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Foreword 

This Record contains information on the design, testing, and evaluation of asphalt mixtures. 
It should be of interest to state and local engineers of materials and construction, as well as 
to contractors and materials producers . 

Four papers deal with polymer-modified asphalts-the specifications for these asphalts 
and their performance in the field. Little discusses the performance of binder-rich 
polyethylene-modified asphalt mixtures (Novophalt). He reports that binder-rich modified 
asphalt concretes are significantly less sensitive to permanent deformation and have signifi
cantly greater resistance to fracture. Khosla reports from his study that carbon black was the 
most significant modifier in reducing pavement rutting and the polymer styrelf was the most 
significant in reducing fatigue cracking . He and Button have developed a laboratory procedure 
using a Fourier transform infrared analyzer for determining the polyethylene content of 
modified asphalt concrete mixtures. They report that the procedure provides reasonable 
accuracy and precision and is suitable for use as a quality assurance test for highway and 
airport agencies. Ahlrich and Anderton evaluate the resin-modified paving process and con
clude that it provides an alternative surfacing material for many army pavement applications, 
including tracked-vehicle roads, hardstands, and aircraft parking aprons. 

Five papers deal with concepts in asphalt mix design. Cooper et al. discuss the development 
of a method for the design of hot-mix asphalt using the Nottingham asphalt mix tester. Elliott 
et al. report on their investigation of the effects of aggregate gradation variations on asphalt 
mix properties. Harvey et al. discuss the effects of sample preparation and air void mea
surements on asphalt concrete. Al-Abdul Wahhab and Khan evaluate the Marshall and 
Hveem mix design procedures for use in Saudi Arabia. Their study indicates that Hveem
designed mixes possess better engineering properties than mixes designed by the Marshall 
method. Scholz et al. discuss their evaluation of cold in-place recycled (CIR) mixes. Their 
study compared the mix properties of field cores with those of laboratory-prepared samples 
and compared CIR mixes with dense-graded hot mixes . 

Six papers deal with fracture and deformation characterization of asphalt mixtures. Jenq 
and Perng discuss the development of a cohesive crack model to simulate progressive crack 
development in asphalt concrete . Krutz et al. concluded from a rutting research project that 
strains observed in creep testing depend on the location of instrumentation and the boundary 
conditions imposed on the sample and that permanent strains after moisture conditioning 
appear to be a good indicator of possible moisture damage . Hadley presents the results of a 
repetitive (fatigue) testing program to evaluate the inherent variation in the fundamental 
resilient properties of field cores representative of in-service conditions and to develop ma
terial characterization information concerning the three types of asphaltic materials: wearing, 
binder, and black base. Al-Qadi and Sebaaly report on a new technique developed to measure 
the moisture content in hot-mix asphalt concrete. The technique involves measuring the 
dielectric properties of the hot-mix asphalt concrete using electromagnetic waves in the 
microwave range. Kim et al. discuss the results of controlled-stress diametral fatigue testing 
to evaluate the influence of temperature and mixture variables on the fatigue life of asphalt 
concrete mixtures. Almudaiheem and Al-Sugair report on a comprehensive test program 
undertaken to investigate the effect of the loading magnitude of the diametral resilient mod
ulus test on the measured results of the test. 

v 
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Performance Assessment of Binder-Rich 
Polyethylene-Modified Asphalt Concrete 
Mixtures (Novophalt) 

DALLAS N. LITTLE 

A 7-in . overlay of polyethylene-modified a pbah concrete (using 
the Novophalt process) was placed at the William H bby Airport 
in Houston , Texas, in December 1988. The mixture was omc
what binder-rich according to traditional mixture design meth
odology (i.e . • Marshall and Hveem). T he binder-rich mixture and 
the optimally designed polyethylene-modified mixtu re (optimum 
binder content according to Marshall de ign) were evaluated. This 
evaluation included compressive uniaxial creep compliance test
ing, uniaxial repeated-load permanent deformation te ting, ten
sile creep testing, tensile strength testing, and resilient modulus 
testing. Binder-tich polyethylene-modified a phalt concrete proved 
to be significamly less n itive to permanent deformation than 
the control mixture . T he binder-rich mixture a lso demonsll'ated 
significantly greater re istance to fracture as ve ri fied by indirect 
tensile test darn (toughness) over a range o f temperature Crom 
32°f to l04°F and by the slope of the steady-state region of in
direct tensile creep plot . The response of the binder-rich mix
tures also demon trated a trong sensitivity to the init ia l level of 
compaction. Binder- rich mixtu re compacted to air void c ntent 
between 5.0 and 6.5 percent were not sub tantially more su cep
tible to pe rm anent deformation than the optimally designed mix
tu re at the !04°F test temperature. Data from Italy verify the 
hypothesi that binder-rich polyethylene-mod ified asphalt con
crete mixtures can perform successfully in certai n specialized ap
plications with acceptable resi tance to permanent deformation. 
potentially superior resistance to fractu.re (refl ection cracking and 
thermal cracking) , and potentially uperi r durability of the low
permeability, binder-rich mixture. 

Reconstruction of runway 17-35 at the William Hobby Airport 
in Houston , Texas, used 20,000 tons of Novophalt modified 
asphalt concrete. The Novophalt mixture was laid to depths 
of 7 in . below the surface of the centra l runway section and 
3.2 in. below the shoulder sections . Construction took place 
between October 1988 and January 1989. 

Novophalt modified asphalt cement is a biphase binder sys
tem containing polyolefin additives and paving-grade asph alt 
cement. Novophalt is prepared by incorporating polyolefins, 
primarily low-density polyethylene (LOPE), into pavi11g-grade 
asphalt using a patented blending proces . The propertic of 
the polyethylene used for modification may vary. Virgin or 
recycled polyethylene characterized as follows is used: 

Characteristic 

Physical 
Melt index: 
Melting point (°C) 

Descrip tion 

1.0-15.0 
115-125 

Department of Civil Engineering, Texas A&M University, College 
Station, Tex. 77843. 

Characteristic 

Density 
Fire hazard 

Chemical 

Description 

0.910-0.940 
Noncombustible 
Inert hydrocarbon polymer 

The mix design was carried out by an independent quality 
control laboratory before construction. The laboratory rec
ommended a binder content of 4.8 to 5.0 percent. In the actual 
construction, Novophalt hot mix was placed at binder contents 
ranging from 4.8 percent (the optimum as established in the 
laboratory) to about 5 .8 percent (20 percent above the 
optimum) . · 

A laboratory evaluation of the actual mixtures used at Hobby 
Airport was conducted at the Texas Transportation Institute 
(TII) of Texas A&M University. The objectives were to ver
ify the mixture design and to investigate the ramifications of 
using binder-rich mixtures in the runway. Specifically, the 
effects of high binder contents on deformation potential and 
fracture potential were investigated . In addition , the effects 
of initial compaction on deformation potential of the binder
rich Novophalt mixtures were investigated . 

PAVEMENT STRUCTURE AND DESIGN 
CRITERIA 

Runway 17-35 at Ho bby Airport lje ove r a native pla tic clay 
with an approximate average annual resilient modulus of 4,900 
p i. The ubbase consi ts of a mixture of sand and shells. The 
main structural layer for most of the life of the pavement was 
a pla in portland cement concre te pavement that had been 
subsequent ly overlayed with asphalt concrete to a depth of 
approximate ly 4 in. 

The reconstruction process called for milling off the existing 
4 in. of aspha lt in the centra l runway s ction and replacing it 
with 7 in . of Novophall. The shoulders were overlayed with 
approximate ly 3.2 in. of Novophalt . Before the Novophalt 
ove rl ay was placed a tress-absorbing membrane interlayer 
(SAMI) was laid to minimize the potential o( crack reflectio n 
from the existing portland cement concre te through the No
vophalt surface. 

Becau 'e of the nature of the structural pavement design 
(i .e ., Novophalt laid over the existing primary tructural sec
tion of portland ceme nt concre te) , load-induced flexura l fa
tigue cracking in the urface wa not conside red a de ig n 
problem; tensile flexural stresses in the asphalt concrete sur
face are not induced by load in this type of pavement struc-
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ture. The major concern and primary design criterion was 
permanent deformation in the surface layer under the DC-9 
aircraft. Permanent deformation in asphalt concrete surfaces 
is of primary concern in Houston because of the high pave
ment temperatures induced by lht: hul Texas summers. 

MATERIALS S.,:LECTED FOR RUNWAY 
OVERLAY 

The aggregate selected for the asphalt mixture used in the 
overlay was a Scottish granite. The blend of aggregate used 
at the plant was approximately 35 percent coarse crushed 
granite particles, approximately 57.5 percent granite screen
ings, and approximately 7 .5 percent clean sand. The job mix 
formula tolerances for the mixture are as follows: 

Sieve Size 
3
/• in. 
'Ii in. 
3
/R in. 
No . 4 
No. 10 
No. 40 
No. 80 
No. 200 

Job-Mix Formula Tolerances 
(%passing) 

93.0-100.0 
86.6-100.0 
73.1-87.1 
56.0-69.3 
39.6-47.6 
21 .2-29.2 
10.0-14.6 
3.0-7.0 

The job mix range for the asphalt binder content was between 
5.0 and 5.6 percent by total weight of the mixture. 

A Novophalt binder consisting of an AC-20 asphalt cement 
modified with 5 percent recycled LDPE was selected for the 
mixture. The asphalt was modified with the polyethylene us
ing a Novophalt high-shear blender at the mix plant. 

MIXTURE ANALYSIS 

The mixture of granite aggregate and Novophalt was evalu
ated using Marshall and Texas mixture design procedures. 
These evaluations produced approximately the same optimum 
binder content of approximately 4.8 to 5.0 percent. The Mar
shall stability at this range of binder content ranged from 3, 700 
to 3,800 lb. The air void in this range of binder contents was 
approximately 4.0 percent . Marshall flow and voids in the 
mineral aggregate for the mixture meet requirements estab
lished by the Asphalt Institute (1) . 

When the binder content of the mixture was raised to 5.8 
percent, the Marshall stability of the Novophalt mixture dropped 
to about 3,300 lb; the average air void content of the binder
rich specimens compacted at 280°F using 75-blow Marshall 
compaction was approximately 2.2 percent. 

Hveem tabilities were above 40 for the mixture with op
timum binder content and dropped to approximately 35 for 
the binder-rich mixture. Once again compaction was per
formed at about 280°F . Hveem stabilities and air void contents 
were also determined on samples compacted at 250°F for the 
Novophalt mixture. The reduction in compaction temperature 
significantly affected Hveem stability and air void content of 
the samples. The result of this effect is that the optimum 
binder content of the samples compacted at the lower tem
perature was about 6 percent higher than that of samples 
compacted at the higher temperature ( 4.6 versus 4.9 percent}. 
This effect of temperature of compaction on optimum binder 
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content indicates that the initial level of compaction affects 
the performance of the mixture. This concept has been es
poused by Foster (2). The influence of level of compaction 
was evaluated in this study. 

The compaction temperatures discussed refer to laboratory 
compaction. Substantially higher field compaction tempera
tures may be required to achieve satisfactory results. 

STUDY APPROACH 

Because the prime objective in this research was to evaluate 
the effect of binder-rich Novophalt mixtures in the Houston 
environment specifically for the Hobby runway reconstruction 
project, primary attention was given to mixture properties 
related to permanent deformation of the mixture at high tem
peratures. To evaluate deformation potential of the mixtures, 
the following tests were performed: (a) uniaxial compressive 
creep compliance, (b) repeated-load permanent deformation, 
and (c) incremental static compressive loading. During this 
testing the following variables were considered ("optimum" 
refers to optimum according to Marshall mix design): 

Test 

Creep compliance 

Repeated-load 
permanent deformation 

Incremental static 
compression 

Variables 

Void content (level of compaction): 
optimum, low (standard, modified) 

Hinder content: optimum, high 
Asphalt type: modified, unmodified 
Temperature: high 

Void content (level of compaction): 
optimum , low (standard , modified) 

Binder content: optimum, high 
Asphalt type: modified, unmodified 
Temperature: high 

Void content (level of compaction): 
optimum, low (standard, modified) 

Binder content: optimum, high 
Asphalt type: modified, unmodified 
Aggregate: river gravel 

In concert with the evaluation of mixture properties in com
pressive deformation testing, mixture properties were eval
uated during testing in the tensile mode of loading. Specifi
cally, indirect tensile testing (IDT Texas Test Method 226-F) 
(3) was performed at 32°F, 77°F, and 104°F; diametral resilient 
modulus testing (ASTM D4123) was performed at 4°F, 32°F, 
68°F, 77°F, and l04°F; and indirect tensile creep testing was 
performed at 77°F. Each test was performed at two levels of 
binder content: optimum (approximately 4.8 percent) and 
binder-rich (approximately 5.8 percent). 

All creep and repeated-load deformation testing results were 
based on the average of at least two replicate specimens per 
combination of variables (matrix cell). All tensile test results 
were based on the average of three replicate specimens per 
combination of variables. 

COMPRESSIVE DEFORMATION TESTING 

Testing Techniques and Sample Fabrication 

Three types of compressive deformation testing were used: 
uniaxial compressive creep compliance, uniaxial repeated-load 
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permanent deformation, and uniaxial incremental static creep. 
Testing was performed oa mixture with optimum binder con
tent (4.8 percent binder) a11d on binder-rich mixture (5.8 
percent binder). All te ting was performed at 104°F. This 
temperature was determined to be a representative average 
daily temperalure of the upper 2 in . of an asphalt concrete 
pavement subjected to the climatic conditions in the Hou ton 
area during the hottest 1 0 days of the year (4). 

AU specimen. tested were prepared according to the method 
in the VESYS Users Manual (5). The Cox kneading com
pactor was used for compaction. After compaction, each am
ple wa · conditioned in accordance with VESYS pr cedures. 
This conditioning consisted of subjecting the ample to three 
ramp loads and holding these loads for 10 min with minimal 
unload time between load . The magnitude of the rainp load 
was selected so as to remain in the region of loading that 
would not produce excessive deformation of the ample (i.e., 
less than 2,500 microstrain). The load used in preconditioning 
was 10 psi at the 104°F test temperature. The conditioning 
exercise attempted to simulate the effects of thousands of 
wheel loads on the pavement. Although the proper condi
tioning meth dology is controversial , the conditioning is ex
pected to affect the final air void coatents of the two mixture 
groups in a manner proportional to their susceptibility to tra ffic 
densification . 

The initial test philosophy was to compact all mixtures, 
regardless of binder content, to within the same range of air 
void content (5.0 to 7 .0 percent) and to condition the samples 
according to the VESYS procedure. This process was in
tended to simulate construction compaction followed by traffic 
densification, simulated by the conditioning phase. However, 
average final air void contents after conditioning and creep 
te ·ring for the two binder levels were 5 .1 and 6.3 percent for 
the 5.8 and 4.8 percent binder conte nt mixture group', re
spectively. The 5.1 percent void content for the mixture with 
high binder content was 1101 thought to be representative of 
the level of air voids tbat could be achieved at thi high binder 
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content with greater compactive effort. Thus, an increased 
level of compactive effort was applied using the Cox com
pactor at 250°F and 280°F. 

The level of compactive effort required to produce ultimate 
densification was determined by trail and error. The com
pactive efforts used in sample preparation are summarized as 
follows : 

Standard Effort 

Layer 1: 30 tamps at 
250 psi/tamp 

Layer 2: 60 tamps at 
250 psi/tamp 

Layer 3: 140 tamps at 
250 psi/tamp, 
1,000 psi leveling 
load 

Modified Effort 

Layer 1: 30 tamps at 
600 psi/tamp 

Layer 2: 60 tamps at 
600 psi/tamp 

Layer 3: 140 tamps at 
250 psi/tamp, 
1,000 psi leveling 
load 

The average air void contents of the Novophalt mixtures 
produced by the modified compactive effort were as follows: 
4.0 percent ( 4.8 percent binder, 250°F compaction tempera
t1ue) · 3.8 percent (4.8 percent binder, 280°f compaction tem
perature); 2.3 percent (5.8 percent binder, 250°F compaction 
temperature)" and 1.6 percent (5.8 percent binder, 280°F com
paction temperature). Control mixture · of crushed granite 
aggregate and AC-20 a phalt (unmodified) were compacted 
at 250°F using standard compaction efforts. The resulting av
erage air void contents were 5.8 percent for the mixtures with 
optimum binder content and 1.8 percent for the binder-rich 
mixtures. 

Findings 

Results of uniaxial compressive creep testing are summarized 
in Figures 1 and 2. The data in Figure 1 demonstrate a very 
·mall change in creep compliance for the optimum and binder
rich Novophalt mixtures when the mixtures were compacted 
to air void contents from 5.0 to 6.5 percent. Note the very 

Creep Compliance, aq.in./lb. (x10E-6) 

0.1 
.03 .1 1 10 100 1000 

Time of Loading, sec 

- 4.8% Novo .. 6.1% AV 

D 5.8% AC-20. 1.8% AV 

- 5.8% Novo . • 5.3% AV 

10000 

FIGURE I Creep compliance versus time of loading for optimally designed and 
binder-rich Novophalt mixtures compacted to 5.0 to 6.5 percent air void content 
and binder-rich control mixture. 
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Creep Compliance, sq.in./lb.(x10E-6) 

.03 .1 1 10 100 1000 10000 

Time of Loading, sec. 

- 4.8% Nov , 4.0% AV 

D 5 .8% AC-20, 1.8% AV 

- 5.8% Nov., 1. 6% AV 

FIGURE 2 Creep compliance versus lime of loading for optimally designed and 
binder-rich Novopbalt mixtures compacted to ultimate (low) air void content and 
binder-rich control mixture. 

high compliance for the control mixture, which is a binder
rich AC-20 mixture with a low air void content (1.8 percent). 
Figure 2 shows creep compliance data following compaction 
to ultimate air void contents. In this case , the difference be
tween optimum and binder-rich Novophalt mixtures is more 
noticeable . However , the compliance of the binder-rich No
vophalt mixture at 1.6 percent air voids remains sub tantially 
less than that of the AC-20 control mixture compacted to an 
air void content of 1.8 percent. 

A critical level of creep compliance was calculated using 
the modified Shell procedure (6) . ro s-secti nal data for the 
Hobby runway pavement , and contact tire pressure data for 
the DC-9 aircraft (100,000 passes). The modified Shell equa
tion states 

n 

2: h; . A; . U; . D; 
i = l i= l 

where 

t:..h; = change in height of each sublayer; 
h1 thickness of each sublayer; and 

A; = stress factor relating laboratory stress (a1. ~, used in 
obtaining creep compliance D;) to in situ stress within 
the sublayer a,, A, = (a/a1. b)

1
•
6 1 after Regress 6. 

By assigning a maximum tolerable deformation within the 
pavement of 0.125 in. for 100,000 applications of the DC-9 
aircraft and by assuming an average annual daytime temper
ature of 104°F in the hottest 180 days of the year, a design 
or critical average creep compliance was calculated as 0.000060 
in. 2/lb. This value is plotted in Figures 1 and 2. The plot of 
this value can be used to judge the adequacy of the mixture 
based on creep compliance data . The time of loading of 10,000 
sec corresponds to 100,000 load applications (100,000 appli
cations times 0.1 sec of dwell time per load application). 

Based on the critical level of compliance (0 .000060 in. 2/lb), 
both optimum and binder-rich Novophalt mixtures are quite 

acceptable when air void contents of the mixture are within 
the 5.0 to 6.5 percent range (Figure 1) . When compacted to 
ultimate air void contents (Figure 2), the Novophalt mixture 
with optimum binder content is quite adequate ; the binder
rich Novophalt mixture is adequate, although it approaches 
the design compliance at 10,000 sec; and the binder-rich 
AC-20 mixture compacted to ultimate air voids demonstrates 
a compliance at 10,000 sec (approximately 0.000350 in. 2/lb), 
which is approximately six times the design compliance 
(0.000060 in .i/lb). 

Figures 3 and 4 show accumulated permanent strain data 
versus loading applications . Once again, data in Figure 3 are 
for samples compacted using a standard compaction effort, 
and data in Figure 4 are for the modified compactive effort 
resulting in minimum air void levels. The trend is essentially 
the same as for the creep compliance testing. There is essen
tially no difference in the optimum binder content and the 
binder-rich Novophalt data when the samples are compacted 
to air void contents within the 5.0 to 6.5 percent range as 
shown in Figu re 3. However, when the sample are compacted 
to ultimate or low air void contents , as shown in Figure 4, a 
greater difference in deformation results between the opti
mum binder content mixture and the binder-rich mixture. 
However, the binder-rich Novophalt mixture is still substan
tially more resistant to permanent deformation than the con
trol mixture, which failed at 20,000 cycles of loading. 

Figure .'i fmther illustrates mixture sensitivity to binder con
tent of polyethylene-modified binders . This figure shows the 
changes in the permanent strain determined from incremental 
static deformation testing on a siliceous river gravel mixture. 
The height of each bar in the figure represents the increase 
in permanent strain for the particular mix in question over 
the control mix at the same time of incremental loading. The 
control mixture was an optimally designed river gravel mix
ture with binder of either AC-20 or AC-20 plus LDPE (No
vophalt). In the figure, binder-rich mixtures with the tradi
tional and Novophalt binders were compared with the optimal 
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10 

Accum. Strain, ln./in.{x10E-6) 

10 100 1000 10000 

Number of Load Repetitions 

- 4.8% Nov., 6.1% AV 

D 5.8% AC-20, 1.8% AV 

8 5.8% Nov., 5.3% AV 

20000 

FIGURE 3 Accumulaled permanenl strain versus loading repetitions for 
optlmal.ly designed and binder-rich Novophalt mixtures compacted to 5.0 to 6.5 
percent air void content and binder·rich control mixture. 

100 

10 

Accum. Strain, in./in.{x10E-6) 

10 100 1000 10000 

Number of Load Repetitions 

- 4.8% Nov., 4.0% AV 

D 5.8% AC-20, 1.8% AV 

R 5 8% Nov., 1.6% AV 

20000 

FIGURE 4 Accumulated permanent strain versus loading repetitions of 
optimally designed and binder-rich Novophalt mixtures compacted to ultimate 
(low) air void content and binder-rich control mixture. 

(control) mix with the traditional and Novophalt binders re
spectively. In each case (traditional and Novophalt) the binder
rich mixture consisted of l.15 percent of the optimum level 
of binder. 

TENSILE TESTING 

Resilient Modulus 

5 

Figure 5 clearly shows the significant influence of binder 
type (Novophalt versus unmodified AC-20) and level of com
paction. For the granite mixture Novophalt is sub ·tantially 
more resistant to deformation than the traditional mix for au 
conditions evaluated. Of most significance is the level of in
crease in deformation for the binder-rich Novophalt mixture 
compared with the level of increase for the binder-rich tra
ditional mixture . 

Diametral resilient modulus testing was performed in accord
ance with ASTM 04123 at the nominal high average surface 
temperature of 104°F for a mixture containing the granite 
aggregate used at Hobby Airport and a river gravel aggregate 
used as a laboratory standard at TIC because of its ensitivity 
to binder propertie and binder content. Figure 6 shows that 
the binder-rich modified miJ(ture retains a resilient modulus 
that is substantially greater than that of the control mixture 
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Change in Perm. Strain, in./in.(x10E-6) 

Changes are from opt. conditions (i.e., opt. binder c ontent 
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FIGURES Change · in pel'manent strain comparing two binder-rich Novophalt 
mixture· (low and high levels of densification) with an optimally designed 
Novophalt mixture and two binder-rich traditional mixture (low and high levels 
of densification) wi1J1 an optimally designed traditional mixture. 

Resilient Modulus, pai (x10E3) 
140 .-~~~~~~~~~~~~~~~~~~~~~~~~---. 

120 

100 

80 

60 

40 

20 

0 
104 

Temperature, degrees F 

- AC-20, 5%, RG 8 AC-20, 4 .3%, RG 0 AC-20, 4.8% Gran. 

n Novo. 5.8%, Gran. llilllJ Novo. 4.8%, Gran. 

FIGURE 6 Comparison of resilient moduli at 104°F for selected mixtures of 
Novophalt and traditional asphalt. 

at the optimum binder content. The optimum and binder-rich 
river gravel mixtures are included in the analysis simply to 
demonstrate the ensitivity of mixtures to binder content when 
traditional, unmodified binders are used. The ability of binder
rich polyethylene-modified mixtures to retain a higher level 
of resilient modulus is ignificant because this higher level 
rndicates an improved load-spreading capability of the asphalt 
layer. 

Figure 7 summarizes the results of this te.sting for the optimum 
and binder-rich mixtures. All samples were compacted to ul
timate (low) air void contents. This figure shows that the 
toughness, or area under the stress-strain plot, is significantly 
greater for the binder-rich mixtures than for the optimum 
mixtures of the p lymer-modified (Novophalt) mixture. 

Toughness is often used as a relative indicator of the resist
ance of an asphalt concrete mixture to fracture, either fatigue
related or temperature-related (7). High toughness values 
indicate greater resistance to fracture, and low toughness val
ues indicate lower resistance to fracture. Materials with high 
toughl1es values have high potential to absorb energy without 
fracture . The primary ignificance of th data plotted in Figure 
7 is that the binder-rich Novophalt mixture provides signifi-

Indirect Tensile Testing 

Indirect tensile strength testing was performed at three tem
peratures: 32°F, 77°F, and 104°F at a stroke rate of 2 in./min. 
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cantly higher toughness and thus greater resistance to fracture 
across the entire temperature range evaluated. 

The trend toward greater resistance to fracture due to the 
use of higher binder contents is substantiated by the results 
of indirect tensile creep testing data, shown in Figure 8. The e 
tests were performed at 77°F under a constant stress level of 
20 psi. The slope of the binder-rich Novophalt mixtures in 
the steady-state region of the creep test is substantially higher 
than the comparative slope for the Novophalt mixtures with 
the optimum binder content. This lope indicate the rate of 
energy dissipation of the mixture under load . A fa ter rate of 
energy dissipation indicate the ability to absorb energy with
out fracture. T hu mixtures with steeper slopes in the teady
state region of the tensile creep test indicate mixtures with 
lower fracture potential. 

Scbapery (8) has demonstrated that by applying viscoelastic 
fracture principles , the constants K 1 and k2 in the phenom
enological fatigue relationship [log N = log K 1 + k 2 log 
(lie,) where N is number of loading applications and e, is the 
repeated level of tensile strain] can be calculated as a function 
of the slope of the steady-state region of the tensile creep 
curve. In fact , Schapery has ·hown the parameter K2 to be 
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- Novophalt (4 .8%) -+- Novophatt (5.8%) 

104 

FIGURE 7 Comparison of toughness of optimally designed 
and binder-rich Novophalt mixtures determined from indirect 
tension testing at 32°F, 77°F, and 104°F. 
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FIGURE 8 Indirect tensile creep data at 77°F, 20 psi stress 
level, comparing optimally designed and binder-rich 
Novophalt mixtures and unmodified AC-20. 
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very ·imply related to the slope of the steady-state region of 
the creep compliance curve (m) as k2 = 2/m . Also Al-Balbissi 
and Little (9) have established that Lhe magnitude of the shift 
factor between laboratory and field fatigue data i · directly 
related to the slope of the steady-state creep curve because 
this slope indicates the rate at which the mixture can relax 
and dissipate residual stresses. 

The control mixture shown in Figure 8 is a binder-rich 
AC-20 mixture. This mixture exhibits an even higher slope 
than the binder-rich Novophalt sample. However, the steady
state region of tl1is mixture is substantially les under the 20-
psi stress leve l. The time to rupture of the binder-rich control 
mixture is sub tantially shorter than the time to rupture for 
either Novophalt mixture . Time to rupture indicates flexurnl 
fatigue potential. Kennedy (IO) ha empirically demonstrated 
a relation ·hip between time to rupture in the indirect ten ile 
creep test and number of loading cycles to failure in repeated
load indirect tensile fatigue tests. Thus a middle ground mu ·t 
be ought in optimizing mixture properties related to fracture 
and fatigue. This middle ground i characterized by the ability 
to effectively dis ipate energy without fracture and at the same 
time resist accumulated damage (plastic damage) leading to 
fatigue failure. In this case, the binder-rich Novophalt mixture 
appears to achieve this middle ground. 

Another indication of the linkage between fracture poten
tial and binder content is work done by Molenaar (11). Mo
lenaar demonstrated the relationship between fracture tough
ness (K1<) and air void content for a gravel and and mixture 
(Figure 9) . Note that reducing the air void content substan
tially improves the value of K1, . f course reducing binder 
content lowers air void content. 

DISCUSSION OF FINDINGS 

This study indicates thut the binder-rich Novophalt mixtures 
used a l Hobby Airport hould perform well and resist rutting 
and may have improved fracture resistance compared to the 
Novophalt mixture with optimum binder content. The results 
of this study point out some interesting general trends: 

1. Binder-rich polymer-modified asphalt (Novophalt) mix
tures are substantially less susceptible to rutting or permanent 
deformation than are binder-rich traditional mixtures even 
when the polymer-modified mixtures are compacted to air 
void contents well below the level producing pla tic flow (less 
than 3 percent air voids) and are tested at high temperatures 
(104°F). 

2. The level of initial compaction has a pronounced influ
ence on the deformation potential of the polymer-modified 
mixtures. 

3. Binder-rich polymer-modified mixtures demonstrate a 
higher resistance to fracture than do mixtures with optimum 
binder contents. 

These trends indicate that certain specific pavement appli
cation may be better satisfied by polymer-modified mixtures 
(Novophalt) that are slightly binder-rich. These mixtures would 
provide increased re istance to cracking due to thicker binder 
films and improved durability mainly because of sub tantially 
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FIGURE 9 Influence of void content and temperature on fracture 
toughness of gravel sand asphalt mixes (11). 

reduced permeability to air (oxidation) and water (s tripping). 
Pallotta (12) has provided evidence that support the u e of 
binder-rich polyethylene-modified aspha lt concrete 0J1 bridge 
decks in Europe . Pallotta reported on Novophalt in Italy with 
binder contents in the range of 20 to 25 percent above the 
optimum binder level; these mixtures were still mechanically 
more stable than a comparable unmodified mixture at the 
optimum binder content. Based on these Italian data, binder
rich Novophalt mixtures have been laid wheneve r imperme
ability and durability were a major concern. The preferr cl 
air void content range wa 2 to 3 percent for the binder and 
wearing cour es , based on the Italian data (12). Actual air 
void content in the range of 1 to 2 percent provided stable 
Novophalt mixtures. 

A U.S. Army Corp of E ngineer t11dy (13) provides ad
ditional evidence that binde r-rich mixture provide better 
resistance to permanent deformation even at very low air void 
contents than do traditional mixtures. This study compared 
properties of asphalt mixture modified with several different 
modifiers including oxidants , styrene-butadiene- tyrene , 
ethylene- vinyl acetate, polyethylene, and AC-40 a phalt ce
ment. Three variables were evaluated in mixtures with each 
modifier : (a) binder content , (b) modifier content, and 
(c) asphalt cement source . Binder contents evaluated were 
optimum, 80 percent of optimum, and 120 percent of optimum. 

The Corps of Engineers study (13) states that " the 
polyethylene-modified blends were less sensitive to all three 
matrix variables as a whole when compared to most of the 
modifiers of this study ." 

The variation in air void content in this tudy produced 
by varying the compactive e-ffort and compaction temperature 
had a pronounced effect on the susceptibility of th mixtures 
to uniaxial compressive repeated-load permanent deforma
tion. Binder-rich polyethylene-modified mixtures compacted 
to air void contents of 5.0 to 6.5 percent produced substan
tiaJJy reduced permanent deformation when compared with 
binder-rich mixtures compacted to ullimate (low) air void 
(1 .0 to 2.0 percent) . In fact, the binder-rich mixtures com
pacted to high air void contents demonstrated a permanent 
deformation potential that was essentially identical to that of 
the optimally designed mixture. 

The influence of level of compaction on ultimate air void 
content, and hence rutting potential , has been addressed by 
Foster (2) for traditional (unmodified mixtures) . In this study, 
Foster states: 

Review of existing literature shows that densification occurred 
at a very rapid rate in the fir t few month of traffic followed 
by a much slower rate fo r the next five years a{tcr which no 
further densifica tion occurred. This review show. co11c/11sive/y 
that the den ity to which a pavement is rolled control the 
density that develops in bot h tage . 

Foster further present data demonstrating that the ultimate 
densities of mixtures with both soft and stiff binders are con
trolled by the construction density. T he stiff r binders , as 
expected, allow con iderably less additional densifica tion than 
do the soft inder . These results are shown in Figure 10. 
This trend indicat s not only the importance in initial com
paction but also the influence of bi11der ' tiffnes . It i logic.:al 
to extend this trend to polymer-in dified binder sy tems, which 
are less resistant to plastic deforma tion than are traditional 
mixtures at high temperatures . Thus, the deformation of the 
polymer-modified asphalt may well be more greatly influ
enced by initial compaction than would traditional mixture . 

101 
Stable Stale Percent Density 

100.5 

96 97 96 

Constructed Percent Density 

- 801100 pen aephalt -+- 180/200 pen asphalt 

99 

FIGURE 10 Evaluation of effect of construction densification 
on stable-state air void content of asphalt concrete (2). 
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CONCLUSIONS 

l. BindeMich polyethylene-modified mixture (Novo
phalt) are substantially more resi tant to permanent defor
mation than are binder-rich traditional systems. 

2. Even when binder-rich polyethylene-modified mixtures 
are compacted to aiJ void content below 3 percent , their 
resi tance to permanent deformation i substantially superior 
to that of binder-rich traditional mixtures. 

3. Binder-rich Novophalt mixtures are 'ensitive to the level 
of initial densification. Reducing the level of initial den ifi
cation from the 1.0 to 2.0 percent air void range to the 5.0 
to 6.5 percent air void range results in permanent deformation 
in binder-rich Novophalt mixtures that i · nol significantly greater 
than t11at of optimum binder content Novophalt mixtures. lt 
appears that mixture prepared using modified binders are 
sub tantially more re i tant to densification than are tradi
tional (unmodified) mixtures even if the mixtures are binder
rich. Thi conclusion is based a resu lt of repeated-load 
permanent deformation testing of polyethylene-modified and 
unmodified mixture . Apparently the rheological change in 
the binder caused by polyethylene modification is responsible 
for the re i ' lance of the mixture to postconstruction den ifi
cation and hence superior resistance to rutting. This finding 
indicates that the re istance to permanent deformation of 
binder-rich polyethylene-modified mixtures can be signifi
cantly improved by controUing th level of density achieved 
at construction. 

4. Binder-rich Novophalt mixtures with low air void con
tents, because of their ability to absorb energy possess greater 
potential to resist fracture than do optimum binder content 
mixtures. 

5. Binder-rich Novophalt mixtures may have applications 
in specialized situations that require lower air and water 
permeability and greater re i lance to fracture while till 
maintaining acceptable re i tance to permanent deformation. 
These application · have been demon ·trated uccessfully in 
field applications in Italy. 

6. These results in no way suggest that traditional mixture 
design methodologies and criteria be abandon d. The re ults 
simply indicate that polymer-modified b.inder ystem such a 
Novophalt are very different rheologicaJ sy tems than tradi
tional binder systems. Con equently, for certain applications 
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a polyethylene-modified mixture with a higher binder content 
may provide a more effective ystem. 

7. Runway 17-35 at Houston Hobby Airport continues LO 

perform well 2 years after construction with no signs of crack
ing or permanent deformation. 
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Effect of the Use of Modifiers on 
Performance of Asphaltic Pavements 

N. p AUL KHOSLA 

The effects of two commercially available a ·phaJt modifiers in 
improving the mechanical properties of asphalt paving mixtures 
were explored , and the abi lities of these modifiers to mit igate 
pavement distress and improve overall pavement performance 
were evaluated. Nine binder were formulated with three a phalt 
grades and two modifiers. The 111odifiers investigated were carbon 
black and polymerized asphalt (styrelJ). The dense-graded asphalt 
paving mixture pecimen were subjected to dynamic and creep 
tests at temperatures of 0°, 40°, 70°, 100°, and 140°F and the 
mechanical properties determined were resilient modulus. creep, 
permanent deform ation parameter , and fatigu e life. On the ba i 
of the e propertie , the VESYS J IIA pavement performance pre· 
diction model was used r<> asses any improvement of ihe modifier 
on pavement distres and overall perfonn ance. The results in
dicate that the effect of the modifier on the paving mixture prop
erties is not significant at low remperatun: · but pronounced at 
high temperatures. The predicred performance hows thar carb n 
black is tJ1e most significant in reducing pavement rutting and 
polymer is che most significant in reducing fa tigue cracking. Both 
modifiers how some degree of improvement in the overall pave
ment performance. 

Choosing a suitable asphalt is of primary importance in the 
construction of a satisfactory pavement. The various grades 
and qualities of asphalt produced from different crudes and 
manufacturing processes show a marked difference in weath
ering resistance and durability. Because the highway engineer 
usually has a limitt:u st:kction of asphalt , there is a need for 
a practical way to improve asphalt quality by adding ingre
dients. It is believed that asphalt cements modified with pol
ymer (styrelf) and with carbon black may provide mixtures 
with improved durability, wear resistance, and general per
formance (1-5). Accordingly , the effectiveness of these two 
modified binders in improving the structural properties of 
asphaltic mixtures was verified , namely , their resilient mod
ulus, fatigue life, resistance to rutting, and mitigation of low
temperature cracking. 

MATERIALS AND SPECIMEN PREPARATION 

The base asphalts used include AC-5, AC-10, and AC-20. 
These asphalts were sent to the Elf Aquitaine Laboratory in 
Terre Haute, Indiana, for blending with polymer. After 
blending, the modified asphalt is called " styrelf." Styrelf is a 
polymer system in which the polymer (styrene-butadiene block 
copolymer) undergoes an irreversible chemical reaction with 

Department of Civil Engineering, North Carolina State University, 
Box 7908, Raleigh, N.C. 27695. 

asphalt through a patented vulcanizing process. MICROFIL8-
pelletized carbon black using 8 percent maltenes-was also 
blended with each of the base asphalts . The amount of 
MICROFIL8 that should be used depends on the desired 
consistency of the binder and the viscosity of the original 
asphalt. Thus, to have the desired stiffening ffect, a slightly 
highe r amount of modifier is mixed with softer asphalts. Con
sequently, AC-5 was blended with 12 percent MICROFIL8, 
and AC-10 and AC-20 were blended with 10 percent 
MICROFIL8. The properties of the binders are summarized 
in Table 1. 

Dense-graded granite aggregate was used. The gradation 
of the aggregates conforms to the North Carolina specifica
tions for l-1 mix. The gradation of the aggregates is as follows: 

Sieve Size 

314 in. 
112 in. 
318 in . 
No. 4 
No . 8 
No . 16 
No. 40 
No . 80 
No. 200 

Percent 
Passing 

100 
96 
92 
66 
50 
39 
24 
10 
3 

The mixtures were designed in accordance with the Mar
shall method of mix design (6) ; a summary of the mixture 
properties is given in Table 2. The specific gravity of the base 
asphalts ranged from 1.020 to 1.035 and the specific gravity 
of polymer-modified binders ranged from 1.029 to 1.044; the 
specific gravity of the pelletized carbon black was assumed to 
be 1.740. To keep the volume of the binder constant in all 
the mixtures , the binder contents used in the mixtures were 
varied, as shown in Tables 2 and 3. 

Specimens for the resilient modulus and fatigue tests were 
4 in. in diameter and 2.5 in. high and fabricated using the 
mechanical Marshall compactor . Specimens for the creep tests 
were 4 in. in diameter and 8 in. high and prepared with a 
modified Rainhart mechanical compactor. The mixture was 
compacted in four layers . The sequence of weight of the mix
ture, starting at the bottom was 1200, 1000, 800, and 600 g, 
and the corresponding numbers of blows on each layer were 
60, 70. 80, and 85. This procedure was developed as part of 
a previous study (7) to provide uniform density from top to 
bottom of the specimen and produce a specimen with the 
same density as that prepared by the mechanical Marshall 
compactor. 
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TABLE 1 BINDER PROPERTIES 

Binder 

AC- 5+ AC-10+ AC-20+ 
Property AC-5 AC-5+P 12%C AC-10 AC-lO+P 10%C AC-20 AC-20+P 10%C 

penetration, 140 102 104 130 89 122 82 61 72 
lOOg, 5 sec, 77op 

viscosity, abs, 741 2940 2250 1050 4285 1900 2220 8255 3840 
140°F, p 

viscosity, kin, 315 544 616 412 797 614 502 1178 1170 
275°F, est 

Pen - vis number -0.2 0 . 3 0.5 0.2 0.7 0.7 -0.1 0.8 1. 0 
(PVN)pp 

TABLE 2 SUMMARY OF MIXTURE PROPERTIES 

Binder 
Property 

Percent asphalt by wt. aggregate 

Percent asphalt by wt. mixture 

Mix bulk Sp. Gr. 

Absorbed asphalt (percent) 

Aggregate bulk Sp. Gr. 

Asphalt Sp. Gr. 

VMA (percent) 

Air Void (percent) 

Marshall Stability (lb) 

Flow (0.01 IN) 

TEST PROCEDURES 

The procedures for creep, fatigue, and resilient modulus tests 
are briefly described. A detailed description of the test pro
cedures and equipment is given elsewhere (7). 

Creep Test 

The incremental static creep tests were conducted on speci
mens 4 in. in diameter and 8 in. high to determine the per
manent deformation coefficients to be used in the VESYS 
computer program. Te t pecimens at temperatures of - 20°, 
0°, 20°, 40°, 70° 90°, and 120°F were tested under a creep 
tress of 20 psi . However specimens at 140°F were tested 

under a creep stress of 10 psi. Furthermore specimens made 
with A -5 and AC-10 were too soft to be tested even .under 
a creep stress of 10 psi at 120° and 140°F, so no creep test 

AC-5 AC-10 AC-20 

5.87 5 . 88 5.94 

5.55 5.56 5.61 

2.3 0 2.30 2.30 

0.70 0.70 0 . 70 

2.58 2.58 2.58 

1. 020 1. 023 1. 035 

15 . 78 15.71 15.85 

4.75 4.80 4.86 

2190 2380 2550 

11 10 10 

data were generated for these mixture specimens at these 
temperatures. 

The total permanent strain at the end of each rest period 
followi ng load increment as shown in Figure 1, was calcu
lated. The total permanent strain versus the incremental time 
of loading was plotted on log-log paper , as shown in Figure 
2. A best-fit straight line is constructed through the plotted 
points inter ecting the vertical a)fi at a 0.J-sec loading time. 
The permanent deformation coefficients of layer material were 
calculated as follows: 

IS 
µ =

e 
O'. = 1 - s 

where e is the resilient strain. The resilient strain is determined 
from a repetitive loading test conducted after the creep test. 
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TABLE 3 BINDER SPECIFIC GRAVITY AND BINDER CONTENT OF MIXTURES 

Binder 

Property 

Specific Grav ity 

\ Asphalt by wt. agg. 

\ Asphalt by wt. mix . 

STRESS 

ho 
STRAIN 

AC-S+P AC-S+C 

1. 029 1.107 

5 . 929 6.309 

5.599 6.005 

AC-lO+P AC-lO+C 

1. 036 1. 095 

5.955 6.306 

5.647 5.932 

1

1,000 second 

1 
creep test 

• • 

1. d, I 1. d: .1 I 

ct,= durauon ol 11'18 Hh lomd pul•. 

d~ .. rest period 111er Iha Ith lomd pulM. 

fp, = lncremenl In pennmwnl 81raln due 10 Iha llh 111..s pulN. 

t 80 = IOlal eccumullled perm-nl 81reln due 10 n pul118. 

f; = 11raln lnlplltud11111Hurld •I .03 aec:ond1 due lo Ille Ith load pulM. 

AC-20+P AC-20+C 

1. 044 1. 090 

5.992 6 .361 

6.653 5.901 

• 
TIME t 

TIME 

FIGURE 1 Stress and strain of incremental static test series. 

10,000 

1,000 

100 

10 

10 100 1,000 10,000 

Resilient Modulus Test 

The resilient modulus tests were conducted on diametral spec
imens (4 in . x 2.5 in .) in the indirect tension mode at 0°, 
40°, 70° 100°, and 140"F. A te t load was applied along che 
vertical diameter of tbe test specimen, and the corresponding 
deformation wa measured across the horizontal diameter. 
The resilient modulus was calculated as follows: 

M _ P(v + 0.2734) 
R - Dt 

INCREMENTAL LOADING TIME (SECONDS) 

FIGURE 2 Permanent strain curve using incremental 
static creep test. 

where 

P = load in (lb), 
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v = Poisson's ratio (assumed to be 0.35), 
t = thickness of specimen (in.), and 

D = total horizontal resilient deformation. 

Fatigue Test 

Fatigue re ponse of the mixtures was meas:ured on diametral 
pec.imens in the indirect tension mode. The controlled ·tress 

mode of loading with squar wave form wa used , which 
included a 0.1-sec loading period and 2. 9-sec unloading pe
riod. Stresses in the range of 15 to 50 psi were used, and the 
tests were conducted at 70°F. 

In the fatigue test a repetitive load was applied, and the 
initial strain was measured between 100 and 200 repetitions. 
The number of cycles to failure (N1) was represented by the 
load's reaching a limiting value of 70 percent of tbe original 
load. The number of cycles to failure (N1) ver u the initial 
tensile strain (e) wa plotted on log-log paper. Then a best
fit straight line wa drawn through the points. The slope of 
the line was denoted as S, and the strain value corresponding 
to 100 load applications was denoted as / . The straight line 
was shifted horizontally to the right by a factor of 13.03, as 
suggested by Finn (8), to adjust for field fa tigue properties. 
Thi is because laboratory tests do not take into account sev
eraJ important factors, ·uch a healing of the pavement be
tween stress applications, rest time between stresses, and 
variability in the po ition of the load within the wheel path 
resulting in a reduction of tres due to the passage of u certain 
number of vehicle . The mean value of fatigue coefficients 
was calculated as follows : 

100(/)llS 

ANALYSIS OF TEST RESULTS 

The analysis of the data and plots of the test results pertaining 
to resilient modulus, creep, and fatigue characteristics are 
described. Two replicate specimens for each test condition 
were used. 

Creep Test Results 

As discussed, the total permanent strain at the end of each 
rest period was plotted on a log-log paper at a function of 
incremental loading times: 0.1, 1, 10, lOO, and 1,000 ·ec. The 
permanent deformation plots of incremental static loading 
tests at 40°F and 100°F are shown in Figure 3 and 4. 

An analy is of the plot in Figure 3 reveals that the mixtures 
containing the conventional asphalts AC-5 , AS-10 and AC-
20 exhibited significantly higher deformation than the mix
tures modified with polymer and carbon black. Thus, it can 
be inferred that these modified mixtures will result in less 
rutting. An analysis of the rutting potential of these mixtures 
supports this premise . 

10:3 ~ 
~~::.; 

10-4 

~ .... .... ·;:,/ 
~ .... ,... ...... ·. / ./ 

...,;,:_.;../ ... ··/, ,, 
:#" .... ·''/.' / _.d~ · · 4r 

,#,,,, t .. ...- / A~ 
--~.:/ ~ .... / ' ~· 

/.~" ... . //.' 
:..' .••· / /J:'/ .... . ·:f 

• ... -· / ,/,.; ~ LEGEND 
.·· . //1' 

••• ·• / /,~ .......... _ AC-5 
" / /' •l - -- AC·5+POLYMER 
/ . ·',./," - · -AC-10 

• . /,/ -··- AC·10+POLYMER 
/ ~,. -- AC-20 

10·6 ~--·-"""._,. __ __._-_-_-_-_. ,;.:.AC-,;..:.· ,;;;20;.;.+PO:....:..:L;.;.YM;;.;;;i.;.R:...J 
0.1 1 10 100 1000 

INCREMENTAL LOADING TIMI!, SECONDS 

FIGURE 3 Permanent strain from incremental 
static loading test: AC-5, AC-5 + P, AC-10, 
AC-lO+P, AC-20, and AC-20+P. 
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FIGURE 4 Permanent strain from incremental 
static loading test: AC-5, AC-5 + C, AC-10, 
AC-lO+C, AC-20, and AC-20+C. 

Resilient Modulus Test Results 

13 

The plot of the resilient modulus values versus temperature 
for the mixture types is shown in Figures 5 and 6. Because 
the mixture pecimens made with AC-5 and AC-10 were too 
soft to be tested above lOD°F, no resilient modulus data were 
generated for these mixtures at 120°F and 140°F. The data in 
Figures 5 and 6 indicate that at low temperatures mixtures 
made with AC-5 , AC-10, AC5 + P AC-lO + P AC5 + C, 
and AC-10+ C have almost the same modulus values, whereas 
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FIGURE 5 Resilient modulus versus temperature: 
AC-S A -S +C, A -10, AC-lO+C, AC-20, and 
AC-20+C. 
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FIGURE 6 Resilient modulus versus temperature: 
AC-S A -5+P, AC-10, AC-lO+P, AC-20, and 
AC-20+P. 

AC-20, AC-20 + P, and AC-20 + C provide mixtures with 
slightly higher modulus values. At high service temperatures, 
mixtures made with AC-5 and AC-10 have the lowest resilient 
modulus values. In addition, at temperatures above 100°F, 
mixtures made with AC-5+P, AC-lO+P, AC-5+C, AC-
10 + C, and AC-20 have no significant difference in their re-
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silient modulus values, whereas AC-20 + P and AC-20 + C 
provide mixtures with the highest resilient modulus values. It 
can be concluded that adding polymer and carbon black to 
the asphalt reduces the temperature susceptibility and gives 
mixtures higher re ilient modulus at high temperatures with
out affecting the modulus values at low temperatures. 

Fatigue Test Results 

The fatigue lives are plotted in Figures 7 and 8. The data in 
Figures 7 and 8 suggest that mixtures containing AC-5 and 
AC-10 have relatively shorter fatigue lives than other mix
tures. Furthermore, the mixtures made with AC-5 + P, AC-

.. ....... .. AC-5 
--- Ac-s+POLYllER 
- · - AC-10 
---- AC-10+POLYll!R 
-- AC-20 
- - - - - AC-20+POLYM!R 

10·
5 "----~-----''------" 

105 

NUMBER OF STRESS APPUCATIOtl8 TO FALURE, N1 

FIGURE 7 Strain versus cycles to failure at 
70°F: AC-5, AC-5 + P, AC-10, AC-10 + P, 
AC-20, and AC-20 + P. 
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FIGURE 8 Strain versus cycles to failure at 
70°F: AC-5, AC-5+C, AC-10, AC-lO+C, 
AC-20, and AC-20 + C. 
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FIGURE 9 Master curve for AC-5. 

10 + P AC-5 + C, AC-10 + C, and AC-20 exhibit similar 
fatigue life. AC-20 + P and AC-20 + C provide mixtures with 
the longesc fatigue life. This trend is reflected in and supported 
by the analy is of performance of a representative pavement 
ection. 

Low-Temperature Characteristics 

The low-temperature cracking phenomenon is a function of 
ambient air temperature and thermal loading time. Loading 
times in the range of a half-bour to ·everal hours are consid
ered reasonable. McLeod (9) ha sugge ted a loading lime of 
20,000 sec as the nominal rate at which the pavement may be 
stressed because of chilling to low temperature . The experi
mental stiffness values from creep tests at - 20°, 0°, 20°, and 
40°F were measured up to a loading time of roughly 1,000 
sec. To extend the data to the loading time of 20,000 sec at 
low temperatures, time-temperature superposition techniques 
were used. The experimental stiffness curves were moved 
along the loading time axis until all of them were uperim
posed and formed one master curve. An example of uch a 
master curve for tiffncs ver us reduced loading time for 
mixture with AC-5 binder, along with the corresponding shift 
factor (a,) versus temperature curve shown as an inset, is 
shown in Figure 9. 

Similar master curves were prepared for other mixture types, 
and, for the loading time of 20,000 sec, the stiffness values 
at - 30°, - 20°, -10°, and 0°F were calculated and are re
ported in Table 4. To eUminate tran verse pavement cracking, 
McLeod (9) ha uggested limiting stiffne s values given in 
Table 5. In this regard , the stiffness values in Table 4 suggest 
that at -30°F only the mixtures containing AC-5 AC-5 + P, 
AC-lO+P, and AC-5+C would be able to mitigate low
temperature cracking. At -20°F and -l0°F, in addition to 
the aforementioned binders, mixtures with AC-10 and AC-
10 + C would also be able to perform well. At 0°F, all the 
binders except AC-20 would be able to eliminate transverse 
pavement cracking under these criteria. 

ANALYSIS OF PERFORMANCE OF 
REPRESENTATIVE PAVEMENT WITH AND 
WITHOUT POLYMER MODIFICATION 

In order to assess the influence of the modified mixtures on 
the pavement performance, a representative pavement section 
was selected for analysis. The composition of this pavement 
section is shown in Figure 10. The VESYS IIIA structural 
subsystem was u ed to predict the pavement performance 
(JO) . On the basis of the mechanical propertie of the ma
terials in different layer of the flexible pavement, a typical 
traffic volume, and different environmental conditions, VESYS 
IIIA predicts the performance of a given pavement in terms 
of rutting, cracking, and present serviceability index . 

The mechanical properties for the granular base course and 
the subgrade were determined as a part of a previous study 
(7) and are given in Tables 6 and 7. [n addition the me
chanical properties of the mixtures for the urface course with 
and without modifiers are given in Tables 8 and 9. An analy is 
period of 20 years was chosen for thi purpose; a hypothetical 
value of average dai ly traffic of 110 equivalent 18-kip axle 
loads (EAL18) wa elected for the analysis period . To predict 
the perfom1ance of the selected representative pavement under 
different environmental conditions four regions were elected 
as shown in Table 10. 

6" 

10" 

FIGURE 10 Layer thickness of representative pavement 
section. 



TABLE 4 STIFFNESS VALUES IN POUNDS PER SQUARE INCH FOR LOADING TIME 
OF 20,000 SEC 

Temperature (OP) 

Bi11.der -30 -30 -10 0 

ACS 3.SxlOS 2.7xl0 5 l. BxlOS 3.4xl04 

.!'.CS+P 2.4x105 l.Oxl0 5 7.2x104 l. 6xl04 

ACS+C 2.9xl05 2.lxl0 5 7.Bx104 3.lxl04 

AClO 7.32xl05 2.9xl0 5 1. 9xl05 6.lxl0 4 

AClO+P 4.lxlOS l. 4xl05 9.3xl04 3.4xl04 

AClO+C 6.7x105 2.4xl05 l.105 5.7x10 4 

AC20 l. 6x106 8.7xl0 5 6.5xl0 5 l. 7xl0 5 

AC20+P 9. lxl05 5.lxl05 3.3xl0 5 8xl0 4 

AC20+C 1.sx106 0.1x10S 6.3x105 l . 6xl05 

TABLE 5 INFLUENCE OF MINIMUM PAVEMENT TEMPERATURE ON PAVEMENT 
MODULUS OF STIFFNESS TO BE USED FOR SELECTING ASPHALT GRADE (9) 

Minimum Temperat~re 
of the Pavement ('T) 

-30 

-20 

-10 

0 

Stiffness at Which 
Transverse Cracking 
can be ~cted 

800,000 

600,000 

400,000 

250,000 

Pavement at Which 
Transv.rse 
Cracking Can be 
Bliminated 

400,000 

300,000 

200,000 

125,000 

TABLE 6 RESILIENT MODULUS VALUES IN POUNDS PER SQUARE INCH FOR NONASPHALTIC LAYERS (7) 

Layer 0 40 70 90 130 140 

Granular Base Course 54,000 27,000 26,000 27,000 29,000 29,000 

Subgrade Soil 8,000 4,000 3,000 9,000 9,000 7,000 



TABLE 7 PERMANENT DEFORMATION PARAMETERS FOR NONASPHALTIC LAYERS (7) 

Temp•ratur• (°F) 
0 40 70 90 120 140 

Lay•r 

Paramet•r 
µ a µ a µ µ µ 

Lay•r 

Granular Baee Couree . 01 .81 . 01 . 81 .01 . 84 .005 .87 .005 . 87 .005 .87 

Subgrad• Soil .16 .85 .16 .85 .16 . 85 . 04 . 72 .06 . 72 .06 . 72 

TABLE 8 RESILIENT MODULUS VALUES IN THOUSANDS OF POUNDS PER SQUARE INCH 
FOR 1-1 MIX 

T-p•ratur• (OF) 
0 40 70 90 120 1'0 

Bindar 

ACS 2, 273 1,170 208 98 28 

ACS+P 2,466 1,457 485 268 Bl 34 

ACS+C 2,523 1,278 480 234 90 23 

AClO 2,328 1,228 283 129 31 • 

AClO+P 2,664 1,687 599 315 85 38 

AClO+C 2,643 1,300 488 238 91 22 

AC20 2,647 1,620 517 243 75 23 

AC20+P 3. 272 2,024 853 483 123 45 

AC20+C 2,657 l, 706 712 327 120 33 

• Not Available 
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TABLE 9 PERMANENT DEFORMATION PARAMETERS FOR I-1 MIX 

Temperature (OP) 0 40 70 90 120 140 

Parameter 

11 11 a 11 11 11 a 11 a 

Binder 

ACS .031 . 756 .297 .404 .512 . 673 . 709 . 710 . 717 . 728 • • 

ACS+P .035 . 743 .054 .270 .126 .542 .506 .562 .249 . 525 . 269 .697 

ACS+C .024 . 762 .031 .175 .080 .513 .134 .697 .130 .620 .203 . 724 

AClO .028 . 757 .148 . 34 . 495 . 636 .560 . 686 . 705 . 715 .. 
AClO+P .028 .753 .038 .218 .128 .517 .520 .588 .250 .546 . 263 .689 

AClO+C . 023 . 773 .031 .174 . 068 .603 .118 .63<1 . 132 .640 .204 . 748 

AC20 .027 .762 .128 .34 . 411 .617 .522 . 665 . 597 .674 .604 . 690 

AC20+P .024 .760 .036 .201 .102 .514 . 190 . 511 .237 . 544 .250 . 656 

AC20+C .021 .793 .022 .140 .060 .640 .110 . 510 .141 .650 .169 . 741 

• No t Av a ilab l e 

TABLE 10 SEASONAL TEMPERATURE IN DEGREES FAHRENHEIT 

Winter 

Region 

1 0 

2 40 

3 40 

4 40 

Rut Depth 

Rut depth is a measun: of the permanent deformation in the 
wheel path created by traffic loads. In the rut depth model , 
rutting is primarily a function of the laboratory-determined 
permanent deformation characteristics and stiffness of the 
materials in pavement layers and of the truck-traffic volume. 
The predicted rut depths for the different cases of the binders 
are shown in Table 11. 

The pavement sections constructed with AC-5, AC-10, and 
AC-20 will reach the limiting value of rut depth of 0.6 in. in 
4 to 6 years of service life . The same pavement sections con
structed with the polymer-modified binders will take 8 to 10 

spring swmnar Pall 

40 90 70 

70 90 70 

70 120 70 

70 140 90 

years to reach a rut depth of 0.6 in ., and those constructed 
with carbon black-modified binders will take 10 to 12 years 
to reach a depth of 0.6 in. 

Fatigue Cracking 

Table 12 indicates that the mixtures made with polymer
modified binders exhibit a much lower fatigue damage index 
than the conventional asphalts and carbon black-modified 
asphalts. 

The predicted cracking index using the VESYS IIIA pro
gram indicates the expected fatigue cracking. The predicted 
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TABLE 11 RUT DEPTH IN INCHES 

Time (Year) 

Region 1 5 10 15 20 
Binder 

ACS .26 .56 ,78 .95 1. 01 

AC5+C .17 .39 .56 .69 .80 

AC5+P .23 .47 .64 . 77 .87 

AClO .22 .48 .67 .82 .94 

1 AClO+C .16 . 38 .55 .68 .79 

AClO+P .21 .45 . 61 .74 .84 

AC20 .20 .43 . 60 .73 .84 

AC20+C .15 .32 .52 .62 .72 

AC20+P .18 . 39 .55 .68 .78 

ACS .31 .66 .92 1.1 1. 3 

ACS+C .18 .41 .58 .72 .83 

ACS+P .24 . 50 .68 .81 .92 

2 AClO .28 .58 .80 .97 1.11 

AClO+C . 18 .41 .58 . 71 .77 

AClO+P .22 . 46 , 63 . 75 .86 

AC20 . 23 .48 . 66 .80 .92 

i'.C20+C . 17 .3'7 .54 . 66 .77 

i>.C20+P . 18 .41 . 5 8 .70 .81 

ACS .37 . 73 .98 1.18 1.34 

ACS+C . 20 . 4 4 . 63 .77 . 89 

ACS+P .25 . 52 . 71 .84 .95 

AClO .35 .67 .89 1. 06 1. 21 

3 AClO+C . 18 . 41 . 59 .73 .84 

AClO+P . 23 . 48 .64 .80 . 91 

AC20 .26 .52 . 71 .84 . 96 

AC20+C .16 .37 .52 .65 .75 

AC20+P .20 .44 .62 .73 .83 

ACS * 
ACS+C . 21 . 46 .65 .80 .9 2 

ACS+P .27 .53 • 72 . 89 . 98 

4 AC10 * * 
AClO+C .20 .46 .65 .79 .92 

AClO+P . 24 .48 .66 , 77 .87 

AC20 . 36 .65 . 80 .98 1.10 

AC20+C .19 .42 .59 .73 .84 

AC20+P . 20 .46 . 63 .76 . 89 

* Not Available A 

values are mainly a function of fatigue curve parameters K1 asphaltic layer. The predicted cracking indexes for different 
and K , primary response propertie , traffic loading, pave- regions are shown in Table 12. 
ment temperature variation , and layer thickness. The crack- The sections constructed with AC-5 and AC-10 will show 
ing index i · a dimensionless parameter that estimates Lhe severe cracking in the first 5 years of service life in all the 
occurrence of fatigue cracking; a value of 1 corresponds to regions; in the same period, AC-20 will show s·evere cracking 
the time when the cracks are initiated at the bottom of the in Regions 3 and 4 only. Af~er 20 years of service life, pave-
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TABLE 12 FATIGUE CRACKING DAMAGE INDEX 

Time (Year) 
Region l 5 10 15 20 

Binder 

ACS .93 4.68 9.36 14.04 18.73 

AC5+C .12 .59 1.17 1. 76 2.34 

ACS+P .01 .05 .10 . 15 .20 

AClO .55 2.74 5.48 8.22 10.96 

l AClO+C .09 .45 .91 1. 36 1. 82 

AClO+P .004 .023 .046 . 068 . 091 

AC20 .073 .366 .731 1. 09 1. 46 

AC20+C .03 .15 .29 . 44 .59 

AC20+P .002 .009 .018 . 026 .035 

ACS 1.15 5.77 11. 54 17.32 23.05 

ACS+C .09 . 44 .88 1. 32 1. 75 

AC5+P 0 .11 .055 .110 .165 . 220 

AClO .675 3 . 37 6 . 74 10.12 13.49 

2 AClO+C .07 .35 .70 1. 05 1. 39 

AClO+P .005 .025 .050 .07S .099 

AC20 .092 .4S . 92 1. 37 1. 83 

AC20+C .03 .13 .26 .40 .53 

AC20+P .002 .010 .019 .028 .037 

ACS 3.54 17 . 74 35.48 53.22 70.96 

ACS+C .39 1. 94 3.87 5.81 7.75 

AC5+P .039 . 197 .394 . 590 .78 

3 AClO 3.02 lS.14 30.28 45.43 60.S7 

AClO+C .31 1. 57 3.13 4 . 70 6 .26 

AClO+P .027 .136 .272 ,407 .543 

AC20 .S61 2.80 5.60 8.40 11. 21 

AC20+C .18 .92 1. 83 2 . 75 3.67 

AC20+P .012 .OS8 .117 .175 .233 

ACS * * * * * 
AC5+C 3.21 15.68 31. 36 47.12 S4.84 

ACS+P 1. 7S 8.79 17.S 26. 38 3S.17 

4 AClO * * * * * 
AClO+C 3.6 17.84 3S.68 53.68 72 .28 

AC10+P 1.24 6.20 12.41 18.61 24.82 

AC20 4 . 51 22.59 45.19 66 . 77 90.39 

AC20+C 2.80 14.00 20.00 42.08 '.i6. 8 

AC20+P .85 4.27 8 . 54 12.82 17.09 

* Not Available 

ment sections constructed with AC-5 + P, AC-10 + P, and AC- to moderate cracking in 10 to 15 years in Regions 1 and 2, 
20 + P will be expected to have almost no cracking in Regions and Regions 3 and 4 will have moderate cracking in approx-
1, 2, and 3. However, for Region 4, severe cracking will be imately 5 years. Sections using AC-20 + C will not be expected 
anticipated in the first 5 years of service life. to have any cracking in 20 years in Regions 1 and 2, but they 

For carbon black-modified mixtures, pavement sections will experience moderate cracking in approximately 12 years 
constructed with AC-5 + C and AC-10 + C will experience slight in Region 3 and 5 years in Region 4. 
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Present Serviceability Index A summary of present serviceability indexes is shown in 
Table 3. Data in Tables 13 and 14 indicate that the service 

The present serviceability index gives an indication of rida- life of the pavement sections will be influenced greatly by the 
bility of pavement in relation to present pavement condition. choice of the binder. For the aforementioned service and 
The mean serviceability index at time zero wa assigned a environmental conditions, AC-5, AC-10, and AC-20 will pro-
value of 4.5, and the terminal serviceability index was assigned vide pavements with 5 to 15 years of service life. The pave-
a value of 2.5. ment sections constructed with polymer-modified binders will 

TABLE 13 PRESENT SERVICEABILITY INDEX 

Ti.me (Year) 

Region 1 5 10 15 20 
Binder 

ACS 4.00 3.10 2.30 1. 68 1. 08 

ACS+C 4.37 3.88 3.09 2.62 2.21 

ACS+P 4 .26 3.6S 3.0S 2.S7 2.16 

AClO 4.24 3.33 2. 71 2.18 1. 70 

1 AClO+C 4.38 3.88 3.24 2.64 2.23 

AClO+P 4.29 3. 71 3.13 2.67 2.27 

AC20 4.32 3.73 3.17 2.SO 2.07 

AC20+C 4.36 3.81 3.27 2 . 81 2.40 

AC20+P 4.34 3.79 3.26 2.82 2.42 

ACS 3.84 2.74 1. 80 1. 00 .268 

ACS+C 4.21 3.69 3 . 11 2.49 2.07 

ACS+P 4.22 3.S3 2.43 2.44 2.01 

AClO 4.06 2.99 2.21 1. 55 .96 

2 AClO+C 4.22 3.70 3.13 2.54 2.07 

AClO+P 4.25 3.63 3.08 2.62 2.22 

AC20 4.24 3.57 2.83 2.17 1. 73 

AC20+C 4 .21 3.66 3.16 2 . 69 2.29 

AC20+P 4.32 3.76 3.23 2 . 78 2.38 

ACS 3.64 2.SO 1. S3 . 71 .03 

ACS+C 4.30 3.41 2.82 2.32 1. 86 

ACS+P 4.21 3 . 47 2.81 2 . 27 1. 73 

AClO 3.69 2.68 1. 86 1.17 .SS 

3 AClO+C 4. 34 3.SO 2.94 2.47 2.0S 

AClO+P 4.24 3.S8 2.98 2.49 2.05 

AC20 4. 08 3.16 2.S4 2.04 1. 59 

AC20+C 4.37 3. 72 3.13 2.73 2.36 

AC20+P 4.29 3.67 3.10 2.62 2.19 

ACS * * * * 
ACS+C 4. 00 3.36 2.7S 2.23 1. 7S 

ACS+P 3.90 3.13 2.53 2.04 1. 61 

AClO * * * * 
4 AClO+C 4.00 3.38 2.76 2.23 1. 74 

AClO+P 3.98 3.29 2.7S 2.31 1. 92 

AC20 3.65 2.74 2.0S 1. 49 1. 00 

AC20+C 4.03 3.48 2.94 2.48 2.06 

AC20+P 4.09 3.40 2.87 2.43 2.04 

* Not Available 
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TABLE 14 PREDICTED SERVICE LIFE IN YEARS 

Region ACS ACS+P 

1 B.03 15.90 

2 6.24 14. 39 

3 5.02 12.81 

4 • 10.32 

* Not Available 
(TERMINAL PSI 2.5) 

ACS+c AClO 

16.44 11.96 

14.91 8 . 04 

13 .12 6.04 

12.34 * 

have a service life of 10 to 19 years , <1nd those constructed 
with carbon black-modified binders will have a service life 
of 12 to 19 years. 

CONCLUSIONS 

The following principal conclusions can be drawn: 

1. Modifying asphalt with polymer or carbon black reduces 
the temperature susceptibility of the binders. In this regard , 
the mixtures made with styrelf and carbon black-modified 
binders provide higher resilient modulus values at higher tem
peratures without adversely affecting the modulus values at 
low temperatures. 

2. Mixtures made with styrelf and carbon black-modified 
binders are most resistant to low-temperature cracking than 
conventional asphalts. 

3. Modifying an asphalt cement with polymer or carbon 
black reduces the permanent deformation of the paving mix
tures at high temperatures and thus reduces the potential for 
rutting. However, carbon black is more effective in reducing 
the rutting. 

4. Using styrelf significantly improves the fatigue life of the 
pavements. 
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AClO+P AClO+C AC20 AC20+P AC20+C 

17 .13 16.70 15.10 19.01 18.79 

16.55 15.38 11.94 18.53 17 .34 

14.92 14.70 10.40 16.39 18.09 

12.76 12.41 6.63 14.21 14.72 
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Methods To Determine Polymer 
Content of Modified Asphalt 

LING Yu HE AND JoE W. BUTTON 

A laboratory procedure using a Fourier transfomi infrared (FTIR) 
analyzer to quantitatively determine the polyethylene content of 
modified hot-mixed asphalt concrete paving mixtures wa devel
oped. FfIR provides a reasonably accurate and precise method 
for measuring polymer content of modified mixtures and is suit
able for quality assurance testing for highway and airport agen
cies. However, certain factor limit tbe accuracy of the test, which 
is of concern when highly precise quantitative determinations are 
required. An attempt as made to develop a gravimetric procedure 
for quantitative analysis of polymer in asphalt paving mixtures. 
Although no successful procedure wa generated tbe findings 
were important becau e they revealed chat the solubility of poly
ethylene is altered upon lligh-shear blending and exposure to bot 
asphalt cement. 

Federal, state, and municipal highway and airport agencies 
purchase and apply paving materials using a variety of spec
ifications and test procedures. To satisfy governmental reg
ulations, the agency often must be able to accurately deter
mine not only quality of materials but also content of certain 
components. In fact, certain highway agencies have expressed 
the desire for a test to accurately determine the polyethylene 
content of Novophalt in order to verify that their specifications 
are being met. Novophalt America, Inc., responded to this 
need by initiating a study at the Texas Transportation Institute 
at Texas A&M University to develop a test procedure to 
quantitatively measure the polyethylene content of modjfied 
binders and/or paving mixtures. The results of this work are 
applicable to any polymer-modified a phalt binder. 

The primary objective of this research was to develop a te t 
procedure using the Fourier transform infrared (FfIR) ana
lyzer to quantitatively determine polyethylene (PE) content 
in Novophalt and paving mixtures containing Novophalt. A 
econdary objective was to investigate the merits of a gravi

metric procedure using selected solvents to determine poly
ethylene content in Novophalt and paving mixtures containing 
Novophalt. 

FffR spectroscopy is routinely used to aid in analysis of 
binary compatible polymer blend systems. FfIR is used to 
qualitatively identify the presence of chemical functional groups. 
By measuring relationships between absorbance intensHy and 
concentration and preparing caljbration curves using known 
concentrations of materials of interest, accurate quantitative 
analyses can also be accomplished using FflR. A procedure 
was developed to extract polyethylene-modified asphalt binder 
(Novophalt) from asphalt-aggregate mixtures, prepare cali-

Texas Transportation Institute, Texas A&M University, College 
Station, Tex. 77843. 

bration curves, and measure polyethylene content of asphalt 
cement. 

A gravimetric method to physically separate polyethylene 
from asphalt cement using selected solvents was evaluated. 
Although polyethylene is normally insoluble in the selected 
solvent, the polyethylene was finely divided and exposed to 
asphalt in the presence of heat (i.e., the Novophalt process), 
becoming mostly soluble. This work was preliminary and fur
ther effort is needed to fully understand the findings. 

DESCRIPTION OF MATERIALS 

The materials used in this study include asphalt cement, re
cycled polyethylene (mostly), aggregates, hot-mixed asphalt 
concrete, and organic solvents. 

Asphalt Cement 

The AC-10 asphalt used in this study was supplied by West 
Houston Asphalt in Houston, Texas. This asphalt was used 
in reconstruction of runways at Hobby Airport in Houston in 
fall 1988. 

Polymer 

A recycled polymer consisting mostly of polyethylene was 
used in this study. The same polyethylene had been used in 
the latter part of the runway reconstruction project at Hobby 
Airport. The polyethylene was produced by Bamberger Poly
mers, Inc., and contained some ethylene-vinyl acetate and 
carbon black as follows: 

•Vinyl acetate, 3.0 percent, 
• Carbon black, 2.5 percent, 
•Density, 0.92 glee, and 
•Melt index, 1.0 g/10 min. 

Aggregates 

Three aggregates were used in the various segments of the 
study. Washed coarse sand and washed river gravel were ob
tained from Gifford-Hill near College Station, Texas. These 
are siliceous, subrounded, nonporous materials used locally 
in construction of asphalt concrete pavement. 

Crushed limestone was obtained from a White's Mines quarry 
near Brownwood, Texas. This material is characterized as a 
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very hard, low-porosity, low-absorption, and somewhat do
lomitic limestone. 

Gradation-specific gravity of the river gravel and limestone 
used in this study were approximately the same. Therefore, 
surface area per unit weight should be approximately equiv
alent. 

Hot-Mixed Asphalt Concrete 

Hot-mixed asphalt concrete was prepared in the laboratory, 
using the asphalt and aggregates described , to simulate paving 
mixtures. The aggregate was dried to constant weight in an 
oven at 325°F. The hot aggregate was mixed with hot No
vophalt. The ratios of components in the mixture were as 
follows: 

•Sand, 3000 g; Novophalt, 180 g; binder content, 5.66 
percent 

•River gravel, 1000 g; Novophalt, 53 g; binder content, 
5.03 percent 

• Limestone, 1000 g; Novophalt, 53 g; binder content, 5.03 
percent. 

Solvents 

Solvents included trichloroethylene and methylene chloride, 
which have relatively low boiling points, and toluene and 
xylene, which have comparatively high boiling points. 

FTIR METHOD 

FTIR Equipment 

The FTIR analyzer used in this investigation was a Nicolet 
Model 60 SX single-beam spectrometer. Specular reflectance 
was adapted as an accessory in the analysis of undiluted, 
opaque asphalt cement and polymer-modified asphalt. In
frared spectra with a bandwidth of 400 to 4000 cm - 1 and 32 
scans at a resolution of 4 cm - 1 were signal-averaged and 
stored on a magnetic disk system. 

Development of Calibration Curve 

Sample Preparation 

To simulate a binder extracted from a paving mixture, a sam
ple of the pelletized black recycled polyethylene of known 
weight was dissolved in 20 ml of trichloroethylene at 70 ± 
5°C using a reflux condenser and stirred for 30 min. To iden
tical solutions, samples of hot asphalt of different weights were 
added and stirred for 2 hr at 70°C until the blend became a 
homogeneous system. Specimens were removed from this so
lution and placed on specially prepared aluminum plates, and 
the trichloroethylene was removed by evaporation under vac
uum at room temperature. 
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Calibration Curve 

Using this procedure, 10 different blends of the polymer in 
asphalt were prepared. The dosages of polymer in asphalt 
included 1.6, 1.8, 3.0, 4.6, 5.1, 6.4, 7.1, 8.1, and 9.9. Selected 
vertical peak heights on the FTIR absorbance plot were mea
sured manually from the baseline. The most informative bands 
for these particular materials were between 1755 and 1530 
cm - 1 for asphalt and between 1820 and 1725 cm - 1 for the 
polymer. The ratio of the peak heights representing absorb
ance at two distinct wavelengths was used to construct the 
calibration curve. For routine testing, approximately four points 
should produce a satisfactory calibration curve. 

The infrared spectra for the asphalt used in this study show 
distinct, relatively interference-free absorption band peaks at 
frequencies of 1601, 1461, and 1376 cm - 1 in the 400- to 2000-
cm - 1 region with a high degree ofreproducibility (Figure 1). 
For this particular polymer, peaks occur at 1738, 1462, and 
1376 cm - 1 (Figure 1). The peaks at 1460 and 1376 cm- 1 are 
common to both the polymer and the asphalt and therefore 
cannot be used as an accurate measure of polymer content in 
this particular Novophalt product. The small peak at 1738 
cm - 1 in the spectra of the polymer is attributed to the carbonyl 
functional group in the polyvinyl acetate. The peak at 1601 
cm - 1 for the asphalt is attributed to double bonds in benzene 
rings (aromatic hydrocarbons). 

These unique frequencies at 1601 and 1738 cm - 1 were cho
sen for determining the relative concentration of polymer in 
asphalt using infrared spectroscopy (Figure 2). Ratios of these 
two absorbance frequencies for asphalt-polymer blends of sev
eral known concentrations were determined and plotted (Fig
ure 3). Theoretical considerations for these measurements of 
absorbance and computations of ratios are given in a subse
quent section of this report. Standard linear regression tech
niques were applied to construct the calibration curve . Poly
ethylene content was not determined directly; rather, 
concentration of a component of the polymer, vinyl acetate, 
was measured. The assumptions were made that polymer 
components were completely homogeneous and that the ex
traction process did not preferentially separate out any of the 
polymer components. 

Reference Spectra 

In this research, a technique was developed to facilitate FTIR 
testing of undiluted asphalt. The asphalt samples were mounted 
on specially designed aluminum plates for FTIR testing. The 
aluminum plates were chemically treated to remove the ox
idized layer and polished to provide an extremely smooth 
surface. After the instrument and sample compartment of the 
FTIR was purged with nitrogen for at least 15 min, a blank 
aluminum plate was placed in the compartment and reference 
spectra were obtained. FTIR spectra were then obtained for 
aluminum plates coated with the asphalt blends. The FTIR 
spectra of the modified asphalts were obtained by subtracting 
the reference spectra of the blank plate from those of the 
binder-coated plates. The FTIR analyzer is designed to per
form this function automatically. 
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FIGURE 1 Infrared spectra (2000 to 400 cm- 1) for Novophalt, asphalt, and polyethylene (black). 
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FIGURE 2 Infrared spectra (2000 to 400 cm- 1) for different polyethylene contents in asphalt. 
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FIGURE 3 Calibration curve for polyethylene (black) 
content in AC-10 asphalt for -C=O/-C=C- functional 
group absorbance ratio. 

Verification 

10 

To verify the utility of the calibration curve, a sample of the 
polymer was accurately weighed, dissolved in xylene, and 
mixed with an accurately weighed sample of asphalt. After 
evaporation of the solvent, the FfIR analyzer measured the 
polymer content of the asphalt. The known polymer content 
was 4.72 percent; the FTIR measured 4.69 percent. There
fore, the difference was 0.03 percentage points. Eight mea
surements were made to obtain the mean, which yielded a 
standard deviation of 0.083 percent and a coefficient of var
iation of 1.8 percent. These data indicate that the method is 
both accurate and precise. 

Precautions 

FfIR spectra are unique for a particular polyethylene and 
asphalt; therefore, a new calibration curve must be developed 
each time new materials are used to produce Novophalt. 

The FfIR calibration curve would normally be developed 
using neat asphalt and polymer. If samples for subsequent 
analysis are taken from a paving mixture prepared using No
vophalt in an asphalt mix plant, significant changes may have 
occurred in the polymer and asphalt. During the production 
of Novophalt, chain scission in the polymer can occur. Hot 
storage of this material may cause certain unknown chemical 
reactions between the two substances. During plant mixing, 
both the asphalt and the polymer undergo oxidation, which 
changes the functionality of both products. Other unknown 
chemical reactions may occur in the solvent extraction pro
cess. These chemical reactions can significantly affect the spectra 
obtained on the FTIR and thus reduce the accuracy of the 
quantitative analysis. 

Sample Testing 

Methodology 

Quantitative measurement of polymer in asphalt using FTIR 
must be preceded by the development of a calibration curve 
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using known concentrations of the materials in question, as 
discussed earlier. To quantitatively determine the percentage 
of polyethylene in the modified binder of a sample of asphalt
aggregate mixture the modified binder must first be extracted 
from the mixture. Then FTIR spectra are obtained using the 
aluminum plate method, and the ratios of the peak heights 
representing absorbance at the appropriate wavelengths are 
compared with the calibration curve to directly interpolate 
the polyethylene content. 

A reflux extraction process is probably the best method to 
separate Novophalt and aggregate. This process minimizes 
the quantity of solvent required. Suitable olvents co extract 
asphalt and ensure that the polyethylene is also extracted 
include high boiling point solvents uch as xylene (boiling 
point, 140°C), perchloroethylene (121°C) , or toluene (1l1°C). 
Toxicity and flash point of the solvents should also be con
sidered. The optimum time period to carry out the reflux 
process depends on the solvent selected but may be several 
hours. This limited study did not permit an evaluation of 
solvent effectiveness or optimization of the extraction time 
period. Only xylene was examined in this portion of the work. 
Reflux extraction was allowed to proceed until the filtrate 
became a light straw color. 

Test Results 

Asphalt-aggregate mixtures were prepared in the laboratory. 
An extraction process using xylene at 140°C was used to sep
arate Novophalt from three different aggregates (Table 1). 
About 8 hr were required to reach the end point (light straw 
color of filtrate), depending on the type of aggregate. More 
time was required for the limestone (8 hr), as compared to 
the coarse sand and river gravel (6 hr). 

On the average, about the same proportion of binder was 
extracted from each of the different aggregates, using the 
reflux-xylene process. However, ba ·ed on results of FrlR 
testing, significantly les polymer wa present in the binder 
extracted from the limestone when compared with that ex
tracted from the siliceous aggregates (Table 1). Slightly less 
polymer was present in the extract from the sand compared 
with that from the river gravel. These limited data indicate 
that the efficiency of extraction of polyethylene depends on 
aggregate composition, absorbancy, and grain size. Polyeth
ylene may be more trongly ad orbed on calcareous aggre
gates than on siliceous aggregate: . Polyethylene adsorption 
increa es as surface area per unit weight of aggregate in
creases. 

FfIR analysis is an accurate method for determining poly
mer content of modified asphalt binder. FTIR analysis pro
vides exceptionally good repeatability. The disadvantage of 
routinely testing a large number of different mixtures is the 
length of time (20 to 24 hr) required to prepare the calibration 
curve. 

Theoretical Derivation and Practical Application 

Quantitative infrared analysis is based on Beer's law. Ap
parent deviations arise from either chemical or instrumental 
effects. Low ab orbance values were used to minimize the 
presence of scattered radiation, which makes the direct ap
plication of Beer's law inaccurate. 
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TABLE 1 RESULTS OF EXTRACTION OF ASPHALT MIXTURE WITH 
XYLENE AND ANALYSIS OF POLYETHYLENE CONTENT OF EXTRACTED 
BINDER USING FTIR 

PE in Wtlilll 
Mix .9!HJC~!lltc ta HIA Novophalt PE in Novophal t Extracted Weight 

Test Weight, Weight, In Mix, Novopha l t••, Extracted, Novophalt, Change, 
No. grams Type percent percent percent percent percent percent 

of mix* of mix* of mix* of m1x"' of binder* of mix* 

55. 696 Sand 94.34 5.66 5.08 4.9 -0 . 12 

56.107 Sand 94 .34 5 .66 5 . 52 4. 9 -0,02 

68. 569 Gravel 94 . 97 5.03 4.91 5.1 -0.12 

71. 259 Gravel 94. 97 5.0~ 4 .86 6.0 0.05 

57. 275 Limestone 94 . 97 5.03 4.86 4.1 -0. 51 

58 . 612 Limestone 94. 97 5,03 4.80 4.1 -0.55 

61. 203 Limestone 94.97 5.03 4. 78 4.2 -0.36 

64' 427 Limestone 94 . 97 5.03 4. 67 4.2 -0.35 

9 46. 646 Sand 94 .94 5.66 5 . 32 4.8 +0 . 02 

10 54 . 094 Sand 94.34 5.66 5.49 4.9 -0.04 

11 54. 505 Sand 94.34 5.66 5. 62 4.9 -0.14 

12 60 . 484 Sand 94 .34 5.66 5.59 4. 9 -0.07 

27 61.426 Sand 94.34 5.66 ~ 5.43 5.0 -0.07 

28 68. 936 Gravel 94.97 5.03 5 5.50 5.0 -0.12 

30 61. 554 Limestone 94.97 5.03 4.48 4.1 -0 . 22 

. Indicates percent by weight . 
Novophalt was prepared in Houston, Texas and the value of PE content is approximate . 

A= alC 

where 

A =-- absorbance of cumpuund, 
a = absorptivity of compound, 
l = sample path length (film thickness), and 

C = concentration in weight percent of compound. 

(1) 

In the analyses it is imperative, for practical reasons, to use 
the values for ratios rather than absolute absorbance values. 
If the absorbance of polyethylene copolymer at 1738 cm - 1 is 
defined as A1rEJ and the absorbance of asphalt at 1601 cm - 1 

is defined as ArACJ the ratio of the two absorbance values 
becomes 

(2) 

The concentration (weight percent) of polyethylene and as
phalt in a sample of Novophalt is defined as CrE and CAc, 
respectively, to correspond with the above definitions. Ac
cording to Beer's law, the absorbance values are related to 
the concentrations in the following manner: 

(3) 

and 

(4) 

where a and b equal absorptivities of polymer and asphalt, 
respectively. Dividing Equation 4 into Equation 3 yields 

ArrEJ = aCrE 

A(ACJ bCAC 
(5) 

If a and b are assumed to be constants, the ratio of alb must 
be a constant as well. Let us define 

K = :!_ 
b 

(6) 

and the reciprocal 

K' 
1 b 

K a 
(7) 

Then 

R K CPE 
CAC 

(8) 

and 

~ = K 'R 
CA 

(9) 

It follows that the ratio of absorbance (R) is directly propor
tional to the ratio of concentrations of the components. The 
plot in Figure 3 demonstrates a very good linear relationship 
between R (abscissa) and the ratio CrE/CAc (ordinate). 

This relationship (Figure 3), which has previously been 
termed a "calibration curve," can be used to readily determine 
the proportion of polymer to asphalt in an unknown sample, 
given the ratio of absorbance (R). 

The concentration of polymer could be calculalt:Li Liirt:i.:lly 
from the ratio of concentrations as demonstrated below: 

(10) 

where the CrE/CAc ratio is obtained by reading the graph 
based on the value of R. However, this approach is compli
cated. Direct reading from a graph of the polymer content is 
desirable. 
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In a two-component system, the concentration of one com
ponent can be expressed, by definition, in terms of the other: 

(11) 

Other ratios, such as 1460/1601 or 1376/1601, could have 
been used to construct a calibration curve, but the - CH2 and 
- CH3 functional groups were present in both polyethylene 
and asphalt . Therefore, infrared absorbance was not very 
sensitive to changes in the - CH2 or - CH3 functional groups 
with varying concentrations of polyethylene in asphalt. The 
relative content of the - CH3 group in both polyethylene and 
asphalt is comparatively low and subject to change during 
processing. For these reasons, the ratio of 1376/1601 and 
1460/1601 were not used in determining polyethylene content 
of Novophalt. 

GRAVIMETRIC METHOD 

Two-Step Extraction Procedure 

A two-step extraction process was used for quantitative anal
ysis of polyethylene content of Novophalt in hot-mixed as
phalt concrete. This method is based on the fact that asphalt 
and polyethylene have different solubilities in certain solvents 
at different temperatures. In methylene chloride, asphalt is 
quite soluble but polyethylene is insoluble. Polyethylene is 
soluble in certain solvents with high boiling points, such as 
xylene or toluene at or near their boiling points. 

To verify that the polyethylene used in this study is insoluble 
in methylene chloride, a sample of polyethylene was placed 
in the soxhlet extractor and allowed to reflux for 24 hr. There 
was no visible change in the polyethylene. The carbon black 
in the polyethylene did not cause even the slightest discol
oration of the filter. 

In Step 1, a sample of Novophalt-aggregate mixture weigh
ing 60 to 70 g was placed in the thimble of a soxhlet extractor 
and the binder was extracted using methylene chloride at 
40°C. This step was stopped when the filtrate became a light 
straw color, after approximately 4 hr. Step 1 should have 
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removed only the asphalt, leaving the polyethylene with the 
aggregate. The mass of extract and the material retained in 
the thimble were dried and weighed separately. 

In Step 2, the retained material was again extracted using 
the soxhlet extractor with xylene at 140°C for approximately 
48 hr. This extended extraction time is probably not required 
but was used to ensure that all soluble material (ideally poly
ethylene) was removed from the aggregate. The ma s of ex
tract and the aggregate retained in the thimble were dried 
and weighed. Weights of the dry materials were used to cal
culate binder content of the mix and any weight changes that 
may have occurred (Table 2) . Th material extracted in Step 
2 appeared to be mo tly polyethylene bu t an fTfR analysis 
was n t performed because the calibration curve was valid 
for a maximum polyethylene concentration of 10 percent. 

Although considerable care was exercised, unaccountable 
weight losses occurred. Vacuum distillation of the solvents 
may have rem ved som of tbe lighter hydr carbon in the 
a phalt. Certain component in the asphalt may have formed 
azeotropes with the olvent and eva1 orated during drying. 
The limestone mixtures experienced the greatest weight losses 
by far. This may be explained by decomposition of selected 
aggregate components (such as hydrates) upon exposure to 
the high temperatures. 

FTIR Analysis of Extract 

The extract from Step 1 was analyzed to determine the poly
ethylene conten t (Figure 4) using FTIR and the procedures 
described previously. The result revea led that a significant 
port ion of the polyethylene was extracted by the methylene 
chloride. This important finding indicates that the nature of 
the po.lyethylene was changed . ignifican tly during production 
of Novophah o chat it became partially oluble in methylene 
chloride. The e changes mo t likely occurred during the high
shear blending process, heating, mixing with aggregate, and 
storage. hain scission of the polyethylene may have oc
curred, which reduced the molecular size and changed the 
solubility parameters. This is a good reason for not using 
absorbance bands associated with CH2 and Cl-!3 groups. In 
addition, the oils and resins in the asphalt and tpe heat likely 

TABLE 2 RESULTS OF TWO-STEP GRAVIMETRIC ANALYSIS OF 
NOVOPHALT USING METHYLENE CHLORIDE AND XYLENE 

IDHlill 'Radl~!Ra HrR I ~llR i 
Binder PE In Binder llofght 

Aggreg1te Novophalt• Extracted Ext racted Extracted Aggregate Chaft11t 
Mix Weight, In Mix, fr0t0 Hll, Bi nder, .. FrOtl Aggr, R-lnlng, Of Mfx, 

Test Weight, Aggregate percent percent percent percent percent percent percent 
No. gra•s Type of MIX of 11ix of 11tx or bi nder of • 1x of llfX of • Ix 

13 63 .699 Sand 94 .34 5.66 5. 35 5.1 0.17 94 .49 +o.01 
14 60.546 S1nd 94.34 5.66 5. 30 5. 2 o.u 94 .60 +o.01 
15 65.803 Sand 94.34 5.66 5.24 4.8 0.24 94.48 -0.04 
16 63 . 388 Sand 94.34 5. 66 5.21 4.8 o.oe 94 .65 -0 .06 
17 59.184 Sand 94 . 34 5.66 5.25 4.8 0. 16 94.51 -0.08 
18 62.611 Sand 94.34 5.66 5. 24 4.8 0. 20 94 .44 -0.12 
23 66.061 Gravel 94.97 5.03 4.8Z 4.3 0.07 94.95 -0.16 
25 61.515 Gravel 94.97 5.03 4.90 4.4 0.06 95.00 -0.04 
24 60 . 169 l f""stone 94.97 5.03 4.90 3.7 0.08 94.71 -0.39 
26 61.337 lhoestone 94 . 97 5. 03 4.82 3.6 0.09 94 .97 -0.21 

. Novoph1lt 11u prep1red In Houston, Texas ind cont1fns approxlllltely 5 percent polyethylone (PE) • 
PE content measured using FTIR . 
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FIGURE 4 FTIR analysis of extracts from Steps 1 and 2 of gravimetric procedure. 

caused the polyethylene particles to soften and swell, which 
further altered the solubility. 

Effect of Aggregate Type on Polyethylene Extraction 

By using either methylene chloride or xylene as a solvent, 
more polyethylene was retained by the limestone than by the 
river gravel or the sand (Table 3). This finding indicates that 
the polyethylene is more strongly adsorbed on the limestone 
aggregate than on the siliceous materials. Gradations and thus 
surface areas per unit weight of the two coarse aggregates 
were approximately the same. Water absorption tests on ag-

gregates of similar gradation from these two sources has shown 
only slightly greater absorption for the limestone. The sand 
and river gravel were obtained from the same source, thus 
chemical composition of the two should be similar. Therefore, 
this phenomenon appears to be related to the chemical prop
erties of the aggregates. 

CONCLUSIONS 

1. FfIR is a reasonably accurate and precise procedure for 
measuring polymer content of modified asphalt binder. The 
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TABLE 3 EXTENT OF EXTRACTION OF 
POLYETHYLENE FROM DIFFERENT AGGREGATES 
USING DIFFERENT SOL VENTS 

PE In Approxl•U Quantity 
Extraction Extracted of PE Extractod 

Aggragate tlM, Binder,• by Solvent, 
Typo Solvent hour p1rc1nt percent 

Sand MC** 4.8 96 

Sand MC 4.8 96 
Sand HC 4.0 80 
Gravel HC 4 4.3 86 
Gravel HC 4 4.4 88 

Ll•stone HC 3.6 72 

Ll..,stone MC 3.7 74 

Sand Xylene 6 4.9 98 
Sand Xylene 5 4.9 98 

Gravol Xylone s . 1 102 

Gravel Xylene s . o 100 

Llmostone Xylene 6 4.1 82 

Limestone Xylene 6 4.1 82 

Limestone Xylene 8 4.2 84 

Limos tone Xylene 8 4. 2 84 

. Mnsured Using FTIR .. Hethyleno Chloride 
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chief disadvantage of the procedure is the time required to 
prepare the calibration curve necessary for quantitative anal
ysis using FTIR. Typically, at least 1 staff-day is required to 
prepare a suitable calibration curve. 

2. Completeness of the extraction of polyethylene or as
phalt from aggregate depends on the aggregate composition 
and gradation , solvent, temperature, and time. 

3. Limited data indicate that polyethylene is more strongly 
adsorbed on limestone than on siliceous aggregates and, fur
ther, that polyethylene is more strongly adsorbed on fine
grained siliceous aggregate than on similar coarse-grained 
material. 

4. A two-step gravimetric procedure using solvents to quan
titatively determine the polyethylene content of Novophalt 
cannot be performed without first finding a solvent that will 
selectively dissolve asphalt and not affect the polyethylene as 
it exists in the Novophalt. 

5. The solubility of polyethylene is altered when incorpo
rated in asphalt to produce Novophalt . Polyethylene is not 
normally soluble in methylene chloride, but when exposed to 
the Novophalt production process and the aggregate mixing 
process, it becomes mostly soluble . 



32 TRANSPORTATION RESEARCH RECORD 1317 

Evaluation of Resin-Modified 
Paving Process 

RANDY c. AHLRICH AND GARY L. ANDERTON 

The U. . Army Engineer Waterway · Experimenl cation (WE ) 
was tasked by t.hc headquarters of the U.S. Army orp of · n
gineers to evaluate the state of the art of the re. in-modified pave
ment (RMP) . Thi type of pavement is semi rigid and emiflexibl . 
RMP i ba icall an open-j!.raded asphalt concrete mixture that 
contains 25 to 30 percent voids that are later filled with a resin
modified cem nt slurry grout. RMP is a tough and durable sur
facing material that combines the flexibility characteri tics of an 
asphalt concrete material with the fuel, abrasion, and wear resist
ance of portland cement concrete. A literature search and back
ground analy is of the RMP process showed that the majority of 
in-service pavements constructed with this proce s are in ur pe, 
particularly in France , where this proces was developed. Visual 
observations or these sites indicate that the RMP proce s has 
potential for U.S . military application . The fin al phase of the 
WES study involved tbe construction, trafficking, and evaluation 
of a 150· x 50-ft te t section . Trafficking included both traight 
passes and pivot steer turns from the tv1-l and fv1-GO iciuks. FHVv.A's 
Accelerated Loading Facility was used to traffic the RMP test 
section by simulating heavily loaded , high tire pressure truck 
traffic. ections of the test section were al o subjected to c n
rrolled fuel and oi l spill age. The evaluation indicated that RMP 
does have potential for several pavement uses. At an initial cost 
somewhere between asphalt concrete and portland cement con
crete , RMP provides an alternative urfac ing maLerial for many 
Army pavement applications. These propo ·ed applications in
clude tracked-vehicle roads , hardstand . and aircraft parking 
aprons. 

Asphalt concrete pavements are very susceptible to damage 
when subjected to fuel and oil spillage or severe abrasion 
from tracked vehicles. More than 80 percent of the Army's 
pavements are surfaced with asphalt concrete. Because of the 
mission of the Army and the equipment in its inventory, Army 
pavements are routinely subjected to fuel damage and severe 
abrasion. Tank trails, crossings, hardstands, wash facilities, 
motorpools, helicopter refueling pads, and aircraft parking 
aprons are examples of Army pavements susceptible to fuel 
or abrasion damage. Surfacing materials that are more 
cost-effective than conventional portland cement concrete 
are needed for construction and rehabilitation of Army 
pavements. 

A resin-modified pavement (RMP) was developed in France 
in the 1960s as a fuel- and abrasion-resistant surfacing ma
terial. A French construction company, Jean Lefebvre, de
veloped this pavement process as a cost-effective alternative 
to portland cement concrete. The RMP process has been used 
on various types of pavements including warehouse floors, 
tank hardstands, and aircraft parking aprons. RMP has been 
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successfully constructed in numerous countries including Great 
Britain, South Africa, Japan, Australia, and Saudi Arabia. 

RMP is a semirigid, semiflexible pavement. It is a tough 
and durable surfacing material that combines the flexibility 
characteristics of an asphalt concrete material with the fuel, 
abrasion, and wear resistance of portland cement concrete. 
RMP is basically an open-graded asphalt concrete mixture 
containing 25 to 30 percent voids that are filled with a resin
modified cement slurry grout. The open-graded asphalt mix
ture functions as a support layer and determines the RMP 
thickness. The slurry grout is composed of portland cement, 
fine aggregate, water , and a resin additive. The grout material 
is poured onto the open-graded asphalt mixture after the as
phalt material has cooled, squeegeed over the surface, and 
vibrated into the voids with a small (3- to 5-ton) vibratory 
roller. The curing period can vary between 1 and 28 days 
depending on the type of portland cement used in the grout 
and on the loading conditions. Figure 1 is a cut cross section 
of an RMP field core. 

During the mid-1970s, the U.S. Army Engineer Waterways 
Experiment Station (WES) evaluated the resin-modified 
pavement (1). A test section was constructed to evaluate the 
effectiveness of this special surfacing material in resisting dam
age caused by fuel, oil spillage, and abrasion from tracked 
vehicles. The results of this evaluation were not favorable. 
The test section did not resist damage caused by tracked ve
hicles and fuel spillage. The evaluation indicated that the 
effectiveness of RMP was very construction-sensitive and that 
if all phases were not performed correctly, the RMP process 
would not work. 

In 1987 the headquarters of the U.S. Army Corps of En
gineers tasked WES with reevaluating the RMP process. Good 
field performance in Europe and improved materials and con
struction procedures indicated that this process had potential 
as an alternative to standard paving materials . The evaluation 
began with a literature search and background analysis into 
the RMP process. The review indicated that most of the in
service pavements constructed with this process were in Eu
rope, especially in France. Site inspections were conducted 
to evaluate the field performance of several private and mil
itary RMP applications in France, Great Britain, and Aus
tralia. Visual observations of these sites indicated that the 
RMP process had considerable potential for U.S . military 
applications (2). 

OBJECTIVE AND SCOPE 

The objective of this research was to determine the effec
tiveness of RMP in resisting damage caused by severe abrasion 
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FIGURE 1 Cross section of RMP field core. 

from maneuvering tracked vehicles and from fuel and oil spil
lage. Recommendations for the potential future uses of the 
RMP were based on its determined effectiveness. 

In order to determine the effectiveness of the resin
modified pavement process, an RMP test strip was con
structed at WES. A 50- x 150-ft te t trip was constructed 
by a local contractor , APAC of Mi sissippi, with technical 
guidance from representatives of the company that developed 
the RMP process, Jea11 Lefebvre. The RMP test strip was 
con trucced according to the specifications without any prob
lems. The test strip was allowed to cure for 28 days to obtain 
full strength before any traffic was placed on the pavement. 

The RMP test strip was trafficked with M-1 and M-60 tanks. 
Straight passes and 180-degree pivot steer turn were applied 
witb the tracked vehicle · to evaluate tbe RMP abrasion resist
ance. Five different fuels and oils (jet aviation fuel, gasoline, 
diesel fuel, synthetic oil, and hydraulic oil) were spilled on 
the RMP. Tbirty cycles of controlled fuel and oil spillage were 
used to evaluate the fuel-resistant properties. FHWA's Ac
celerated Loading Facility (ALF) was also used to traffic the 
RMP test stri.p. ALF simulated heavily loaded, high tire pres
sure truck traffic. Data drawn from the traffic tests and fuel 
resistance analysis were the basis for tbe recommendations 
made for this new pavement process. 

PRECONSTRUCTION ANALYSIS 

Site Evaluation and Thickness Design 

An old pavement testing area near the eotechnical Labo
ratory at WES wa chosen as the construction -ite for the 
proposed 150- x 50-ft RMP test strip. Variou a phalt con
crete test pavements had been con tructed in thi area by 
WES researchers since World War II. Tn 1982 approximately 
l 1/2 in. of aspha lt concrete was placed over the entire area a 
a leveling cour e. Since then, the area ha been used occa
sionally to stockpile aggregate and oil amples. This site 
repre ·ent · an extremely strong and tiff support for the test 
sectio.n and prevented the possibility of bas course or ubgrade 
failure. 

Because RMP is essentially a surface course, the underlying 
layers of the test strip had to be structurally sound. If any 
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load-related failures were to occur during future traffic tests, 
a structurally sound foundation would leave no doubt that the 
failure was initiated in the surface course, which was, in this 
case, the pavement layer being evaluated. A high-quality bi
tuminous mixture placed on top of tbi paved area was de
termined to be the most economical means of obtaining a 
structurally sound foundation . 

A thickness design procedure was conducted to determine 
the required thickness of this asphalt concrete layer. The fir t 
step of the design procedure was to determine the strength 
properties of the existing pavement. Nondestructive tests were 
conducted using the falling weight d flectometer. The pave
ment deflection data captured during these tests were entered 
into a computerized layered-elastic program (BISDEF), which 
computes strength propertie and predicts elastic moduli for 
each pavement layer. The moduli values were then entered 
into a computerized pavement thickness design program 
(AlRPAVE) to determine strengthening overlay require
ments. A design load nearly equivalent to the M-1 and M-60 
tank loads was used in this thickness design program. The 
results of this exercise indicated that a total thickness of 3 in. 
of a phalt concrete ·urface mixture would provide a struc
turally sound foundation for the 2-in.-thick RMP wearing 
course. 

Materials Evaluation 

Dense-Graded Bituminous Intermediate Course 

As previously mentioned, a high-quality bituminou surface 
mixture was selected as the best means of providing a sound 
foundation beneath the RMP surface course. The aggregate 
gradation for this pavement layer was specified in the U. . 
Army Standard Practice Manual for a 314-in. maximum si.ze , 
high tir pre sure surface blend (3). An AC-30 grade of as
phalt cement was specified for the dense-graded intermediate 
course. The intermediate course aggregate gradation and as
phalt cement properties are shown in Tables 1 and 2. 

TABLE 1 AGGREGATE GRADATIONS (PERCENT 
PASSING) 

Denae-Graded Open-Graded 

US Standard lDtDJ::mld11'~ ~QM,ID ~s.u;:f1'A ~1.1z;:11 

Sieve Siu Limits JHF Lim1J:!s JMF 

3/4 in. 100 100 100 100 

1/2 in. 82-96 95. 3 65- 75 67 

3/8 in. 75-89 88. 9 50-65 44 

No. 4 59-73 71.3 23-33 22 

No. 8 46-60 49.8 9-17 12 

No. 16 34-48 38.3 

No . 30 24-38 31 . 6 5-10 

No. 50 15-27 18. 5 

No. 100 8-18 8. 9 

No. 200 3-6 6.7 1-3 2 
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TABLE 2 AC-30 ASPHALT CEMENT TEST PROPERTIES 

Iut Resulta 

Viscosity, 140°F, (P) 3182 

Vhcosity, 275°F, (est) 479 

Penetration, 77°F, lOOg, 5 sec, (0.1 mm) 58 

Flash Point, Cleveland Open Cup, (°F) 590 

Solubility in Trichloroethylene, (•) 99. 9 

Specific Gravity at 77°F 1.023 

Test on Residue from Thin Film Oven Test 

Viscosity, 140°F, (P) 7523 

Ductility, 77°F, 5 cm/min, (cm) 150+ 

Once the contract for constructing the test strip was awarded, 
the con.tractor was asked to provide samples of the aggregates 
and asphalt cement to WES so that the materials could be 
tested and a job mix formula developed. The job mix formula 
presented to the contractor before construction began con
tained the specific aggregate gradation and asphalt cement 
content desired. The job mix formula tests indicated that an 
asphalt content of 4.9 percent with the gradation shown in 
Table 1, labeled as the intermediate course job mix formula, 
wouid provide the optimum mixture for the given materials. 
These and other requirements for the dense-graded inter
mediate course were specified in the final construction spec
ifications. The section of the final specifications relating to 
the intermediate course was designed after the standard U .S. 
Army Corps of Engineers Guide Specification for Bituminous 
Intermediate and Surface Courses for Airfields, Heliports, 
and Tank Roads (4). 

Open-Graded Asphalt Mixture 

A review of the available literature indicated that the mix 
design of the open-graded asphalt mixture would play a critical 
role in the proper construction of the RMP (5). The majority 
of the mix design focused on the final void content of the 
compacted open-graded asphalt mixture . The general require
ment is 25 to 30 percent voids in the final compacted mixture. 
Any amount less than this would not allow the slurry grout 
to fully penetrate the open-graded mixture, resulting in a 
structurally unsound surface course that would probably have 
excessive cracking and deterioration. Void contents greater 
than this amount would increase the cost of the pavement 
without providing any significant structural improve1m:nls and 
could reduce the pavement strength by eliminating some of 
the aggregate-to-aggregate interlock. 

A laboratory analysis of the open-graded asphalt mixture 
was conducted before construction of the test strip to deter
mine the amount of asphalt cement that would produce the 
proper void content in the final mixture. Although checks 
against such aggregate properties as fractured faces and par
ticle shapes had to be made, the final void content of the 
compacted mixture was the main focus of this laboratory anal
ysis. The majority of the laboratory mix design guidance found 
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in the literature was based on French methods, which use 
nontraditional specimen sizes and compaction methods (6) . 
Therefore, a preliminary study was fin conducted in the WES 
laboratories to determine the best mix design method in terms 
of standard U .S. military practices. This study found that a 
modified Marshall mix design procedure, which is both a mil
itary standard and an ASTM standard, using 25 blows of the 
hand hammer for the compactive effort indicates Liu: proper 
asphalt content to achieve the required void criteria. 

Twenty-five blows of the 6-in.-diameter Marshall hand 
hammer are used in the French standards for compacting 
laboratory samples. A comparative analysis conducted in the 
WES laboratories validated this compactive effort by exam
ining the changes in void contents versus varying levels of 
hand hammer compaction. The results of this analysis indi
cated that the 25 blows would most likely produce void con
tents in the target range of 25 to 30 percent. 

Once the proper mix design method was determined, an 
estimate of the optimum binder content was made using a 
French procedure based on material properties and design 
traffic (7) . This procedure is oml ined below: 

Optimum binder content = (a)(K)(5\/f) 

where 

a = 2.651-ye ('Ye is apparent specific gravity of the com
bined aggregates); 

K = richness modulus, having a value of 3 to 3.5 depend
ing on design traffic; 

}; = conventional specific surface area 
= 0.25G + 2.3S + 12s + 135/; 

G = percentage of material retained in 1/4-in. sieve; 
S = percentage of material passing Y4-in. sieve and re

tained on No. 50 sieve; 
s = percentage of material passing No. 50 sieve and re

tained on No. 200 sieve; and 
f = percentage of material passing No. 200 sieve. 

Therefore, for the materials and conditions of the WES test 
section, the following estimate was made: 

O'. = 2.65 = 2.65 = 1.0008 
'Ye 2.648 

K = 3.25 (heavy-duty traffic) 
}; = 0.25G + 2.3S + 12s + 135/ = 0.25(0.64) 

+ 2.3(0.32) + 12(0.02) + 135(0.02) 
L = 3.836 
:. Optimum binder content = (a)(K)(5\/f) 

= (1.0008)(3.25)(5 \/'.f836) 
Optimum binder content = 4.26% 

The asphalt cement used in the laboratory study and actual 
construction was the same type as that used in the dense
graded intermediate course, an AC-30 grade. The aggregate 
gradation specified was taken from the literature as the stand
ard gradation for heavy-duty pavement applications. This gra
dation is shown in Table 1, labeled as the limits of the open
graded surface course. The job mix formula gradation, which 
was recommended by the Jean Lefebvre representative, is 
also shown in Table 1. The coarser gradation was recom
mended to ensure that the final void content would be suf
ficient to allow full penetration of the grout . 
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With all of the aggregate and binder materials in hand, an 
established aggregate gradation, and an estimate of the op
timum binder content, a laboratory job mix formula analysis 
was conducted. Binder contents at, above, and below the 
estimated optimum value were evaluated. The laboratory 
analysis of the open-graded mixture indicated that an a phalt 
cement content of 4.2 percent would result in a void content 
of about 30 percent in the final compacted mixture. This 
asphalt content, along with the surface course aggregate gra
dation limits shown in Table 1, was specified in the final 
construction specifications as the open-graded asphalt mixture 
job mix formula. 

Resin-Modified Slurry Grout 

A preconstruction laboratory study was al o performed on 
the resin-modified slurry grout. The literature was fairly spe
cific about the types of materials and relative proportions of 
these materials to produce a satisfactory slurry grout (7). 
Nonetheless, laboratory tests were necessary to ensure that 
these recommendations would work for the materials to be 
used in the WES RMP test strip. 

The individual components of the slurry grout are cement, 
sand, filler, water, and a latex resin additive. The additive is 
generally composed of 5 parts water, 2 part of a cross
polymer resin of styrene and butadiene, and 1 part water
reducing agent. The type of cement used i purely a design 
option , as is the case for portland cement concrete . WES u ed 
a standard Type I cement. The sand must be clean, sound, 
and durable, and it must range from the No. 30 to No . 200 
sieve sizes. WES used a washed silica sand to meet these 
requirements. The filler must have a very fine gradation (min
imum of 95 percent passing the No. 200 sieve) and may be 
fly ash, l.imestone dust, or r ck flour. WES used a fly ash . 
The resin additive acts a a plasticizer to reduce the lurry 
grout viscosity for ~elter penetration and as a strength-producing 
agent. The solid constituents of the grout are almost equal 
proportions of sand and filler with about twice that amount 
of cement. Enough water is added to produce a water-to-
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cement ratio of 0.60 to 0.70. The resin additive is added to 
the mixture last in an amount equal to 2.0 to 3.0 percent of 
the total batch weight. This combination of ingredients pro
duces a slurry grout that is very fluid and only slightly more 
viscous than water. 

The WES laboratory analysis of the slurry grout consisted 
of varying the mix proportions within the recommended al
lowances to determine the best mix formula. The single ac
ceptance criterion for the lurry grout is a Marsh flow cone 
viscosity of 7.0 to 9.0 sec immediately after mixing. (Water 
has a Marsh flow cone viscosity of 6.0 sec.) Because this 
viscosity range is relatively narrow, slight variations of the 
water-to-cement ratio and amount of resin additive were used 
to obtain a slurry grout mix formula of the proper viscosity. 

After 10 different slurry grout formulations were mixed and 
tested in the laboratory (Table 3), a final formula was derived 
that produced a slurry grout viscosity of just over 7 sec. It 
was thought that a slurry grout in the lower end of the ac
ceptable viscosity range, combined with an open-graded sup
port layer in the upper end of the acceptable voids range, 
would help to ensure full penetration of the grout during 
construction. The final slurry grout formulation used on the 
test strip is shown in Table 4. 

CONSTRUCTION 

Dense-Graded Bituminous Intermediate Course 

Before the construction of the RMP test strip, a 10- x 40-ft 
trial test section of dense-graded intermediate course was con
structed. This test section was tested and evaluated to ensure 
that the asphalt mixture and construction procedures would 
conform to all of the specified requirements. Quality control 
tests conducted on the asphalt concrete mix included asphalt 
extractions, aggregate gradations, and field compaction. These 
tests indicated that the con truction of the trial test section 
was acceptable. The results of the quality control tests for the 
test section are shown in Tables 5 and 6. 

The construction of the RMP test strip began with the dense
graded bituminous intermediate course. The existing surface 

TABLE 3 SLURRY GROUT LABORATORY ANALYSIS 

Type 1 Resin Marsh 
Cement Sand Filler Water Additive vis . . 

Trial wt;;(gl [\] wt Cg) [\] wt(g) [\) wt Cg) cu wt(g) !%] (sec } 

1835(36.7] 920[18. 4] 920[18.4] 1190[23 . 8] 135 [2. 11 11.0 

2a 1820[36.4] 910[18. 2] 910[18. 2] 1225[24.5] 135 [2. 7] 9.7 

2b 1820[36.2] 910[18. l] 910[18.lJ 1250[24 . 9] 135 [2. 7] 9.0 

2c 1820[36. 3] 910[18. l] 910[18 .1] 1225 [24. 4] 150 [3.0] 9.0 

3a** 1810[36.2] 905[18.l] 905[18.l] 1240[24.8] 140 [2. 8] 7.2 

3b 1810[36.3] 905[18.l] 905[18.l] 1230[24.6] 140 [2.8] 7.1 

3c 1810[36.2] 905[18.lJ 905[18.lJ 1240[24 . 8] 135 [2. 7] 7 . 2 

4a 1800[36.0] 900[18.0] 900[18.0] 1250[25.0] 150 [3 .OJ 6.7 

4b 1800[36.l] 900[18 . 0] 900[18.0J 1240[24.8] 150 [3.0] 6 . 6 

4c 1800[36.l] 900[18.0] 900[18.0] 1250[25.0] 140 [2. 8] 7.1 

* Results shown are average of three viscosity tests , 

** This formula chosen as specified job mix formula. 
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TABLE 4 RESIN-MODIFIED SLURRY GROUT FORMULA 

Component 

Type I cement 
Fly ash 
Sand 
Water 
Cross polymer resin 

Percent by Weight 

36.2 
18.1 
18.1 
24.8 
2.8 

was swept clean and a light tack coat of Type SS-1 asphalt 
emulsion was sprayed on the clean surface by a distributor 
truck . The tack coat bonded the new dense-graded asphalt 
mixture with the existing asphalt surface. This tack coat was 
applied during the afternoon before construction of the in
termediate course began to allow enough curing time and to 
prevent construction delays the next morning. 

With the constmc.tion equipment already in place, the in
termediate course construction was completed in less than 1 
day. The hot mix was spread with a mechanical paver and 
compacted with a 10-ton rubber-tired roller and a 10-ton steel
wheeled roller. Samples of the hot mix were taken at several 
intervals during the day for determination of mixture prop
erties by WES laboratory personnel. These laboratory quality 
control tests, along with data obtained from field cores cut 
out of the test strip early the next day, indicated that both 
the mix and construction procedures were satisfactory. A final 
thickness of approximately 3 in. was laid across a 160- x 60-
ft area. These dimensions were designed to prnvide the sound 
foundation required for the 2-in.-thick, 50- x 150-ft resin
modified surface course. 

Resin-Modified Pavement 

Open-Graded Asphalt Mixture 

After completion of the intermediate course, a trial section 
for the open-graded asphalt mixture was constructed. Several 
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batches of material were produced at the batch plant before 
placing the material. After visually observing slight asphalt 
drainage of the open-graded material, the Jean Lefebvre rep
resentative recommended decreasing the asphalt content to 
4.0 percent. This change in asphalt content ensured that '.he 
mixture had enough void structure to allow full penetration 
of the slurry grout . 

The open-graded asphalt mixture trial section was rnn
structed on top of the dense-graded intermediate course trial 
section. The asphalt material was sampled and tested for con
formance. The test results, shown in Table 7, indicated that 
the production of the open-graded material and construction 
procedures used to place the material were satisfactory. . 

The open-graded asphalt mixture for the RMP test stnp 
was placed on top of the dense-graded bituminous interme
diate course 1 week after the intermediate course was placed. 
A light tack coat was sprayed onto the intermediate course 
using the same type of asphalt emulsion and application rate 
as before. The tack coat was allowed to cure for a few hours 
before the open-graded mixture construction began. 

Techniques similar to the quality control techniques used 
during the construction of the intermediate course were used 
to take samples of the hot open-graded mix from the haul 
trucks at several intervals during the day. Laboratory tests on 
these materials to determine the asphalt content, aggregate 
gradation, and most importantly the final void content helped 
to determine the properties of the in-place mix. Addition;illy, 
core samples we;e c~t out of the hardened test strip the fol
lowing morning to recheck these same properties. All loose 
mix samples and core samples indicated that the open-graded 
mix was placed with satisfactory material properties and con
struction techniques. 

The open-graded mixture was spread with the same me
chanical paver used for placing the intermediate course (Fig
ure 2). Under normal circumstances, open-graded mixes of 
this nature tend to cool off relatively quickly because of their 

TABLE 5 BITUMINOUS INTERMEDIATE COURSE ANALYSIS 

Trial Test Test Test 
Sieve Specified Test Strip Strip Strip 
~i~~ 1..imU;a JW: St,5ihlD H s-z s-1 
3/4 in. 100 100 100 100 100 100 

1/2 in. 82-96 95.3 97 . 9 96.0 93 . 8 97.l 

3/8 in. 75-89 88. 9 90. 2 90. 3 86. 5 89.0 

No. 4 59-73 71.3 67.l 72.3 68. 6 69.7 

No. 8 46-60 49. 8 47 . 8 52. 3 49.8 50. 9 

No . 16 34-48 38.3 36 . 3 39 .5 37.5 39.1 

No . 30 24-38 31.6 29.3 32.0 30. 3 32.3 

No. 50 15-27 18. 5 18. 2 19. 9 18. 9 19. 8 

No . 100 8-18 8 . 9 9 . 2 10 . 5 10.l 10 . 0 

No . 200 3-6 6. 7 6.7 8 .1 7. 7 7. 7 

Asphalt Content 4.9 4.4 4.9 4.4 4.6 

Marshall 
Stability (lb) 1800 min 2232 2853 2540 2473 2309 

Flow (0. 01 in.) 16 max 12 10 12 12 12 

Percent Voids 
Total Mix 3-5 3. 6 3. 6 2. 8 3.9 3. 9 

Percent Voids 
Filled 70-80 76.2 74.5 80 . 7 72.9 73.6 

Density (pcf) 150.4 152.l 152. 2 151. 7 151. 2 

Theo Density (pcf) 155. 9 157. 8 156. 6 157 . 8 157. 3 



TABLE 6 BITUMINOUS INTERMEDIATE COURSE FIELD DENSITY 
ANALYSIS 

Thickneu Unit I/eight Compaction 
Location Core No * (in ) focf) cu 

Trial 
Test Section H-l 3 148. 3 97 . 5 

M-2 2 3/4 148 . 3 97 . 5 

M-3 3 148. 7 97 . 8 

M-4 2 3/4 146 . 3 96 . 2 

M-5 LU!l ill...!i .21....i 
AVG 7/8 148.0 97 .6 

RMP Teat Strip M-1 l/4 149 . 7 98 . 7 

M-2 150.0 98 . 9 

M-3 148 . 2 97 . 7 

M-4 3 148 . 2 97 . 7 

M-5 l/2 148.9 98 . 2 

M-6 3 149 . 7 98 . 7 

M-7 1.....ZL§. liLl li.!t 
AVG 148 . 7 98 . 0 

J-l 7/8 147 . 5 97 . 2 

J-2 2 l/4 148.9 98 . 2 

J-3 1..lL!t .liL1 21...i 
AVG 2 3/4 148.0 97 .6 

Lab Unit I/eight - THt Section - 152.2 pcf 

Teat Strip - 151. 7 pcf 

* M•Mat Core, J...Joint Core 

TABLE 7 OPEN-GRADED ASPHALT MIXTURE ANALYSIS 

Trial Te s t Test Test 
Sieve Specified Test Strip Strip Strip 
Size Limit.a JMF * Sect ion S-1 S-2 s-3 

3/4 in . 100 100 100 100 100 100 

l/2 in . 65-75 67 68.3 74 . l 79 . 4 72 . 8 

3/8 in . 50-65 44 42.2 50.4 52 . 8 47.2 

No . 4 23-33 22 17 . 9 19 . 7 21. 8 20 . 5 

No. 8 9-17 12 10.2 8 .2 9 . 5 9.0 

No. 30 5-10 4.7 2.9 3.6 3 . 0 

No . 200 1- 3 l. l 0 . 8 l. 3 0 . 8 

Asphalt Content 4.0 3. 5 3.4 3 . 5 3 .4 

Percent Voids French + 30 . 8 31.2 32.4 31. 2 32.6 
Total Mix Corps # 33.8 34 . 5 35 . 9 34 . 6 35 . 9 

Percent Void• French + 17.2 15. 2 14.l 15 . 2 14 . 0 
Filled Corp• # 15. 9 14.0 12 .9 13 . 9 12 . 9 

Density (pcf) 102 . 8 102. l 100 . l 101.9 100 . 0 

Theo Density (pcf) 154.6 154.9 156.l 155 . 8 156 . l 

Temperature (°F) 265 250 240 250 275 

.. Gradation recommended by Jean Lefebvre reprHentative 
+ French Method - VTM - l (liilh: · llI!!il t U) x 100 

volume 
# Corps Method - VTM - [ l Cl!I&1L. t...Lll I x 100 

volume sc, 
VTM - Voids total mix 
l/Tair - Dry veight of specimen 
l/Twater - I/eight of apecimen in vater after ooaking for 15 minutes 
Volume - rr/4 D2H (meaaured) 
SGr - Theoretical specific gravity 
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FIGURE 2 Placing open-graded asphalt material. 

high internal voids and low mixing temperatures (265°F). This 
tendency usually means that the required compaction must 
closely follow the paver that is placing the mix. Because the 
ambient temperatures were so unusually high during the con
struction of the test strip, rapid heat loss of the asphalt mix 
was not a problem. To the contrnry, the afternoon temper
atures, which reached well over 100°F, forced the construction 
crews to wait several hours before rolling so that the roller 
would not cut and shove the hot mat. 

As is the case for most open-graded asphalt mixes, com
paction during construction was not used to achieve any den
sity requirements, but merely to "seat" the asphalt-coated 
aggregate and smooth over 1h rough surface. relatively 
small (3-ton) steel-wheeled roller wa u ed to accomplish this 
goal (Hguie 3) . The slalic, light\ eight, steel-wheeled roller. 
rather than more traditional heavier models (8 to 10 ton), 
was used to minimize the loss in voids incurred during the 
rolling process. 

Once the open-graded asphalt mixture had cooled for sev
eral hours, a single pass of the small steel-wheeled roller in 
the static mode was made over the entire 150- x 50-ft area. 
Small cut marks were left along the edge of the roller wheels 
after this process. Therefore, after another hour of cooling, 

FIGURE 3 Three-ton steel-wheel roller. 
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another pass of the small roller was used to roll out these 
marks. After these final passes of the roller, the construction 
of the open-graded asphalt layer was complete. 

Because of the high percentage of voids and the modest 
slope of the test section, a sand asphalt material was placed 
on the edges of the open-graded material to prevent seepage 
of the fluid grout material. The entire freshly paved area was 
covered with polyethylene sheeting for the night to prevent 
contaminants (dirt, sand) from blowing onto the pavement 
surface and falling into the open voids. 

Resin-Modified Slurry Grout 

A trial application for the resin-modified slurry grout was 
conducted the day after the open-graded trial section was 
completed. One batch of &lurry grout wus produced according 
to the recommended mixture proportions. The slurry grout 
had 1he proper viscosity, but the sand material was settljng 
out before placement was completed. The Jean Lefebvre rep
resentative recommended that the amount of sand be de
creased to avoid any problems of settling. The final mixture 
proportions for the resin-modified slurry grout are shown in 
Table 8. 

The resin-modified slurry grout was added to the open
graded asphalt pavement 2 days after the open-graded mix 
was placed. The slurry grout used in the construction of the 
test strip was made al a local concreie batch plant. The dry 
cement, sand, and fly a h were mixed in lhe plant's pugmill 
(in their proper proportions) for several minutes before they 
were dumped into the transient mixer truck. Next, the proper 
amount of water was dumped into the transient mixer truck 
and the resulting slurry grout was mixed in the rotating mixing 
drum for several minut . At this point, the pr per amount 
of the cross-polymer resin additive was poured into the mixing 
drum; the truck operator left the plant site and drove toward 
the test strip job site while the mixing truck continuously 
rotated. 

At the test strip job site, the transient mixing trucks were 
positioned directly on the open-graded asphalt pavement, which 
had hardened overnight. A sample of the slurry grout was 
taken and the Marsh cone viscosity was checked on the test 
strip job site to ensure that the grout was of the proper vis
cosity. Samples were taken from each transient mixer truck 

TABLE 8 REVISED RESIN-MODIFIED SLURRY GROUT 
FORMULA AND VISCOSITY TEST RESULTS 

Hatori al 

Type I cement 

Fly ash 

Sand 

Water 

Cross polymer resin 

Viscosity Test - No. 1 • 6.2 sec 

No . 2 - 7.0 sec 

No . 3 7.0 sec 

No. 4 • 7. 0 sec 

!latch 
Pprcentggo 

38. 2 

19.1 

13.3 

26.7 

2. 7 
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at the test strip job site and approved before the grout was 
placed. Viscosity test result are shown in Table 8. 

The grout was to be placed in the same 10-ft-wide longi
tudinal lanes that were used during construction of the open
graded asphalt pavement. This pattern gave a sense of order 
to the grout application and prevented overworking of the 
crew. This crew consisted of four people working broom
handled squeegees behind the transient mixer truck. The slurry 
grout was slowly poured onto the open-graded asphalt sur
face; when an area became saturated with grout, the squee
gees were used to pull the grout along the surface to under
saturated areas. The grout was poured down a pivoting delivery 
chute onto the pavement surface. As the grout was slowly 
poured onto the pavement, one person continuously directed 
the 'chute to dry areas of the pavement. Once an area of a 
lane was completely saturated with grout, the truck driver 
slowly moved the truck forward. After a short time at the 
beginning of the grout application, the squeegee operators, 
chute operator, and truck driver were able to continue the 
grouting procedure in an efficient, controlled manner. Figure 
4 is a typical view of the grout application procedure used on 
the test strip. 

Immediately behind the grouting operation, the small steel
wheeled roller made several passes over the grout-filled pave
ment in the vibratory mode to ensure that all subsurface voids 
were filled. Because the void content of the open-graded as
phalt pavement and the ·lurry grout viscosity were within the 
specified ranges, most of the internal voids were filled with 
grout a the pavement was saturated when the grout was 
poured over the surface. However a small amount of internal 
voids seemed to be i olated from the initial grout applicati n 
as evidenced by small air bubbles that appeared behind the 
vibratory roller. These air bubbles usually appeared only after 
the first pass of the vibratory roller, indicating that all voids 
were being filled with grout. 

After each of the five 10-ft lanes had been saturated with 
grout and vibrated, all excess grout remaining on the surface 
was removed by continually pulling the hand squeegees in 
one direction. This process also filled any undersaturated areas. 
After this step, the grout application was complete. 

FIGURE 4 Resin-modified slurry grout being applied to 
open-graded asphalt material. 
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To evaluate whether full penetration of the slurry grout had 
occurred, 4-in. field cores were taken from the completed 
RMP test strip. Random cores were taken throughout the 
RMP test strip. All cores indicated that the slurry grout ma
terial had penetrated the total thickness of the open-graded 
layer. The test results of the field cores are shown in 
Table 9. 

Curing 

After the grout application was completed, a curing com
pound was sprayed over the surface of the wet, grout-filled 
pavement. The material used was a white pigmented concrete 
curing compound, which is commonly used in curing Type I 
portland cement concrete. The white pigments reduce max
imum pavement temperatures during the curing period, which 
in turn reduce the expansion and contraction stresses resulting 
from extreme temperature changes. An overabundance of 

TABLE 9 RMP TEST STRIP FIELD CORES 

Thickness Unit \leight Penetration 
Location Cora Ng an l Cpcf) (\\ 

Trial 
Test Section l l 3/8 140.6 100 

2 2 l/2 140.5 100 

2 3/4 139 . 7 100 

4 2...1.a lli...Q ll!l! 
AVG 2 1/4 140.5 100 

RMP Test Strip 1 2 9/16 139.0 100 

2 1/4 138.3 100 

2 1/8 138 .8 100 

4 2 1/2 140.8 100 

2 1/8 138 . 0 100 

L_ ll2...l!. ll!l! 
AVG 2 1/4 139 . 0 100 
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these stresses can lead to shrinkage cracking during the curing 
period. The curing compound was applied by a pressurized, 
hand-operated sprayer wand with a fan-type nozzle. A light 
coating of the curing compound (200 sq ft/gal) over the entire 
test strip completed the construction process. The pavement 
cured with no traffic for 28 days before traffic testing began. 

EVALUATION 

In order to determine the effectiveness of the resin-modified 
pavement, a series of tests and evaluations was conducted on 
the pavement surface. A layout of the testing areas is shown 
in Figure 5. To evaluate the abrasion-resistant characteristics 
of RMP, tracked-vehicle maneuvers were conducted. Con
trolled fuel and oil spills were conducted to evaluate the fuel
resistant properties. ALF was used to evaluate RMP under 
heavy rubber-tired vehicular traffic. 

Tracked-Vehicle Traffic 

As mentioned, the RMP test strip was allowed to cure for 28 
days before any traffic was allowed on the pavement. This 
cure time ensured that the RMP test strip had plenty of time 
for adequate strength gain. The effectiveness of the RMP 
greatly depended on its performance during the tracked
vehicle trafficking. 

Tracked-vehicle traffic on the RMP test strip consisted of 
M-1 (gross weight 113,000 lb) and M-60 (gross weight 100,000 
lb) tanks. Six hundred 180-degree pivot steer turns at the same 
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FIGURE S Layout of testing areas. 
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point and 5,000 straight passes were applied with the tracked 
vehicles to the test strip. Excessive wear of the rubber pads 
on the tank track wa noticed during the initial trafficking of 
the RMP. Dw·ing the initial stage of trafficking, the RMP 
withstood the abrasive action of the pivot steer turns very 
well; only exces groul was worn off. As the tank track tume I 
during the pivot steer, the track pads dragged across the RMP 
surface (Figure 6). After 420 turns at the same location, the 
tracked vehicle produced enough rough ahrnsion and high 
stresses to start surface raveling. The surface raveling began 
without any warning. Once the raveling started, the deteri
oration increased rapidly because the loose debris that had 
been dislodged caused further damage as it was dragged and 
scraped across the RMP surface. 

At 600 pivot steer turns, the turning traffic was stopped 
because the abra ive action had produced a raveled area 1 
in. deep covering 35 sq ft. It wa thought that a large number 
of concentrated pivot turns f thi nature are not commonJy 
applied to one location in th field , making this traffic test 
much more severe than normal applications. For example, it 
would require the tanks of two armored divi ions performing 
180-degree pivot steer turns at the same point to equate thi 
traffic le ' l. 

The 5,000 straight pa ses with the tank traffic caused only 
slight surface wearing of the grout, which expos~u the surface 
of the coarse aggregate. The tracked vehicle moving forward 
and in reverse caused no significant damage to the RMP. At 
the conclusion of the tracked-vehicle trafficking, it was de
termined that RMP had effectively demonstrated a resistance 
to severe traffic abrasion and could be used as a pavement 
surface for tracked vehicles. 

Fuel and Oil Spillage 

Five different fuels and oils were used to evaluate the effec
Li veness of RMP in resisting deterioration caused by fuel and 
oil pillage. Jet aviation fuel, asoline, diesel fuel, synthetic 
oil, and hydraulic oil were ·pilled on the resin-modified pave
ment. Thirty cycles of 1 qt of each material were spilled on 
the RMP surface. Each spill area was 8 ft by 10 ft. The ma-

FIGURE 6 M-1 tank pe1·forming pivot steer turns on RMP 
test strip. 
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terials were spilled from a height of 30 in. The rate of spillage 
was set so that each material took 20 to 30 min to drip 1 qt. 
The fuels and oils were allowed to sit on the RMP surface 
for 30 days after the spillage cycles were completed. 

Visual observations indicated that RMP resisted deterio
ration from fuel and oil spillage. However, field cores taken 
from the spillage areas indicated that the fuels and oils had 
penetrated the resin-modified pavement , causing varying de
grees of low-level deterioration. The ga oline and jet aviation 
fuels had a fast rate of evaporation, which prevented these 
materials from significantly penetrating the RMP. The diesel 
fuel had the fastest penetration and caused the most damage. 
Once again, this test is thought to be an acceleration of typical 
fuel spillage problems in the field because most spills are 
cleaned and not allowed to soak into the pavement for a 
month. 

After the fuel and oil penetration was discovered, the sta
bility of RMP was questioned. The maximum penetration was 
approximately 1 in. in the diesel area. The remaining fuels 
and oils penetrated less than Y2 in. A 1-ton van was used to 
traffic the fuel spillage areas. Fifty passes and fixed-position, 
power-steering turns were applied to the contaminated areas 
by the van. Only slight scuffing was noticed after the van had 
trafficked the RMP with no appreciable damage. 

Accelerated Loading Facility 

FHW A's Accelerated Loading Facility was also used to traffic 
the resin-modified pavement test strip (Figure 7). ALF sim
ulated truck traffic by applying a load of 19,000 lb to a dual 
wheel assembly with tire pressures of 140 psi. ALF applied 
80,000 passes to a 48-in.-wide strip of the RMP . No appre
ciable deterioration or deformation occurred in the wheel 
path. Only slight wearing of the excess grout on the RMP 
surface was observed. The ALF evaluation indicated that ve
hicular traffic had little effect on the resin-modified pavement 
and that the RMP should have good field performance when 
trafficked by rubber-tired vehicles. 

SUMMARY 

The resin-modified pavement construction process can be used 
to build new pavements or rehabilitate existing pavements 
that are subject to heavy, abrasive loads and fuel spillage. 
RMP can be used to surface areas used by tracked vehicles 
such as tank trails and crossings, hardstands, and wash facil
ities. This pavement may also be used in motorpools, refueling 
pads, and aircraft parking aprons. RMP provides an alter
native surfacing material in areas where conventional pave
ment materials have excessive maintenance problems. The 
resin-modified pavement can be used in place of asphalt con
crete and portland cement concrete in these specialized areas. 

RMP provides a tough and durable surfacing material for 
military pavements. The current data and evaluations indicate 
that the RMP process has potential for several uses. The 
variable costs of materials (aggregates, asphalt cement, and 
portland cement) and variable construction costs throughout 
the United States make cost estimates for RMP very site
specific. However, the additional co t of the resjn additive 
can range from $4 to $6/sq yd, depending on the void content 
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FIGURE 7 ALF trafficking RMP test strip. 

of the open-graded support layer and the dosage rate of ad
ditive in the slurry grout. Therefore, it is estimated that the 
initial cost of RMP in 1990 was between $10 and $15/sq yd 
compared with $15 to $25/sq yd for portland cement concrete. 
At this price, RMP is a cost-competitive method to construct 
or rehabilitate many of the Army's abrasion- and fuel-resistant 
pavements. 
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Development of a Practical Method for 
Design of Hot-Mix Asphalt _ 

K. E. COOPER, s. F. BROWN, J. N. PRESTON, AND F. M. L. AKEROYD 

The development of a method for the design of hot-mix a pl~alt 
i traced . The de ign of gradation ba ed on aggregate pac.kmg 
characteristics was found tO be impractical for routine mix design. 
Mea urement of elastic stiffness and asses ment of re i tance tO 

permanent deform111ion wns made possible with the develv1J1~1 e11l 
of the Nottingham asphalt mix tester. This develop1!1ent prov1d_ed 
a method f de ·igning mixe using relevant mecha111cal properlle.s 
as design criteria. The percentag refusal den 1ty ~qu1pmcnl was 
used to manufacture peciruens at levels of compacuon that should 
be achieved in practice. For a particular sourc~ of aggregate , tl~e 
effect of binder content and aggregate gradauon on volumetric 
composHion and mechanical properti~s can ~e ass_essed. Ce.rtain 
volumetric and test criteria are applied to 1dent1fy the mix or 
mixes that will perform satisfactorily . The final mix formulatio.n 
can then be selected on the basis of certain practical anu economic 
considerations. 

As the end of the millennium approaches, there is increasing 
pressure to use more innovative highway construction ma
terials that will result in greater economy, increased service 
lives, and less disruption to our environment. There have been 
advances in bitumen modification and significant improve
ments in the design of production and site plants. The results 
of research have highlighted the effect of mix variables on 
the mechanical properties of asphaltic mixes , and many en
gineers are willing to apply the result . of this work. !h prin
cipal obstacle to real progress is the lack f a reliable and 
practical method of mix design . 

Since the publication of the results of earlier work on the 
development of a method of mix design for bituminous base
course and road base materials (J), work has continued at 
Nottingham on developing an improved method of mix design 
using relatively imple equipment. A preliminary version of 
the method and associated test equipment was presented to 
the Eurobitume Conference in Madrid in 1989 (2,3). 

In the United Kingdom, no method of mix design for high
way materials is used other than an adaptation of the Marshall 
method for the "skip" or gap-graded, hot-rolled asphalt wear
ing course mix that forms the urface of much of the major 
highway network. The aggregate in this material is normally 
not greater than 20 mm (% in.), but road base mixes may 
contain sizes up to 37 .5 mm (l 1/2 in.); therefore, existing meth
ods of mix de ign cannot be used because specimens prepared 
in relat ively mall molds are not representative . This con
straint on the maximum aggregate size may have inhibited 
the use of mixes with large stone size in the United States. 

K. E. Cooper, S. F. Brown, J. N. Preston, Department of Civil En
gineering, University of Nottingham, Nottingham, U: K. NG7 2RD. 
F. M. L. Akcroyd, Mobil Oil Company, Ltd. , Mobil House, 54/60 
Victoria Street, London, U.K. SWlF 60B. 

The benefits of using larger stone sizes have been discussed 
recently (4). 

Even with conventional 20-mm (%-in.) down gradations, 
specimen preparntion m~thods and equipment _do not provi~e 
the means of producing materials representative of that laid 
in practice. Moreover, the tests used do not measure releva?t 
mechanical properties. As a consequence, the premature f~Jl
ure of mixes designed using existing methods is becommg 
increasingly common as the volume of traffic and axle loads 
increases. 

BACKGROUND WORK 

Aggregate Packing Characteristics 

Previous work (J) indicated that gradations could be quan
tified by the equivalent fines content (EFC), which is the 
percentage of aggregate passing a sieve with a mesh size 3 
percent of that of the smallest sieve through which all the 
aggregate passes. The voids in mineral aggr~gate (VMA) ~nd 
resistance to permanent deformation of a wide range of mixes 
were found to be related to EFC irrespective of maximum 
aggregate size. 

Work on the compaction of uncoated aggregates suggested 
the possibility' of designing gradings to a target VMA without 
the necessity of using bitumen in the first instance. Further 
investigations into the possibility of using spherical ballotinni 
as a reference aggregate were commenced. It was believed 
that the packing of gradations of perfect spheres could be 
compared with that of real aggregates to provide an index of 
aggregate shape. Materials were compacted in a mold placed 
on a vibrating table. However, tests indicated that the degree 
of packing may depend on a relationship between aggregate 
size and frequency of vibration. It became obvious that a 
considerable amount of preliminary work would be necessary; 
as a result , the work on the packing of dry aggregates and 
spheres was discontinued. 

Nottingham Asphalt Mix Tester 

Work on the development of simple equipment for measuring 
mechanical properties continued in parallel with the investi
gation of aggregate packing characteristics. State-of-the-art 
techniques in digital interfacing were used so that control and 
data acquisition could be carried out using a conventional 
desktop computer and user-friendly software. Load was ap
plied by a pneumatic system with the type of components 
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commonly used for process control in manufacturing indus
tries. Therefore, the user requires only mains electricity and 
a compressed air ·upp.ly of about 7 bar (100 psi) . The resultant 
apparatus i known a · the Nottingham a phalt mix te ter (NAT). 

u.rrently , three types of test may b carried out u ing this 
device. The first is the repeated-load indirect tensile (RUT) 
test, otherwise known as the resilient modulus test. The sec
ond is the uniaxial creep (UC) test, and the third is the repeated
load axial (RLA) test (also called dynamic creep). The user 
may first measure elastic stiffness (resilient modulus) of a 
material using the nondestructive RLIT test and then, using 
the same specimen, assess resistance to permanent defor
mation using either the UC or RLA test. Specimens may be 
100 mm (4 in.), 150 mm (6 in.), or even 200 mm (8 in.) in 
diameter, and they may be laboratory molded or cored . The 
advantage of providing for the use of both molded and cored 
specimens is that the apparatus used for mix design can also 
be used for quality control and end product specification test
ing as well as failure investigation. 

Figure 1 shows the NAT set up for the RUT test. Figure 
2 shows the same equipment configured for either the UC or 
the RLA test. Figure 3 shows schematic layouts of the equip
ment. NAT is normally situated in a temperature-controlled 
cabinet with a range of -10°C to 45°C. 

To carry out a test, the operator merely responds to ques
tions on the computer screen by typing in specimen dimen-

FIGURE 1 NAT set up for repeated-load indirect tensile test. 

FIGURE 2 NAT set up for uniaxial creep or repeated load 
axial test. 
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sions and test conditions. The computer provides information 
on the steps involved in setting up the specimen and then 
automatically carries out the test, calculates the results, and 
presents the data in graphical or tabular form. Alternatively, 
data can be stored for analysis using spreadsheet software. 
NATs are currently used in six countries. 

For the RUT test, the software enables the operator to 
select the magnitude of vertical load to be applied and the 
rise time of the load pulse within the ranges of which the 
equipment is capable , for example, load up to 3 kN and rise 
time typically 0.06 to 0.15 sec. Figure 4 shows the output from 
a typical RUT test. The dimensionless plots of vertical load 
and horizontal deformation reflect any errors in specimen 
setup and indicate the effect of any electrical interference on 
the results. 

Figure 5 shows typical relationships between axial strain 
and time for the UC test. Currently, the software provides 
for the following test conditions: 

1. An optional 10-min conditioning period during which 10 
percent of the test load is applied, 

2. A 60-min test period, and 
3. An optional 15-min relaxation period during which axial 

strain is monitored. 
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FIGURE 3 Schematic layout of NAT. 

NOTTINGHAM ASPHALT TESTER 
REPEATED LOAO INDIRECT TENSILE TEST 
( cnlibrntion factors reviewed on 2L Mny 90 l 

Onie is 8 Jun 90 • 
Temperature = 20 Celsius 
Specimen din. = 100 mm 
Poissons ratio = 0-35 
No. cond pulses = 5 
Pressure scale = 7 Rise time scale = 5 

Specimen is PVC 
Specimen thickness = 50 mm 

"Pulse No. Vertical · Force 
(kNJ 

2.13 
2.18 

3 2.16 

4 2.12 

5 2.16 
Mean 2.16 

Tensi~e~tress 

211.01 
276-99 
274 .s9 
278 .29 
274 .es 
275. 23 

Reservoir 

load C<tl 

u-.-- <R-l,,__ ---J.+1-- Specime~ 

{b) Repealed load indirecl tensile 
test configuration 

Rise Time Elastic Stiffness 
(m.secs) (MPa) 

103.4 3582 
103.4 3702 
103. 4 3647 
103.4 3617 
103.4 3633 
103 .4 3636 

FIGURE 4 Typical output from No. 11 asphalt mix tester (elastic stiffness test). 
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FIGURE 5 Results from typical uniaxial creep tests on 
bitumen emulsion mixes at 40°C and 100-kPa axial stress. 

Software to provide the user with a greater choice of test 
conditions is being prepared. 

Figure 6 shows typical relationships between axial strain 
and number of load pulses for the RLA test. In this test the 
specimen is subjected to alternate load applications and rest 
periods each 1 sec long. 

Currently, the software provides for the following test con
ditions : 

1. An optional 10-min conditioning period during which 10 
percent of the test load is applied, and 

2. A test period of up to 3,600 cycles (2 hr) . 

Software is being written to allow the user more choice of 
pulse and rest period length, with the opportunity of applying 
block periods of pulsed loading followed by rest periods of 
varying length. 

For both the UC and RLA tests, the NAT is capable of 
applying a maximum vertical force of 3.5 kN. 

2000 (000 
No. of cycles 

FIGURE 6 Results from typical repeated-load axial tests on 
hot-mix asphalt specimens at 40°C and 100-kPa axial stress. 

45 

Specimen Manufacture 

The Nottingham roller compactor was considered for use in 
the manufacture of slabs from which test specimens could be 
cored. Some work was carried out with this equipment, but, 
although the roller compactor is similar to site compaction 
equipment , it was believed that the device would not be suit
able for the routine manufacture of specimens necessary for 
a widely acceptable method of mix design. Involvement in a 
project on the problems of Marshall mix design in the Middle 
East resulted in the use of an alternative method of specimen 
preparation . The asphaltic concrete rutted seriously soon after 
the highway was opened to traffic. Investigation showed that 
good-quality aggregate had been used , the binder contents 
and gradations were close to those specified, and the bitumen 
had a penetration of less than 60. Although the mix designs 
were generally acceptable, the material in the wheel paths of 
the trafficked highway was found to have virtually zero void 
content in many cases. 

To determine the susceptibility of the mix to overcompac
tion and subsequent flow under the action of repeated loading, 
the percentage refusal density (PRD) apparatus was used for 
specimen compaction (5). The PRD test is widely used in the 
United Kingdom for determining the degree of compaction 
of materials laid on site. Routinely, 150-mm (6-in .) cores are 
cut from newly compacted base materials . These cores are 
dried and coated with wax for density determination. The wax 
is then removed and the core is placed in a 150-mm-diameter, 
split PRD mold and put in an oven at 160°C for 3 hr. An 
electric vibrating hammer with a foot 100 mm (4 in .) in di
ameter is used to compact the material for 2 min on both ends 
of the sample. The foot is moved around the mold during 
compaction to achieve a kneading action . At the end of each 
2-min compaction period, a foot 150 mm (6 in.) in diameter 
is used to flatten the ends of the sample. The density of the 
material at refusal is then measured. The density of the orig
inal core should not be less than a certain percentage of refusal 
(e .g. , 93), otherwise the material from which the cores have 
been taken should be removed. 

At refusal the material is considered to be at the ultimate 
state of compaction that can be achieved in practice. Refusal 
density should not be confused with maximum theoretical 
density, which is calculated on the basis that void content is 
zero. The advantage of refusal density is that it reflects the 
compactability of the mix, which depends on a variety of 
factors including aggregate shape, gradation, binder content, 
and layer thickness. 

The PRD equipment was used to make samples of the 
deformation-susceptible material. To achieve a range of levels 
of compaction from 100 PRD to about 93 PRD, compaction 
temperatures and times were adjusted. This adjustment sim
ulated the causes of variable compaction in the field where 
low material temperatures and insufficient roller passes can 
result in poor compaction. 

The specimens were about 100 mm (4 in .) high after com
paction. From each PRO specimen, a core 100 mm (4 in.) in 
diameter was cut; this core was trimmed to a height of 70 mm 
using a diamond-tipped masonry saw blade. Table 1 shows 
the volumetric proportions and level of compaction obtained 
for one of the asphalt mix gradations used . Mechanical testing 
was carried out in the NAT. The elastic stiffness of the cores 
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TABLE 1 VOLUMETRIC PROPORTIONS 
OF ASPHALTIC CONCRETE AT 
DIFFERERENT BINDER CONTENTS AND 
LEVELS OF COMPACTION 

Specimen Mb Voids VMA VFB PRD 

No. (%) (%) (%) (%) 

4.3 1.9 13.2 85.8 100.0 

4,3 3.8 15 0 74.3 98.0 

4.3 4,7 15 7 70.0 97.1 

4.3 5.7 16.6 65 ,6 96.1 

4.3 7.1 17 .8 60.2 94.7 

6 4.3 9.2 19.7 53.4 92.6 

7 3.8 4.1 14,0 70 8 100.0 

8 3.8 6.9 16.5 58.3 97.1 

9 3.8 9.4 18.7 49.8 94.4 

10 4.8 1.3 13.9 90.5 100.0 

11 4.8 3.6 15.9 77.3 97.7 

12 4.8 6.6 18.6 64.2 94.6 

Note: PRO = percentage refusal density; Mb = mass of bitumen; 
VFB = volume filled with bitumen 

was measured using the RUT test; the relationship between 
elastic stiffness and degree of compaction (PRD) is shown in 
Figure 7a, which indicates that, in general, higher elastic stiff
ness is achieved with well-compacted materials. At the high 
level of compaction, however, one mix with a high binder 
content did not follow this trend . The resistance to permanent 
deformation of the cores was then assessed using the RLA 
test (Figure 7b). The results generally reflect those of the 
elastic stiffness tests: higher levels of compaction result in 
lower levels of permanent deformation . There is a suggestion, 
however, that overcompaction could result in deformable mixes, 
as shown in Figure 6. 

MIX DESIGN 

Earlier work (6) demonstrated the effect on the mechanical 
properties of bituminous materials of the interaction of gra
dation, binder content, and compaction. Therefore, the new 
mix design method was based on these three parameters by 
providing the means of examining their effect for a particular 
aggregate source. This would then enable the engineer to 
determine the best gradation and binder content for optimum 
mechanical properties at a target level of compaction. 

Gradation 

It was decided to concentrate on continuous gradations in the 
first instance because the use of this type of gradation for the 
structural layers is widespread. To define the target gradation, 
a modification of the widely known power law (7) was used. 
The modification allowed gradation and the fines content to 
be varied while filler (sub-200 mesh) material was maintained 
at a preselected and practical level. The grading equation is 
as follows: 
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96 

High binder
content 

98 100 
Percentage refusal density 

(a) Relationship between PRO end elastic stiffness 
(temperature= 20°C, load rise time= 0.1 secs) 

Percentage refusal density 

(b) Relationship between PRO end resistance to 
permanent deformation measured in the repeated 
load ax io I test 
(temperature= 40°C, repeated axial stress = 100 kPa) 

FIGURE 7 Effect of compaction level on 
mechanical properties of asphaltic concrete. 

p = (100 - F)(d" - 0.075") + F 
(D" - 0.075") 

where 

P = percentage passing a sieve of size d (mm), 
D = maximum aggregate size (mm), 
F = filler content (sub-200 mesh material), and 
n = exponent between 0 and 1. 

Figure 8 shows the effect of varying the exponent n from 
0.2 to 0. 7 for 28-mm gradations with a filler content of 6.0 
percent. The gradation with an exponent of0.45 approximates 
the gradation that is generally acknowledged to have maxi
mum density. Experience has shown that such gradations may 
be too dense, with insufficient void space to accommodate 
the binder. The solution generally adopted is to increase VMA 
by moving the gradation away from the maximum density 
curve. This move may be accomplished by reducing the ex
ponent and, consequently, making the mix finer . This results 
in a higher binder content caused by the increased surface 
area of the graded aggregates and, in many cases, increased 
susceptibility to deformation. An increase in VMA may also 
be achieved by increasing the exponent and making the gra
dation coarser. This approach was adopted for the design of 
the road base and basecourse materials considered in this 
project; preliminary tests showed that exponents of 0.5, 0.6, 
and 0.7 were the most appropriate for mixes of this type. 
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FIGURE 8 Typical grading curves based on Equation 1. 
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Figure 9 shows the effect of grading exponent on resistance 
to permanent deformation measured by the RLA test. It can 
be seen that, for a certain binder content, aggregate type, 
and level of compaction, there is an optimum grading expo
nent for maximum resistance to permanent deformation. 

It would not be possible to expect that the aggregate sizes 
from a particular source could be combined to exactly fit a 
gradation defined by a theoretical relationship. A simple com
puter program, however, can be used to determine the blend 
that minimizes the difference between the theoretical and 
practical gradations. 

Compaction 

The compaction was carried out using the PRD equipment 
to provide three compaction levels. The compaction condi
tions were as follows: 

Compaction Level 
(approximate 
value) 

1 (100 PRD) 
2 (97 PRD) 
3 (93 PRD) 

Compaction 
Time 
(sec) 

120 
60 
30 

Compaction 
Temperature 
(OC) 

SP+ 92 
SP+ 50 
SP+ 40 

Compaction time is for each end of the specimen, and SP 
is ring-and-ball softening point (0 C). 

The 100 PRD level is necessary as a datum for the other 
levels of compaction. It is also useful because the void content 
of a mix compacted to refusal reflects the ability of a material 
to perform adequately in severe conditions, such as the high 
temperatures combined with very heavy axle loads that occur 
in the Middle East. A mix with a void content of at least 2 
percent at refusal may well be the best for such conditions. 
For Compaction Level 1, the temperature was that considered 
ideal for compaction in the field and represents something of 
an extrapolation assuming typical temperature susceptibili
ties. For modified bitumens, a more detailed definition of 
temperature would have to be used. For Compaction Levels 
2 and 3, temperatures and compaction times were established 
by carrying out trials. 
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Q.J Q.L o.s 0·6 0.7 Q.B 
Gradation exponent (n) 

FIGURE 9 Effect of grading exponent n on resistance to 
permanent deformation measured in repeated-load axial test 
(granite aggregate with 4.1 percent binder). 

The target level of compaction in practice is generally 95 
PRD, with 93 PRD being the minimum acceptable. For the 
purposes of mix design, therefore, 95 PRD is the most ap
propriate level of compaction. 

Binder Content 

In the United Kingdom, the binder content of continuously 
graded basecourse and road base mixes is generally within 
the range of 3.5 to 4. 7 percent of the total mix. These two 
binder contents, together with the midrange value of 4.1 per
cent, provide the three levels of binder content that are used 
in the mix design procedure for the structural layers . For 
wearing course mixes, however, a finer gradation and higher 
binder content may be necessary to provide an impermeable, 
level running surface. 

Basis of Mix Design Procedure 

The mix design procedure involves an investigation of the 
effect of gradation, compaction, and binder content for a 
particular aggregate source. As discussed, three levels of each 
of the parameters were selected, resulting in nine mix com
positions at three levels of compaction (i.e., 27 different mixes). 

Specimen Preparation 

To simplify the specimen-preparation process, the practice of 
cutting 100-mm-diameter cores from the PRD samples to pro
duce test specimens was discontinued. Instead, the ends of 
the PRD specimens were cut, using a diamond-tipped ma
sonry saw, to provide test specimens 70 mm high and 150 mm 
in diameter. 

Volumetric Analysis 

The first stage of the design procedure is the measurement 
and assessment of volumetric proportions when materials that 



48 

do not have volumetric proportions within the target ranges 
can be screened out. Densities are determined from gravi
metric measurements without using wax to waterproof the 
specimens. 

For road base and basecourse materials, the mix with a 
grading exponent of 0.5 and a binder content of 3.5 percent 
and compacted to 100 PRD is selected as a datum. The void 
content of this mix reflects the compactability of the aggregate 
and enables the appropriate volumetric chart (Figures 10-12) 
to be selected. In each of these charts, an area is defined by 
constraints on void content, VMA, and binder volume. These 
constraints are based on experience, practical considerations, 
and the volumetric proportions at 100 PRD. With the con
tinuously graded basecourse and road base mixtures consid
ered in this work , properly compacted materials have void 
contents in the range of 3 to 8 percent, as specified to ensure 
adeyuale faligm: 1t:sislam.:e. Mixt:s (alli11g wilhi11 Lhe uefine<l 
area are considered to be candidates for the measurement of 
mechanical properties for mix design purposes. Those mixes 
outside the defined area are rejected, although test data on 
these materials could provide valuable information in the event 
of materials' being laid out of specification in practice . 

Measurement of Mechanical Properties 

NAT measures the elastic stiffness using the RLIT test con
figured for i50-mm-diameter specimens. The test temperature 
is 20°C and the rise time is about 120 msec (where rise time 
is the time between the start and the peak of the load pulse). 
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FIGURE 10 Volumetric criteria chart (1 percent voids at 
100 PRD). 
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MB= Binder content by mass 
VB = Binder content by volume 

~ 
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FIGURE 11 Volumetric criteria chart (2 percent voids at 
100 PRD). 

MR= Binder content by moss 
V 8 = Binder content by volume 
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FIGURE 12 Volumetric criteria chart (3 percent voids al 
100 PRD). 
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NAT then assesses resistance to permanent deformation 
using the RLA test, which, because it uses a pulsed axle load, 
is considered more simulative of in situ conditions than un
iaxial creep. In this test, the 150-mm-diameter specimens are 
loaded axially between 100-mm-diameter platens as shown in 
Figure 13. The 25-mm-wide annulus of material outside the 
directly loaded part of the specimen is considered to impart 
a degree of lateral constraint that is related to the strength of 
the material. The test temperature is 40°C and the axial load 
waveform is virtually square with alternate load and rest pe
riods each 1 sec long. The peak axial stress is 100 kPa and 
the specimen is normally subjected to 3,600 load pulses, which 
takes 2 hr. If modified bitumens are to be evaluated, the RLIT 
test should be carried out at more than one temperature to 
determine the temperature susceptibility of elastic stiffness. 

Additional durability aspects that should be assessed, par
ticularly for surface courses, are water sensitivity and the 
effects of aging. Measurements of elastic stiffness before and 
after soaking or freeze-thaw cycling would provide relevant 
information. New developments in accelerated aging, which 
involve forcing oxygen-rich air through a mix, could allow 
ready assessment of the effect of aging on mechanical properties. 

FIGURE 13 Repeated-load axial tests on ISO-mm-diameter 
specimens using 100-mm-diameter platens. 
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Design Criteria 

The development of a new method of mix design has three 
main problems. The first problem is the method of sample 
preparation; the second is the test methods; and the third is 
the selection of design criteria. With this phase of the work, 
which is primarily concerned with basecourse and road base 
mixes, the design criteria will be somewhat different from 
those used for wearing courses. In this project, it was decided 
not to determine optimum mix proportions for maximum me
chanical properties but to specify certain minimum perform
ance levels. This decision enables the engineer to determine 
the best mix on the basis of additional self-imposed criteria 
such as workability, the availability of materials, and, inev
itably, the associated economic considerations. It is difficult 
to draw cut-off lines that rule out all materials that fall below, 
however marginal the shortfall. It is essential to be prudent, 
however, and ensure that the selected mix exceeds the criteria 
so that normal variances in composition and compaction do 
not mean that material is unnecessarily condemned and re
moved from the works. 

For basecourse and road base mixes, the important me
chanical properties are resistance to fatigue cracking, resist
ance to permanent deformation, and elastic stiffness, which 
reflects the load-spreading ability of the material. Other cri
teria concerned with volumetric proportions are dealt with in 
the volumetric charts (Figures 10-12) discussed previously. 

Currently, the assessment of resistance to fatigue cracking 
involves more specimen preparation and testing then is con
sidered practical for routine mix design work. In addition, the 
test equipment and techniques are generally too complex for 
a normal materials laboratory. For pavement constructions, 
which use relatively thick lifts of road base materials made 
with unmodified bitumens, prediction methods based on mix 
proportions and bitumen properties (8) are considered ade
quate. The current work on Strategic Highway Research Pro
gram Contract A003A may provide the means of assessing 
fatigue resistance more readily. 

For resistance to permanent deformation measured using 
the RLA test, the criterion currently used is a maximum of 
1.0 percent axial strain after 3,600 applications of an axial 
stress of 100 kPa at 40°C. The strain level was chosen because 
it appears to form a boundary between those mixes that be
come stable with a decreasing rate of permanent strain, and 
those mixes in which strain rate shows no sign of decreasing. 
Typical results are shown in Figure 14, which also shows the 
volumetric compositions of the materials used. It is interesting 
to note, from Figure 14, that overcompaction results in ma
terials that are susceptible to permanent deformation. 

For elastic stiffness measured by the RLIT test, the criterion 
is a minimum of 2500 MPa at 20°C with a load rise time of 
approximately 0.12 sec. The criterion was based on calculated 
levels of elastic stiffness related to pavement layer thickness 
and a background of extensive test data. Table 2 shows typical 
volumetric compositions and elastic stiffnesses for a particular 
aggregate type. The results have been sorted on the basis of 
the magnitude of elastic stiffness. The tabulated results show 
that, for the aggregate source investigated, higher values of 
elastic stiffness result from high levels of compaction and the 
consequently low levels of VMA and void content. In general, 
higher binder contents result in lower values of elastic stiffness. 
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Symbol Binder conltnl Void co nlont Compotlion 
I'/,) ('/, ) lml 

x 4.1 0.2 1 
() 3.5 Q.6 1 

• 4.1 5.3 3 

"' 4.1 1.s 2 
+ 3 ,5 5.4 2 
0 3,5 6·3 3 

00 1000 1000 3000 
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FIGURE 14 Repeated-load axial results for limestone 
aggregate specimens with gradation exponent n = 0.5. 

TABLE 2 VOLUMETRIC COMPOSITIONS AND 
ELASTIC STIFFNESS OF MIXES MADE WITH 
CRUSHED LIMESTONE AND 100 PENETRATION 
BITUMEN 

Grading Binder Compaction Voids VMA PRD Elastic 

Exponent Content Level (%) (%) (%) Stiffness 

(%) (MPa) 

0.7 3.5 0.6 9.6 100.0 5300 

0.6 3.5 1.2 10.2 100.0 5200 

0.5 3.5 0.6 9.6 100.0 5100 

0.5 4.1 L8 12. l 98.4 4400 

0.7 4 ,1 0. 1 10.6 100.0 4000 

0.6 3.5 49 13.5 96.3 3700 

0.6 3.5 6.8 15.3 94.3 3500 

0.5 3.5 6.3 14.8 94.2 3300 

0.5 4.1 02 10.7 100.0 3300 

0.5 3.5 54 13.9 95.2 3300 

0.7 4.7 ·0.3 11.7 100.0 3300 

0.7 3.5 4.8 13.4 95.8 3200 

0.6 4. 1 0.3 10.8 100.0 3200 

0.5 4.7 ·0.0 11.9 100.0 3000 

0.6 4.7 ·0.4 11.6 100.0 3000 

0.5 4.7 1.3 13 0 98.8 2800 

0.7 4.1 3.8 13.9 96.2 2800 

0.6 4.7 0.6 12.4 99.4 2800 

0.6 4. 1 4.2 14.2 96.2 2600 

0.7 3.5 6.9 15 .3 93.7 2500 

0.6 4.1 4. 1 14.2 96.2 2400 

0.5 4.7 3.7 15.1 96.4 2200 
0.5 4. 1 5.3 15.3 94.9 2200 
0.7 4.7 22 13.9 97.8 2000 
0.6 4.7 3.5 15.0 96,5 1700 
0.7 4.7 5.3 16.6 94 7 1500 
0.7 4.1 69 16 7 93 2 1400 

(Results soncd in order of magnitude of elastic stiffness) 

l.000 
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Summary 

The basis of a mix design procedure has been established. 
Relevant volumetric and mechanical properties are used as 
design criteria. It is envisaged that the complete mix design 
procedure will take the form represented by the flow chart 
shown in Figure 15. A complete mix design example is avail
able elsewhere (9). 

BITUMEN TESTS 
PENETRATION & 

SOFIBNING POINT 

AGGREGATE TESTS 
SPECIFIC GRAVITY ,ABSORPTfON 

QUARRY BIN GRADINGS 

BLEND AGGREGATE TO 
TARGET GRADATIONS 

EACH MIX FORMULATION TO 
BECOMPACIEDATTiiREE 

DIFFERENT LEVELS 

n = 0.5, MB= 3.5%, 100 PRD 
GIVESDATIJMFORVOLUMETRIC 

PROPORTION$ 

MEASURE VOLUMETRIC PROPORTIONS 
AND CHECK AGAINST CRITERIA 

MEASURE MECHANICAL PROPERTIES 
AND CHECK AGAINST CRITERIA 

Pass 
PROVISIONAL MIX 

CHECK FATIGUE LIFE 
USJNG PREDICTION MODEL 

Fail 

CHECK DURABILITY OF 
MIX FORMULATION 

FIGURE 15 Flow chart of mix design procedure. 

CONCLUSIONS 

DESIGN 
MIX 

The conclusions drawn from this phase of the development 
of a mix design method are as follows: 

1. The compaction of uncoated aggregates to develop ap
propriate gradations is impractical for routine mix design work. 

2. The Nottingham asphalt mix tester provides a convenient 
method of measuring the elastic stiffness and resistance to 
permanent deformation of asphaltic mixes. The equipment 
can be used for mix design and has potential for quality control 
and end product specification . 

3. The percentage refusal density equipment enables as
phalt mixes to be compacted in the laboratory to a range of 
densities typical of those achieved in practice. 
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4. The framework of a mix design method for road base 
and basecourse mixes has been established. Design criteria 
are based on relevant volumetric proportions and mechanical 
properties. The method is to be developed to take into ac
count flexibility, water sensitivity, and the effect of aging. 
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Effect of Aggregate Gradation Variation on 
Asphalt Concrete Mix Properties 

ROBERT P. ELLIOTT, MILLER c. FORD, JR., MAHER GUANIM, AND 

Yu1 FEE Tu 

Six asphalt concrete mixes were tested to investigate the effects 
of variation in the aggregate gradation on mix properties. The 
asphalt contents of the mixes were maintained at the job mix 
design contents. The gradation variations were representative of 
typical construction extremes. Five gradations were tested from 
each mix: (a) the job mix formula (JMF) gradation, (b) a fine 
gradation, (c) a coarse gradation, (d) a coarse-fine gradation, and 
(e) a fine-coarse gradation. The fine and coarse gradations de
viated from the JMF gradation by the maximum amount to the 
fine or coarse side. The fine-coarse and coarse-fine gradations 
crossed over the JMF gradation curve from the maximum fine 
(or coarse) amount on the largest size fraction to the maximum 
coarse (or fine) amount on the smallest size fraction. Properties 
investigated were creep stiffness, split tensile strength, resilient 
modulus, Marshall stability, Marshall flow, air voids, and voids 
in mineral aggregate. Analysis of the data revealed that the fine
coarse and coarse-fine gradation variations had the greatest im
pact on mix properties but that none of the variations had a 
significant effect on resilient modulus. The data also showed that 
within the range normally encountered, air void content had a 
greater impact on split tensile strength than did gradation variation. 

All highway agencies recognize the need to control the degree 
of variability of asphalt pavement construction. Specifications 
controlling the q1rnlity of construction typically include limits 
of acceptability of factors such as asphalt content, density, 
and gradation. These limits generally have been established 
over many years and represent the collective experience and 
opinions of many engineers. Nevertheless, the relationship 
between mix variation and service life is not well established; 
however, such relationships are needed to ensure that spec
ification limits are realistic and consistent. The relationships 
are also needed to establish pay adjustments for construction 
that does not meet the specification requirements but is not 
so poor that it warrants removal and replacement. 

A study was performed to investigate the effect of variations 
in the gradation of aggregates on the properties of asphalt 
concrete mixes. The gradation variations tested represented 
the extremes for a typical construction project. The specific 
objectives of the study were to determine the effect of gra
dation variation on 

1. Creep behavior as a measure of rutting resistance; 
2. Split tensile strength as an indicator of fatigue resistance 

potential; 

R. P. Elliott and M. C. Ford, Arkansas Highway and Transportation 
Research Center, 4190 Bell Engineering Center, University of Ar
kansas, Fayetteville , Ark. 72701. M. Ghanim, American Engineering 
Company, P.O. Box 690234, Houston, Tex. 77269. Y. F. Tu , Cali
fornia Department of Transportation, 2642 West Lincoln Avenue, 
Anaheim, Calif. 92801. 

3. Marshall mix properties (stability, flow, air voids, and 
voids in mineral aggregate) as a measure of mix acceptability; 
and 

~. Resilient modulus us the parameter controlling the 
AASHTO thickness design structural layer coefficient. 

SELECTION OF MIXES AND 
GRADATION VARIATIONS 

Six asphalt concrete mixes were tested in the study. Three 
were surface mixes and three were binder mixes. The mixes 
were selected to be representative of those typically used in 
Arkansas. The principal difference between the mixes was in 
the type of coarse aggregate. Three types of coarse aggregate 
were used: (a) crushed limestone, (b) crushed syenite, and 
(c) crushed gravel. The mixes are referred to as limestone 
surface, limestone binder, syenite surface, syenite binder, gravel 
surface, and gravel binder. The job mix formulas for the mixes 
are listed in Table 1. 

The gradation variations used in the study represented the 
extreme variations typically encountered in construction. To 
identify "typical, maximum" variations, field extraction data 
were obtained from 11 paving projects. Standard deviations 
of the gradation percentage for each sieve size were computed 
for each mix. From these, the typical standard deviations were 
selected and typical, maximum variations were calculated as 
three standard deviations . The variations used in the test pro
gram were based on these deviations and an examination of 
the actual maximum variations from the field data. The se
lected variations are generally about the same as the speci
fication limits set by the Arkansas State Highway and Trans
portation Department (AHTD). 

Each of the six mixes included in the study was tested with 
five variations in the aggregate gradation (Figure 1 and Table 
2). For each mix , only the gradation was varied; the job mix 
formula asphalt content was held constant for all gradation 
variations. The control gradation for each mix was the job 
mix formula (JMF) supplied by AHTD. Two other gradations 
were the job mix formula plus or minus the maximum vari
ations described. These were referred to as fine and coarse 
mix gradations. The remaining two gradations were crossover 
gradations categorized as fine-coarse and coarse-fine. 

The fine-coarse gradation had the maximum gradation var
iation to the fine side for the largest aggregate size fraction 
(V2 in. for surface and % in. for binder) and the maximum 
gradation variation to the coarse side for the smallest size 
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Six asphalt concrete mixes were tested to investigate the effects 
of variation in the a ggregate gradation on mix properties. The 
asphalt contents of the mixes were maintained at the job mix 
design contents. The gradation variations were representative of 
typicaJ constrnction extremes. Five gradations were tested from 
each mix: (a) the job mix formula (JMF) gradation, (b) a fine 
gradalion , (c) a coarse gradation, (d) a coarse-fine gradation, and 
(e) a fine-coarse gradation. The fine and coarse gradations de
viated from the JMF gradation by the maximum amount to the 
fine or coarse side. The fine-coarse and coarse-fine gradations 
crossed over the JMF gradation curve from the maximum fine 
(or coarse) amount on the largest size fraction to rhe maximum 
coarse (or fine) amount on the smallest size fraction . Properties 
investigated were creep stiffness split tensile strength, resilient 
modulus, Marshall stability, Marshall flow , air voids, and voids 
in mineral aggregate. Analysis of the data ·revealed that the flne
coarse and coarse-fine gradation variations had the greatest im
pact on mix properties but that none of the variations had a 
significant effect on resilient modulus. The data also showed that 
within the range normally encountered, air void content had a 
greater impact on split tensile strength than did gradation variation. 

All highway agencies recognize the need to control the degree 
of variability of asphalt pavement construction. Specifications 
controlling the quality of construction typically include limits 
of acceptability of factors such as asphalt content, density, 
and gradation. These limits generally have been established 
over many years and represent tl1e collective experience and 
opinions of many engineers. Nevertheless , the relationship 
between mix variation and service life is not well established; 
however, such relationships are needed to ensure that spec
ification limits are realistic and consistent. The relationships 
are also needed to establish pay adjustments for construction 
that does not meet the specification requirements but is not 
so poor that it warrants removal and replacement. 

A study was performed to investigate the effect of variations 
in the gradation of aggregates on the properties of asphalt 
concrete mixes. The gradation variation tested represented 
the extremes for a typical construction project. The specific 
objectives of the study were to determine the effect of gra
dation variation on 

1. Creep behavior as a measure of rutting resistance; 
2. Split tensile strength as an indicator of fatigue resistance 

potential; 
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3. Marshall mix properties (stability, flow, air voids, and 
voids in mineral aggregate) as a measure of mix acceptability; 
and 

4. Resilient modulus as the parameter controlling the 
AASHTO thickness design structural layer coefficient. 

SELECTION OF MIXES AND 
GRADATION VARIATIONS 

Six asphalt concrete mixes were tested in the study. Three 
were surface mixes and three were binder mixes. The mixes 
were selected to be representative of those typically used in 
Arkansas. The principal difference between the mixes was in 
the type of coarse ·aggregate. Three types of coarse aggregate 
were used: (a) crushed limestone, (b) crushed yenite, and 
(c) crushed gravel. The mixes are referred to as limestone 
surface, limestone binder, syenite surface, syenite binder, gravel 
surface, and gravel binder. The job mix formulas for the mixes 
are listed in Table 1. 

The gradation variations used in the study represented the 
extreme variations typically encountered in construction. To 
identify " typkaJ , maximum" variations, field extraction data 
we.re obtained from 11 paving projects. Standard deviations 
of the gradation percentage for each sieve size were computed 
for each mix. F~om these, the typical standard deviations were 
selected and typical , maximum variations were calculated as 
three standard deviations. The variations used in the test pro
gram were based on these deviations and an examination of 
the .actual maximum· ~ariations from the field data. These
lected variations are generally about th_e am~ as the speci
fication limits set by the Arkansas State Highway and Trans
portation Department (AHTD). 

Each of the six mixes included in the study was tested with 
five variations in the aggregate gradation (Figure 1 and Table 
2) . For each mix , only the gradation was varied ; the job mix 
formula asphalt content was held constant for all gradation 
variations. The control gradation for each mfa was the job 
mix formula (JMF) supplied by AHTD . Two other gradations 
were the job mix formula plus or minus the maximum vari
ations described. These were referred to as fine and coarse 
mix gradations. The remaining two gradations were crossover 
gradations categorized as fine-coarse and coarse-frne. 

The fine-coarse gradation had the maximum gradation var
iation to the fine side for the largest aggregate size fraction 
(Vz in . for surface and % in. for binder) and the maximum 
gradation variation to the coarse side for the smallest size 
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TABLE 1 JOB MIX FORMULAS OF MIXES TESTED 

AGGREGATE GRADATION, % PASSING AGGREGATE ONLY 

SIEVE SURFACE COURSE MI XES BINDER COURSE MIXES 
SIZE LIMESTONE 

!" 

3/4" 100 

1/2" 93 

3/ 8" 81 

#4 60 

l!O 45 

#20 36 

#40 28 

.180 13 

1200 

ASPHALT 
CONTENT, 
r. TOTAL WT. 5 .6 

100 
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rn 
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20 

#200 

SYEN!TE GRAVEL 

100 100 

93 96 

84 81 

61 60 

42 43 

28 31 

21 22 

12 12 

5 .3 5.4 

a COARSE 
o COARSE-FINE 
• JMF 
6 FINE-COARSE 
o FINE 
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FIGURE 1 Gradation variations tested. 
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fraction (No. 200 sieve). The variations from the job mix 
formula for the other sieve sizes were prorated based on the 
0.45 power gradation scale . The coarse-fine gradation was 
similar to the fine-coarse gradation, but the sign of the de
viations from the job mix formula was reversed. 

SPECIMEN PREPARATION 

To control the gradation of the test specimens, all aggregates 
were separated into the various size fractions (e.g., Y2 in . to 
3/s in., % in . to No. 4) and stored in metal buckets. When test 
specimens were prepared , the aggregates were recombined 
to provide the desired gradation with each test specimen batched 
separately. In the recombination, the composition of each size 
fraction relative to aggregate sources was held constant. Thus , 
if the No. 4 to No. 10 material of the job mix formula was 
composed of 18 percent from the coarse aggregate source , 37 
percent from the coarse sand, and 45 percent from the fine 
sand, these same percentages were used for the No. 4 to No. 
10 fraction in all gradation variations of that mix . In this 
manner, all effects observed from the testing are the result 
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TABLE 2 GRADATION VARIATIONS USED IN 
STUDY 

CHANGE lN PERCENT PASSING FROM JOB MI X FORMULA 

SIEVE SURFACE COURSE MIXES 
SIZE FINE FINE-COARSE JMF COARSE-FINE COARSE 

1/2" t6 t6 -6 -6 

3/8" t8 t5. 93 -5.93 -8 

14 t6 ti. 29 -1.29 -6 

flO tS -1. 24 ti. 24 -6 

120 +5 -2 .80 +2 .80 -5 

140 t4 -1. 95 0 t1 .95 -4 

180 +3 -1. 68 +1.68 -3 

1100 +1 -1 t1 -1 

SIEVE BINDER COURSE MIXES 
SIZE FINE F !NE · COARSE JMF COARSE-FI NE COARSE 

3/4" +8 +8 -8 -8 

1/1" +12 +7. 51 -7. 51 -11 

3/8" tl1 +4. 99 -4. 99 -11 

14 +8 -0.10 +O. IO -8 

#10 +6 -1.33 +1.33 -6 

120 +6 -3 .85 +3 .85 -6 

140 +5 -3. 93 +3.93 -5 

180 +4 -3 .65 +3.65 -4 

1200 +2.5 -1 . 50 +1.50 -1.5 

of variations in the gradation rather than variations in aggre
gate composition. 

Two types of test specimens were prepared: standard Mar
shall specimens and 4 x 4 ( 4-in . diameter by 4-in . high) 
cylindrical specimens. The Marshall specimens were molded 
in accordance with AASHTO T245 using 75 blows of 
the compaction hammer on each face of the specimens . The 
4 x 4 specimens were prepared using rodding and static 
compaction . 

The cylindrical molds for the 4 x 4 specimens were de
signed to provide a fixed volume for density control. This was 
accomplished by having end caps that extended a fixed dis
tance into the mold . The distance was controlled by a lip 
extending beyond the cap. A spacer was used with the bottom 
end cap to hold it partly out of the mold during rodding . In 
this way, both end caps were pushed into the mold during 
the static compaction, obtaining compaction from both ends. 

In preparing the 4 x 4 specimens, the amount of mix re
quired to produce a specimen with 5 percent air voids was 
weighed out and divided into thirds. Each third was placed 
in the mold and rodded in place. After all three layers had 
been rodded, compaction was completed on a compression 
test device by pushing the end caps until the volume control 
lips were seated on the mold. The objective was to produce 
specimens with 5 percent air voids that were uniform top to 
bottom. As will be shown, this objective was not achieved. 

MARSHALL SPECIMEN TESTING 

Four Marshall specimens were made of each gradation vari
ation for each mix. These specimens were tested for air voids, 
voids in mineral aggregate (VMA), Marshall stability , Mar
shall flow, and resilient modulus. Air voids and VMA were 
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determined based on specimen bulk specific gravities 
(AASHTO T166) and Rice maximum specific gravities 
(AASHTO 1'209). 

Resilient modulus was determined using the diametral test 
developed by Schmidt (J) . The test temperature was 77°F. 
The dynamic pulse load was 75 lb, and the radial displacement 
due to the load was measured at 0.05 sec of loading. Meas
urements were made on three axes 120 degrees apart , and 
the average was used as the specimen resilient modulus. 

4 x 4 SPECIMEN TESTING 

Two 4 x 4 specimens were made for each gradation variation. 
These specimens were used for creep testing and split tensile 
strength testing. 

The creep testine w;is r.nnrl11f'.tr.d at l04°F using the resilient 
modulus apparatus operated in a static load mode with the 
specimen loaded in the axial direction. The specimens were 
placed in an oven set at 104°F for at least 24 hr before testing. 
For temperature control during testing, an insulated chamber 
was placed on the test apparatus around the loading head. 
Temperature was controlled using a thermal couple temper
ature probe, which was attached as a thermostat to a hair 
dryer. The test specimens were stored in the chamber at least 
1 hr before testing for temperature stabilization. 

The top and bottom surfaces of the specimens were coated 
with graphite before testing to reduce surface friction. Before 
creep testing, each specimen was conditioned with a set load
ing history to reduce any influence caused by small surface 
irregularities . The conditioning consisted of applying the creep 
loading (15 psi) for 10 min followed by 10 min of no load . 

The creep load (15 psi) was then applied for 1 hr with the 
creep deformation being measured at 5 sec, 30 sec, 2 min, 30 
min, and 60 min . The creep stiffness was calculated for each 
interval as 

Sx = /*hid 

where 

Sx = creep stiffness at time x; 
I = creep loading stress (15 psi); 

h = original height of specimen; and 
d = specimen vertical deformation at time x . 

After creep testing, each 4 x 4 specimen was sawed in half 
to provide two specimens for the split tensile strength test. 
The split tensile strength was determined at 77°F using the 
Marshall test apparatus but with the Marshall breaking head 
replaced by loading caps that would apply the diametral load 
over l/2-in. bearing width. The rate of loading was the same 
as the Marshall loading rate , 2 in./min. 

ANALYSES OF MARSHALL SPECIMEN DATA 

Methods of Analysis 

The data from testing the Marshall specimens were analyzed 
to identify the effect of gradation variation. Two types of 
analyses were used: analysis of variance and t-test groupings . 
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Analysis of variance examines the variation in the test pa
rameters (i.e. , air voids, VMA, stability, flow, and resilient 
modulus). It compares the variation observed between rep
licate mix specimens with the variation observed between mix 
specimens having different gradations. If gradation has no 
effect, the degree of variation will be the same for replicate 
specimens and for specimens of different gradation. However, 
if gradation does affect the value of the test parameter , the 
degree of variation for all the test specimens will be greater 
than the degree of variation for test specimens from a single 
gradation. 

The measure of statistical significance in the analysis of 
variance is the F-ratio. The level of significance is indicated 
by the probability of finding a higher F-ratio if, in fact, no 
effect due to gradation exists. Low probabilities of a higher 
F-ratio indicate a high probability of an effect attributable to 
gradation. In this study, probabilities less thun 0.05 indicated 
a statistically significant effect due to gradation. 

Analysis of variirnce provides a statistical determination of 
whether the test parameter values have differences that might 
be caused by the gradation variation. However, if differences 
are identified, analysis of variance does not indicate where 
those differences occur (i .e., which gradations cause the dif
ferences). To make this type of determination, the I-test 
groupings were used. 

The I-test groupings examine the mean values of the test 
parameters relative to the various mix gradation categories . 
The means are compared one by one using the standard 
t-test. Based on the individual comparisons, the gradations 
are placed in groups having similar means. The separation of 
the various gradations into two or more groups indicates a 
significant difference between the mean values of the test 
parameter being examined. This, then, indicates an effect 
attributable to the gradation variation. 

These two methods were used to analyze the Marshall spec
imen data from each of the mixes individually and to analyze 
all of the data together. When all of the data were analyzed 
together, the analysis of variance was performed to identify· 
effects attributable to the type of aggregate (limestone, gravel, 
and syenite) and the type of mix (surface and binder). 

Air Void Analyses 

Analysis of variance showed that air voids were affected by 
gradation variation, mix type, and aggregate type (Table 3). 
The t-test groupings showed that the fine-coarse gradation 
had the highest air voids and the coarse-fine mix had the 
lowest (Table 4). The other gradation variations (fine, coarse, 
and JMF) tended to have nearly equal air void contents . 

These data show that the crossover gradation variations 
(coarse-fine or fine-coarse) have the greatest effect on air 
voids. Gradation variations that tend to parallel the job mix 
gradation do not cause significant changes in the mix air void 
contents. However, gradation variations that cross from coarse 
on the large size fractions to fine on the small size fractions 
cause a significant decrease in air voids . Conversely, gradation 
variations that cross from fine to coarse cause an increase in 
the air voids. For the mixes tested, the coarse-fine gradation 
would be judged to be most detrimental because it resulted 
in unacceptably low air void contents . 
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TABLE 3 AIR VOIDS, ALL MARSHALL SPECIMENS: 
ANALYSIS OF VARIANCE 

ANALYSIS OF VARIANCE 

Source of Degrees of Sum of Mean 
Variation Freedom Squares Square Prob. of > F 

Gradation (G) 4 60.102 15.025 84.99 0.0001 
Aggregate (A) 2 29.119 14 .559 82.35 0.0001 
Hix Type (M) 1 7 . 047 7 .047 39.86 0.0001 

G•A 8 4.450 0.556 3.15 0. 0035 
G*M 4 1.061 0.265 1.50 0. 2088 
A*M 2 2. 347 1.173 6.64 0.0020 
G*A*M 8 4. 913 0.614 3.47 0 .0016 

Error 90 15 .911 0 .1 77 
Total 119 124 . 950 

The level of significance is indicated by the probability of greater F. 
Probabilities less than 0. 05 are generally judged as being indicative of 
a significant effect. 

TABLE 4 AIR VOIDS, ALL MARSHALL 
SPECIMENS: T-TEST GROUPINGS 

T Grouping Mean Gradation Variation 

A !~~91 F lllt -CoARst 
B 2. 298 FINE 
B 2. 202 JOB MIX FORMULA 
B 2 .126 COARSE 
c l.40S COARSE-FINE 

Means in the same T Grouping are not significantly different at 
alpha equal to 0.05. 

VMA Analyses 

Analyses of the VMA data produced results nearly identical 
to the air void analyses. VMA content was found to be af
fected by gradation variation, mix type, and aggregate type 
(Table 5). The t-test groupings showed that the fine-coarse 
gradation had the highest VMA and the coarse-fine had the 
lowest (Table 6). The other gradation variations (fine, coarse, 
and JMF) tended to have nearly equal VMA contents. 

Similarly, to the air void analyses, the crossover gradation 
variations (coarse-fine or fine-coarse) had the greatest effect 
on VMA. No significant changes in VMA were observed for 
gradation variations that tend to parallel the job mix grada
tion. However, coarse-fine gradations caused a significant de-

TABLE 5 VMA, ALL MARSHALL SPECIMENS: 
ANALYSIS OF VARIAN CE 

Source of 
Variation 

Gradation (GJ 
Aggregate (AJ 
Hix Type (HJ 

G*A 
G*H 
A*H 
G*A*M 

Error 
Total 

Degrees of Sum of Hean 
Freedom Squares Square 

4 
2 
I 
8 
4 
2 
B 

90 
119 

45.101 
17 . 834 

226.051 
4 . 712 
0.877 
l. 718 
3.548 

12.193 
312.033 

11.275 
8.917 

226 .OSl 
0. 589 
0 .219 
0.8S9 
0.443 
0 . 13S 

83 . 23 
65.82 

1668 .61 
4.35 
l.62 
6.34 
3.27 

Prob. of > F 

0.0001 
0.0001 
0 .0001 
0 .0002 
0 .1764 
0 .0027 
0.002S 

The leve 1 of significance is indicated by the probability of greater F. 
Probabilities less than 0.05 are generally judged as being indicative of 
a significant effect. 

TABLE 6 VMA, ALL MARSHALL SPECIMENS: 
T-TEST GROUPINGS 

T Grouping Hean Gradation Variation 

A 
Ill~ 

I~ . 21 FIHE·COARSE 
B 13 . 57S FINE 
B 13 . S08 JOB HIX FORMULA 
B 13 . 4S4 COARSE 
c 12 . 829 COARSE-FINE 

Means in the same T Grouping are not significantly different at 
alpha equal to 0.05. 
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crease in VMA, and fine-coarse gradations caused an increase 
in VMA. The coarse-fine gradation would be judged to be 
most detrimental because it resulted in an unacceptably low 
VMA content. 

Stability Analyses 

Analysis of variance of the Marshall stability data from all 
the mixes showed significant effects due to gradation, aggre
gate type, and mix type (Tables 7 and 8). In general, the fine 
gradation had the highest stability and the fine-coarse gra
dation had the lowest stability. 

These trends, however, were not observed in every mix. 
The highest stability occurred with the fine gradation in five 
of the six mixes; the stability was second highest in the sixth 
mix. Similarly, the fine-coarse gradation had the lowest sta
bility in four of the six mixes and was second lowest in the 
other two. 

The stabilities of all the mixes were quite high, and the 
lowest stabilities observed would not indicate a mixture prob
lem. Consequently, the effect of gradation variation on the 
stability of these mixes did not appear to be significant. 

Flow Analyses 

Marshall flow was also found to be affected by gradation , 
aggregate type, and mix type (Tables 9 and 10). The t-test 
groupings showed that for five of the six mixes, the coarse
fine gradation had the highest flow and the fine-coarse gra
dation had the lowest flow. The other gradation variations 
(fine, JMF, and coarse) did not show any consistent pattern . 

The t-test grouping analysis for all the data showed the flow 
data to fit into three gradation groups. The coarse-fine gra
dations were alone in the high flow group, and the fine-coarse 
gradations were alone in the low flow group. The other gra
dations were grouped together. 

TABLE 7 STABILITY DATA, ALL MARSHALL 
SPECIMENS: ANALYSIS OF VARIANCE 

Source of Degrees of Sum of Mean 
Variation Freedom Squares Square Prob . of > F 

Grad at ion (GJ 4 128696S7 3217414 25 . 70 0 .0001 
Aggregate (AJ 2 18954S44 9477272 7S . 69 0.0001 
Hix Type (HJ l 9403S21 9403521 7S . IO 0.0001 

G*A 8 2741912 342739 2. 74 0.0095 
G•H 4 1249S7J 312393 2. SO 0. 0484 
A•H 2 4854283 2427141 19 .39 0 .0001 
G•A*M 8 1S50071 193759 I.SS O. IS22 

Error 90 11268529 125206 
Total 119 62892086 

The level of significance is indicated by the probability of greater F. 
Probabilities less than 0.05 are generally judged as being indicative of 
a significant effect. 

TABLE 8 STABILITY DATA, ALL MARSHALL 
SPECIMENS: T-TEST GROUPINGS 

T Grouping 

A 
A & B 
B & C 
C & D 

D 

Mean 

pb> nu 
3966.5 
3807 .3 
3471.8 
3302 ,8 

Gradation Variation 

FlllE 
COARSE-FINE 
JOB MIX FORMULA 
COARSE 
FINE-COARSE 

Means in the same T Grouping are not significantly different at 
alpha equal to 0.05. 
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TABLE 9 FLOW DATA, ALL MARSHALL 
SPECIMENS: ANALYSIS OF VARIANCE 

Degrees of Sum of Mean Source of 
Variation Freedom Squares Square Prob . of > F 

Gr adati on (G) 4 
Agg regate (A) 2 
Mix Type (M) I 

G*A 8 
G*M 4 
A*M 2 
G*A*M 8 

Error 90 
Total 119 

221.686 
86 , 565 
71.765 
70 . 329 
33 . 529 
25 . 817 
15 . 674 

252 . 430 
777 . 795 

55.421 
43.2B3 
71.765 
B. 791 
B. 3B2 

11 . 909 
J. 959 
2.B05 

19 . 76 
15 . 43 
25 . 59 
3. 13 
2. 99 
4. 60 
0. 70 

0 .0001 
0.0001 
0.0001 
0. 0036 
0. 0229 
0.0125 
O.G920 

The level .of signif ic anc e i s indicated by the pr obability of gr eat er F. 
Pr obabilities les s th an 0 .05 are generally j udged as being ind icat ive of 
a significant effect. 

TABLE 10 FLOW DATA, ALL MARSHALL 
SPECIMENS: T-TEST GROUPINGS 

T Groupi ng 

A 
8 
8 
B 
c 

5.89 
13 .B58 
13 . 554 
13 . 346 
11.633 

Gradat i on Var iation 

tOARSE ·F lllE 
JOB MIX FORMULA 
FINE 
COARSE 
FINE · COARSE 

Means i n the same T Groupi ng are not sign ifi cantl y different at 
alpha equal t o 0 .05 . 

Thus , similarly to the air void and VMA data, the flow 
data suggest that gradation va1iatio11s that paralld the job mix 
gradation do not significantly affect the mix. The crossover 
variations that change the shape of the gradation curve do 
have a significant effect. The flow values of some of the coarse
fine gradations approached and exceeded the maximum value 
generally considered to be accepta ble for heavy traffic 
conditions. 

Resilient Modulus Analyses 

Analysis of variance found no significant differences in the 
resilient modulus values that might be attributed to the gra
dation variation (Tables 11 and 12) . Analysis of all the data 

TABLE 11 RESILIENT MODULUS DATA, ALL 
MIXES: ANALYSIS OF VARIAN CE 

Source of 
Variation 

Degrees of Sum of Mean 
Freedom Squares Square 

Gradation (G) 4 
Aggregate (A) 2 
Mix Type (M) I 

G*A 8 
G*M 4 
A*M 2 
G*A*M 8 

Error 90 
Total 119 

547B5 
521449 

4443671 
2B3344 

52JBB 
27599B 
266125 
B60602 

675Bl62 

13696 
260714 

4443671 
3541B 
13047 

137999 
33266 

9562 

1.43 
27 . 27 

464 . 71 
3 . 70 
1.36 

14 . 43 
3 . 4B 

Prob. of > F 

0. 129B 
0 .0001 
0 .0001 
0 .0009 
0. 2516 
0 .0001 
0. 0015 

The level of significance is indicated by the probability of greater F. 
Probabilities less than 0 .05 are generally judged as being indicative of 
a significant effect. 

TABLE 12 RESILIENT MODULUS DATA, ALL 
MIXES: T-TEST GROUPINGS 

T Grouping Mean, ksi Gradat ton Variation 

A Bl2 JOB MIX FORMULA 
A B09 FINE 
A B03 COARSE 
A 7BO COARSE-FINE 
A 755 FINE-COARSE 

Means in the same T Grouping are not significantly different at 
alpha equal to 0 .05. 
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indicated significant effects attributable to aggregate type and 
mix type but no significant effect caused by gradation. Over
all , within the range used in this study, gradation variation 
appeared to have little effect on the resilient modulus of 
the mix. 

ANALYSES OF 4 x 4 SPECIMEN DATA 

Methods of Analysis 

The data from the 4 x 4 specimens were analyzed in much 
the same manner as the data from the Marshall specimen. 
However, analysis of covariance was used in lieu of analysis 
of variance for some of the analyses . 

Analysis of covariance is quite similar to analysis of variance 
except that it is used when some of the variables being ana
lyzed are continuous, measured values rather than classifi
cations. Gradation category, aggregate type, and mix type are 
all classification variables. Data from a given mix fit into 
specific categories of gradation, mix, and aggregate . Air void 
content, on the other hand, is a measured value that covers 
a continuous range. 

Because air voids could not be controlled precisely but have 
a strong impact on strength, the analyses of the 4 x 4 spec
imen data included examination of the effects of air voids. 
The analysis of covariance was used, which in effect provides 
a means io compensate for the influence of differences in air 
void contents. 

The analyses of covariance listings are somewhat different 
than the analyses of variance listings. The analyses of co
variance show both Type I and Type III sums of squares. The 
Type I sums of squares pertain to the model analysis, and the 
corresponding F ratios relate to the significance of the mix 
parameters as they are added sequentially in the analysis. In 
this respect, they do not necessarily reflect the level of sig
nificance for the individual parameters (i.e., gradation , mix 
type, or aggregate type). The Type III sums of squares and 
corresponding F ratios provide a measure of the significance 
of the individual parameters. 

Like it is in the analysis of variance, the measure of statis
tical significance in the analysis of covariance is the F-ratio . 
However, for the individual mix parameters , the F-ratio from 
the Type III sums of squares should be examined. 

The analysis of covariance was used primarily with the split 
tensile strength data. Preliminary analyses of the creep data 
using analysis of covariance revealed that air void variation 
did not have a significant effect on the creep stiffnesses . 
Therefore, analysis of variance was used and is reported for 
the creep data. 

The t-test groupings were again used to examine the mean 
values of the test parameters relative to the various mix gra
dation categories. In addition, the split tensile strength data 
were examined with the mean strengths adjusted for the ef
fects of density. 

These methods of analysis were used to analyze the 4 x 4 
specimen data from each of the mixes individually and to 
analyze all of the data together. When all of the data were 
analyzed together, the analysis was performed to identify ef
fects attributable to the type of aggregate (limestone, gravel, 
and syenite) and the type of mix (surface and binder). 
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Split Tensile Strength Analyses 

Analysis of covariance showed split tensile strength to be 
affected by gradation variation and air void content (Table 
13). Aggregate type and mix type were not found to be sig
nificant as individual parameters, but the interaction between 
them (A*M) was found to be significant. An examination of 
the strength data reveals the reason for this finding. With the 
limestone and gravel aggregate, the binder mixes had higher 
strengths than the surface mixes. However, the surface mix 
was stronger with the syenite aggregate. Also, the syenite 
aggregate had the highest strength for surface mixes but the 
lowest for binder mixes. 

The t-test groupings from all the data show the JMF gra
dation to have the highest strength (Table 14). The coarse 
gradation has the lowest strength and is grouped alone, in
dicating that its strength is significantly lower than any of the 
other gradation variations. In the individual mix analyses, 
JMF was found to have the highest strength for four of the 
six mixes, and coarse was found to be lowest for five of the 
six. However, because of the very strong influence of air void 
content on strength, additional analyses were performed to 
compensate for the influence of differences in air void content. 

This testing was done by performing regression analyses on 
the data for each gradation variation. These analyses pro
duced a series of equations that predict the split tensile strength 
for any given air void content. The regression equations and 
the predicted strengths for air void contents of 4 to 7 percent 
are shown in Table 15. At 6 and 7 percent air voids, the fine 
gradation is predicted to have the highest strength and the 
JMF gradation the second highest. The coarse gradation has 
the lowest predicted strength at each air void content. 

TABLE 13 SPLIT TENSILE STRENGTH DATA, ALL 
MIXES: ANALYSIS OF COY ARIAN CE 

Source of Degrees of Sum of Mean 
Variation Freedom Squares Square Prob. of > F 

Model 
Gradation (G) 4 6781. 7 1695.4 15.01 0.0001 
Aggregate (A) 1 9084 .8 4541.4 40.15 0.0001 
Mix Type (M) 1 3809 .4 3809. 4 33. 75 0.0001 

G•A 8 1153.1 156.6 I. 39 0.1131 
G•M 4 591.6 147 . 9 1.31 0 .1715 
A•H 1 5631. 7 1816.4 14.95 0 .0001 
G•A•H 8 696. 9 87. I o. 77 o. 6184 

Air Voids I 19011.5 19011.5 168.55 0.0001 
Error 87 9818. 7 111.9 
Total 117 56691.5 

TYPE 1I1 SUM OF SQUARES 
Gradation (G) 4 9864 .1 1466 . 0 11.85 0 . 0001 
Aggregate (A) 1 15. 5 11. 7 0.11 0 . 8935 
Hix Type (H) 1 15. 7 15 . 7 0.13 0 . 6347 

G•A 8 371.1 46 . 4 0.41 0.9115 
G•H 4 1064 .5 166. I 1.36 0 . 0597 
A•M 1 3BOO .1 1900.1 16.84 0 . 0001 
G*A*H 8 703.4 87 .9 o. 78 0 . 6111 

Air Vo1ds 1 19011. 5 19011 .5 16B.55 0 . 0001 

The level of significance is indicated by the probability of greater F. 
The Type III sum of squares is indicative of individual effects. 
Probabilities less than 0 . 05 are generally judged as being indicative of 
a significant effect. 

TABLE 14 SPLIT TENSILE STRENGTH DATA, 
ALL MIXES: T-TEST GROUPINGS 

T Grouping Mean Gradation Variation 

A Ui~l JOB HIX FORMULA 
A & B 139.0 COARSE-FINE 
8 & C 134 .8 FINE 

c 119.5 FINE-COARSE 
0 111.0 COARSE 

Means in the same T Grouping are not significantly di fferent at 
alpha equal to 0.05. 

TABLE 15 SPLIT TENSILE STRENGTHS ADJUSTED 
FOR AIR VOID CONTENT 

Gradation 
Variation 

JMF 
FINE 
FINE-COARSE 
COARSE-FINE 
COARSE 

Mix Air Void Content 
4% 5% 6% 7% 

Prodlcled Split Tensile Strenglh, psi 
I Bl 164 14B 131 
171 161 150 139 
171 158 144 130 
I67 154 140 116 
141 133 114 114 

Prediction Equation: ST== a + b*AV 

where ST = predicted strength 
a & b"" regression constants that have the fo11owing 

values 

JHF 
FINE 
FINE-COARSE 
COARSE-FINE 
COARSE 

a 
145.8 
115. 5 
116.0 
111. 7 
IBO. I 

b 
- 16.30 
- 10 . 91 
- 13.65 
- 13 .Bl 
- 9. 41 

(R1 • .74, Std. Error of Est. = 11.7) 
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There is some question about the legitimacy of the air void 
adjustment. If the air void differences were caused by the 
gradation variations, the adjustments should not have been 
made. However, because of manner in which these specimens 
were made (static compaction to a controlled volume), they 
were all expected to have the same air void content. Con
sequently, the air void differences can only be attributed to 
laboratory procedures, so the adjustments are considered 
appropriate. In retrospect, a better approach might have 
been to prepare the specimens using a fixed compactive effort. 
Any air void variation could have been attributed to gradation 
variation, and no adjustment for air voids would have been 
needed. 

Creep Data Analyses 

Preliminary analyses of the creep data examined the effect of 
air voids. These analyses showed that air void content vari
ation was not a significant factor relative to creep stiffness. 
As an example, the analysis of covariance for the 60-min creep 
stiffness for all the data had a probability of greater F of 
0.1474 (Table 16). Similar results were obtained for each of 

TABLE 16 ANALYSIS OF COVARIANCE OF 60-MIN 
CREEP DATA 

Source of Degrees of Sum of Mean 
Variation Freedom Squares Square Prob. of > F 

Model 
Gradation (G) 4 1933400 733350 1 . B4 0.0411 
Aggregate (A) 1 14890594 11445197 48.11 0 . 0001 
Hix Type (M) I 371740 371740 1.44 0 . 1391 

G*A 8 349334B 436668 1.69 0.1430 
G*M 4 187144 71Bll 0 . 1B o. BB97 
A*M 1 800113 400107 I. 55 0 .1193 
G*A*M 8 6545619 81B104 3 . 17 0.0105 

Air Voids I 571I54 572I54 1 . 11 o. I474 
Error 19 7486454 158154 
Total 59 473Bl776 

TYPE I I I SUM OF SQUARES 
Gradation (G) 4 3016974 756744 2. 93 0.0376 
Aggregate (A) 1 1947314 1473661 5. 71 0.00Bl 
Mix Type (M) I l 391B4 l392B4 0.54 0 . 46B5 

G*A 8 40654B3 5081B5 1.97 0.0B71 
G*M ~ 566694 141673 0.55 0. 7013 
A*M 1 538551 169176 1.04 0 . 3651 
G•A•M 8 7063B70 881984 3 .41 0.0069 

Air Voids I 571154 571154 1.11 0.1474 

The level of significance is indicated by the probability of greater F. 
The Type Ill sum of squares is indicative of individual effects. 
Probabilities less than 0.05 are generally judged as being indicative of 
a significant effect. 
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the other time intervals and in the analyses of the data from 
the individual mixes . 

Subsequent analyses tested variance and examined the in
fluence of gradation variation, aggregate type, and mix type. 
Tables 17 and 18 show the analyses for the 60-min creep 
stiffness. The analysis of variance shows that gradation var
iation and aggregate type had a significant effect on creep 
stiffness but that mix type was not significant. Analyses of 
the creep stiffnesses at the other time intervals were similar 
except gradation was not significant at the 5-sec interval and 
mix type was significant at 2 min, 30 sec, and 5 sec. 

For each time interval, the t-test groupings for all the data 
show that the JMF had the highest creep stiffness and the 
coarse-fine and fine-coarse gradations had the lowest creep 
stiffness. Fine and coarse had about the same stiffness and 
alternated with one another for second and third highest. 
Thus, similarly to the resulls fwm lht: Marshall specimens, 
the crossover gradation variations were found to have greater 
impact on the properties of the mix than do gradation vari
ations that result simply in a finer or coarser mix. 

However, the differences between creep stiffnesses for the 
various gradations are not great and the relative rankings are 
not consistent when the data from the individual mixes are 
examined. At the 60-min, 30-sec, and 5-sec intervals, four 
gradations were placed in a single group, indicating no sig
nificant difference . When the individual mixes were exam
inecl, JMF is found to have the highest creep stiffness in only 
two cases; coarse-fine is lowest or second lowest in four cases; 
and fine-coarse is lowest or second lowest in only three cases. 

Comments on Air Voids 

Although this study was not intended to study the effect of 
air voids, the inability to control the air voids in the 4 x 4 
specimens and the impact of air voids on the test results war
rant comment. The 4 x 4 specimens were molded in a manner 
intended to produce uniform specimens of controlled (5 per
cent) air void content. Examination of the creep data showed 

TABLE 17 60-MIN CREEP DATA, ALL MIXES: 
ANALYSIS OF VARIANCE 

Source of Degrees of Sum of Hean 
Vari at ion Freedom Squares Square Prob. of > F 

Gradation (G) 4 2933400 733350 2. 73 0.0475 
Aggregate (A) 2 24690594 12445297 46.33 0.0001 
Mix Type (M) 1 372740 372740 1.69 0.2461 

G*A 8 3493348 436666 1.63 0.1592 
G*M 4 287244 71811 0.27 0.8966 
A*M 2 800213 400107 1.49 0.2417 
G*A*M 8 6545629 818204 3.05 0.0125 

Error 30 8058608 268620 
Total 59 47361776 

The level of significance is indicated by the probability of greater F. 
Probabilities less than 0 .05 are generally judged as being indicative of 
a significant effect. 

TABLE 18 60-MIN CREEP DATA, ALL MIXES: 
T-TEST GROUPINGS 

T Grouping Mean, psi Gradation Variation 

A 5994 JOB MIX FORMULA 
A & B 5702 FINE 
A & B 5680 COARSE 

B 5442 COARSE-FINE 
B 5367 FINE-COARSE 

MP.itM in t.hP. sitmP. T Grnuping arP. not significantly different at 
alpha equal to 0.05. 
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that the control of air voids was not successful. After the 
creep testing, the 4 x 4 specimens were sawed in half and 
used for the split tensile testing. The split tensile data showed 
that the specimens were also not uniform . In all cases, the 
top half of the specimen had lower air voids than did the 
bottom half. The top half also always had the higher split 
tensile strength. 

Regression analysis of all the split tensile strength data 
showed that, in general, a 1 percent decrease in air voids 
results in a 12.7 psi increase in split tensile strength. For the 
individual gradation variations (Table 15), this effect ranged 
from 9.4 psi/percent for the coarse gradations to 16.3 psi/ 
percent for the JMF gradations. This suggests that, within the 
typical range of variation encountered on asphalt construction 
projects, split tensile strength is more sensitive to the density 
achieved than it is to gradation variation. 

RELATIVE LIFE EFFECTS 

The split tensile strength and creep tests were performed to 
provide data that could be used to examine the relative effects 
of gradation variation on the life of an asphalt pavement. The 
relative life analyses were to follow procedures established 

. by Elliott and Herrin (2). Because the various gradations were 
examined relative to the job mix formula, the JMF gradation 
was assigned a relative life of 100 percent. 

Fatigue Life Analyses 

The split tensile strength data were to be used to estimate the 
effect of gradation variation on the fatigue life of an asphalt 
pavement. The fatigue procedure is based on work by Maupin 
and Freeman (3), who showed that the split tensile strength 
can provide a reasonable estimate of the fatigue properties 
of a mix . Using Maupin's relationships, Elliott and Herrin 
developed the following relative life equation: 

log (Na/Nb) = SF* (ST" - STb) 

where 

Na/Nb relative life ratio for two mix variations (a 
and b); 

STa and STb split tensile strengths of the two mix vari
ations; and 

SF = strain factor, which Elliott and Herrin found 
to be 0.0163 for typical asphalt pavements. 

The relative life equation was applied to the mean strength 
data and to the split tensile strengths adjusted for air void 
content. Table 19 shows the relative life predictions based on 
the mean strength data and on the strengths predicted for 5 
percent air voids, which was the target air void content for 
the study. The relative life predictions for air void contents 
of 4 to 7 percent are shown in Figure 2. 

These results indicate that the relative life prediction is quite 
sensitive to variations in split tensile strength. They show that 
the coarse gradation variation can be expected to have a sig
nificantly greater detrimental impact on fatigue life than do 
the other variations. The results also suggest that, within the 



Elliott et al. 

TABLE 19 RELATIVE FATIGUE LIFE ANALYSES 
USING MEAN STRENGTH DATA AND PREDICTED 
STRENGTH AT 5 PERCENT AIR VOIDS 

Gradation 
Variation 

JMF 
FINE 
FINE-COARSE 
COARSE-FINE 
COARSE 

-+-' 
c 

200 

~ 150 
..__ 
Q) 

0... 

~ 100 

=:i 

w 
> 
~ 50 
__J 

w 
Cl::'. 

Hean Relative 
Strength Life 

J44 ps i JOO% 
139 ps i 83% 
135 ps i 7J% 
130 ps i 58% 
122 ps i 44% 

Predicted Relative 
Strength, 5% AV Life 

J64 psi JOO% 
J61 psi 88% 
J58 psi 78% 
J54 psi 67% 
J33 psi 3Jll 

• JOB MIX FORMULA 
o FINE 
o FINE-COARSE 
" COARSE- FINE 
0 COARSE 

- - - -~ 
- -0-- - - - - ------{) - ... - - - - ---o 

o-+-~~~~~~~~~~~-r-~~~~~~ 

4 5 5 
AIR VOIDS, percent 

FIGURE 2 Effects of gradation and air void 
variations on relative fatigue life. 
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normal range of air void and gradation variation, fatigue life 
is generally more sensitive to air void content (i.e. , compac
tion) than it is to gradation. 

Rut Depth Analyses 

The creep data were to be used to examine relative life effects 
in terms of rut development. The simple creep data are used 
in the Shell method ( 4) of asphalt pavement design to predict 
rutting in asphalt layers. In its simplest form, the Shell rut 
prediction equation is 

where 

RD predicted depth of rutting, 
h thickness of asphalt layer, 
s = average load-induced stress in the layer, and 

Sm;x stiffness of mix at total (accumulated) time of all 
axle loadings applied. 

The stiffness of the mix used in the prediction is for the 
mix at a temperature representative of local climatic condi
tions and at the accumulated total time of heavy vehicle ap
plications. The stiffnes is selected based on a relation hip 
developed from the simple creep test between the stiffness of 
the mix and the stiffness of the asphalt cement . 
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Shell has shown that a linear logarithmic relationship exists 
between mix stiffness and asphalt stiffness. The specific re
lationship for a given mix is developed by (a) measuring the 
mix stiffness at various time intervals using the simple creep 
test, (b) determining the asphalt stiffness at those time inter
vals and the creep test temperature using Van der Poel's 
nomograph (4) , and (c) performing a best fit linear logarith
mic regression analysis on the stiffness values. 

In the rut depth prediction for a given mix, the total time 
of axle loading and the representative mix temperature are 
determined. These are used with Van der Poel's nomograph 
to determine the asphalt cement stiffness . This asphalt mix 
stiffness is then used with the linear logarithmic relationship 
to determine the mix stiffness that goes into the rut depth 
prediction equation. 

The data from this study were analyzed to develop the 
"typical" linear logarithmic relationships for each gradation 
variation . The resulting relationships were subsequently used 
with the Shell method of rut prediction to examine the effect 
of the gradation variations on rut development in a 6-in . as
phalt layer. 

The results of the rut depth analyses are shown in Table 
20 . The table shows the relative depth of rutting for the two 
traffic levels (1 million and 50 million axle applications). These 
analyses indicate that, in comparison with the JMF gradation, 
the fine and coarse gradation variations would experience 7 
to 10 percent greater depth of rutting, and the coarse-fine 
and fine-coarse gradation variations would experience 13 to 
19 percent greater depth of rutting . 

SUMMARY, CONCLUSIONS, AND 
RECOMMENDATIONS 

This study investigated the effect of aggregate gradation var
iation on the behavior of asphalt concrete hot mixes. The 
study was specifically aimed at the effects of typical construc
tion variability. As a result, the gradation variations tested 
were selected to represent the extremes typically encountered 
on actual construction projects. If the study had been directed 
toward a more general determination of gradation effects , a 

TABLE 20 RELATIVE RUT DEPTH PREDICTION 
ANALYSES 

DEPTH OF RUTTING TO FIXED NUM BER OF AXLE LOADS 
Qn£ !!llllga axlt LQ;i~~ flfti Mllll 2n a~1~ L2i~I 

GuSla ~ll20 ~iCliUSHJ BY ~ 1!£Q~b a Q[ JHE BYL Ds:R1b li Qf ~ME 

JOB MIX FORMULA 'J60" JOO . 2JO " JOO 

FINE _ J 72" J07 . 130" J09 

COARSE , J72" J07 . 232" 110 

COARSE-FINE , J80" JJJ . 146" 117 

FINE- COARSE . 186" 116 , 24g• 11g 

PRfO ICTED ~PPllCATIOllS TO FIXED OEPlH Of RUTIWG 
R!.ll CB:Rlh • 1~0 · M a~alh - zw 

Gr ad•!12• V•T l•llon ll i;Ht1 i i;;atI2n~ & Qf ~~E tuzuJ l!:;-ilthms 2:i Rf JHF 

JOB MIX FORMULA J ,000 ,000 JOO 50 ,000,000 JOO 

FINE 40 J , 000 40 14 , 960, 000 30 

COARSE 389. 000 39 13, 540 ,000 17 

COARS E- FI NE 126, 0.00 13 6,810,000 14 

FINE- COARSE 165, 500 17 5,360 ,000 II 
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wider range of gradation would have been tested. In partic
ular, wider ranges of the fine aggregate fractions would have 
been used because these fractions generally control the mix 
behavior. 

Six mixes were tested: three surfaces and three binders. 
Each mix was tested at five different aggregate gradations 
(Figure 1): (a) the job mix formula (JMF); (b) a coarse gra
d<ttion (coarse); (c) a fine gradation (fine); (d) a gradation 
that crossed from coarse on the large size fractions to fine on 
the small size fractions (coarse-fine); and (e) a gradation that 
crossed from fine on the large size fractions to coarse on the 
small size fractions (fine-coarse). The job mix formula asphalt 
content was used with all gradation variations. 

The measures of effect were the Marshall mix design pa
rameters (i.e., stability, flow, air voids, and VMA), resilient 
modulus, tensile strength, and creep stiffness. The tensile 
strength data and creep stiffness data were used to estimate 
the relative pavement life effects of the variations. 

Based on analysis of the data from this study, the following 
conclusions are in order: 

1. Gradation variations within the magnitude tested have 
the greatest effect when they result in a change in the general 
shape of the gradation curve (the fine-coarse and coarse-fine 
gradations). 

2. Fine-coarse gradation variations cause the highest Mar
shall air voids and VMA. Coarse-fine gradation variations 
cause the lowest Marshall air voids and VMA. 

3. Coarse-fine gradation variations produce the highest 
Marshall flow and fine-coarse gradation variations produce 
the lowest. 

4. Creep stiffness is lowest for coarse-fine and fine-coarse 
gradation variations. 

5. Relative to air voids, VMA, and flow, the coarse-fine 
gradation produced the most detrimental effect on the mixes 
tested. Some of the air void and VMA values were less than 
those normally considered to be acceptable, and some of the 
flow values were greater than those normally acceptable. 
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6. Marshall stability is affected by gradation variations with 
the fine gradations producing the highest stability and the 
fine-coarse gradations producing the lowest. However, for the 
mixes tested, all of the gradations were found to have sta
bilities that are considered to be more than adequate. 

7. Coarse gradation variations produce the lowest tensile 
strengths. The JMF gradation generally produced the highest 
strength, but when adjusted for differences in air voids, all 
gradations except coarse had about the same strength. 

8. Within the range of variations normally encountered, 
tensile strength is more sensitive to air void content (i.e., 
compaction) than it is to gradation variation. 
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Effects of Sample Preparation and 
Air-Void Measurement on Asphalt 
Concrete Properties 

JOHN HARVEY, JORGE B. SOUSA, JOHN A. DEACON, AND 

CARL L. MoNISMITH 

A compaction srndy focu. ing on the extent to which laboratory 
compaction method (gyratory, kneading. and roll ing-wheel) af
fect fundamental mixture properties important to pavement per
formance has been carried out as part of a project by the Strategic 
Highway Research Program. The work has shown that besides 
compaction method, other aspect of specimen preparation sig
nificantly affect test results and their interpretation. Of particular 
importance were the method to measure air void content and the 
effect of surface condition (cut or as-molded) on both air void 
measurements and mechanical behavior. Air void content was 
significantly underestimated by standard procedures that leave 
the outer surface of the specimen unsealed during submersion. 
However, difficulties with the standard paraffin wax procedure, 
coupled with the need to compare dry specimens with partially 
saiurated ones , led to the adoption of a new procedure. By using 
a surface-dry specimen (wetted and then surface dried) encased 
in parafilm (a stretchable , waterproof membrane), a consistent 
measurement of air void content was obtained. Further, it is 
evident that the surface of the specimen, cut or uncut, influences 
the measured air voids. Thus, air voids are not uniformly dis
tributed within specimens, a factor that can significantly bias test 
results. The fact that surface type was found to influence the 
mechanics of mixture behavior under direct shear loading casts 
doubt on the accuracy of comparing tests results from field cores 
and laboratory-compacted specimens when the latter are tested 
in the as-molded or uncut condition. To obtain reliable and con
sistent results, it is recommended that laboratory testing be lim
ited to specimens with cut surfaces and that air void measurements 
use the wet-with-parafilm technique. 

The results of a compaction study carried out by the Univer
sity of California at Berkeley as part of the Strategic Highway 
Research Program (SHRP) Project A-003A, Performance 
Related Testing and Measuring of Asphalt-Aggregate Inter
actions and Mixtures, demonstrate that asphalt-concrete per
formance in all types of laboratory testing is highly dependent 
on the air void content of the specimens (1,2). The direct 
effect of air voids on mixture performance is clearly shown 
by the shear creep response of kneading (Figure 1) and gy
ratory (Figure 2) specimens. 

The laboratory work for this study revealed that standard 
methods of air void measurement present significant problems 
in comparison of specimens compacted by the various meth
ods included in the study. Significant differences in measured 

J. Harvey, J.B. Sousa, and C. L. Monismith, Institute of Transpor
tation Studies, University of California, Berkeley, Calif. 94720. J. A. 
Deacon, Kentucky Transportation Center, University of Kentucky, 
Lexington, Ky. 40506-0043. 

air void contents and in mechanical behavior were observed 
between uncut specimens (tested as compacted in the mold) 
and cut specimens (sawed or cored from a larger compacted 
mass). 

Data presented here provide insight into these problems, 
and recommendations are made for resolving them. Although 
not included as part of the original study plan for the project, 
data were collected to examine the issues of air void measure
ment (Table 1) and effects of cut surfaces. Useful evidence 
was collected about relationships between measured air voids 
and specimen preparation method and about the effects of 
cut surfaces on measured air voids. Shear creep tests were 
also performed to examine the effects of cut surfaces on spec
imen performance under loading. 

SPECIMEN PREPARATION 

Two aggregates with different characteristics were used in the 
study: Watsonville granite, a completely crushed, .nonstrip
ping aggregate with rough surface texture; and Texas Gulf 
Coast chert, an incompletely crushed, stripping aggregate with 
a smoother surface texture. The Watsonville granite is softer 
than the Texas chert and much easier to cut with a masonry 
saw. The chert is prone to chipping during cutting and coring. 
Two asphalts were used: Boscan AC-30 and California Valley 
AR4000. 

Two levels of asphalt content were investigated. For each 
asphalt-aggregate mixture, the lower asphalt content was de
termined using a modification of standard Hveem procedures 
(ASTM D1560). The higher asphalt content was set at 0.6 or 
0.7 percent more (by weight of aggregate) than was found 
using the Hveem procedures, which corresponds to approx
imately the optimum asphalt content found by the U.S. Army 
Corps of Engineers (Marshall) 75-blow procedure (ASTM 
D1559). 

Three compaction methods were used in the study: Texas 
gyratory compaction (adapted from Texas Method 
Tex-206-F and ASTM D4013), kneading compaction (ASTM 
D1561), and rolling-wheel compaction (procedure not yet 
standardized). Specimen preparation details are included in 
a report by Sousa et al. (1). 

Briquets ( 4 x 2.5 in.) prepared by gyratory or kneading 
compaction had compacted or as-molded surfaces that were 
not cut by coring or sawing. Cylinders ( 4 x 8 in.) prepared 
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FIGURE 1 Effect of air-void content on shear creep 
modulus (kneading compaction). 
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FIGURE 2 Effect of air-void content on shear creep 
modulus (gyratory compaction). 

by kneading compaction had uncut surfaces at the sides and 
cut surfaces at the ends. Fatigue beams (3 x 3 x 15 in .) 
prepared by kneading compaction, cylinders prepared by gy
ratory compaction, and all specimens prepared by rolling
wheel compaction were cut or cored from larger compacted 
masses and had cut surfaces, that is, surfaces that resulted 
from removal of all material that touched the compaction 
mold. 

AIR VOID MEASUREMENT 

Objectives 

The objectives of air void measurement procedures are sum
marized as follows: 

1. To measure the degree of mixture compaction resulting 
from the application of mechanical energy to the mixture in 
order to expel air or reorient the aggregate into a denser 
arrangement; 

2. To measure the voids in the aggregate matrix not filled 
with asphalt; 

3. To be fast, simple, and repeatable, and to maintain the 
original specimen shape so that it can be used for testing; and 

4. To allow meaningful comparisons among a variety of 
specimens with different degrees of compaction, asphalt con
tents, or fabrication techniques, including field coring. 
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TABLE 1 SAMPLE SIZE FOR STUDY OF AIR VOID 
MEASUREMENT 

WatsonvHle Granite 
Specimen Size Texas Chert (RL) 

(RB) 
Compaction (Inches) and 

Shape Valley Boscan Valley Boscan 

(AAG-1) (AAK-1) (AAG-1) (AAK-1) 

4 x 2.5 
29 

(Bri4uet) 
Gyratory 

4 x 8 
12 

(Cylinder) 

4 "2.5 
12 

(Briquet) 
6 3S 15 

4 x 8 
2 9 15 5 

(Cylinder) 

3 x 3 x 15 
Kneading 27 7 20 17 

(Uncut Beam) 

3 x 3 x 15 
12 1 30 71 

(Cut Beam) 

1.5 x 1.5 x 15 
JDS 34 165 143 

(Beam) 

4 x 2.5 
11 

Rolling (Briquet) 

Wheel 4 x 8 
18 

(Cylinder) 

To1al Number of Specimens 805 

Methods 

Other 

8 

Bulk specific gravities for air void measurement of specimens 
prepared early in the compaction study (4- x 2.5-in. briquets 
using kneading and gyratory compaction) were calculated by 
weighing the specimens in air and in water, without the use 
of paraffin wax or other surface coating. The air void content 
was calculated using the following equation: 

AV = (1 - ib ) x 100 
111111 

(1) 

where 

AV = air void content in percent, 
Gb bulk specific gravity, and 

G,,."' = maximum specific gravity determined by the Rice 
method (ASTM D2041). 

The standard method for sealing specimens using paraffin 
wax (ASTM D1188) was not used because testing after air 
void measurement requires complete removal of the paraffin 
wax, a difficult and time-consuming process. These specimens 
were neither cut nor cored and therefore contained no trapped 
water. This procedure was later referred to as dry-no-parafilm 
(dnp) (J). 

Rolling-wheel specimens and 4- x 8-in. gyratory cylindrical 
specimens were cored or cut from larger compacted masses, 
using water cooling to prevent aging of the asphalt and dam
age to the specimens caused by frictional heat. This process 
leaves water in the specimen-in varying amounts depending 
in part on the internal air voids-which may require many 
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days to remove by drainage and evaporation. Because trapped 
water is included in the weight-in-air measurement used to 
calculate Gb in Equation 1, comparison of air void contents 
for these cut or cored specimens with those measured using 
the dry-no-parafilm method was questioned. The standard 
procedure for removal of water (ASTM D2726) requires heat
ing at l l0°C (230°F), a potentially destructive process ren
dering specimens unsuitable for use. This difficulty was sur
mounted by developing a method to rapidly determine air 
voids with prewetted specimens in a surface-dry condition. 
This procedure, referred to as wet-no-parafilm (wop), uses a 
compressed air nozzle to remove water from the specimen 
surface until no moisture can be seen (J). 

At the same time, it was found that permitting water to 
enter the specimen during submersed weighing resulted in 
underestimation of air voids, particularly for specimens with 
higher air void contents. At high air void contents-above 
approximately 8.5 percent by the dry-no-parafilm method
it was found that air void content as measured by the dry-no
parafilm or wet-no-parafilm methods was extremely insensi
tive to compactive effort, and visually obvious differences in 
void content were undetected by the air void measurements. 
Experimentation was then carried out with an elastic wax 
paper, parafilm, as a substitute for paraffin wax (3). Meas
urements of air voids, using the surface-dry condition and 
parafilm, were found to be sensitive to air void content, ap
plicable to all types of compaction and specimen preparation 
methods, and convenient for later testing of the specimen. 
This procedure was referred to as wet-with-parafilm (wwp) 
(1). The equation used to calculate bulk specific gravity using 
this method is the same as in the standard paraffin wax pro
cedure (ASTM 01188). 

Quantitative Differences Between Methods 

Wet-with-parafilm measurements are compared to wet-no
parafilm measurements in Figure 3 and to dry-no-parafilm 
measurements in Figure 4. These results show a significant 
difference caused by the use of parafilm. As shown in Figure 
5, dry measurements ( dnp) are not significantly different from 
the surface-dry measurements (wop). This indicates that the 
surface-dry condition results in little water remaining within 
the specimen. These results are summarized in Figure 6, which 
shows least square regression lines for each relation. 

The effect of parafilm on cut and uncut specimens is similar 
but not identical, as demonstrated by regression lines for the 
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wet-with-parafilm and wet-no-parafilm methods (both meth
ods used on specimens in both the cut and uncut condition) 
shown in Figure 7. At higher air void contents, the effect of 
using parafilm is greater for uncut specimens than for cut 
specimens. This is because of the generally smoother exteriors 
of the cut specimens (due to cut aggregate surfaces). At lower 
air void contents, the effect of using parafilm is greater for 
cut specimens than for uncut specimens, probably due to 
smearing of asphalt at the interface between the mold and 
the specimen surface under heavy compaction. 

Specimens prepared using Watsonville granite and Texas 
chert show no difference between the dry (dnp) and wet (wnp) 
conditions, as shown in Figure 8. However, the Texas chert 
specimens with higher air void contents are more sensitive to 
the use of parafilm than are the Watsonville granite speci
mens, as shown in Figure 9. This finding is probably the result 



64 

16 

14 

12 

10 

AIR VOIDS WWP 8 

6 

0 

l_ 
~ v-

IV 
, t/' I, 

/ 
I 

A / 
P.:f, 
/ 

0 2 4 6 8 10 12 14 16 

AIR VOIDS WNP 

0 cur. WNP vs WWP 

-0- UNCUT. WNP vs WWP 

· - UN! OF EQUAIJTY 

FIGURE 7 Combined effect of cut surfaces and 
parafilm on air void measurements (regression lines). 

16 

14 

12 

10 

,P 
/,/ 

/ / 
'/" 

AIR VOIDS WWP 8 w 
D TEX CHERT. WNP vs WWP 

-0- WAT GRANITE. WNP vs WWP 

LINE OF EQUALITY 6 

4 

2 

I/ 
.,/ 

iv - -
0 

0 6 8 10 12 14 16 

AIR VOIDS WNP 

FIGURE 8 Combined effect of wetting and aggregate type on 
air void measurements (regression lines). 

16 

14 

12 

10 

AIR VOIDS WNP 8 

6 

4 

2 

0 

/ 
v 
0 

~ 
/ 

/ 
/ ' 

5 10 

AIR VOIDS DNP 

15 

D TEX CHERT. DNP vs WNP 

-0- WAT GRANITE. DNP vs WNP 

- LINE OF EQUALITY 

FIGURE 9 Combined effect of parafilm and aggregate 
type on air void measurements (regression lines). 

of the parafilms trapping air in the more irregular, chipped 
surfaces of the Texas chert specimens. 

Critique of Wet-With-Parafilm Procedure 

Although the wet-with-parafilm procedure is better than al
ternatives , it has some problems. The primary problem is 
arching of the parafilm over surface irregularities caused by 
chipping of the aggregates during cutting and coring; the result 
is that air trapped under the parafilm is improperly considered 
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as air voids. This problem occurs most frequently with spec
imens having thin cross sections or many sharp edges, such 
as 1.5- x 1.5- x 15-in. fatigue beams, and with specimens 
made with very hard aggregates or low asphalt contents. The 
same problem occurs with specimens without surface irreg
ularity if careful attention is not given to the removal of air 
trapped beneath the parafilm. 

The other potential problem with wct-with-parafilm tech
nique is the repeatability with which the surface-dry condition 
is reached, although a limited comparison with tests from 
another laboratory showed little problem. Although the gen
eral technique used in this study has proven to be suitable , 
more attention must be given to standardization of the drying 
equipment and procedure. 

EFFECT OF CUT SURFACES 

Objectives of Laboratory Specimen Compaction 

The objectives of laboratory specimen fabrication are sum
marized as follows: 

1. To fabricate specimens that as closely as possible resem
hle in-service mixtures, that is, those produced by mixing, 
placement, and compaction in the field; 

2. To fabricate specimens that , under laboratory testing, 
exhibit the same behavior as in situ mixtures under similar 
states of stress; and 

3. To be as efficient as possible in the use of labor , time, 
equipment, and material. 

Effects of Compaction Method 

Slight visual differences were observed between the top and 
bottom surfaces of all laboratory-prepared speci1111::11s. The 
lower surface was usually rougher , that is , both the aggregate 
particles and the surface voids were larger. The top of the 
specimen, which had been in contact with the compacting 
surface, usually had a smoother surface composed of finer 
particles. The lateral surfaces of most molded specimens were 
a smooth matrix of asphalt and the finer fractions of aggre
gate ; there was little honeycombing, and larger particles had 
migrated inward. Lateral surfaces of specimens with high as
phalt contents often contained excess asphalt , especially when 
compacted to low air void contents . 

During compaction, the mold walls constrain the reorien
tation of surface particles. However, in the interior, the shear
ing action of the compactor reorients the larger particles, 
producing a structure that significantly affects engineering 
properties of the compacted mixture . If the quantities of as
phalt and fine particles are limited or the compaction effort 
is modest, gaps between the larger particles at the surface 
remain unfilled . The net result is that the aggregate structure 
at the surface is different from that in the interior. 

Some segregation of larger from finer particles often occurs 
during placement of the hot mixture in the mold. Segregation 
becomes more pronounced as the size of the compacted spec
imen or the compactive effort decreases, because the size of 
the larger aggregates in comparison with the mold dimensions , 
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or the lack of shearing energy, does not permit the movement 
of fines to the interstices between the larger aggregates. 

Gyratory specimens are subjected to a torsional shear force 
on their lateral surfaces caused by rotation of the compaction 
apparatus base plate, while the compaction ram resists ro
tation at the top surface. This produces surface forces on the 
specimen, which often results in large aggregates' separating 
themselves from the surface when the specimen is extruded 
from the compaction mold. When the large particles are 
rounded, thin layers of finer material between the large par
ticles and the specimen surface also frequently separate from 
the specimen after extrusion. The effects of the torsional sur
face forces in gyratory compaction are recognized in the pro
cedure for the Texas gyratory compactor (Texas Method 
Tex-206-F and ASTM D4013), which stipulates that large 
aggregate particles should be pulled away from the mold wall 
with a large bent spoon before compaction. The mold will 
rotate if the torsional shear force exceeds the friction between 
the mixture and the mold wall, smearing excess asphalt and 
fine material across the lateral surface of the specimen. 

Cutting or coring the specimen from a larger compacted 
mass removes portions of the specimen that have been sub
jected to these forces and effects. The specimen with cut 
surfaces has a more homogeneous aggregate and air void 
structure and does not have a smeared asphalt coating that 
may otherwise be present at the compacted surface. 

The major drawbacks of cut specimens include (a) the need 
for care during sawing and coring to obtain the required geo
metric shapes that are free of ripples or other surface imper
fections, and (b) possible problems with the exposure of 
mixtures to water during the sawing and coring process. How
ever, problems with water-sensitive mixtures are encountered 
with all air void measurements that involve wetting the spec
imen, and they can usually be solved by timely testing. 

Effects on Air Void Determination 

The effects of surface condition (cut or uncut) on air void 
measurements depend on the properties of the mixture (in
cluding, for example, asphalt content and aggregate angular
ity) and the compaction method (gyratory, kneading, or 
rolling-wheel). 

1. The difference between air voids measured with cut sur
faces and those measured with uncut surfaces depends on the 
degree of nonuniformity in the air voids and aggregate struc
ture between the surface and the interior of the specimen: 
this is a function of the compaction method, the compaction 
effort, and the aggregate angularity and the asphalt content 
of the mixture. 

2. If the specimen has a large surface area in relation to its 
volume, the difference between the measured air voids is 
greater with cut versus uncut surfaces. Thus large specimens, 
such as 3- x 3- x 15-in. beams and 4- x 8-in. cylinders, will 
have less difference in the measured air voids than 2.5- x 4-
in. briquets compacted using the same method. 

3. If the asphalt content or the compaction effort is high, 
asphalt at the surface of the specimen may form a coating, 
which prohibits the entry of water into the specimen and 
affects air void measurements. 
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4. For high asphalt contents or high compaction efforts, the 
sealing action at the surface of the specimen is greater for 
gyratory specimens because of smearing caused by the tor
sional shear forces on the lateral surfaces. 

An example of the difference between the measured air 
voids for specimens as compacted and after cutting is shown 
in Figure 10. In this case 3- x 3- x 15-in. beams of all mixture 
types, prepared by kneading compaction, were tested using 
the wet-with-parafilm procedure both after compaction and 
after trimming of the outer 3/16 in. of the surface. The data 
indicate that the as-compacted specimen has approximately 
1 to 2 percent higher air voids than the same specimen after 
cutting. This conclusion is confirmed by testing the same 
specimens using the wet-no-parafilm method as shown in 
Figure 11. 

Further evidence of differences between interior and ex
terior air void contents is shown in Figure 12 for 4- x 8-in. 
gyratory specimens of identical composition. In this case, 
specimens were compacted as 6- x 9.5-in. cylinders, then 
cored and cut to their final dimensions. Comparison of air 
void measurements using the dry-no-parafilm method for the 
uncut specimens and the wet-no-parafilm method for the cut 
specimens-the two methods have previously been shown to 
produce similar results-indicates that at lower compaction 
efforts (higher air void contents) the outer portion of the 
specimen is more densely compacted than the inner portion; 
at higher compactive efforts (lower air void contents) the 
reverse is true. At high compactive efforts (low air voids), 
differences in air voids of up to 3 percent (wwp) have been 
found between the center third (higher air voids) and top and 
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bottom thirds (lower air voids) of 4- x 8-in. gyratory speci
mens. This finding also indicates specimen nonuniformity along 
the vertical axis, despite the fact that the specimens have been 
compacle<l in one lift. 

Effects on Engineering Properties 

In some types of tests, cut surfaces may significantly affect 
the measured response of the mixture. In tests with l11Tee she;ir 
stress components, the measured values of the strength tend 
to be larger for specimens with cut surfaces. The cut surfaces 
of the aggregates rest against the end plates, effectively re
sisting rotation of the large aggregate particles. Figure 13 
shows two examples where this mechanism will produce an 
effective increase of stiffness modulus, resistance to perma
nent deformation, and fatigue life. This hypothesis is corrob
orated by the results of the project compaction study, which 
show greater modulus, rt:sislance to plastic deformation , and 
fatigue life for rolling-wheel specimens with cut surfaces, than 
for kneading specimens with uncut surfaces (1,2). 

Further evidence is provided by comparing simple shear 
test results for uncut 4- x 2.5-in. gyratory specimens with 
those for similar specimens cored and cut from 6- x 9.5-in . 
gyratory cylinders. Figure 14 shows the difference between 
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FIGURE 13 Boundary effects of cut specimen surfaces 
in shear and diametral testing. 
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the performance of the two types of specimens. The uncut 
specimens have a larger proportion of aggregates able to move 
under stress, leading to rapid failure once aggregate interlock 
has been overcome by the shearing force. 

CONCLUSIONS 

Based on the stated objectives of specimens preparation and 
air void measurement and on the data and observations pre
sented , the following conclusions can be drawn: 

1. The surface of a specimen, whether uncut (as-molded) 
or cut (sawed or cored from a larger compacted mass), sig
nificanlly affects its mechanical behavior and its measured air 
void content . 

2. In comparison with cut specimens, specimens with uncut 
surfaces are less homogeneous in their distribution of air voids; 
during compaction, they experience greater segregation of 
aggregate and greater migration of fines and asphalt to their 
surfaces. 

3. Cutting the surfaces of laboratory specimens allows more 
accurate comparison of their properties with those of field 
cores. 

4. Measurement of air void content is critical to under
standing specimen performance in testing. The wet-with
parafilm procedure is consistently sensitive and reproducible 
and easily allows further testing of the specimen after air void 
determination. 

On the basis of these conclusions, it is recommended that 
laboratory specimens be prepared by coring or cutting from 
a larger compacted mass and that further study be given to 
the wet-with-parafilm air void measurement procedure, lead
ing toward standardization. 
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Evaluation of Marshall and Hveem Mix 
Design Procedures for Local Use 

H. AL-ABDUL w AHHAB AND ZIA UDDIN A. KHAN 

Conventional methods of mix design can sometimes result in 
materials that do not perform satisfactorily. In countries that 
experience extremes of temperature such as Saudi Arabia, the 
resultant failures can be severe, often occurring soon after the 
road is opened to traffic. A laboratory evaluation of Mar~hall 
and Hvecm mix designs w<:is undectakcn with an objective of 
minimizin.g permanent deformation in asphaltic layers. Five dif
ferent gradati n. were ·clcclccJ IJ<:isecl on Mini try of Commu
nications specifications. The dcsig11 procedures were examined, 
and the mixes were subjected 1 dynamic and stali ' testing to 
evaluate re. ilient modulus. sp.lit tensile strength , stiffnes , and 
creep compliance characteristics. The test results indicated that 
Hveem mixes possessed b tter engineering properties than tho ·e 
designed by the Mar hull method because the 1-lvcem merh d 
can better identify mixe wirh high rutting susceptibility. Rec
ommendations for additional testing techniques coulc.J be used for 
both mix design and quality control purpo. e~. 

Over the past two decades, Saudi Arabia has initiated massive 
construction programs to modernize and improve its highway 
network. In the short span of 20 years, Saudi Arabia has built 
an impressive highway network comparable to that of many 
developed countries. This network-which includes more than 
3,600 km (2,200 mi) of divided highways, more than 30,000 
km (18,600 mi) of paved roods, and thousands of bridges, 
some of which are marvels of engineering achievement-was 
built at a cost of more than 100 billion Saudi riyals ($27 billion) 
(1). Most of these roads have served for more than a decade, 
and a number of them have started to fall apart. The rate of 
deterioration of pavements has been augmented by increasing 
traffic and axle loads and a lack of good-quality materials . 
Roads are designed for lives of 15 to 20 years before they 
need any major maintenance. However, during the past few 
years these roads have experienced excessive failure (rutting) 
at an early stage of pavement life. 

The rutting problem, because of its extent and importance, 
has attracted the attention and care of many highway au
thorities. Khan et al. (2) pointed out that the requirements 
and specifications used in Saudi Arabia allow construction 
with mixtures susceptible to rutting because of the following 
factors: 

1. Unlimited amount of natural sand, 
2. Low voids in mineral aggregate (VMA), 
3. High asphalt content, and 
4. No measure of shear strength. 

H. Al-Abdul Wahhab, Civil Engineering Department , King Fahd 
University of Petroleum and Minerals, Dhahran 31261, Saudi Arabia . 
Z. A. Khan, Al-Muhandis Nizar Kurdi Consulting Engineers, P.O. 
Box 2962, Riyadh 11461, Saudi Arabia. 

Most asphaltic paving technologists and literature on the 
subject agree that for good performance asphaltic concrete 
must have high stability and durability values. For asphaltic 
concrete to have good stability (i.e., resistance to stress), it 
must have adequate strength in tension to prevent cracking 
and adequate strength in shear to prevent deformation or 
rutting. The literature has indicated that Hveem stability yields 
a measure of the angle cp (angle of internal friction in the 
Coulomb-Mohr equation), which furnishes resistance to rut
ting, and that the Marshall stability is a measure of c (cohesion 
in the Coulomb-Mohr equation) of tensile strength to resist 
cracking in pavement (3). 

Because the mix design procedure currently used in Saudi 
Arabia-the Marshall mix design-does not measure shear 
strength of the paving mixture, an attempt was made to ex
plore and evaluate other design procedures, such as the Hveem 
mix design method, and to compare their abilities to predict 
the strength properties of designed mixes (especially rutting 
resistance) and in-service performance using laboratory tests. 
Additional laboratory tests, such as static creep and resilient 
modulus, were used to characterize the mechanical properties 
of asphalt mix in order to predict the permanent deformation 
(rutting) that will occur when the mix is used in a pavement 
of given construction and subjected to the unique traffic load
ing and climatic conditions in Saudi Arabia. 

STUDY APPROACH 

A systematic study approach was important in order to achieve 
the study objectives. The study included three main inter
connected tasks. The first task was material collection and 
mix design. The second task involved laboratory testing and 
evaluation. The third task involved analyzing data and making 
conclusions, and recommendations. A schematic for the study 
approach is shown in Figure 1. 

The first task involved material characterization and the 
design of five mixes for five gradations according to the Min
istry of Communications (MOC) specification using the Mar
shall mix design method (ASTM D1159) and the Hveem mix 
design method (ASTM D1560 and ASTM D1561). These mixes 
were subjected to further characterization tests, such as the 
resilient modulus, split tensile, and static creep tests, in order 
to provide a better evaluation and basis for comparing the 
two mix design methods, to develop recommendations to im
prove local mix design, and to minimize the rutting problem 
on local roads. 
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FIGURE 1 Study approach. 

MATERIAL CHARACTERIZATION AND 
MIX DESIGN 

Material characterization included evaluation of engineering 
properties of pavement component materials (asphalt and ag
gregate); the laboratory mix design included determination 
of optimum asphalt content for different gradations by two 
mix design procedures . Asphalt cement with 60170 penetra
tion was used in this study. A series of tests , including pen
etration, flash point, softening point, specific gravity , and 
solubility in trichloroethylene, was conducted to identify the 
basic physical properties of the asphalt. 

Five gradations were selected for this study: three grada
tions for wearing course (W-1, W-2, and W-3) and two gra
dations for base course (B-1 and B-2) as defined by MOC 
specifications ( 4) , which are shown in Table 1. The adopted 
gradation for the W-1, W-2, W-3 , B-1, and B-2 mixes are 
shown in Figure 2. The aggregates were subjected to further 
testing to evaluate other physical properties that are signifi-
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FIGURE 2 Grading curves of aggregates used in mix design. 

cant in hot-mix asphalt surfaces. These tests included Los 
Angeles abrasion, soundness, water absorption, and specific 
gravity tests . Material properties are shown in Table 2. Prop
erties were within the limits specified by MOC. 

Marshall Mix Design 

The five selected gradations were designed by using the Mar
shall method and the Hveem method of mix design . To de
termine the optimum asphalt content for each mix , Marshall 
testing was conducted at 60°C (140°F). The percentages of air 
voids in the specimens were determined from the bulk specific 
gravity of the specimens (ASTM 02726-82) and the maximum 
theoretical specific gravity of voidless mix (ASTM 02041-82). 
Stability loss, after immersion in water at 60°C (140°F) for 
24 hr, was also determined to check resistance to stripping, 
which was estimated on the basis of strength index. The op
timum asphalt content of the mix was then calculated in ac
cordance with the recommendation of the Asphalt Institute 
(1981) . Marshall properties are shown in Figure 3; optimum 

TABLE 1 DESIGN GRADING OBTAINED FOR MIX DESIGN 

Sieve Wearing Course (W) Bas e Cours e (B) 
Size Gradation Designation Gradation Designation 

W-1 W-2 W- 3 B-1 B-2 

1 1;, Inch - - - 100 100 

1 Inch - - 100 90 

3/4 Inch 100 100 - 90 BO 

1/2 Inch B7.5 90 100 - . 
3/ 8 Inch - - 90 70 65 

No.4 55 60 65 55 53 

No . 10 3B. 5 39 .5 39 .5 40 40 .5 

No .40 26 21 21 23.5 21.5 

No .BO 13 14 14 . -
No . 200 6 7 7 6 .5 6 .5 

Saudi Arabian Ministry o f Communications Specification 



TABLE 2 MATERIAL PROPERTIES 

Saudi Arabian Ministry 
Material Physical Properties Mix Designation of Communications 

Specification Limits 

WI W2 W3 Bl B2 

• L.A. Abrasion 22 22 22 23 23 30 

• Soundness 
5 cycles 

- Coarse aggregate 2.86 2.86 2.63 3.2 3.4 10 max 
Aggregate - Fine aggregate 1.96 1.96 1.95 2.2 2.3 lOmax 

• Bulk Specific Gravity 
(Sat. surface dry) 2.597 2.611 2.592 2.598 2.60 

• Water Absorption 
- Coarse aggregate 2.625 2.63 2.64 2.6 2.56 4max 
- Fine aggregate 3.83 3.82 3.83 3.62 3.61 

Flash Point, 
Cleveland open cup 628'F 450 minimum 

Penetration, 77' F, 
100 gm, 5 sec. 61 60-70 

Asphalt 
Specific Gravity, 25'C 1.043 

Solubility in 
Trichloro-ethylene 99.9 99.9 min 
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asphalt content and Marshall properties at these asphalt con
tents for each mix series are shown in Table 3. The optimum 
asphalt content for all mixes seems to be affected by the 
gradation: the finer the gradation, the higher the optimum 
asphalt content. 

Hveem Mix Design 

The Hveem mix design procedure used in this study was car
ried out in the following steps: 

1. Centrifuge kerosene equivalent test, 
2. Preparation of test specimen (by California kneading 

compactor), and 
3. Hveem stability test. 

The specimens prepared by the kneading compactor were 
tested for Hveem stability. The bulk density test was per
formed as described in ASTM D2726; the percentage of air 
voids was determined from bulk specific gravity and maximum 
theoretical specific gravity of voidless mix . The optimum as
phalt content was determined based on stabilometer values, 
air voids, and surface flushing and bleeding. The pyramid 
technique (5) was used to determine the optimum asphalt 
content for each mix. The Hveem properties at optimum as
phalt (designed by Hveem mix design) are summarized in 
Table 4 and shown in Figure 4. The Hveem stability for the 
W-3 mix is 37, which just satisfies the minimum requirement 
of the Asphalt Institute but does not satisfy the Saudi mini
mum specification of 40. This low stability value may be at
tributed to the high percentage of the sand in the mix, which 
is about 65 percent since the percentages of air voids are above 
4 percent in all five mixes. 

Comparative Study 

The optimum asphalt content predicted by Marshall mix de
sign is about 0.5 percent (0.4 to 0.66 percent) more than the 
optimum asphalt content predicted by Hveem mix design. A 
relative comparison of optimum asphalt content determined 
by both mix design procedures is shown in Figure 5. Further, 
the Hveem specimens have higher bulk density and lower air 
void contents than Marshall specimens, indicating that a dif-

TABLE 4 HVEEM PROPERTIES OF VARIOUS 
MIX SERIES AT OPTIMUM ASPHALT CONTENT 

Mix Optimum Hveem Air Voids 
Designation Asphalt Stability \ 

W-1 5.0 47 4.3 

W-2 5.0 52 4.2 

W-3 5.5 37 4.0 

B-1 4.5 49 4.4 

B-2 4 .5 45 4 .6 

MOC Specifications 40 4-7\ 
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ferent orientation of particles is obtained and that more ag
gregate interlock is achieved. Hveem stability at optimum 
asphalt content of Marshall mix design, in Hveem mix design 
curves, showed a very low stability value and was below the 
specified minimum value of 40 for all five mixes (Figure 6), 
indicating that the increase in asphalt content from optimum 
of Hveem mix design affects Hveem stability drastically . For 
example, the Hveem stability in the W-2 mix dropped from 
52 to 38 by increasing asphalt content by only 0.5 percent. 
Hence, it can be said that Marshall mix design predicts more 
asphalt content than the Hveem method, which may lead to 
rutting in the field, especially in hot climates. 

RESILIENT MODULUS TEST 

The resilient modulus (MR) test provides an important input 
for structural design of pavement systems using multilayer 
elastic theory . This test is basically a repetitive load test using 
the stress distribution principle of indirect tensile test . The 
horizontal deformation of a cylindrical specimen subjected to 
dynamic vertical loading was measured by two transducers; 
the load applied was measured by using a flat load cell. In 
each test, a static load of 10 lb was applied to hold the sample 
in place. The dynamic load duration was fixed at 0.1 sec, and 
the load frequency at 60 cycles was fixed at 50°C (122°F) to 
represent in-service condition. The maximum load applied 
and the horizontal elastic tensile deformation were recorded 
to determine the MR value using the following equation (6): 

MR(MPa) = 103P(0.9974µ, + 0.2692)/h·.i (1) 

TABLE 3 MARSHALL PROPERTIES OF VARIOUS MIX SERIES AT OPTIMUM 
ASPHALT CONTENT 

Mix Optimum 1/2 hr Flow Air VMA 24 hrs Strength 
Deslg- Asphalt Stablllty 0.25 mm Voids \ Stsblllty Index 
nation Content kgs \ kgs \ 

W-1 5 .5 2090 15.3 4.2 11.5 2060 98.6 

W-2 5.6 2060 14.5 4.3 11 .8 1953 94 . 8 

W-3 5 . 9 1940 16 .9 3 . 5 12 . 1 1832 94.4 

B-1 5 .2 2307 17.5 3 .9 12.3 1960 85.0 

B-2 4 .9 2120 14.8 4.1 11.5 2040 96.2 

MOC Minimum Minimum 
Specification 700 10-16 4-7 80 
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where 

P = applied load (kN), 
h = thickness of specimen (mm) , 
~ = recoverable horizontal deformation across sample 

(mm), and 
µ = Poisson's ratio. 

The effect of asphalt content on the resilient modulus was 
studied for mixes compacted by the Marshall hammer and 

% R.C. 

o W- 1 • B-1 

" W-2 + B-2 
>- 50 

;.,;~~: r / ~ J / : 1 
3.5 4.0 4.5 5.0 5.5 6.0 6.5 

ASPHALT CONTENT 1. 

FIGURE 6 Relationship between asphalt content and 
Hveem stability for Marshall-prepared samples. 

kneading compactor. Table 5 shows asphalt contents at max
imum modulus values for all mixes prepared by Hveem and 
Marshall methods. These asphalt values arc about 0.5 percent 
less than optimum values predicted by both mix design meth
ods. Also, the optimum asphalt contents predicted by the 
modulus test for samples prepared by Marshall compaction 
for all five mixes are similar to the optimum asphalt contents 
predicted by Hveem mix design. The results of resilient mod
ulus at optimum asphalt content of mixes designed by the 
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TABLE 5 PERCENTAGE OF OPTIMUM ASPHALT CONTENT 
ESTABLISHED BY RESILIENT MODULUS AND TENSILE 
STRENGTH TEST FOR MARSHALL AND HVEEM COMPACTIONS 

Compaction Marshall Hveem 

Test Resilient 
Modulus 

Mix Type 

Wt 5.0 

W2 5.0 

W3 5.5 

Bl 4.5 

B2 4.5 

Marshall or Hveem methods are summarized in Figure 7. The 
values of resilient modulus at optimum asphalt contents of 
Hveem mix design are consistently higher than the values of 
Mn at optimum asphalt contents of Marshall mix design. The 
higher modulus for mixes designed by the Hveem method can 
be considered favorable because the mixtures may be less 
susceptible to cracking and permanent deformation. 

SPLIT TENSILE STRENGTH 

Specimens prepared by Marshall and Hveem methods for 
optimum asphalt content and range of asphalt content failed 
an indirect tensile test at a loading rate of 2 in. (50.8 mm)/ 
min. The test was conducted at 50°C. The specimens failed 
along the vertical diameter. Split tensile strength was deter
mined by the following equation (7): 

S _ 2Pmax 

T - -rrhD 

where 

ST = split tensile strength (psi); 
P max load at failure (lb); 

D diameter of sample (4 in.); and 
h sample thickness (in.). 
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FIGURE 7 Resilient modulus (50°C) at optimum asphalt 
content of Marshall and Hveem mix design. 

Tensile Resilient Tensile 
Strength Modulus Strength 

5.3 4.5 5.1 

5.4 4.5 5.3 

5.8 5.0 5.5 

5.0 4.0 4.8 

4.8 4.0 4.7 

The split tensile strength at optimum asphalt contents of Mar
shall and Hveem design are shown in Figure 8. Mixes designed 
by the Hveem method are about 4 percent higher in strength 
than those designed by the Marshall method, indicating no 
significant difference in split tensile strength between both 
methods. Maximum values of split tensile strength were ob
served at optimum asphalt contents of Marshall and Hveem 
mixes, as shown in Table 5. 

STATIC CREEP TEST 

Present design methods suffer the limitation of accuracy in 
determining the full effects of variation in environmental and 
loading conditions and material properties on pavement per
formance. The major improvement in hot-mix design is the 
ability to analyze test results quantitatively as well as quali
tatively. Qualitatively, the relative improvements between mixes 
can be evaluated based on creep modulus at the specified 
temperature. 

The permanent deformation of asphalt mixes depends on 
a number of external and inherent variables in the mix: the 
main external variables are overall stress condition and the 
temperature; the inherent variables are the mix composition. 
In 1973, Hills (8) presented a physical deformation model for 
asphalt mixes using static creep testing as a key tool for pre
dicting pavement rutting. 
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FIGURE 8 Split tensile strength (50°C) at optimum 
asphalt content of Marshall and Hveem mix design. 
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Creep test as described in the Shell Pavement Design Man
ual (9) was performed by applying a static load of 14.5 psi. 
The temperature of test specimens was kept constant as de
sired by means of an environmental control cabinet. Vertical 
deformation (displacement) was measured by dial gauges ac
curate to 0.0001 in. 

in this study, the creep test was performed on specimens 
prepared by the Marhsall and Hveem methods for a range of 
asphalt contents, including optimum asphalt content at tem
perature of 50°C. The sample size recommended by Shell 
investigators (9) was governed by maximum aggregate size. 
For mixes W-1, W-2, and W-3, the sample size was 4 in. 
(10 cm) in diameter by 2.5 in. (6 cm) high; the sample size 
for mixes B-1 and B-2 was 6 in. (15 cm) in diameter by 4 in. 
(10 cm) high. Each specimen was tested at a stress level of 
14.5 psi maintained for 3 hr. Before the test, a preconditioning 
stress of the same magnitude as the test stress was applied 
for at least 2 min (10). 

Recorded deformation and applied stress were used to cal
culate the creep modulus (mix stiffness, Sm;x) as a function of 
time of loading using the following equation (11): 

where 

a 
e, 

a 
e, 

(3) 

mix stiffness at a specified temperature (T) and 
time of loading (t); 
applied stress (psi); and 
axial strain at t = Ahlh0 where Ah is change in 
height of specimen, and h0 is original height of 
specimen. 

Further, these results (i.e., e, and a) were used to calculate 
creep compliance (J,) in order to study the viscoelastic char
acteristics of the mixes. Creep compliance (J,), was calculated 
by dividing the strain by applied stress as follows: 

e, 
J, = - at any test temperature T 

a 

where e, is strain at time t, and a is applied stress (psi). 

(4) 

Stiffness results for mix W-1 designed by the Marshall and 
Hveem methods as a function of loading time at different 
asphalt contents, including optimum asphalt content, are shown 
in Figures 9 and 10. Stiffness decreased with loading time. 
Further, mixes designed by the Hveem method gave relatively 
higher stiffness values than those obtained from Marshall 
specimens at loading times greater than 1 hr. Stiffness moduli 
decrease as the asphalt content increases. The stiffness moduli 
at optimum asphalt content of both Hveem and Marshall mix 
design methods (200,000 and 400,000 psi) are comparable with 
values reported by Finn et al. (150,000 and 550,000 psi) (12) 
in a performance study for Middle East airport pavements. 

Creep compliance, which is used to determine viscoelastic 
properties of pavement materials, was plotted as a function 
of loading time at different asphalt contents, including opti
mum asphalt content, for mix W-1 designed by both methods, 
as shown in Figures 11 and 12. Creep compliance increases 
with time. Furthermore, mixes designed by the Hveem method 
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FIGURE 9 Effect of asphalt content on mix stiffness for 
Marshall specimens, Mix W-1 at 50°C. 
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compliance for Hveem specimens, Mix W-1 at 50°C. 

gave lower values of creep compliance than did mixes de
signed by the Marshall method at specified asphalt content 
and loading time. 

In order to explore the role of asphalt content on stiffness 
and creep modulus, bar charts were prepared for a range of 
asphalt contents in the vicinity of optimum asphalt content 
predicted by both mix design procedures, as shown in Figures 
13-16. The value of stiffness and creep compliance was cho
sen at the 60-min loading time. Optimum mixes prepared by 
Hveem had stiffness values twice those of optimum Marshall 
for wearing course mixes and three times those for base mixes. 
Moreover , the W-3 mix, which follows the gradation of MOC 
Type C of wearing course, had very low stiffness values (10,000 
and 13,000 psi) and high creep compliance (1,050 and 800 · 
10- 1/psi) for mixtures designed by the Marshall and Hveem 
methods , respectively, indicating its high susceptibility to 
rutting. 

CONCLUSIONS 

Based on a literature search and experiments conducted in 
this study, the following conclusions are drawn: 

1. Marshall mix design tends to predict optimum asphalt 
contents that are higher than those predicted by the Hveem 
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mix design method. In this study, the optimum asphalt con
tents predicted by the Marshall mix design were about 0.5 
percent higher than those predicted by the Hveem mix design 
method. 

2. Hveem specimens have a higher bulk density and a lower 
air void content than Marshall specimens, indicating that a 
different orientation of particles is obtained and that moic 
aggregate interlock is achieved by kneading compaction. 

3. Mixes designed by the Hveem method gave higher re
silient modulus values, higher stiffness values, and lower creep 
compliance values than those obtained from mixes designed 
by the Marshall method. 

4. Resilient modulus tests on Marshall samples predicted 
optimum asphalt contents that were similar to those predicted 
for Hveem samples. The deficiency of the Marshall mix design 
could be improved by using the resilient modulus test. 

5. Hveem mix design seems to have a potential application 
for Saudi Arabia's roads because it more closely simulates 
field conditions and can better identify mixes with high rutting 
susceptibility than does the Marshall method. 
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Evaluation of Mix Properties of Cold 
In-Place Recycled Mixes 

TODD SCHOLZ, DAVID F. ROGGE, R. GARY HICKS, AND 

DALE ALLEN 

Oregon has used cold in-place recycling (CIR) techniques since 
1984 as one alternative to conventional asphalt concrete pavement 
rehabilitation practices. The initial success of the early CIR proj
ects (1984 and 1985) prompted a joint research effort in 1986 
between the Oregon State Highway Division and Oregon State 
University. This effort, continued in 1988, has focused on de
veloping improved mix design procedures and construction guide
lines for cold in-place recycling. One of the goals of the study 
was to develop a sample preparation procedure for cold recycled 
mixtures; the samples were to be used for mix design purposes. 
To validate the procedure, selected mix properties of field cores 
were compared with those of laboratory-prepared samples. The 
field and laboratory studies, their results, and a comparison of 
their results are described. Also, the CIR mix properties are 
compared with those of conventional hot mixes. Significant find
ings include (a) laboratory samples can be prepared at void con
tents similar to those found in the field; (b) laboratory sample 
mix property test results generally compare well with those of 
the field cores; and (c) limited comparisons showed that cold in
place recycled mixtures generally have greater moduli and fatigue 
lives than conventional hot mixes at similar void contents. 

Since 1984, Oregon has used cold in-place recycling (CIR) 
techniques as one alternative to conventional practices for the 
rehabilitation of asphalt concrete pavements. Experienced 
paving personnel constructed the 1984 projects using trial
and-error procedures. In 1985 Oregon first attempted a formal 
mix design for the cold recycled mixtures. Because of the 
initial success of these early projects, Oregon State University 
(OSU) and the Oregon State Highway Division (OSHD) in
itiated a study in 1986 to develop an improved mix design 
procedure and construction guidelines for cold in-place re
cycling (1). Ths study was continued in 1988. 

One of the purposes of the study was to develop a sample 
preparation procedure for cold recycled mixtures with the 
intent of using the samples for mix design purposes. To val
idate the procedure, selected mix properties of field cores 
were compared with those of laboratory-prepared samples. 
To accomplish this, two of the seven CIR projects selected 
for the 1986 field study were also selected for the laboratory 
study. At the time of construction of these two projects, lab
oratory sample~ we1e p1epa1eJ fwm lhe millings. These sam
ples, along with field cores from the two projects, were tested 
for mix properties (modulus, fatigue, and stability) 3, 15, 27, 
and 48 months after construction. 

T. Scholz, D. F. Rogge, and R. G. Hicks, Department of Civil En
gineering, Oregon State University, Corvallis, Oreg. 97331. D. Allen, 
Oregon Department of Transportation, Bend, Oreg. 97708. 

The laboratory and field studies are described and the mix 
property test results are presented for two of the seven CIR 
projects included in the 1986 construction season. A com
parison between laboratory and field test results from 1986 
to 1990 is given, as well as a comparison between CIR field 
mixes and conventional hot mixes. Also included are signif
icant conclusions resulting from this test program. 

FIELD STUDY 

This section presents the results of the field study on two of 
the seven test sections evaluated in the 1986 OSU/OSHD 
study. Figure 1 shows location and construction information 
for the two projects (Warm Springs and Lake of the Woods). 
Both projects are on two-Jane, medium-volume highways (1,750 
to 2,850 average daily traffic). The Warm Springs test section 
had an average to soft (15 to 90 penetration at 77°F) asphalt 
before the CIR; the Lake of the Woods secton had a very 
hard and oxidized asphalt ( 4 to 5 penetration at 77°F) . Field 
cores from the recycled projects were used for the field study, 
and recycled asphalt pavement (RAP) millings from the dis
tressed pavement were used for the laboratory study. 

Description of Field Study 

Field cores were obtained from the Warm Springs and Lake 
of the Woods test sections in fall 1986, 1987, 1988, and 1989 
(approximately 3, 15, 27, and 39 months after construction). 
Six 4-in. cores were extracted from each project. (The field 
cores were cut dry using air because use of cooling water 
tends to reemulsify the emulsified asphalt in the recycled co
res, causing the core to soften and break down.) Three of the 
cores from each project were used for resilient modulus (ASTM 
D4123) and fatigue tests (2); the three remaining cores were 
used to test Marshall stability and flow (ASTM D1559). 

Test Results 

The results of mix property tests performed on the field cores 
from the two projects are summarized in Table 1. All results 
represent the average of three tests . The resilient modulus 
tests were conducted at 23°C (73°F), at a dynamic loading 
frequency of 1 Hz, at a dynamic load duration of 0.1 sec, and 
at a tensile strain of 100 micros train (µe). The fatigue tests 
were performed using the same loading conditions as for the 
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Unit Project Length Depth of CIR Surface 
(mi .J (in.) Treatment 

A MP 79.2-Wasco Co. Line 17. 3 2-4 Polymer 
(Warm Sprinqs Hwvl Chio Seal 

B Lake shore Dr. -Greenspri ngs Jct . 6 . 36 2. 5-4 Chip Seal 
(Lake of the Woods Hwy) 

FIGURE I Project location and construction information. 

TABLE 1 SUMMARY OF FIELD CORE TEST RESULTS 

Emulsion/ Test Percent Average Average Average Average 
Water Period Voids Resilient Fatigue Marshall Flow 

Content Modulus life Stability (in./100) 
(%) (ksi) (reps) (lb) 

a) MP 79 . 2-Wasco Co. Line (Warm S1 rinqs) 

1.0/2.4 Fall 1986 12.8 305 (243) II 030 (5,053) 694 (80) 59 (5. 7) 

Fall 1987 7 .4 242 (15} 50 010 (17,709) 861 (81) 19 (3.0) 

Fa) 1 1988 11. 7 377 130) 53 ' 965 (12 , 8001 I, llO 122) 21 (]. 5) 

Summer 1990 7 . 4 526 (8) 150 , 000+ !,BU (711 17 12 . 11 

bl Lakeshore Dr . -Greensorinqs Jct. (Lake of the Woods) 

1.8/1.6 Fall 1986 10.9 513 ( 107) 

Fall 1987 15. 7 504 (62) 

Fall 1988 14.6 530 (16) 

Summer 1990 13 .0 727 158) 

Note: Parentheses contain standard deviation 

resilient modulus tests, with an initial tensile strain of 100 µ,E. 
Marshall stability tests were performed at 60°C (140°F) and 
at a load rate of 2 in./min. 

The results indicate that the modulus, although initially 
remaining relatively constant, increased substantially after 3 
years for both test sections, as shown in Figure 2a. Fatigue 

5 863 (4 3541 605 (1001 29 (131 

34 ,261 (5, 536) 614 (27) 19 (0 . 6) 

78 , 731 (13,847) 1, 170 (431 24 (3.8) 

250,000+ 1, 597 ( 1341 17 ( J.21 

values, although initially very low for both sections, increased 
significantly over time (Figure 2b). This increase in fatigue 
resistance is attributed to improved cohesive properties of the 
asphalt cement due to additional curing over time. 

As shown in Figure 3a, the stabilities increased over time 
for both test sections: the Warm Springs section shows a rel-
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FIGURE 2 Modulus and fatigue results for field samples. 

atively constant increase over time, and the stabilities for the 
Lake of the Woods section initially remained the same and 
then increased significantly. The flow values for the Warm 
Springs section were initially very high but leveled off to a 
relatively constant value; the values for the Lake of the Woods 
section decreased slightly or remained relatively constant over 
time (Figure 3b). Again, the increases in stabilities and de
creases in flow values are attributed to improved cohesive 
properties of the asphalt cement due to additional curing of 
the recycled mix. 

LABORATORY STUDY 

This section presents the results of the laboratory study on 
the Warm Springs and Lake of the Woods test sections. The 
laboratory study is described and the mix property test results 
are summarized. 

Description of Laboratory Study 

A laboratory study program was undertaken on materials 
taken from the test sections on the Warm Springs and the 
Lake of the Woods highways in order to investigate the effects 
of emulsion content, curing time, and compactive effort. The 
recycled materials were collected and compacted at the same 
time as the cold recycling construction (July 1986 for Lake of 
the Woods, August 1986 for Warm Springs), which ensured 
a RAP gradation and existing asphalt content as in the in situ 
recycled pavement (Table 2). 

The design emulsion content used to fabricate the 2.5-in.
thick by 4-in.-diameter briquets was the same as that used in 
the field during construction (1 percent for Warm Springs, 
1.9 percent for Lake of the Woods). Additional samples were 
fabricated with the design emulsion content, the design minus 
0.5 percent, and the design plus 0.5 percent. Thus, for the 
Warm Springs section, which had a design emulsion content 
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FIGURE 3 Marshall stability and flow results for the field cores. 

of 1.0 percent, briquets were fabricated with 0.5 percent, 1.0 
percent, and 1.5 percent added emulsion. Similarly, for the 
Lake of the Woods section, briquets were fabricated with 1.4 
percent, 1.9 percent, and 2.4 percent added emulsion, with 
the design content being 1.9 percent. 

The total liquids (emulsion and water) for all briquets fab
ricated with RAP from the Warm Springs section was held 
constant at 4.0 percent. Thus, for example, if the added emul
sion content was 1.0 percent, the added water content was 
3.0 percent. This same criterion was attempted for the Lake 
of the Woods section. However, during the preparation of 
samples with 1.4 percent emulsion, using 2.6 percent water 
produced a dry mix. To mitigate this problem, the total liquid 
content was increased to 4.5 percent, resulting in more work
able and better-adhering mixtures. The total liquid content is 
the minimum quantity of liquids required for adequate dis
persion of emulsion; insufficient liquid content results in a 
dry, unworkable mixture, and a total liquid content that is 

too high results in instability during compaction . Thus, once 
prescribed, the total liquid content was held constant to avoid 
problems during sample preparation. Incidentally, this phi
losophy is used in actual field construction. 

Table 3 summarizes the number of samples prepared for 
each emulsion content; the mix property tests for the fall 1986, 
1987, 1988, and summer 1990 test periods; and the schedule 
for each test period. Twelve samples per emulsion content 
were required for the remaining mix property tests (three 
samples per test period) because the fatigue and stability tests 
are destructive . 

The procedure used to fabricate the samples is shown in 
Table 4. All mixing, curing, and compaction are performed 
at 60°C (140°F) . A total compactive effort of 2,250 ft-lb is 
used during compaction (i.e., 150 blows using a 10-lb hammer 
with an 18-in. freefall). This relatively low compactive effort 
was necessary to achieve air void levels similar to those of 
CIR pavements in the field . Following specimen fabrication, 
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TABLE 2 RAP GRADATIONS AND ASPHALT CONTENTS 

MP 79.2-Wasco Co. Line 
(Warm Springs) 

I 2 

% Passinq 

I in. 96 94 

3/4 in. 88 90 

1/2 in . 75 77 

3/8 in. 61 62 

1/4 in. 44 46 

f4 33 36 

#10 u 3 

#40 I. 7 2. 2 

#200 0.4 0.6 

Extracted Asphalt Properties 

Content , % 5.4 5. 7 

Penetration 15 90 
@ 77'F, dmm 

Viscos ity 18,067 2,693 
@ 140 'F, p. 

Viscosity 852 374 
@ 25'F, cS 

TABLE 3 NUMBER OF SAMPLES PREPARED 
AND TEST SCHEDULE FOR LABORATORY 
STUDY 

Project Name Emulsion/Water Res i 1 i ent Marshall 
Content Modulus Stabi 1 i ty 

(%) and and 
Fatigue Flow 

a) Number of Samples Prepared 

MP 79.2- 0.5/3.5 12 9 
Wasco Co. Line 1.0/3.0 12 9 
(Warm Sprinqs) 1.5/2.5 12 9 

Lakeshore Dr. - 1.4/2.6 12 9 
Greenspri ngs Jct. 1.4/3.! 12 9 
(Lake of the Woods) 1.9/2.6 l 2 9 

2. 4/2. I 12 9 

bl Test Schedule Per Test Period• 

MP 79.2- 0. 5/3. 5 3 3 
Wasco Co. Line 1.0/3.0 3 3 
(Warm Spri nqs) I. 5/2. 5 3 3 

Lakeshore Dr. - 1.4/2 . 6 J J 
Greenspri ngs Jct. 1.4/3 . l J 3 
(Lake of the Woods) 1.9/2 . 6 3 J 

2 .4/2 . l J 3 

*Four Test Periods: Fall 1986, 1987, 1988, and Summer 1990 

Avq . 

95 

89 

76 

62 

45 

34 

7 

2.0 

0.5 

5.6 

52 

10,380 

613 

the samples were stored at 25 ± 2°C in the laboratory before 
testing. 

Test Results 

Tests were performed on two groups of the laboratory
prepared samples as follows: (a) resilient modulus and fatigue 
samples, and (b) Marshall stability and flow samples. 

Resilient Modulus and Fatigue Samples 

For each test period (fall 1986, 1987, 1988, and summer 1990) 
resilient modulus tests were performed on three samples of 
each emulsion content. Fatigue tests were performed on these 
samples during the first three test periods. Modulus and fa-

Lakeshore Dr. -Greenspri ngs Jct , 
(Lake of the Woods) 

I 2 3 Avq . 

98 84 93 92 

96 SJ 90 89 

89 74 83 82 

79 65 74 73 

61 50 57 56 

48 40 46 45 

21 18 21 20 

6 6 7 6 

2 .0 2 .0 1.8 I. 9 

4.6 4 .4 5. I 4. 7 

4 4 5 4 

100,000+ 100, 000+ 100, 000+ 100,000+ 

2, 572 2, 920 I, 987 2,493 

TABLE 4 SAMPLE PREPARATION PROCEDURE USED 
TO FABRICATE TEST SPECIMENS FOR LABORATORY 
STUDY 

l Split the millings into approximately 3500 gram batches. This size of 
sample makes three to four 2.5-in. hiqh by 4.0-in. diameter specimens. 

2 Screen the sample over a 1-in. sieve. Reduce all material retained on 
the 1-in. sieve using a hammer or chisel such that 100% passes the 
1-in. sieve. 

3 Heat the samples and emulsion to 60 ± l'C (140 t l.B'F) for I hour 
prior to mixing. 

4 Add water to the mill ings in the appropriate portion based on the air 
dry weight of the mill ings (e.g., % water • % total liquids - % added 
emulsion). Thorouqhly mix the water into the millinqs by hand. 

5 Add the emulsion to the pre-moistened mill i ngs using the recommended 
content (the added emulsion is based on the air dry weight of mill-
ings). Thoroughly mix the emulsion into the millings by hand. 

6 Spread the material in a 305 x 432 mm (12 x 17-in.) baking pan and cure 
for l hour at 60 t l'C (140 t J.B"F) to simulate the average time 
elapsed between paver laydown and initial compaction during actual 
construct ion. 

7 Mold the samples using the standard Marshall procedure (ASTM D-1559) to 
produce 64 mm (2.5-in.) high briquets as described below. 

a Preheat molds to 60 t l'C (140 t LB'F). 

b Compact the mixture with 50 blows per side using a 44 N (10 lb) 
hammer having a 457 mm (18-in.) freefall. 

c Remove the filter papers from each side of the briauets. 

d Cure overnight at 60 ± 1 'C (140 ± l.B'F) and recompact with 25 
blows per side usina the 44 N (JO lb) hammer. 

e Lay the molds on their end and cure the briquets for 24 hours at 
60 t l"C (140 t J.B'Fl prior to extrusion. 

f Extrude the briquets with a compression testinq machine. 

g Lay the briquets on their side to maximize surface exposure and 
cure for 72 hours at room temperature prior to testinq. 

tigue tests were conducted under the same conditions as those 
used for the field cores. 

The results of the modulus and fatigue tests are summarized 
in Table 5. All results represent the average of the three 
samples tested for each emulsion content. The maximum 
modulus for the Warm Springs section occurs at the design 
emulsion content of 1.0 percent, except for the first year's 
test results. Similarly, the maximum modulus for the Lake of 
the Woods section occurs at the design emulsion content of 
1.9 percent, as well as at design minus 0.5 percent with the 
total liquids of 4.5 percent (i.e., 1.4/3.1 percent). For both 
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TABLE 5 SUMMARY OF LABORATORY SAMPLE TEST RESULTS 

Project Emu 1 s ton/ Test Air Average Average Average Avera ge 
Water Period Voids Res i 1 ient Fa ti gue Marshall Fl ow 

Content (%) Madu lus Life Stability ( in . / 100) 
(%) (ks i ) (lbs ) 

MP 79.2- 0.5/3.5 Fall 1986 14 .4 528 33' 560 409 25 
Wasco Co. Line Fall 1987 11. 5 319 33' 080 441 27 
(Warm Springs) Fall 1988 14.8 203 24' 811 526 50 

Summer 1990 17 .1 219 . 515 27 

l.0/3 . 0 Fall 1986 11.8 374 (60) 18 . 673 ( 7. 015) 612 (?) 59 ( ?) 
Fall 1987 11.2 346 (99 ) 31 .780 (2 . 653) 694 (98) 24 ( 4. 5) 
Fall 1988 9. 7 221 ( 28) 30, 373 (9 , 330) 1, 116 (144) 23 (3 . 6) 
Summer 1990 12 . 7 473 (55) . 1.173 (24) 23 (5 . 1) 

1.5/2.5 Fall 1986 11. 7 260 23' 530 518 24 
Fall 1987 12 . 3 299 30, 102 585 35 
Fa ll 1988 9 . 6 237 28, 730 531 18 
Summer 1990 14 . 6 409 . 847 34 

Lakesha re Dr . - l. 4/2 . 6 Fall 1986 18 . 7 383 35' 540 409 20 
Greens pr i ngs Jct. Fall 1987 19. 3 511 21, 958 511 25 
(Lake of the Woods) Fall 1988 17. 2 324 43' 985 758 29 

Summer 1990 15 . 9 375 * 955 19 

J . 4/ .i . I fall l~~b JI. ~ 400 91 , 260 681 18 
Fall 1987 16. 0 604 61 , 337 1, 160 22 
Fall 1988 17 .8 426 81, 223 1, 190 30 
Summer 1990 18 .2 555 1.446 27 

1.9/2 . 6 Fall 1986 17 . 7 457 (98) 39' 333 ( 10 ,87 4) 928 (?) 57 (?) 
Fall 1987 17 . 0 603 ( 74) 59' 269 ( 25 .899 ) 861 (17) 32 (1.2 ) 
Fall 1988 15 .2 412 ( 56) 82' 059 ( 19 . 597) 1. 307 (228) 17 (1 . 5) 
Summer 1990 17 . 4 780 (33) * 1,236 (285) 26 (7 .2) 

2 .4/2 . 1 Fall 1986 19 . 6 408 117, 320 613 40 
Fall 1987 19 . 2 437 58 , 158 451 32 
Fa 11 1988 19 . 0 289 fi~.04 fi 7SR 18 
Summe.r 1 ~~o 77 ~ 4q7 * 1, 038 24 

'Fatigue tests were not performed on the laboratory samples in Summer 1990 
Note: Parentheses contain standard deviations 

sections, the modulus decreased slightly or remained about 
the same when the emulsion content was increased or de
creased from the design content (see Figure 4a). This finding 
is true of all four test periods except for the first year's results 
for the 0.5 percent emulsion content on the Warm Springs 
section. The unexpected drop in moduli within each emulsion 
content between 1987 and 1988 test periods is unexplained; 
possible reasons include operator or measurement error and 
variability in the mix. 

As shown in Figure 4b, the fatigue life of the samples from 
the Warm Springs section remained relatively constant over 
the first three test periods (fatigue tests were not conducted 
during the fourth test period). Consequently, there is no def
inite trend that shows which emulsion content provides the 
best fatigue resistance. The fatigue results for the Lake of the 
Woods section show considerable variation within each emul
sion content as well as between emulsion contents. However , 
it is evident that the 1.4/3.l percent emulsion/water content 
provides better fatigue resistance than does the 1.4/2.6 percent 
emulsion/water content. That is, the mix having more water 
had better fatigue resistance. This finding may indicate that 
the greater amount of water provided a more thorough dis
persion of the emulsion throughout the mixture . 

Marshall Stability and Flow Samples 

During each test period , three samples from each emulsion 
content were tested for Marshall stability under the same 
conditions as those of the field core tests . The results of these 

tests are shown in Table 5. All results represent the average 
of the three samples. As shown in Figure 5a, the maximum 
stability occurs at the design emulsion content for the Warm 
Springs section for each test period. The maximum stability 
of the Lake of the Woods section occurs at the design emulsion 
content for three of the four test periods; the exception was 
the 1987 results in which the maximum stability occurred at 
the 1.4/3.1 percent emulsion/water content (design minus 0.5 
percent). 

The flow values generally reflect the stability values for the 
Warm Springs section in that low flows generally occur at the 
design emulsion content (see Figure 5b ). However , for the 
Lake of the Woods section, trends in the flow values are 
indiscernible due to the erratic nature of the results. 

COMPARISON OF RESULTS: LABORATORY 
VERSUS FIELD 

A major purpose of this study was to compare selected mix 
properties of the field cores with those of the laboratory
prepared samples in order to develop a procedure for pre
paring laboratory samples. Because both the field cores and 
laboratory samples were from the same RAP, the significant 
differences between the two are the method of compaction, 
temperature during cure, moisture during cure, and traffic 
densification. The actual age of the two mixes (field cores 
versus laboratory specimens) differs by approximately 1 month: 
the field cores were tested 3, 15 , 27 , and 48 months after 
construction, and the laboratory samples were prepared im-
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FIGURE 4 Modulus and fatigue results for laboratory samples. 

mediately after the pavement was recycled and were tested 
4, 16, 28, and 49 months after fabrication using an ambient 
cure condition (i.e., 25 ± 2°C). The reason for the difference 
in ages is that the testing of the field cores required 1 month 
to complete. 

Summary of Results 

The results of tests made on both field cores and laboratory
prepared samples are summarized in Table 6. The results for 
the laboratory samples are those with the design emulsion 
contents (1.0 percent for Warm Springs, 1.9 percent for Lake 
of the Woods). Figures 6-8 compare test results for field core 
versus laboratory samples for percent voids , modulus, fatigue, 
Marshall stability, and flow. 

To compare the results, statistical analyses were performed 
on the data obtained from each test method to determine , at 

a 5 percent significance level (a = 0.05), whether the mean 
of the laboratory test results was equal to the mean of the 
field core test results (null hypothesis), with the alternative 
hypothesis being that the means are not equal. These analyses 
are summarized in Table 7. As indicated, the means were not 
found to be significantly different for the modulus and Mar
shall stability tests ; the means for the fatigue and flow test 
results were found to be significantly different at the 5 percent 
significance level. 

Discussion of Results 

The comparison of test results for field cores versus laboratory 
samples generally indicate the following: 

1. The voids of the laboratory-prepared samples are about 
the same as or slightly higher than those of the field cores 
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FIGURE 5 Marshall stability and flow results for laboratory samples. 

(Figure 6). The air void contents for the laboratory samples 
would be expected to remain essentially equal over time, while 
those for the field cores would be expected to decline. The 
erratic nature of the results suggests errors in measurement 
or variability of the mix. Nevertheless, the compactive effort 
used in preparation of the laboratory samples appears to be 
at about the correct level. 

2. The laboratory-prepared sample modulus values are not 
significantly different from those of the field core modulus 
values at the 5 percent significance level (see Figure 7a). 

3. In general, the comparison of fatigue lives between field 
cores and laboratory samples is, at best, fair (the means are 
significantly different at a 5 percent significance level but not 
at a 1 percent significance level). The fatigue lives of the Warm 
Springs field cores are generally greater (except initially) than 
those of the laboratory samples, as shown in Figure 7b. The 

opposite is true of the results for the Lake of the Woods 
section; the fatigue lives of the laboratory samples are greater 
than those of the field cores, except for the 1988 test results 
in which lhe fatigue lives are essentially equal. The differences 
in fatigue lives between field cores and laboratory samples 
may be due to the significant differences in curing temperatures. 

4. The comparison of Marshall stabilities between field 
cores and laboratory samples are, in general, good (the means 
are not significantly different at the 5 percent significance 
level) . As shown in Figure Sa, the stabilities of the laboratory 
samples for the Warm Springs section compare well with those 
of the field cores. The stabilities of the laboratory sample 
for the Lake of the Woods section, however, are generally 
greater than those of the field cores. 

5. Except for the first year's test results, the flow values of 
the laboratory samples compare well with those of the field 
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TABLE 6 SUMMARY OF TEST RESULTS (LABORATORY VERSUS FIELD) 

Specimen Emulsion/ Test Percent Average Average Average Average 
Type Water Period Voids Res i 1 ient Fatigue Marsha 11 Flow 

Content (%) Madu lus Life Stabi 1 ity (in. /100) 
(%) (ks i l [recs ) (lb) 

a) MP 79.2-Wasco Co. Line (Warm Sprinosl 

Laboratory Sample 1.0/3.0 Fall 19B6 11.B 374 (60) IB, 673 ( 7. 015 ) 612 (?) 59 (?) 
Fall 19B7 II. 2 346 (99) 31 , 7BO (2. 653 ) 694 (9B) 24 (4 . 5) 
Fa 11 19BB 9. 7 221 (2B) 30,373 (9. 330 ) I, 116 ( 144) 23 (3 .6) 
Surrmer 1990 12. 7 473 ( 55l . 1.173 (24 \ 23 (5 .1 l 

Field Core 1.0/2 . 4 Fa 11 19B6 12 ,B 305 (243) II, 030 (5, 053 ) 694 (BO ) 59 (5 . 7) 
Fa 11 19B7 7 .4 242 (IS) 50, 010 ( 17. 709 ) B61 (Bl ) 19 (l . O) 
Fa 11 19BB II. 7 377 (30) 53. 965 (12. BOO ) I, 106 (22 ) 21 ( 1. 5) 
Surrmer 1990 7 , 4 52} !Bl 150 , 000+ I.Bil i 71 i 17 il . 1) 

b) Lakeshore Dr.-Greensprings Jct. (Lake of the Woods) 

Laboratory Sample 1.9/2.6 Fa 11 1986 17 . 7 457 (9B) 39. 333 ( IO,B74! 928 (?) 57 (?) 
Fa 11 19B7 17 . 0 603 ( 74) 59. 269 ( 25. B99 B61 (17) 32 (I. 2) 
Fall 19BB 15 . 2 412 (56) 82. 059 ( 19, 597) 1,307 (22B) 17 (I. 5) 
Surrmer 1990 17 . 4 7BO (33) . I. 236 /285) 26 ( 7. 2) 

Field Core l.B/1.6 Fa 11 19B6 10 .9 513 ( 107) 5 ,863 (4,354) 605 (JOO ) 29 ( 13) 
Fa 11 19B7 15 . 7 504 (62) 34. 261 ( 5, 536 ) 614 (27) 19 (0 . 6) 
Fa 11 198B 14 . 6 530 ( 16) 7B, 731 ( l3,B47) I, 171 (43 ) 24 (3 .B) 
Surrmer 1990 13 .o 727 (SB) 250 , 000+ I , 597 ( 134 ) 17 ll . 2) 

*Fatigue tests were not performed on the laboratory samples in Surrmer 1990 
Note: Parentheses cont a in standard deviations 
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FIGURE 6 Comparison of void contents-field cores versus laboratory samples. 

cores for both sections (Figure 8b ). However, overall, the 
means were found to be significantly different at the 5 percent 
significance level. 

COMPARISON OF CIR VERSUS CONVENTIONAL 
HOT MIXES 

This secton compares the resilient modulus and fatigue of 
CIR mixtures and conventional hot mixes. The results of tests 
performed on cores from the Warm Springs and Lake of the 
Woods sections are shown in Table 8 along with results of 
tests performed on conventional hot mixes (3,4). The hot 

mixes are a Class B mix (5), with 5 to 6 percent asphalt 
intentionally compacted to acquire high air void contents. The 
results of tests performed on these mixes were chosen for the 
comparison because these mixes have void contents similar 
to those of the CTR mixes ;rn<l were tested under simil()T 
conditions. The results in Table 8 are shown graphically in 
Figure 9. 

The CIR mixes, which typically have high voids, show little 
change in mix properties with significant changes in void con
tents. Figure 9a clearly shows that significant changes in void 
content (up to 5.4 percent) have little effect on the modulus 
of either CIR project. Similarly, Figure 9b shows that, for 
the Warm Springs project, the fatigue life can be essentially 
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FIGURE 7 Comparison of modulus and fatigue results-field cores versus laboratory 
samples. 

equal at significantly different void contents or significantly 
different at nearly equal void contents. The latter finding also 
holds true for the Lake of the Woods section. The significant 
increases in fatigue life are more likely caused by long-term 
softening of the original binder in the pavements than by 
increases or decreases in void content. 

The void content of the hot mixes, however, has a clear 
and significant effect on the mix properties. As shown in 
Figure 9a, the modulus decreases appreciably with increased 
void content. Figure 9b shows the same trends for fatigue
decreased fatigue with increased void content-but the effect 
is not as dramatic as with the modulus . 

These plots indicate that the CIR mixes generally have 
slightly higher modulus values and significantly greater fatigue 
lives relative to the hot mixes at similar void contents . This 

finding may indicate that CIR mixes behave more like open
graded mixes than dense-graded mixes. 

CONCLUSIONS 

The following conclusions appear to be warranted from this 
study: 

1. The sample preparation procedure that was developed 
allows fabrication of specimens from RAP that closely sim
ulate the void content of the pavements in the field. 

2. Moderate deviations ( ± 0.5 percent) from the design 
emulsion content generally have little effect on the modulus 
of laboratory-prepared specimens. This finding is also true of 
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TABLE 7 SUMMARY OF STATISTICAL ANALYSIS (LABORATORY 
VERSUS FIELD) 

Test Section F 
a ~"o'.·05 Significant P-va l ue 

Difference 
? 

Hodul us Warm Sari nos 0.066 1 .19 No p > 0 .06 

La.ke of the Woods 0 . 039 4 . 49 No p > 0.05 

Fatigue Warm Sori nqs 5.403 4. 75 Yes 0. 01 > p > 0. 05 

La.ke of the Woods 8 . 102 4. 75 Yes 0. 01 > p > 0. 05 

Ha rs hall Warm Sori nqs 1.897 4. 75 No p > 0 .05 
Stability 

Lake of the Woods 0 . 008 4 . 75 No p > 0. 05 

Flow Warm Springs 7 .048 4 . 75 Yes 0.01 > p > 0.05 

Lake of the Woods 10 . l27 4. 75 Yes 0.001 > p > 0 . 01 
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TABLE 8 CIR VERSUS HOT-MIX TEST RESULTS the Warm Springs fatigue specimens. However, for the Lake 

H1x 
Type 

CIR 

Hot M1x 

Project " Voids 

Warm Spr1 ngs 7 .4 

11. 7 

12.8 

Lake of the Woods 10.9 

14.6 

15. 7 

Castle Rock-Cedar Creek 8.2 

13 .2 

14 .4 

Warren-Scappoose 8.0 

11.6 
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50 , 010 

53, 965 

11 030 

5 860 

78 , 731 

34 Z6! 
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10,426 

6 853 

9 . 166 

8.366 

of the Woods section, the emulsion content significantly af
fected the fatigue life of the laboratory specimens. The effect 
of emulsion content is clearly indicated by the Marshall sta
bilities although no clear trends are evident by the flow values. 
Thus, from these observations, the Marshall stability appears 
to be the best test for design purposes. 

3. The modulus and fatigue results from the fall 1986 test 
period (3 to 4 months after the pavements were constructed), 
when used as mix design criteria, predict an initial emulsion 
content of 0.5 percent for the Warm Springs section and 1.4 
percent for the Lake of the Woods section. The fall 1986 
Marshall stability test results predict 1.0 percent and 1.9 per
cent emulsion contents (those used in the field) for the Warm 
Springs and Lake of the Woods sections, respectively. When 

Warren-
Creek Scappoose 

Cold Recycle Hot Mix 
a) Modulus 

CHtle Rock-
C1d1r CrHk ScappOOll 

Cold Recycle Hot Mix 
b) Fatigue 

FIGURE 9 Comparison of CIR versus hot-mix modulus and fatigue test results 
(percentages are air void contents). 
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consideration is given to stabilities and flow values together, 
a 1.4 percent emulsion content might be used for the Lake 
of the Woods section. In short, only the Marshall stability 
predicted the emulsion content that was used in the field. 

4. In general, the mix property test results of laboratory
prepared samples compare well with those of the field cores. 
In particular , the modulus and Marshall stability results show 
a good comparison, while the comparison of the fatigue and 
flow results is, at best , fair . 

5. At similar void contents, CIR mixes generally have slightly 
greater modulus values and significantly greater fatigue lives 
relative to conventional hot mixes intentionally compacted to 
acquire high air void contents. This finding indicates that CIR 
mixes can provide a significant contribution to the pavement 
structure. 

6. Total liquids content must be adequate to disperse the 
emulsion throughout the mix. There was an adverse effect on 
material properties (Figures 4 and 5) when Lake of the Woods 
specimens were prepared with insufficient addition of water 
(4 percent total liquids) . 
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Analysis of Crack Propagation in Asphalt 
Concrete Using Cohesive Crack Model 

YEOU-SHANG }ENQ AND }IA-DER PERNG 

A cohesive crack model , which is similar to the Dugdale
Barenblatt model , was proposed to simulate the progressive crack 
development in asphalt concrete. Ten ile strength , fracture en
ergy, and the stress-separation relationship are the basic material 
properties associated with this model. To evaluate the material 
properties, indirect tensile tests and three-point bend tests were 
performed. From these experimental results, the effects of tem
pei"iiture 011 Young'~ muuuius, the fracture energy, and the in
direct tensile strength were evaluated. To determine the stress
separation relationship, a numerical simulation (or curve-fitting 
method) was used. Using the material properties obtained from 
the experimental study, temperature effect n different fracture 
parameters (i.e., critical stress intensity factor and critical 
J-integral) were studied. The theoretical predictions were found 
to be in good agreement with the available experimenral re ults. 
Th.is finding also indicat the potential applicatiom; of tht: I ro
posed model in evaluating the performru1ce of asphalt concrete 
pavements. 

Asphalt concrete is composed of brittle inclusions (aggre
gates) and viscous matrix (asphalt cement). Because of the 
viscous matrix, asphalt concrete behaves like a viscoelastic 
material. As a result, the stress-strain response depends on 
the loading rate and the environmental temperature . A basic 
understanding of the time-dependent response of asphalt con
crete can be qualitatively obtained by the use of rheological 
models. The simplest model is the Maxwell model, which 
consists of a spring (providing the elastic response) and a 
dashpot (providing the viscous response) connected in series. 
A more realistic representation of actual behavior of asphalt 
concrete can be modeled using the Burger model (1). In gen
eral, the strain ( E) of a viscoelastic material such as asphalt 
concrete can be expressed as a function of time (t), temper
ature (T), and loading rate&. That is, 

E = E(l,T,cr) (1) 

However, it should be noted that Equation 1 is valid only 
for undamaged materials. To model crack propagation in as
phalt concrete, a separate criterion is necessary. 

FRACTURE CRITERIA 

Selection of fracture criteria, which can be used to estimate 
the fracture strength and service life of a structure, is an 
important aspect of pavement design. For example, the ex
istence of joints and cracks often causes stress concentration 

Department of Civil Engineering, Ohio State University, Columbus, 
Ohio 43210. 

as well as a redistribution of stress. As a result, the failure 
strength predicted using a conventional strength criterion
namely, that a material will fail if the tensile strength is ex
ceeded-may not be reliable and may overestimate the actual 
strength of the structure. Therefore, to properly estimate the 
fracture resistance of asphalt concrete, a fracture mechanics 
concept must be incorporated. 

The distribution of tbe stresses in front of a crack tip (a11) 

(only Mode I tensile condition is considered here) can be 
expressed by the following equation: 

where 

_K_,_ + higher order terms 
(27rx) "2 

x = distance from the crack tip, 
Ki = Mode I stress intensity factor, and 
aii = near tip stresses. 

(2) 

Ki is a function of the applied load, the crack length, and the 
shape of the specimen. Equation 2 indicates that the stresses 
around the crack tip are square-root singular. This also implies 
that a material with a crack cannot sustain any applied load 
if one assumes the strength criterion. However, it has been 
observed that a material with flaws or sharp cracks still has 
the ability to resist a certain amount of applied loads . This 
observation clearly indicates that a conventional strength cri
terion is not appropriate in estimating the crack resistance of 
asphalt concrete. 

To overcome the drawbacks of strength criteria, Griffith 
(2) proposed a constant surface energy concept in 1921. He 
proposed that a brittle body fails because of the presence of 
many internal cracks or flaws that produce local stress con
centration. He stated that the elastic body under stress must 
transfer from an undamaged state to a damaged state by a 
process during which a decrease of the potential energy takes 
place. He also stated that fracture instability is reached when 
the increase in surface energy, which is generated by the 
extension of the ciack, is balam.:etl by lhe release of elastic
strain energy in the volume surrounding the crack. For an 
infinitely large plate with an initial crack length of 2a and 
subjected to a uniform tension, a 0 , Griffith's energy criterion 
for crack propagation can be presented mathematically as 

(3) 

where &U is the decrease in potential energy due to increased 
crack surface and &UsE is the increase in surface energy due 
to increased crack surface. 
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The expression for the critical stress ( u J at which a crack 
will propagate based on the Griffith energy criterion can be 
written as 

u0 = uc(crackdrivingforce =fracture resistance) (4) 

and 

(5) 

where T is surface energy per unit area , and E is Young's 
modulus. 

According to Irwin (3), the following relation can be de
rived between the Mode I stress intensity factor (K1) and the 
energy release rate ( G): 

(EG)u2 for plane stress case (6) 

EG . 
( )

1/2 

1 
_ v2 for plane stram case (7) 

Because the energy release rate is two times that of the 
Griffith surface energy, the critical stress intensity factor ( K1c) 
and critical energy release rate ( G c) can be used as crack 
propagation criteria. 

The Griffith energy criterion is based on linear-elastic frac
ture mechanics (LEFM) assumptions, that is, there is no (or 
negligible) plastic deformation in the material. However, for 
most materials, inelastic deformation such as plastic defor
mation always takes place. Thus, the Griffith criterion must 
be modified for materials with significant inelastic deforma
tion . Orowan (4) and Irwin and Kies (5) concluded that even 
a slight plastic flow that occurs in the brittle fracture case will 
absorb a great amount of additional energy required to create 
new surfaces. 

Irwin and Kies also recognized that the plastic energy dis
sipated in material is much higher than the surface energy 
dissipated. Therefore, they proposed that the surface energy 
can be neglected when compared with plastic energy. To sim
ulate this type of nonlinear energy dissipation, a cohesive 
crack model was proposed by Dugdale (6) and Barenblatt (7) . 

Dugdale Model 

To simulate the plastic fracture process observed in a thin 
metal plate, Dugdale (6) proposed a model that assumed that 
the length of the plastic zone is much larger than the thickness 
of the sheet and that the plastic zone is a yielded strip ahead 
of the crack tip. The material is assumed to be elastic-per
fectly plastic so that the stress within the yielded strip equals 
the yield strength (uy)· Dugdale also postulated that the effect 
of yielding is to increase the crack length by the extent of the 
plastic zone, as shown in Figure 1 for a finite length crack in 
an infinite medium subjected to a uniform remote stress (u0). 

Within the yielded strip (ac), the opening of the crack faces 
is restrained by the closing pressure (or yield stress) (uy). The 
length (d) of this strip can be determined from the condition 
that the stress field is nonsingular . 

By superposing the solutions for the uncracked sheet loaded 
by a remote tension (u0 ), and for the cracked sheet with 
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a 

FIGURE 1 Dugdale model. 

remote loading and with pressure p2(x) = u 0 for lxl :'."".: a and 
Pi = <To - uY for a :'."".: lxl :'."".: con the crack surface (Figure 1) , 
Dugdale came to an expression for the length of the plastic 
zone: 

d = 2a · sin2 ('IT<To) = ~ (K1
)

2 

4uY 8 uY 
(8) 

He found very good agreement between the measured lengths 
of the plastic zones in steels from experimental results and 
the predictions based on Equation 8 for u0 as large as 0.9u, .. 
It should be noted that the specific energy dissipation for crack 
formation in this model is unbounded, which is not a reason
able assumption for most materials. 

Barenblatt Model 

As in the Dugdale model , Barenblatt (7) proposed that a 
cohesive force acts across a fracture process zone ahead of 
the real crack tip. However, unlike the yielding consideration 
assumed by Dugdale, the cohesive force in the Barenblatt 
model is from molecular force consideration, and the cohesive 
force depends on the opening displacement along the crack. 
As a result, specific energy dissipation for crack formation is 
bounded, which is a more realistic assumption. 

The cohesive crack concept was later successfully extended 
by Hillerborg et al. (8) to study nonlinear fracture process in 
portland cement concrete. 

COHESIVE CRACK MODEL FOR 
ASPHALT CONCRETE 

To properly model the crack propagation in asphalt concrete, 
a cohesive crack model, which is similar to the Dugdale
Barenblatt model, is proposed. Some fundamental concepts 
and basic assumptions regarding the proposed cohesive crack 
model are discussed first. 

Basic Assumptions 

To simulate the fracture process using the Dugdale
Barenblatt cohesive crack model, the following assumptions 
were made: 
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1. The process zone starts to develop at one point when 
the first principal stress reaches the tensile strength f;. 

2. The process zone develops perpendicular to the direction 
of first principal stress. 

3. The properties of the materials outside the process zone 
are governed by stress-strain (cr-e) relation (e.g., Equation 1 
or Figure 2). 

4. The material in the process zone is able to transfer stress, 
and the stress-transferring capability depends on its opening 
according to the stress-separation (cr-w) curve shown in Figure 
3. In addition, this stress-separation relationship depends on 
the loading rate and the service temperature. 

Based on this assumption, the specific energy dissipation 
can be shown to be bounded, which is a reasonable assump
tion. An example of the closing pressure along this process 
zone can be modeled as nonlinear spring coupled with dash
pots (see Figure 4). 

stress o 

strain 

FIGURE 2 Straight line 
approximation of the 0'·£ 

curve for asphalt concrete. 

a 

Width of the cohesive crack 

FIGURE 3 Bilinear 
simulation of <T-w curve for 
asphalt concrete. 

Traction free crack 
(cohesive crack) 

FIGURE 4 Cohesive crack modeled by 
Burger model. 
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To obtain the theoretical results using the proposed co
hesive crack model, a numerical method such as finite element 
methods must be applied. 

Numerical Formulation 

For simplicity, a notched beam is used to demonstrate the 
numerical formulation. Consider a notched beam with a 
preexisting crack up to node n subjected to a load P in the 
midspan, as shown in Figure 5. It is assumed that the process 
zone will develop along a straight plane, which is reasonable 
for Mode I crack propagation. When the beam is loaded, by 
introducing the closing stresses over the crack, one can an
alyze the progressive crack development in the beam. 

In the calculation process, the stresses acting across the 
cohesive crack were replaced by equivalent nodal forces. These 
forces can be determined according to the stress-separation 
(cr-w) curve when the width at the cohesive crack zone is 
known. As shown in Figure 5, when the first node reaches 
its tensile strength, the opening at the first node is still equal 
to zero, that is, er, = f,, W1 = Wz = ... = wn - 1 = 0. From 
this, one can determine the first point, which corresponds to 
the crack initiation point of the load-load line deflection 
(P-8) curve and the load-crack mouth opening displacement 
(P-CMOD) curve. 

When the crack starts to propagate, as shown in Figure 6, 
the first node is opened and the second node is assumed to 

t1damaged 

na teri al 

FIGURE 5 Schematic illustration of first step of 
numerical calculation. 

ndamaged 

naterial 

n- t 
n-2 

FIGURE 6 Schematic illustration of second step of 
numerical calculation. 
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reach the tensile strength. At this point the boundary con
ditions can be expressed as a 2 = f,, w2 = w3 = ... wn- i = 
0, w1 f. 0, a 1 = a(w1). The system equations are nonlinear 
because of the stress-separation constraint, that is, a 1 depends 
on the value of w 1 , and w1, on the other hand, is affected by 
the magnitude of a 1 • Therefore, an iteration process is needed 
for this step. 

Following the same procedure, the progress of the crack 
propagation can be analyzed and the complete P-B curve and 
P-CMOD curve can be generated . More detailed numerical 
formulation is given elsewhere (9) . 

MATERIAL PROPERTIES 

An experimental program is designed to evaluate the material 
properties associated with the proposed model. The tensile 
strength, the fracture energy, and Young's modulus were de
termined using Marshall tablets and beam specimens. 

Asphalt Concrete Mix 

The asphalt cement used in this study is AC-20 grade , which 
was purchased from the Koch Company in Ohio. The aggre
gates are natural gravel and natural sand obtained locally. 
The gradation of the aggregate satisfies the requirement of 
404 mix specified by Ohio Department of Transportation (10). 
The mixing temperature is 300°F, and the compaction tem
perature is 280°F. A medium traffic condition was assumed; 
thus , for the asphalt tablets the number of compaction blows 
at each end of the specimen is 50. The optimum asphalt con
tent according to Marshall mix design is 5.15 percent. This 
optimum asphalt content was used to produce the asphalt 
tablets and the beam specimens. The asphalt tablets were used 
for Marshall stability tests and indirect tensile tests. The beams 
were used for the three-point bend tests. Some of the beams 
were sawcut with notch-depth ratios of 0.2, 0.4, and 0.6. The 
beam specimens are 15 in. long, 2.9 in. high, and 3 in. wide. 
The asphalt tablets are 4 in. in diameter and 3 in. high. 

The tablets were prepared according to the Mix Design 
Method for Asphalt Concrete (MS-2) recommended by the 
Asphalt Institute for Marshall stability tests (JJ). The same 
mixing procedures were used to prepare the beam specimens. 
However, the beam specimens were compacted statically us
ing a Forney testing machine by applying 10 cycles of static 
force to the surface of the beams . This procedure ensured 
that the density of the beam was similar to that of the asphalt 
tablets. 

Indirect Tensile Tests 

To measure the tensile strength of asphalt concrete, indirect 
tensile tests were performed (12) . The indirect tensile tests 
were carried out at five temperatures: l8°F, 36°F, 75°F, 104°F, 
and 140°F. In the l8°F and 36°F cases, the tablets were put 
in the refrigerator for 1 day to reach the required temperature 
before testing. In the 104°F and 140°F cases, the tablets were 
wrapped with a plastic sheet, placed in a plastic bag, and then 
conditioned in the water bath for 6 hr. An MTS Systems 
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Corporation testing apparatus was used in all of the tests. 
Displacement control was used to get a complete load versus 
load-line deflection curve. The loading rate was fixed at 0.03 
in./min for the indirect tensile tests. Using this loading rate, 
the indirect tensile test for each asphalt tablet was finished 
within 10 min. Thus, the temperature change during the test
ing process was assumed to be negligible. The applied load 
and load-line deflection were monitored and recorded by an 
X-Y recorder. Based on the measured peak load, the indirect 
tensile strength can be measured and expressed as 

f, = 2Pmnx 
I 'ITDH 

where 

p max = measured peak load, 
H = thickness of the tablet, 
D = diameter of the tablet, and 
f, = indirect tensile strength. 

(9) 

Since the work done to fracture the specimen is equal to 
the area under the complete load versus load-line deflection, 
the fracture energy ( GF) can be expressed as 

(10) 

The area under the P-B curve was calculated using a plani
meter. 

Three-Point Bend Test 

Figure 7 shows the three-point bend testing setup. The applied 
load and the load-line deflection were also recorded by an 
X-Y recorder. From the initial slope of the load-deflection 
curve, one can determine the modulus of elasticity. The load
ing rate for this test was 0.125 in./min, and the notch-depth 
ratios were 0.2, 0.4, and 0.6. Because the area under the load
deflection curve and the work done by the self-weight of the 
beam are the total energy consumed to break the beam, the 
fracture energy ( GF) for the beam specimens can be calculated 
as 

[ 
r~max 1 ] 

GF = Jo p(B)dB + 2 MgSmax ![(b - a)W] (11) 

where M is the mass of the beam and g is acceleration of 
gravity. 

FIGURE 7 Typical P-B and P-CMOD curves for three-point 
bend test. 
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Test Results 

The results for indirect tensile tests and three-point bend tests 
are summarized in Tables 1 and 2. Table 1 shows that the 
indirect tensile strengths at different temperatures obtained 
from this study are comparable to the results reported by 
Kennedy and Hudson in 1968 (12). As reported by Kennedy 
and Hudson, the loading rate, as well as temperature, sig
nificantly affects the indirect tensile strength. A higher loading 
rate, as well as a lower temperature, will result in higher 
indirect tensile strength. Thus, the experimental results ob
tained from the present study (loading rate = 0.03 in./min) 
were judged to be reasonable (Figure 8). It can also be noted 
that the fracture energy increases as the temperature de
creases, indicating that more energy is needed to fracture 
asphalt concrete at a lower temperature. This observation, at 
first sight, does not seem to be reasonable because asphalt 
concrete generally is more brittle at a lower temperature. It 
should be emphasized that it is the overall change of material 
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properties that causes the brittleness of asphalt concrete ob
served at low temperatures. This phenomenon will be ex
plained in the parametric study. 

The fracture energy ( GF), critical stress intensity factor (K1c), 
and net flexural tensile strength (f ~ei) for different notch
depth ratios (alb = 0.2, 0.4, and 0.6) obtained from the three
point bend tests are listed in Table 2. From this experimental 
study, the following material properties were extracted and 
are used in the present study: 

1. Tensile strength(!,): The tensile strengths obtained from 
the indirect tensile tests at different temperatures are used as 
inputs for tensile strength. 

2. Fracture energy (GF): Because of the end compressive 
effect of the asphalt tablets, multiple cracks were produced 
in the indirect tensile specimen test. As a result, the fracture 
energy obtained from the indirect tensile tests is higher than 
that obtained from the three-point bend test (Tables 1 and 
2). It is therefore appropriate to select the fracture energy 

TABLE 1 RES UL TS OF INDIRECT TENSILE TESTS 

Temp. 
(°F) 

18 

36 

75 

104 

140 

Specimen 
No. 

0-37 
0-38 
0-39 
0-40 

0-28 
0-29 
0-41 
0-42 

0-20 
0-21 
0-22 
0-23 
0-24 

0-33 
0-34 
0-35 

0-3Q 
0-31 
0-32 

Indirect tensile 
strength (f,) 

(psi) 

293.81 
309.56 
324.45 
293.94 

183.15 
156.17 
213.26 
204.06 

70.40 
63.21 
64.59 
57.19 
61.58 

14.07 
13.23 
13.80 

3.70 
3.53 
3.63 

TABLE 2 RESULTS OF THREE-POINT BEND TESTS (T = 75°F) 

Fracture Energy Avg. f, Avg. o, 
(G.) (lb/in) (psi) (lb/in) 

18.41 305.4 19.98 
20.94 
20.33 
20.24 

17.63 189.16 18.66 
18.03 
18.19 
20.74 

9.53 63.39 8.71 
9.3 
9.63 
8.14 
6.95 

1.65 13.70 1.54 
1.39 
1.59 

0.295 3.62 0.276 
0.259 
0.274 

a/b ratio Specimen 
No. 

Net flexural 
strength 

Critical stress Fracture Energy 
intensity factor o,2 (lb/in) 

K,,, psi.Yin 

Contr ibution3 

to G, due to 
self-weight 

0.2 

0.4 

0.6 

Average 

B-0-10 
B-0-9 

B-0-8 
B-0-7 

B-0-6 
B-0-5 

177.2 
151. 2 

77.2 
64.8 

21.2 
29.8 

203.34 
183.28 

159.65 
128.69 

98.64 
144.49 

153.02 

173.99 
154.68 

129 .17 
105.18 

67.51 
97.87 

121.40 

2.94 
2.78 

1.90 
2.00 

1.33 
1.42 

2.06 

1. If the self-weight of the beam is considered, an extra 5.45 lba (i.e., one half of 
the weight of the beam) must be added to Pmu• 

2. Fracture energy values without the contribution of &elf-weight. 
3. Contribution of self-weight to the fracture energy values. 

0.292 
0.297 

0.300 
0.385 

0.456 
Q.400 

0.355 
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FIGURE 8 Numerical simulation of load versus 
load-line displacement for a* = 1.0 and c* = 
0.48. 

obtained from the three-point bend tests instead of that ob
tained from the indirect tensile test. However, because only 
the T = 75°F case was performed for three-point bend tests, 
an alternative method is used to derive the fracture energy
temperature relationship. It was assumed that the tempera
ture effect on G F is the same for both indirect tensile tests 
and three-point bend tests. Thus, the fracture energy ( G F) of 
three-point bend tests can be derived as 

GF = 0.355 x 10c1.J226+0.001sT-o.00011sT2) lb/in. (12) 

3. Young's modulus (E) and Poisson's ratios (v): The Young's 
modulus at different temperatures can be estimated from the 
initial slope of the P-3 curves obtained from the indirect ten
sile tests as well as three-point bend tests. Young's modulus 
(E) was calculated using the linear-elastic fracture mechanics 
formulas and can be expressed as 

E(T) = 10cs.939o6-o 014zn psi (13) 

Table 3 summarizes the material properties along with the 
characteristic length [Leh = GF x E/(f,)2]. The effect of as
phalt concrete temperature on Poisson's ratios is also included 
(13). It is worth noting that the characteristic length (Leh) is 
a better indicator for the ductility (or brittleness) of asphaltic 
materials. It can be shown that the larger the characteristic 
length, the more ductile the material. 

Determination of Stress-Separation Curve ( O'· W) for 
Asphalt Concrete 

95 

One can determine the stress-separation relationship from a 
direct uniaxial tensile test. However, the experimental setup 
for a direct uniaxial tensile test is very sophisticated and the 
test results may not be reliable because of possible eccentricity 
involved in the experimental setup. As a result, an indirect 
method is used to determine the stress-separation relationship 
in the present study. Because the actual stress-separation re
lationship is not known a priori, possible stress-separation 
relationships were considered by varying the values of a* and 
c*, as shown in Figure 9. By choosing different values of a* 
and c*, the we value must be adjusted so that the fracture 
energy (or area under the curve) will remain the same. A 
bilinear relationship is used in the present study for simplicity; 
one can, of course, assume a more complex relationship for 
the stress-separation curve. 

By trying different combinations of a* and c*, 25 bilinear 
a-w curves with the same fracture energy ( GF) were gener
ated. The values used in the 25 combinations were a* = 0.2, 
0.4, 0.6, 0.8, and 1.0 and c* = 0.1, 0.3, 0.5, 0.7, and 0.9. 

Figure 10 shows that the predicted load versus load-line 
deflection response is very sensitive to the shape of the stress
separation (a-w) curve. It was found that the experimental 
result can be better reproduced using a* = 1.0 and c* = 
0.48, as shown in Figure 8. There are no available data to 
assess the effects of asphalt grade, aggregate types and gra
dation, and different additives on the values for a* and c*. 
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FIGURE 9 Bilinear stress-separation curve for 
numerical simulation. 

c 

TABLE 3 SUMMARIES OF MATERIAL PROPERTIES USED IN PRESENT STUDY 

Temperature• 18 36 75 104 140 
(°F) 

Tensile atrength 305.4 189.16 63.39 13.70 3.62 
f (psi) 

Fracture Energy 4.726 4.413 2.06 0.364 0.065 
Gp (lb/in) 

Young's modulus 483 268 75 29 9 
E (Ksi) 

Poisson'• ratio 0.13 0.25 0.35 0.46 0.48 

Characteristic 24.45 33.03 38.36 56.22 44.31 
length, Leh (in) 
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FIGURE 10 Numerical results of load-deflection curves using 
different stress-separation relationships. 

An experimental program at Ohio State University is eval 
uating these effects. 

Using the same stress-separation relationship, the load
deflection curves obtained for different notch-depth ratios 
(0.4 and 0.6) were found to be satisfactory. It can be con
cluded that the proposed stress-separation relationship is ac
ceptable and that more experimental data, of course, are 
needed to obtain a more accurate relationship. 

Development of the Process Zone 

The stress distribution of the process zone at different loading 
stages is shown in Figure 11 for a notch-depth ratio of 0.2. 
The process zone starts to develop when the load is applied. 
It can be observed that at Stage 1, a small process zone has 
already developed. Note that no stress exceeds the maximum 
tensile strength (f,) along the process zone. At the second 
stage, the cohesive crack propagates and the process zone is 
extended. When the peak load is reached (Stage 1), the stress 
distribution is quite different compared to the linear-elastic 
one. Nevertheless, the material along the process zone is still 
able to transfer stress even after the peak load is reached, 
and the traction free crack will not propagate until the fourth 
stage is reached. 

Temperature Effects on P-f> and P-CMOD Curves 

As shown in Figure 12, the behavior or asphalt concrete be
comes more brittle when the temperature decreases; that is, 
the peak load is reached at a much smaller de.formation at 
lower temperatures . This low-temperature-enhanced brittle
ness is mainly caused by the increase of Young's modulus and 
tensile strength values. Although the tensile strength, as well 
as the fracture energy, is higher at lower temperatures, for 
the same amount of thermal contractions and deformation 
(or displacement), asphalt concrete is more susceptible to 
thermal cracking during winter because of the brittleness en
hanced by lower temperatures. 

Temperature Effects on Fracture Parameters 

By knowing the peak load value obtained from the proposed 
cohesive crack model, one can also calculate the critical stress 
intensity factor (K1e) at different temperatures. 
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The model prediction shown in Figure 13a indicates that 
the higher the temperature, the lower the critical stress in
tensity factor will be. This trend was also reported by Kara
kouzian (14) (see Figure 13b). 

Among the various fracture parameters, the J-integral pro
posed by Rice in 1968 has been widely used (15). The 
J-integral is defined as a path-independent contour integral 
representing a nonlinear elastic energy release rate . By using 
the load versus load-line deflection curve obtained from the 
model, one can measure the area under the curve up to the 
peak load for different notch-depth ratios. Based on these 
measurements, UT and thus J1e can be determined (9). Unlike 
the critical stress intensity factor, the critical J-integral was 
found to increase with temperature up to about 40°F and then 
decreases for much higher temperature (Figure 14a). A sim
ilar experimental observation was also reported by Dongre 
et al. (16), as shown in Figure 14b. It is, however, difficult 
to make conclusions for temperatures higher than 40°F be
cause of the large dispersion observed in the experimental 
data. More experimental results are needed to verify the the
oretical prediction at a higher temperature range . 

With the proposed model and the aid of finite element 
analysis, one can also analyze the crack resistance of a pave
ment structure. For example, the effects of seasonal and daily 
thermal cycles, thermal gradients, thermal contraction of con
crete slabs, and joint faulting on the performance of asphalt 
concrete overlay can be objectively analyzed, and the mech
anisms that cause premature pavement failure can be better 
understood. Research results on these effects will be pre
sented elsewhere. 

CONCLUSIONS 

1. By using the cohesive crack model, progressive crack 
development in asphalt concrete can be properly simulated. 
The effects of temperature on the crack resistance of asphalt 
concrete pavements can thus be objectively evaluated. 

2. Based on the proposed model, the effect of temperature 
on the fracture toughness K1e can be correctly predicted. How
ever, no definite conclusion can be made about the critical 
J-integral based on the theoretical predictions and the avail
able experimental results. 

3. In this study, the stress-separation (a-w) relationships 
were determined using a back-calculation method and were 
assumed to be the same for various temperatures. To correctly 
evaluate the effect of temperature on the stress-separation 
curve, a direct uniaxial tensile test should be performed under 
different temperatures. 

4. The proposed cohesive crack model is very promising in 
evaluating the temperature effect on the viscoelastic fracture 
response of asphalt concrete pavements. 
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Investigation of Rutting Potential Using 
Static Creep Testing on Polymer-Modified 
Asphalt Concrete Mixtures 

NEIL C. KRUTZ, RAJ SIDDHARTHAN, AND MARY STROUP-GARDINER 

In recent years, polymer-modified asphalt mixtures have been 
increasingly used in the construction of flexible pavements. These 
products have gained popularity because of their ability to in
crease pavement performance in both cold and hot environments. 
The increased elasticity from the polymer imparted to the mix
tures at cold temperature increases the pavement's ability to resist 
thermal cracking. The increased stiffness, as well as the increased 
elasticity, of these mixtures at warm temperatures has shown an 
improved resistance to rutting . The increased resistance to rutting 
in warm climates was of particular interest for construction proj
ects in the hot desert climate of southern Nevada. To investigate 
the potential benefits of these polymer-modified materials, the 
Nevada Department of Transportation (NDOT) placed six 
polymer-modified experimental test sections between Los Vegas, 
Nevada, and the Arizona border in December 1989. The Uni
versity of Nevada, Reno, in conjunction with NDOT, developed 
a research program to rank the rutting potential of the various 
mixtures and the increased rutting potential in the presence of 
moisture. Conclusions from this research were that strains ob
served in creep testing depend on the location of instrumentation 
and boundary conditions imposed on the sample. Results showed 
that a ranking of the materials (lowest to highest strain) was the 
same for 8-in.-high samples instrumented over the center third 
or over full depth. A finite element analysis showed that the 
magnitude of strains observed depends on the area of instru
mentation. End friction in the sample can give rise to substantial 
difference in the creep strain measurements made. Conclusions 
also indicate that the permanent strains after moisture condi
tioning appear to be a good indicator of possible moisture dam
age. 

In recent years, polymer-modified asphalt mixtures have been 
increasingly used in the construction of flexible pavements. 
These products have gained popularity because of their ability 
to increase pavement performance in both cold and hot en
vironments. The increased elasticity from the polymers im
parlt:u Lu lht: mixtures at cold temperature increases the pave
ment's ability to resist thermal cracking. The increased stiffness 
and increased elasticity of these mixtures at warm tempera
tures have improved resistance to rutting. The increased 
resistance to rutting in warm climates is particularly important 
for construction projects in the hot desert climate of southern 
Nevada. 

To investigate the potential benefits of these polymer
modified materials, the Nevada Department of Transporta
tion (NDOT) placed six polymer-modified experimental test 
sections between Las Vegas, Nevada, and the Arizona border 

Civil Engineering Department, SEM, Room 105, University of Ne
vada, Reno, Nev. 89557. 

in December 1989. The University of Nevada, Reno in con
junction with NDOT developed a research program to rank 
the rutting potential of the various polymer-modified mixtures 
and the increased rutting potential in the presence of moi~ture . 

RESEARCH PROGRAM 

The objectives of the research program were to 

1. Evaluate differences between the various polymer
modified mixtures; 

2. Evaluate the impact of moisture on the rutting potential 
of the mixtures; and 

3. Undertake a limited investigation of the impact of sample 
size and instrumentation location. 

NDOT collected samples behind the paver from each of 
the six experimental test sections placed on 1-15 between the 
Arizona state line and 5.3 miles east of the state line (toward 
Las Vegas). The variables between the test sections were 
limited to the binder; both the aggregate source and gradation 
remained constant. 

Permanent deformation (i.e., creep) characteristics were 
measured using a static unconfined creep test currently under 
development for adoption by ASTM. Both 4-in.-diameter by 
8-in.-high (typical triaxial cell size) samples and 4-in.-diameter 
by 2.5-in.-high (conventional mix design size) samples were 
prepared. Deformation was measured over both the full depth 
and center third of the 8-in. samples. The deformation of the 
2.5-in. samples was measured over the full depth only. 

The impact of moisture on the permanent deformation was 
evaluated using the Lettman accelerated conditioning pro
cedure for only the 8-in. samples. 

MATERIALS USED IN CONSTRUCTION 

The binders used in each of the sections were 

• AR4000-R, 
• AC-20-RL (L indicates low modifier content), 
• AC-20-RH (H indicates high modifier content), 
• AC-20-PM, 
• AR4000-PM, and 
• AC-20-P (control section). 
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AC-20-R was designated the control section because it is the 
product currently used by NDOT. 

The modifiers used for each of the test sections were listed 
as proprietary; as of the writing of this paper, specific infor
mation has not been released. 

The aggregate gradation met a Type II NDOT specification; 
this is similar to the ASTM D3515 dense-mixture specification 
of %-in. maximum nominal size. 

SAMPLE PREPARATION AND TEST METHOD 

Sample Preparation 

Loose-mix materials were sampled by NDOT during con
struction and delivered to the university in sealed canisters. 
This material was reheated and split into individual 1,100-g 
samples. Each sample was then reheated to 230°F for 2 hr 
prior to compaction. All samples were compacted with a Cal
ifornia kneading compactor using sufficient compactive effort 
(30 blows at 250 psi) to produce samples with air voids be
tween 6 and 8 percent. 

The 8-in. samples were compacted in three lifts of 1,100-g 
batches placed consecutively on top of each other. Approx
imately 2.5 in. of the sample was built with each lift. Each 
lift received the same compactive effort (30 blows at 250 psi). 
After compaction, samples were placed in a 140°F oven for 
1 Y2 hr prior to the application of a 5 ,000-lb leveling load. 

The 2.5-in samples (conventional mix design size) consisted 
of one 1,100-g batch compacted with 30 blows at250 psi before 
being placed in a 140°F oven for 11/2 hr prior to the application 
of a 11,600-lb leveling load. 

All samples, regardless of size, were extruded and cooled to 
77°F. The heights and bulk specific gravities were then deter
mined according to ASTM D3549 and D2726, respectively. 

Creep Testing 

The creep test selected was a uniaxial , static, unconfined test. 
A Satec "Cats" closed-loop system was used for all creep 
tests. The testing setup for 2.5-in. and 8-in. samples is shown 
in Figure 1. Sample ends were well greased with a graphite
based lubricant prior to the seating of the loading platens in 
order to reduce friction between the sample and the platen. 

All tests consisted of a static preconditioning followed by 
a static load. Preconditioning consisted of the application of 
a 628.5-lb (50-psi) step load for 2 min followed by a 5-min 
rest period. Testing started immediately at the end of this rest 
period and consisted of another 628.5-lb (SO-psi) static step 
load applied for 60 min. This step was followed by a 15-min 
rest period to allow for elastic recovery. Vertical deformations 
were measured continuously for all samples, but the location 
of instrumentation varied for the different sample sizes. All 
samples were tested at 77°F. 

The 2.5-in. samples were instrumented over the entire height 
of the sample with two linear variable differential transducers 
(LVDTs) placed 180 degrees apart (Figure 1 (top)). These 
deformations were electronically averaged and recorded every 
60 sec throughout the test. 

628.5 lbs 

LOA.DING PI.A.TEN 

ASPHALT CONCRBTB 
Sil!PLB 

LOA.DING PLlTEN 

628.11 lb• 

LOA.DING PLlTBN 

LVDT f3 LVDT '' 

ASPHALT CONCRETB 
SAMPLE 

LOADING PI.A.TEN 

FIGURE 1 Test setup for 
conventional (top) and 
unconventional (bottom) size 
samples. 
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The 8-in. samples were instrumented in two locations: 
(a) over the entire height of the sample, and (b) over the 
center 3 in. In each location, the deformations were measured 
on both sides of the sample, 180 degrees apart (Figure 1 
(bottom)). These deformations were electronically averaged 
and recorded every 60 sec throughout the test. 

The data were then used to calculate compressive strains 
over the instrumented length: 

e(t) = [(d(t)/Ha)J 

where 

e(t) strain at time t, in./in.; 
H 0 = original height of the sample or gauge length, in.; 

and 
d(t) = deformation over the instrumented length at time t, 

in. 

This equation was used for both unconditioned and moisture
conditioned samples. 
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Moisture Conditioning 

Selected samples were moisture conditioned consistent with 
Lottman's procedure for accelerated conditioning used to de
termine the retained strengths of asphalt concrete materials 
(1). Briefly, this procedure consists of immersing the samples 
in water and applying a vacuum of 24 in. Hg for 10 min to 
achieve a minimum of 90 percent saturation. Samples are 
wrapped in plastic and placed in a 0°F freezer for a minimum 
of 15 hr. Samples are then unwrapped and transferred to a 
140°F water bath for 24 ± 0.5 hr and immediately placed in 
a 77°F water bath for 2 hr in order to cool to test temperature. 

TESTING PROGRAM 

A total of seven samples from each of the six test sections 
were prepared: three 8-in. samples were tested uncondi
tioned, two 8-in. samples were tested after moisture condi
tioning, and two 2.5-in. samples were tested unconditioned. 
The number of samples was restricted because of the limited 
quantity of material on hand. Although the number of samples 
was not ideal, sufficient data were obtained to estimate stan
dard deviation, variance, and coefficient of variation as well 
as to evaluate the differences between the binders. 

ANALYSIS OF UNCONDITIONED TEST RESULTS 

8-in. Samples 

Instrumented over the Full Depth 

Typical test results over the duration of both the loading and 
unloading period are shown in Figure 2. The ranking (lowest 
to highest permanent deformation) of the various materials 
was as follows: 

Binder 

AC-20-RL 
AC-20-RH 
AR4000-R 
AC-20-PM 
AC-20-P (Control) 
AR4000-PM 

Avg Permanent Strain 

0.002636 
0.003166 
0.005519 
0.008942 
0.011277 
0.011364 

It appears that AC-20-RL and AC-20-RH behave s1m1-
larly. It also appears that AC-20-RL and AC-20-RH and 
AR4000-R could be expected to exhibit less rutting in the 
field than either AC-20-P or AR4000-PM. 

For the 8-in. samples instrumented over the full depth, 
within-sample set variance was calculated and an average var
ialll;e was 1.klenuiued (Table 1). The resulting within-sample 
set standard deviation (i.e., square root of the average vari
ance) was 0.002175 strain. 

Instrumented over the Center Third 

The typical data coll~cted over the duration of both the load
ing and unloading period are shown in Figure 3. The data 
recorded over the center third for a set of three samples of 
the same material are much more variable than those recorded 
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over the full depth. After an examination of the test setup, 
it was concluded that the method of mounting the third-point 
L VDTs made the electronics sensitive to both machine vi
brations and drafts. The impact from drafts can be seen in 
the discontinuity of the one line; this phenomenon was evident 
once in most of the sets of three. Therefore, for the analysis, 
the data with this discontinuity were removed from the data 
base. 

The ranking (lowest to highest permanent deformation) of 
the various materials for the remaining set of two samples 
was as follows: 

Binder 

AC-20-RL 
AC-20-RH 
AR4000-R 
AC-20-PM 
AC-20-P (Control) 
AR4000-PM 

Avg Permanent Strain 

0.001785 
0.002263 
0.003529 
0.004844 
0.009385 
0.010131 

This ranking is identical to that obtained for the full-depth 
instrumentation, even with the increased fluctuation of the 
third-point readings. The conclusions are also similar: the AC-
20-RL and AC-20-RH behave similarly, and the AC-20-RL 
and AC-20-RH, and the AR4000-R could be expected to 
exhibit less rutting in the field than either the AC-20-P or the 
AR4000-PM. 

For the 8-in. samples instrumented over the center third, 
within-sample set variance was calculated and an average var
iance was determined (Table 2). Only two of the three samples 
tested were instrumented over the center third. The resulting 
within-sample set standard deviation (i.e., square root of the 
average variance) was 0.002799 strain. 

2.5-in. Samples 

Instrumented over the Full Depth 

For the 2.5-in. samples instrumented over the full depth, within
sample set variance was calculated and an average variance 
was determined (Table 3). Graphical representation of a typ
ical set of samples is shown in Figure 4. The resulting within
sample set standard deviation (i.e., square root of the average 
variance) was 0.000889 strain. The ranking (lowest to highest 
permanent deformation) of the various materials was as follows: 

Binder 

AC-20-P (Control) 
AR4000-R 
AR4000-PM 
AC-20-RL 
AC-20-RH 
AC-20-PM 

Avg Permanent Strain 

0.001924 
0.002574 
0.003272 
0.003507 
0.003514 
0.004243 

The ranking of lowest to highest permanent deformation is 
considerably different from that obtained from either method 
of instrumenting the 8-in. samples. The AC-20-P and the 
AR4000-PM mixtures exhibited the most deformation when 
8-in. samples were tested and the lowest strains when 2.5-in. 
samples were used. The AC-20-RL, AC-20-RH, and the 
AR4000-R exhibited essentially identical permanent defor
mation characteristics when the 2.5-in. samples were used for 
testing. 
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FIGURE 2 Graphical representation of typical set of three unconventional samples, full-depth 
strain. 

TABLE l STATISTICAL ANALYSIS OF PERMANENT 
DEFORMATION FROM 8-in. SAMPLES, FULL-DEPTH 
STRAIN 

TABLE 2 STATISTICAL ANALYSIS OF 
PERMANENT DEFORMATION FROM 8-in. SAMPLES, 
CENTER THIRD STRAIN 

Sample 
Set 

AR4QOO.R 

AC-2().RL 

AC-2().RH 

AC-20-PM 

AR4QOO.PM 

AC-2().P 

AVERAGE 

Test Number Ave. Variance Standard Sample Test Number Ave. 
Perm. Deviation Set Penn. 

1 2 3 Strain 1 2 Strain 

0.005286 0.006727 0.004545 0.005519 1.23E·06 0.001109 AR4000.R 0.003016 0.004042 0.003529 

0.003920 0.002911 0.002669 0.003166 4.40E-07 0.000663 AC-2().RL 0.002427 0.001143 0.001785 

0.000684 0.003314 0.003911 0.002636 2.95E-06 0.001716 AC-2().RH 0.002540 0.001987 0.002263 

0.004957 0.008993 0.012877 0.008942 l.57E-05 0.003960 AC-20-PM 0.003261 0.006427 0.004844 

0.008019 0.011110 0.014964 0.011364 1.21E-05 0.003479 AR4QOO.PM 0.006013 0.014249 0.010131 

0.009452 0.010769 0.013610 0.011277 4.52E-06 0.002125 AC-20-P 0.004641 0.014129 0.009385 

0.007151 6.15E-06 0.002175 AVERAGE 0.005322 
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FIGURE 3 Graphical representation of typical set of two unconventional samples, center third 
strain. 

Variance Standard 
Deviation 

5.26E-07 0.000725 

8.24E-07 0.000907 

1.53E-07 0.000391 

5.0lE-06 0.002238 

3.39E-05 0.005823 

4.50E-06 0.006709 

1.42E-05 0.002799 
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TABLE 3 STATISTICAL ANALYSIS OF 
PERMANENT DEFORMATION FROM 2.5-in. 
SAMPLES, FULL-DEPTH STRAIN 

Sample Test Number Ave. Variance 
Set Perm. 

1 2 Strain 

AR4000-R 0.002045 0.003103 0.002574 5.60E-07 

AC-20-RL 0.004154 0.002661 0.003407 1.llE-06 

AC-20-RH 0.002707 0.004321 0.003514 1.30E-06 

AC-20-PM 0.004127 0.004360 0.004243 2.71E-08 

AR4000-PM 0.003354 0.003191 0.003272 1.33E-08 

AC-20-P 0.000429 0.003419 0.001924 4.47E-06 

AVERAGE 0.003155 1.2SE-06 

Standard 
Deviation 

0.000748 

0.001055 

0.001141 

0.000164 

0.000115 

0.002114 

0.000889 

Comparison of Test Results for the Two Sample Sizes 

While instrumenting an 8-in. sample over either the full depth · 
or the center third generates the identical ranking of the ma
terials, testing the 2.5-in. samples generates a completely dif
ferent, almost reverse, ranking. Historically , the height-to
width ratio of axially compressed specimens has been 2: 1 
because of the effect of end constraints. Based on this infor
mation, an assumption was made that the testing from the 
8-in. samples would generate the more accurate reflection of 
relative ranking of the material. Once this decision was made, 
the impact of end constraint influence on the deformation 
measurements over both the full depth and the center third 
of the sample needed to be assessed. A finite element method 
was chosen to perform this analysis. 

FINITE ELEMENT ANALYSIS OF 8-in. SAMPLE 

A preliminary investigation into the effects on nonuniform 
stress/strain field in the 8-in. sample using the finite element 

1.1 

'·" 

strain 

.... 

... 
II • 
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method was undertaken. If the stress/strain conditions de
veloped under the imposed loading are uniform within the 
sample , the strain results from both measurements (full depth 
and center 3 in.) should be the same. When the asphalt con
crete sample is axially loaded using the closed-loop testing 
system, the stresses and strains developed at various points 
in the sample vary depending on the boundary conditions at 
the top and bottom of the sample. The nonuniform stress/ 
strain field in the sample may be responsible for the difference 
in strain measurements obtained for the whole sample and at 
the middle of the sample. A preliminary investigation using 
the finite element method into the nonuniform stress/strain 
field in the sample is presented below. 

Finite Element Descritization and Loading 

Different boundary conditions between the sample anrl th~ 
top and bottom loading plates can exist . They are 

1. No-slip interface condition (Case 1), 
2. Smooth interface condition (Case 2), and 
3. Partial slip at the interfaces (Case 3). 

The third case can be viewed as an intermediate condition 
between Case 1 and Case 2. Though a coating of lubricant is 
used at the top and bottom of the sample, smooth interface 
conditions may not be present. The stress/strain field devel
oped under all three boundary conditions can be calculated 
using the finite element method . 

The finite element method has been successfully used in 
many engineering problems to evaluate stresses, strains, and 
deformations of bodies subjected to loading. This method is 
a very effective tool because it takes into account the varia
bility in the geometry and properties of the materials and the 

-
\ ... 

-
FIGURE 4 Graphical representation of typical set of three conventional samples, full-depth 
strain. 
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various boundary conditions. In this method, the entire do
main of interest is assumed to be an assembly of a finite 
number of elements that are connected at the nodal points. 
By assuming a reasonable variation for displacements within 
an individual element, it is possible to generate a load
displacement relationship for the entire domain. 

A widely used finite element-based program, IMAGES-30 
(2), was used to analyze the sample behavior under axial 
loading with the three types of boundary conditions. The 
axisymmetric finite element descritization and the boundary 
conditions are shown in Figures 5 and 6. The entire sample 
was divided into 580 elements of 0.25 in. x 0.1 in. in size. 
In Case 1 (see Figure 6) the bottom nodes have freedom to 
move only vertically, thus simulating a no-slip condition at 
the interface. At the top face, the nodes are fixed. In Case 
2, the top and bottom nodes are free to move without resist
ance (smooth condition) in the radial direction. On the other 
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FIGURE 5 Axisymmetric finite element 
descritization (580 elements, 630 nodes). 

t t t f f 
Case 1: No Sllp Condition Case 2: Smooth 

Interfaoe Condition 

t t t t t 
Case 3: Partial Slip Condition 

FIGURE 6 Boundary conditions used 
with the finite clement analysis. 
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hand, the third case represents partial slip in which the in
terface resistance is obtained by multiplying the applied pres
sure by the coefficient of friction(µ). A value of 0.1 was used 
in this paper. Material properties in terms of Young's modulus 
(E) and Poisson's ratio (v) are necessary to use the finite 
element program. Representative values of E = 300,000 psi 
and v = 0.35 were used. Table 4 gives sample properties and 
loading used in the computer runs. In all cases, a vertical 
pressure of 50 psi was applied at the bottom face. 

Analysis of Finite Element Method Results 

The IMAGES-30 program gives displacements at the nodes 
and stresses and strains at the middle of the elements. The 
nodal displacements can be used to compute average strains 
in the sample between any two points. The overall compres
sive strain in the sample (t2 ), can be calculated using 

where (u,0p)•ve and (uboi)ave are the average vertical displace
ments at the top and bottom of the sample, and L is the 
sample length. A similar procedure can be adopted to com
pare compressive axial strain at the middle of the sample, 
(tz)m using displacements given by the program at two points 
separated by 3 in. near the middle of the sample. These strain 
values are shown in Table 5 for all three cases considered in 
the study. Using the element strain data, it is possible to 
evaluate the range of maximum and minimum principal nor
mal strains and shear strains in the sample. These values are 
also shown in the table. 

A number of observations can be made from the results in 
the table. In Case 2 (smooth interface), the strain field in the 

TABLE 4 SAMPLE PROPERTIES AND LOADING 

Sample Size 
Sample Length 7.25 inches 
Sample Radius 2 inches 

Material Propenies 
Young's Modulus 300,000 psi 
Poisson's Ratio 0.35 

Loading 
Vertical Pressure 50 psi 
Coefficient of Friction 0.1 

TABLE 5 RES UL TS FROM FINITE ELEMENT ANALYSIS 

Computed Strain Response Case #1 Case #2 Case #3 

Axial Composilion for 
Whole Sample (ave.) 162 167 165 

(10 -6 m/m) 

AxinJ Comprcs!ivc Strain 
at Middle of Sample (ave) 173 167 170 

(10 -6 m/m) 

Range of Maximum 
Principal Strain 99 to 185 167 to 167 128 to 176 
(10~ m/m) 

Range of Minimum 
Principal Strain -7 to -74 -58 to -58 -22 to -62 

(10-6 m/m) 

Range of Maximum 
Principal Shear Strain 266 to 107 225 to 225 237 to 153 

(10 ~m/m) 
1_omputea r<ormru ~tt1w1 ls U>OSidcrea rosmve 
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sample is uniform and therefore gives identical results for 
strains computed based on end displacements and those com
puted using the middle-of-sample displacements. However, 
there are differences between the strain values in the other 
two cases (Cases 1 and 3). The difference is within 6.8 percent. 
Larger compressive strains are obtained when using the 
middle-of-sample displacements. It should be noted that Case 
3, which is a partial friction case, gives results between Case 
1 (no slip) and Case 2 (smooth) in all categories. 

The range of principal strains (normal and shear) gives a 
measure of the nonuniformity. In Case 2, the strain field is 
again uniform, while Cases 1 and 3 give nonuniform strain 
field. The ranges obtained for strain values in Cases 1 and 3 
are quite wide. For example, in Case 1, the maximum prin
cipal shear strain range is 107 to 266 µ. In other words, the 
strnin ciiffrrenc.e hetween any two points in the sample can 
differ by as much as 2.5 times. In Case 3, which may be a 
more realistic representation of the testing conditions, the 
difference is within 1.6 times. 

It is clear from the finite element studies that the nonuni
form stress conditions can be present if smooth sample end 
conditions do not exist. However, though friction may be 
present, the analysis indicates that the compressive strains 
obtained for the whole and middle of the sample differ only 
by a small percentage. It should be recalled that the finite 
element analysis is based on linear-elastic properties for as
phalt concrete. It may be argued that viscoelastic behavior in 
the asphalt concrete may be responsible for the difference in 
strain measurements. Though asphalt concrete is viscoelastic, 
the behavior immediately after the application of the load is 
linear elastic. 

It should be noted that the creep behavior monitored long 
after the load application can result in much different strain 
measurements for the whole sample and middle of the sample. 
This is because the creep behavior, which is mainly a time
varying shear behavior (3), varies from point to point in the 
sample. The difference in shear behavior is brought on by the 
nonuniform shear strain field present in the sample. The strain 
obtained for the whole sample is caused by creep behavior of 
the entire sample; the strain in the middle is caused by creep 
behavior of the middle region. This is why the difference in 
strain measurements is not uniform from the start to finish of 
the creep sample. 

ANALYSIS OF MOISTURE-CONDITIONED TEST 
RESULTS 

Previous research conducted for NDOT ( 4) showed that mois
ture sensitivity, a typical problem for Nevada mixtures, could 
contribute to increased permanent strain. Because of the lim
ited amount of materials, only 8-in. samples were tested after 
moisture conditioning. Two samples from each of the six ex
perimental test sections were subjected to moisture condi
tioning before testing . The resulting data for the full depth 
and the center 3 in. are shown in Tables 6 and 7. To reduce 
the number of variables in the experiment, the method of 
instrumentation, load, and temperature were consistent with 
the unconditioned data b<ise. 
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TABLE 6 STATISTICAL ANALYSIS OF 
PERMANENT DEFORMATION FROM 8-in. SAMPLES, 
MOISTURE-CONDITIONED, FULL-DEPTH STRAIN 

Sample Test Number Ave. Variance Standard 
Set Perm. Deviation 

1 2 Strain_ 

AR4000-R 0.009810 0.006646 0.008228 5.0lE-06 0.002237 

AC-20-RL 0.008715 0.008661 0.008688 1.09E-09 0.000033 

AC-20-RH 0.007116 0.007533 0.007324 6.25E-08 0.000255 

AC-20-PM 0.009108 0.009304 0.00'!206 l.92E-08 0.000138 

AR4000-PM 0.008611 0.007532 0.008071 4.37E-07 0.000660 

AC-20-P 0.010328 0.006149 0.008238 8.73E-06 0.002954 

AVERAGE 0.008292 2.38E-06 0.001046 

TABLE 7 STATlSTICAL ANALYSIS OF 
PERMANENT DEFORMATION FROM 8-in. SAMPLES, 
MOISTURE-CONDITIONED, CENTER THIRD 
STRAIN 

Sample Test Number Ave. Variance Standard 
Set Perm. Deviation 

1 2 Strain 

AR4000-R 0.011839 0.005497 0.008668 2.0IE-05 0.004484 

AC-20-RL 0.008728 0.006487 0.007607 1.88E-06 0.001372 

AC-20-RH 0.005263 0.005550 0.005406 3.09E-08 0.000175 

AC-20-PM 0.006491 0.009632 0.008061 4.93E-06 O.OO'l221 

AR4000-PM 0.006504 0.007432 0.006968 3.23E-07 0.000568 

AC-20-P 0.007686 0.004670 0.006178 4.S5E-06 0.002132 

AVERAGE 0.007148 5.30E-06 0.001825 

Instrumented Over the Full Depth 

After moisture conditioning, the ranking of the mixtures was 
as follows: 

Binder 

AC-20-RH 
AR4000-PM 
AR4000-R 
AC-20-P (Control) 
AC-20-RL 
AC-20-PM 

Avg Permanent Strain 

0.007324 
0.008071 
0.008228 
0.008238 
0.008688 
0.009206 

Although the ranking has changed from the unconditioned 
test results, there is so little variation between the results that 
there is essentially no difference between the permanent de
formation characteristics of the mixtures. Therefore, all mix
tures could be expected to exhibit similar rutting distress in 
the presence of moisture. Previous research has shown that 
the permanent deformation characteristics after moisture con
ditioning vary greatly between construction projects; there
fore it is hypothesized that the "stripping" pul~11Lial uf the 
aggregate, not the binder, is the governing factor. Therefore, 
mixtures prepared with the same aggregate source and gra
dation, but with different binders, could be expected to exhibit 
similar permanent deformation characteristics after moisture 
conditioning. 

The within-sample set variance for full-depth and center 
third instrumentation was calculated and an average variance 
was determined . The resulting standard deviations were 
0.001046 and 0.001825, respectively. 
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FIGURE 7 Graphical representation of typical conditioned unconventional samples, full-depth 
strain. 
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FIGURE 8 Graphical representation of typical unconventional samples, center third strain. 
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Figures 7 and 8 show typical ranges of data for each area 
of instrumentation (full depth and center 3 in.). Again, the 
discontinuity occurring on one of the center third data sets 
can be seen. 

Instrumented Over the Center Third 

After moisture conditioning, the ranking of the mixtures was: 

Binder 

AC-20-RH 
AC-20-P (Control) 
AR4000-PM 
AC-20-RL 
AC-20-PM 
AR4000-R 

Avg Permanent Strain 

0.005406 
0.006178 
0.006968 
0.007607 
0.008061 
0.008668 

Although the ranking has changed from both the full-depth 
instrumentation and the unconditioned test center point re
sults, there is still little variation between the results. 

The within-sample set variance for full-depth and center 
third instrumentation was calculated and an average variance 
was determined. The resulting standard deviations were 
0.001825 and 0.002799, respectively. 

CONCLUSIONS 

The following conclusions can be drawn: 

1. The ranking of lowest to highest permanent strain for 
the various binders used in this project was the same for 8-
in. samples instrumented over either the full depth or the 
center third of the sample. 

2. There was no correlation between the relative ranking 
obtained from the 8-in. and the 2.5-in. data. 

3. The finite element analysis of the 8-in. sample configu
ration showed that: 
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• The strains observed in creep testing depend on the 
location of instrumentation and boundary conditions im
posed on the sample; and 

• The presence of friction at the ends can result in 
nonuniform stress/strain fields in the sample. The end fric
tion can give rise to a substantial difference in creep strain 
measurements made at the ends (full depth) and center of 
the sample. 
4. Moisture conditioning the 8-in. specimens and then de

termining the permanent deformation resulted in a fairly con
sistent permanent deformation for all mixtures, regardless of 
binder. 

5. The research conducted in this program consisted of a 
very small data base because of the limited availability of 
material. Future research should be conducted to confirm any 
conclusions suggested here. 
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Material Characterization and Inherent 
Variation Analysis of Asphaltic Field 
Cores 

WILLIAM 0. HADLEY 

A knowledge of the variation in fundamental cnginecriDg prop· 
enies of the construction materials is e sential to a comprehensive 
evaluaton of the performance of various road sections. This study 
supports the Louisiana Experimental Ba. e Projeci , an in-service 
experimental road project that aids in an evaluation of design
performance characteristics of a number of experimental test sec
tion . The expected variation in the static and resilient (fatigue) 
properties of the materials in the layers of the pavement structure 
can provide an inherent variation data base from which continuing 
evaluation and analysis of pavement behavior and performance 
of these layers could be undertaken . A material characterization 
and i11llerent analysis of a resilient (fatigue) test program was 
undertaken to e tabli h the magnitude, scope, and expected var
iation in fundamental engineering propertie or laboralory
prepared specimens and field cores of the asphaltic materials used 
in the wearing, binder and black base layers of the tesc sections 
of the base project'. Variation analy es were completed for such 
fundamental properties a modulu , Poisson's ratio, and fatigue 
cycles to failure . Regres ion analysi techniques were also used 
to quantify tho e factor that ignificantly affect the fatigue life 
of the various construction materials used in 1·he Louisiana Ex
perirrtental Ba e Project. This information , when combined with 
the in-service performance re ults from the base project , should 
improve knowledge of the important mix variable affecting the 
fundamental engineering-performance properties and re ull in 
improvement in quality conrrol mea un:.s . 

A knowledge of the magnitude scope, and expected variation 
in the fundamental engineering properties of the construction 
materials used in pavement structural sections is essential to 
a comprehensive evaluation of the performance of roadway 
sections. This study supports the Louisiana Experimental Base 
Project , an in-service experimental road project that aids in 
an evaluation of design-performance characteristics of a num
ber of experimental test sections. 

GENERAL 

A repetitive (fatigue) testing program had two goals: to es
tablish the magnitude and scope of inherent variation in the 
fundamental resilient properties of field cores representative 
of in-service conditions (Table 1) , and to develop material 
characterization information from laboratory specimens (Table 
2) of the three type of asphaltic materials (wearing binder, 

Texas Research and Development Foundation, 2602 Dellana Lane, 
Austin, Tex. 78746. 

and black base materials) used in the Louisiana Experimental 
Base Project. 

Regression analysis techniques were used to quantify those 
factor that significantly affect the fatigue life of the various 
construction materials used in the Louisiana Experimental 
Base Project. This information, when combined with the in
service performance result from the base project , should 
improve knowledge of the important mix variables affecting 
the fundamental engineering-perfonnance properties and could 
lead to improvements in quality control measures . 

Louisiana Experimental Base Project 

The Louisiana Experimental Base Project is situated on a 
portion of US-71-167, which accommodates a moderate vol
ume of mixed vehicular traffic. To ensure that the flow of 
traffic would not be affected by its experimental status, the 
base project was completed as a part of a construction project 
upgrading US-71- 167 to a four-lane faci lity . 

The terrain at the base project is generally flat' with poor 
drainage . The ubgrade material is ba ically a fine-grained 
soil ranging from a silty clay loam to a heavy clay. The range 
in mean ambient air temperature is approximate ly 39°F (40°C) 
to 84°F (29°C) , and the mean annual rainfall is approximately 
55 to 60 in. (140 to 150 cm). 

The projected average daily traffic at the time of construc
tion was 7 ,990 vehicles , including approximately 15 percent 
trucks. All test sections were included in a portion of a newly 
con tructed two-lane roadway adjacent to an existing two
lane highway. 

The base project consists of 18 test sections: 14 experi
mental sections, and 4 control sections (Figure 1). The factors 
investigated in the project included three base types, three 
pavement design lives, and two surface thicknesses. 

Each test section is approximately 550 ft (168 m) long with 
a 50-ft (15-m) transition zone interconnecting each adjacent 
test section. The randomization scheme for locating the var
ious test sections includ d a complete randomization of the 
10- and 15-year design sections but limited randomization of 
the 5-year sections. The latter sections were grouped together 
to allow for maintenance of the 5-year de ign sections at the 
same time . Detailed information on the construction of the 
base project is available from the Louisiana Department of 
Tran portation (J). 



TABLE 1 RESILIENT (FATIGUE) TESTING PROGRAM-FIELD CORES 

PAVEMENT TEST 
FUNDAMENTAL MATERIAL PROPERTIES 

!AYER TYPE VARIATION EVALUATED ESTIMATED 

Wearing, Repetitive Longitudinal - 10' spacing Nf, Cycles to Failure 

llinder, Indirect Longitudinal - l' spacing Er, Resilient Modulus 

and Tensile Lateral - 4' spacing "·· Resilient Poisson's Ratio 
lllack !lase 

Test Lateral - l' spacing Er, Resilient Tensile Strain 

Depth - vertical s •. Resilient Applied Tensile 

Stress levels - 11 to 39 psi Stress 

TABLE 2 RESILIENT (FATIGUE) TESTING PROGRAM-LABORATORY-PREPARED ASPHALT 
SPECIMENS 

FUNDAMENTAL 
FACTORS EVALUATED 

PAVEMENT TEST MATERIAL CHARACTERISTICS 

!AYER :ufE :rm 1fil(fil& ESTIMATED 

Wearing, Repetitive Mix Variables : Nf, Cycles to Failure 

llinder, Indirect a)Asphalt l)Wearing 3 . 9-4 . 9% E,, Resilient modulus 

and Tensile content 2)1linder 3.7-4 . 7% I',. Resilient Poisson's 

lllack !lase Test 3)1llack base 3.5-4.5% Ratio 

b)Gradation Varies with layer type E,, Resilient Strain 

c)Compaction s,, Resilient Stress 
235, 250, 275, 300, 314• p 

temperature 

d)Age at test 35 , 56 , 112. 224, 343 days 

e)Stress level 10 .1, 14.9, 22.9, 

30.9, 35.7 psi 
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LA. Experimental Base 
Location of Test Sections 
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FIGURE I Experimental base project layout. 

Field Coring Plan 

The coring plan established for the Louisiana Experimental 
Base Project is shown in Table 3. The plan provided for an 
investigation of the variability in material properties of the 
various pavement materials used throughout the base project. 
The coring plan allowed for variational analysis in the lon
gitudinal (along the road), lateral (across the road), and ver
tical (depth into pavement) directions. In addition, the plan 
included various spacings of the coring locations to provide 
for evaluation of inherent variation within close spacings ( ± 1 
ft) and larger spacings ( J... 10 ft). 

The fundamental engineering properties investigated in this 
phase included resilient modulus, resilient Poisson's ratio, and 
Log Nr (cycles to failure). Because the specimens were field 
cores, the only variable that could actually be varied was the 
tensile stress repeatedly applied to the specimens during the 
fatigue test. The properties associated with the cores-such 
as air voids, density, voids in mineral aggregate, and asphalt 
content-could be only measured, not established as a fixed 
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SC Soll Cement 

SCG Sand Clay Gravel 

value. All tests were conducted at a test temperature of 75°F 
(24°C) and 1 Hz (sinusoidal waveform). 

INHERENT VARIATION ANALYSIS 

The inherent variation estimates were obtained from field 
cores at an approximately similar position, depth, spacing, 
and material type. The estimates of the inherent variation in 
the resilient fundamental engineering properties are shown 
in Tables 4-6 for wearing course, binder course, and black 
base field cores. Within the tables, the variations are broken 
down into longitudinal at 1-ft spacing (A), longitudinal at 10-
ft spacing (B), lateral at 1-ft spacing (C), lateral at 4-ft spacing 
(D), and depth (E, for binder and black base only). 

Statistical comparisons of inherent variation in the longi
tudinal and lateral directions allowed the four sets of varia
tions to be pooled. This operation provided better estimates 
of the in-service inherent variation in the resilient modulus, 



TABLE 3 RANDOMIZED CORE PLAN 

DESIGN SAMPLING 

SECTION LIFE DIRECTION 

DESIGNATION YRS AND GROUPING STATION LANE COMMENTS 

Control 1 20 longitudinal 160 + 24 outside outside 

within 160 + 25 wheel path 

160 + 26 

Test 1 15 longitudinal 166 + 74 inside outside 

within 166 + 75 wheel path 

166 + 76 

Test 2 10 longitudinal 171 + 15 outside outside 

among 171 + 25 wheel path 

171 + 35 

Control 2 20 longitudinal 178 + 15 outside outside 

among 178 + 25 wheel path 

178 + 35 

Test 3 15 lateral 185 + 75 outside 9' Rt of CL 

within 185 + 75 10' Rt of CL 

185 + 75 11' RT of CL 

Test 4 15 lateral 192 + 25 outside 9' Rt of CL 

within 192 + 25 10' Rt of CL 

192 + 25 11' Rt of CL 

Test 5 10 lateral 199 + 00 inside 2. Lt of CL 

among 199 + 00 6' Lt of CL 

199 + 00 10' Lt of CL 

Test 6 15 lateral 202 + 00 inside 2' Lt of CL 

among 202 + 00 6' Lt of CL 

202 + 00 10' Lt of CL 

Test 7 10 longitudinal 205 + 99 outside outside 

within 206 + 00 wheel path 

206 + 01 

Control 3 20 lateral 213 + 50 inside 2' Lt of CL 

among 213 + 50 6' Lt of CL 

213 + 50 10' Lt of CL 

213 ~ 50 outside 2' Rt of CL 

213 + 50 6' Rt of CL 

213 + 50 10' Rt of CL 

Test 8 10 longitudinal 221 + 40 outside outside 

among 221 + 50 wheel path 

221 + 60 

TABLE 3 (continued on next page) 
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TABLE 3 (continued) 

DESIGN SAMPLING 

SECTION LIFE DIRECTION 

DESIGNATION YRS AND GROUPING 

Test 9 5 longitudinal 

within 

Test 10 5 longitudinal 

within 

Test 11 5 longitudinal 

among 

Test 12 5 lateral 

among 

Test 13 5 longitudinal 

within 

Test 14 5 lateral 

among 

Control 4 20 lateral 

within 

Poisson's ratio, and fatigue life of the wearing, binder, and 
black base layers. The pooled results are shown in Table 7. 

There were significant differences in the variances of the 
pooled longitudinal and lateral data and the depth data. The 
varation with depth was significantly greater than the variation 
in the longitudinal and lateral directions; therefore, the two 
variances must be considered separately. This finding implies 
more variation in the vertical direction (depth in the pave
ment) Lhan in the lateral and longitudinal directions . The 
inherent variation estimates in the vertical direction are shown 
as the bottom rows of Tables 5 and 6 for the binder and black 
base cores, respectively. As noted previously, no data were 
available for vertical direction variability in the wearing c-0urse; 
however, it is belit:vt:li that the estimates f r the binder cour e 
cores could be used for this purpose. 

INHERENT VARIATION COMPARISONS 

A compilation of the available information on the funda
mental engineering properties of the asphaltic field cores has 
been prepared. The means and standard deviations for resil-
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STATION LANE COMMENTS 
-

227 + 99 inside outside 

228 + 00 wheel path 

228 + 01 

231 + 49 outside outside 

231 + 50 wheel path 

231 + 51 

237 + 90 outside outside 

238 + 00 wheel path 

238 + 10 

245 + 00 outside 2' Rt of CL 

245 + 00 6' Rt of CL 

245 + 00 10' Rt of CL 

251 + 99 outside outside 

252 + 00 wheel path 

252 + 01 

257 + 00 outside 2' Rt of CL 

257 + 00 6' Rt of CL 

257 + 00 10' Rt of CL 

261 + 50 outside 9' Rt of CL 

261 + 50 10' Rt of CL 

261 + 50 11' Rt of CL 

ient modulus , resilient Poisson's ratio, measured resilient strain, 
and Log Nr of the various asphaltic materials are shown in 
Table 8. This information was subsequently used in com
pleting several statistical comparison among the various types 
of field core · (i.e. , urface binder, and black base). 

omparisons between the field core re ults of wearing and 
binder materials and binder and black base materia ls estab
lished whether there were significant differences in means and 
variances. If there were no significant differences, the results 
could be combined and any subsequent use of the data could 
be simplified (i.e., wearing and binder courses could be con
sidered as one layer for a layered theory evaluation). 

Comparisons between wearing and binder course materials 
are shown in Table 9. There was no significant difference in 
the resilient Poisson's ratio, but there were significant differ
ence in Lhe other material properties. In general, the pr perty 
values for the wearing course were 9 to 14 percent higher 
than for the binder course. lt is therefore concluded tbat the 
fundamental engineering properties of the wearing and binder 
course materials are generally different and that the two ma
terials must be considered separate en tities in any subsequent 
ana lysis or in any layered theory type evaluation. 
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TABLE 4 FUNDAMENTAL MATERIAL PROPERTY VARIATION IN FATIGUE-RESILIENT 
RESULTS-FIELD CORES OF WEARING COURSE MATERIALS 

RESILIENT LOG OF CYCLES 

RESILIENT MODULUS POISSON'S RATIO TO FAILURE 

TYPE DESIGN MEAN DEGREES MEAN DEGREES MEAN DEGREES 

VARIATION LEVEL SQUARES FREEDOM SQUARES FREEDOM SQUARES FREEDOM 

A - longitudinal 1,2 * 1. 885677 3 0.013197 3 0.004135 3 

direction@ l' 3 

spacing 4 Z.ZfiZl:i4 .2. Q,QQZ!I!!§ .§. 0 .lJZl4Q .§. 

2.470128 9 0 . 009658 9 0.092805 9 

B - lon&itudinal 1,2 2.185220 2 0 . 005924 2 0.174753 2 

direction@ 10' 3 0.061894 4 0.001851 4 0.096129 4 

spacing 4 :i 4ZUQfi 2. Q QZ412!i 2. Q gzmz 2. 

1. 945029 8 0. 008455 8 0.098114 8 

c - lateral 1,2 0 . 961149 2 0.001075 2 0 . 041346 2 

direction@ l' 3 

spacing 4 - - -
0 . 961149 2 0 . 001075 2 0.041346 2 

D - lateral 1,2 3.100015 6 0 . 015089 6 0.203137 6 

direction @ 4' 3 3.564450 1 0.003961 1 0.006705 1 

spacing 4 Z :i42Z!IO l Q OOO:iZI! l Q,Q112m l 

3.089228 8 0 .011884 8 0.164383 8 

E - none available 

! l2uJ.&n Wtl ~ Sections 

1 Cl, C2, C3, C4 Control (20 year) 

2 Tl, T3, T4, T6 15 Year 

T2, TS, T7, TB 10 Year 

4 T9, TlO, Tll, Tl2, 

Tl3, Tl4 

Similar comparisons in the fundamental engineering prop
erties of binder and black base field cores yielded essentially 
the same results. In this comparison, the .modulus and Pois
son's ratio values for the two material types could be com
bined; however, because there were significant differences in 
Log N1, the two material types must be considered separately 
in any subsequent analyses. The property values for the binder 
materials were generally 5 to 9 percent higher than for the 
black base materials (Table 10). 

One of the perplexing problems associated with experi
mental analysis and evaluations based on laboratory-prepared 

5 Year 

·pecimens is !he uncertainty of the premise that the re ults 
are applicable to field conditions. ln order to obtain infor
mation concerning the exi tence of a correlation between field 
and laboratory core results, statistical comparisons were com
pleted between the resilient properties of laboratory speci 
mens and field cores for wearing (Table 11), binder (Table 
12) , and black base (Table 13) materials. In general , stati ·tically 
significant differences were found between the resilient-fatigue 
results for the laboratory and field cores. 

However , there was a consistent difference between the 
field and laboratory cores , indicating a correlation between 
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TABLE 5 FUNDAMENTAL MATERIAL PROPERTY VARIATION IN FATIGUE
RESILIENT INDIRECT TENSILE TEST RESULTS-FIELD CORES OF BINDER 
COURSE MATERIALS 

I RESILIENT LOG OF CYCLES 

RESILIENT MODULUS POISSON'S RATIO TO FAILURE 

TYPE DESIGN MEAN DEGREES MEAN DEGREES MEAN DEGREES 

VARIATION LEVEL SQUARES FREEDOM SQUARES FREEDOM SQUARES FREEDOM 

A - longitudinal 1,2 0.422602 4 0.001099 4 0.002644 4 

direction@ l' 3 1.705175 2 0.012951 2 0.079551 2 

spacing 4 1.488872 §. 0 005270 ~ 0 156679 2 

1.169499 12 0.005160 12 0.092479 12 

B - longitudinal 1,2 1.362684 2 0.004576 2 0.045163 2 

direction @ 10' 3 0.071368 2 0.002688 2 0.416775 2 

spacing 4 0 425221 2 Q Ql~864 2 Q QQ2Z!!l 2 

0.619991 6 0. 007709 6 0.157227 6 

C - lateral 1,2 0.649841 8 0.008500 8 0.156221 8 

direction @ l' 3 

spacing 4 - - -
0.649841 8 0.008500 8 0.156221 8 

D - lateral 1,2 0.367963 4 0.003655 4 0.224174 4 

direction @ 4' 3 0. 013057 2 0.013129 2 0.082499 2 

spacing 4 l,QlZ:ilZ !t Q,QQ12a2 !t Q 112:122 !t 

0.554803 10 0.004762 10 0.152808 10 

E - depth - 1,2 8.180508 20 0.000325 20 0.006539 20 

vertical 3 0.124130 7 0.000019 7 0.018656 7 

4 l, !ilZ:i!ll l Q,QQQZll l !l !l!tm!! l 

5.586517 34 0 .000239 34 0.016696 34 

! IW.!&n .l.&n.l hil Sections Design .!J..li 

1 Cl, C2, CJ, C4 Control 

2 Tl, T3, T4, T6 15 Year 

T2, TS, T7, TS, 10 Year 

4 T9, TlO, Tll, T12' T13' T14 5 Year 

them. Fur the lhree materials, the engineering property es
timates for the field cores ranged from 9 to 20 percent higher 
than those for the laboratory cores . The differences could 
very well be the difference in age (and probably mixture prop
erties) between the core specimens (approximately 2\/2 years) 
and the laboratory specimens (from 1 month to a year). The 
differences between field and laboratory specimens were 13 
to 15 percent, 9 to 14 percent , and 12 to 20 percent for wear
ing, binding, and black base materials, respectively. 

ANAL \'SIS OJ<' V AKlANC.E: l<'ATIGlJ.E Lll<'.E 

The analysis of variance results for the logarithm of fatigue 
life (i.e., Log Nr) of all combined asphaltic core data are 
shown in Table 14. 

From these results, it can be ascertained that the fatigue 
life (explicitly the logarithm of fatigue life) of asphalt field 
cores is significantly influenced by or correlated with four 
main effects and one interaction. The fatigue life will generally 
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TABLE 6 FUNDAMENTAL MATERIAL PROPERTY VARIATION IN FATIGUE-RESILIENT 
INDIRECT TENSILE TEST RESULTS - FIELD CORES OF BLACK BASE MATERIALS 

RESILIENT MODULUS 

TYPE DESIGN MEAN DEGREES 

VARIATION LEVEL SQUARES FREEDOM 

A - longitudinal 1,2* 0.163828 

direction @ l' 3 

spacing 4 

0 . 163828 

B - longitudinal 1,2 4.059316 

direction @ 10' 3 

spacing 4 

4.059316 

C - lateral 1,2 1.122110 

direction @ l' 3 

spacing 4 

1.122110 

D - lateral 1,2 1.192811 

direction @ 4' 3 2 . 509904 

spacing 4 Z,1988~Z 

1. 981670 

E - depth - 1,2 8 . 785102 

vertical 3 8.483081 

4 

8 . 754900 

* Design Level Test Sections 

l Cl, C2, C3, C4 

Tl, T3, T4, T6 

3 T2, TS, T7, TB, 

4 T9, TlO, Tll, Tl2, Tl3, Tl4 

be greater for higher modulus values, lower applied percent 
stress levels, higher voids in mineral aggregate , and lower 
asphalt contents . In addition , a combination of low asphalt 
content and high percent stress, or high asphalt content and 
low percent stress , would result in a longer fatigue life . 

REGRESSION EQUATIONS: FATIGUE LIFE 

The centered data approach was used to develop an overall 
regression equation for the logarithm of fatigue life (log N1) 

4 

-
4 

3 

-
3 

4 

-
4 

5 

5 

.9. 

16 

9 

l 

-
10 

RESILIENT LOG OF CYCLES 

POISSON'S RATIO TO FAILURE 

HEAN DEGREES KEAN DEGREES 

SQUARES FREEDOM SQUARES FREEDOM 

0.004661 4 0.038723 4 

- -
0 . 004661 4 0,038723 4 

0.038379 3 0 . 083409 3 

- -
0.038379 3 0 . 083409 3 

0.010111 4 0 .047001 4 

I - -
0 .010111 4 0 . 047001 4 

0.005342 5 0.022983 5 

0 .020342 5 0.077305 5 

Q QQfill9 2 Q.lmZQ i 

0 . 010321 16 0.074679 16 

0 . 000275 9 0 . 074251 9 

0 .006728 1 0.029905 l 

- -
0.000920 10 0.069816 10 

Design Life 

Control (20 Year) 

15 Year 

10 Year 

5 Year 

of asphaltic field cores using a stepwise regression technique 
(Table 15) . The terms included in this equation correspond 
to those factors and their interactions found to be of practical 
engineering significance in the analysis of variance. 

Regression analyses were also conducted to develop rela
tionships between Log N1 and logarithm of measured tensile 
strain for the wearing course, binder , and black base mate
rials . These relatonships are shown in Table 15 as Equations 
b, c, and d. Although the coefficient of determination values 
for the equations listed in Table 15 range from 0.524 to 0. 723 , 
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TABLE 7 COMBINED VARIATION ESTIMATES (LATERAL AND LONGITUDINAL DIRECTIONS) 
OF FATIGUE-RESILIENT INDIRECT TENSILE TEST RESULTS-FUNDAMENTAL MATERIAL 
PROPERTIES OF FIELD CORES 

WEARING COURSE BINDER COURSE BLACK BASE 

MATERIAL HEAN DEGREES HEAN DEGREES HEAN DEGREES 

PROPERTY SQUARES FREEDOM SQUARES FREEDOM SQUARES FREEDOM 

Resilient modulus 2 . 477981 26 0.814305 35 1. 885708 26 

Resilient 

Poisson's Ratio 0.009684 26 0.006394 35 0.013052 26 

Log of Cycles 

to Failure 0 .116074 26 0 .138027 35 0.069060 26 

TABLE 8 COMPILATION OF INHERENT VARIATION INFORMATION OF FATIGUE-RESILIENT 
INDIRECT TENSILE FIELD CORES-OVERALL SAMPLE VARIABILITY (INCLUDING VERTICAL 
VARIABILITY) 

WEARING SURFACE BINDER COURSE BLACK BASE 

MATERIAL 

I 
HEAN DEGREES MEAN DEGREES MEAN DEGREES 

PROPERTY MEAN SQUARE FREEDOM MEAN SQUARE FREEDOM HEAN SQUARE FREEDOM 

Resilient 

Modulus, 

105 psi 6 . 147 I 2.4780 26 5 . 272 3 . 1658 69 4 . 986 3 . 9022 35 

Resilient I I 

I Poisson's 

I 
Ratio 0.321 0.0097 26 0.326 0.0036 69 0 . 331 0.0100 35 

Measured * 

Resilient 

I strain. I I 
µin/in 129.7 74 . 6 50 158.6 96.5 100 144.7 59.6 57 

Log of Cycles 

to Failure 4 . 2488 0.1161 26 3 . 8679 0 . 0782 69 3.5669 0 .0712 35 

* Overall strain variability (i.e . , includes all tests conducted). 

all four equations have acceptable fit and can be considered 
adequate for prediction purposes. These four equations can 
then be used to estimate the fatigue life individually for each 
of the in-service asphaltic materials. 

CONCLUSIONS 

The findings and conclusions of this study are limited to the 
types of asphalt materials considered in this study. On the 

basis of the data and the analysis described earlier, the fol
lowing general conclusions were made: 

1. The variations in the fundamental resilient engineering 
properties of cores in the longitudinal (along the road) and 
lateral (across the road) directions were essentially the same 
and could be pooled. The variations in material properties 
with depth, however, were significantly different and could 
not be combined. Therefore, the variations in fundamental 
resilient engineering properties in vertical and horizontaLdi-



TABLE 9 COMPARISON OF INHERENT VARIATION OF WEARING COURSE AND BINDER 
COURSE (FIELD) 

WEARING SURFACE RINDER COURSE 
SIGNIFICANT 

MATERIAL MEAN DEGREES MEAN DEGREES DIFFERENCE IN 

PROPERTY MEAN SQUARE FREEDOM MEAN SQUARE FREEDOM VARIANCE MEAN 

Resilient 

Modulus, 

105 psi 6.147 2.4780 26 5 . 272 3.166 35 Yes Yes 

Resilient 

Poisson's 

Ratio 0 . 321 0.0097 26 0 . 326 0.0064 35 Yes No 

Measured * 

Res1l 1 ent 

strain, 

µin/in 129 . 7 74.6 50 158.6 96.5 100 Yes Yes 

Log of Cycles 

to Failure 4 . 2488 0 .1161 26 3.8679 0.1380 35 No Yes 

* Overall combined variation in measured tensile strain (all specimens included) . 

** Mean property values of wearing course are 9 to 14% higher than for binder course (with 

exception of Poisson's ratio). 

TABLE 10 COMPARISON OF INHERENT VARIATION OF BLACK BASE AND BINDER COURSE 
(FIELD) 

SLACK RASE RINDER COURSE 
SIGNIFICANT 

MATERIAL 

I 
MEAN DEGREES HEAN DEGREES Dili'li'ERENCli: IN 

PROPERTY HEAN SQUARE FREEDOM MEAN SQUARE FREEDOM VARIANCE HEAN 

Resilient 

Modulus, 

105 psi 4 . 986 1.886 26 5 . 272 3 . 166 35 Yes No 

Resilient 

Poisson ' s 

Ratio 0 . 331 0.0131 26 0.326 0.0064 35 Yes No 

Measured * 

Resilient 

strain, 

µin/in 144.7 59.6 57 158 . 6 96.5 100 Yes No 

Log of Cycles 

to Failure 3. 5669 0.0691 26 3 . 8679 0.1380 35 Yes Yes 

* Overall combined variation in measured tensile strain (all specimens included). 

** Mean property values of binder course are 5 to 9% higher than black base values (with exception 

of Poisson's ratio). 



TABLE 13 COMPARISON OF INHERENT VARIATION OF BLACK BASE (FIELD) AND BLACK BASE 
(LABORATORY) 

lAB * FIELD 
SIGNIFICANT 

MATERIAL MEAN DEGREES MEAN DEGREES DIFFERENCE IN 

PROPERTY MEAN SQUARE FREEDOM MEAN SQUARE FREEDOM VARIANCE MEAN 

Resilient 

Modulus, 

105 psi 3.982 0.9446 17 4.986 1.866 26 Yes Yes 

Resilient 

Poisson's 

Ratio 0.282 0. 0113 17 0.331 0.013 26 No No 

Measured ** 
Resilient 

strain, 

µin/in 192. 9 116.1 17 144.7 59.6 26 Yes Yes 

Log of Cycles 

to Failure 3 .1375 0.0304 17 3.5669 0.0691 26 Yes Yes 

* Total variability in laboratory prepared specimens was utilized, since field core variability 

would include inherent as well as factor variability. 

** Variability in all laboratory and field cores tested. 

*** Mean property values for field cores are 12 to 20% higher than laboratory cores and measured 

strains are 33% less. 

TABLE 14 COMBINED ANALYSIS OF VARIAN CE FOR LOG N1 OF 
FATIGUE-RESILIENT INDIRECT TENSILE TEST RESULTS-ASPHALT 
FIELD CORES 

APPROXIMATE 

SOURCE OF DEGREES MEAN F SIGNIFICANCE UNIT 

VARIATION FREEDOM SQUARES VALUE LEVEL VARIATION 

STL 1 62. 72323 525.26 0.01 -0.602 

ACxSTL 1 3. 86714 32.38 0.01 -0.132 

E 1 2.78582 23.33 0.01 +0.114 

VMA 1 2.43992 20.43 0.01 +0.536 

AC 1 2.29341 19.20 0.01 -0.184 

Residual 141 0.75609 

Error 60 0.130814 

Factor Legend 

AC Asphalt Content 

E Modulus 

STL Stress level 

VMA Voids in mineral aggregates 



TABLE 11 COMPARISON OF INHERENT VARIATION OF WEARING COURSE (FIELD) AND 
WEARING COURSE (LABORATORY) 

LAB * FIELD 
SIGNIFICANT 

MATERIAL MEAN DEGREES MEAN DEGREES DIFFERENCE IN 

PROPERTY MEAN SQUARE FREEDOM MEAN SQUARE FREEDOM VARIANCE I MEAN 

Resilient 

Modulus, 

105 psi 5 . 217 0 . 9578 17 6 . 147 2.478 26 Yes Yes 

Resilient 

Poisson's 

Ratio 0. 280 -0.113 17 0.321 0.010 26 No No 

Measured ** 

Ruilient 

a train, 

µin/in 134. 8 56 . 7 17 129.7 74 . 6 26 No No 

Log of Cycles 

to Failure 3.6817 0.0516 17 4.2488 0 .1161 26 No Yes 

* Tntal variability in laboratory prepared specimens was utilized, since field core variability 
would include inherent as well as factor variability . 

** Variability in all laboratory field cores tested . 

*** Mean property values for field cores are 13 to 15\ higher than laboratory cores and measured 
strains are 4\ lower . 

TABLE 12 COMPARISON OF INHERENT VARIATION OF BINDER COURSE (FIELD) AND BINDER 
COURSE (LABORATORY) 

I.AB * FIELD 
SIGNIFICANT 

MATERIAL MEAN DEGREES MEAN DEGREES DIFFERENCE IN 
I 

PROPERTY MEAN SQUARE FREEDOM MEAN SQUARE FREEDOM VARIANCE MEAN 

Resilient 

Modulus, 

105 psi 4.807 0.6898 17 5 . 272 3.166 69 Yes No 

Resilient 

Poisson's I 
Ratio 0.288 0.0237 17 0 . 326 0.0036 69 Yes No 

Measured ** 

Resilient 

strain, 

µin/in 113 .11 60.78 17 158.6 96.5 69 Yes Yes 

Log of Cycles 

to Failure 3.321 0.0689 17 3.8679 0 . 0782 69 No Yes 

* Total variability in laboratory prepared specimens was utilized, since field core variability 

would include inherent as well as factor variability . 

** Variability in all laboratory and field cores tested. 

*** Mean property values for field cores are 9 to 14% higher than laboratory cores and measured 
st r ains are 29% higher. 
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TABLE 15 REGRESSION ANALYSIS OF FATIGUE-RESILIENT 
INDIRECT TENSILE TEST RESULTS-ASPHALT FIELD CORES 

a) LOG OF CYCLES TO FAILURE - COMBINED ANALYSIS 

[

Log E - O. 7075 1 
L,.1 - 3.9647 + 0.3042 J-

0.1549 [

Log STS + 0 . 7905j 
0.6995 

0.2209 

[

Log VMA - 1 . 80441 ]- [Log AC - 0 . 63501] 
+ 0.1219 -------- 0.2462 

0 . 042 0.0239 

R2 - 0.5275 -s'r - 0 . 6682 

b) LOG OF CYCLES TO FAILURE - WEARING COURSE 

LogNf - 9.67 - 2.650 Log (f) 

R2 - . 659 'S'r - .4410 

c) LOG OF CYCLES TO FAILURE BINDER COURSE 

LogNf - 8. 736 · 2 . 255 Log (f) 

R2 - .524 'S'r - . 5110 

d) LOG OF CYCLES TO FAILURE - BLACK BASE 

LogNf - 9. 779 - 2. 925 Log (f) 

R2 - . 723 'S'r - . 259 

E - Resilient modulus (105 psi) f - Measured tensile strain , µin/in 

STS - Applied tensile stress, psi VMA - Voids in mineral aggregates, % 

AC - % Asphalt content 
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rections must be considered separately (i.e., analogous to a 
anisotropic condition). In fact, the variability will be greater 
in the vertical direction. 

ferences in age at time of test. This correlation indicates that 
the properties of laboratory-prepared specimens can be used 
as indicators of the in-service material properties. 

2. Comparisons of the fundamental engineering properties 
of the various asphaltic material indicate that the wearing, 
binder, and black base are significantly different and must be 
considered as separate material groups (i .e., statistical pop
ulations) in any subsequent analysis . 

3. Although there were significant differences in the mean 
resilient properties of the asphaltic laboratory specimens and 
field cores, there appeared to be a correlation between the 
two sets of data. For the wearing, binder, and black base 
materials, the engineering properties of the field cores ranged 
from 9 to 20 percent greater than those of the laboratory 
cores. These differences could very well be explained by dif-

4. The inherent variation and fatigue life information de
veloped in this study constitutes a materials variation data 
base that will be useful in the performance, evaluation, and 
analysis of the Louisiana Experimental Base Project, as well 
as other in-service pavement sections. 
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New Technique To Measure Moisture in 
Hot-Mix Asphalt Concrete 
Nondestructively 

IMAD L. AL-QADI AND PETER E. SEBAALY 

A new technique was developed to measure the moisture content 
in hot-mix asphalt concrete. The technique involves measuring 
the dielectric properties of the hot-mix asphalt concrete using 
electromagnetic waves in the microwave range of 12.4 to 18.0 
GHz. Using the dielectric property measurements, the moisture 
content can be calculated. This study used piedmont gravel and 
limestone aggregates in dense-graded and open-graded cases. One 
type of asphalt cement was studied exclusively because three types 
of asphalt were found to have almost the same dielectric prop
erties. Asphalt content, surface smoothness, and specimen thick
ness were also found to have no effect on the measured dielectric 
properties. The study considered the different void rntios thilt 
had noticeable effects on the microwave reflection measurements. 
However, the presence of water in the mixes overshadowed the 
effects of all other factors on the dielectric p1operties of lhe mix. 
Regression models were developed to predict the volumetric 
moisture content. The study suggested a model that was found 
to be a function of the dielectric properties of dry and wet hot
mix asphalt concrete. Therefore, in practice, several cores are 
essential to obtain the in situ dry dielectric properties of hot-mix 
asphalt concrete. 

The strength of hot-mix asphalt concrete is drawn from the 
bonding between the asphalt cement and the aggregate. The 
existence of moisture in asphalt concrete causes major damage 
to the asphalt cement-aggregate bonding and therefore re
duces the overall strength of asphalt concrete pavements. This 
phenomenon is referred to as "stripping." The presence of 
excess moisture affects both resilient modulus and fatigue life; 
in general, it reduces the pavement life. 

As part of the research to prevent the weakening of asphalt 
concrete pavements caused by the existence of moisture, this 
study attempted to measure moisture content using electro
magnetic waves at the microwave frequency range. Micro
wave wavelengths are typically 105 times larger than optical 
wavelengths. Indeed, microwaves behave much like light waves 
in that they travel in the same manner and according to the 
same physical laws; they are reflected by metallic objects, are 
absorbed by some dielectric materials, are transmitted with
out significant absorption through other dielectric materials, 
and change directions when traveling from one dielectric ma
terial into another. Because microwaves can penetrate many 
nonmetals, information can be obtained about material com
position, density, state of cure, and moisture content. This 

I. L. Al-Qadi, Department of Civil Engineering, Virginia Polytechnic 
Institute and State University, 200 Patten Hall, Blacksburg, Va. 24061. 
P. E. Sebaaly, Department of Civil Engineering, University of Ne
vada, Reno, Nev. 89557. 

information can be obtained from the amplitude and phase 
measurements of wave transmitted and/or reflected by the 
specimen. 

The microwave was used in this study as a nondestructive 
testing (NDT) technique to detect the moisture content in 
asphalt concrete pavements without contact. The water mol
ecule possesses a permanent dipole moment; that is, its elec
trical properties might be simulated to first order as arising 
from a fixed positive charge and fixed negative charge, sep
arated by a certain distance. The molecule also possesses a 
polarizability as a result of an additional dipole, which is 
induced by an electric field and is proportional to its mag
nitude. Although the composition of the asphalt concrete can 
influence its dielectric properties, water dipoles have the greatest 
influence on these properties. The changes in the asphalt 
concrete dielectric properties can be monitored indirectly 
through the ability of microwaves to detect changes in com
plex dielectric constant. 

The dielectric properties of asphalt concrete depend on the 
proportion and state of the water component in the mixture, 
as well as the polarization and conductivity of the other com
ponent or components (1). The water molecule, at microwave 
frequencies, is unique in having an extremely high dielectric 
constant and loss tangent. Water will absorb several thousand 
times more microwave energy than a similar volume of almost 
any perfectly dry material. Therefore, microwaves can be used 
to monitor the moisture content of many materials instanta
neously and continuously. 

The use of electromagnetic waves in pavement NDT started 
in the 1960s. Over the past two decades, extensive studies on 
the microwave signature of soil moisture have been reported 
(2-4). The capabilities of microwave remote sensing in de
tecting moisture in soils have been investigated through ex
perimental studies since the early 1970s. As a result of these 
investigations, the role of microwave scattering became well 
recognized. However, most of the studies were performed on 
thin soil specimens using conductors. 

Electromagnetic waves have also been used in rigid pave
ments, using pulse radar. The use of short-pulse radar for 
subsurface exploration has received considerable attention, 
especially during the past decade. Short-pulse radar has been 
used in a variety of subsurface applications, including mea
surement of pavement thickness, void detection, reinforce
ment detection, and delamination. The transmitted wave form 
of ground-penetration radar is usually a very narrow pulse, 1 
ns and 1 GHz central frequency. Although short-pulse radar 
represents a major change in the application of new tech-
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nology to evaluate rigid pavement distress, its application is 
still under investigation because of current limitations. This 
method depends largely on the user's interpretation. Also, 
the imaginary part of the complex dielectric constant is ne
glected in the evaluation process, which might undergo a sig
nificant change if the pavement is wet. However, Clemena 
used electromagnetic waves to detect the water content of 
fresh concrete mixes using both reflection and transmission 
methods (5). Although the transmission method gave more 
accurate and more precise results than the reflection method, 
the transmission method is unfeasible and impractical for field 
applications (1). 

The use of electromagnetic waves for NDT of asphalt con
crete pavements has not been well investigated. Few studies 
have been made on the dielectric properties of asphalt cement 
(6), and many studies have been made on the dielectric be
havior of aggregates (1,7). Only very limited investigations 
have been conducted regarding the dielectric properties of 
asphalt concrete ( 8-10). 

The first radar in the swept frequency mode was built by 
Lundien in 1970-1971, using a frequency range of 0.5 to 8.0 
GHz (11). The results obtained from 2.0 to 8.0 GHz were 
found to be 200 to 300 percent out of calibration compared 
with the data in the range of 0.5 to 2.0 GHz. Although the 
antennas used were huge, very high, and unfocused, the re
search in the laboratory and field represented a new era in 
using electromagnetic waves as an NDT technique in asphalt 
concrete. 

THEORY OF ELECTROMAGNETIC WAVES 

The dielectric constant of a material is a measure of the extent 
to which the electric charge distribution in the material can 
be distorted by applying an electrical field. Based on their 
dielectric constants materials are classified as lossless, com
plex, or lossy. The pavement materials are considered to be 
poor conductors or dielectric. Therefore, the penetration of 
this material (which is considered low-loss material) is pos
sible. The complex dielectric constant is usually presented as 

E* = Eo (E' - jE") (1) 

where 

E* = complex dielectric constant, 
Eo = vacuum dielectric constant (8.84 x 10- 12 farad/m), 
E1 = real part of (E*IE0) associated with the ability of die-

lectric material to store energy, 
E11 = imaginary part of (E*/E0) associated with the dielec

tric losses that occur in the material, and 
j=(-l)v" 

In practice, the normalized complex dielectric constant (E,) 
is used; it is called the relative dielectric constant, or simply 
the dielectric constant, and is defined by 

E, = E*IEo = E1 (l = jtano) (2) 

where tano is the loss tangent (E"IE'). 
In this study, the dielectric properties of asphalt concrete 

were calculated from the measured microwave reflections. 
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The microwaves used were in the Ku band (12.4 to 18.0 GHz). 
A uniform plane wave is normally incident on a specimen 
backed by a metal plate. The metal plate is used because of 
its complete reflection. Therefore, a finite specimen theory 
can be used (10). The complex reflection coefficient S11 is 
related to the complex relative dielectric constant. Because 
the asphalt concrete material is nonmagnetic, the following 
equation can be obtained: 

Su = UZ, tan(~d) - Z0] 

UZ, tan(~d) + Zo] 

where 

Z, = impedance in specimen = Z 0/(E*)\ 
Z0 = impedance in vacuum, 

d = specimen thickness, and 
~ = phase constant. 

(3) 

Because Z,IZ
0 

= 1/(E*)v', the following equation can be 
developed: 

S _ [j tan(~d) (E*) 112
] 

11 
- [j tan(~d) + (E*) 112

] 
(4) 

E* is found iteratively from Equation 4. The iterative pro
cedure is based on finding the zeros of an error function from 
the measured and calculated values of the complex reflection 
coefficient: 

(5) 

where S0 equals the measured values of the complex reflec
tion coefficient, and S\1 equals the calculated values of the 
complex reflection coefficient. 

A program was developed in this study to find the roots of 
a complex function. The program required a good initial es
timate of the dielectric constant, which is a function of light 
speed, the frequencies corresponding to two successive min
imums from the reflection coefficient-frequency relationship, 
and the specimen thickness. The initial estimate of the loss 
factor depends on successive local minimums and maximums 
of the reflection coefficients, the obtained real dielectric con
stant, and the specimen depth. 

When water exists in the specimens, the material has a high 
loss factor and becomes difficult to measure using this method. 
Therefore, an infinite theory may be used, in which the spec
imen is assumed to be a lossy material or very long (10). In 
this case, the reflection coefficient (Su) is related to the com
plex dielectric constant according to the following relation
ship: 

E* = (
l - S11 )

2 

1 + S11 

(6) 

EXPERIMENTAL SYSTEM 

The system used in this study consisted of an HP8510B net
work analyzer, synthesized sweeper, and focused antenna as 
shown in Figure 1. The HP8510B network analyzer is a high-
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PLOTTER 

FIGURE 1 Schematic diagram of 
measurement system used In study. 

performance vector receiver that gives accurate and repeat 
able measurements of S11 • Measurement by the HP8510B 
network analyzer is actually made in the frequency domain 
and transformed mathematically into the time domain by cal
culating the inverse Fourier transform . The frequency domain 
reflection measurement is a composition of the responses of 
all of the discontinuities present in the material tested . The 
source is phase-locked at each measurement frequency under 
the control of the HP8510B network analyzer. The synthe
sized sweeper generates the microwave signals in a sweep 
mode at 801 frequency points. The antenna consists of a con
ical feed horn and two back-to-back planoconvex dielectric 
lenses mounted in a conical horn antenna. The combination 
of lenses produces a plane wave with an approximate spot 
size of one free-space wavelength at a focal distance of 30.45 
cm. The system used 0.01 watt power. 

The difficulties usually encountered in measuring the die
lectric properties in free space are the suppression of un
wanted reflections, the launching of a plane wave in a limited 
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space, and the diffraction from the edges of the specimen. A 
free-space calibration was adopted to overcome these limi
tations. The calibration of the measurement system shown in 
Figure 1 was performed in two steps. First, the rectangular 
wave guide calibration was conducted between the analyzer 
and the mode of transition. Then the other calibration was 
performed on the reflection coefficient data obtained from 
the metal plate placed at the focus of the antenna (free-space 
S, 1 calihration) . Time domain response was used to apply 
gating on the transformed frequency domain. Taking a Four
ier transform of a gated time domain response (from the top 
and bottom of the specimen), as shown in Figure 2, gives the 
reflection data obtained from the specimen only. The correct 
reflection coefficient, obtained after the calibration, is the 
ratio of uncalibrated reflections obtained after time domain 
gating from the metal-backed specimen and the metal plate. 

A standard material (0.384-cm-thick glass plate) with known 
respuuse was usell lO verify the calibration procellure. Figures 
3 and 4 show the variation of the calculated and measured 
values of IS 11I and <jJ (the real and phase of reflection coeffi
cient) for metal-backed glass. The calculated values were ob
tained by using E* = 4.38 - j0.02365. It was found that the 
measurement accuracy of jS11 j and <jJ is ± 0.2 dB and ±6 
degrees, respectively (dB = -20 Log IS11 1). After performing 
the calibration, the maximum error in jS11 j and <jJ for the dry 
asphalt concrete specimen was found to be ± 1 percent and 
± 14 percent, respectively ; for the wet specimen, it was found 
to be ±5.7 and ±20 percent, respectively. This error is ac
ceptable considering that the ratio of the loss factor of the 
wet specimen to the loss factor of the dry specimen is 4:7. 

TEST MATERIALS 

The test materials used are part of the group of materials 
under investigation by the Strategic Highway Research Pro-
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FIGURE 2 Typical time domain response of asphalt concrete specimen 
backed by metal plate. 
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FIGURE 4 Calcualted and measured phase values of S11 in 
degress for 0.384-cm-thick glass plate. 

gram. Two kinds of aggregates were used: low-absorption 
aggregates (limestone) and high-absorption aggregates (pied
mont gravel). Each type of aggregate was used in two gra
dation forms, dense-graded and open-graded. The dielectric 
properties of three types of asphalt-Conoco AR4000, Witco 
AR4000, and Shamrock AC-20-were measured. However, 
because the measured dielectric properties of these types of 
asphalt cements were almost the same, only Conoco AR4000 
was used in the study. Asphalt concrete specimens were pre
pared using a kneading compactor for different air void con
tents, thicknesses, asphalt contents, aggregates, and aggregate 
gradations. 

EXPERIMENTAL RESULTS AND DISCUSSION 

The laboratory rest results were obtained at 801 frequency 
points, each representing an average of 128 measurements. 
The overall measurements were taken over 30 sec for each 
test. The measurements consisted of the reflection coefficient 
and phase as a function of frequency. Figure 5 shows a typical 
reflection coefficient-frequency relation for dry and wet asphalt 
concrete specimens; Figure 6 shows a typical phase-frequency 
relation for dry and wet asphalt concrete specimens. The die
lectric constants were calculated over a frequency range of 
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FIGURE 5 Typical reflection coefficient-frequency 
relation for dry and wet asphalt concrete specimens. 
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12 .96 to 17.44 GHz. From experience, it is known that the 
greatest possibility of error occurs at the beginning and end 
of the frequency band measurements. 

The dielectric constants (real and imaginary parts) were 
calculated over 641 frequency points for each specimen. It 
was found that the dielectric properties did not vary signifi
cantly over the frequency band used. Therefore, the effect of 
frequency on the calculated dielectric properties was assumed 
negligible for both dry and wet specimens. Thus , an average 
dielectric constant and loss factor were used for the specific 
frequency band. The maximum coefficient of variation ob
tained was 5 percent. 

The real relative dielectric constants of the three types of 
asphalt cement-Conoco AR4000, Witco AR4000, and 
Shamrock AC-20-were found to be 2.65, 2.68, and 2.67, 
respectively. The loss tangents for the three types were found 
to be 0.0104, 0.0094, and 0.0086, respectively. These results 
are different from the results obtained for asphalt cement by 
the Air Force Materials Laboratory (AFML), which showed 
that the magnitude of the dielectric constant was 2.46 at fre
quencies of 1, 3, and 8.5 GHz (6). The loss tangent results 
are also different from those found by AFML (which were 
between 0.0017 and 0.0019) . However, the results obtained 
in this study are in agreement with the results obtained by 
the Colorado Department of Highways, where the dielectric 
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constant magnitude was 2.6; no information was given about 
the loss tangent (12). These results indicate that the asphalt 
cement type does not affect the dielectric constant magnitude 
of the asphalt concrete mixture and might have a minor effect 
on the loss factor. Also, the asphalt content of the mixture 
was found to have no effect on the measured dielectric prop
erties of the mix. This conclusion was reached by measuring 
the dielectric properties of six specimens having the same 
characteristics but with different asphalt cement contents. The 
three asphalt cement conle11ls lesletl were 4.5, 5.0, and 5.5 
percent. 

The dielectric properties of aggregates were studied for 
particle sizes less than 75 µm. In this case, the wavelength of 
the microwaves was larger than the particle size. The mag
nitude of the dielectric constants was found to be 4.23 for 
limestone and 3.20 for piedmont gravel. However, the loss 
tangent was found to be 0.0318 for limestone aml 0.0346 fur 
piedmont gravel. 

The specimen surface roughness was found to have no effect 
on the dielectric properties obtained. Many specimens were 
tested on both the bottom face and the top face, which was 
leveled by 1,000 psi compression force after compaction. 
Specimen thickness was also tested and showed an insignifi
cant effect on the measured dielectric properties of the mix
ture. Three thicknesses were tested for open-graded limestone 
asphalt concrete mix: 6.35, 10.16, and 15.24 cm. 

After the initial study, it was decided that only the aggregate 
iype and gradation and the air void content have significant 
effects on the dielectric properties of the asphalt concrete 
mixture. Therefore , each specimen, with different aggregates, 
gradation , and air void content, was exposed to three stages 
of microwave reflection measurements. In the first stage, the 
specimen was dry. In the second stage, the specimen was 
vacuum-saturated for 20 min at a vacuum pressure of 25 psi 
and soaked in water for 2 hr. In the third stage of microwave 
measurements, the specimen was vacuum-saturated for 90 
min at a vacuum pressure of 25 psi and soaked overnight in 
water. All vacuum-saturated and microwave measurements 
were performed at 23°C. The amount of water in the specimen 
was measured by the weight differential method. 

The dielectric properties of water were measured at the 
center of the frequency band used, 15.2 GHz. The water in 
the asphalt mixture was assumed free and its dielectric prop
erties were determined using the Cole-Cole equation (1) . The 
water dielectric constant was 63.34, and the loss tangent was 
29.66. 

A statistical regression study was performed to correlate 
the moisture content measured by the microwave technique 
with the amount of water determined by the weight differ
ential method. The independent variables were the thickness 
of the spe.cimen, the specimen's air void content, the type of 
aggregate , the aggregate gradation, the specimen surface 
smoothness, the dielectric constant magnitude, the loss factor, 
the difference in the dielectric constant magnitude between 
the dry and wet specimen, and the difference in loss factor 
between the dry and wet specimen. The dependent variable 
was the measured volumetric moisture content. The type of 
aggregate , aggregate gradation, and surface smoothness were 
expressed as binary (0 or 1). 

The correlation method was used to measure the associa
tions between the variables, and R-squared values were ob-
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tained by constructing regression analysis for all possible com
binations of the independent variables. The R-squared results 
show that the difference in the dielectric constant magnitude 
between dry and wet measurements for a given specimen is 
the most important factor affecting the R2-value . If all the 
independent variables are included in a statistical model, the 
model is expressed as 

Y = 0.217 + 0.002A + 0.122B-0.442C + 8.378£ 

-0.017F +0.794G +0.098H +6.7351+ 1.0901 (7) 

where 

Y = volumetric moisture content, 
A = specimen thickness, 
B = specimen air void content, 
C = dielectric constant magnitude, 
E = loss factor x 104, 
F = surface smoothness: 0 for relative rough and 1 for 

relative smooth, 
G = aggregate type: 0 for limestone and 1 for piedmont 

gravel, 
H = gradation type: 0 for open-graded and 1 for dense

graded , 
I = difference in dielectric constant magnitude between 

dry and wet specimens, and 
J = difference in loss factor between dry and wet speci

mens. 

The R2-value for the above model was 95.3 percent and Hie 
root mean square error (root MSE) was 0.417. The results of 
this model are shown in Figure 7. Although this model has 
good correlation, it is difficult to obtain in situ information 
about some of the independent variables, such as the air void 
content. Also , the study showed that the existence of water 
overshadowed all other effects . Therefore, the following model 
was developed as a function of the difference of dielectric 
properties between the dry and wet specimens: 

y = 0.620 + 6.1361 + 6.873] 
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R2 for the above model is 83.2 percent, and the root MSE is 
0.758 (Figure 8). This model can be used to estimate the in 
situ moisture content of asphalt concrete pavement. It re
quires the measurement of the dry dielectric properties of a 
few cores from the test site. It is believed that the model 
shown in Equation 8 is simple and that it is feasible to obtain 
its parameters. Also, this model is feasible for field applica
tion . 

FINDINGS AND CONCLUSIONS 

This study resulted in the following findings and conclusions: 

1. The reflection coefficient and phase amplitude are good 
indicators of water presence in asphalt concrete mixtures. 

2. The information obtained using the free-space setup in 
the reflection method can be used to calculate the dielectric 
properties of the asphalt materials . 

3. The three types of asphalt cement tested in this study
Conoco AR4000, Witco AR4000, and Shamrock AC-20-
have almost the same dielectric properties. However, lime
stone was found to have a higher dielectric constant magnitude 
than piedmont gravel and almost the same loss tangent. 

4. The difference in dielectric properties between dry and 
wet asphalt mixtures was found to correlate very well to the 
volumetric moisture content. 

5. The volumetric moisture content in an asphalt concrete 
mixture can be predicted with an R2-value of 96.2 percent 
nd a root MSE of 0.560. 
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6. Because of difficulties encountered in measuring the air 
void content in the field, a statistical model was developed in 
which the volumetric moisture content is a function of dry 
and wet asphalt mixture dielectric properties. The developed 
model has an R2-value of 83.2 percent and a root MSE of 
0.758. 
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Effect of Temperature and Mixture 
Variables on Fatigue Life Predicted by 
Diametral Fatigue Testing 

Y. R. KIM, N. P. KHOSLA, AND N. KIM 

One of the major objec1ives in the S1rategic Highway Research 
Program Project A-003A . Performance Related Testine an<I 
Measuring of Asphalt-Aggregate lmeraction and Mixture is to 
rle:vP.lnp aC'C'l."lerated perfo rmance-rel tted t e~t~ for a~phnlt 
aggregate system I hat uccessfull y model con 1ruction and serv
ice condition . ontrolled-srress diametral fa1iguc te ting was 
conducted at Nonh Carolina State Universi ty to evaluate the 
influence of temperature and mixture vari ables on fatigue life of 
asphalt concrete mixture with RB (MRL code) aggregate . The 
resilient modulus testing fixture developed by MTS System or
poration in accordance with ASTM 04123 was u ed with the MTS 
closed-loop servohydraulic system. Oinmetrnl fa 1iguc test result 
plotted on a logarithmic scale of recoverable horizontal de for
mation and number of cycles to fa ilure showed a good agreement 
with the llistori trend f-the fa tigu1;; illtla. Tht: unaly is of variance 
test result indicated that all the factor investigated in this re
search significantly affected the faiigue performance of asphal1 
concrete. In summary the fa tigue resi tance wa. improved by 
increasing asphalt content and reducing air void contents. The 
effect of temperature on tbc fatigue performance of asphalt con
crete determined by using recoverable horizontal strnin wa op
posite to that determined by using maximum total horizontal 
train. Asphalt concrete with a softer binder resulted in lo·nger 

fatigue life. Furthermore , the temperature u ceptibility of as
phalt binder had a pronounced effect on the fatigue life of asphalt 
concrete mixtures. 

Fatigue cracking is one of the major distresses occurring in 
asphalt concrete pavements . A significant amount of effort 
has been made to predict the fatigue life of asphalt concrete 
pavements by laboratory testing under simulated environ
mental conditions. This effort has produced various types of 
test configurations and a considerable amount of laboratory 
data evaluating effects caused by different environmental con
ditions and mixture variables. 

One of the major objectives of the Strategic Highway Re
search Program Project A-003A, Performance Related Test
ing and Measuring of Asphalt-Aggregate Interactions and 
Mixtures, is to develop accelerated performance-related tests 
for asphalt-aggregate systems that successfully model con
struction and service conditions. As one of the subcontractors 
of this project, North Carolina State University is responsible 
for evaluating the feasibility of the diametral fatigue test as 
a standardized fatigue testing method. 

Department of Civil Engineering, North Carolina State University , 
Box 7908, Raleigh , N.C. 27695-7908. 

The advantages of diametral fatigue test are as follows: 

1. The test is relatively simple to conduct; 
2. Sample fabrication is easy ; 
3. The same test configuration has been standardized by 

ASTM to determine indirect tensile strength and resilient 
modulus of asphalt concrete; 

4. Failure is initiated in a region of relatively uniform tensile 
stress; and 

5. Stress and strain solutions are readily available. 

Regardless of these advantages , the sensitivity of test results 
lo environmentai conditions and mixture variables must be 
proved in order for the test to be a standardized method. The 
test results also must be consistent with historically availabl< 
data from laboratory testing, test tracks, and field trials. 

In this research, diametral fatigue testing was perforw 
on dense-graded asphalt concrete samples at varying t 

peratures and mixture conditions. The mixture variables _ 
vestigated in this research include temperature susceptibilit} 
of asphalt cement, asphalt content, air void content, and as
phalt type. 

MATERIALS 

Asphalt Cement 

Two asphalts used in this research were AAK-1 and AAG-1 
asphalts (MRL codes). These asphalts were selected because 
of their vastly different compositional and temperature
susceptibility characteristics. From the penetration-viscosity
temperature plot, AAG-1 asphalt was found to be more 
temperature-susceptible than AAK-1 asphalt (J). 

Two levels of asphalt content for each asphalt (by weight 
of aggregate) were determined at the University of California, 
Berkeley, as follows: 

AAK-1 (%) AAG-1 (%) 

Low 

5.1 

High 

5.7 

Low 

4.9 

High 

5.5 

The lower asphalt content was determined using a modifi
cation of standard Hveem (ASTM D1560) procedure, and the 
higher asphalt content was determined by the U.S. Army 
Corps of Engineers (Marshall) 75-blow procedure (ASTM 
D1559) (J) . The higher asphalt content exceeded the lower 
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asphalt content by about 0.6 to 0. 7 percent (by weight of 
aggregate). 

Aggregates 

The aggregates used in this research were RB aggregates (MRL 
code) . The selected gradation and ASTM D3515 specification 
limits are shown in Figure 1. Wet-sieve analysis was conducted 
to meet this gradation. The detailed sieve analysis procedure 
can be found elsewhere (J). 

SPECIMEN PREPARATION AND COMPACTION 

Mixing and Curing 

The optimum mixing temperatures for two asphalts were se
lected from a Bitumen Test Data Chart as follows (1) [t°F = 
(t°C -:- 0.55) + 32]: 

Asphalt Type 

AAG-1 
AAK-1 

Mixing 
Temperature (°F) 

284 
300 

The optimum temperatures correspond to a viscosity of 170 
± 20 cSt (J). 

The asphalt was heated for distribution to small cans (first 
heating). The asphalt in the small cans to be used for mixing 
'second heating) was heated at the appropriate mixing tem
~rature. It was stirred periodically to ensure uniform heating. 

'! sample was discarded if it was not used within 3 to 3.5 
;om the start of heating. The heating of the asphalt was 

Jone once and was continuous. 
Once the asphalt and aggregate were heated at the mixing 

temperature, they were mixed for 4 min inside a steel bowl. 
After mixing, the asphalt concrete was placed in an oven 

100 

80 

129 

maintained at 140°F (60°C) for 15 hr. This curing operation 
allows any asphalt absorption by the aggregate to take place 
before compaction or any other use of the mix. More detailed 
information on mixing and curing can be found elsewhere (J). 

Compaction 

Cured mixtures were compacted at 240°F (l16°C) using the 
gyratory testing machine designed by the U.S. Army Corps 
of Engineers. One degree of gyratory angle was used to pro
duce briquets 2.5 in. (6.35 cm) high and 4 in. (10.16 cm) in 
diameter. Two levels of compaction effort were introduced 
to mixtures in order to produce specimens with two air void 
contents, 4 and 8 percent, determined in accordance with 
ASTM D1188. 

TEST METHOD 

Test Apparatus 

The 810 Materials Testing System (MTS) with the 458.20 
MicroConsole was used in this research. This servohydraulic 
system has a closed-loop control. The testing apparatus was 
provided by MTS Systems Corporation (2) and was originally 
designed for the determination of resilient modulus of asphalt 
concrete in accordance with ASTM D4123. The schematic 
presentations of this fixture are shown in Figures 2-4. The 
fixture was installed inside an environmental chamber in which 
temperature could be maintained within ± 1°F for extended 
periods. 

Horizontal and vertical displacements were measured by 
extensometers designed by MTS Systems Corporation with 
full-scale travels of 0.15 in. (0.381 cm) and 0.16 in. (0.4064 
cm), respectively. Ranging the transducers to 10 percent of 

/ 
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FIGURE 1 Target gradation for RB aggregates after wet-sieve analysis. 
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RAM 

/ 
SPECIMEN LOADING 

ITTO~ / 

LOWER EXTENSION ROD 

FIGURE 2 Diametral fatigue-testing fixture and extensometers. 

ICIWWin 

"' 

FIGURE 3 Positioning of side brackets using thumbscrews. 

full scale calibrates the output to a finer-scale travel and allows 
higher-resolution measurements of small deformations. 

The diametral device consists of two extensometers with 
gauge-length extenders and two specimen-adapter brackets 
as shown in Figure 2. The brackets are machined to the same 
radius as the specimen and remain in contact with the spec-

imen all along the thickness. This design allows each bracket 
to measure the maximum deformation instead of measuring 
local deformation caused by point contact with a linear var
iable differential transducer , which is used in some diametral 
tensile test fixtures . The device is located on the specimen by 
guiding pins with the same lengths that extend from the side 
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vortlc.1l ext1nsomet11 

7:/ 

0 0 0 0 

FIGURE 4 Setup ready for testing with spring-loaded 
extensometers. 

of the fixture (Figure 3). When the brackets are pulled away 
completely, the equal distance between the brackets and the 
specimen ensures that the center line of the specimen is par
allel to the direction of the upper and lower loading strips. 
Also, because the brackets are placed at the sides of the 
·pecimen an.d guided by pin screws through the boles in fixed 

\ ide walls, thi fixture gives more precise control over the 
\vertical locations of the brackets. 
\ Once the test starts, the low-friction antirotate bar in the 
~pper fixture (Figure 2) prevents possible rotation of the ac
tuator due to repetitive loading. Another advantage of this 
fixture is that improper measurements caused by "rocking" 
of the specimen can be minimized. Because the extensometers 
are attached to the specimen by springs (Figure 4), extraneous 
deformation caused by rigid-body rotation cannot affect the 
deformation measurements. 

Test Protocol 

Four factors were investigated in this research: asphalt type, 
asphalt content, air void content, and testing temperature. 
The experimental design is shown in Table 1. 

Haversine load with a 0.1-sec load duration and 0.5-sec rest 
period was repeated until the specimen "failed." The stress 
amplitude was kept constant throughout testing, and hori
zontal and vertical deformations were recorded at the 200th 
cycle. Two load levels, low and high, were used; these load 
amplitudes induce the failure of the specimen under a specific 
condition at about 100,000 and 10,000 cycles, respectively. 

Horizontal tensile strain (ex) in the indirect tensile specimen 

t = thickness of specimen (in.), 
d = diameter of specimen (in.), 
µ = Poisson's ratio of specimen, and 
x = distance from center line of specimen (in.). 
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Integrating Equation 1 along the diameter of the specimen 
obtains the following equation for the horizontal deformation 
(BH): 

BH = t~ (; - 1 + µ) (2) 

To find the largest horizontal strain that occurs in the middle 
plane, x in Equation 1 is replaced with 0 to get: 

2P(l + 3µ) 
E7rtd 

where Eo is horizontal strain in the middle plane. 

(3) 

In spite of the temperature and stress-level dependency of 
Poisson's ratio, this study used a value of 0.35 as suggested 
in ASTM D4123. Equating Equations 2 and 3 obtains the 
following equation for a 4-in.-diameter specimen: 

Eo = 0.5235BH (4) 

Therefore, the recoverable horizontal strain in the middle 
plane can be determined from 

(5) 

Failure Criteria 

The fatigue life of the specimen predicted from the laboratory 
testing is significantly influenced by the definition of the "fail
ure." According to the earlier study by Scholz (3), the failure 

TABLE 1 EXPERIMENT AL 
DESIGN FOR DIAMETRAL 
FATIGUE TESTS 

Asphalt Asphalt Air Temperature 
Type Content Voids 

0 0 0 0 
1 0 0 0 
0 1 0 0 
1 I 0 0 
0 0 I 0 
1 0 1 0 
0 I I 0 
1 1 I 0 
0 0 0 
1 0 0 
0 l 0 
1 I 0 
0 0 1 
I 0 I 
0 l I 

nder..the.Jine..loading..can-h. eterminecLfro111--------------'------''---''----'---------------

_ -2:!:..__[(1 + 3µ)d4 
- 8x2d2(1 + µ) + 16x4(1 

Ex - E7rtd (d2 + 4x2) 2 

Asphalt Type: = AAK·l 
= AAG·l 

Asphalt Content: 0 - Low 
I = Hish 

where Air Voids: 0 = 4 :t 0.5% 
1 = 8 :t 0.5% 

P = load amplitude applied (lb), 
E = elastic modulus of specimen (psi), 

Temperature: 0 = 32"F (O"C) 
1 = 611"F(211'C) 
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in diametral fatigue testing occurs when the permanent hor
izontal deformation reaches between 0.28 in. (0.71 cm) and 
0.36 in . (0.91 cm) . It was recommended that the lead-based 
foil tape attached on the specimen and the fatigue shut-off 
wiring for the MTS could automatically stop the testing when 
the permanent horizontal deformation reached the failure 
criteria. Preliminary testing was performed under various con
ditions to determine unified failure criteria for the controlled
stress diametral fatigue tests conducted in this research proj-
ect. 

Throughout the preliminary testing , horizontal deformation 
was monitored and plotted against the number of cycles (Fig
ures 5 and 6) . Irrespective of the test temperature and the 
applied load, it was found that the horizontal deformation 
increased dramatically after a value of 0.1 in. of horizontal 
deformation. Even though the dramatic increase in horizontal 
deformation occurred earlier than a value of 0.1 in . (0.25 cm) 
in some cases [e.g., tests done at 32°F (0°C), shown in Figure 
.) j, the difference in the number of cycles between the point 
where dramatic increase in horizontal deformation occurred 

0 .20 

:so. 15 
c 
:;:.. 

c 
0 

li 
~ 0 ,10 

:! 
! 
~ 
jo.o5 

6 4 
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and the point with the horizontal deformation equal to 0.1 
in. (0.25 cm) was relatively small . It was thus concluded that 
the failure of the material in the controlled-stress diarr.etral 
fatigue testing can be described as the moment when the total 
horizontal deformation reaches 0.1 in. (0.25 cm). 

The greatest advantage of having failure criteria at 0.1 in. 
(0.25 cm) of horizontal deformations is that the fatigue test 
can be automatically stopped using the MTS limit detector 
without any additional devices or mechanisms . The limit de
tector automatically turns off the hydraulic pressure when the 
horizontal extensometer reading becomes larger than the pre
set limit , horizontal deformation of 0.1 in . 

DISCUSSION OF TEST RES UL TS 

The recoverable horizontal strain during unloading of 200th 
cycle was plotted against the number of cycles to failure on 
a log-log scale . A linear behavior between logarithms of the 
recoverable horizontal strain and the number of cycles to 
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AAKAAG J.f L H L 

1 x x x 
2 x x x 
3 x x x 
4 x x x 
5 x x x 
6 x x x 

0.00 ~ijiijii~~~~~~~:;:;::;::;::;:;;:;:;::;::;:;::;.,.,..,., 
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~ 
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FIGURE 5 Growth of horizontal deformation at 32°F (0°C) at (a) high stress 
level and (b) low stress level. 



\ 

\ 

Kim et al. 133 

26 53 4 1 
0.20 

~ AQ& AV% 
:fio 15 AAKAAG H L H L 
c 1 x x x :=-
c 2 x x x 
0 

3 ~ x x x 
~ 0 10 4 x x x 
0 5 x x x 'i 
0 6 x x x 
;; 
c 
0 .. 
"5 0.05 
:z: 

0.00 

(a) 

0.20 5 14 2 6 

:fi'0.15 
c 
:;. 

c 

ACTvoe ~~ 
AAKAAG H L H L 

1 x x x 

i 
~ 0.10 

2 x x x 
3 x x x 
4 x x x 

• 
\ 0 

i 
5 x x x 
6 x x x 

c 
\ 0 
\ .. 

"5 0.05 
:z: 

0.00 
50000 100000 150000 

(b) Number of Repetltlon1 

FIGURE 6 Growth of horizontal deformation at 68°F (20°C) at (a) high stress 
level and (b) low stress level. 

failure confirmed the following power form of the fatigue 
model: 

N = K (.!.) Kz (6) 
I i E, 

where 

N1 = number of cycles to failure, 
E, = tensile strain in asphalt concrete, and 

Ki, K 2 = regression constants. 

The entire test results in accordance with the experiment<tl 
design in Table 1 are plotted in Figures 7 and 8, and a summary 
of Ki and K2 values are shown in Table 2. Generation of each 
data point required one test on one sample; for each test 
condition, four to six data points were required to fit a straight 
line using a regression analysis. 

The same approach was followed using the maximum total 
horizontal strain at the 200th cycle in lieu of using recoverable 
horizontal strain in the ordinate of the plots. However, the 
figures with the maximum total horizontal strain in the or-

dinate did not demonstrate the effect of temperature and 
mixture variables as distinctively as Figures 7 and 8 did with 
the recoverable horizontal strains . Also, as shown in Figure 
9, the variation of fatigue data from the best-fit line in the 
figures was generally smaller when the recoverable horizontal 
strain was used. The reason for the better role of recoverable 
horizontal strain is probably because the recoverable hori
zontal strain does not consider the plastic behavior of mate
rials. Therefore, it was decided to use the recoverable hori
zontal strain to evaluate the effect of temperature and mixture 
variables on fatigue life of asph<tlt concrete. 

The analysis of variance (ANOVA) tests for equality of 
slopes and intercepts of lines were conducted to statistically 
support the observations from the figures on the significance 
of different factors on fatigue performance. Test results in
dicated that all the interactions among factors were statisti
cally insignificant. Therefore, a summary of ANOV A test 
results is shown in Table 3 for only four independent factors. 
The intercept in Table 3 is the intercept at the number of 
cycles to failure equal to 1,000 cycles. The use of intercept at 
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FIGURE 7 Diametral fatigue test results of AAK-1 
asphalt mixtures with (a) high air void content and 
(b) low air void content. 

1,000 cycles was necessary to compare findings from the fig
ures and from ANOV A test results. 

The ANOV A test procedure uses the F-value as the test 
statistic to test the null hypothesis that all the slopes or in
tercepts are the same. The level of significance for this test 
is the probability of having an F-value larger than the cal
culated F-value from a data set for the factor in question. A 
smaller value of this probability implies the heavier weight of 
the sample evidence for rejecting the null hypothesis. For 
example, in Table 3, a level of significance of p = 0.0299 on 
slope from asphalt content shows more evidence for the re
jection of the null hypothesis, the slopes are the same, than 
does the statistical test on air voids with p = 0.5725. That is, 
a lower p-value means that the effect of the tested factor on 
a dependent variable (slope or intercept) is more significant. 

The statistical results in Table 3 indicate that all four factors 
investigated in this study had a significant effect on slope or 
intercept or both. The following sections discuss the effect of 
individual factor on fatigue performance by using the engi
neering judgment from the figures and by comparing statis
tical test results. Normally, factors with a p-value less than 
0.05 are considered to have a very significant effect on a 
dependent variable. 

Effect of Temperature 

The effect of temperature on the fatigue life of asphalt con
crete with different mixture variables is shown in Figures 7 
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FIGURE 8 Diametral fatigue test results of AAG-1 
asphalt mixtures with (a) high air void content and 
(b) low air void content. 

and 8. A significant effect of temperature on the fatigue 
performance was observed and was well supported by the 
p-values of 0.0041 and 0.0043 for slope and intercept in 
Tabk 3. 

In Figures 7 and 8, the lines representing test data at 32°F 
(0°C) fall above the lines representing test data at 68°F (20°C), 
which contradicts a typical trend found from the plots of log
arithms of initial bending strain versus number of cycles to 

TABLE 2 SUMMARY OF K, AND K 2 

VALUES 

Sample ID 
abed' 

()()()() 

0001 
0010 
0011 
0100 
0101 
0110 
0111 
1000 
1001 
1010 
1011 
1100 
1101 
1110 
1111 

Note: ·a = Asphalt Type 
c = Air Voids 

K, K, 

3.00 x Ht' 3.484 
1.90 x 104 2.646 
3.82 x 10-" 4.184 
1.00x let' 3.145 
1.01x10-" 5.208 
7.71x10-" 3.546 
2.07 x 10-" 4.808 
1.40 x let' 3.125 
5.40 x 10-" 4.405 
1.64x 10-" 3.704 
7.51x10-" 3.802 
2.85. 10-' 2.564 
7.95. 10-" 5.952 
5.76 x 10-" 3.559 
2.72 x IO" 6.579 
8.70. 10-" 3.436 

b a Asphalt Content 
d • Temperature 

Levels of each factor are presented in Table 1. 
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FIGURE 9 Comparison of R2 values based on 
recoverable horizontal strain and maximum total 
horizontal strain. 

TABLE 3 SUMMARY OF ANOVA TEST 
RESULTS 

Level of Significance (p-value) 

Dependent Variable 

Factor Slope Intercept• 

Asphalt Type 0.3044. 0.0004 

Asphalt Content 0.0299 0.0303 

Air Voids o.sns• 0.0485 

Temperature 0.0041 0.0043 

11 The values are the intercepts at the number of cycles to failure equal to 1000 
cycles. 

b These values are considered to be insignificant. 

failure from beam flexural tests. When the fatigue test data 
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original position after application of each loading cycle, the 
measured elastic strain was excessive and not indicative of the 
actual dynamic elastic response of the material. 

Kennedy (5) demonstrated that the fatigue characteristics 
obtained using the repeated-load indirect tensile test were 
comparable to the results obtained from other tests only if 
the biaxial state of stress in the indirect tensile test was ac
counted for. Therefore, care must be exercised in using the 
fatigue data presented in this paper as input to performance 
prediction models based on the data from beam flexural fa
tigue tests, such as the fatigue-cracking model used in the 
VESYS analysis. If the slopes and intercepts determined from 
Figures 7 and 8 were used in the VESYS analysis, the pre
diction would result in shorter fatigue life at the higher tem
perature. An effort was made to develop relationships be
tween the fatigue constants based on these two strains so that 
the fatigue constants (K1 and K 2 ) can be applied based on 
the recoverable horizontal strain to the fatigue-cracking model 
based on the maximum total horizontal strain. These rela
tionships are shown in Figures 11 and 12. The correction 
factors for K 1 and K 2 were developed as follows based on the 
entire data set excluding one outlier shown in Figures 11 
and 12: 

Ki.TOT = 5245.5 K?:f:Jc 

K2,TOT = D.DD39 + D.747 K2,REC 

where 

R2 = D.601 

R 2 = D.596 (7) 

K;.ToT = K; based on maximum total horizontal strain, 
Ki.REC = K; based on recoverable horizontal strain, and 

i = 1, 2. 

These relationships must be used with great caution because 
of poor R2 values and sensitive influence of these parameters 
on fatigue life of asphalt concrete. 

Effect of Temperature Susceptibility 

in Figure 7a were replotted in terms of maximum total hor- Figures 7 and 8 show the effect of temperature susceptibility 
izontal strain and number of cycles to failure as shown in of asphalt binder on the fatigue life of asphalt concrete 
Figure 10, the lines for 32°F (D

0

C) and 68°F (2D
0

C) test data mixture. AAK-1 asphalt is less temperature-susceptible then 
fell in the reverse order of Figure 7a. The reason for this AAG-1 asphalt, and comparison between Figures 7a and 7b 
contradiction is that the major portion of total deformation for AAK-1 asphalt mixtures and Figures 8a and 8b for 
at 32°F (0°C) is elastic (i.e., recoverable) while the elastic AAG-1 asphalt mixtures with varying other conditions proves 
portion of total deformation at 68°F (2D

0

C) is relatively small that the fatigue life of mixtures with AAK-1 asphalt is less 
compared to that at 32°F (D

0

C). temperature-susceptible than that of mixtures with AAG-1 
Therefore, it was concluded that the asphalt concrete layer asphalt. That is, the lines for 32°F (D0 C) and 68°F (2D0 C) in 

at 68°F (2D
0

C) fails earlier than that at 32°F (D
0

C) for a given Figure 8 are further apart than those in Figure 7, which shows 
--reoo-vera&/e-h0r-i~0ntal-str.ain-and-¥ice--v-e-r.sa-for....a..giv.~n-m«a~t-~--.g~1 ea tertenrperamrmS"ceptibiUty1Jfi'rrttg'lli"ru"l'f1~irnliiCl'~f--------

imum total horizontal strain. These findings are in agreement mixtures with AAG-1 asphalt. 
with the research work by Ruth and Olson ( 4) in which they In order to statistically support this observation, fatigue 
determined the elastic strain from incremental stress test and data were divided into two sets by asphalt type, and the 
dynamic fatigue test using indirect tensile mode and concluded ANOV A test was performed on each data set. The results 
that the asphalt concrete has a greater resistance to larger are as follows: 
elastic strains at lower temperatures. Also, the comparison 
between flexural fatigue data and indirect tensile fatigue data 
showed contradictory results. Ruth and Olson ( 4) stated that 
the reason for this contradiction was related to the method 
of testing. Because the beam specimen was returned to its 

Asphalt Type 

AAK-1 
AAG-1 

Level of Significance 

Slope Intercept 

0.0116 0.8762 
0.0185 0.0007 
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FIGURE 10 Diametral fatigue test results corresponding with Figure 
7a (maximum total horizontal strain versus number of cycles to failure). 

10° 
0 0 

E 
"' E 
'ii Hr" 

! 

0 Outlier 

,/ 

10"'° +-----..------~---~------. 
10"' 10·"' Hr" 10'" 10' 

Kt (Rmco...,bl• Horbontal strain) 

FIGURE 11 Relationship of K1 values based on recoverable 
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FIGURE 12 Relationship of K2 values based on recoverable 
horizontal strain and maximum total horizontal strain. 

The level of significance (p-value) of temperature on the slope 
remains almost the same for both asphalts; the level of sig
nificance of temperature on the intercept becomes much greater 
with AAG-1 asphalt than with AAK-1 asphalt. That is, the 
effect of temperature on the shift of fatigue lines is more 
significant with AAG-1 asphalt, which verifies the observation 
made from Figures 7 and 8. 

Effect of Asphalt Content 

The ANOV A test results shown in Table 3 indicate that ti. 
effect of asphalt content was significant for both slope and 
intercept. It was observed from Figures 7b and Sa that the 
increase in asphalt content reduced the slope of the fatigue 
line. However, the 0.6 percent increase in asphalt content did 
not make a significant difference in Figures 7a and 8b. This 
result might be explained by the test results reported by Barks
dale (6). The fatigue properties of asphalt concrete base course 
mixes used by the Georgia Department of Transportation 
were measured using a rectangular beam specimen supported 
on an elastic rubber subgrade. The influence of asphalt con
tent was evaluated for the mixture with 4.8 percent optimum 
asphalt content based on the Marshall mix design method. It 
was found that an increase in asphalt content from 4.25 to 
4.5 percent increased the fatigue life by 350 percent and that 
an increase in asphalt content from 4.5 to 4.75 percent in
creased the fatigue life by 95 percent. Barksdale concluded 
that the improvement in fatigue resistance by increasing a 
specific percentage of asphalt content became less significant 
as the higher asphalt content was used . Because the asphalt 
contents used in this study are optimum contents from the 
modified Hveem mix design method (5.1 percent for 
AAK-1 asphalt and 4.9 percent for AAG-1 asphalt) and high 
asphalt contents, which were 0.6 percent higher than the op
timum, the effect of increased asphalt content was not sig
nificant in some test conditions. 

In order to identify the significance of the factors at dif
ferent levels of temperature, fatigue data were divided into 
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two sets based on test temperature. The ANOVA tests were 
then conducted on each data set to investigate the significance 
of the factors (including asphalt type, asphalt content, and 
air voids) on slope or intercept at different temperatures. The 
results are shown in Table 4. According to the results in Table 
4, the effect of asphalt content on both slope and intercept is 
much more significant at 32°F (0°C) than at 68°F (20°C). That 
is, a 0.6 percent increase in asphalt content in the mixture 
will provide more resistance to fatigue cracking at 32°F (0°C), 
which is the temperature range where fatigue cracking is of 
great concern. 

Effect of Air Void Content' 

To clearly demonstrate the effect of air void content on fatigue 
life, the test data in Figures 7 and 8 were regrouped as shown 
in Figures 13 and 14. Figure 13 shows the data at 32°F (0°C), 
and Figure 14 shows them at 68°F (20°C). It was concluded 
that the effect of air void content on the fatigue life of the 
dense-graded asphalt concrete at 32°F (0°C) in Figure 13 was 
not as pronounced as at 68°F (20°C) in Figure 14. This ob
servation was well supported by the statistical test results in 
Table 4 because the p-values of air voids on both slope and 
intercept were much smaller at 68°F (20°C) than at 32°F (0°C). 

This behavior can be explained on the basis of crack ini
tiation and propagation processes. As shown in Figure 5, the 
growth in horizontal deformation at 32°F (0°C) is almost neg
ligible until a certain point, and then the growth becomes 
suddenly chaotic-which results in a complete failure of the 
~pecimen. Meanwhile, the growth in horizontal deformation 

t 68°F (20°C) in Figure 6 is more gradual. Therefore, one 
'1 easily draw a conclusion that the crack initiation is the 
,jor process at 32°F (0°C) and the crack propagation be

comes more important as test temperature increases. With 
this concept as a background, it can be concluded that the 
effect of air void content on fatigue life at 68°F (20°C) is more 
pronounced than at 32°F (0°C) because, at the higher tem
perature, the failure is governed by crack propagation through 
void coalescence. In some materials with relatively strong 
bonding between matrix and reinforcing particles compared 
to particle strength, a large spherical cavity could decrease 
the stress concentration and, therefore, crack propagation 
rate. Conversely, when reinforcing particles are bonded to 
matrix relatively weakly compared to particle strength, which 
is the case of asphalt concrete, higher air void content provides 
better probability of void coalescence, faster crack propaga
tion, and therefore, shorter fatigue life. Meanwhile, at 32°F 

TABLE 4 EFFECTS OF ASPHALT TYPE, ASPHALT 
CONTENT, /\ND /\IR VOIDS ON FATIGUE 
PERFORMANCE AT DIFFERENT TEMPERATURES 

Temperature 

32°F (O"C) 

68"F (20"C) 

Level of Significance (p-value) 

Asphalt Type Asphalt Content Air Voids 

Slope Intercept Slope Intercept Slope Intercept 

0.1610 0.0325 0.0118 0.0289 0.8676 0.2028 

0.6358 0.0012 0.2311 0.2651 0.4495 0.0995 
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FIGURE 13 Diametral fatigue test results at 32°F 
(0°C) with (a) high asphalt content and (b) low 
asphalt content. 
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(0°C), the difference in the air void content may not influence 
the fatigue resistance because the failure is mainly governed 
by the crack initiation process. 

Effect of Asphalt Type 

Figures 13 and 14 show the effect of asphalt type on the fatigue 
performance of asphalt concrete. Mixtures with AAK-1 as
phalt demonstrated higher resistance to fatigue than did mix
tures with AAG-1 asphalt. Also, the difference in fatigue 
resistance of two asphalt mixtures is more pronounced at 68°F 
(20°C) than at 32°F (0°C). Table 4 shows the level of signif
icance of asphalt type on slope and intercept at two different 
temperatures. Statistical results showed insignificant effect of 
asphalt type on slope at both temperatures, whereas the effect 
of asphalt type on intercept becomes more significant at 68°F 
(20°C) than at 32°F (O°C) . 

This behavior can be explained by comparing the penetra
tion values of two asphalts at both temperatures. The follow
ing penetration values were extrapolated from the Bitumen 
Test Data Chart (penetration-viscosity-temperature chart) (J) 
[t°F = (t°C -;- 0.55) + 32]: 

Asphalt Type 

AAK-1 
AAG-1 

At 32°F 

8 
3 

At 68°F 

49 
33 
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Within the temperature range studied in this research, 
AAK-1 asphalt is a softer binder which provides greater resist
ance to fatigue cracking. The difference in penetration values 
of both asphalts becomes greater at 68°F (20°C) than at 32°F 
(0°C). Therefore, the effect of asphalt type on the resistance 
to fatigue is more significant at 68°F (20°C) than at 32°F (0°C), 
as observed from Figures 13 and 14 and from the statistical 
test results. 

CONCLUSIONS 

It was proved that the diametral fatigue testing can be a prom
ising tool in evaluating the fatigue performance of asphalt 
concrete under varying temperature and mixture variables. 
Within the limits of this study, the following principal con
clusions can be drawn: 
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1. The value of 0.1 in. (0.25 cm) of maximum total hori
zontal deformation was found to be an appropriate failure 
criterion of the mixtures irrespective of the variables studied 
in this research. 

2. The effect of mixture variables on fatigue life was better 
shown in the plots using recoverable horizontal strain. 

3. Statistically, the effect of asphalt content was proved to 
be significant, although the data in some test conditions could 
not demonstrate the effect clearly. An increase of 0.6 percent 
above the optimum asphalt content statistically showed more 
significant improvement in fatigue resistance at 32°F (0°C) 
than at 68°F (20°C). 

4. Assuming constant Poisson's ratio at different temper
atures, it was found that temperature has significant effect on 
the fatigue life. For the given recoverable strain, lower tem
perature results in the longer fatigue life. For the given max
imum total strain, the reverse is true. 

5. An increase in air void content shortens the fatigue life 
with a more pronounced effect at 68°F (20°C) than at 32°F 
(ooq. 

6. Temperature susceptibility of the asphalt binder has a 
pronounced effect on the fatigue life of asphalt concrete . 

7. Asphalt concrete mixtures with a softer binder demon
strate the higher resistance to fatigue. 
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Effect of Loading Magnitude on Measured 
Resilient Modulus of Asphaltic Concrete 
Mixes 

}AMAL A. ALMUDAIHEEM AND FAISAL H. AL-SUGAIR 

The diametral resilient modulus test is a procedure by which the 
resilient or elastic modulus of asphalt mixes can be determined. 
The resilient modulus is used as a fundamental input parameter 
in the layer theory for flexible pavements design. In the 1986 
AASHTO Guide for Design of Pavement Structures, the basis for 
materials characterization is the elastic or resilient modulus. The 
diametral resilient modulus test uses the repeated-load indirect 
tensile strength. ASTM D4123-82 recommends that the resilient 
modulus (M,) be measured by applying stresses with magnitudes 
in the range of 10 to 50 percent of the indirect tensile strength 
of the specimens. It has been observed that the measured M,
value depends on the percentage of indirect tensile strength used. 
For example, the value of M, obtained by testing at a load of 10 
percent indirect tensile strength will be different than that ob
tained by testing at a load of 30 percent indirect tensile strength. 
A comprehensive test program investigated the previous obser
vation. To ensure that the difference between the M,-values mea
sured under various loadings is not statistical, several identical 
specimens were cast and the M,-value for a particular loading was 
found by averaging the results. Also, three different asphalt con
ents were used to see if the change in M, is affected by the 
::rcentage of asphalt in the mix. The results indicate that the M, 
:lue measured using ASTM D4123-82 depends on the percent-

1ge of indirect tensile strength used as the load for testing. Also, 
the difference in the M,-value was found to be less for mixes with 
higher asphalt contents. 

Several empirical methods have been developed for charac
terizing asphaltic materials. These methods are useful for the 
comparison of materials under specific conditions. Several 
empirical correlations have also been recommended. How
ever, these correlations are generally valid only for conditions 
similar to those under which the values were originally 
developed. 

Several test procedures and theories for determining the 
different moduli of asphalt mixtures have been developed. 
Among these moduli are Young's modulus, the resilient mod
ulus, the complex modulus, the modulus obtained from the 
Shell nomograph, and the dynamic modulus. Among these 
moduli, the resilient modulus has gained popularity as a means 
of evaluating the response of asphaltic mixtures to loads. ln 
the 1986 AASHTO Guide for Design of Pavement Structures, 
the basis for material characterization is the resilient modulus 
(1). The values of the resilient modulus (M,) can be used to 
evaluate the relative quality of materials as well as the input 
value for pavement design or pavement evaluation and anal-

Department of Civil Engineering, King Saud University, P.O. Box 
800, Riyadh 11421, Saudi Arabia. 

ysis. The diametral resilient modulus test is a nondestructive 
test which allows the testing of the specimen under different 
conditions to eliminate the specimen-to-specimen variation. 
This test is basically a repetitive load test using the stress 
distribution principles of the indirect tensile test (2). In its 
current form, the diametral resilient modulus test consists of 
compacting mix specimens, conducting a density-void analysis 
on compacted and loose specimens, and testing the compacted 
specimens for their resilient moduli. Details of the test pro
cedure and equipment required are documented in ASTM 
D4123-82. 

Although ASTM D4123-82 is a standard test procedure, it 
is observed that the M,-value is affected by different test con
ditions (3,4), particularly the loading magnitude. Therefore, 
in this study the effect of the loading magnitude on the mea
sured resilient modulus is investigated for asphalt mixes with 
different asphalt contents . In order to eliminate the statistical 
variations that may affect the results, a large number of rep
licate specimens are used. 

MATERIALS USED 

The aggregate used in this study are the product of the Cercon 
crusher plant north of Riyadh, Saudi Arabia. The aggregates 
were sieved; the grain size distribution is shown in Table 1, 
and the gradation curve is shown in Figure l. The aggregate 
gradation selected for this study was recently adapted by the 
Ministry of Communications (MOC) of Saudi Arabia, in an 
attempt to control permanent deformation (5). Routine tests 
were performed on the aggregates; the results are summarized 
in Table 2 along with the specification used in the testing. 

The asphalt cement used in this study had a 60170 penetra
tion grade and was produced by the Riyadh refinery. The 
asphalt was brought in 20-L containers and separated after 
heating into 1/2-L cans. The properties of asphalt cement were 
evaluated; the results are shown in Table 3. The test method 
used and the specification limits SP.t hy MOC: (5) are also 
shown in Table 3. 

MARSHALL MIX DESIGN 

All specimens were prepared according to the Marshall method 
of mix design using 75 blows of the automatic Marshall com
pactor on each side. Table 4 shows the Marshall mix design 
criteria adapted by MOC as a result of changing the aggregate 
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TABLE 1 GRADATION OF AGGREGATES USED 

Si eve size Percent Tolerance Job mix 
passing For111Jla 

( 3/4") 100 +/- 6.0 100.0 

( 1/2") 76-92 +/- 6 .0 84.0 

( 3/8") 64-79 +/- 5.0 71. 5 

(#4) 41-56 +/- 5 .0 48.5 

(#10) 23-37 +/- 4.0 30.0 

(#40) 7-20 +/- 4 .0 3. 5 

(#80) 5-13 +/- 3.0 9.0 

(#200) 3-8 +/- 1.5 5. 5 
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FIGURE 1 Gradation curve of aggregates used. 

gradation. Standard cylinders 4 in. (102 mm) in diameter and 
2.5 in. (64 mm) in height were prepared at five levels of asphalt 
cement content, namely 3, 3.5, 4, 4.5, and 5 percent of the 
total weight of the mix. The results of the Marshall mix design 
are summarized in Figure 2. The calculated optimum asphalt 
content is approximately 4 percent. This content was calcu
lated according to the mix design methods for asphalt concrete 
mixes recommended by the Asphalt Institute (6). However, 
the asphalt content corresponding to 5.5 percent air void con
tent was used because it represents the midpoint between the 
upper and lower range of the specifications set by MOC (5). 
Also, according to Jimenez (7), the amount of asphalt to be 
used is limited to the amount that will furnish a film thickness 
ranging from 6 to 12 microns if asphalt absorption is consid-
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TABLE 2 PHYSICAL PROPERTIES OF AGGREGATES 
USED 

Test Property Designation Results 
No . 

1. Bulk Specific Gravity 2 .550 
of Coarse Aggregate 

2. Bulk Specific Gravity ASTM C-127-84 2 .607 
(Salur-•led Surf•te Ory) 
of Coarse Aggregate 

3. Apparent Specific Gravity AASHTO T -85-81 2 .672 
of Coarse Aggregate 

4. Percent Absorption 1. 783 

5. Bulk Specific Gravity 2 .507 
of Fine Aggregate 

6. Bulk Specific Gravity ASTM C-128-84 2 .514 
(Saturated Surface Dry) 
of Fine Aggregate 

7. Apparent Specific Gravity AASHTO T-84-81 2 .695 
of Fine Aggregate 

8. Percent Absorption AASHTO T-84-81 2. 775 

9. Specific Gravity of ASTM 0-854-83 2 .690 
Filler Oust AASHTO T-100-70 

10. Percent 1 oss by Los Angel es ASTM C-131-76 
Abrasion Grading 

AASHTO T-96-77 24.0 

11. Soundness by Sodium C-88-83 
Sulfate Solution 
Percent loss 1 n Coarse 
Aggregate 3.2 
Percent loss in Fine AASHTO T-104-77 
Aggregate 3.3 

12. Sand Equivalent ASTM 02419-79 49.2 
AASHTO T-176-73 

TABLE 3 PROPERTIES OF ASPHALT CEMENT USED 

Test Test MJC• 
irethod result specificatit 

Property AASHTO/ 
i\.51M 

Orlainlll Ase!:!!!:t 

Penetration @ 25°C, 100 gm, T49/DS 62.3 min 60°"""'x 70 
5 second (0.1 mm) 

Kinematic viscosity T201/ 415 min 200 
@ Do·c (est) 02170 

Absolute viscosity T201/ 3064 
@ 60 'c (Poises) 02171 

Softening point ( ·ci T53/036 52. 5 
Ductility @ 25•c, 5 cm/min, (an) TSl/0113 +100 min 100 
Flash point ( ·c) T48/D92 323 min 232. 2 
Fire point ('C) T48/D92 350 
Specific gravity T228/070 1.033 
Loss on heating (%) 0.016 0.8 max 

Residue fran TFOT"• 

Penetration, @ 25 "c, 100 gm, 
5 second (O.l mm) T49/0S 36.5 

Retained penetration, % of original 58.6 min 52 

Kinematic viscosity T201/ 
@ Ds·c (est) 02170 56.6 

Absolute viscosity 
@ 60"C (poise,;) 6249 

Ductility @ 2s·c, 5 cm/min, (an) TSl/0113 94.4 

• MOC : Ministry of Crnm.mication, Kingdon of Saudi Arabia. 
•• Tl'OT = Thin Film Oven Test. 



26 6 

24 

z 
~ 

'E 22 5 
~ !. 
.D 

~ a .. 
0 ~ 20 <L 

.. iii 
~ ~ 
~ 18 f 

4 .. .. ::;: ::;: 
a 

16 

14 3 
2 3 ~ s 6 2 3 4 

%A.C. %A.C. 

2.42 g 

2.40 
8 

7 
2.38 

El u 
> 6 .. e < .<:1 2.36 

:;: ~ 5 
C> El 

Ci 

I ~ 2.34 
4 c 

::::> 

2.32 3 

2.30 2 
2 3 4 5 6 2 3 4 5 6 

%A.C. %A.C. 

12 80 

" 
70 

11 60 

< "' ~ ..: 
> > so 
~ ~ 

El 

10 • 40 

• 
30 

g 20 
2 3 4 s 6 2 3 4 s 6 

'!f.A.C. %A.C. 

FIGURE 2 Marshall mix design results. 



142 

TABLE 4 MOC DESIGN CRITERIA 

Wearing Base 

Course Cl:x.trse 

1. Voids in Mineral Aggregates 15 13 

2. Air Voids (%) 4 - 7 5 - 8 

3. *Mixing Tel1\)E!rature for Marshall Test 160+/-SC l50+/ -5C 

Conpaction Te rrpera t ure for Marshall Test 145+/ -SC 145+/ -5C 

4. •• Marshall Stability (kg ) (min) 1000 1000 

Note: Marshall Stability s hould not vary by rrore than +/ -200 kgs. 

fran design value . 

5. Marshall flow (mm) 2 - 3.5 2 - 3.5 

6. Hveem Stability (min) 40 40 

Not e: • = Bas ed on use of 60/ 70 grade pene tration as phalt. 

** = At 60 deg. C. 

ered. The minimum asphalt content that will yield this film 
thickness is 4.5 percent as calculated by the procedure pre
sented by Jimenez (7). Therefore, it was decided in this study 
to consider three asphalt contents, namely 4, 4.5, and 5 percent. 

STRENGTH CHARACTERISTICS 

The Marshall method of mix design for hot mixes was used 
to prepare the required number of specimens at each asphalt 
content selected. For each asphalt content, 20 specimens were 
prepared. Half of the specimens were tested after being sub
jected to moisture conditioning, herein called wet specimens; 
the other half were tested at normai (dry) environmental con
ditions. Each specimen was tested on three different axes 60 
degrees apart, thus obtaining a total of 30 measurements for 
each asphalt content and environmental condition. The pre
pared specimens were dry cured in an oven at 60°C (140°F) 
for 72 hr before testing. This process minimized the effect of 
strength gain due to asphalt aging (hardening), especially for 
specimens to be studied after moisture conditioning. This cur
ing condition was found to be enough to reach a stabilized 
condition (8, 9). 

In this study, the 20 specimens prepared at each asphalt 
content were used as follows: 5 specimens for each asphalt 
content were used to determine the value of the dry indirect 
tensile strength, and 10 specimens were used to determine 
the dry M,-values . After testing , the 10 specimens, along with 
the 5 remaining specimens, were soaked under water at 60°C 
for 24 hr . This procedure was very practical in evaluating the 
moisture susceptibility of asphalt mixtures (8,9) . The five ex
tra specimens were used to evaluate the wet indirect tensile 
strength, the other 10 specimens were used to evaluate the 
wet M,-values. 

TRANSPORTATION RESEARCH RECORD 1317 

The loading magnitudes were selected to ensure that the 
applied stresses were within the range of 10 to 30 percent of 
the indirect tensile strength of the specimens. The upper limit 
was reduced from the 50 percent indirect tensile strength rec
ommended by ASTM D4123-82 to 30 percent to ensure that 
stresses within the samples did not exceed the elastic range. 
To study the differences in the M,-values due to choosing a 
different-loading-magnitude-,-fourlevels of-pulsating-load-were 
used, namely, 225 , 350, 475, and 600 lb (1.003, 1.561 , 2.118, 
and 2.676 kN, respectively) . Table 5 gives the exact percent
ages of indirect tensile strength of the applied load for both 
dry and wet specimens. The room temperature was kept con
stant at 25°C throughout the period of testing by conducting 
the test inside a controlled temperature chamber. Before any 
readings were taken, a minimum of 50 load repetitions were 
applied to the specimen to properly seat the loading strips on 
the specimen and to allow the deformation to stabilize. 

RES UL TS AND DISCUSSION 

The values of the dry resilient modulus tests are shown in 
Figure 3. Each value of M, in Figure 3 is an average of 30 
values of M, measured from 10 specimens, 3 values from each 
specimen . Figure 3 shows that the value of M, decreases with 
increasing the asphalt content. The important observation in 
Figure 3 is that the M,-value measured is higher for a lower 
level of load. The largest difference is at 4 percent between 
the M,-values at load levels 225 lb (1.003 kN) and 600 lb 
(2.676 kN). The larger value is about 15 percent higher than 
the lower one . This difference will be even greater if a higher 
percentage of indirect tensile strength is used (for example 
50 percent indirect tensile strength) , as the trend shows clear!~, 

Figure 4 shows the M,-values obtained from the wet resilie 
modulus tests . Again, the M,-values are the average of 
values . The M,-values are also higher for lower load leve1 
The largest difference is about 11 percent. However, the wet 
M,-values are generally higher than the dry values . This could 
be explained by one or both of the following reasons: 

1. The M, test is dynamic with short-duration pulsating loads. 
This may cause the water inside the moisture-conditioned 
specimens to develop pore pressure and thus increase the 
resilient modulus value measured. 

TABLE 5 EXACT 
PERCENTAGES OF 
INDIRECT TENSILE 
STRENGTH OF THE 
APPLIED LOADS 

Load A.C.% 

(Iba) 4 4.5 5 

225 Dry 10.51 10.64 10.84 

Wet 10.00 10.79 11.15 

350 Dry 16.36 16.45 16.86 

Wet 15.55 16.78 17.40 

475 Dry 22.20 22.61 22.89 

Wet 21.11 22.78 23.54 

600 Dry 28.05 28.38 28.91 

Wet 26.66 28.77 29.73 
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FIGURE 3 Dry resilient modulus versus asphalt content measured 
under different loading magnitudes. 
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FIGURE 4 Wet resilient modulus versus asphalt content measured 
under different loading magnitudes. 

2. The wet specimens were tested wet, which may have 
caused a drop in temperature due to evaporation. This drop . 
in temperature may yield a higher M,-value. 

The results make it clear that the M,-values obtained from 
the diametral resilient modulus test depend on the percentage 
of indirect tensile strength used as load. Because a larger load 
yields a smaller M,-value, it is clear that a larger load should 
be used in the test because a smaller value of M, results in a 
more conservative design. 

CONCLUSIONS 

The results indicate that the standard test for determining the 
resilient modulus of asphaltic concrete mixes depends on the 

magnitude of load used. Because a smaller M,-value results 
in a conservative design , it is recommended that a large per
centage of indirect tensile strength should be used when test
ing for the M,-value. This would be a load level closer to 50 
percent of the indirect tensile strength of the specimen. This 
is particularly important for mixes with low asphalt contents. 
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