not a ()od indicalor of 
sand shape and texture. 

The direct shear te t was conducted on the material smaJle than the NO.4 siev !tat ri<l of ach 
aggregate blend. The test was conducted using three normal SLress level, IT ,2TSF, and 
3T F. The angle of intcmal friction was determined by plotting shear stress versus normal str ss 
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and analytically determining the angle produced by the best fit line through the data points. The 
angle of internal friction values for each aggregate blend are presented in table 11. 

TABLE 11. ANGLE OF TERNAL FRICTION VAL S FOR FINE AGGREGATE 

Mix Number Angle of Internal Frictioll 
l 42.5 
2 46.0 

41.53 
4 41.5 
5 42.0 

I 42.56 
7 41.0 

8 40.5 

9 41.0 

10 39.0 
11 40.5 
12 36.5 
13 41.5 
14 39.5 
15 39.5 
16 36.5 
17 36.0 
18 36.0 
19 42.5 
20 43.5 
21 I 42.5 
22 41.5 

N T WEIGl 'AND VO S IN AGGREGAl '. This test method (A' C29) is used to 
deter i· e the unit weight and void conten in an aggregate matrix for fine, coarse, and mixed 
aggregate b~ends. The unit weight and void content can be calculated in a loose or compacted 
co dition. This t st procedure was developed to select proportions for concrete mixtures, but the 
determination of void contents in an aggregate matrix has been proven to be a valid method of 
characterizing aggregate particle shape and surface texture. 

For this laboratory study, the coarse aggregate fraction of each aggregate blend was tested. The 
rodding procedure which produces a compacted sample and the shoveling procedure which 
produces a loose sample were used to evaluate the shape and surface texture characteristics of the 
coarse aggregate fraction. The void content was determined for two gradings of each coarse 
aggregate fraction, as-received and individual sieve size fractions. The void content for this 
second grading was calculated using an average value of three size fractions and by weighted 
average according to the percentages in the coarse aggregate gradation. The calculated void 
contents for each aggregate blend are presented in table 12. 
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T 12. VOID CO TE T' OM ASTM C29 METHO
 

M.ix 
Number 

Rodding Procedure Shoveling Procedure 
As

ec ived 
MaleriaJ 

Av gc of 
Jndivid . 

Sizes 
WeiCYhted 
Average 

As-
Received 
Material 

veragc of 
dividuaI 
Sizes 

erghted 
Average 

1 41.3 43.3 43.5 45.9 48.6 4R.9 
2 413 43.3 43.3 46.0 48.6 48.6 
3 42.1 43.3 43.4 46.3 48.6 48.9 
4 41.2 43.3 43.5 45.7 48.6 49Jl 
..:; 41.1 43.3 43.7 46.3 48.6 49.2 
6 41.2 43.3 43,4 46.4 48.6 48.9 
7 43.6 43.3 43.5 4R.8 48.6 48.7 
8 41.0 43.3 43.3 45.8 48.6 48.6 
9' 40.7 42.5 42.4 44.6 46.7 46.6 
JO 40.7 42.5 4_.4 44.6 46.7 46.6 
11 40.7 42,5 42.4 44.6 46.7 46.6 
12 40.7 42.5 42.4 44.6 46.7 46.6 
13 40.7 4_.5 42.4 44.6 46.7 46.6 
14 35.9 38.2 38.1 38.6 41.1 41.0 

15 35.9 38.2 38.1 38.6 41.1 41.0 
16 35.9 38.2 38.1 38.6 41.1 41.0 
17 35.9 38.2 38.1 38.6 41.1 4l.0 
IH 35.9 38.2 38.1 38.6 41.1 41.0 
J9 35.4 38.2 38.2 38.6 41.1 4 1.1 

I 10 38.5 40.4 41.2 42.5 43.9 45.0 
21 37.8 40.4 40.3 41.9 43.9 43.9 
22 .7.3 0.4 9.5 40.8 43.9 42.8 

AGGR ~aA E PARTICLE S .APE A S ACE TEX The ag r gat. p;:trticle 
cha,racleriZ<ition t sts re a dueted to quantify the particle shape and S' rface texture of the 
ag regates in each aggregate blend. The analysis of these aggregate parrick characterization tests 
con j ted of correlations between t t ~ults f r the composite blend, coarse aggreaate fr' ction 
'. d fine a elregate fraction with th percentage of crushed particles in the aggregate brends 
(Mixes 1-22). The analysis al 0 included a correlation of the characterization test result for the 
fine aggregate fraction with the amount of natural sand material in the aggregate blend (Mixes 
9-18). The final correlation of the aggregate characterization tests invoi ed the nonstandard 
agCTre ate characterization t t with the Particle Lndex test suIts. The e correlations were 
conducted to determine if aggregate particle characterization tests could be used to improve 
agbregate specifications by replacing the current requirements of percent crushed particles for the 
coarse and fine aggregate fractions and the maximum limits for natural sand materials. 
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LE CHARACTERIZAnON TESTS WITH 

The Particle Index Test A. D 3398 . The Particle Index test has been used in several 
laboratory studies to evaluate the particle shape and surface texture of aggregates. This method 
has been effective in characterizing aggregate shape and texture but because this method is 
tedious and time-consuming, this method has only been used as a research tool. A summary of 
these previous studies indicates that angular, rough aggregates have a Particle Index value greater 
than 14 while round, smooth aggregates have a Particle Index value less than 12. The test results 
from this laboratory study (table 8) agree with the findings in the literature. ix 1 (crushed 

limestone) and Mix 13 (crushed gravel) had Particle Index values of 16.2 and 14.8, respectively, 

while Mix 14 (uncrushed gravel) had a Particle Index value of 8.3. 

Correlations between the Particle Index values for the composite blend, coarse aggregate 
fraction, and fine aggregate fraction and the percent crushed particles for each fraction were 
conducted using linear regression. The coefficient of determination (RL

) was used to determine 
how strong the correlation was between the data points and the regre~sion equation. A strong 
correlation or relationship was found between the Particle lndex values and the percent crushed 
particles. The results of these correlations are shown in figure 9. The R2 values for these 
correlations were extremeJy high (O.945-composite, O.924-coarse, O.984-fine) and indicate there 
is a strong linear relationship between Particle Index values and the percent of crushed particl s 

in an aggregate blend. 

<> Orrpc£ile Blerd 
20.00 

Rsq..ured ~ 0.945 

• Cu=~ 

Rsq!LlI<d = U924 

+ r'Jlr: 
16.00 

12.00 

.--:;; .
 
----:.: -::.- . +
 

R!If!IRl = O.~ 

800  j--:./ ... 

400 -+--"""--'-'1----,--.,.-,--,-----.,.'--,.--'1---,------" 
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FIGURE 9. PARTICLE fNDEX VAL S VERSUS PERCENT CRUSHED PARTICLES 
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]n order to shorten this time-consuming test pro 'edure, correlations were conducted 
between Particle Index values for the major 'j ve size frac~ion and th major fraction plus the 
2nd ma'or sieve size fraCtO s and the p n.:: III C'rll h d articles. hesc corr"lations were not as 
strong'.- with the weighted compol'\i e . article Index alues. The R- value for the major i'veL 

fraction was 0,520 while the val c for the rna'or plus 2nd major sieve fracti n was 0.7] . 
The.... e results indicate that :-.everal 'ie e size fraction~ are re luired to produc. as strong a 
corrdd!ion as did the weighted composite "lrticJc Index v uc. 

he Mpdifie NAP tj ]e Sha ~ an exturc Test. hi.s rcs! Will ll.'ed 0 

'l1araclcrize agg eg<ltc shape and t' 'tur f Uaf.s agg cgale.1; using the oos uncompacted viI 
content The uncompacted void, 'nt 'nls for this test 1clh d ur pres nled in lable lO, The 

oid cant nts d t rmined r Method 2 are basically lh :amc' til· -'aid com nts were not 
uffect by calculming l!1l: void c ntcnl lIsina a ~'twighl a 'era"" 0 ~ /eightcod -v r gc of the 
iodi 'idLl:J.l aggregat siz s. HO\: ever, ther' as a di fe t::n..:e ill )ld COllt nl' for Me hod.- I <lnd 
1. The"l id conte t f r Melho <L'i-re eive-d \ ere approxim<J.t"jy '2 ,er'e t ow r than for 
Method..:. (IVciglted average), This diff rence i,. du I' h oradalion i Iel'cnce in til' aggregates 
tested. Individual (l0'(![<:; Jute, 'zcs ·h uld produce higln: vni cont n'ls than gradl:d sample', 

An extremely SIr ng cor lari n was d"rermin d for the uncompacted void conlenl: 
ete lin using this modifi d method and the perc nt 'rulih d rarticl s. Til result' f 

th 1. C correlation. are shown j 1 figur 10. The R~ 'aluc• .F( r tlelhocJ I and Met1o{, _ art: 0.9 I 
,in 0,945. 'pecli ely. This ata in iealC,.. thi: Ie t Inet 10 'all bE cond leU nn bklHled 
a 'gregale sample" or 'ntH 'idual ize ..ample: wirJ equal confid nee. Thi, m ,tho rrovidc 

c ibility and i, an excel! fit indical r of crushed COd'" partiel ~ . 

..:....:.:=--.;=~.:...:...::=:.=...;="'---'~;;;;.:.:..-="--'--"'l=-=.;;>==-='---=-~........=-:.:c:.="--'-'=-=S;..:T'-'-'-'_('==2~-). Til is te .t is pri mal' i I.

dl.:sians ut becmLse lhis rn thod determines i (,; n[~nt~ of 

aggregate, lhis method wa" valuated as an ,ggr gak characterizali n 1 !':t f I' lhe car'e 
aggregale raction. The rodding proc 'jure "",hi h pr Juce c )mpact d .sarnple and the 
s ovding proced re hieh produc . a I (. e ,ample, . lise to e JIll. te Lh 'oarse aggregnte 
shape chara' eristics. The uncompacted void conlent - for ach pI' ed r ar pres [lted i lahl. 
12, As expcct~d, the ro ding proc d re produced v i I contents approxima Iy 4 r rcent lower 
than the shoveling pr cedurc, he difference hetwc n the average and ,'eight d J fa t: r 
individual aggregate sizes wal' egligible for both pI' c du s. Th diffe cnc 'n void con ents 
et cen the as~rcct;:;ived m lerial and the ei -hted average was evident wilh lh (j.'H ~j ci! 

material producing th ower void ~ontents, Til effect of gradaLi n influ nee t c 1 $1 r . UllS as 
it did in the Modified NAA test method. 
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An extremely strong correlation was determined for the uncompacted void contents 
determined using the rodding and shoveling procedures and the percent crushed coarse aggregate 
particles. he rc ults of these correlations are shown in figure 11. The R2 values for the rodding 
procedure with as-received materials and we' hted average of individual sizes are 0.930 and 
0966 respectively. The R2 values for the. hoveling procedure with as-received materials and 
weighted average of individual sizes are 0.922 and 0.925 respectively. These results indicate that 
either procedure (rodding or shoveling) could be used to determine the percent of cnlshed coarse 
particles in an aggregate blend. 

The Particle Sh' pe and Texture est Method. This test was used to measure the fine 
aggregate article shape and surf- ce t xtt re using uncompacted void contents. Methods A and C 
were used in this laboratory evaluation and the results are presented in table 9. The computed 
void contents for Method A arc 4 to 8 percent higher than Method C void contents for the same 
aggregate blend. The difference between these results are due to the difference in aggregate 
grading. Method C is the as-received material which contains more fine material than Method A. 
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Th 1ClJlOd A lest procedure ha:- been llsed by several fl: eaTchers to characterize fine 
aggr gale sh'lpe a d texture. A revi ' of thest: C nt studie indicated that angul " rough, fine 
(LLTgregat avoid c nLents grea er than 45 and round, smooth, fine aggregate. I a e voi 
content. below 43. The t st results fr thO labo.ator l'tudy ;;lor e ith the t ,t re ult 
pre"enled in the lit -atur. Mix {crushed tim s.tone) and Mix I (G u'he gra en ha void 
c ntents of 7. and 45. , respecti ely, while Mix 13 (uncfLlshed gr vel) had d 'oid aIllent of 
38.4 

The conelations for void contents determined using A Methods and C with percent 
crushed fine particles are shown in figure 12, The correlation for Method (R2 = 0.606) was not 
as strong as the correlation for Method A (R:! :;;; 0.845). B<:L<;ed on (hi: d' ta, Method A (:-.landard 
grading) is a better indicator of percent crushed fine particles than Method C (as-received 
material). 
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The Direct 'hear Test. The direct shear test was conducted to determine the angle of 
internal riction (0) of the fine aggregate. Theoretically, this method should produce a valid 
relationship between aggregate shape and texture and the angle of internal friction. A review of 
lhe literature produced conflicting results about the ability of this method to produce a strong 
relationship between aggregate shape and wxture and the angle of internal friction. The test 
results for the material smaller than the No.4 sieve of each aggregate blend are presented in 
table 11. 

The correlation for angle of internal friction and percent crushed fine particles was not as 
strong as the previous aggregate characterization test. The correlation for the direct shear test is 
shown in l'i.J ure 13. The R2 value for this correlation was 0.674, the lowest for any test method. 
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. llmm ry (f Co lid 1l of D 'termin (on. A summary of co ricicnts of deter nin lion 
for the ag regate particle characterization tests and percent crushed particle is pre 'nre I in table 
\3 The Particle Inde-x test produced extremely high correlations with p rcent crushed parti Ie 
for composite blends, coarse arrgregate fractions, and fine aggregate fractions. The i of 
shortening the test pro e Uf to one or two a )" gate ~izes did not pr duce good c rrel tions. 
The Modified r A test and M 29 b lth did an excelJ nt j b cor ,,\, Ling void c atents ~ith 

percent crushed coar, e aggregate. 'he AA particle hape" d texture tc t produc 1I a very good 
correlation with percent crush d fin~ aggregate. The irect shear le~t produced (he orst 
correlation of an aggregate ch fa t rization test with per~ent crush d panic e,', Ba.ed on thi' 
data, the Particle I dex test, AA particle shape and te ture, Modi I d NAA test, and 
C29 methods would alJ be viable alternatives to characterize aggregate shape in'~ead of percent 
crushed particles, 
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TABLE 13. CO ELATION OF AGGREGA P RTICL, C 1ARACT ZATION TESTS 
WIT PERCENT CRUSHED PARI 

Aggregate Particle Coefficient of Dele mination 
J\ggregate Size Characterization Test (R2

) 

Composite Blend Particle Index 0.945 
Maj()r Fraction Particle 0.520 

Index Value 
Major plus 2nd Major 0.718 

Fraction Particle Index Value 

Coar~e Aggregate Particle Index 0.924 
Modified NAA, As-Received 0.941 

Modified AA, Weight d 0.945 
Average 

ASTM C29 (Rod), As 0.930 

IReceived 
M C29 (Rod), Weighted 

, 

0.966AS 
Average 

ASTM C29 (Shovel), As 0.922 
Received 

A TM _29 (Shovel), 0.925 
Wciehtcd Averuge 

Fine Aggregate Particle Index 0.984 

NAA. Method A 0.845 
NAA, Method C 0.606 

Direct - he' r 0.674 

Til Particle Index Te t. The Particle Index test was used to characterize the fine 
aggregate fraction and to determine if there is a correlation between Particle Index values and the 
natural sand content. Previous research indicated that this test method could separate natural and 
manufactured ·ands. A ParUcle Index value of 14 appeared to be the value that separated round 
sands from angular sands. 

An extremely strong correlation was determined for the Particle fndex value and the 
amount of natural sand in the aggregate blend. The result of this correlation is shown in figure 
14. The R2 value for this linear correlation was 0.995. This correlation is approximately the 
same as the p. tick Lndex correlation with percent crushed fine aggregate. h> Particle Index 
test is an excellent indicator of the amount of natural sand in the aggregate blend. 
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T A Particle . .fr pe un Te lure e~t. Th A partie! shap' ( d texture test was 
J v loped origin<;llly to mca... ure lh aggregate : ape and texture of 5< nd-sized J aterials. . vcr I 
lah [CIt )J)' • tll i have eva umed this te t lethod and found thuL his m tl ad can i~Lingujsh 

btlWe 11 [ u d, smooth agtJl't.: ales' nd ann 1ur, ro gil a re at. uncom[ acted voi contenr 
of 44 45 i.- th . epw'ati n f natural and manufacture 'an for ethod A. Th t st r '~,ults 

From this study indi ;lleu that 6. the amou t of natural :::and increases the voi conle t decrca:-.e . 

. he correlati n for void co tcnts detern ined using N.. Method A ano' with h 
n~lur .l. nd 'onlent are 1 wn in -ig r 15. he orrdation forethod is xtrcmeJ stront::; 
(R: = 0.937) while the orrclaLion for ethod _ is n t CI strong ( :! - 0.481). B ed on ~hi.· 
la a, M thod C sh ul nN b~ 1I c- to determine the n8tural and content of an acrgregate bknd. 

, the dire t shear lest should produce a valid . lation$ ip bet\ cen 
aggr gate hap~ and lextur and th an Ie of internal friction but fails to do so in many ca~es. 

he correlation of angle of internal friction to natural sand content is som whar srrom:l wi h Q 

R2 =0.780. This correlation i shown in firrure 16. 
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SummarY' of Coefficients of Determination,. A summary of coefficients of determination 
for agg gate particle characterization tests and the natLlr sand cant t is pr senleo in tabi J . 

The Parfcle Index test produc d an lr eJ high co lari n wilh the natural sand content 
whi h corresponds to the strong c rr < rion the Particle 1ndex [c t had wit percent crushed 
pari ic ~ '. The two methods of the N A pro dure prod ced signi icantly di Iercnt correlations. 
Method produced a very strong corn.: allol1 while Method C produced Ll below avcrartc 
correlation. The dir ct ,hear tesl produced an abov avcrag orr 'lalit with nalural ~and 

'on lent but w' s not as eff, live a:-. the Partie! fndex and panicle shape and texture tests. 

T LE 14. COR ELA' ON 0 FLNE AGGREG E P. HARAC ERlZ nON 
TE T Wl I A' R L S. ND 

LE
NT 

A :unllnaTY of coefficient of determination lor t . aggregate particle characterization te. ts an' 
the P~1.rlicle Index teo t is r, Ilt d in 1:1 I 15. The rCilull .. 0 hese corr~l. lions:Ir shown i 11 

rj..,ure~ 17-20 1:e carr lations are separated int care and fine aggregale fraction.. Th 
Modified A test ~nd A M C29 te 'Lh cis 'ere v IU;Hed for he coarse aggregate 
fractiol. 'ach of these correJatio s has a xlr-u ely :trong linear carr It tion with lhe Partic e 
hde allies, The dif!"cre ce in the. e relallonshjps is e tremely small \vhi l means an ' of the' 
t .t method: could be used l charactt:rize cc ar. e aggreg t, sha and ~xture. 

The Panicle lnd values for fine aggre alton fraction were correlated 'it the NAtes and 
direct shear test methods. The N t st method produced a stronger c r lation wilh Particle 
Index than did the direct shear test. Based on this data, tl e NAA p. rticle . hare and texture tcst 
could be used to characterize fine aggregate hape and lexture. 
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TAB l5. CO~'-A""'.ALJATION OF AGGREGATE PARTICL CHARAC IZATIO TESTSI 

WI I PAR CLE DEX VAL 

Aggregate Size 
Aggregate Particle Characterj,zation 

Tesls 
CoeffICient of Determination 

(R 2 
) 

Coarse Modified NAA, As-Received 0.964 
0.996Modified NAA. Weighted Average 

ASTM C29 (Rod), As-Received 0.935 
ASTM C29 (Rod), Weighted 

Average 
0.988 

ASTM C29 (Shovel), As-Received 0.959 
I\STM C29 (Shovel), Weighted 

Average 
0.997 

0.865Fine NAA, Method A 
NAA, Method C 0.610 

Direct Shear 
I 

0.700 

52 
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PHA E I -AC-20 MIXTURES 

This section presents and discusses th results of the preparation and testing of the 22 asphalt 
concrete mixtures produced with an AC-20 asphalt cement. This phase of the laboratory study 
was designed to determine the range of asphalt mixture properties that would be expected using 
material meeting the Item P-40 I specification and the impact of deviations on the engineering 
properties (strenoth values and rutting characteristics) by using marginal or substandard 
aggregates. The test aggregate gradations were elected to determine the effects of variation in 
the shape of an aggregate gradation curve, the percentao'e of crushed coarse aggregates, and the 
amount of natural sand material in the aggregate blend. The AC-20 asphalt cement was II cd in 
this phase because this type of asphalt binder is the most common asphalt cement in the United 
States and would not interfere with the investigation of the influence of aggregate properties on 
the quality of the asphalt concrete mixtures. 

Marshall mix designs were conducted for the aggregate blends to determine an optimum asphalt 
content at 4 percent air voids (voids total mix) . .In order to insure that the asphalt content did not 
influence the strength properties and rutting characteristics of the various mixtures, this void 
criteria was selected and held constant throughollt the laboratory testing. All specimens were 
compacted with the Gyratory Testing Machine. The asphalt mixture's strength properties and 
rutting characteristics were evaluated with the Marshall mix properties, gyratory compaction 
properties, indirect tensile test, direct shear test, and the confined repeated load deformation test. 

<> 

~ 

6 8 10 12 14 16 18 
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Analysis of the test results invol ed determining the amount of variation of asphalt mixture 
properties when marginal agareg t s were substituted for high quality aggrgal . and co ring 
the aggregate characterization te ts to the asphalt mixture properties with an mphasi. n 
pavement deformation and rutting p lential. 

MAR. PROPERTIES. 

The Marshall mix design with the modification of the compactive effort (gyrat ry compaction) 
was used to detcrmin t . ptimum asphalt content for a.l1 asphalt con rete mixtures i Pha 
The design criteria 'pecified in Hem -401 for a. phalt mixtures d si ned for tire pre...,sures 
grater than 100 psi is presented in table l6. 

A summary of the average Marshall mix properties for the AC-20 mixtures is p·enle.d in table 
!7. The test results include unit weight, theoretical :'1 ccific oravity, air void', void' in nliner'll 
a 'gregates, voids filled with asphall, and the Marshall stability and How val es. The void 
parameters and gravity values are an averaoe of 2 specimen. while the stability and flow vaJtle~ 

are an average of three to five specimens. 

TABL 16. DESIG CRITE J , SPI IALT CONCRETE MIXT R S-IT M POI 

Test FAA Specificatton Requirement 

Comp<lctive effort, blows 75 
StabilHy. lbs (minimum) 2150 

Flow. 0.01 in. 10-14 
Air voids, {7n 2.8-4.2 
Voids in mineral aggregate, % {minimum) 14 
Voids filled, % 65-75 

GY 

The Gyratory Testill Machine 'as used to compact all pecimen for this laboratory stu y. Th, 
gyratory compactive effort used in this study wa.s a ~OO psi normal pr ure, I ~de fee yration 
angle, and 30 revolutions of an oil-filled roller as mbly. This compactive ffort is equal to the 
75-blow hand hammer effort that is normally llsed for heavy duty pavem n(s Thi compaction 
process was selected becaus~ the kneading action produces compacted . pecimen that have 
aggregate particle orientation similar to in-place pavements. The Gyratory e ting Mac in al~o 

produces stress-strain mea.surements for each compacted specimens that can used to evaluate 
the quality of an asphalt concrete mixture. 

A summary of the average gyratory compaction properties for the AC-20 mixtures is pre eored in 
table 18. These test results include the G • GEPI, gyratory shear strength. and gyratory shear 
factors (aSF) values. The gyratory shear strength val e is the shear s' ngth of the compacted 
specimen d termined rom the static roHer p sure readings and the G~ F value is a rati of be 
measured shear strength to the applied shear stress. The gyratory compaction properties are an 
average of six specimens for each mixture. 
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ABLE 17. SU1vlMARY 0 ARSHALl IvIIX PROPERTIES AT OPTTh1UM ASPHALT CONTENT FOR AC-20 MIXTURES 

~ 
w 

Mix 
Number 

Optimum 
Asphalt 

Content (%) 

Bulk 
Specific 
Gravity 

1l1coretical 
Specific 
Gravily 

Voids 
Total Mix 

(%l 

Voids in 
~'tlner'dl 

Aggreg,lte (o/c) 

Voids 
Filed 
(%j 

Un,t Wciolu 
(jX:f) 0 

Slability 
nbs) 

Aow 
(001 in,) 

1 4.7 2.530 2.636 ·to 15.5 74.1 157.9 2017 H.S 

2 52 2.503 2.598 3.7 16.2 77.4 156.2 1524 12.6 
3 S.O 2.500 2.601 3.9 15.9 75.6 156.0 2232 12.3 

4 4.9 2.510 2.60{o\ 3.8 15.6 76.0 156.6 2125 1l.3 
5 5.6 2481 2.582 3.9 ]7,3 77.4 154.8 2145 11.3 
6 4.3 2.523 2.633 4.2 14.6 7 ).4 157.4 2014 12.9 
7 4.6 2.500 2614 4.'1 15.5 71.7 156.0 1872 10.7 

8 4,0 2530 2.636 4,0 13.R 70,9 157.9 1851 10.8 

9 65 2.295 2.387 3.8 18.2 78.9 143.2 1554 Il.l 
10 6.0 1.3J4 2.406 3.8 17.2 17.8 144.4 1610 10.2 

11 5.8 2.320 2.415 3.9 16.9 I 76.7 144.8 1370 94 
12 5.6 2.328 2.426 .... 1 16,6 75.6 145.2 1107 8,0 

13 7.0 2.277 2.368 J..8 19.2 80.0 In.1 2035 13.0 
14 4.1 234R 2.437 3.7 14.3 74.1 146.5 1192 8.9 
15 4.6 2.356 ~,447 :'.7 14.1 73.9 1,·170 1147 8.8 
16 4,8 2.355 2.445 3.7 14.6 74,7 1-16.9 lO74 8.4 I 

I n 4.8 2.353 ~.449 3.Y 1·1.8 73.5 146,8 1031 8.3 
18 -L9 2.345 2449 -u 15.3 72.2 146.3 916 7.1 

19 6.2 1291 2.389 4.1 17.8 76.8 142.9 1454 10.4 

20 6.7 2.'277 2.376 4,2 18.8 78.0 1+2.1 1610 11.8 
21 6.7 1.285 2,375 3.8 185 79.8 142.6 1523 11.4 

22 6,3 2.294 2.387 ..1-0 [7.9 77.1 143.0 lS25 11.3 



TA LE 18. SU Y OF G RAT RY CMPACTION PROPERTI S 
o AC-20 MIXT RES 

Mix Numher 
Thickness 

(j n.) 

Gyratory 
StabilLty 

Index. (GST) 

Gyratory 
Elasto

lastic Index 
(GEPJ) 

Gyratory 
'hear 

Strength 
(psi) 

Gyratory 
Sh"ar Factor 

(GSf) 
I 2.458 1.01 1.24 104 1.62 
2 ~.509 0.99 1.28 115 l.80 
3 2.470 ().C)9 1.24 130 2.03 
4 _.460 

I 

0.99 1.22 lID 1.72 
5 2.477 0.99 1.29 11/ 1.73 
6 2.451 1.00 1.24 124 [.94 

7 20453 1.00 1.19 120 un 
g 2.469 0,99 1.24 172 2.69 

9 2.677 0.99 1.45 ~oo 3.13 
10 2.653 0.99 1.50 179 ~.80 

\1 2.624 0.99 1.54 203 3.17 
L _,602 0.99 1.56 213 3,34 

13 2.705 1.00 1.46 159 2,49 

14 2.542 0.99 1.67 164 2.56 

15 ...,535 1.00 1.63 160 2.50 

16 2.545 \.00 1.70 lR-4 2,87 
17 2.549 0.98 1.70 160 2.50 

18 2,535 0.99 1.74 l~O 2.81 
IlJ 2.613 1.00 1.55 149 2.35 
20 2.690 0.99 L50 191 2,9R 
_1 2.690 0.99 1.52 197 3.08 
n 2.h77 0.99 1.55 206 3.22 

As di. LS 'ed earlier i thl report, the GEPI index is a valu that indicat",s t lc qua it. 1 (shape ;lm..l 
r , ur ace texture) of the aggr nat .n a 'ompacted asph It mi ture. This value was nsider d to 

be an aggregate arlic;\e c . tCl'ization tcst conducted on the. a phalt-aggregalc mi, lure. The 
analysis. of this aggreO'at par i 'Ie chara teril: lion test included co lations \ ilh perc nt cru~h.ed 

particlc,-, amount of nJtural sand material anti th other O!.rrgrc ate c 41r3crerizaI.ion t ts thaL had 
correlate well with the aggrcg le shape and texture properties, 

A summary of the correlations for the E 1 index and he agl;:lrccrate particle characterization 
tests is pre"ented in table 19. hese correlation 3rc separated into composite, coarse, and line 
aggregat fractions. The percentage of cnrbed particles and the Particle Index tes w re 
evaluated for the compo ite blend. The R- value for the correlation w'tl the Particle Index te.t 
was very strong (R2 = 0.855). The Particle Index test and the Modified A particle sha e ,l1d 
texture test for the coarse aggregate fraction correlated very well with the GEPI values, 0.832 and 
0.811 respectively. The correlations for the G PI values and the -we aggregate particle 

44
 



characterization tests werc not very strong and indicated the G PI value was influenced by the 
total aggregate bknd. These data also indicated that the GEPI values had a stronger re1ationshi p 
with other aggregate particle characterization tests than with the percentage of crushed particles 
in the aggregate blend. 

T	 : 19. CORREL TION OF GYRATORY ELASTO-PLASTIC INDEX VALUES WITH 
AGG EGA PARTICLE C ARAC RIZAT 0 ST 

Ajil;gregate Size 
Aogregate Particle 

Characterization Test 
I Coefficient of Determination 

(R2 
) 

Compo ire Percent Crtlshed Particles 0.707 
Particle Index 0.855 

Coarse Aggregate Percent Crushed Partides 0.638 
0.832PtlIticle Index 

Modified NAA-Weighted 
Avg 

0.811 

Fine Aogregate Percent Crushed Particles 0.450 
Natural Sand Content 0.461 

Particle Index 0.450 
NAA-Meth tl A 0.659 

Several observations and trends were observed from the G ~PI values. eva1uatino- the effect of 
the shape of aggregate gradation curve, the "E JI value did not vary significontly for Mixes 1-8. 
These results were expected I ecause the same aggregate t pe (crushed limestone) was used in all 
these mixtures. In evaluating the effect of the percentage of crushed coarse agoregate. the G PI 
value did distinguish between the difference in percent crushed coarse particles, as the percenta"e 
of uncrushed coaL'e aggregate increased, the EPI value increased. MlX 13 (crushed coarSt. 
a grcgate) had a GEPI value of 1.46 whil Mix 19 (uncrushed coarse aggregate had a GEPI value 
of 1.55. The amoLlnt of natural sand material had the same effect on the GEPI value as did the 
percentage of crushed coarse aggre ate. The GEPI v lue increased as the amount of natural sand 
increosed. The GEPI values ranged from 1.46 for .t\I·ix 13 (crushed fine aggregate) to 1.56 for 
Mix 12 (40 percent natural sand) 

The indirect tensile test was conducted to determine the tensile strengths of the various marginal 
aggregate asphalt mixtures. This test was conducted on a minimum of three specimens at two 
test temperatures, 77 and 104°F. These test temperatures were selected to evaluate the various 
aggregate properties at medium and high pavement temperatures where most pavcmeM rutting 
occurs. The tensi le strengths calculated according to ASTM 4123 are su nunarized in tal le 20 
for the A -20 mixtures. Six specimen were tested for each AC-20 mixture. 
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TABLE 20. MMA Y OF. DIRECT T S , Y UES FO AC~20 M TURES 

Tensile Stength at Te sit Strength at 
Mix Numbt:r 77°p (psi) 104()P (psi) 

I 97.5 35.8 
2 68.8 3[.0 
3 99.6 42.7 
4 93.7 48,7 
5 93.0 -15.9 
6 IO~.2 45.4 
7 100.6 44.0 
R 99.3 45.6 
9 56.7 30.2 
W 61.9 31._ 
II 75.4 32.3 
12 67.6 25.7 
J3 70.9 29.5 
14 84.4 :18.7 
15 98.6 ~9.6 

16 lilA 39.1 
J7 109.3 36.2 
18 76.1 _3 .... 
19 78.0 -4.3 
20 91.3 22.5 
21 83.2 2R.4 

102.5 31.2 

D~RECT AR. 

The direct shear test was conducted to determine the artele of internal frktion and the 1ear 
strcn th of asphalt oncrel mixtures nd.r· veral n rmal . tress condilion.. A s[,:mdnrd 
. ar. hall sp cirnen ( i . diameler and •.5 i . thick) wa shea:rt:d at 140 - in Lh simple. hear teo l 

:Ie ic. The sbear load a, applied at a con. t' I'll fate until failure. At f ilur th m.ximum 
shear load and di::,placement were recorded. The shear str ngt v lues were d lermined f Lhrec 
normal ·rr. s kvels (lOa, lOa, and 300 psi). The alculat:ed !'>hear strength values and the 
analytically determined angle of internal friction and '0 esion values are re ent~ in table 21 

), the AC 20 mixtures. Six specimens were tested for cal,;h AC-20 mixture. 
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TABLE 21. SUMMARY 0 CT SHEAR DA 'A FOR '-20 Ml URES 

Mix 
gle of 

J temal 
C hesion-Y-

Axis ntercept 
hear Strengths at formal Stress Levels 

Number Friction (0) (psi) 100 psi 200 psi 300 psi 

I 21.6 42J~ 78.0 [3G.8 157.1 
2 19.3 46.5 84.5 ] 10.3 1.~4.4 

3 22.R 33.2 76.2 115.5 l60.5 

4 18.2 67.9 94.3 146.5 160. J 
5 17.9 53.9 84.8 121.1 14).3 
{} 19,2 62.7 94.5 138.1 l64.0 
7 18.1 I 59.6 86.6 136.5 J51.9 
8 14.5 71.9 97.1 125.3 148.9 

9 11.5 I 52.7 72.8 94.:; 113.6 
JO 14.7 45.7 70.9 100. J 1-3.3 
11 l6.0 39.6 69.3 95.:2 126.8 

J2 [6.2 32.4 63.8 86.0 122.1 

13 15.6 46.9 73.5 105.2 12~.2 

14 15.0 28.3 55,6 ~O.6 109. t 
15 12.0 50.3 71.6 93.0 114.3 
16 14.2 42.0 67.& 9L2 118.3 
17 lUi 31.3 54.5 67.3 95.7 

18 11.4 45.7 70.0 78.0 110.4 

19 13.7 53.3 68.6 120.3 117.5 

20 13.7 40.8 67.0 8fi.0 115,9 

21 7.7 74.7 91.4 95.5 I 118.5 

97.6 116.022 I .9 43.7 66.4 
I 

1 h confined repeated load deformation test was conducted to evaluate and dt.:termine the LIlting 
characteristic' of these AC-20 mixtures. The confined repeated load deformation test is 
considered to b one of the best laboratory test procedures to evaluate asphalt concrete mixtur s 
for rutti g potential. The test temperature of 140°F was u:ied to simulate maximum pavement 
temp ralurcs and to enhance the influence of aggregate properties on the mixture's behavior. /\ 
summary of the confined repeated load deformation tests is presented in table 2 . 'J h ;;e test 
results lncude deformation or strain values, creep modulus or stiffness values, and the slope of 
the steady state portion of the creep curve plotted on a log scale. The confined repeated load 
deformation test was conducted on a minimum of four specimens for each mixture. 
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TABLE 22. SUMMARY OF CONFlNED REPEATED LOAD DEFORMATrON TEST DATA FOR AC-20 MIXTURES 

~ 
00 

VOids Permanenl kcslhem Creep Modulus Crc:cp Modulus 

i Mix 
Number 

Thickness 
(Ill.) 

TntaI Iv1ix 
l%) 

Total Slrain 
(in/in. ) 

Strnin 
(in/in.) 

Sirain 
(in/i 0,) 

llasc(1 on Axial 
SLress (psi) 

Based on Deviator 
SI.rCSS (psd 

Slope of 
LClg Curve 

I 1.446 4.0 0.0.111 0.0211 0.0000 ll-U3 9519 0.109 

2 2.546 3.8 0.028-1 0.0283 0.0001 8769 7326 0.212 

3 2.,n9 3.9 0.0206 ().O205 O.OOUI 12041 10077 0.093 

4 ~.475 3.7 0.014& OOI~6 a.OOO2 16522 13998 0.12J 
5 ~A78 39 0.0205 00200 00005 11782 10061 0.085 

6 2 ·168 43 0.0'270 0.0266 00004 9069 7672 0.171 

7 2,473 4.4 0.0151 0.0145 0.0006 15926 )3900 0.105 

8 2.·nS 4.1 0.0232 0.0230 0.0002 103013 8699 0.115 

9 2.677 4. t 0.0355 0.0350 0.0005 6&2& 5795 0.214 

10 2.038 4.0 0.0387 0.U386 O.()()O I 6205 5235 0.253 

11 2.606 3.7 0.0394 0.0384 0.0010 (,303 5413 0.[95 
12 2.614 - 4.1 0.0400 OOWIJ 0.0001 6027 I 5026 0.259 I 

13 2.737 4.3 O.O35~ 0.0352 0.0001 6912 5771 0.243 
I 14 2.507 3.7 0.0&49 0.0843 0.0006 2828 2373 0.365 

15 2.535 3.6 0.0:>74 0.0574 (WOOD 4240 3538 0.320 

16 2.538 3.9 0.0665 0.066-1 (J. DOl) 1 3792 3165 0.328 

17 2.563 3.9 0.0897 0.0890 0.0007 2714 2277 0.356 

18 2.574 ·U o.lon 0.1020 0.0003 2378 1986 0.415 
19 2_639 4.1 0.0495 0.0495 0.0000 4900 4085 0247 
20 2.704 4.'2 0.0408 0.0407 O.OUUI 5931 4950 0.213 
21 2.651 3.9 0.0453 0.0452 O.oooJ 5310 4432 0.238 
22 2.67<1 3.9 O,OJ47 O.O-W5 0.0002 5-H3 4527 0.248 



ALYSIS AN ATA. 

Th.is phase of the laboratory study was conducted to evaluate the engineering properties (strength 
values and rutting characteristics) of each asphalt concrete mixture produced with an AC-20 
asphalt binder. This laboratory testing determined the range of properties that would be t:xpected 
using aggrcoates me lin o the -40 I specification and the impact of deviations on engineering 
properties by using [mu'gina! aggregates. The analysis ofthe test results involved determining th 
amount of variation of a.phalt mixture propertic' when marginal, substandard aggr -gates were 
substituted for igh qualit,' aggregates and corr lating the aggregate particle characterization tests 
to the permanent deformation prop rties. An additional analysis was conducted to correlate the 
relationship of asphalt mixture properties with the rutting characteristic test results of the 
confined repeated load deformation test. 

The to l aggregate gradations were selected and designed to determine the effects of variation in 
the shape of . n aggregate gradation curve (Mixes 1-8), the percentage of crushed coarse 
ag rreg te (Mixes 13, 19-22), and the amount of natural sand material in the aggregate blend 
(Mixes 9- 8). 

!MPA I OF r TI FR M P~401 P CWICATlON. The asphalt mixture tests were 
conducted to characterize and quantify the mixture st n lh and rutting characteristics of each 
aggregate blend. In ord~r to determine variation or percent difference, an accepted standard or 
control mixture was established. Mix 1 (crtl.';hed limestone) and Mix 13 (crushed gravel) were 
selected as the control mixtures for their respective aggregate types. Mix 1 was the control 
mixture for the evaluation of the shape of the aggregate gradation curve and Mix 13 was the 
control mixture for the evaluation of the percentage of crushed coar""e. aggregate and the amount 
of natural sand in the aggregate blend. 

Variation i ShaRe of A' rc. ate 'radation Cur r • As discussed earlier in this report, the 
best way to determine the effect of the general sbape of the aggregate gradation curve is to 
compare asphalt mixture properties for proven field tested gradations to mixtures prOduced with 
substandnrd gradations. The asphalt mixture properties were determined using Marshall mix 
design, gyratory compaction process, indirect tensile test, direct shear test, and the confined 
repeated load deformation test. 

Several observations and trends were observed from the Iv:.arshali mix properties for 
Mixes 1-8 The optimum asphalt content varied from 4.0 to 5.6 percent. Mix 1 (control) which 
had the maximum density ag regate gradation had an optimum asphalt content of 4.7 percent. 
The dense-graded mixtures that had either a coarser or finer gradation than the control mixture 
(Mixes 2, 3, and 5) had a higher optimum asphalt content (5.0 to 5.6 percent). Mix 6 which 
contained an excessive amount of material smaller than the No. 200 sieve had a lower optimum 
asphalt content (4.3 percent). The poorly-graded gap mixtures (Mixes 4, 7, and 8) had variable 
optimum asphalt contents at 4 percent air voids. 

The voids in mineral aggregate (VMA) values for these mixtures ranged from 13.8 to 
17.3 percent. Only Mix 8 had a VMA value below the m.inimum requirement of 14. The VMA 
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values followed the same trends as the optimum asphalt content values. Mix 5 had the highest 
VMA and optimum asphalt content values while Mix 8 had the lowest VMA and optimum 

asphalt content values. 

The Marshall stability values for Mixes 1-8 ranged from 1524 to 2232 Jbs. Only Mix 3 
met the minimum FAA requirement of 2150 1bs. The remaining mixtures except for Mix 2 
produced Marshall stability values greater than 1800 Ibs. The MmshaU stability value for Mix 2 
(1524 Ibs) was extremely low and would not be accepted for a heavy duty asphalt pavement. The 
Marshall flow values for each mixture met the FAA specification requirements (lO-14). The 
flow values ranged from 10.7 to 12.9. 

The changes in Marshall mix properties between the control mix (Mix I) and the 

remalnlng ixtures due to variations in the shape of aggregate gradation are presented in table 23 
and shown graphically in figure 21. The Marshall stability values indicate that the shape of the 
aggregate gradation curve does affect this mixture property. The control mixture (Mix 1) had an 
avera rYe stability of 20 17 Ibs. This value is sli~l1tly below the minimum AA requirement, but is 
lIboYe the typicaUy accepted minimum value of 1800 often specified for heavy-duty pavements. 

ixes 3, 4, and 5 produced stability values that were greater than the control mixture-. These 
stabilil I values ranged from 2125 to 2232 Ibs, or a moderate increase of 54 to 10.7 perc'" t. The 
largest reduction in Marshall stability values was produced by Mix 2, a 24.4 percent decrease. 
The Marshall flow value:' obtained in this study did not produce large deviations between 
mixtures. The Marshall stabilitylf10w ratio has been us d as an index for mixture stiffness [45J. 

fix' s 3, 4, 5, and 7 produced a positive increase in the. lability!f1ow ratio that ranged from 2.3 
to 11.1 percent. The largest decrease in this ratio was produced by Mix 2, a 29.2 percent 
decrease. 

TABLE 23. MARSH PROP RTIES FO") AC-20 ML IRES EVA A T G HE 
SlAPE 0 AGGREG T GRADAT ON CUR 

Marshall Marshall Stability! 

Mix Stability Percent Flow Percent Flow Percent 

Number (Ibs) Difference I (0.0 I in.) Difference) Ratio Difference I 

] 2017 --- If.8 - 171 ---

2 1524 -24.4 12.6 +6.8 121 -29.2 

3 2232 +10.7 12.3 +4.2 182 +6.4 

4 2125 +5.4 1l.3 -4.2 188 +9.9 

5 2145 +6.4 11.3 , -4.2 ]90 +11.1 

6 2014 -0.2 12.9 +9.3 156 -8.8 
7 1872 -7.2 I' 10.7 -9.3 175 +2.3 

8 1851 -8.2 10.8 -8.5 I7l 0.0 
1 i Relative to control mix (Mix 1) 

50
 



2 3 4 5 6 7 8 
XNUMHE~ 

.. ' rT OF S APE OF AG REGAT' GRADATIO ON M RSH L 
STABIU Y VAL ES FO AC-20 MIXTURES 

The gyratory compaction property that relates to mixture strength and stiffness is the 
gyratory shear strength value, The gyratory shear strength values presented in table 18 \VClt' 

inconsistent and produced no conclusive trends with the shape of the a '?regate gradation curve, 

Indirect tensile strength values are primarily dependent on the type of asphalt binder and 
the temperature of testinj:!. The tcst results in table 20 indicate that the test temperature had a 
significant affect on the tensile strength values. The tensile ,,,trength values for these mixtures 
indicated that the tensile- trength is reduced by 50 to 60 percent when the lest temperature was 
rais=d t'ro 77 to lOLltlF, How 'f, tl1e indirect tensile strength valu~. were inconsistent ~hcn 

evaluatin t the shape of the a~gregat~ gmdatiol1 curve. 

, 'he direct sheJi' strength L .'1 r ults rrcsenlc-d in tab1 21 510 ed that h. V:.I iaLiun for 
dir 'hear s r ngth.' at Ir 200 . normal :lrc', l~vl were Ilot significanl. " he scar tPngth 
vailles aI'- inc:onsistnt and prod c d flO co 'lllSivt: trend. with the shi.lpt: of th aggregate 
!.!, ad; li n curve. 

Several obst:rvations and trends \Iv' re obscrv d from the confine r peal U load 
d formation test es Its. Th eI'f'ct of Lhe hapc of the aggr gate gr:ldalion curve \Va. evident in 
the permanent strain values, creep modulus values, and th slope of the log ddormation curve, 
The mixtures that produced the better rutting characteristics were the aggregate gradations finer 
than the maximum density line (Mixes 3 and 5) and two poorly graded gap gradations (Mixes 4 
and 7), 
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The diffl:rcnces in the confined repeated I a deformation test results are presented in 
tabJe 24 and shown graphically in figure::, 22- 4. The permanent strain value for the control 
mi r r was 0.02l1 in/iu. Mixes. , 4, 5, and 7 produce strain vaJues lower than the control 
mixture by 2.8 to 31.3 'c nt. Mixes 4 ami 7 produced almost d: third le. s permanent 
deformation which was considered a significant amount Mi s 2 and 6 produc d permanent 
eformnlion values :..6.1 d 34.1 perc t gre- te than the control mi ture. Th trend' for lhe 

ere p modulus. alues flowed the tr Ilds for the rmanent strai values. The ) pe ralLIes 
jnJica~ed thd( Mixe: 3, 5 and 7 produced til lowe, t rate f rUlLing whil Mi e _ nd produc d 
the hi 'ht:st rate of Ill' cr, The percent differen e incr . 'e) in rate of rUlLin for Mixc 2 and 6 
W<l, sigl1lficantly arg ,94.5 amI 56.9 perc nt, re ·pecively. 

[ BLE 24. CONPlNED RE TED LO D DE ORMA ON TES "SULTL FOR A '-~O 

1\ rXT RE E At JATING T Sf APE 0 lIE AGGR GA E GRA D nON ('1 VE 

Mi:o; 
Number 

Pl'rli JtlL:n 
Stram (m/in J 

Perc III 

Dlff~rcnce' 
Creep 

Mouulus (PSI) 

f'~rcent 

DJ f(L:rem;c I 

sr pc oj 
Log Curve 

Pern~nt 
DiH~rence' 

t n.nlll 114B O.IOq _. 
2 0.U283 +34.1 R76LJ -23.2 0.2.12 +94.5 
3 'U1205 -2.8 12041 +5.4 'lU~3 -[4.7 

·1 O.OI4f! -}0.8 16522 +~4.() 0.121 +11.0 
:; a.moo -5.2 J 1782 +3.1 0.085 -22.0 
6 Cl.026fl +2fl.1 Y069 -20.6 lU71 +56.9 
7 UOJ45 -31.3 IS92() ·..39.4 0.105 -3.7 
Q 0.0230 +9.0 1'0343 -9.5 0.1 J5 T5.5 

I RcJallvc 10 COlllfol mix (MIx I) 
I 

Pt: rcenlag ~ f Cru, h d COal" e At,gr gal , P he cHect of t le p rcentage of crushed coar~e 

au regtt s a!:>alu'I~1 in Mixes 3,19, and 20. h asphalt mix'Lure propert[I;;' were 
determined u.ing the Marshall. labilHy un n w t t. p-yralor she trcnglh, indire t emile t L, 
dire t. hear lest, and c nfint;d repeate 1 (l deformation te t. Due to the i[lCOnsi. tency and lack 
or significant conclusi e [ren s wit aggr gate pr perti s, the gyralory shear strength, indin~ t 

tcnsik sLr ugth ,and dir ct :-;h "ar strength will nly be pre. enter and n t disclls d. 

Se e ·a.l ob. ~r ',Ilion. and trends were observed from th ,shall mix properties '0 

Mi cs 13 and 9-22. Th' optimum asphalt content alm~s [or these mi tu 'rang d fr m 6.20 
7.0 ercent.· e optimu asphal c nlcnt v' [ue decrt:ascd a he p rc ntagc of LI rushcd coars.e 
'lggreg te increa.'ie. significant deer a in optimum asphalt occurr d bet en Lhe 50 p rc nt 
, l.d 3 per ent ushcd coarse < gbr <late mixtur . T 1 void: i 1 mi 3,1 aggregate (VMA) 
values fo the.!. iXll[ s were all above the mi irnl,lm A specification requirement of 14. ' tIe 
VMA value ranged [rom 17. to 19.2 perc nt. 1 h~'c Values dec cased with incrca.s In 

th~ percentage of Line Ished coar..;e aggrcbale. The Mal' hall stability va u" for t11 se mixtures 
did not meet th minimum value f 2150 Ibs. Only Mix [3 (c ntrol mix) wa 10 e lO tl e 

inimu 1 requiremcm wilh a value or 20 5 lbs. h r mainin mixtures produced MarshaJ] 
·tability values near 1600 Ibs a d lower. These stability va LIes are not a'c pLabJe for airp rt. 

pavement·. T e flow values for each of these mixtures wer acceptable but the trend was to 
decrease with an increase in l.mcrushed coarse aggregate. 
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The chan:rc in the ar.-h"ll] mix pr pc lies are pr 1'ented in ta J 25' d shown 
graphically in fiolJre 2.. The Mi.lr~ha st· bility "alu !' ~mlical thill he p rcemage of 'ru.~l ed 
coarse aggr gate signifkaml 1lc l' t 1is mi lure properly. Th 'ntml mixtur Mi. 1 ) Ila an 
average ~'. hall slabilily of 2035 lb -. vllil the rem-lining mi 'ture pr ducetl st. hility alu'es 
much [0 cr (1 5 to 1610 Ibs.). The. tabi iLy values de rease- '. I e perc ntJge f u cru. heeJ 
coars' aggregate increas d. This dala indi aled L.J -ge de r=a c in LabiWy whel Ihe percent 
crush d coafS aggregate was reduced from [ 0 percent em. t:U (Mi 1.) to 70 percent c:rushe 
(Mix 20). TIl Marsh' 1 t bililylt10w ratio als show d the idcmical tren ,as lh a per cntL gc of 
uncru ..hed coar. e aggr gate increas d, the ratio decreased. 

T, L 25. L Mrx PROPER S FOR C-20 MJ -S EVAL ATf IG 
E. T GE OF CR U'I 0 COARSE AGGREG 

Mix 
Number 

Marshall 
Stability 

(lbs) 
ereent 

Difference I 

arshaH 
Flo 

(O.Ol in.) 
reent 

Difference I 
Stabilit I 

Flow Ratio 
Percent 

Difference 
l3 2035 - 13.0 - 157 -
19 1454 -28.6 lOA -20.0 140 -10.8 
20 1610 -20.9 ] 1.8 -9.2 136 -13.4
21 1523 -25.2 11.4 -12.3 134 -14.7 
22 L525 -25.1 1],3 -13.1 135 -l4.0 

Rei tive to <.:ontro! mix (Mix 13) 
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F,GURE 25. F CT OF CRUSI, ED OARSE AGGREGAT" or MARSH L STABlLn"Y 
VALUES FOR A -20 URES 

The confined repeated load deformation test r suIts indicated that th percentage of crushed 
coarse aggregate did affect the rutting characteristics of these mixtures. The overall trend was as 
the percentage of crushed coarse aggregate decreased, the rutting potential for the mixtures 
increased. The calculated percent difference for these test results are presented in table 26 and 
shown graphically in figures 26 and 27 . 

. ABLE 26. ONFINE REPE TED LOAD EFORMATIO T ST RES S FOR AC-·20 
MIX R S EVALUATING T P C AGE OF CRU' D COA' SE AGGRE 'A '.E 

IJ 19 20 21 
MIXNUMBER 

Permanent I' Creep Slope 
Mix Strain Percent Modulus Percent of Log ercent 

Number (in/in.) Difference 1 (psi) Difference I Curve Difference I 

13 0.0352 , - 6912 - 0.243 -

19 ! 0.0495 +40.6 4900 -29.1 0.247 +1.7 
20 0.0407 +15.6 5931 ! -14.2 I 0.213 -12.4 
21 0.0452 +28.4 5310 -23.2 0.238 I -2.1 

-

22 0.0445 +26.4 5413 -21.7 0.248 +2.1 
-r Relative to control mix (Mix] 3) 
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Amount of Nattie San Material. The effect of the amount of natural sand material was 
evaluated in Mixes 9-18. Mixes 9-13 were fabricated with crushed gravel while Mixes 14-18 
were fabricated with uncrushed avel. Mix 14-18 were t ted and evaluated only to verify the 
aggr "ate characterization t t and mixture te t with extremely low-quality materials. Because 
thes mal rials were so substa.ndard for hea y-duty pavements, the results for ixes 14-18 will 
only be presented and not discussed. 

ExpeCled trends ere ob erved fr m th tv rsh J for Mi . 9-13. . h 
ptimum phalt content 'a ues ('crease a' the amo nt sand incr a -ed. The 

o {imum asphalt ntent r Ml 1 0 per' nt n tural sand . _. 7.0 P rcenl campa! d to .6 
per nt for Mix 12 (40 ercent natural s. nd). his large reduction in aspl al ill roduc a I 
durabl~ a 'phall mi tme. he void in min aggr gate valu· s for Ihese mixture. Olre 

'. i nifi alltly i her ban mjrri urn va.lue of ]4. Th VM alues ran 'ed from 1". 0 19.2 
rcent. The is for 'MA alues to decrea e <c 1 amount of natural sand material 

increa 'e.!', T MurshaJ! stability values 0 th. e rn.ixtur s did not meet the mini m 
requir m nt of 2 50 Ibs. Mi s 9-12 which c ntained 10 to 40 percent natural sand had stahilit . 
values of 1610 Ibs and lower. The general trend for the M rshall stability value to decrease'. 
the amount of natural sand increased. The amount of natural sand had a significant af ect on the 
flow values (8.0 to 13.0). Mixes with 30 and 40 percent natural sand had flow values that did not 
meet FAA requirements. 

The changes in the Marshall mix properties are presented in table 27 and shown 
graphically in figure 2R. The amount of natural sand material in an aggregate blend significantly 
affects the Marshall stability values. The Mar hall stability value decreases between 20 and 50 
percent with the addition of 10 to 40 percent natural sand. The Marshall stabilitylf10w ratio 
follows a . imilar trend and stiffness ratio reduces approximately 10 percent. 

TAB E 27. ARSH MIX PROP RTIES FOR AC-20 MIX U S EVA ATlN Tl 
AMOUNT OF N T SAND MA RIAL 

Marshall Marshal 
Mix Stability Percent Flow Percent Stability/ Percent 

Number (lbs) Difference I (0.01 in.) Difference J Flow Ratio Difference I 

9 )554 -23.6 11. I -14.6 , 140 -10.8 

10 1610 -20.9 10.2 -6.2 158 +D.6 
11 1370 -32.7 9.4 -27.7 146 -7.0 
12 1107 -45.6 8.0 -38.5 138 -12.1 
13 2035 - 13.0 - 157 -
14 1192 -41.4 8.9 -31.5 134 -]4.7 
15 1147 -43.6 8.8 -32.3 130 -17.2 

16 1074 -47.2 8.4 -35.4 128 -18.5 
17 1031 -49.3 8.3 -36.2 124 -21.0 
18 916 -55.0 7.1 -45.4 129 -17.8 

I Relative to control mix (Mix 13) 
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MIX BER 

'lGURE 28. F ECT OF AT R SAND CON E. IT 0 M RSH' ST Bll...ITY 
VALU "S FOR A -20 MT T RES 

The confined rep ated load deformation test results indicated that the amount of natural 
san l in the asphalt mixture did affect the rutting characteristics. The primary trend for the 
permanent strain value was to incrca:e ~lS the amount of natural sand increased while creep 
rnodul s de reased in value with an increase in the amount of natural sand material. The sJ pe of 
the defor alion curve vnrie.d insignifi a tly with th amount of natural sane!. The calculated 
I rc n difference for the.e tet r'sults arc> pre, ented in table 28 and shown graphically inlgures 
~ an j 30. 

TABLE 28. C NF ED REPEATE LO/" 0 D ORMATIO TEST RESULT R. C-20 
MI TL: E. 'v U JGTHE MO T OF NATURA AND MATERIAL 

Pt:rmnn nt P'("c nl Cr p Percl::lll Sl pc of Percent 
Mi'( Nlltl1bcr SHain (inJjn.) Di ffcrcncc I M{"\uulus (psi) Difference' LOJ!; Curve Dif{ercnl.e I 

Q 0.0350 -G./l M~28 -J.~ 0.214 -11.9 
10 0.0336 +9.7 6265 -9.4 0.253 +4.1 
11 00384 ·+1).1 6303 -lUI 0.195 -198 
12 u.0399 +13.4 6027 ·12.~ 0.259 +6.5 
13 O.03S~ - 5912 - 0.243 -
14 0.01':43 +139.'1 2828 -59, I 0.365 >0 "l+) .~ 

15 0.0574 +63.1 4240 -31'.7 0.:\20 +31.7 
16 0.0664 +8!'i.6 3792 -4 .1 0.328 +35.0 
17 O,OR90 +152.~ 2714 -60.7 0.356 +46.5 
J8 0.1020 +189.8 2378 -65.6 00415 +70.8 

I Rei ti e to control mi (Mix (3) 
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o - ATIO f AGGREGA . I.:ARTIC ESTS WITH 
. RMAN NT DEFORMATIO' PROP RTlES. Bas on th findings for the aggregate 

particle characterization tests, six methods were selected to be correlated with the permanent 
deformation properties. The characterization for the aggregate particles was divided into three 
aggregate fractions: composite, coarse, and fine. The composite aggregate fraction was 
characterized with percent crushed particles, Particle Index, and G PI values. The coarse 
aggregate fraction was characterized with percent crushed coarse particles, Particle Index, and 
Modified NAA particle shape and texture values. The fine aggregate fraction was characterized 
with percent crushed fine particles, natural sand content, Particle Index, and NAA particle shape 
and texture values. The permanent deformation properties selected for evaluation were 
permanent strain, creep modulus, and slope of the deformation curve. 

A summary of the coefficients of determination for the aggregate particle characterization tests 
and the permanent deformation properties is presented in table 29. The results of the stronger 
correlations are shown in figures 31-33. The correlations for permanent strain values indicated 
that the composite blend aggregate characterization tests had the highest correlations. The ! 

values for the Particle Index, percent crushed particles, and GEPI were 0.841, 0.8i6, and 0.812, 
respectively. The highest correlation for creep modulus values with the aggregate 
chilracterization tests was with the GEPI values (R2 

:= 0.839). The correlations for the slope of 
deformation curve were best explained with the GEPI and composite Particle Index values, 
R'2 = 0.867 and 0.819 respectively. 

TABL 29. CO LATION, 0 AGGREG TE HARACTERlZATIO W'Tt 
PERMANENT D FORMAnON P PE TIES FO, A '-20 MIXT 

Coefficients of Determination (Rl) 

Aggregate 
Characterization TeSls Permancn[ Strai 11 Creep Modulus 

Slope of eformation 
Curve 

PCP I - Composite 0.816 0.52~ 0.724 
PCP - Coarse 0.730 0.516 0.637 
PCP - Fine 0.497 0.268 OAn5 
pC  Composite 0.843 0.635 0.819 
PI - coarse 0.782 0.676 0.777 
PI - Fine 0.499 0.291 0.477 
NaturaJ Sand Content 0.580 0.295 0.516 
NAA - Method A 0.626 0.479 0.629 
Modified NAA 0.784 0.673 0.762 
GEPI 0.812 0.839 0.867 
I pcp. Percent Crushed Particles. 
~ Pl· Particle Index. 
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Based on the linear r gression analyses, the ag regate particle characterization tests were ranked 
accordina to the high :l corrdation for each p rmanent ddorrnation property. These ranking: 
are presen ed in table 30. These rankinc;s indicated that the composite a r gate blend and 
coarse aggrcoate fraction characterization t sts evaluate the permanent deformation properties the 
best. or these tests, the GEPI and composit article Index produce the stroncrest relationships. 
This ranking also indicated that the fine a gr gale fraction tests have the weakest relationship to 
the; permanent deformation properties. 

TABLE 30. RANKINGS FOR (' R LAnON or AGG GA ., H R C RlZ TION 
TES WT H PE MANE T DEFORMA ION PRO , 1£S FOR -20 MIXTl S 

Rank Permanent Strain Creep Modulus SIOI)e of Deformalion Curve 

I PI! - Composite GEPI GEl>I 

2 PCP" - Composite PI - Coarse PI - Composite 
3 GEPT Modified NAA PI - Coarse 
4 Modified NAA PI - Composite Modified NAA 
5 PI - Coarse PCP - Composite PCP - Composite 
6 PCP - Coarse Pcp· Coarse PCP - Coarse 
7 NAA - Method A NAA - MClhod A NAA - Method A 
8 NSCJ NSC NSC 
~ PI - Fine PI - Fine PI- Fine 

JO PCP - Fine PCI-Fine PCP-Fine 
I PI, Particle Index. 'NSC, Natural Sand Content 
1 PCP - Percent Crushed Particles. 
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F AC-20 ASPHALT Ml TURE PROPERTI S TH PE ANE T 
DE 0 no PRO RTIES. As discussed earlier in this section, the AC-20 asphalt 
mixture strength properties were detennined using the Marshall stability and flow test, gyratory 
compaction process, indirect tensile test, and direct shear test. The permanent deformation 
properties determined from the confined repeated load deformation test were permanent strain, 
creep modulus, and slope of deformation curve. 

A summary of the linear regression analyses for the AC-20 asphalt mixtures and permanent 
deformation prop rties is presented in table 31. The correlations for the Marshall stability and 
direct shear strength tests were the strongest for each permanent deformation property. These 
tests ranked ilher first or second for all three permanent deformation prop rties (table 32). The 
Marshall stability values had the highe t cOlTelation for permanent strain ( 2 =0.715) and slope 
of deformation curve (R2 = 0.787). Tle direct shear strength values produced the highest 
correlation for creep modulus (R L = 0.769). The results of these strong correlations are shown in 
figures 34-36. 

T BLE 31. ORREL TIO OF A -20 MIX RE PROP .S WIT PERM
 
DEFO ION PROPE T S
 

Asphalt Mixture 
Properties 

Coefficicots of Determination (R1 
) 

Permanent 
Strain 

Creep 
Modulus 

Slope of Deformation 
Curve 

~/larshalJ Stability 0.715 0.652 0.787 

Marshall Flow 0.561 0.298 0.486 
Gyratory Shear Strenglh 0.187 0.454 0.277 
Indirect Tens; Ie Strength - 77u P 0.042 0.\12 0124 
[ndirect TI nsile Strengll: 
J0411 p 

0.164 0.389 0.260 

AnJ2;le of Internal friction 0.374 0.430 0.430 
Direct Shear Slr ngtl 0.646 0.769 0.670 

T BLE 32. R '-Jl,,-~'u...LA TON OF AC-20 MIXTU PRO ERTIES H 
EF A ON PROPE TfES 

'-! lupe of Deformation 
Rank 

2 
3 
4 

5 

7 

. urve 
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PH SE llI-AC-40 f D MODIFIED AC-20 MIXTURES 

This section presents and dis usscs the results of the preparation and testing or te.n selected 
aggregate lends produced with a stiff asph<llt cement (A '-40) and two polymer-modified A -20 
materials. 'I his phase of the laboratory teo ting waS designed to determine the dfectiveness of 
stiffer asphalt binders to improve mixture strength and rutting characteristics of asphalt mixtures 
produced with marginal aggregates. The selected aggregate blends were chosen to deterrn.ine the 
benefits of stiffer asphalt binders on aggregate type (llmestone, gray I), gradation (shape), and 
perc' nt crushed particles (coarse and fine). The primary emphasis of this ph<Jse was to determine 
if stiffer asph<Jlt binders could improve marginal (ggregate asphalt mixtures to provide 
equivalent or acceptable pavement performance. 

'j'lIe ten selected aggn:gate blends and their descriptlon are listed in table 33 A Marshall mix 
design with gyratory compaction was conducted for each aggregate blend and asphalt binder 
material (total of 30 mix designs). The optimum asphalt content for each mjxture was. elected at 
4 percent air voids as was done with the C 20 mixtures. The asphalt concrete mixture's 
strength properties and rutting characteristics were determjned by the Marshall mix properties, 
gyratory compaction properties. indirect tensile test, direct shear test, and confined repeated load 
deformation test. 

This section is organized to present and discuss the results of the AC·40, SBS modified A '-20, 
and LDPE modified AC-20 mixtures. Analysis of these test results involved determining the 
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benefits Of improvements of the stiffer asphalt binders and correlating the a 'phnJt rrUxture 
properties with the permanent deformation properties. 

TAB.£ 3. SELECT~D AGGREGA E BL DS FOR PHASE ITT 

Mix Numb r 

I . PROPERTIE . 

The M<lfshall mix design was used to determ'nc th oplimum asphalt co tent r lf the Phase 
mitures, The compa lion temp rature fOf the two A -20 modified material wa in rease to 
290"F to insure an adequate viscosity of th . sphalt materials for coating the <I' Ore ate parti~d 

A summary of the Marshall mix propertil;: of l e has mixtures i. pI' .enlcc in tables. -36. 
These test result. include unit WGight, theoreU uJ .'pecific toravity, air oid, VQids in min ral 
aggregates, voids filled lith asphalt, and the Marshall slabilily I1d flow v.lucs. he void 
parameters and gravity values are an i;lverag or _- spcimL:ns While th stabilil and flow valu. 
are an average of three to five pecimens. 

G "RATORYC
 

The gyratory compaction proce' was used to 'om ac all the pecim ns for Phase ill. This 
compaclive effort and testin equipment as u. d to produ 'e s mpks that bener represented 
field c nditions and produc d valuable str 's-strain m a Uf m~nt [ach ornpaCled sp cirnen 
Ihat an be used to evaluate the gu lity of the '~sphaJt concrete mlxtLlr. A SUmlll' J of the 
gyratory compaction properties r these mixtures is presented in table 7. The te t results 
indud GSI, EPT, gyratory shear strength, and G... II lues, The gymt ry compaction properti 
art;; an averag of 6 to 24 specimens. 
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rHL,JIL.LO 34. SO ARY OF MARSHALL PROPERTIES AT OPTllvl ASPHAL 
CO T FOR AC-40 MIXTURE~ 

Opli lim V ids Voids in 
Asphalt Bulk Theoretical , Total Mineral Voids Unit 

Mix 
Number 

I 

Content 
(%) 

4.7 

Specific 
Gra\llry 

2.494 

Specific 
Gruvity 

2,630 

Mix 

«*) 
3.8 

Aggregate 
(90) 

15.5 

Filice! 
(%) 

75.4 

Weight 
rDC!) 

157.9 

Stability 
(Ihs) 

2296 I 

Flow 
(O.OJ iii,) 

13.5 
J 4.8 2.503 2.603 3.8 15.0 75.4 1.56,2 2fi.74 12.0 
(j 4,2 2.533 2.632 3.8 14.2 73,3 158.0 2518 11.5 
L! 5.5 ::.328 2.424 4.0 16.5 76.1 145,3 1342 9.7 

I 13 6.7 2.2.R2 2.370 3.7 18.7 80.1 142.4 1153 14..5 
l-t 4,5 2.356 2.442 3.6 14.0 74.4 147.0 1205 9,0 
16 4.5 2.35Cl 2.450 4.1 14.5 71.6 146.6 1.108 8.7 
18 4.\'.1 2.348 2.444 J9 15.2 74.2 146.5 850 8,5 
19 5.9 2.300 2.393 3.9 17.2 77.4 143 ..5 1533 11.3 I 
21 6,"",,. 2.21l' 2.3~S 4.1 18.0 77,2 142.7 )804 13.0 

TAB E 35. SUMMARY OF MARSHALL MIX PROP illS AT 0 MASPHALT 
CONT FO SBS-MODI 0 A -20 MIXTURES
 

Mix 
Numhl':r 

Optimum 
Asphall 
Curllcnt 

(tit ) 

Bulk 
Spc'ific 
Gravity 

Theoretical 
Specitic 
Gravity 

Voids 
Tltal 
Mix 
(%) 

Void' in 
Mineral 

Aggrega (.' 
(Cff.) 

Voids 
F'II d 
{%) 

Unit 
Weight 
Wcr) 

Stability Flow 
Ob.s) (O,fJl Ill.) 

I '1,7 2,527 2.627 3.8 IS.b 15.5 157,7 1323 l4,2 
J 5.U 2.493 2.59l H! 162 76,6 I 5.6 2444 13.0 
f, 4.3 :1..521 2.025 J,t) 14.6 71,5 I 7.5 2794 131 
l:! 5.h 2.315 2A17 U 16,7 77.1 1 5.0 ]:508 ID.7 

11 (-,7 2,273 2.3(;] 0 19,0 79.3 141 Q 2350 1!l,O 
14 4.3 2..351 2.455 ~ 0 i4.0 7L6 1471 1302 10.U 

16 4"5 2.354 2.450 .9 ~4.4 727 14b.9 1495 Q.O 
18 49 2,]47 2,441 3.9 15.2 74.8 146.5 1247 9,2 

19 S.Y 2.2c)(-) 2.31J!l 3.9 17A 77.4 143.3 229J 13.3 

:!I (j,4 1.277 2.374 4.1 185 77.9 142.1 1906 IJ.5 
I 

TAB 36. SU RY () M RSH MIX P or RTIES AT OPTIM M ASPHALT
 
CON NT OR LDPE-M Dl C-20 MIX S
 

Mix 
Number 

Optimum 
Asphalt 
COJlIenl 

(%) 

Bulk 
Specific 
GravilY 

Theorctical 
Specific 
Gravity 

Voids 
Total 
Mix 

I (%) 

Void.:; in 
Mineral 

Aggre atc 
.(%) 

Voirls 
Filled 
(%) 

nil 
Weight 

(/lcl) 
Stability 

(Ills) 
Flow 

(0.0\ in) 

1 47 2.~26 2.632 4.0 15.6 74.2 1576 2495 15.2 

3 4.!l 251M 2.60:i 3.9 15.6 75.2 156.2 2596 145 
() 4,2 2.5:10 2.633 3.9 14.3 72.6 157,9 3137 13.a 

I 12 5.5 2.332 2,426 3.9 16.4 76.4 145.5 HII t02 

13 6.5 2.277 2.379 4.3 IlU 77.1 142,J 2089 !4,2 

14 4.\ 2.1(i~ 2,459 3,8 13.7 7'2.2 147.6 1680 10.2 
16 4.5 2.356 2.,454 4.0 [4,3 72.2 147.0 1415 9,:l 

If! 4.8 2.351 2.449 4.0 15.0 7:1.3 !4n.7 958 9.2 
19 5.9 2.300 2.395 4.0 17.'2 76.8 143.5 1725 ~ 2.7 

21 6.2 2.292 2.387 to 17.8 77.7 143.0 1974 14.5 
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TAB E 7. S' l\WA OF GY ORY OMPACTIO PROP R 1E FOR AC-40 A D
 
M DIF DA -20 TlRES
 

I Gymtory Gy [0 Elal>l Gy i1t lry 
A~rhllil Mix Thi kne. I, Stabilitv Plastic Indt:x Gymlory Sh r , bea r f.C1C[Or 

nindcr Tvpe Number (ill ) i Index rG~m (GEPI) Streuli!lh (po;i) (GSF) 
AC-40 2.446 0.99 1.2U 121 l.90 

) 2A42 100 [,20 191:.1 
2.403 1.04 1.11 97 

12 2,() (l 0.97 LSI 2.7l 
13 2,6 7 ('199 lAO IS5 2..41 
14 :l.S 4 0.99 1.57 158 2.-17 
Ih 2.542 1.51 154 2.40 
I~ 2,540 1.58 145 2.26 

:1.6045 (,en 151 i60 

:ll 2.t'i63 0.97 150 160 2.5U 
AC-21l + 2,430 110 1,::l1 2.05 

Sf:jS 2.4J2 099 1,15 135 2,11 
() 2.4]2 1.01 117 ISJ 
12 2.574 0,99 148 JSI 2.!D 

IA2 1(\8 ..:!.o I 
14 2,545 09':1 1.4(i 164 2.5() 
\6 2,515 0,98 I 51 1M ~,:'i:J 

113 2.542 0.91\ 1 ~6 !fiB :l.b:! 
]t) 2,63.5 l48 169 
2J J,671 099 1,':11 164 ~.57 

1\("-20 + 2.4:!Y 0.99 120 I 16 1.82 
LOPE 3 VIS 1.00 1.21 131 

2.<:06 1.02 J.I9 III L73 
12 0.97 1,47 IRI 2 IU 
13 2,682 0.98 IAr 149 :UJ 
14 1.525 0.911 15) 15S 
16 2,51') 0.99 147 153 2.54 
18 2.520 0')8 1,6J 154 2.4() 
19 2,617 O.9~ 1.45 162 253 
'21 0.91) 1.43 152 2.3H 

NSILE. 

The indirect tensi le test was conducted to determine the tensile strengths of h selected 
i:igg gate blends produced witt the shffer asphalt binders. This tcst was conducted on three 
s ecim ns at two temperatures, 77 ancl 104 F. These tests were conducted to evaluate the 
I lprovement of tensile strengths due to stiff. r asphalt binders. The effectiveness of the stiff r 
asphalt binders was evaluat d at the higher temperatures here rutting occurs. . SUITlm, ry of the 
tensi ~ strengths is presented in table 38. 
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TABLE 38. SUMMARY OF lND RECf NSIL VALUES FOR AC-40 AN 
MO D AC-20 MIXT -S 

I Asphalt Binder Type Mix Number 
Tensile Strength at 

nOF (psi) 
Tensile Strength at 

104°F (Dsi) 

AC-40 

AC-20 SBS 

A_-20 + LDPE 

[ 329.1 47.1 
3 302.7 71.4 

6 287.7 82.7 
12 281.7 40.0 
13 272.1 33.\ 
14 267.9 37.2 
16 291.).3 43.6 
18 261.5 41.7 
19 233.9 48.2 
21 226.2 47.1 
1 262.3 97.7 
3 269.4 99.5 

6 280.2 122.3 
12 264.6 77.4 
13 208.:' 56.0 
14 237.9 62.2 
\6 269.3 71.2 
18 245.5 63.0 
19 230.0 66.9 
21 24'0.0 73.5 
I 304.0 67.8 

3 384.3 94.3 
() 349.8 101.3 
12 327.2 597 
13 274.2 36.3 
14 352.4 58.7 

16 320.6 ()tl.l 
18 265.2 44.S 

19 277.0 51.9 -, -270.9 50.7 

The direct shear test was conducted to determine the benefits of stiffer asphalt binders on the 
shear strength and angle of internal friction of asphalt concrete mixture~. he standard Marshall 
specimens were tested at 140 I' at three normal stress levels. The shear strength or stress was 
calculated based on the maximum load to failure. The calculated shear strength valLles and the 
analytically determined angle of internal friction and cohesion values are presented in table 39. 
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, ABLE 39. SU MARY OF DI CT· HEAR DA .A ,OR C-40 AN M 0
 
A -20M TURES
 

Asphalt 
Bind~r Mix 

Angle of 
rnlernal Cohesion Y-axis 

Shear, tr flglh al onnal Stress evels 

TvlX Nurnber Friction (0) I ntefcepl (ps i) IOU p~i (psi) 200 fJ~1 (Dsi) JOO p~r (pSj) 

22011 
[95.5 

A -40 I 12.3 1.55,& 177.1 200.5 
3 [s.n 120.5 142.0 IlWA 
6 22,9 98.2 139,7 1843 224.1 
12 8.7 lB.5 97.9 116,2 128,7 
13 lIS 90.0 J06,2 139.S I·n.n 
14 10.5 75,6 95.4 IlO,2 132,5 
III 11.0 73.0 89,1 1182 127.·1 
J8 9.3 1-:6.6 103.5 11~.2 116,3 

157.7 
J(ifl5 

1:1 7.g 116.6 1~9.3 1"'5.9 
21 10.0 lIlA 131.~ [42.1 

AC-20 + I 17,H M.l ~6.{) 129.7 160<1 
SBS J 135 R2,~ 1094 1~5.4 IS7A 

6 135 !':2,4 IO..j.5 134 J 152,5 
12 lS,6 :. 7, I MI 'J.L4 11~.9 

140.'n JL) 2 34 g 70.5 103.1 
14 I!l,t> 2~ 9 59.? 86.2 119.2 

II·.\.()\(, 10,8 61,8 76.(1 HlR5 

18 13.5 ~O.O 05.':) 85.l:! 11301 
19 14.7 47.4 72.1 102,7 1145 
21 17R J~.4 71.1 101.7 1352 

C-20 1 16 q 652 1)2.2 133.1 153.2 
148.5LDPE 

, 

3 lUA 92.<1 112.0 126,5 
6 
12 

19.9 lEA 120.1 151.() 192.5 
122.6 I8.0 83.2 94 ..5 Iln.S 

IJ 
14 
16 

18 
,q 
21 

15...1 ::!7,(:i I rA.2 1443 r09.2 
!'i.8 R4.6 102.2 II J.I 133. [ 

12.5 04.2 88.3 104.5 132.5 
riA 93.-' 104.0 117.8 125.3 

156,5 

166. 
18.9 54.1 8R,2 l22.:,} 

14,(. ~~.9 II...5 142.3 

co 

The confined repeated load deformation test was condLlct 0 Phase ill mixtures to d (ermine 
th improvements of stiffer asphalt binders on the rutting characteristics of th e mixtu s. 
Theoretically, the stiffer asphalt binders should decrease the rutting potential of a.-;phalt mi ture, 
when tested at 14001~. A summary of the confined repeated load deformation tests' presented in 
tables 40-42. These test results include deformation or strain values, creep modulus or stiffness 
values, and the slope of the steady state portion of the deformation curve plotted on a log-Jog 
scale. The confined repeated load deformation test was conducted on a minimum of four 
specimens for each mixture in Phase 1. 
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TABLE 40. S TMMARY OF CON .0 REPEA 0 LOAD DEFORMATIO E TDATA
 
FOR AC-40 MIXTURES
 

Creep 
Voids Modulus Creep Modulus 
Tot'll Total Permanent Resilient Based on Based on Sl p of 

Mix Thickness Mix Strain Stn\in Strain Ax'a] Stress Devia or Stress Lng 
Number (in. ) (%1 (in/in.) (in/in.) (in/h) (psi) (psi) Curve 

I 2.451 3.8 0.0241 0.0240 0.0001 9999 R363 0.115 

3 2.461 3,9 0.020H 0.0207 0.0001 11851 9894 0.094 , 

6 2452 3.9 0.0290 0.0289 0.0001 lD36 6961 0.]79 

12 2.611 3.9 0.1)478 0.0477 0.0001 5200 <1337 0217 

D 2,690 3.9 00394 00393 , 0.0001 6210 5191 0134 

14 2.559 3,7 00174 00774 0.0000 
: 

3235 2696 0.3.50 

]6 2.564 4.1 0.0900 0,0900 0,0000 2196 2J31 0.311 

18 2.564 3.9 0.1183 0.L183 0.0000 2103 1753 0.315 

19 2.665 4,0 0.0625 0.0625 00000 399~ 3329 0.212 

21 2.6114 4.0 00457 0.0456 0.0001 5651 471 0.240 

TA LE 41. S 'MMAR OF CON -D REP 'ATED La DEFORMATIO TEST ATA 
"'OR SBS- aD [ED AC-20 MIXTURES 

Mix 

Number 

I 

Thickness 

(in. ) 

2.424 

Voids 

Total 

Mix 

(%) 

4,0 

Total 

Strain 

(inlin.) 

0.0219 

Permanent 

Strain 

(in/in.) 

0.0219 

Resilient 

Strain 

(in/in.) 

0.0000 

Creep 

Modulus 

based on 

Axial Stress 

(psi) 

11135 

Creep Modulus 

based on 

Deviator Stre~s 

(psi) 

9281 

Slope of 

Log 

Curve 

0.081 

I 

1 2,427 3.9 0,0218 0.0218 0.0000 11150 9281 OJl77 

6 2,412 4.2 0.0226 0.0226 0.0000 10713 HY46 0.096 

12 2.581 4.0 0.0361 0.0361 0.0000 7081 5909 U 14R 

13 ::!.673 4.0 0.0212 0.0212 0.0000 11482 956H 0.156 

14 2.536 3.9 0.0429 0.0426 0,0003 ';601 4700 0,199 

16 2.521 4,1 0.0454 0.0454 0.0000 5445 4544 0,243 

18 

1° 

.1 

2.549 

::!.MO 

2.67 

4.0 

4.1 

4.2 

0.0774 

0.0341 

0.0 59 

0.0774 

0.C)141 

0.0258 

0.0000 

0.0000 

0.0001 

Jfj55 

7329 

9977 

3048 

6107 

8327 

0.260 

0.156 

0.157 
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TAB 2. SUMMARY OF ON E R-JPEATED LOAD DEFORMATION TE DATA 
FOR LDPE-MODn~DAC-20 '1''0' 

Mix 
Number 

Thickness 
(in.) 

Voids 
Tol I 
Mix 
(0/.') 

I Total 
Strain 

(I n/ill.) 

Permallent 
tmin 

(in/ill,) 

Resil'ienl 
SIre in 
(irllill.) 

Creep 
Modulus 
Ba:. ed on 

Axial Stress 
(psi) 

Creep 
Mo ,ulus 

I 

Based on 
Deviator 

I Stress 
(II':; i) 

Slope of 
Lo 

Curve 

I 2.442 4.2 n.O] 93 0.0193 0.0000 12462 10385 0.095 

1 :::.417 39 0.0223 0.0223 0.0000 : IlOl1 0191 U080 

6 2412 4.0 0.0295 0.0295 0.0000 ~159 6806 0.100 

I::: 2.5!'t4 3.9 0.0412 0.0411 0.0001 5912 4935 O.I~5 

13 ...(,77 4..2 0.0392 0.0389 o.oom 6431 5414 O.12~ 

0.307 

I 

I,t 2.52l 38 0.0699 0.0(';99 0.0000 3541 2948 

16 2.533 3.° 0.0703 OJt7D3 () 0000 3681 .~067 0.170 

IX 2518 4.0 00835 0.OR35 
: 

0.0000 2K74 2395 0._613 

IlJ 2.597 40 0.0500 0.0500 0.0000 4f{75 4065 0.141 

J . .M3 ·I.M 0.033 l 0.03.10 0.0001 732l 6111 0.0 3 

This phase of the laboratory study was designed to detco line th effectiveness of stiffer asphalt 
binders to improve the asphalt mixture' .I:rength and rutting characteristics when produ cd with 
marginal aggregates. The purpose of these test· was to det nnine if sliffer asphalt binders could 
improve marginal aggreg te asphalt mixtures ough to provide an equivalent or acceptable level 
of pavement performanc . The analysis of the test results involved determining the benefits or 
improvements (perc t dif erence from the A -20 mix Ires) produced by the. tiffer asphalt 
binders. Tile criteria for improvement was an incr i:l. e in mixture str ngth and/or improving the 
rutting characteristics of the marginal agg egate mixlurcs. Improve ent was also considered if a 
marginal aggregate mixtur ith a stiff asphalt binder produced results equal to or better than 
that of a control mixtUl ' with a C-20 asphalt binder. The analysis also included correlating the 
asphalt mixture properties with the permanent deformation properties. 

he en fits or improv menls produced by th~ 

Several observations and trends \verc observed fr m. file Marshall stability and flow value_. All 
mixtures produced with cru.shed limestone Mixes l, 3, and 6) had an incr < c in Mar~halJ 

stability with the addition of stiffer asphalt binders. All the'e Marshall stability values exceeded 
the minimum FAA requirement of 2,150 Ibs. The control mixture for the gravel mixtures (Mix 
13) was also improved to meet the minimum FAA stability requirement with the AC-40 and SBS 
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modified AC-20 binders. Mix 21 (50 percent uncrushed coarse aggregate) was also improved by 
the stiffer asphalt binders. The increase in stability values ranged from 18.5 to 29.6 percent with 
values above 1,800 lbs. The stiffer asphalt binders increased the stability values for all mixtures. 
even the low quality marginal mixtures (Mixes 12, 14, 16, 18, and 19). The overall trend for the 
flow values was to increase with the stiffer asphalt binders. The variation in Marshall stability 
values for the stiff asphalt binders is presented in table 43 and shown graphically in figure 37. 

TABLE 4 . MARSH L STABILITY VALUES FOR PHA 'E ill ASPHA T MIXTURES 

Mix 
Number AC-20 AC-40 

Percent 
Difference I 

AC-20+ 
S8S 

Percent 
Difference I 

AC-20 
LOPE 

Percellt 
Difference I 

I 2() t7 2296 13.8 2323 J5.2 2495 23.7 
3 2232 2674 19.8 2444 9.5 2596 163 
6 2014 2518 25.0 2794 3R.7 3137 55.8 
12 1107 1342 21.2 1508 36.2 141 J 275 
TI 203.'i 2153 5.8 2350 15.5 2089 27 
14 1192 1205 1.1 1302 9.2 1680 40.9 

16 1074 IIOR 3.2 14':)5 39.2 1425 32.7 
I~ 916 ~50 -7 "1. 1247 36.1 \)58 4.6 

19 1454 1533 5.4 2293 57.7 [725 IR.6 

21 1523 1804 18.5 1906 25.1 1974 29.1" 
I Rel:llive to AC 20 mixture. 

--
CO 4000 
~ -... C-20 • AC-20 SBS 
UJ 

AC-40 C-20 LDPE 
~ L 

3000 

> 
>-t 

2000..J 
CO 
~ 
CIJ 

1000....J 

o ,i 
13 14 16 18 19 21 
MIX NO. 

3 6 12
 

FIGURE 37. EF CT OF STIFF ASPHALT BINDERS ON MARSHALL
 
STAB, ITY VALUES
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Mix 
Number AC-20 

1.24 

AC-40 
Perce t 

Difference l 
AC-20+ 

SBS 
Percent 

Difference' 
AC-2U 
LOPE 

Per ~nt 

Differcrll.:c
, 

I 1.20 -3.~ 1.10 -3.2 1.20 -3.2 

·2.43 
I 

1.24 1.20 -3.2 J.25 0.8 1.21 
fj 1.:!4 

1.56 
1.20 -3.2 1..24 0.0 I 19 -4.0 

12 1.51 -3.2 IA8 -5. J 1.47 -5.8 
13 1.46 lAO ..J.\.J 1.42 -2.7 1.41 -34 
14 1.67 1.57 -6.0 1.4(, -12.6 1.5J -8...1 
16 1.70 1.5 I -11.2 l.51 -11.2 1.47 -13..5 
1& 1.74 

1.55 
1.58 -9.1 1.:S6 -103 1.63 -CJ.3 

19 1.51 -2.6 IAR -4.5 1.45 -6.5 
11 l.52 1.50 -u 14l -7.2 1...13 -5.9 

• RL:!;ltivc In AC 20 mlXLufe~ 

The gyratory compaction properties for the Phase ill mixture produced mixed results. The GEPI 
values indicated consistent trends while the gyratory shear strength values were inconsistent. 
The GEPI values for these mixtures were lower than the G PI values for the same aggregate 
blend with an AC-20 binder. The reduction in GEPI value indicates that the stiffer asphalt 
binders are improving the asphalt mixture's strength. Reducing the GEPI with stiff binders has 
the same effect as improving the quality of the aggregate's shape and texture. The changes in 
GEPI values caused by the stiffer asphalt binders are presented in table 44 and shown graphically 
in figure 38. 

TABLE 44. GYRATOR PI) VALUES FOR PHASE III 

2.5 

x 
WJ 1.· C-20 AC-40 A -20, RS ',A ',20 LOPE II 
o 
Z 2 

:.J 
f= 
CJj 

--( 
....l 
0... 1.5 
o 
l 
V) 

<f 
-l 
UJ 

>-e::: 
o 
~ 
-< 
a; 0.5 
"... 
(.J 

o / 
3 6 12 13 14 16 J 8 19 21 

MIX NO. 

FIG E 38. EFFECT 0 STIFF AS '\LT B DERS ON GEPI VA', ES
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As stated earher in this report, the indirect tensile strength values are primarily dependent on the 
asphalt binder and the test temperature. The test results from the Phase mmixtures indicated the 
validity of this stat~ ent. The indirect tensile strengths for the 104° est temperature are much 
lower (30 percent less) than the indirect tensile strength for th~ 770P test temperature. Since the 
primary focus of this study was on rutting, the 104Ll P test temperature test results will be 
discussed. The overall trend was that stiffer asphalt binders increased the tensile strength values 
(11.5 to 201.2 percent). The SBS-modified AC-20 binder produced the higher overall indirect 
tensile strength values. The changes in tensile strengths caused by stiffer asphalt binders are 
presented in table 45 and shown in figure 39. 

BL S. lND CT T NSlL STRENGTH VALES AT 1040 F R P lASE II 
ASPHALT M URES 

Mix 
Number AC-20 AC-40 

Percent 
Difference.' 

AC·2U+ 
SBS 

Perce l 

Difference I 

AC-20· 
tDPE 

Pen;ent 
Dlffc;rcnce l 

r 35.R 47.1 3!-6 97.7 172.9 07.8 ~9.4 

3 42,7 71A 67.2 99.5 133.0 943 12U.R 
6 45.4 82.7 82.2 122Jl 169.4 101.3 ]23.1 

12 2'5.7 40,0 55.6 774 2012 59,7 I:U.3 
11 2Y,5 33.1 12.2 5b.O 89.8 36.1 23.1 

14 38.7 37.2 -3.9 62.2 60.7 587 51.7 

IC> 39.1 43.6 11.5 71.2 H2, I 60.1 5:1.7 
i!l 23.~ 41.7 79.7 63.0 171.6 44.5 f) l.R 
19 24.3 4~.2 98.4 66,9 175.3 52.9 117.7 

21 2SA 47.1 (i5.R 7;'.5 l5R.R 50.7 78.5 
I RelUliv(; lo AC 20 mixtllw, 

The direct shear strength values at a 200 • i normal st1·e.~s level were affected by the stiffer 
asphalt binders. Each asphalt binder type increased the direct shear strength values; the AC-40 
binder increased the shear strength values from 9.6 to 59.7 percent, the SB modified C-20 
binder increased the shear strength from 3.5 to 47.9 percent and the LD E··modified AC-20 
binder increased the strength values from 17.1 to 74·.6 percent. The positive chang s in drrect 
shear strength values produced with stiffer asphalt binders are presented in table 46 and shown 
graphically in figure 40, 

'lite benefits or improvements of the stiffer asphalt binders on the rutting characteri.. tic-s of the 
Phase ill mixtures were evident in the permanent strain values, creep modulus values, and the 
slope of the deformation curve. The test results indicated that the A -40 binder did not have 
much of a significant effect on the rutting characteristics as did the two polymer modified A -20 
binders. Overall, th~ BS-modified AC-20 binder produced the greatest improv ments in these 
asphalt mixtures. 
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TAB E 46. DIRE S -IE - R S .H AL ~'FOR P lASE 11
 
ASPHALT MlXTl RES
 

Mi 
NumL~f AC-20 /\C-40 

Percenl 
Difference' 

AC-20+ 
SBS 

Percent 
DiHerence l 

AC-20+ 
LDPE 

't:rce 1 

Di.1 ieren ce I 

1 130.1:1 100.5 53.3 J60.4 22,6 1532 17.1 

:3 115.5 184.4 59.7 157,·1 36.3 148.5 286 
6 13lU 1~4.3 33.5 1.52.1 10,4 192.5 39.4 

12 ;;\n.O II ('.2 35 .I 119,9 39...1 J~2.6 42.6 
1"1 105.2 139.5 32.6 140.3 33.4 16\) 2 60,R 
I.. 1;\0.<1 110.2 36.7 119.2 47.Y 133.1 65.] 
16 91.2 1J8.2 2Y.() 114.6 25.7 132.5 45.3 
lH n.D 118.2 51.5 113.4 45 ..3 126.3 Gl.9 
19 120.3 1459 21.3 124.5 3.5 156.5 ]0.1 

21 05.05 1-12.1 48.8 I ::I'i.2 --1-16 166.7 74.6 
I Rl:luuvc 10 AC 20 ml lUft:'; 
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The changes in the permanent strain values caused by the stiffer asphalt binders are presented in 
table 47 and shown graphically in finure 41. The p rmanent strain values for the SBS-modified 
mixtures improved for ,ll! the mixtures except Mix ~ 1 and 3. 1 he S S-modified mixtures 
produc d a reduction in permanent strain values ran ing from 9.5 to 49.5 percent when compared 
to AC-_O mixtures. Mix 13 (crushed gravel) was improved enough by the BS modification to 
equal the strain values produced by Mix I (crushed limestone). 

Mixes 12, 19, and 21 were also improved by SB~ modification to approximately equal strain 
levels produced in the AC-20 control mixture' (Mix 13). '1 he LOPE modified AC-20 binder also 
improved Mix 21 so that this mixture had lower strain leveb han ix 13 with AC-20. 

The changes produced by stiffer asphaJt binders on the creep modulus values are presented in 
table 48 and shown graphically in figure 42. As with the permanent strain values, the S 
modified A -20 binder produced the greatest improv .ments in cre p modulus values. 'hesc 
improvements in the creep modulus values ranged from 17.5 to 1.:..5.1 percent. Mix 13 was 
improved enough to equal Mix 1. Mixes 19 and 21 were improved enough by the SBS 
modification to equal or surpass the control mixture (Mix 13) with values of 7329 and 9927 psi. 
respectively. Mix 21 modified with the DPE binder was also improved enough to surpass the 
control mixture (Mix 13) with a creep modulus value of 7321 psi. 
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TAB 47. PERMA NT STRAIN VALUES OR PHA, mASPHAL M T RES
 

Mi 
Number AC·20 AC-40 

'Per" 'nl 

Differencel 
AC·20+ 

SBS 
Percent 

Difference l 
AC-20+ 
LDPE 

Percent 
Dirference I 

1 0.0211 0.0240 13.7 0,0219 3,8 0.Ol93 ·8.5 
3 0.0205 OJl207 1.0 0,0211:0; 6.3 0.0223 8.8 
6 0.0266 0,0289 &,6 n.022li -15.0 0.0295 10.9 
J'I 0.0399 0,0477 195 0.0361 -9.5 0.0411 3.0 
13 0.0352 [1.0393 11.6 0.0212 -39.8 0.0389 10,5 
f4 0-')843 0.0774 -8,2 0.0426 -49.5 0,0694 -J7,1 
16 0,0664 0.0900 35.5 0.0454 -31.6 0.0703 5.9 
lB 0.1020 O,J 183 16.0 O.c1774 -24.1 0.0835 -18 1 
19 0.0495 0.0625 26.3 0.0341 -31.1 0.0500 1.U 
21 0.0452 0.0465 O.Q 0.0258 -41 Y 0.0330 27.0 

I R'lalive It) AC 20 ml:l;lures 

0.14 

o 

AC- 0 

A -40 

AC-20 SB 

- AC-20 LDPE 

fIG RE 41. FFECf OF S ' ASPHA T B E SO PERJvlA STR VALU S 
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TAB 48. C ~EP MODU US VALUES FOR PH S ASPHALT MIXT RES 

Mix 
Number AC-20 AC·40 

Perce.11l 
Difference! 

!\C-20+ 
SBS 

Percent 
Difference l 

AC·2Ot
LDPE 

PCr{;t'nl 
Difference' 

I 11423 9999 -12.5 11135 -2.5 12462 9.1 
3 12041 11851 - l.I'i J) ISO -74 11011 -8.6 
6 9069 8336 -IU 10713 18.1 8159 -10.0 
12 0027 5200 -13.7 7083 17.5 5912 -19 
13 6912 6210 -10.2 11482 G6.1 6431 -7.0 
14 2828 3235 14A 5603 9lU 354l 25.2 
16 3792 2796 -26.3 5445 43.6 3681 -2.9 
18 2378 2103 -11.6 3655 53.7 n74 20.9 
19 4900 3995 -]H.5 7329 49.6 4875 -U.5 
21 4432 5651 27.5 9')77 125 I 7321 65.2 

ReI' live to AC 20 mix! fC 

15000 

.--... ..... 
VJ 
0.. 
'-' 
en 10000
::J 

a 
~ 

5000 

~ 
lJ 

3 6 12 13 14 

a L..-__-L 

_ C-40 _ AC-20.~ ----:- AC-20 LDPE 

16 18 19 21 
MIX NO. 

FrG RE 42. EFFECT OF STIFF ASPHALT BINDERS ON CREEP MODULUS VALUES 
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The slope of the deformation curve or the rate of rutting value was affected by all the stiff asphalt 
binders. The AC-40 binder had some effect on some of the mixtures, but the SBS and LDPE 
modified AC-20 binders significantly reduced the value for slope of the deformation curve for 
each mixture. The positive reduction in slope values caused by the stiff asphalt binders is 
presented in table 49 and shown graphically in figure 43. It is evident from this data that the 
modified AC-20 mixtures had a lower rate of potential rutting than the unmodified AC-20 
mixtures of the same aggregate type and gradation. 

TABLE 49. SLOPE OF DEFORMATION CURVE VAL S FOR PHASE III
 
ASPHALT MIXTURES
 

Mix 
Number AC-20 AC-40 

Perc nl 

Di fference 1 

AC-20+ 
SBS 

P rcent 
Difference I 

AC-20 
LDPE 

Percent 
DifferenceI 

I 0.109 0.115 5.5 0.081 -25.7 0.095 -12.8 
3 G.093 0.094 1.1 0.077 -17.2 a.aso -14.u 
6 0.171 0.179 4.7 OJJ96 -43.9 0.100 AI.S 
12 0.259 0.217 -] 6.2 0.148 -42.9 O. t85 -28.6 
13 0.243 0.234 -3.7 0.1.56 -35.8 0.128 -47.3 
14 0.365 0.350 -4.1 0.199 -45.5 0.307 -15.9 
16 0.328 0.311 -5 2 0.243 -:25.9 0.107 -07.4 

H! OAI5 0.315 -24.1 0.260 ~37.3 0.268 -35.4 
19 0.247 0.212. -14.2 O. [56 -36.8 0.141 -42.9 
21 O.2H 0.240 118 0.157 -34,0 0.083 -65, I 

I Relntivf' to AC :10 miXlur s 



CORREL TION WITH PERNtA E T 
DE 0 ATIO P OPERT '. As discussed earli r in t is section, the Phase III asphalt 
mixtures wer t sted to determine the effects of stiffer asphalt binders on the asphalt mixture's 
strength and permanent deformation properties. These mixture properties were analyzed and 
correlated using linear regres'iion analyses. sununary of these correlations (R2 values) is 
presented in table 50. h ML shall mix properties and th GEPI values produced the strongest 
relationships with the permanent deformation properties. These mixture properties ranked as the 
top three for all three permanent deformation properties (table 51). The Marshall stability values 
had the highest correlation with permanent strain values (R2 = 0.683). The PI values 
produced th 1ighest correlations for the creep modulus values (R2 = 0.739) and the slope of the 
deformation curve values (R2 =0.599). The results of these correlations are shown graphically in 
figures 44-46. 

TABLE 50. CORRELATIONS I, HAS III ASPHALT l\l1XTURE PROPERTIES WITH 
. ERMANENT DEFOR.\1AnON ROPERTIES 

Asphalt Mixture Properties 

Coefficients of Determination (R2) 

Permanent 
Strain 

Creep 
Modulus 

Slope of 
Deformation 

Curve 

Marshall Stability 0.683 0.712 0.560 
Marshall Flow 0.602 0.607 0.444 
GEPI 0.597 0.739 0.599 

. Gyratory Shear Strength 0.130 0.281 0.170 
Indirect Tensile Strength - 77°F 0.007 0.012 0.048 
Indirect Tensile Strength - 104nF 0.298 0.386 0.353 
Angle of lnll;:rnal Pnction 0.305 0.291 0.277 

ireet Shear trength 0.34 0.354 0.438 

TABL 51. RA KI GS FOR CORRELA1' 0 S or PASE 1Il ASPHAL IXTI RE
 
PROP R ms 'lTH P MA ENT DE -OR A ION PROP TIES
 

Rank Permanent Strain Creep Modulus 
Slope of Deformation 

Curve 

I Mar~ha II Stability GEPI GEPI ., Marshall Flow Marshall Stability Marshall Stability 

3 GEPI Marshall Flow Marshall Flow 

4 Direct Shear Strength Indirect Tensile  104"F Direct Shear Stren.s;th 

5 Angle of Internal 
Friction 

Direct Shear Strength Indirect Tensile  I04"F 

6 Indirect ensile - I04"F Angle of J temal 
Friction 

Angle of Internal Friction 

7 Gyratory Shear Strength Gyratory Shear Strength Gyratory Shear Strength 

8 Indirect Tensile - 77'1' Indirect Ten. ile - 77~ Indirect Tensile - nOF 
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IXT RES E.'-J 

_ONCLUSIONS 

The purpose of this research study was. to evaluate the utilization of marginal aggregates in 
asphalt concrete layers for airport pavements. Mar inal aggregates were defined as aggregates 
that do not meet current FAA specification requirements (It m P-401). This research study 
focused on aggreg<ltc particle and asphalt mjxture characterization and whether marginal 
mixtures could provide or be improved to provide equivalent pavement performance with an 
emphasis on pavement deformation or rutting. 'he following conclusions were derived from the 
an alysis of test results for this laboratory study. 

1.	 The Particle Index test characterized the shape and texture of the aggregate blends very 
effectively. The Particle Index test resulLs produced extremely strong, almost linear 
relationships, with percent crushed particles (composite, coarse, fine) and the amount of 
natural sand material. The short-cut versions of this lest method, major sieve and 2nd 
major sieve fractions, did not produce strong correlations when compared to the 
composite Particle Index values. A Particle Index value greater than 14 would insure that 
the aggregate blend had at least 70 percent crushed particles, 

2.	 The modified NAA particle shape and texture test produced extremely high correlations 
with percent crushed coarse aggregate. Method 1 (as-received) produced a I . value of 
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R20.941, while Method 2 (weighted average) produced a value of 0.945. The 
uncompacted void contem for Method 1 were approximately 2 percent lower than for 
Method 2. The void contents for Methods 1 and 2 required to insure 70 percent crushed 
coaLe particles ere 4S and 47 percent, respectively. 

3.	 Both the roddi g and sh veling procedur of AST 2 produced excellent 
correlaLio s with p TceDt crushed coarse particles. The rodding proced re produced void 
contents approximately 4 percent 10 er than til shov ling procedure. 0 in ure 70 
perc'nt crushed coar e partie Ie. , the void I,.,onlcnls for the rodding proccdun; had to be at 
least 40 (as-1' iv d an 42 (weighted a ft 'Te) percent, while the void contents for the 
shoveling procedure ha I to be at least· (as-received) and 46 (wc' ghted) percent. 

4.	 Method A of the A parI icle shape and texture test produced stronger relationships 
with r r nt crush d fil pal ~cks and the aT aunt of natural sand m terial than did 
Iv et od C. An uneo pacted voi . c ment for Method A of 45 percent would insure 70 
pcrC'nt crushed fine partie! $ an less than 10 percent natural sand material. 

The dir cl shear t ..'1 method for fine aggr gates did not correlate well with rcent 
cru 'bed fine articks and thle: amount of alural sand material in the aggreoate blend. 

6.	 Th'..IE I values produc d stron·, corn: lations with the composite aggregate blend and 
the coarse aggrc o 3le fraction charact rization test results. '1 he;e strono correlations 
indicated tha the GEPl value did me.sure the aggregate quality in an asphalt-aogregate 
mixll reo A G F)' value of l, 6 corresponds to a Particle Index value of 1 which 
coue.·ponds to at least 70 percent crushed particles in the aggregate blend. 

7.	 Based on stron/:> correlations and simple lest procedure', the best alternativ s or 
specification r quirements to characterize aggregate particle shape an lextur ar 
modified AA particle shape and texture test for coarse u greuate fraction and the NAA 

article shape and textur test for fine a HTregate fraction. The Particle Index test and the 
G P value could be used to specify the nggr gate characterization properties for the 
composite aggregate blend. 

8.	 The shape of the aggre ate gradation curve had a significant effect on permanent 
deformation properties. The asphalt-aggregate mixtures that produced the better rutting 
characteristics were with aggregate bradations finer than the maximum densi line 
(Mixes 3 and 5) and two poorly-graded gradations ( i es 4 and 7). ~ach of these 
mixtures produced better rutting characteristics than the mixture produced with an 
al.rgregate gradation falling on the center of the FAA gradation band. Th two poorly
graded gradations both have large percentages of material retained on the o. 4 sieve 
with sufficient fine material (similar to stone mastic aspbalt (SMA) mixtures) which can 
produce stone on stone contact. 

9.	 Aggregate gradations plotted on a 0.45 power gradation curve amplified the presence of 
too much natural sand material in the aggregate blend. 
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10.	 The percentage of crushed coarse particles also had a significant effect on permanent 
deformation properties. As the percentage of crushed coarse particles decreased, the 
ruttjng potential of the asphalt mixtures increased. Asphalt mixtures contllining less than 
70 percent crushed coarse aggr gate would be susceptible to rutting. 

11.	 An increase in the amount of natural sand material did have an adverse effect on the 
permanent deformation properties. Asphalt rillxtures with great..:r than 10 percent by 
weight produced results that indicated increased rutting potenhaL Asphalt mixtures with 
20 percent and greater natural sand contents an: suspect to being tender and unstable. 

12.	 The Marshall stability test, direct shear strength test, gyratory compaction properties, and 
the confined repeated load deformation test were all sensitive to aggregate prop rty 
changes and could be used to evaluate the effects of aggreoate properties on asphalt 
rllixtures. 

13.	 The stiff asphalt binders (AC-40, SBS modified AC-20, and LDP modified C-20) did 
improve some of the marginal mixtures to the rillnimum FA standards. Each stiff 
asphalt binder improved the Marshall stability values, the GEPI values, the indirect 
tensile strength values, and the direct shear strength values with varying success. The 
AC-40 binder was the least effecting while the S-modified AC-20 binder had the 
greatest positive effect on mixture strength. 

14.	 All of the stiff asphalt binders reduced the GEPl values which has the same effect as 
improving the quality of the aO'gregates shape and texture. 

l5.	 AC-40 binder did not improve permanent deformation properties as significantly as the 
two polymer-modified A '-20 binders. Overall, the B -modified A '-20 binder 
produced the greatest improvements in these asphalt mixtures. 

16.	 he SB -modified AC-20 binder improv d Mix 13 (crushed gravel) enough to equal Mix 
! crushed limestone) with AC-20 binder. The SBS-modified C-20 binder also 
improved ixes 12, 19, and 21 enough to equal Mix 13 (control mix) roduced with C
20 binder. Tie D E- odified AC-20 improved Mix 21 enough to equal Mix 13 with 
AC-20 binder. 

17.	 The SBS and LDPE-modified A '-20 mixtures significantly reduced the slope of the 
deformation curve vaJues for all asphalt mixtures. 
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RECO,YUy.l.L",DATIONS 

Based on the conclusions derived from the results of this [aboral ry slldy, the following 
recommendations w re made: 

J.	 Current FAA aggregate S I.:cifications could c i 1proV d byimpicmenting performance-
a 'ed quantitativ aggregate ch actorization proper'li s determined by l c Parlid Index 

tes anJ t e NAA and odifkd A partide hape and l • ture t 1S. IniLia prelimi • y 
"'uidance and cfit rio could be imple entc hased on vU]lles determined in this :l Ora1(1)' 

study, but final riteria should be vcrifi ha d n adcJi io al research loval ing a vari t 

of aggregate types and SOLlrces. 

2.	 Current FAA gradation band - .. houlJ be modifie anJ. hin 10 'ncJudc finer gradations. 
, he coarse limit of rl 'lIrr nr pecifi 'ation produced a ry Jow qllalily mixrUI . 
Mixtures finer than tll currenl specification prod C d V"'Ty low rut susceptibJc mixtures,. 
A new gradation band for surfa 'C course mixlur's j' pr sented in table ~2. 

3.	 Additional research is ne ded to fully v, luat > Ih... poorly- [. clecl mixture ell d the 
potential of lar Te 'Iggregate mixtures and SMA mi tires. 

4. Current F A reqlJirement· for pLrcent crush d P' icl: an I amount f natural nd 
aterial i {he a r'lj at I nd n fly lIow ru su cepti 1 <1: hair mi: ure' to be ,-ed,r 

The confined r pealed load def [mali 11 tc t 0 Jd e used ill c n'un'li wHh the 
Marshall procedur to analyzC' the rutti g . lentia! of till: a. phalt mixture. 

5,	 Modified "isphalt binder.' can improve tit rutting characteri~tics of marginal a 'r oale 

mixtures. urther res arch is needed to evaluate new and different a. phaJt modification 
techniques and to establish criterin [or . electing he modifier type and dos ol: ral . 

6.	 Analysis of field t sts should be condu 'led to verify performance with labomtor lata. 
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TABLE 52. NEW AG REGAl E GRADA I BANDS 

:Sieve Size t in. Max. 3/4 in. Max. i/2 in. Max 

1 in. 100 -- -- 

3/4 in. 76-96 100 - 
1/2 in. 66-88 78-96 100 
3/8 in. 58~82 69-89 78-96 
No.4 43-67 51-73 58-78 
No.8 30-54 36-60 38-60 

No. 16 24-44 24-48 26-48 
No. 30 15-35 18-38 ]8-38 

No. 50 9-25 11-27 11-27 
No. 100 I 6-18 6-18 6-18 

o. 200 3-6 3-6 3-6 
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APPENDIX A: AGGREGATE GRADATION CURVES
 
(SEMI-LOG AND 045 POWER CURVE)
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FIGURE A-21. AGGREGATE GRADATION RAISED TO 0.45 POWER CURVE FOR MIX 2
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GORE A-25. AGGREGATE GRADATION RAISED TO 0.45 POWER CURVE FOR MIX 6
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FIGUREA-31. AGGREGATE GRADATION RAISED TO 0.45 POWER CURVE FOR MIX 12
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FIGURE A-32. AGGREGATE GRADATION RAISED TO 0.45 POWER CURVE FOR MIX 13
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FIGURE A-35. AGGREGATE GRADATION RAISED TO 0.45 POWER CURVE FOR MIX 16
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FIGURE A-37. AGGREGATE GRADATION RAISED TO 0.45 POWER CURVE FOR MIX 18
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