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Foreword 

The papers in this Record deal with various facets of asphalt mixture design ; they should be 
of interest to state and local construction, design, materials , and research engineers as well 
as contractors and material producers. 

Fwa and Tan describe a study that evaluated the feasibility of using a twin-probe gamma
ray gauge to measure the density of laboratory cylindrical bituminous paving mixture spec
imens. Kandhal and Khatri report on a study to improve the reproducibility of the Rice 
method in determining the theoretical maximum specific gravity of asphalt paving mixtures, 
particularly those mixtures using highly absorptive aggregates. On the basis of their test data, 
they recommend optimum levels for temperature, residual pressure, and vacuuming time to 
improve the reproducibility of the Rice method. Stroup-Gardiner and Epps describe labo
ratory tests involving various methods of adding lime for assessing moisture damage to asphalt 
concrete mixtures. 

Aglan et al. report on the development of a methodology to characterize the resistance of 
asphalt concrete mixtures to fatigue crack propagation in an effort to construct fundamental 
structure-fracture toughness relationships. Svec and Eldred describe the concept and the first 
prototype of new laboratory equipment for testing mechanical properties of asphalt concrete. 
Al-Swailmi et al. report on a computer-controlled loading and data acquisition subsystem 
that is part of a state-of-the-art test system for determining the susceptibility of an asphalt
aggregate mixture to moisture-induced damage. Boudreau et al. describe a study to select 
one combination of resilient modulus test parameters that would yield repeatable modulus 
results on laboratory-compacted asphalt concrete specimens. Hadley and Groeger describe 
the comprehensive test procedure that has evolved from the Strategic Highway Research 
Program's (SHRP) Long-Term Pavement Performance asphalt concrete resilient modulus 
testing program . Mohammad and Paul present the results of a study to evaluate the repeat
ability and performance of a new indirect tension test device that was developed by Baladi 
and further modified by the Louisiana Transportation Research Center. 

El Hussein et al., as a result of their study, report that construction compaction techniques 
have a significant influence on asphalt concrete resistance to moisture damage. Fernando 
and Lytton demonstrate the potential benefits of performance-oriented specifications. They 
conducted hypothetical case studies to evaluate the expected performance of asphalt concrete 
pavements constructed using existing specifications. Kim et al. present the results of resilient 
modulus testing at North Carolina State University performed as a part of the SHRP asphalt 
concrete core proficiency testing program. 

Von Quintus et al. summarize the procedures for an Asphalt-Aggregate Mixture Analysis 
System (AAMAS) that was developed under NCHRP Project 9-6(1). They also review the 
implementation process of the procedure and discuss some of the potential problems with 
field control of mixtures designed by this procedure. Mamlouk et al. describe the Arizona 
Department of Transportation's experience with the AAMAS procedure. They found that 
AAMAS seems to provide good performance predictions. 

v 
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Laboratory Density Measurements of 
Bituminous Mixes by Gamma-Ray Probe 

T. F. FwA ANDS. A. TAN 

An experimentnl tudy lhat eva lu ated the feasibility of applying 
a twin-probe gamma-ray gauge for density mcasuremems of cy
lindrical bi tuminou specimens is described . Major considerations 
re lated ro the operational features of the gauge and the charac
teri ti o[ the comp ite tructure of bituminous mixtures are 
highlighted . Three bituminous mix types-namely , sand asphalt, 
dense-graded mix , and open-graded mix-were included. The 
measurement precision and accuracy characteri ti · of the gauge 
with re peel to the different mix types were examined. It was 
found that the precision and accuracy of gauge-determined den
·sitie varied with the types of mix tested . Better precision and 
accuracy were achieved with specimens that had more uniform 
den ity dis1ributi n withi.n the mass and with pecimens th at were 
les porous. Recommendation concerning the u c of gamma-my 
probes for laboratory den. ity measur ment f bituminou paving 
mixtu.re are made. An illu !ration bowing the abi lity of the twin
probe gauge to dete rmine the density profile of a rail ·peci mcn 
is presented. 

Measuring the density of laboratory-compacted specimens and 
field cores of bituminous materials is a requirement in routine 
laboratory testing of highway and airfield paving materials. 
The bulk specific gravity of bituminous paving mixtures with 
water-tight surfaces can be determined by weighing specimens 
in air and in water, as described in ASTM D2726. If the 
surface of a mixture is porous or if it permits the infiltration 
of water during the submerged weighing, specimens coated 
with paraffin must be used as specified by ASTM D1188. 
These two methods measure the overall average density of 
the specimen tested. For compacted specimens or field cores 
that contain layers of mixtures with different densities, other 
methods are needed if the densities of various layers are to 
be determined nondestructive! y. 

This paper describes an alternative means of density mea
surement of bituminous mixtures in a nondestructive manner 
through the use of a nuclear device: a twin-probe gamma-ray 
gauge adapted from a direct transmission field gauge for lab
oratory density measurement. The precision characteristics of 
the twin-probe gauge with respect to different bituminous 
mixtures are examined . Three bituminous mixtures-a dense
graded asphaltic concrete, an open-graded mixture, and a 
sand asphalt mixture-are included in the study. Recom
mendations about the use of the gamma-ray probe for labo
ratory density measurement of bituminous paving mixtures 
are made. 

Center for Transportation Research , Department of Civil Engineer
ing, National University of Singapore, 10 Kent Ridge Crescent, Sin
gapore 0511 . 

EXPERIMENTAL SETUP AND 
MEASUREMENT PROCEDURE 

A schematic diagram of the twin-probe nuclear density gauge 
adopted in this study is shown in Figure 1. The gauge has a 
5-milliCurie (mCi) source of cesium-137 that produces gamma 
photons of initial energy of 662 keV , a detector consisting of 
a sodium-iodide-thallium-activated crystal, Nal(Tl) , and a 
scintillation counter capable of discriminating gamma photons 
according to their energy levels . The counter is designed to 
register only signals corresponding to photons of energy of 
662 keV. The source and detector are rigidly fixed 280 mm 
apart. This is the recommended source-to-detector spacing 
for the gauge, arrived at in an earlier study by the authors 
(I); it is based on precision and accuracy considerations. The 
cross arm that holds the source and detector can be moved 
vertically on a rigid vertical guide by a drive motor. This 
enables density measurements to be made at different depths 
of a specimen. More details about the operating character
istics of the twin-probe setup are found elsewhere (1,2). 

The attenuation of gamma radiation after passing through 
a matter can be described by the well-known gamma absorp
tion law (3 ,4) : 

(1) 

or 

ln F - µ,tp (2) 

where 

N0 = count rate registered by detector with no specimen 
between the source and detector, 

N = count rate registered by detector with specimen in 
space , 

F = a constant that is a function of the geometry of the 
gauge and specimen material properties, 

µ, = material mass absorption coefficient , 
t = thickness of specimen, 
p = density of specimen, and 

CR = count ratio, computed as the ratio of N to N0 • 

Using the twin-probe gauge , Fwa and Tan (2) have shown 
that the following formula is applicable for density measure
ment of solid cylindrical specimens having diameters from 75 
to 150 mm: 

In Cn = In F - µ,cdp (3) 
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FIGURE 1 Experimental setup of twin-probe gamma-ray 
gauge: top, elevation view; bottom, plan view (not to scale). 

where c is the diameter correction factor to account for cir
cumference curvature of a cylindrical specimen and d is the 
diameter of the specimen. 

For measuring the density of bituminous mixtures prepared 
with asphalt of a given grade and aggregates of a given source 
and adopting a fixed geometry of the experimental setup of 
the gauge as depicted in Figure 1, the factors F and µ can be 
taken as constants. Equation 3 may then be simplified as 
follows for testing with specimens of the same size: 

(4) 

where k, and k2 are constants that can be calibrated from 
measurements of bituminous specimens of known densities. 
Once calibrated, Equation 4 is used to calculate the density 
of a specimen from the count rate readings of the twin-probe 
gauge. 

CONSIDERATIONS IN DENSITY MEASUREMENT 
OF BITUMINOUS MIXTURES 

For meaningful interpretation of density measurements from 
the count rates of the twin-probe gauge, the operational fea
tures of the gauge and the characteristics of the composite 
structure (such as aggregate gradation and air void percent
age) of bituminous mixtures must be considered. 
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Zone of Measurement 

The so-called zone of measurement refers to the volume of 
specimen material covered in a density determination using 
the twin-probe gauge. The boundaries of the zone of measure
ment are dependent on the geometry of the gauge and the 
position of specimen between the source and detector. For 
the twin-probe setup in this study, the Nal(Tl) crystal in the 
scintillation detector is a cylinder 40 mm in diameter and 12 
mm thick. The 5-mCi cesium-137 mass can be taken to be a 
point source . The measurement path of the twin-probe gauge 
may then be represented by a pyramid with a rectangular base 
of 12 x 40 mm and a height of 280 mm, as depicted in Figure 
2 (left). Figure 2 (right) indicates that the mass of specimen 
material exposed to the gamma-radiation measurement is given 
by the intersection of the path of measurement and the spec
imen. This is defined by the volume abcdefgh. For a 100-mm
diameter cylindrical specimen placed at a distance x = 10 
mm from the detector (see Figure 1 for definition of x), Figure 
3 shows the plan view of the zone of measurement. 

It is clear that the volume and mass of a specimen covered 
in each density measurement by the twin-probe gauge are 
considerably smaller than those involved in a conventional 
density measurement by means of the water-displacement 
principle. This localized density determination capability of 
the twin-probe gauge offers two obvious advantages: (a) lo
cational variations of density in a plane perpendicular to the 

I 

I I 

FIGURE 2 Zone of measurement in twin-probe nuclear gauge 
density determination: left, path of measurement; right, volume 
of specimen measured (not to scale). 

FIGURE 3 Plan view of zone of measurement (abccf) for 
cylindrical specimen. 
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measurement path can be identified; this allows one to de
termine the horizontal and vertical distribution patterns of 
density of a laboratory-compacted specimen or a field-extracted 
sample; and (b) directional variations in a plane parallel to 
the measurement path can also be determined. For a cylin
drical specimen as shown in Figure 3, this is achieved simply 
by rotating the specimen horizontally so that different zones 
of measurement can be covered. 

Relating Gauge Measurements to Bulk Density 

In laboratory testing of bituminous mixtures for pavement 
engineering applications, reference is often made of the bulk 
density of cylindrical laboratory-prepared specimens or field 
cores. There is therefore the need to relate nuclear gauge 
density measurements to the bulk density measured by the 
conventional water-displacement method. In the event that 
the specimen measured is homogeneous in nature and has 
uniform density distribution, gauge-measured densities can 
be directly related to bulk densities. This is not likely with a 
bituminous mixture because its three basic constituents
aggregates, air , and asphalt-differ greatly in density. Depend
ing on the type of mix and gradation of aggregates, the density 
distribution in a bituminous mix can be far from uniform. 

One possible approach to obtain bulk density from gauge 
density readings is to make multiple measurements to cover 
the entire volume of the specimen, with no overlapping of 
zones of measurement. This approach, however, is not prac
tical for cylindrical specimens because the change in geometry 
in each measurement requires a separate calibration of Equa
tion 4. In addition, considerable errors due to increased cur
vature effects are expected because measurements are made 
away from the centerline of a cylindrical specimen (1) . 

The approach adopted in this study involves making nuclear 
density measurements from selected directions spaced at equal 
angles about the center of the specimen tested. Figure 4 shows 
the measurement directions for different cases. In each case, 
an estimate of bulk density is computed as the mean of the 
gauge-determined densities obtained from different direc
tions. In general, it is likely that the more nonuniform the 
density distribution of a specimen, the higher is the number 
of measurement directions needed to arrive at a sufficiently 
accurate assessment of its bulk density. 

Gauge Calibration 

For density measurement of cylindrical specimens of the same 
diameter, the calibration coefficient k2 in Equation 4 is a 
function of µ,, the material mass absorption coefficient. For 
common civil engineering materials composed mainly of car
bon, oxygen, aluminum, silicon, and calcium, with only a 
small amount of heavy elements such as iron, µ, can be taken 
as a constant (3-6). This means that the density calibration 
of these materials , according to Equation 4, will lie on a 
straight line on a ln(CR)-versus-density plot. Using the twin
probe nuclear gauge described in this study, the authors (J ,2) 
have verified this linear relationship experimentally using cy
lindrical specimens of aluminum (bulk density = 2.70 g/cm3

), 

(aJ 

le) 

Ce!Urline 
of 
Path I 

Centerline 
af 
Path I 

lb) 

(d) 

Cenlertine 
of 
Pa1h 1 

FIGURE 4 Gamma-ray density measurement in more than 
one direction (arrows indicate centerline and direction of 
measurement path): a, for two directional measurements; b, 
for three directional measurements; c, for five directional 
measurements; d, for seven directional measurements. 
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glass (2.51 g/cm3), hardened portland cement (1.83 g/cm3
), 

perspex (1.18 g/cm3), asphalt (1.00 g/cm3), and paraffin wax 
(0.83 g/cm3

). A calibration plot for 100-mm-diameter cylin
drical specimens is shown in Figure 5. Source-to-detector spacing 
is 280 mm and specimen-to-detector gap is 10 mm. The cor
responding calibration equation is 

In CR = - 0.01706 - 0.55166 p (5) 

This fitted equation has a statistical coefficient of multiple 
determination, r 2

, equal to .999. 
In a separate study on nuclear density measurements of 

granular materials, Tan and Fwa showed that the calibration 

-0. 2 

-0.4 

...., -0.6 
~ 

..5 -0.8 

-1.D 

-1 2 

-1 .4 
0 05 1.5 2.5 

Density lgJcm3 I 

FIGURE 5 Calibration plot of twin-probe gamma-ray gauge. 
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based on Equation 5 was also valid for density measurements 
of granite aggregates and siliceous sand masses with different 
porosities (7). Because bituminous mixes are mixtures of as
phalt and aggregates, both of which follow the calibration 
relationship of Equation 5, it is logical to expect the same 
relationship to be applicc.ble to these mixes. Three types of 
bituminous mix are investigated in this study to verify this. 

DENSITY MEASUREMENTS AND ANALYSIS 

This section describes the tests performed to determine the 
precision and accuracy characteristics of the gamma-ray probe 
in density measurements of compacted bituminous mixes. A 
dense-graded mix and an open-graded mix, with aggregate 
gradations as described in Table 1, were prepared with asphalt 
contents of 5.5 and 7.0 percent, respectively. The third mix 
type was a sand asphalt prepared using an asphalt content of 
8 percent and natural siliceous sand with a nominal maximum 
size of 2.36 mm. These mixes were chosen to cover the range 
of density commonly found for compacted bituminous mixtures. 

In making the precision and accuracy assessments, the fol
lowing aspects were examined for each of the three mixes: 
(a) repeatability of density measurements for a fixed path of 
measurement, (b) number of directional measurements re
quired to achieve a desired level of accuracy, and ( c) com
parison with bulk densities determined by the conventional 
water-displacement method. 

TABLE 1 Aggregate Gradations of Dense- and Open-Graded 
Mixes 

Sieve Percent Passing Percent Passing 
Size (mm) (Dense-Graded Mix) (Open-Graded Mix) 

2S 100 100 
19 100 9S 
13 9S 7S 

9.S SS SS 
4.7S 70 27 
2.36 so 10 

1. 2 37 s 
0.3 19 0 

0 . 07S 6 0 

12 
11 

i• ~ I 
e5 
=> 

~4 ~ 4 

'111 - li9(AJ 

(a) ClllT PER MITE lb) 

12 I 

;· ~ 

i L .... 4 

(d) (e) 
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Repeatability of Density Measurements 

Three specimens of each of the three mix types were tested 
for repeatability of nuclear gauge density measurements. For 
each specimen, a measurement path was arbitrarily chosen 
and 40 readings of 1-min counts were obtained. Figure 6 shows 
typical frequency distribution plots of 1-min counts for the 
three mix types. Also shown in the same figure are the cor
responding frequency distributions of densities, in which each 
density was computed from a 1-min count using the calibration 
relationship of Equation 5. It can be seen that both the count 
rate and density distributions are approximately Gaussian. 

Table 2 summarizes the statistical characteristics of nuclear 
density measurements for single measurement paths. The re
sults show that the sand asphalt specimens had the lowest 
density, followed by open-graded and dense-graded speci
mens in the order of increasing density. The corresponding 
standard deviations in density from the sand asphalt to dense
graded specimens varied from 0.009 to 0.012 g/cm3

• This fol
lows the general trend in nuclear density measurements, that 
precision improves as the count rate increases (or as the den
sity decreases) (2). 

On the basis of the Gaussian theory, a precision statement 
can be made for single-path density measurements of each of 
the three mix types. This is shown in Table 2, in which the 
ranges of error associated with different numbers of repeated 
1-min counts were computed. For the three bituminous mixes, 
it may be concluded that a minimum of four 1-min counts are 
required for each measurement path to give a precision on 
the order of ± 0.01 g/cm3 at a confidence level of 95 percent. 
The level of precision achieved is of the same order of mag
nitude as those obtained for the solid materials shown in 
Figure 5. This precision is adequate for most engineering 
applications. Therefore, four 1-min counts are recommended 
for each measurement path and used in all gamma-ray density 
measurements in this study. 

Required Number of Directional Measurements 

The presence of different sizes of aggregates and air voids in 
the mass of a bituminous specimen makes it necessary to 

61• 621.1 6300 
lcl IDIT PER MlllUTE 

i• l02 
m DEllSITY I g /cm3 I 

FIGURE 6 Count and density distribution for bituminous mixes: a, sand asphalt mix count 
distribution; b, dense-graded mix count distribution; c, open-graded mix count distribution; 
d, sand asphalt density distribution; e, dense-graded mix density distribution; f, open-graded 
mix density distribution. 
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TABLE 2 Characteristics of Single-Path Measurements of Density by Twin-Probe 
Gamma Ray Gauge 

Type of Mean One- Path Density (g/cm
3

) Precision Characteristics 

Mix Minute Count Mean Std Dev n . e •• 
Sand 6,761 1.821 0.0088 2 ±0.012 
Asphalt 3 ±0.010 

4 ±0.008 

Open- 6,217 1.974 0.0090 2 ±0.012 
Graded 3 ±0.010 
Mix II ±0.009 

Dense- 5,047 2.352 0.0126 2 ±0.018 
Graded 3 ±0.014 
Mix 4 ±0.012 

*n is the number of repeated one-minute counts. 
**e is the range of error in density at confidence level of 95%, 

expressed in units of g/cm3. 

perform more than one directional measurement to obtain a 
representative assessment of the bulk density of the specimen. 
In general, one would expect that the less uniform the density 
distribution of a specimen is, the more directional measure
ments will be needed. 

Following the measurement patterns of Figure 4, all the 
three specimens of each of the three mix types were subjected 
to 2-, 3-, 5-, 7-, 11-, and 15-path directional measurements of 
densities. For each pattern of directional measurements, Path 
1 was first randomly selected, followed by fixing of the di
rections of the remaining paths according to the arrangement 
in Figure 4 so that all the measurement paths were equally 
spaced on the perimeter of the specimen. This procedure was 
repeated 30 times per pattern for each specimen. The sample 
mean and standard error for each set of 30 density measure
ments were then computed. 

The results of the analysis are summarized graphically in 
Figure 7. The coefficient of sample variation, CV, calculated 
by dividing the standard error by the mean, is plotted against 
the number of directional measurements. It is observed that 
whereas the mean did not vary much with the number of 
directional measurement paths for all the three mix types, the 
variability of measurements as represented by the range of 
CV decreased rapidly from path size of two. The variations 
in CV began to stabilize at a path size of about five for the 
sand asphalt and dense-graded mix and at a path size of about 
seven for the open-graded mix. 

It is interesting to note that the mean CV of the three 
bituminous mixes provides a quantitative measure of the de
gree of nonuniformity of their density distributions. The sand 
asphalt specimens, with their mean CV in the order of 0.4 
percent, had the most-uniform density distributions. The den
sity distributions of the dense-graded specimens were less 
uniform, giving a mean CV of about 1.0 percent. The open
graded specimens, having mean CV of about 2.3 percent, were 
the least uniform in density distribution among the three mix 
types. 
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Procedure for Estimating Bulk Densities 

From the precision analyses presented in the preceding sec
tions, the requirements for nuclear gauge density measure
ments of bituminous mixes outlined in Table 3 were adopted. 

Using the results of mean CV obtained earlier for each of the 
three mix types, estimates of the probable error were com
puted. Using five directional measurement paths each, the 
precisions obtained for the sand asphalt and dense-graded 
specimens were respectively within ± 1 percent. For open-
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TABLE 3 Requirements Adopted for Estimating Bulk Densities Using Twin
Probe Nuclear Gauge 

Type Number of Number of One- Range of Error ln 
of Directional Minute Counts Density at Confidence 
Mix Measurement Paths Counts per Path Level of 95% 

Sand 
Asphalt 5 

Dense-
Graded 5 
Mix 

Open-
Graded 7 
Mix 

graded specimens, a precision of ± 1.70 percent was achieved 
with seven directional measurement paths. Additional direc
tional measurement paths may be used if higher precision is 
desired. For example, to achieve ± 1 percent precision for 
density measurement of the open-graded mix, the number of 
directional measurement paths required is 20. 

Comparison with Water-Displacement Bulk Densities 

The accuracy of bulk densities of bituminous mixtures deter
mined using the twin-probe nuclear gauge can be assessed by 
comparison with the corresponding densities obtained by the 
commonly accepted water-displacement method. For consis
tency in testing the different mixes, ASTM D1188, which uses 
paraffin-coated specimens, was adopted. In addition to the 
nine specimens described in the preceding sections, eight other 
dense-graded specimens were included. These eight speci
mens, having the same aggregate gradations as the dense
graded specimens described in Table 1, were intentionally 
given different degrees of compactive effort during prepara
tion to produce compacted mixtures of different densities. 

The final results are plotted in Figures 8 and 9. In Figure 
8, the test results are plotted with the twin-probe calibration 
line. It is seen that the calibration relationship fits reasonably 
well with the density measurements of the different types of 
bituminous mixes tested. In Figure 9, the bulk densities de
termined by the water-displacement method are plotted against 
the gauge-determined densities. The bulk densities deter-
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FIGURE 8 Plotting density data with twin-probe gauge 
calibration line. 

4 

4 

4 

±0.35% 

±0.87% 

±1. 70% 

2.5 

• Sand Asphall 

..,E H • lltnse-Gruded Mix ... v Open-Graded Mix -"" - 2.l -..... :IE ..... 
~ • _, 2.2 .... 
!a 
Cl 

I -..... 2.1 -; 
~ 
>- 2.0 -c;; -w Line of Equal~r -1.9 
5 ... 

u l9 2.0 2.1 2.2 2.3 2.4 

BULK IUSITY 8Y TWIN - PRlllE GAGE ( g /cm 3 I 

FIGURE 9 Comparison of gamma-ray density measure
ments with densities determined by water-displacement 
method. 

2.5 

mined by the two methods were highly correlated with a coef
ficient of correlation, r, equal to .968. Assuming the bulk 
density determined by the water-displacement method to be 
the true density, the plot suggests that the accuracy achievable 
by the gamma-ray gauge varies with the type of mix tested. 
In general, the relative order of the three mix types in terms 
of the accuracy achievable was similar to those reported in 
the precision analysis. The best accuracy was obtained with 
sand asphalt specimens, followed by those dense-graded spec
imens that were adequately compacted to yield densities higher 
than about 2.30 g/cm3

• The nuclear gauge-determined den
sities of the open-graded specimens were comparatively least 
accurate. The order of accuracy obtained with undercom
pacted dense-graded specimens was comparable to that of the 
open-graded specimens. 

There are two possible reasons that might have contributed 
to the differences in the accuracies of nuclear gauge-determined 
densities of different bituminous mixes. The relative uniform
ity of density distribution is believed to have a direct effect 
on the results. Another possible reason is the influence of air 
voids. Tan and Fwa have shown that the presence of voids in 
the zone of measurement of a coarse granular material tends 
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to cause the gamma-ray gauge to underestimate bulk density 
(7). This effect of voids appears to explain well the trend of 
the test results of open-graded specimens and undercom
pacted dense-graded specimens. 

APPLICATION: DENSITY PROFILE 
BY GAMMA-RAY GAUGE 

Because of the number of directional measurements and re
peated 1-min counts needed, the bulk density measurement 
of a bituminous specimen by means of the twin-probe gauge 
takes 20 to 30 min. The most attractive feature of the probe, 
however, is its ability to measure density in a predetermined 
localized volume. A useful application of the twin-probe 
gamma-ray is to obtain the density profile of a layered field 
core for identifying its construction history or of a laboratory
compacted specimen for ensuring that the specimen is uni
formly compacted at different depths. Being nondestructive, 
the gauge can also be used effectively to monitor changes in 
density of test specimens undergoing various treatments. 

An example of density profile with depth obtained using 
the twin-probe gamma-ray gauge is illustrated in Figure 10. 
It is the density profile of a cylindrical specimen 250 mm tall 
and compacted in four layers. The number of compaction 
blows applied to each layer was varied to produce layers of 
different compacted densities. Three directional measure
ments, spaced 120 degrees apart, were made. For each di
rectional measurement, density was determined at vertical 
intervals of 5 cm. The effects of different compactive efforts 
and the changes of density from layer to layer can be seen 
easily from the plot. 

Although this example deals with layers of bituminous mix
tures of the same mix design, the same experimental technique 
applies to the testing of field cores composed of layers of 
different mix types. However, depending on the mix types 
encountered, the number of directional measurements re
quired may vary from layer to layer. 

SUMMARY AND CONCLUSION 

An evaluation of the feasibility of applying a twin-probe gamma
ray gauge for density measurements of cylindrical bituminous 
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FIGURE 10 Example of density profile measurement using 
twin-probe gamma-ray gauge. 
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specimens has been presented. Sand asphalt and dense- and 
open-graded specimens were studied. Guidelines for gamma
ray density measurements of each mix type were recommended. 
From the experimental work and analyses performed in this 
study, the following recommendations and conclusions can 
be made: 

1. The gamma-ray technique is a reliable method of non
destructively measuring density of common bituminous mix
tures used for road construction. The calibration relationship 
derived from referenced materials such as aluminum, glass, 
perspex, and paraffin wax blocks is valid for such density 
measurements. 

2. Considering a single path of density measurement, the 
precision characteristics were found to be dependent on gamma
ray count rate and hence the density of the material measured. 
For the range of density (from 1.8 to 2.5 g/cm3

) tested in this 
study, four 1-min counts per measurement path were required 
to give a precision on the order of ± 0.01 g/cm3 at a confidence 
level of 95 percent. 

3. Because of nonuniformity of point density distribution 
within a bituminous mixture and the limited volume of ma
terial covered in each measurement path of the twin-probe 
gauge, more than one directional measurement of density is 
required for determining the bulk density of a cylindrical bi
tuminous specimen. 

4. The number of directional measurements required is a 
function of the degree of nonuniformity of density distribution 
of the material tested. Of the three mix types tested, sand 
asphalt specimens had the most-uniform density distribution, 
followed by dense-graded and open-graded specimens in or
der of increasing nonuniformity. Their corresponding coef
ficients of variations in density were 0.4, 1.0, and 2.3 percent 
for 15 directional measurements. It was suggested that for 
determining the bulk density of cylindrical specimens, five 
directional measurement paths be used for sand asphalt and 
dense-graded specimens and seven for open-graded speci
mens. The errors in density associated with this measurement 
scheme were ±0.35, ±0.87, and ±1.70 percent at a confi
dence level of 95 percent for the three mixes, respectively. 

5. The accuracy of gauge-determined densities measured 
against densities obtained from the water-displacement method 
varied with the type of mix tested. Test results suggest that 
better accuracy is achieved with specimens that have more
uniform density distribution and with specimens that are less 
porous. Gauge-measured densities of sand asphalt specimens 
were more accurate than those of dense- and open-graded 
specimens. Undercompacted dense-graded specimens, which 
were more porous than the well-compacted specimens of the 
same mix, also produced poorer accuracy in gamma-ray den
sity measurements than open-graded specimens. 

6. The results of this study indicate that the precision and 
accuracy of gamma-ray density measurements of bituminous 
mixtures vary with their mix design and degree of compaction. 
In measuring the density of a bituminous mixture using a 
gamma-ray device such as the twin-probe gauge, there is a 
need to establish a measurement scheme so that the desired 
precision and accuracy levels can be achieved. The experi
mental procedure described in this paper provides useful in
formation and guidelines in this aspect. 
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Improved Rice Method for Determining 
Theoretical Maximum Specific Gravity of 
Asphalt Paving Mixtures 

PRITHVI S. KANDHAL AND MAQBOOL A. KHATRI 

The Rice method (ASTM D2041) is used for determining the 
theoretical maximum specific gravity of asphalt paving mixtures, 
which is one of the main test parameters used for mix design and 
construction quality control. The repeatability and reproducibility 
of the Rice method is not considered satisfactory, especially when 
highly absorptive aggregates are used in the mixture. Such ag
gregates can absorb water during the vacuuming phase of the 
Rice method. This necessitates the use of a supplementary (dry
back) procedure that is even more prone to testing errors. There 
is a need to improve the Rice method to avoid these problems. 
Two dense-graded asphalt paving mixtures (representing low- and 
high-absorption aggregates) and one AC-20 asphalt cement were 
used. Three factors (temperature, residual pressure, and vacu
uming time) affecting the results from the Rice method were 
investigated at three levels each, involving some 108 tests. From 
these test data, optimum levels have been recommended for tem
perature, residual pressure, and vacuuming time. Use of these 
optimum levels is expected to improve the reproducibility of the 
Rice method, especially when highly absorptive aggregates are 
used in the asphalt paving mixtures. The improved Rice method 
is also likely to minimize the necessity of using the supplementary 
procedure. 

Theoretical maximum specific gravity of hot mix asphalt (HMA) 
mixtures is used in all stages of HMA design, construction, 
and evaluation. The procedure for determining the theoretical 
maximum specific gravity of HMA mixtures was originally 
developed by Rice (1,2); it is standardized as ASTM D2041 
(Theoretical Maximum Specific Gravity and Density of Bi
tuminous Paving Mixtures). It is one of the main test param
eters used for mix design and construction quality control. 
Besides the void parameters of an HMA mixture, the amount 
of asphalt cement absorbed by the aggregate is also computed 
by the use of theoretical maximum specific gravity as deter
mined by ASTM D2041. 

Although this is one of the most critical test parameters in 
the design of HMA mixtures, its repeatability and reproduc
ibility have generally been unacceptable. In July 1983, the 
task force on revision of ASTM D2041 (the Rice specific 
gravity method) recommended that the water be made to boil 
(through suitable combinations of saturation temperature and 
pressure) in the vessel when subjecting the specimen to vac
uum for removal of air. However, no test data were reported 
to justify the recommendation, and it was not made a part of 
the test method. 

The situation is further complicated when highly absorptive 
aggregates are used in HMA mixtures and there is the po-

National Center for Asphalt Technology, 211 Ramsay Hall, Auburn 
University, Auburn, Ala. 36849. 

tential of water's being absorbed by the aggregate during the 
vacuuming phase. The current ASTM method specifies a min
imum vacuum level [maximum residual pressure of 30 mm of 
mercury (Hg) or less]. Therefore, one can use a high vacuum 
level and increase the potential for water absorption. The 
current ASTM test method suggests the use of a supplemental 
procedure to correct for this situation. However, this pro
cedure is time-consuming, and its repeatability and repro
ducibility have not been established. 

Alternative techniques for determining the theoretical max
imum specific gravity have also been proposed and are in use. 
The U.S. Army Corps of Engineers developed and has used 
the bulk impregnated specific gravity in the design and control 
of asphalt paving mixtures (3,4). One limitation of this method, 
however, is the possible difficulty of removing air bubbles 
entrapped in the asphalt cement when both coarse and fine 
aggregates are added to molten asphalt. 

Franco and Lee have recently evaluated the viability of 
using an air meter for determining the maximum specific grav
ity of HMA mixtures (5). The air meter has normally been 
used for determining the percent of air entrained in portland 
cement concrete. The so-called pressure method works on the 
principle of Boyle's law. A weighed sample of HMA mix is 
introduced into the bowl of the air meter (Type B air meter 
as specified in AASHTO T152) and water is introduced to 
fill the meter to the capacity (no attempt is made to remove 
the entrapped air). The filled air meter is weighed and the 
weight of water obtained. The air content of the meter is then 
determined in accordance with AASHTO T152. Back cal
culations are then performed, and the volume of the HMA 
mix is determined. Further work is needed to improve the 
design of the air meter so that its consistency and sensitivity 
are acceptable. 

This study was aimed at refining the current Rice method 
(ASTM D2041). Two aggregates and one asphalt cement were 
used. Three factors-namely, temperature, residual pres
sure, and vacuuming time-were investigated to determine 
their optimum levels. The materials used in the study, the 
experimental plan, test results, and conclusions are presented 
in the following. 

MATERIALS USED 

Aggregates 

All the materials used in this study were obtained from the 
Strategic Highway Research Program's (SHRP) Materials 
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Reference Library (MRL). The following two different ag
gregates were used: 

• RD-Frederick limestone (bulk specific gravity= 2.713 , 
water absorption = 0.38 percent) 

• RB-Watsonville granite (bulk specific gravity = 2.692, 
water absorption = 1.68 percent) 

Aggregate RD was used in the first phase of the study in 
which three factors-temperature, residual pressure, and 
vacuuming time-were investigated for their optimum levels. 
This aggregate was selected because it had the lowest water 
absorption of all the SHRP MRL aggregates and its use would 
reduce the variation of test results due to water absorption 
during the vacuuming operation. Aggregate RB , which was 
used in Phase 2 of this study, was selected to represent a high
absorption aggregate . Initially, RC was tried, which is the 
highest-absorption SHRP MRL aggregate. However, during 
vacuuming at low residual pressures (high vacuum) while run
ning the Rice method, the water in the flask became muddy 
because of suction of fines from the coated aggregate particles . 
As a result, the supplemental procedure was in error. Using 
a high-absorption aggregate such as RB was necessary for 
amplifying the difference in the values of the theoretical max
imum specific gravity before and after running the supple
mental procedure . The washed gradations of the mixes used 
are given in Table 1. 

TABLE 1 Washed Gradations of Mixes Used 

Percent Passing for Aggregate 
sieve Size 

RB RD 

1/2 in 100 . 0 100.0 
3/8 in 81.1 95.8 
No. 4 54.1 50.3 
No. 8 48.6 40.4 
No. 16 35.0 28.7 
No . 30 26.8 20.0 
No . 50 18 . 5 14.7 
No. 100 11.0 11.5 
No. 200 6 . 1 9.5 
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Asphalt Cements 

Only one asphalt cement (AAM-1 , West Texas) was used in 
this study , and it was an AC-20. It was selected because AC-20 
is the most widely used viscosity-graded asphalt cement in the 
United States. 

TESTING PLAN 

This study was divided in two phases. Phase 1 involved the 
use of RD, the SHRP MRL aggregate with the least water 
absorption, in order to avoid the supplemental procedure of 
the Rice method. The temperature, residual pressure, and 
vacuuming time were all investigated at three levels each. The 
levels of the factors tested were 

• Temperature-69, 77, and 85°F; 
• Residual pressure-16, 23 , and 30 mm Hg; and 
• Vacuuming time-5 , 10, and 15 min. 

The respective combinations of temperature and residual 
pressure-namely, 69°F and 16 mm Hg, 77°F and 23 mm Hg, 
and 85°F and 30 mm Hg-were selected to ensure that the 
water boiled continuously during the vacuuming phase of the 
Rice procedure . Three replicates were run at each treatment 
combination . The design was a 33 design with three replicates, 
giving a total of 81 tests. The replicates were considered as 
blocks. 

For Phase 2, the factor temperature was dropped on the 
basis of the results from Phase 1. The other two factors, that 
is , residual pressure and vacuuming time, were included at 
three levels each . The levels used for these factors were the 
same as for Phase 1. Three replicates were run for each treat
ment combination and were treated as blocks . The design was 
a 32 design with three replicates, giving a total of 27 tests. 

DISCUSSION OF RES UL TS 

The results for Phase 1 of the study are reported in Table 2. 
An analysis of variance (ANOVA) was carried out; it is re-

TABLE 2 Rice Specific Gravities Using Aggregate RD 

Terrperature, °F 69 n 85 

Res. Pressure, nm Hg 16 23 30 16 23 30 16 23 30 

2.501 2.495 2.503 2. 492 2.495 2.499 2.495 2.495 2.500 
v 5 2.493 2.498 2.501 2. 491 2.495 2.492 2.491 2.494 2.493 
a 2.492 2.493 2.500 2. 491 2.490 2.492 2.493 2.495 2.494 
c 
u 2.495 2.495 2.501 2.491 2.493 2.494 2.493 2.495 2.496 
u 
m 2.495 2.496 2.496 2 .496 2.491 2.493 2.495 2.495 2.495 

10 2.496 2.498 2.496 2 .493 2. 490 2. 496 2.497 2.494 2.501 
2.497 2.499 2.499 2. 499 2.493 2.491 2.494 2 .493 2.502 

m 2.496 2.498 2.497 2.496 2.491 2.493 2.495 2.494 2.499 
e 

2.496 2.501 2.500 2 . 502 2.499 2. 502 2.497 2.500 2.499 
15 2.496 2.499 2.500 2 .497 2.495 2.500 2.497 2.497 2.496 

m 2.497 2.498 2.497 2 .498 2.496 2.495 2.495 2.497 2.494 
i 
n 2.496 2.499 2.499 2.499 2.497 2. 499 2.496 2.498 2 .496 
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ported in Table 3. Temperature (A), residual pressure (B), 
and vacuuming time ( C) were all found to be significant at 
a = 0.05. Only one interaction, Ax C (temperature x vacu
uming time), was found ro be significant at o. = 0.05. By 
looking at the averages reported in Tabl 2 for each factor, 
it can be ·een that average theoretica l maximum pecific grav
ity does not vary much at the variou level of ail fac tor . The 
error variance is found to be 0.00001, giving a standard de
viation of 0.00228. This gives a single-operator precision for 
the experiment of 0.007, which is less than the current ASTM 
value of 0.011. Moreover, the range of the values for the 
entire experiment is 2.490 - 2.502 = 0.012, which is about 
the same as the current ASTM single-operator precision. 

For Phase 1 of the study, the objective was to maximize 
the value of the theoretical maximum specific gravity. The 
optimal conditions for all the facrors are selected as follows. 

Without Considering Interactions 

The cumula tive averages (average of 27 observations) for all 
the factors are shown in Table 4. 

Observing the cumulative average values of the theoretical 
maximum specific gravity, the optimal levels of factors, based 
on the highest value, are selected as 

• Temperature-69°F, 
• Residual pressure-30 mm Hg, and 
• Vacuuming time-15 min. 

Considering Interaction A x C 

The cell averages for interaction A x C are as follows: 

Temperature (°F) 

69 
77 
85 

Vacuuming Time (min) 

5 10 15 

2.497 
2.493 
2.494 

2.497 
2.494 
2.496 

2.498 
2.498 
2.497 

Observing the cell averages, the optimal level for Factor C 
(vacuuming time) is confirmed to be 15 min. However, for 
Factor A (temperature), two levels are indicated: 69 and 77°F. 
Because there is not much variation in results, and moreover, 
because 77°F is a representative indoor temperature and is 
commonly used for most of the indoor testing, it was selected 
as the optimal temperature. 

TABLE 3 ANOVA for Rice Gravities Using Aggregate RD 

Source df SS HS F o Fer it . 

Total 80 0.00081 

Terrperature (A) 2 0.00009 0.00005 8.72 3.18 • 
Res. Pressure (Bl 2 0.00006 0.00003 5.42 3.18 • 
Vacuun Time (C) 2 0.00012 0.00006 11.69 3.18 * 

Axe 4 0.00003 0.00001 1.53 2 .56 
Axe 4 0.00006 0.00002 3.08 2.56. 
BxC 4 0.00004 0.00001 2.03 2.56 

AxBxC 8 0.00008 0.00001 1.99 2.13 

Error 52 0.00027 0.00001 

* Significant et a = 0.05 . 
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TABLE 4 Cumulative Averages for All Factors 

Cumulative 
Level Average 

Temperature (°F) 
69 
77 
85 

Residual pressure (mm Hg) 
16 
23 
30 

Vacuuming time (min) 
s 

10 
15 

2.497 
2.495 
2.496 

2.495 
2.496 
2.497 

2.495 
2.496 
2.498 

The optimal levels for the factors selected on the basis of 
Phase 1 of the study, therefore, are 

• Temperature-77°F, 
• Residual pressure-30 mm Hg, and 
• Vacuuming time-15 min. 

As a consequence of the results from Phase 1, it was decided 
to drop the factor temperature from the design for Phase 2 
of the study. For Phase 2, the high-water-absorption aggregate 
RB was used. 

The results from Phase 2 experiments are reported in Table 
5. The reported results include the values for theoretical max
imum specific gravity both before and after run ning the sup
plementary procedure. The ANOVAs for this phase are re
ported in Tables 6 and 7, respectively, for difference in 
theoretical maximum specific gravity values before and after 
running the supplementary procedure and theoretical maxi
mum specific gravity values before running the supplementary 
procedure. 

Differences 

Here the Factor A (residual pressure) and the interaction 
Ax B (residual pressure x vacuuming time) are found to be 
significant at a = 0.05. The objective in this case was to 
minimize the differences. To determine the optimal levels, 
the cumulative averages for factor A are reported as 

Level (mm Hg) Cumulative Average 

16 0.008 
23 0.007 
30 0.004 

The optimal levels of factors, without considering interac
tions, are selected as 

• Residual pressure-30 mm Hg, and 
• Vacuuming time-Any level. 

Now, because the interaction Ax B was also significant, we 
should take a look at the cell averages: 

Residual Pressure 
(mm Hg) 

16 
23 
30 

Vacuuming Time (min) 

5 10 

0.007 0.010 
0.010 0.003 
0.003 0.006 

15 

0.008 
0.009 
0.003 
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TABLES Rice Specific Gravities Using Aggregate RB 

Vacuuning Time (B), n1in. 
Resi~l 
Pressure s 10 15 
(A), 11111 Hg 

Before After Difference Before After Difference Before After Difference 

2.529 2.524 0.005 2. 533 2.523 0.010 2.534 2.528 0.006 
16 2.527 2.520 0.007 2. 524 2.514 0.010 2.531 2.524 0.007 

2.529 2.519 0.010 2. 524 2.515 0.009 2.532 2.521 0.011 

Avg. 2.528 2.521 0.007 2.527 2.517 0.010 2.532 2.524 0.008 

2.518 2.508 0.010 2.532 2.529 0.003 2.530 2.521 0.009 
23 2.520 2.510 0.010 2.526 2.524 0.002 2.531 2.523 0.008 

2.523 2.513 0.010 2.526 2.522 0.004 2.536 2.525 0.011 

Avg. 2.520 2.510 0.010 2.528 2.525 0.003 2.532 2.523 0.009 

2.529 2.527 0.002 2. 524 2.519 0.005 2.532 2.530 0.002 
30 2.522 2.518 0.004 2. 527 2.519 0.008 2. 528 2.526 0.002 

2.524 2.521 0.003 2.520 2.516 0.004 2. 527 2.523 0.004 

Avg . 2.525 2.522 0.003 2.524 2.518 0.006 2.529 2.526 0.003 

Notes 

1. Before, After, and Difference refer to Before dry-back, After dry-back, and the difference of the two. 

TABLE 6 ANOV A for Rice Gravity Differences Using Aggregate 
RB 

SOOroe df SS MS F 

Total 26 0.00026674 

Res. Pr. (A) 2 0.00010496 0.00005248 23.09 
Vac. Tinv> (B) 2 0.00000230 0.00000115 0.51 
AXB 4 0.00011215 0.00002804 12.33 

Blocks 2 0.00001096 

Error 16 0.00003637 0.00000227 

• Significant at a = o.o~. 

TABLE 7 ANOVA for Rice Gravity Values Before Running 
Supplementary Procedure Using Aggregate RB 

source df SS MS F 

Total 26 0.00055000 

Res. Pr. (A) 2 0.00005267 0.00002633 2.92 
Vac. Tinv> (B) 2 0.00021667 0.00010833 12.00 
AXB 4 0.00009733 0.00002433 2.70 

Blocks 2 0.00003889 

Error 16 0.00014444 0.00000903 

* Significant at a = 0.05. 

Fcrit . 

3.63 * 
3.63 
3.01 • 

Fcrit . 

3.63 
3.63 * 
3.01 

The factor level 30 mm Hg for Factor A (residual pressure) 
appears to be supported on the basis of interaction A x B as 
well. For Factor B, however, we could select any level. The 
optimal levels based on the differences, therefore, are 

• Residual pressure-30 mm Hg, and 
•Vacuuming time-Any level. 

Values Before Running Supplementary Procedure 

Here only Factor B (vacuuming time) is found to be significant 
at a = 0.05. The objective in this case was to maximize the 

value of the theoretical maximum specific gravity before run
ning the supplementary procedure or to eliminate the need 
for running the supplementary procedure, which is time
consuming and prone to testing errors. To decide the optimal 
levels, the cumulative averages for Factor B are reported as 
follows: 

Level (min) 

5 
10 
15 

Cumulative Average 

2.525 
2.526 
2.531 

The optimal levels of factors are selected as 

•Residual pressure-Any level, and 
•Vacuuming time-15 min. 

Combining the results then, the optimal levels of factors 
for Phase 2 are 

•Residual pressure-30 mm Hg, and 
•Vacuuming time-15 min. 

Finally, as a result of the experiments conducted during 
Pha ·es 1 and 2 of this study, th following levels of factors 
should be used when employing the Rice method to determine 
the theoretical maximum specific gravity of HMA mixtures: 

•Temperature-77°F, 
• Residual pressure-30 mm Hg, and 
•Vacuuming time-15 min. 

The use of these optimal levels of factors becomes even 
more important when one i dealing with absorptive aggre
gates, which tend to absorb water du.ring the vacuuming pha e 
and thu. require a supplementary pr cedure to correct for 
this. The use of these level · wilt minimize the difference be
tween the values of the theoretical maximum specific gravity 
obtained before and after running the supplementary pro
cedure and may even eliminate the use of the supplementary 
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procedure for absorptive aggregates if these are adequately 
coated. 

The current ASTM D2041 does specify the temperature to 
be 77°F. However, there is no restriction on the lower limit 
of the residual pressure (or, in other words, the upper limit 
of the vacuum level), which is important while one is dealing 
with highly absorptive aggregates. This has probably led to 
the poor reproducibility of the test method. 

One more conclusion that has emerged from this study is 
that it is not necessary to make the water boil during vacu
uming phase in order to get all the air out of the sample. This 
is concluded from the fact that the interaction of temperature 
and residual pressure was not found to be significant. 

CONCLUSIONS AND RECOMMENDATIONS 

On the basis of data obtained using two different aggregates 
and one asphalt cement, the following conclusions are drawn 
and recommendations made: 

1. The following optimum levels of the factors temperature, 
residual pressure, and vacuuming time are recommended for 
use when using the Rice method for determining the theo
retical maximum specific gravity of an HMA mixture: 

e Temperature-77°F, 
•Residual pressure-30 mm Hg, and 
•Vacuuming time-15 min. 

The use of these levels becomes even more important when 
one deals with absorptive aggregates, which tend to absorb 
water during the vacuuming phase and require the use of 
supplementary (dry-back) procedure to correct for the amount 
of water absorbed. Use of these optimum levels will minimize 
the difference between the values of the theoretical maximum 
specific gravity obtained before and after running the sup
plementary procedure and may even eliminate the use of the 
supplementary procedure for absorptive aggregates if the ag
gregate is adequately coated. Use of these same levels by all 
laboratories is also expected to improve the reproducibility 
of the Rice method. 

2. It is not necessary to make the water boil during vacu
uming phase of the Rice method in order to get all the air 
out of the sample. In fact, the use of lower partial vacuum 
(30 mm Hg residual pressure instead of23 mm Hg, as required 
for boiling at 77°F) is even more important when aggregates 
of absorptive nature are handled. 

3. Proposed modifications to the ASTM D2041 in view of 
these conclusions and revisions to the procedure are indicated 
in the following section. Curing of the HMA mix at 290°F for 
4 hr before running the Rice method is based on previous 
research by the authors under SHRP Project A-003B. It should 
be noted that the proposed modifications are based on data 
from two mixes only. A multilaboratory round-robin study 
involving several mixes is recommended. 

ADDITIONS AND REVISIONS TO ASTM D2041-90 

The proposed revisions and additions to ASTM D2041-90 
(Theoretical Maximum Specific Gravity of Bituminous Paving 
Mixtures) based on this study are given. 
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Section 6.1.2 

• Old: The vacuum container size depends on the minimum 
sample size requirements given in 8.2. Avoid using a small 
sample in a large container. 

• New: The vacuum container size depends on the mini
mum sample size requirements given in 7.2. Avoid using a 
small sample in a large container. 

New Section and Note 

• 7.3 For mix design and production control purposes, 
the sample should be cured in an oven at 290°F for at least 4 
hr. 

• Note 5: Curing in the oven at the specified temperature 
is especially important when absorptive aggregates are used. 
This will ensure the computation of realistic values for the 
amount of asphalt absorbed by the aggregate and void prop
erties of the mix. 

•Note 6: Curing of the mix as required in 7.3 may not be 
necessary during production if the mix is stored in a surge or 
storage silo for at least 3 hr. Curing time can also be reduced 
or eliminated during production if it can be demonstrated 
through a series of tests conducted after 0, 1, 2, 3, and 4 hr 
curing time. 

Note S 

Renumber exiting Note 5 to Note 7. 

Section 9.4 and New Note 

• Old: Remove air trapped in the sample by applying grad
ually increased vacuum until the residual pressure manometer 
reads 30 mm of Hg or less. Maintain this residual pressure 
for 5 to 15 min. Agitate the container. ... 

• New: Remove air trapped in the sample by applying grad
ually increased vacuum until the residual pressure manometer 
reads 30 mm of Hg. Maintain this residual pressure within 
± 1 mm Hg for 15 min. Agitate the container. ... 

• Note 8: It has been found that by using this combination 
of residual pressure (30 mm Hg) and vacuuming time (15 
min), the need for running the supplementary procedure (Sec
tion 11) can generally be avoided when testing a thoroughly 
coated mix. 

Note 6 

Delete existing Note 6. 

Notes 7, 8, and 9 

Renumber existing Notes 7, 8, and 9 to Notes 9, 10, and 11. 

Section 13 

Change all references to "Section 9" in the precision state
ments to "Section 11." 
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Laboratory Tests for Assessing Moisture 
Damage of Asphalt Concrete Mixtures 

M. STROUP-GARDINER AND J. EPPS 

A synopsis of an extensive report prepared for the National Lime 
Association and FHWA is presented. Field projects originally 
constructed in the mid-1980s incorporating various methods of 
adding lime were used as the basis for the research effort. A total 
of 13 test sections constructed in four states were evaluated. Cores 
from the test sections and raw materials from the original sup
pliers for each project were obtained. The pavement condition 
surveys reported as part of the companion research effort were 
used to compare laboratory results with pavement performance. 
Laboratory testing included variations of existing moisture con
ditioning procedures: (a) no saturation, (b) partial saturation, 
and (c) full saturation. Results indicate that moisture-sensitive 
mixtures without lime will be significantly damaged even when 
the initial saturation step is eliminated. When lime is included in 
the mixtures, some level of saturation is needed to reduce sig
nificantly mixture strength. The increase in the number of freeze
thaw cycles from one to six follows the same trend-that is, 
mixtures without lime are significantly damaged, whereas mix
tures with lime show only a moderate decrease in mixture strength 
with increasing numbers of freeze-thaw cycles. There is little dif
ference in the mixture properties obtained for a given aggregate 
source when lime is introduced to either dry or prewet aggregate 
when preparing laboratory specimens. Little difference is noticed 
between the introduction of lime to prewet aggregate or lime with 
the binder inside the drum for field mixtures. The no-initial
saturation option provides the best agreement in relative ranking 
between conditioned resilient moduli values and the moduli val
ues obtained for the cores. As the level of saturation is increased, 
the distinction between projects is lost. 

The main purpose in assessing the moisture sens1t1V1ty of 
laboratory-prepared samples is to identify asphalt-aggregate 
mixtures that are susceptible to in-service moisture damage. 
However, any laboratory assessment of moisture sensitivity 
assumes that laboratory conditioning of laboratory-prepared 
samples accurately reflects the in-service environmental con
ditions and the as-constructed asphalt concrete. Current lab
oratory test methods have been developed from rational ap
proaches, but little information is available that compares the 
various approaches and relates them to pavement perfor
mance. 

This research program was designed to define the relation
ships between laboratory test method variables and pavement 
performance. 

BACKGROUND 

Current laboratory-conditioning procedures have been de
veloped to represent both warm-wet and cold-wet climatic 
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regions of the country. The two most commonly used labo
ratory simulations of these types of climates were developed 
by Root and Tunnicliff (3) and by Lottman ( 4). Both methods 
include some level of initial moisture saturation of the sample, 
followed by freezing (Lottman only), and subsequent warm
water thawing. The inclusion of a freeze-thaw cycle is based 
on regional climatic conditions. The second main difference 
between the two procedures is the result of a controversy 
over methods of saturating the sample before environmental 
conditioning. 

Root and Tunnicliff have hypothesized that saturating sam
ples to more than 90 percent of the sample void space can, 
by itself, damage the sample by creating excessive internal 
pressure (3). They also mention that saturation levels greater 
than this range may not be representative of actual field con
ditions. On the basis of these hypotheses, they have recom
mended saturation levels between 55 and 80 percent. 

Lottman has indicated that damage due to saturation levels 
greater than 90 percent may be minimal and can be monitored 
by determining the swell (i.e., increase in sample volume) of 
the saturated sample ( 4). His procedure recommends a set 
level of vacuum pressure for a fixed time interval. Experience 
with this procedure has indicated that the specified 24 in. of 
vacuum for 30 min results in saturation levels consistently 
over 90 percent (5). 

Additional research has indicated that increasing the num
ber of freeze-thaw cycles used also affects test results (5). 
Typically, both mixture strength and retained strength ratios 
decrease as the number of cycles increases. 

The testing program used to evaluate laboratory-prepared 
specimens was based on these test method variables. 

RESEARCH PROGRAM 

Objective 

The main objective of the research was to establish guidelines 
for the laboratory assessment of moisture sensitivity of asphalt 
concrete mixtures. This was accomplished by first comparing 
test results obtained for the various laboratory test methods 
and then comparing these results to the fundamental prop
erties (i.e., resilient moduli and tensile strength) of the cores. 

Scope 

A total of 13 test sections constructed by FHW A in Wyoming, 
Montana, New Mexico, and Georgia were used as the source 
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of raw materials, cores, and estimates of pavement perfor
mance for this program (Figure 1). These sections were orig
inally placed in the early 1980s to investigate both methods 
of adding lime and the benefits of using lime in asphalt con
crete (1). 

Raw materials were used to fabricate samples to the job 
mix formulas reported in the original FHWA report on the 
projects (1). Variables included in the laboratory assessment 
of moisture sensitivity included the number of freeze-thaw 
cycles (zero, one, and six), method of adding lime (dry ag
gregate, prewet aggregate), level of initial saturation (zero, 
55 to 80 percent, and more than 90 percent). These results 
were then compared with the mixture properties (i.e ., resilient 
modulus and tensile strength) of the cores. 

BACKGROUND OF PROJECTS 

Both the project descriptions and pavement condition surveys 
were reported in depth in the FHWA report for this project 
(2). A summary of this information is presented. 

Project Descriptions 

Wyoming 

Two projects consisting of two test sections each were placed 
in September 1984 in Wyoming; all asphalt concrete was mixed 
in a drum plant. Project 1 was placed on US-14A between 
Garland and Byron. This project was new construction con
sisting of a 6-in . crushed aggregate base and a 3.5-in. layer 
of asphalt concrete . The top 1.5 in. of the asphalt concrete 
contained lime and was the test layer under investigation. 
Section 1 of this project contained lime added with the asphalt 
cement inside the drum. Section 2 had lime added to damp 
aggregate. The final surface was fog- and chip-sealed. 

Project 2 was also new construction placed on Wyoming 
State Route 50 between Gillette and Pine Tree Junction. This 
project consisted of 9 in. of cement-treated base, followed by 
a 1-in. asphalt cement leveling course and a 2-in. wearing 
course; the wearing course was the test layer. Section 1 had 
lime added to damp aggregate, a:nd Section 2 had lime added 
to dry aggregate inside the drum. 

FIGURE 1 Location of original field test sections. 
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Montana 

One overlay project consisting of two test sections was con
structed in September 1984 on Interstate 15 between Craig 
and Cascade; a drum mix plant was used for both sections. 
The overlay consisted of a 3-in. asphalt concrete layer fol
lowed by an open-graded friction course. The top 2 in. of the 
asphalt concrete layer contained lime and were the test layers. 
Section 1 was prepared with a quicklime slurry added to the 
aggregate. Section 2 had lime added with the asphalt cement 
inside the drum . 

New Mexico 

One overlay project consisting of two test sections was con
structed in July 1985 on New Mexico Route 76 between Truchas 
and Las Trampas; a drum mix plant was used to construct 
both test sections. The existing asphalt concrete was overlaid 
with 2.5 in. of new asphalt concrete containing lime, plus an 
open-graded friction course. Section 1 had lime added to damp 
aggregate. Section 2 had lime added with the asphalt cement 
inside the drum. 

Georgia 

Two overlay projects, one with a drum plant (Project 1, Oc
tober 1984) and one with a batch plant (Project 2, September 
1985), were constructed on Georgia State Route 20 in Gwin
nett County beginning at the intersection with State Route 
13. Four sections were constructed for Project 1: Section 1 
had lime added to dry aggregate, Section 2 had lime added 
to damp aggregate, Section 3 had lime added with the asphalt 
cement inside the drum, and Section 4 had a lime slurry added 
to damp aggregate. Three additional sections were placed for 
Project 2: Section 5 had lime added to dry aggregate, Section 
6 had lime added to damp aggregate, and Section 7 had a 
lime slurry added to damp aggregate. 

Pavement Condition Surveys 

Wyoming 

Both sections constructed for Project 1 had a couple of low
temperature transverse cracks and a longitudinal crack at the 
centerline between two of the westbound lanes. There was 
no visible evidence of moisture damage. Although generally 
in good condition, Section 1 of Project 2 showed 12 low
temperature-induced transverse cracks as well as some rav
eling along the outside edge of the lane-line marker. Section 
2 of Project 2 also showed 12 transverse cracks and some 
longitudinal cracking along the centerline. Surface raveling 
along the outside edge, along the centerline, and between the 
wheelpaths was also noted . 

Montana 

All sections were in excellent condition , except for a couple 
of thermally induced transverse cracks. 
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New Mexico 

All sections were reported to be in excellent condition, except 
for a couple transverse cracks in Section 1; Section 2 had no 
cracks at all. 

Georgia 

All sections had slight transverse cracking. The alligator cracking 
in the sections was reported as follows : 

•Drum Mix Plants 
-Section 1: 11 to lS percent, 
-Section 2: Less than 10 percent, 
-Section 3: 26 to SO percent, and 
-Section 4: None noted. 

• Batch Plants 
-Section S: 26 to SO percent, 
-Section 6: Sl to 90 percent, and 
-Section 7: 26 to SO percent . 

TESTING PROGRAM 

The testing program used to develop the data presented in 
this report covers two areas of testing: 

1. Assessment of moisture sensitivity of laboratory-prepared 
samples, and 

2. Determination of current in-service mixture properties. 

Testing of the laboratory-prepared specimens included vari
ous methods of estimating moisture damage ; testing of the 
cores was limited to determining the current in-service mix
ture properties. 

Sample Preparation 

The job mix formulas reported during construction of each 
of the projects were used to prepare the specimens (1). Each 
aggregate source was sieved into 10 individual fractions, then 
recombined to meet the gradations. The binder content used 
was the percentage asphalt reported during construction quality
control testing. Samples were mixed and compacted in ac
cordance with ASTM D1S61, except that the compactive ef
fort was reduced to produce air voids in the range of 6 to 8 
percent. This range was more representative of the actual 
void contents reported immediately after construction. 

Conditioning Procedures 

Specimens were compacted and subjected to one of three 
conditioning procedures: 

1. No saturation: Specimens were wrapped in plastic and 
placed in a 0°F freezer for a minimum of lS hr. Specimens 
were then removed from the freezer, unwrapped, and placed 
in a 140°F water bath for 24 hr. Specimens were cooled to 
test temperature in a 77°F water bath for 2 hr. 
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2. SS to 80 percent saturation: Specimens were partially 
saturated, and the level of saturation was determined. Once 
the desired level of saturation was achieved, the specimens 
were immediately wrapped in plastic and treated as described 
in the first procedure. 

3. More than 90 percent saturation: Specimens were placed 
in a water bath and subjected to a vacuum of 30 mm of 
mercury (Hg) for 10 min. Specimens were then wrapped, 
frozen, and thawed as described. 

The no-saturation option coupled with freeze-thaw condi
tioning was inherently included as a result of all factors' being 
considered in a full factorial experimental design . 

Freeze-Thaw Cycles 

One freeze-thaw cycle consisted of a minimum of lS hr in a 
0°F freezer, 24 hr in a 140°F water bath and 2 hr in a 77°F 
water bath. The time in the 77°F water bath was included in 
each cycle to minimize damage to the specimens as they were 
being rewrapped in plastic before their return to the 0°F freezer. 

Methods of Adding Lime 

Methods of adding lime to laboratory-prepared mixtures are 
designed to simulate, as closely as possible, the mixing of lime 
and aggregates during construction . In order to replicate the 
application of the lime to damp aggregate on the cold feed 
belt, lime is sprinkled over predampened aggregates, stirred, 
then used as usual in specimen preparation. 

To simulate the injection of lime into the drum, just ahead 
of the binder , during construction, lime is sprinkled over dry 
aggregate. Specimens are then prepared as usual. 

Measurements of Mixture Strength 

Two measurements of mixture strength were determined: re
silient modulus and tensile strength. Both tests were per
formed on the same sample because the first-resilient mod
ulus- is considered a nondestructive test. Briefly, the resilient 
modulus is a ratio of the applied, repeated stress to the cor
responding horizontal recoverable deformation . Testing was 
conducted at 77°F, 0.33 Hz, and a load duration of 0.1 sec. 
The tensile strength test subjects the specimen to a constant 
rate of strain of 2 in ./min and measures the maximum stress 
at failure. 

Moisture sensitivity is typically expressed as the ratio of 
either measurement after environmentally conditioning the 
specimen to the original strength. The resulting resilient mod
ulus and tensile strength ratios are commonly used to describe 
the retained strengths of the mixtures . 

EVALUATION OF LABORATORY RESULTS 

Levels of Saturation 

Three saturation levels before subjecting laboratory-prepared 
specimens to freezing and thawing were investigated: no sat-
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uration, 55 to 80 percent saturation, and more than 90 percent 
saturation. The reader is reminded that although the no
saturation option did not saturate the specimens before freez
ing, the specimens were soaked and unwrapped , in the 140°F 
water bath during the thaw portion of the conditioning. 

The resilient modulus ratio for no-saturation shows that the 
strength of mixtures without lime is substantially decreased 
just by exposure to water during the thaw stage of the con
ditioning procedure (Figure 2). A general trend for a decrease 
in resilient modulus ratio with increasing levels of saturation 
can also be seen. 

A value of less than about 70 percent for the resilient mod
ulus ratio, developed for a saturation level of specimens be
tween 60 and 75 percent, has been suggested as an indication 
of moisture-sensitive mixtures. On the basis of this limit , only 
the Georgia (Project 1) and New Mexico mixtures would be 
acceptable as moisture-resistant mixtures without the addition 
of lime (specimens with 55 to 80 percent saturation). 

If this same limit was applied to the results for the other 
levels of saturation, Wyoming Project 2 would be added to 
the list of acceptable projects for the no-saturation level, and 
none of the mixtures would be acceptable when saturation 
levels are greater than 90 percent. 

Figure 3 shows that there is much less impact from the 
saturation level on the resilient modulus ratios for mixtures 
with lime. In fact, only the Wyoming mixtures showed any 
decrease in retained strengths when saturation was increased 
from 55 to 80 percent to more than 90 percent. When lime is 
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FIGURE 2 Impact of moisture on resilient modulus ratio for 
levels of saturation for mixtures with no lime (one freeze-thaw 
cycle). 
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FIGURE 3 Impact of moisture on resilient modulus ratio for 
levels of saturation for mixtures with lime added to prewet 
aggregate (one freeze-thaw cycle). 

added, only one project produced mixtures with a ratio sub
stantially below 70 percent (Wyoming Project 2, 55 to 80 
percent saturation). 

This generally agrees with the pavement condition survey 
information noted in the previous section . No evidence of 
stripping was noticed for any of the projects except Wyoming 
(Project 2). As mentioned, Figure 3 shows that this was the 
only project with a resilient modulus ratio (40 percent) sub
stantially below the suggested 70 percent limit. This would 
indicate that the 70 percent limit for indicating moisture sen
sitivity could be lowered to include mixtures with ratios in 
the 60s, and would be applicable to only mixtures tested with 
an initial saturation level between 55 and 80 percent. 

Occasionally anomalies in the ratios are noticed. A com
parison of Figures 2 and 3 shows that the ratio for Wyoming 
Project 2 is 72 with no lime but only 54 with lime (no satu
ration). If only ratios are considered as indicators of moisture 
sensitivity, then the mixture with lime would appear to be 
more sensitive to water. This contradiction of historical ex
perience leads to a closer examination of values used to de
velop the ratios . 

Figures 4 and 5 show that the original resilient modulus of 
the Wyoming Project 2 mixtures was 303 kip/in2 (ksi) without 
lime and almost 500 ksi with lime, an increase in strength of 
approximately 65 percent. The wet resilient moduli for these 
projects were 218 and 267 ksi, respectively (no saturation). 
The mixture with lime still retains approximately 20 percent 
more strength than the mixture with no lime. When the wet 
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Resilient Modulus, Ksi 
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FIGURE 4 Comparison of resilient moduli after moisture 
conditioning at various levels of saturation conditioning (no 
lime, one freeze-thaw cycle). 

strengths are considered alone, the benefit of adding lime to 
the mixtures can be seen. 

The large initial increase in strength is concealing the ben
efit of adding lime when only the ratios are considered. For 
this reason, assessments of moisture sensitivity should include 
not only limits on the strength ratios, but also minimum values 
of wet strengths. 

Figures 6 and 7 indicate that the tensile strength ratios 
follow the same trends as the resilient modulus ratios-that 
is, as the level of saturation increases, the ratios decrease 
substantially for mixtures without lime (Figure 6). The tensile 
strength ratio is relatively insensitive to saturation levels when 
mixtures contain lime (Figure 7). 

Number of Freeze-Thaw Cycles 

Figure 8 shows typical trends in the resilient modulus ratios 
that can be expected for mixtures without lime. At six cycles 
of conditioning, virtually all mixtures have failed. 

Figure 9 shows, once again, that the addition of lime sig
nificantly improves the moisture resistance of the mixtures. 
An increase in the number of freeze-thaw cycles from one to 
six results in only a slight to moderate decrease in resilient 
modulus ratio. 

Not all data are presented in this summary report, but these 
trends were consistent regardless of the level of saturation for 
resilient modulus and tensile strength ratios (6). 
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FIGURE 5 Comparison of resilient moduli after moisture 
conditioning at various levels of saturation conditioning (lime 
added to prewet aggregate, one freeze-thaw cycle). 

Methods of Adding Lime 

Figure 10 shows that the addition of lime, in any manner, 
produces essentially the same wet resilient modulus values 
after one freeze-thaw cycle. There is, again, a substantial 
improvement over mixtures without lime. Figure 11 shows 
that this is also true when the number of freeze-thaw cycles 
is increased to six. The mixtures without lime have essentially 
failed; those with lime, added by either method, still have 
substantial wet strengths. 

COMPARISON OF LABORATORY RESULTS 
WITH CORES FROM PROJECTS 

Both the levels of saturation and methods of adding lime will 
be compared in this section. From the laboratory comparison 
of test results, one freeze-thaw cycle was considered adequate 
to indicate any substantial changes in mixture properties and 
will not be considered as a comparison variable in this section. 

Levels of Saturation 

Both resilient modulus and tensile strength values were ob
tained for cores from all of the field sections. A direct com
parison between laboratory test results and core properties 
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FIGURE 6 Impact of moisture on tensile strength ratios for 
various levels of saturation for mixtures with no lime (one 
freeze-thaw cycle). 
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FIGURE 7 Impact of moisture on tensile strength ratio for 
levels of saturation for mixtures with lime added to prewet 
aggregate (one freeze-thaw cycle). 
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FIGURE 8 Impact of number of freeze-thaw cycles on resilient 
modulus ratio (no lime, 55 to 80 percent saturation). 
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FIGURE 10 Impact of various methods of adding lime on 
moisture sensitivity of mixtures (55 to 80 percent saturation, 
one freeze-thaw cycle). 

can be made for 9 of the 13 sections constructed. This re
duction in the data base is because neither the particular lime 
slurry nor the lime blended with the binder could be repro
duced in the preparation of laboratory specimens. 

In theory, if the laboratory estimate of moisture damage is 
accurate, conditioned resilient modulus and tensile strengths 
should be reflected by the core properties several years after 
construction. Figures 12 and 13 show that this is true for these 
sections. What is interesting is that the results for the no 
saturation and 55 to 80 percent saturation reflect the core 
properties. In fact, the no-saturation option appears to best 
reflect the discrete differences between the projects. As the 
levels of saturation increase to above 90 percent for the 
laboratory-prepared specimens, the differences between the 
projects become less evident. 

This leads to the conclusion that each mixture has a unique 
affinity for water, and hence subsequent moisture damage. 
All that is required to induce moisture damage is to expose 
the compacted specimen to warm water after it has been 
frozen. This affinity for water can be accentuated if the spec
imens are initially saturated; however, the subtle distinctions 
between projects can be camouflaged by high levels of 
saturation. 

Methods of Adding Lime 

These figures also provide a means for comparing methods 
of adding lime. Figure 12 presents data for both laboratory-
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FIGURE 11 Impact of various methods of adding lime on 
moisture sensitivity of mixtures (55 to 80 percent saturation, six 
freeze-thaw cycles). 

prepared specimens and cores for mixtures with lime added 
to prewet aggregate. The first fact that is obvious is that the 
cores produce stiffer mixture properties than the laboratory 
specimens. The higher core stiffness is, as expected, attrib
utable to the decrease in air voids (known to increase resilient 
moduli) from traffic and stiffening of the binder due to oxi
dation and ultraviolet light. The second fact is that the trend 
(or ranking) shown by the core properties is evident in the 
laboratory-prepared specimens when either the no-saturation 
or the 55-to-80-percent-saturation option is used. This would 
indicate that the laboratory method of introducing lime into 
the laboratory samples reasonably represents field conditions. 

Figure 13 provides the same comparison for mixtures with 
lime added to dry aggregate. Again, the same trends as dis
cussed are apparent. 

Four of the 13 field sections can provide a direct comparison 
of methods of adding lime in the field. Figures 14 and 15 show 
a comparison of resilient modulus and tensile strengths, re
spectively, for lime added in the drum with the binder and 
lime added to damp aggregate on the cold feed belt. The data 
show that both methods of introducing the lime during con
struction generally produce mixtures with similar properties; 
this is generally more true of the tensile strengths than of the 
resilient modulus. In one case there is little impact on the 
moduli, in two cases lime added with the binder produced 
significan.tly higher moduli, and in another case the moduli 
increased when the lime was added to damp aggregate. 

The use of either a drum or batch plant does not appear 
to alter this conclusion. Figure 16 shows that the Georgia 
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FIGURE 12 Comparison between cores and lab estimate of 
resilient modulus after moisture damage (lab samples: one 
freeze-thaw cycle, lime added to prewet aggregate; cores: 
unconditioned value, lime added to damp aggregate). 
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FIGURE 13 Comparison between cores and lab estimate of 
resilient modulus after moisture damage (lab samples: one 
freeze-thaw cycle, lime added to dry aggregates; cores: 
unconditioned value, lime added to asphalt concrete). 
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FIGURE 16 Comparison of resilient modulus and tensile 
strength between drum and batch plants (Georgia cores). 

projects constructed with both plants show virtually no dif
ference in either resilient modulus or tensile strength. 

SUMMARY 

The following conclusions can be drawn from the data pre
sented in this paper: 

1. Mixtures without lime will exhibit a significant loss of 
both resilient modulus and tensile strength even though the 
initial saturation step is eliminated. 

2. Mixtures with lime require some level of initial saturation 
in order for the resulting impact of moisture on resilient mod
ulus and tensile strength to be significant. 

3. When the number of freeze-thaw cycles is increased from 
one to six, mixtures without lime generally do not survive the 
testing sequence. The impact of the increased numbers of 
cycles is substantially reduced for mixtures with lime. 

4. Lime added to either dry or prewet aggregate for 
laboratory-prepared specimens produces mixtures with sim
ilar resilient moduli values for a given aggregate source. 

5. Laboratory methods of adding lime to either prewet ag
gregate or to dry aggregate appear to reasonably simulate the 
field application of lime to damp aggregate on the cold feed 
belt and lime added with the binder in the drum, respectively. 

6. When laboratory test results after various methods of 
moisture conditioning are compared to moduli (uncondi
tioned) cores obtained from in-service pavements, the follow-
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ing conclusions can be drawn : (a) the relative ranking of the 
resilient moduli values for the various projects is consistent 
between test methods using no initial saturation and 55 to 80 
percent saturation-there is less agreement for the more
than-90-percent-saturation option because of the decrease in 
differences evident between the projects; and (b) as the level 
of initial saturation is increased, the distinction between the 
various projects is reduced. The no-initial-saturation option 
best replicates the distinction observed between the projects. 

7. Using one freeze-thaw cycle for conditioning laboratory
prepared specimens reflects pavement performance when either 
no or 55 to 80 percent saturation is used. 

8. A limited comparison of methods of adding lime during 
construction indicates mixtures with either lime added to prewet 
aggregate or lime added with the binder inside of the drum 
produce mixtures with similar properties. No difference was 
noticed between either drum or batch plants. 

RECOMMEND A TIO NS 

From the findings presented in this report, the following rec
ommendations are made: 

1. The initial saturation level step can be eliminated when 
specimen is frozen before the warm-water soaking. 

2. If initial saturation is used, saturation levels should be 
no more than 80 percent. 

3. One freeze-thaw cycle is sufficient for estimating pave
ment performance. 
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Structure-Fracture Toughness 
Relationships of Asphalt 
Concrete Mixtures 

H. AGLAN, I. SHEHATA, L. FIGUEROA, AND A. OTHMAN 

A methodology to characterize the resistance of asphalt concrete 
mixtures to fatigue crack propagation has been developed to con
struct fundamental structure-fracture toughness relationships. 
Experimental techniques to evaluate parameters controlling the 
crack propagation process are presented. These parameters in
clude crack driving force and the change in work done on the 
crack tip damage (active zone). A linear relationship between 
the width of the active zone and the crack length is assumed in 
order to quantify the amount of damage at each crack length. A 
constitutive equation is used to extract the specific energy of 
damage (-y'), a material parameter characteristic of the asphalt 
concrete mixture's resistance to crack propagation, and a dissi
pative coefficient (r)'). The capability of this approach to dis
criminate the subtle effect introduced by different chemical struc
tures of asphalts on -y' is demonstrated on Elvax-modified AC-5 
and AC-20 concrete mixtures. The validity of the current ap
proach to describe the fatigue behavior of asphalt concrete mix
tures over the entire range of energy release rate is verified. The 
practical utilization of this methodology is evident. It forms a 
basis on which structure- or processing condition-fracture tough
ness relationships of asphalt concrete mixtures can be con
structed. Such relationships can guide the development of asphalt 
concrete mixtures with superior crack resistance and aid in the 
design of primary and secondary pavements. 

The limitation of fatigue cracking in paving mixtures and flex
ible pavement systems is a major design criterion in various 
transportation facilities and military airfields. The repetitive 
nature of traffic loading on pavements in service has led to 
laboratory investigations of their performance under cyclic 
loading. These investigations have been carried out through 
two main approaches : a phenomenological approach and a 
fracture mechanics-based approach . 

The phenomenological approach that is based on the en
durance concept using Wohler techniques (1, p. 199) has been 
used by various researchers (2, p. 188; J; 4, p. 310; 5). It 
correlates the number of cycles to failure (N1) to the applied 
stress (a") or strain (i::) through empirical constants . A familiar 
relationship of this approach that represents the fatigue re
sponse is expressed as 

(1) 

where C, and C2 are regression constants . Because of its sim
plicity, this approach has been widely adopted. However, it 

H. Aglan and I. Shehata, Department of Mechanical Engineering, 
Tuskegee University, Tuskegee , Ala. 36088. L. Figueroa and A. 
Othman, Department of Civil Engineering, Case Western Reserve 
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carries severe limitations. It does not address the number of 
cycles to failure for both crack initiation and propagation of 
which the relative magnitude of each is extremely important 
from a structural design viewpoint. Moreover, the constants 
C, and C2 are indeed regression constants and are influenced 
by many variables such as the type and rate of loading. There
fore, they are not material constants . 

The fracture mechanics approach adopted by many workers 
essentially deals with crack propagation (6 - 8). This approach 
identifies the crack driving force (X) and correlates it with 
the average crack speed (daldN) in a power law based on the 
equation derived by Paris (9, p. 528; JO) . This equation is 
given as 

daldN = A(X)" (2) 

X can be the stress intensity factor K (11) or the stress intensity 
factor range 6.K. The parameters A and n are empirical 
constants. 

Alternatively , the elastic energy release rate may be in
voked as the crack driving force for linear elastic conditions 
with limited crack tip plasticity . This is expressed as 

G = K 2(l - v 2 )/E (3) 

For elastic-plastic conditions the energy release rate J can be 
obtained (12) from the load displacement curve associated 
with crack extension, based on the ]-integral proposed by 
Rice (13, p. 379). To include unloading effects, J may be 
evaluated from the change in potential energy (the area above 
the unloading curve) with respect to the crack length, divided 
by the thickness of the specimen (14). Again A and n in 
Equation 2 are empirical constants that may under some con
ditions be constant but that are not material properties. This 
view is shared by many researchers . It is stated by Majidzadeh 
et al., who are advocates of the power law type analysis, that 
at low temperature for sand asphalt and asphaltic concrete 
beams, A in Equation 2 becomes a material constant (6). 
However, at high temperature , A and n can no longer be 
considered as material constants . 

Schapery developed a theoretical analysis to link material 
properties such as the creep compliance, tensile strength, and 
fracture energy to determine the A and n in the Paris equation 
for viscoelastic materials (15-17). This theoretical relation
ship has been examined using asphalt concrete mixtures by 
researchers including Little et al. (J 4) and Germann and Lyt
ton (8). Little et al. found that the crack speed of various 
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asphalt concrete specimens at two different crack lengths (1 
and 2 in.) were identical when they were calculated from 
either the viscoelastic analysis or the linear elastic approach. 
They concluded that both analyses yield the same results when 
using A and n from either approach to determine the crack 
speed. Germann and Lytton found that the calculated values 
of A and n agree fairly well with those determined experi
mentally for samples with high asphalt content. At lower as
phalt content, the theoretical and experimental values differ 
significantly. 

Even if A and n can be related to some material properties 
as Schapery suggested, they are still used in a power law 
relationship that at best can describe only a linear region of 
fatigue crack propagation; that is, it will not describe fatigue 
crack propagation over the entire range of the crack driving 
force. 

Thus, it appears that the phenomenon of fatigue cracking 
in paving mixtures has been treated in a rather empirical 
manner. Both the phenomenological approach and the frac
ture mechanics-based approach use regression constants that 
usually cannot be considered as material parameters. Evi
dently material parameters are needed to discriminate the 
effects introduced by the different chemical structures of as
phalts, asphalt content, the type of additive used, additive 
dosage, aging, gradation size, and frequency. Such param
eters ought to account for micromechanical effects, that is, 
the magnitude of matrix cracking and cracking at the matrix
aggregate interface. 

The present work outlines an innovative approach to char
acterize the resistance of asphalt concrete mixtures to fatigue 
crack propagation (FCP). The philosophy behind this ap
proach is that the resistance of asphalt concrete mixtures to 
crack propagation depends on the energy expended on irre
versible processes (damage) in the vicinity of the crack tip. 
On this basis, the objective of crack propagation studies is to 
identify and determine parameters responsible for a mixture's 
resistance to crack propagation. 

THEORETICAL 

A fundamental equation has recently been developed (18, 
p. 97) and successfully applied to characterize the resistance 
of highly strained nonlinear materials to FCP (19, p. 167; 
20, p. 98; 21, p. 285). This equation expresses the rate of 
FCP as 

da/dN = Dl(-y*R 1 - J) (4) 

where 

daldN = cyclic rate of FCP, 
D = cyclic rate of energy dissipation on material trans

formation associated with active zone evolution, 
J = crack driving force (energy release rate), 

R 1 resistance moment that accounts for the amount 
of damage associated with crack advance, and 

-y* specific energy of damage. 

The last one, -y*, is a material parameter characteristic of its 
resistance to crack propagation that is to be extracted from 
the results of FCP experiments. 
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Crack Driving Force 

The crack driving force can be evaluated at increments of 
crack length from either the area above the unloading curve 
(potential energy) or the area under the loading curve (strain 
energy). Current analysis of the FCP data obtained from ex
periments conducted on various asphalt mixtures shows that 
invoking the potential energy principle to evaluate the crack 
driving force J is more appropriate in stress controlled fatigue. 
Moreover, because undetected crack propagation may occur 
during loading, the area above the unloading curves is a more 
reliable presentation of the potential energy. Thus, 

J = (aP!aa)IB (5) 

where 

P = potential energy (area above the unloading curve), 
B specimen thickness, and 
a = crack length. 

Resistance Moment 

The resistance moment, R 1 in the proposed model, accounts 
for the amount of damage associated with the crack advance. 
Video monitoring of crack propagation in various asphalt con
crete mixtures reveals damage in the form of "minicracks" 
emanating from the main crack as shown in Figure 1. Post
failure microscopic analysis of the fractured specimens shows 
that the minicracks exist on both surfaces of the tested spec
imens as well as inside the specimens. An important feature 
of the minicracks is that they mainly exist in the matrix or at 
the aggregate-matrix interface. This phenomenon of mini
cracking has been observed in pavement in service under 
fatigue loading (22). 

It has also been observed that the amount of transformed 
(damaged) material (due to minicracks) in the vicinity of the 
crack tip increases with the crack advance. Following the Irwin 
plastic zone size (23,24) it can be assumed that the width of 
the transformed material ahead of the crack tip (active zone) 
is a linear function of the crack length, a, up to its critical 
length, aC' This has been shown to be true in various other 

CRACK DIRECTION 

FIGURE 1 Postfailure assembly of damage in form of 
minicracks in AC-20 asphalt concrete specimen after 
fatigue. 
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materials, for example , metals (25), polymers (26, p. 263; 27, 
p. 1377), and polymer composites (28, p. 381). Thus, the 
resistance moment can be evaluated as follows: 

R 1 = (av!aa)IB (6) 

where Vis the volume of the damaged material (active zone) 
at crack length a. 

V = (ahB)/2 (7) 

where h is the width of the active zone and is expressed as 

h =Ca (8) 

where C is a constant. Thus, 

V = (CBa2)/2 (9) 

On this basis, 

R 1 = (CBa)!B Ca (10) 

C = 2 tan( <!>/2) (11) 

where<!> is the active zone angle. Therefore, -y* R 1 in Equation 
4 can be evaluated as 

-y* R 1 = -y*Ca = -y' a (12) 

where -y' replaces -y* · -y' is a material constant characteristic 
of the material's resistance to crack propagation. 

Energy Dissipation 

The quantity D in the aforementioned model is the cyclic rate 
of energy dissipation on submicroscopic processes leading to 
damage formation. It has previously been shown (19) that for 
a strain control fatigue experiment, the value of Din Equation 
4 can be expressed as 

D = dD/dN = ~]2 (13) 

where ~ is the coefficient of energy dissipation that expresses 
the portion of the change in work per cycle expended on 
damage formation for strain control. For stress-controlled ex
periments, it is found that the value of D can be extracted 
from the area of the hysteresis loop. This is approached as 
follows: 

v = dD!dN = w dWJdN = wwi (14) 

where W is the coefficient of energy dissipation on submicro
scopic processes associated with the stress control loading 
configuration. The relationship between~ and W for the same 
material has yet to be developed. It is expected that both ~ 
and ~, may be dependent on temperature, strain rate, and a 
characteristic time of the process (29). The quantity W;, which 
is the "change in work," is measured directly as the area of 
the hysteresis loop at any crack length, a, minus the area of 
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the loop just before crack initiation. In viscoelastic materials , 
W; includes work expended on damage processes associated 
with crack growth and history-dependent viscous dissipation 
processes, both of which are irreversible. In the current anal
ysis, the quantity Din Equation 14, which is the rate of energy 
dissipation on submicroscopic processes leading to damage 
formation, is expressed as a portion of this total change in 
work, W;. This value has successfully been evaluated for vari
ous asphalt concrete mixtures and will be employed in the 
current study. 

EXPERIMENTAL 

Asphalt concrete beams 15 in . long, 2 in. wide, and 3.5 in. 
high were prepared in substantial agreement with ASTM D3202-
83. Two types of asphalt were considered in this study: Elvax
modified AC-5 and AC-20. The beams were prepared at an 
asphalt content of 8 percent by dry weight and a target asphalt 
concrete unit weight of 149 pcf. The following gradation 
was used: 

Sieve 

'12 in. 
31• in. 
No. 4 
No. 16 
No. 50 
No. 200 

Total Passing (%) 

100 
95 
59 
28 
9 
0 

The AC-5 specimens were modified with 6 percent Elvax 
(percentage of the asphalt content). The aggregate, the as
phalt cement, the mold, and the compaction hammer were 
all preheated to 300°F before blending and compaction. Beam 
compaction was achieved in accordance with the Marshall 
hammer method (ASTM D1559-89). Beams were allowed to 
cool off in the compaction mold and were usually tested 7 
days after preparation and conditioning. Conditioning con
sisted of subjecting each beam to a constant temperature of 
140°F for 1 day. The air void content for the specimens was 
approximately 1.3 percent , and the voids in mineral aggregate 
(VMA) was about 20 percent. 

Four-point bend fatigue testing on notched beams of each 
mixture was conducted on a pneumatic testing machine . The 
support span was 10.2 in. and the midspan (between the inner 
load points) was 3.4 in . An initial straight notch with a total 
depth of 0.25 in. was inserted at the middle of the specimens 
with a 0.156 in . saw with a round tip of radius 0.094 in . The 
tests were conducted at a constant frequency of about 0.5 Hz 
under load control with a constant maximum load of 65 lb. 
Each cycle consisted of a 0.2-sec load duration. The specimens 
were cycled from zero to the maximum load. All tests were 
conducted at 70°F. Multiple identical specimens (three from 
each mixture) were tested under the same set of experimental 
conditions. A hysteresis loop was recorded at Y·-in. intervals 
of crack growth. Software has been developed to digitize 
graphical data and to calculate pertinent areas within the load
deflection curves obtained during fatigue testing. These areas 
are considered important in the current analysis of asphalt 
concrete under fatigue loading. A traveling video camera 
equipped with a zoom lens was used to monitor the crack 
propagation and capture any damage events associated with 
the fracture process. 
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RESULTS 

Substituting Equations 12 and 14 into Equation 4 yields the 
following relationship: 

daldN = [13'YV;l('y'a - J)] (15) 

Equation 15 calls on the accurate measurement of the crack 
speed (daldN), the crack driving force (J), and the change in 
work (W;). On this basis, the specific energy of damage ('y') 
and the dissipation coefficient (13') can be extracted from 
Equation 15 . Analysis of results of FCP experiments gener
ated for typical specimens of the modified AC-5 and AC-20 
paving mixtures are presented in the following sections. The 
average values of 'Y' and 13' were then obtained based on the 
three tested specimens from each mixture. 

Crack Speed 

In order to determine the crack speed, the crack length is 
monitored with respect to the number of cycles. This moni
toring is a well-established procedure , and many techniques 
are available to measure the crack length in FCP experiments. 
In the current experiment, an accurate transparent flexible 
scale was attached to the specimens to measure the crack 
length . Typical curves for crack length (a) versus the number 
of cycles (N) for the modified AC-5 and AC-20 asphalt mix
ture specimens are shown in Figures 2 and 3, respectively. In 
the modified AC-5 specimen (Figure 2), a crack initiated at 
about 2,000 cycles and advanced in a stable manner, reaching 
ultimate failure at about 3,600 cycles . In the AC-20 specimen, 
crack initiation started at about 1,400 cycles. The crack then 
advanced faster than in the modified AC-5, reaching ultimate 
failure at about 2,700 cycles. The slope of the curves in Figures 
2 and 3 is the average crack speed at the corresponding crack 
length. The number of cycles for both crack initiation and 
propagation is larger for the modified AC-5 mixture than for 
the AC-20 mixture. The initiation and propagation life times 
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FIGURE 2 Crack length versus number of cycles in modified 
AC-5 asphalt concrete mixture. 
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of the modified AC-5 are about 1.4 and 1.2 times higher than 
the AC-20, respectively. 

Energy Release Rate 

Invoking the potential energy principle, Equation 5 is used 
to evaluate the energy release rate (J) at increments of crack 
length for the modified AC-5 and AC-20 specimens. This is 
shown in Figure 4 for typical specimens of each asphalt mix
ture. It is evident from Figure 4 that the value of J for the 
modified AC-5 mixture is always higher than that of the 
AC-20 for the same crack length. 

As it is shown in Figure 4, the energy release rate for the 
modified AC-5 mixture evolves at a faster rate with respect 
to the crack length than that of the AC-20 asphalt concrete 
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mixture. The ductile fracture behavior of the AC-5 mixture 
causes a larger increase in the resistance of this mixture to 
crack propagation with the crack length. As a result, the 
energy release rate (J) must increase in order to maintain 
crack growth. The slow evolution of J with respect to the 
crack length in the case of the AC-20 mixture is indicative of 
the "brittle" fracture behavior of this mixture in comparison 
with the AC-5. Since the energy release rate is always higher 
for the modified AC-5 mixture, it is expected to be tougher 
than the AC-20 mixture. 

Change in Work 

The change in work (W;) for the modified AC-5 and AC-20 
specimens is evaluated from the area of the hysteresis loops 
at increments of crack length. The evolution of the quantity 
W; with the crack length for typical specimens of both ma
terials is shown in Figure 5. The value of W; for the modified 
AC-5 specimen is higher than that of the AC-20 specimen 
at each crack length. Thus, it appears that more total work 
has been expended on both damage formation and history
dependent viscous dissipation processes within the active zone 
of the modified AC-5 mixture . 

DISCUSSION OF RESULTS 

The new methodology developed through the work outlined 
will be used to determine the parameters that characterize 
the resistance of the two asphalt concrete mixtures to crack 
propagation. These parameters ("Y' and 13'), which control the 
fracture process, can be determined by rearranging Equation 
15. Thus, 

]fa = "Y' - j3'{WJ [(dafdN)a]} (16) 
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FIGURE 5 Change in work (W,) versus crack length for 
modified AC-5 and AC-20 asphalt concrete mixtures. 
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If the experimental results of each asphalt mixture tested are 
in accord with the proposed model , a plot of ]fa versus 
{WJ[(dafdN)a]} should give a straight line with "Y' the intercept 
and j3' the slope . Indeed, when the results of the experiments 
previously presented were plotted on the basis of Equation 
16, the experimental points for both the modified AC-5 and 
AC-20 mixtures make nearly a straight line. This is shown in 
Figures 6 and 7 for a typical specimen of the modified AC-5 
and AC-20 mixtures respectively. Thus, it is safe to conclude 
that the model is in accord with the results of the experiments. 

Curves plotted on the basis of Equation 15 using the ob
tained values of "Y' and j3' with the experimental results are 
shown in Figures 8 and 9 for the typical specimens of the 
modified AC-5 and AC-20 mixtures, respectively. The the
oretically obtained curves describe the experimental results 
very well. This has also been found to be true for the other 
two specimens of each asphalt mixture. It has been observed 
that the fatigue crack propagation kinetics of all of the tested 
specimens of the two asphalt concrete mixtures under con
sideration display the familiar S-shaped character. Three stages 
of crack propagation kinetics are obvious. The threshold stage 
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0 20 

"' 2.0 I 
c.:t 

.., 
= 

1.5 

' ~ I 1.0 

3 
Ill 0.5 

' ..... 
o.o 

0 25 

W1 /[(da/dN)a] (J/m3
) E+2 

40 80 80 100 120 

120 

50 75 JOO 125 150 

W1 /[(da/dN)a] (in-lb/in3
) E-2 

Ill 

' ..... 

FIGURE 7 FCP behavior of AC-20 mixture plotted in form of 
proposed model to obtain -y' and j3'. 



Ag/an et al. 

0 2 3 4 
'<!' 
I 

80 200 

r.:i 
70 

160 
~ 60 

(1J -CJ 
>. 

50 CJ 

' 120 

.s 
~ 40 

z 30 'd 

' o:I 
'd 20 

10 

0 
0.0 0 .5 1.0 1.5 2.0 

J (in-lb/in2
) E-2 

FIGURE 8 Theoretically predicted FCP speed based on 
proposed model (with experimental data) for modified AC-5 
mixture. 

J (J/mz) 

o.o 0.5 1.0 1.5 2.0 
40 100 '<!' 

I 
r.:i 

8() 
~ 30 (1J 

Cj 
>. 
CJ 

' 60 .s 
~ 

20 

z 40 

" ' o:I 

" 10 

20 

o~~~~~~~~~~~~~~~~~~ 

0.0 0.2 0.4 0.6 0.6 1.0 

J (in-lb/in2
) E-2 

FIGURE 9 Theoretically predicted FCP speed based on 
proposed model (with experimental data) for modified AC-20 
mixture. 

<I:) 

I 
r.:i 

~ 

Ill 
Cj 
>. 
CJ 

' a 
~ 

z 
" ' <'Cl 

" 

<I:) 

I 
r.:i 

~ 

(1J 

Cj 
>. 
CJ 

' a 

z 
" ' <'Cl 

" 

is followed by a stage of reduced acceleration and then the 
stage of unstable crack propagation. This behavior indicates 
the evolution of crack tip damage. 

The average values of -y' and 13' for the three Elvax
modified AC-5 specimens tested are 1.79 ± 0.09 x 10- 2 (in.
lb/in.3) and 4.8 ± 0.37 x 10-3, respectively. The average 
values of -y' and [3' for the AC-20 specimens are 1.17 ± 0.41 
x 10 - 2 (in.-lb/in.3) and 2.71 ± 0.70 x 10- 3, respectively. 
As can be seen, the average value of 'Y' is higher for the modified 
AC-5 mixture than for the AC-20. Thus, more energy is re
quired to cause a unit volume of the AC-5 to change from 
undamaged to damaged material. On this basis AC-5 is more 
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resistant to crack propagation than AC-20. The larger value 
of [3' for the modified AC-5 mixture reflects the larger per
centage of energy expended on dissipative processes and dam
age growth within the active zone. The standard deviation in 
the values of -y' and 13' for the AC-5 are surprisingly low for 
this type of heterogeneous material. The large standard de
viation for the AC-20 mixture values probably can be attrib
uted to the "brittleness" of the AC-20 compared with the 
AC-5. To compare the data further, the two curves of Figures 
8 and 9 are plotted together in Figure 10. It is evident that 
the modified AC-5 mixture is superior to the AC-20 mixture, 
as is reflected by the larger value of -y' . 

It should also be mentioned that the fracture processes are 
not as sensitive to [3' as they are to -y'. The denominator of 
Equation 15 is the energy barrier that controls the fracture 
process. As can be seen from analysis of the AC-5 mixture, 
W; and [3', which make up the numerator of Equation 15, are 
higher than for the AC-20. Nevertheless, daldN is lower. This 
attests to the sensitivity of the fracture processes to the value 
of (-y'a - J) ,.and in turn -y' rather than [3' . Therefore -y' is a 
candidate material parameter characteristic of the material's 
resistance to fracture and f3' is a dissipative coefficient. The 
dependency of 13' on the strain rate, temperature, and time 
characteristic of the process is still unresolved and will be the 
subject of further research. 

CONCLUDING REMARKS 

A methodology has been developed and successfully applied 
to characterize the resistance of asphalt concrete mixtures to 
fatigue crack propagation. This methodology reasonably de
scribes fatigue crack propagation behavior of the pavements 
over the entire range of the energy release rate. Parameters 
controlling the fracture process were extracted from fatigue 
crack propagation experiments on two asphalt concrete mix
tures (Elvax-modified AC-5 and AC-20) with defined chem-
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ical structures. These are the specific energy of damage ('Y'), 
a candidate material parameter characteristic of the mixtures 
resistance to FCP, and 13', a dissipative coefficient. 

The current study reveals that )'' reflects the toughness of 
the material. A higher value of 'Y' gives a lower crack speed 
over the entire range of the energy release rate. Although 13' 
represents the portion of the change in work expended on 
damage processes, it does not play as important a role in 
controlling the fracture process as )'' does. Knowing 'Y' and 
13' for an asphalt concrete mixture can serve an important 
practical purpose. Useful relationships can be established be
tween 'Y' and 13' and structure and processing conditions. Such 
relationships can guide the development of asphalt mixtures 
with superior resistance to cracking. Rese11rr.h activities to 
achieve this goal are currently in progress. 
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New Laboratory Testing Technique for 
Asphalt Concrete 

OTTO J. SVEC AND DAVID ELDRED 

The Institute for Research in Construction, National Research 
Council of Canada, recently developed new laboratory equipment 
for testing mechanical properties of asphalt concrete. Tensile and 
shear (static or dynamic) loading can be applied to slab samples 
of asphalt pavement. The concept and the first prototype of this 
testing equipment are described , along with results of an experi
mental evaluation and testing program. The laboratory testing 
was carried on slab specimens extracted from the pavement of a 
field trial section partly reinforced by a geogrid. 

Testing of the mechanical properties of asphalt concrete (AC) 
has been traditionally focused on compressive, tensile and 
bending strengths. Many tests are used to quantify these prop
erties in static or dynamic (fatigue) modes. These testing tech
niques have been steadily improving in quality and sophisti
cation, in an effort to better understand and evaluate the 
behavior of AC. For recent advances on asphalt laboratory 
testing, an interested reader is referred to the Proceedings of 
the Fourth International RILEM Symposium (J). Past em
phasis has been on compressive, tensile, and bending strength 
testing. The shear strength of AC has rarely been examined, 
perhaps because of its simplicity. An exception is testing done 
using the gyratory equipment, as described by Ruth et al. (2). 
In the vast majority of laboratory testing today, a single de
formation component is normally applied, resulting in a single 
stress compo:ient or a limited combination of stresses, for 
example, compressive and tension. A combination of defor
mation in different directions leading to a combination of 
stresses-for example, tensile and shear-is seldom used to 
evaluate the behavior of AC. 

To examine the importance of combining various strains 
and stresses in AC testing, consider an asphalt overlay on top 
of a cracked AC or portland cement concrete (PCC) pave
ment. Furthermore, consider a moving vehicle on the overlay, 
which covers a crack in the old pavement underneath (Figure 
1). As the wheel of the vehicle moves from one side of the 
crack to the other (i .e . , from one independent slab to the 
other), the asphalt overlay is loaded with considerable shear 
strain and stress. This large shear stress is imposed twice in 
the opposite direction with every pass of the wheel. At the 
bottom of the overlay at the edges of the crack, a high con
centration of compressive stress develops under the wheel 
load. Furthermore , if the crack is wide and the subgrade 
underneath the old asphalt deteriorated and weak, the new 
asphalt also becomes stressed in bending (Figure 2). There is 
yet another serious factor in this process: the development of 
tensile stress due to thermal contraction, as shown in Figure 

Institute for Research in Construction, National Research Council of 
Canada, Ottawa, Ontario, Canada KlA OR6. 

3. All these combined actions near the crack in the old pave
ment contribute to the development of a "reflection" crack 
propagating upward to the asphalt overlay, causing premature 
deterioration of rehabilitated pavements (3). 

To properly evaluate various rehabilitation measures and 
their ability to reduce reflection cracking and other distress 
phenomena in asphalt pavements (e.g . , overlays and the use 
of geogrids as crack retardants and stress reinforcement in 
pavements), a combination of tensile and shear stresses must 
be considered. Therefore, the Institute for Research in Con
struction (IRC) has recently developed a testing table called 
Construction Material Testing System (CMTS); it can com
bine tensile and shear (static or dynamic) loading applied to 
asphalt concrete slabs. Besides general material testing (e.g., 
tensile, compressive, shear, and flexural strength), this equip
ment has also been designed to evaluate the performance of 
various crack rehabilitation techniques. 

This paper describes the new CMTS and its functions and 
performance. The testing results of plain and reinforced as
phalt slabs in combined tensile and dynamic shear modes are 
presented along with some interesting implications. 

BACKGROUND 

One of the major expenses incurred by transportation de
partments around the world is the rehabilitation of their road 
networks . A significant part of these funds is associated with 
sealing cracks, rehabilitating badly cracked locations with other 
techniques, and placing asphalt concrete overlays over entire 
road sections. 

Overlays over cracked or jointed PCC, or over cracked 
AC, pose the problem of reflection cracking. Other locally 
applied rehabilitation measures-such as deep patching, mill
ing and machine patching, crack filling and sealing, and using 
geogrids, geotextiles, and special rubber mixes-are all sus
ceptible to deterioration at varying rates. This deterioration 
depends on climatic temperature and moisture effects, the 
resistance of a particular repair method of fatigue due to 
traffic, and the overall structural integrity of the pavement 
structure below. Therefore, a realistic, comprehensive, yet 
practical laboratory testing technique is needed to evaluate 
performance, life span, and economic implication of individ
ual asphalt pavement repair methods. 

Reflection cracking in a broad sense can be described as 
the result of stress concentration caused by horizontal and 
vertical movements at joints or cracks in the pavement ( 4 ,5). 
Horizontal movement and corresponding tensile stress are 
caused by low-temperature shrinkage; vertical movement and 
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FIGURE 3 Crack formation in overlay due to thermal 
shrinkage. 

corresponding shear stress are caused by the traffic load. A 
contributing factor to the development of tensile stresses is 
the high thermal conductivity of sub grade; contributing to the 
development of shear stresses is a weak pavement structure. 
Furthermore, a contact stress concentration develops under 
the crack edges between the old asphalt pavement and the 
granular base, causing the granular base to settle in that area. 
As a result (and dependent on the extent of the settlement), 
bending of the overlay occurs. Consequently, the overlay above 
the crack in the old pavement is stressed by shear, tensile , 
and bending stresses simultaneously. 

It is clear that to fully understand the process of reflection 
cracking and to propose effective measures for arresting this 
type of cracking, laboratory testing using dynamic shear and 
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tensile stress loading simultaneously must be carried out. Sim
ilarly, to evaluate properly various rehabilitation measures 
applied to cracked PCC or AC, such combined loading must 
be used. 

The objective of the presented research work was to de
velop CMTS and to carry out its initial evaluation. The testing 
program was focused on resistance of AC to the combined 
effect of tensile stress and dynamic shear loading. In addition, 
to further illustrate the importance of this type of testing in 
evaluating the use of geogrids in improving the material resis
tance to failure under these loading conditions , plain AC was 
compared with AC reinforced by a geogrid. This program has 
been carried out using asphalt concrete slab specimens ex
tracted from an experimental overlay that was constructed on 
the campus of the National Research Council of Canada. 

TENSILE AND SHEAR TESTING TABLE (CMTS) 

The concept of CMTS is rather simple; it is shown schemat
ically in Figure 4. The system resembles a table consisting of 
two halves: one half of the table can move horizontally, and 
the other half can move vertically. When an asphalt specimen 
is fixed to the top of this table (i.e . , to both halves, Figure 
4), the horizontal movement of one half will generate tensile 
stress in the specimen, and the vertical movement of the other 
half will generate shear stress. Depending on the AC slab 
fixation to the table and on other boundary conditions, the 
vertical movement may also translate to a bending movement. 

The main components of this new testing table are two thick 
sheets of steel 60.0 x 60.0 x 2.5 cm (24 x 24 x 1 in.), as 
shown in the overall photograph of CMTS (Figure 5). As 
described, one half of this table moves in the horizontal di
rection (referred to as the "horizontal plate"), and the other 
moves in the vertical direction ("vertical plate" ) . Horizontal 
movement is facilitated by the use of four linear bearings 
mounted on the bottom of the horizontal plate, moving along 
two heavy horizontal rods. Vertical movement is arranged by 
using two large commercially available tool-making die plates . 
The vertical dynamic (cycling) movement is provided by a 
hydraulically driven loading jack, as seen in Figure 5. The 
horizontal movement of the horizontal plate (i.e ., the strain 
rate) is controlled through a variable-speed electric motor and 
set of gears. 

Undesirable horizontal movement of the vertical plate, caused 
by large horizontal forces transmitted through the AC slab 
during testing, is restricted by two ball bearings mounted on 
consoles and acting on the vertical plate. Similarly, undesir
able vertical movement of the horizontal plate, caused by 
vertical force transmitted to this plate through the AC spec
imen, is restricted by a similar arrangement. Furthermore, 
the weight of the vertical plate is counter-balanced by a dead 
load, so stresses caused by the weight of this plate are not 
transmitted to the tested specimen. 

To facilitate testing, slab specimens are glued onto two steel 
plates (away from the testing table). These plates are held 
together by two aluminum handles attached to the side of the 
plates by a set of screws. After the glue is set, this assembly 
is placed on the testing table and firmly bolted to the hori
zontal and vertical plates of the CMTS. The handles are then 
removed , and the sample is ready for testing. In this way, 
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any number of samples can be prepared before the testing 
without tying up the CMTS. 

A high-speed PC data acquisition system monitors the load 
cells, displacement transducers, and temperature sensors. Data 
processing computer programs are then used for data analysis 
and graphical output of the test results. 

The CMTS will soon be relocated into a large cold room 
so that the effect of temperature changes (to -40°C) can be 
included in future research programs. The intellectual prop
erty of the CMTS has been protected . Interested companies 
or other agencies, however , can contact the authors for a 
licensing agreement. 

LAYOUT OF FIELD TRIAL 

As mentioned, the main objective of this project was to test 
the CMTS, using plain and geogrid-reinforced AC slabs. To 
obtain realistic samples, the AC slabs were extracted from a 
road test section constructed with standard paving equipment. 
The field preparation was carried out on the campus of the 
National Research Council of Canada in Ottawa, Ontario, on 
May 3, 1991. The selected site was a very lightly trafficked 
service road, thus allowing total closure of the site (half of 
the road) to traffic and eliminating operational disruption. 
The size of the test section was 15 m (50 ft) long and 3 m (10 ft) 
wide. 

Before the asphalt was placed, the site was cleaned and 
then the old asphalt spread with a thin layer of sand. The 
purpose was to seal small existing cracks and to even out some 
irregularities. At the same time , the thin layer of sand pre
vented the new asphalt from adhering to the old, thus allowing 
easy removal of the asphalt slab samples from the site. A 
standard hot asphalt mix known as HL4 designed by the Min
istry of Transportation of Ontario was used. 
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Once preliminary preparations were completed, the asphalt 
spreader was then backed over the sand in order to lay down 
a lift of HL-4 asphalt mix approximately 37 mm (1.5 in.) thick 
over the first half of the total length (i.e., first 7.5 m (25 ft)]. 
The thickness of the lift in the second half (i.e., the next 7.5 
m) was increased to 50 mm (2 in.). One meter at the beginning 
of the first layer was used as a ramp for the compactor, re
sulting in the total area of 14 x 3 m available for testing. A 
portion of this uncompacted first lift was then covered with 
a 3-ton polyester geogrid. The second lift was laid over the 
entire test section, consisting of 37 mm over the first 7 .5 m 
and 50 mm over the second 7.5 m. The entire area was then 
compacted by a standard Dynapac compactor and then by a 
rubber tire roller using an appropriate number of passes. The 
final compacted section measured approximately 7.5 m x 3.0 
m x 75 mm (25 ft x 10 ft x 3 in.) and 7.5 m x 3.0 m x 
10 mm (25 ft x 10 ft x 4 in.). More than 200 cores were 
extracted from this section in order to characterize its various 
parts-thin, thick, plain, and reinforced subsections-ac
cording to density and indirect tensile strength . In addition, 
many slabs 30 x 60 cm (12 x 24 in.) were cut and transported 
to the laboratory for testing. Great care was exercised in lifting 
slabs from the pavement to avoid any damage. This was ac
complished by supporting the slabs at all times with thick 
plywood sheets. 

LABORATORY TESTING 

As discussed, many times a combination of the tensile stress 
and the shear stress can be critical to the integrity of the 
asphalt layer. In addition to the plain AC, this loading con
dition also poses another very important question: How will 
AC reinforced by a geogrid respond to such a stress combi
nation? To understand fully the effect of the combined tensile 
and shear loading on AC, plain and reinforced, an entire 
range of the stress combination was applied to the test spec
imens. Because AC is a viscoelastic-plastic material that creeps 
in time with load, there are three possibilities for applying 
the tensile stress: constant strain, constant stress, and stress 
relaxation. The constant strain test (i.e. , horizontal movement 
only) does not pose a problem, except that the resulting tensile 
stress is a function of the strain rate. Therefore, it is important 
to consider the rate of applied strain. Such direct tensile stress 
tests on slab specimens are used in many laboratories, usually 
under uninterrupted constant strain rate control. A stress re
laxation test is also easy to perform: rapidly apply a tensile 
stress and allow the stress to relax. Once movement of the 
horizontal plate is stopped, the tensile stress in the AC slab 
will drop rather quickly. For a constant stress test, the hori
zontal movement of the table must continue, but its speed 
(i.e., the strain rate) must be controlled to compensate for 
stress relaxation of AC and failure progression (cracks prop
agation) during testing. Considering these possibilities, a range 
of the tensile and shear stress combinations was determined 
as follows: 

•Tensile stress. only (i.e., direct tensile test based on con
stant strain); 

• Initial tensile stress with relaxation (i.e., constant dis
placement) combined with a dynamic shear; 
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• Constant tensile stress without relaxation and combined 
with a dynamic shear; and 

•Dynamic shear only. 

During these tests the forces and displacements are monitored 
by high-speed data acquisition equipment. In addition, the 
crack initiation, development, and propagation is continu
ously being observed and recorded using photo and video 
cameras. The video recording is particularly effective during 
the cycling of the vertical plate because the progressive nature 
of failure of the AC can be easily followed. 

RESULTS 

The testing program reported in this paper has been carried 
out at a room temperature of 22°C using the following types 
of test: 

1. Direct tensile stress, in which only the horizontal plate 
is moving in a constant strain rate mode; and 

2. Constant tensile stress combined with dynamic shear, in 
which the movement of the horizontal plate is load-controlled 
and the cyclic movement of the vertical plate is displacement
controlled (± 1.27 mm/±0.05 in.). 

An aspect of stress relaxation was also included in the direct 
tensile stress test in order to investigate the characteristic 
creep behavior of AC: soon after peak load was observed, 
the movement of the horizontal plate was arrested for a short 
period of time, until the load decreased by 50 percent (usually 
30 sec), and then horizontal displacement recommenced. As 
Figures 6 and 7 indicate, the load rapidly increased to another 
peak, reaching the envelope of a continuous test. After this 
secondary peak, the load continued along a load displace
ment curve similar to that expected for a test without stress 
relaxation. 

Figure 6 depicts typical load-versus-displacement relation
ships of thin AC slabs, plain and geogrid-reinforced; Figure 
7 shows the same relationships for thick AC slabs. One might 
argue that instead of load, tensile stress should be used for 
comparison purposes as in Table 1, because cross sections of 
samples are not identical. This comparison would be realistic 
only up to the load displacement peak, at which massive crack
ing failure occurs. After this failure, the area of the cross 
section cannot be determined because of the propagation of 
cracks. Moreover, in the case ofreinforced samples, the load, 
after the failure of AC, is transmitted only by the geogrid and 
the stress definition becomes meaningless. It is clear from 
Figure 6 that the plain AC slabs lost their entire strength at 
about 20 mm (0.8 in.) of total displacement, at which point 
the slabs failed and were practically pulled apart. On the other 
hand , the AC slabs reinforced by a geogrid behaved quite 
differently. In Figure 6 the first part of the R143 load defor
mation curve-that is, up to about 12 mm (0.4 in.) of dis
placement-is similar to that of plain AC. Following this, 
however, the "strength" of the slab increased and continued 
to resist horizontal deformation up to a total displacement of 
about 35 mm (1.4 in.). This observation indicates that during 
the first part of the test, load is activated by the strength of 
the AC alone. After a partial failure of the AC and a sufficient 
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FIGURE 6 Interrupted constant strain rate tensile test, thin AC slabs 
(approximately 60 mm). 
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(approximately 90 mm). 

TABLE 1 Direct Tensile Stress, Strain Rate: 4 mm/min (0.15 in./min) 

Plain Reinforced 

Sample Peak Peak Peak Sample Peak 
Depth Load Stress Dlspl . Depth Load 
(mm) (kN) (MP a) (mm) (mm) (kn) 

Thin U143 60.4 2.81 P,.153 3.7 R142 58.6 3.31 

U142 61 .2 3.08 0.167 3.2 R143 71.4 3.27 

60.8 2.94 0.160 3.5 65.0 3.29 

Thick U243 92.2 3.18 0.122 4.5 R242 96.0 4.46 

U242 85.8 4.19 0.150 4.0 R243 96.7 4.97 

Average 89.0 3.68 0.136 4.3 96.3 4.72 

35 40 

35 40 

Peak Peak 
Stress Dlspl. 
(MPa) (mm) 

0.185 4.2 

0.185 4.0 

0.186 4.1 

0.149 6.2 

0.172 5.5 

0.160 5.9 
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deformation, load is transferred to the geogrid and it becomes 
the only stress-resisting structural element. In other words, 
the second part of Curve Rl43 in Figure 6 represents the 
tensile strength of the geogrid and its interlock within the AC. 
The behavior of thick samples shown in Figure 7 is similar to 
that of thin samples shown in Figure 6, except that the load 
does not increase after being transferred to the geogrid. In 
this case, the interlock between the geogrid and the AC was 
not as effective as in the case of the thin samples. 

The results of all the direct tensile strength tests carried out 
using four plain AC slabs and four reinforced AC slabs are 
also summarized in Table 1. It can be seen not only that is 
the peak stress higher for reinforced AC, but also that the 
peak displacement is considerably larger. These data indicate 
that a reinforced AC at room temperature (22°C) does not 
fail in tension in an abrupt manner (i.e., deforming as an 
elastic body up to a breaking point). Instead, the failure is 
initiated through small cracks and, at the same time, the geo
grid begins to activate. 

The second part of the testing program was carried out, 
combining horizontal tensile stress with vertical shear stress. 
For these tests, small loading frames were attached to both 
horizontal and vertical plates (i.e., across and above the plates) 
so that a vertical static load could be applied to the top of 
both sample halves (Figure 5). Relatively uniform stress distri
bution was accomplished by using thick (25 mm) aluminum 
300 x 300 mm plates resting on thin (0.6 cm) sheets of rubber. 
The load was applied through a large screw and a loading 
cell. The main reason for this arrangement was to eliminate 
vertical tensile stress on the glued bottom of the slabs during 
the vertical cyclic movement of the vertical plate . The overall 
procedure for these tests followed these steps: 

1. Horizontal load was applied at the rate of 4 mm/min 
(0.15 in./min) up to 1.11 kN (250 !bf) for thin samples and 
1. 78 kN ( 400 !bf) for thick samples. At this stage the move
ment of the horizontal plate was stopped. 
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2. Immediately after, the plates on top of the sample were 
loaded through the screw-load cell arrangements by 4.45 kN 
(1,000 !bf) resulting in 47.9 kPa pressure between the loading 
plates and the surface of the AC slabs. 

3. As soon as the sample was loaded by the top plates, the 
vertical plate started to cycle in vertical movement with a 
frequency of 2.5 Hz and ± 1.25 mm (0.05 in.) from the zero 
position. At the same time movement of the horizontal plate 
resumed in order to maintain a constant tensile load of 0.67 
kN (150 lbf) for thin samples and 1.11 kN (250 !bf) for thick 
samples. 

4. After failure, defined as a single continuous crack from 
top to bottom and across the sample, the cycling of the vertical 
plate was stopped. 

5. The movement of the horizontal plate continued at the 
top constant strain rate (only for reinforced slabs) in order 
to evaluate the geogrid-AC interlock. This determination 
can be seen as large peaks at the end of the graphs (Figures 
8 and 9). 

Figures 8 and 9 represent time versus horizontal force for 
plain and reinforced AC under conditions of combined con
stant tensile stress and dynamic shear stress for thin (approx
imately 60 mm) and thick (approximately 90 mm) AC slabs, 
respective! y. It should be noted that measured force is used 
in this paper , i.e. , not converted into stress . The reason is 
that as cracks initiate and later propagate, the area of the slab 
cross section is essentially indeterminate. 

The first three test steps usually take 30 to 50 sec. After 
that, the vertical plate starts to cycle, not only imposing large 
shear stress in the central cross section of the slab , but also 
generating a horizontal force . The total horizontal force in 
these figures consists, therefore , of two components: one is 
caused by the movement of the horizontal plate and the sec
ond is generated by movement of the vertical plate. This can 
easily be seen on all four graphs in Figures 8 and 9. The 
fluctuation of horizontal force due to the cycling of the vertical 
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FIGURE 8 Combined tensile and shear stress test, thin AC samples (approximately 
60 mm). 
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FIGURE 9 Combined tensile and shear stress test, thick AC samples 
(approximately 90 mm). 

plate is quite large at the beginning of the test, but slowly 
diminishes with cycling as the slab loses its strength. 

FAIL URE MODES 

The close observation of crack initiation and propagation, 
including an overall mode of failure, revealed several inter· 
esting facts. 

Unreinforced AC 

Cracks begin in the central region and at the bottom of the 
AC slabs, where tensile stress is the highest. These cracks are 
at the end of the mounting plates and the glue, where the 
highest stress concentration exists. The bottom cracks prop· 
agate upward very quickly and soon are joined by surface 
cracks propagating downward, as seen in Figure 10. Both thin 
and thick slabs fail between 400 and 500 cycles. 

Geogrid-Reinforced AC 

The first cracks appear at the bottom of the slabs. Besides 
the vertical cracking, the slabs also crack horizontally at the 
bottom just above the glue. This is not a failure of the AC; 
instead, the slabs are being lifted from the mounting plates 
because of the vertical movement of the vertical plate. As a 
result, the slabs lose bond 5 to 6 cm from the edge of the 
mounting plates . 

The vertical cracks propagate upward with continued cy· 
cling to the level of the geogrid, where they are arrested. A 
simplified finite element modeling of this test was carried out 
to explain some aspects of the failure mechanism. This anal· 
ysis showed that in the middle of the slab height, for these 
types of boundary conditions and loading, the shear stress is 

FIGURE 10 Failure mode-cracking pattern for unreinforced 
AC slab during combined tensile and shear stress test. 

the highest. This fact coincides with observations of these 
tests, revealing horizontal cracking at the level of the geogrid. 
Sometimes this cracking occurs as a change in the direction 
of cracking from vertical to horizontal, yet sometimes these 
horizontal cracks are self-initiated before they are joined by 
the bottom vertical cracks. This type of failure progresses 
slowly and usually takes about 5,000 cycles and large hori· 
zontal deformation before further vertical cracking occurs at 
the top of the samples (Figure 11, thin sample). Horizontal 
cracking or delamination at the level of the geogrid indicates 
poor interlock between the geogrid and asphalt concrete; it 
also indicates poor asphalt mix and geogrid design. Such de· 
lamination could be a serious problem leading to pavement 
failure, that is, to the disintegration of the asphalt concrete 
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FIGURE 11 Horizontal cracking at level of geogrid due to 
shear load, thin AC slab. 

layer above the geogrid. It is clear that there is a need to 
develop an "integrated" design encompassing the design of 
the geogrid with the mix. For a geogrid applied to an overlay, 
the presented testing technique will be useful in developing 
an optimum overlay thickness. 

CONCLUSIONS 

This paper describes the development of a new piece of lab
oratory equipment: CMTS. The first application has been for 
testing the mechanical properties of asphalt concrete. The 
main advantage of the CMTS is its ability to combine tensile 
and dynamic shear stresses in a single test. The results of the 
first testing program presented here demonstrate the impor
tance of considering the combination of tensile shear loading, 
which very often occurs in real pavement. The main conclu
sions can be summarized as follows: 

1. The failure mechanism of unreinforced asphalt concrete 
due to the tensile loading begins at the bottom of the layer. 
This is caused by the fact (confirmed by finite element stress 
analysis) that shear stress is highest at the bottom due to 
fixation (i.e., gluing in the experiment or, in a real situation, 
the bond between an overlay and the surface of the old pave
ment). In pavement, cracks may also be initiated at the sur
face, if construction cracking caused by steel drum compactors 
(known as checking) is present. 

2. Dynamic shear stress greatly accelerates tensile cracking, 
leading to a fast progressive failure of unreinforced asphalt 
concrete. 
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3. The presence of a geogrid can arrest bottom vertical 
cracks and considerably slow failure. This is true only if a 
good interlock between the geogrids and asphalt concrete is 
achieved during construction. Because dynamic shear stress 
can generate horizontal cracking on the geogrid level, the 
development of a proper construction technique for re
inforced asphalt pavement is of paramount importance. 

4. It is expected that the type of testing developed here will 
assist in evaluating the interlock characteristic of a reinforced 
asphalt concrete. 

This paper represents only the first phase of the research 
program carried out on the new testing equipment combining 
shear and tensile stresses. The second phase is already on its 
way to confirm findings presented in this paper and to evaluate 
new testing procedures (including effects of loading types, 
loading rates and different boundary-fixation conditions) on 
large numbers of lab experiments. 
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Development and Evaluation of Test 
System To Induce and Monitor Moisture 
Damage to Asphalt Concrete Mixtures 

SALEH AL-SWAILMI, TODD V. SCHOLZ, AND RONALD L. TERREL 

One of the major research goals of the Strategic Highway Re
search Program is to develop a relationship between asphalt binder 
propenie and field perfonnan e for asphalt oncrece mixtures. 
A part of rhi - efforr i concerned with development of a system 
and procedure to rnoi ture-conditi n asphalt concrete , pccimens 
t· determine whether an asphall-aggregatc mixture i u ceptible 
to moisture-induced damage. The development of a computer
controlled loading and data acquisition subsystem used with mois
ture conditioning and environmental control subsystems is ad
dressed . The three subsystems make up a state-of-the-art test 
system that is used to determine and mea ure the fac tors that 
most influence the amount of moisture damage . A brief overview 
of the three subsystems is given, as is a more detailed description 
of the development and evaluation of pertinent test parameters. 
"ignificant find ings include (a) many factor affect the reliability 

of subsystems, and the computer-controlled loading and data ac-
qui ·irion subsy mm provides an efficienr tool for detecting factors 
causing va riability in test re ults: (b) pecimen in trumentation 
i · s~mp_lc, reliable, and accurate; (c) specimens 4 in . high and 4 
m. m diameter were found to provide results of sufficient accuracy; 
and (d) specimen orientation was found to be very important . 

A major goal of the Strategic Highway Research Program 
(SHRP) is to relate asphalt binder properties to field perfor
mance of asphalt concrete mixtures . Consequently, much of 
this research program has focused on the factors that influence 
field performance. Although many factors contribute to the 
degradation of asphalt concrete pavements, damage attrib
utable to moisture is considered a key element in the dete
rioration of asphalt mixes . 

With the recognition that moisture damage can significantly 
influence pavement performance, a part of the SHRP research 
effort has been concerned with the development of a system 
and procedure having a twofold purpose: (a) to detennine whether 
an asphalt-aggregate mixture is susceptible to moisture-induced 
damage, and (b) to moisture-condition asphalt concrete spec
imens to be tested for mixture properties including thermal 
cracking, fatigue, and permanent deformation (rutting). 

Previous work on the development of a moisture-conditioning 
procedure has been documented elsewhere (J ,2). This paper 
addresses the development and evaluation of the test system 
composed of a computer-controlled closed-loop loading and 
data acquisition subsystem that is used with fluid conditioning 
and environmental cabinet subsystems. The three subsystems 
make up a state-of-the-art test system used to determine and 

Department of Civil Engineering, Oregon State University, Corval
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quantify the factors that most influence the amount of mois
ture damage that occurs in asphalt concrete mixtures . 

A brief overview of the three subsystems, collectively re
ferred to as the environmental conditioning system (ECS), is 
followed by a more detailed description of the development 
and evaluation of pertinent test parameters . Provided are 
details about factors that affect the measurement of resilient 
modulus (height-to-diameter ratio, deformation measure
ment , etc.), permeability measurement, and overall water 
sensitivity evaluation (saturation level, conditioning temper
ature, etc.) . It is shown that considerable effort was required 
to "debug" the overall test system so that a reliable system 
producing repeatable results emerged. 

TEST SYSTEM 

The ECS was designed and fabricated to assist in determining 
the most important factors in the performance of mixtures in 
the presence of moisture . The test setup permits evaluation 
of air voids and behavior of mixtures in several ways, including 

•Saturation versus wet (partial saturation), 
• Water versus vapor as a conditioning fluid , 
• Permeability versus air void content, 
• Freezing versus no freezing , 
• Volume change effects (i .e., oversaturation), 
• Effects of time on rate of saturation or desaturation, 
•Continuous monitoring using resilient modulus (Mn), 
• Repeated loading versus static loading, and 
• Coating and stripping. 

The ECS can be used to evaluate these factors in terms of 
the effectiveness of currently used testing procedures , and it 
can lead to the development of a new testing procedure. In 
addition, the ECS can be used to validate concepts developed 
by others involved in SHRP asphalt research. As noted, the 
ECS can test a wide range of factors, but it is recognized that 
all of this capability may not be required in the final version 
of the SHRP-ECS test to be used for routine testing. 

The ECS was designed and fabricated to provide a means of 
simulating various conditions within an asphalt pavement. Figure 
1 shows the ECS and its subsystems: the fluid-conditioning 
subsystem, the environmental cabinet subsystem, and the 
loading subsystem. 
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FIGURE 1 Overview or ECS. 

Fluid-Conditioning Subsystem 

This system was designed to test the air and water permea
bility of asphalt concrete mixtures as well as to provide fluid 
(water, water vapor, or air) conditioning. 

As shown in Figure 2, the test specimen is placed in a load 
frame. Two differential pressure gauges, connected imme
diately before and after the specimen, measure the pressure 
gradient across the specimen, which is controlled by a vacuum 
regulator. 

Environmental Cabinet Subsystem 

The heart of the system is a Despatch Industries 16000 Series 
high- and low-temperature and humidity environmental
conditioning cabinet. The environmental chamber simulates 
high and low temperatures and humidity levels. 

Loading Subsystem 

The repeated loading subsystem is an electropneumatic closed
loop system made up of a personal computer with software 
and an analog-to-digital/digital-to-analog interface card, a 
transducer signal conditioning unit, a servovalve amplifier and 
power supply, and a load frame . 

Figure 2 shows a schematic of the load frame, which in
cludes a double-acting pneumatic actuator (piston) and ser-

___ _ Servovalve 

Load Frame 

Load Ram 

Load Cell 

t::::::::::==>-----Jf,t.-- Teflon Disk 
__ LVDT 

Membrane 

FIGURE 2 Load frame inside environmental cabinet for 
evaluating water sensitivity. 
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vovalve. The servovalve, serviced by compressed air and driven 
by a computer software program, drives the piston. Loads are 
delivered by the piston through its load ram to a load cell 
mounted on the specimen cap, which rests atop the test spec
imen. The signals from the load cell and linear variable dif
ferential transducers (L VDTs) mounted on the specimen are 
collected by the computer software program and converted 
to engineering units of stress and strain allowing the calcu
lation of the MR. Although the software can deliver a variety 
of loads and waveforms, tests in the ECS have been almost 
exclusively conducted using a haversine pulse load with a pulse 
load duration of 0.1 sec, a pulse load frequency of 1 Hz, and 
a pulse load magnitude of 600 lb. 

SYSTEM DEVELOPMENT AND EVALUATION 

As stated earlier, the intent of this paper is to describe the 
development and evaluation of the ECS. Generally, before 
a full-scale test scheme is started, many questions and details 
must be evaluated when a testing device is developed. Like
wise, before the ECS was used as a testing device for the 
water sensitivity program at Oregon State University, it was 
subjected to detailed investigation and refinement to prove 
its reliability and reproducibility in three aspects: resilient 
modulus measurement, permeability measurement, and water
conditioning evaluation. 

Resilient Modulus Measurement 

Many test procedures and types of test equipment have been 
developed and used in several laboratories and agencies to 
evaluate the structural properties of the asphalt concrete mix
tures. The resilient modulus of compacted asphalt mixtures 
can be obtained by using either repeated-loading triaxial test 
or repeated-loading indirect tensile test. These two proce
dures have been standardized by ASTM as the Standard Test 
Method for Dynamic Modulus of Asphalt Mixtures (ASTM 
D3497) and the Standard Test Method of Indirect Tension 
Test for Resilient Modulus of Bituminous Mixtures (ASTM 
D4123). 

In the ECS, the resilient modulus is defined as the ratio of 
the applied differential axial stress to the corresponding re
coverable (elastic) axial strain. The vertical stress is applied 
axially by the use of an electropneumatic closed-loop testing 
system. Applied stress is monitored by a load cell placed on 
the top of the specimen. Recoverable axial strain is monitored 
by L VDTs. Stresses and strains are recorded and analyzed 
by the computer and software package. 

For axial loading the appropriate specimen height, as rec
ommended in ASTM D3497, should be at least 8 in. for a 
specimen with a 4 in. diameter. However, it was not feasible 
to water-condition these tall specimens. To compromise be
tween the ASTM D3497 requirement and typical pavement 
layer thicknesses, a ministudy was conducted to investigate 
the effect of height-to-diameter (LID) ratio, on resilient mod
ulus . In addition, other ministudies were conducted to inves
tigate other details, including the effect of glue type for strain 
gauges (strain gauges were later replaced by LVDTs), and 
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the repeatability of ECS resilient modulus and necessity of 
using Teflon disks. 

Test Specimen Preparation 

One mix was used for preparing three specimens 4 in. in 
diameter and 7 in. high. After density was determined, a 
vertical alignment jig was used with capping compound to 
maintain caps perpendicular with the specimen axis according 
to the requirements of ASTM C617 (Capping Cylindrical Con
crete Specimens). After testing the specimens with the full 
height, 1.0 in. was trimmed from each end with a diamond 
saw. Capping and testing were repeated for the new 5-in. 
specimens. Finally, 1.25 in. was trimmed from each end of 
the 5-in. specimen, which resulted in 2.5-in. specimens that 
were exposed to the same capping and testing procedure. 
Trimmed specimen densities and air void calculations were 
monitored for the three heights. 

Test Equipment and Instrumentation 

In this ministudy, an MTS electro hydraulic closed-loop system 
was used for the dynamic compression loading and stresses 
were monitored by chart recorder. Recoverable axial strain 
was measured by two techniques: 

1. L VDTs attached to the specimen by a pair of clamps 
that were cemented to the specimen by plates, maintaining a 
2-in. gauge length. Deformations were measured by chart 
recorder. 

2. A pair of strain gauges 1 in. long and a strain indicator 
for recording strains. 

The specimens were loaded using two modes: (a) contin
uous repeated loading of haversine wave form, and (b) con
tinuous repeated loading of square wave form. A dynamic 
load of 600 lb was used after the specimens were seated with 
a 60-lb static load. 

Effect of LID Ratio on Resilient Modulus 

Figures 3, 4, and 5 show the relationship between resilient 
modulus and specimen thickness for the three similar speci
mens (three test replications). Moduli of the specimens with 
2.5-in. thickness are significantly higher than the moduli of 
the specimens with 5- and 7-in. thicknesses. The wave form 
(haversine or square) and strain measurement device (L VDTs 
or strain gauges) have no effect on the trend or general re
lationship, but they do affect the magnitude: for the same 
method of strain measurement and load level, the MR from 
the square wave mode is higher than the MR from the hav
ersine wave form. 

For the same wave form, strain gauges detect less strain, 
which resulted with a higher MR than that from the L VDTs. 
Strain gauges may not indicate the total strain as the L VDTs 
do because large stones behind the strain gauges may not 
transmit the total strain. In contrast, L VDTs with total slip-
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FIGURE 3 Relationship between MR and specimen 
thickness for two testing conditions, Specimen 1. 
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FIGURE 4 Relationship between MR and specimen thickness 
for two testing conditions, Specimen 2. 
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FIGURE 5 Relationship between MR and specimen 
thick11ess for two testing co11ditions, Specimen 3. 

page controlled measure the cumulative strain between two 
points, which may be more realistic. In addition, during the 
ECS testing program it has been noticed that the strain gauges 
mounted on specimens with high air voids (such as 10 percent) 
experienced major wrinkles under the effect of repeated load-



42 

ing with hot-water conditioning. The deformed strain gauges 
were most likely caused by total deformation due to com
paction. Because of such deficiencies associated with the strain 
gauges and because of their cost, it was decided to switch to 
LVDTs after a significant part of the ECS testing program , 
particularly the low-air-void specimens, was completed using 
strain gauges. 

Finally from this investigation, it was concluded that spec
imen thickness has a crucial effect on resilient modulus value 
and the specimen closest in thickness to 8 in. (LID = 2.0) 
gives the closest to "true" resilient modulus. For the ECS, it 
is sufficient to monitor relative change in resilient modulus 
during water conditioning, which indicates the real strength 
(MR) change. This concept of relative MR using a 4-in. spec
imen has been used as a compromise for an 8-in . specimen 
(4-in . specimens are easier to produce and test and are more 
representative of actual pavement lift thicknesses) . Thus, a 
specimen 4 in. high was recommended and is used for the 
ECS testing. 

Since the resilient modulus value from the ECS is not the 
true or familiar MR, the term "ECS-MR" will be used in this 
paper for 4-in. specimens. Therefore, there are two important 
differences between the ECS-MR and the dynamic modulus 
defined in ASTM D3497: (a) the height of the specimen is 4 
in. instead of 8 in., and (b) the specimen is encapsulated in 
a rubber membrane throughout the test. In addition to ECS
MR , a diametral MR is measured for each specimen before 
the ECS testing process to be used for reporting the initial 
specimen strength. All values of MR in this report stand for 
ECS-MR unless otherwise noted. 

Effect of Strain Gauge Glue Type 

The ECS testing program started with strain gauges that were 
subjected to a detailed investigation before the full-scale test 
scheme was begun . The main factor to be evaluated was the 
effect of glue type on strain gauge performance. To accom
plish this investigation, six strain gauges (X,, X2 , X3 , Y,, Y2 , 

and Y3) were bonded on a plastic specimen 7.5 in. high and 
4 in. in diameter. The strain gauges were divided into two 
groups , and each group was mounted at midheight opposite 
to the other group. The two groups are (a) X1, X2 , and X3 

bonded on Side X; and (b) Y,, Y2 , and Y3 , bonded on Side 
Y. Three types of glue were used for bonding the strain gauges 
according to the following identification: 

• X1 and Y1: 1-in. strain gauge with cyanoacrylate 
("superglue"); 

• X2 and Y2 : 1-in . strain gauge with Ca-200LS glue; and 
• X3 and Y3 : 1-in. strain gauge with Testor's "airplane" 

glue. 

Specimens were subjected to dynamic repeated loading by 
using the MTS and strains were monitored by strain indicator. 
Figure 6 shows resilient modulus results from each strain gauge. 
The difference between glue types is not significant. The MR 
on Side X was higher than MR on Side Y due to an eccentricity 
problem that was later corrected . As a result of this experi
ment, superglue was selected for future strain gauge appli
cation because it needs a very short time to cure. 
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FIGURE 6 Effect of strain gauge mounting glue on MR. 

Repeatability of ECS-MR and Effect of Teflon Disks 

Six specimens were used to investigate the repeatability of 
ECS-MR and the effect of friction between the specimen and 
the top cap and bottom base. Teflon disks were used because 
of the concern that the shorter ( 4-in.) specimens are affected 
by the load platens to a greater extent than for taller speci
mens. The following specimens were used in the study: 

• 1 PLAS and 2 PLAS: plastic, 4 in. in diameter and 2.5 
in . high; 

• 54TB and 62TB: asphalt concrete, 4 in. in diameter and 
2.5 in. high; and 

• TG61 and WG77: asphalt concrete, 4 in. in diameter and 
4 in. high.· 

Strain gauges 1 in . long were used on specimens 2.5 in. 
high, and strain gauges 2 in. long were used on the 4-in. 
specimens. The ECS was used to conduct resilient modulus 
tests. Two types of Vs-in.-thick Teflon disk were used: solid 
and perforated. Tests were performed on each specimen ac
cording to the following combinations: 

•No disks: No disks were used; 
•One disk: One solid Teflon disk, top and bottom; 
• Perf. disk: One perforated Teflon disk, top and bottom; 
•Two disks: Two solid Teflon disks, top and bottom; 
•One disk: One solid Teflon disk, top and bottom; and 
• Diff. Or: One solid disk top and bottom with different 

orientation by rotating the specimens 180 degrees around its 
vertical axis. 

The one-disk setup was conducted twice to show the re
peatability of ECS-MR for the test setting that represents the 
ECS testing program standard. Figure 7 shows the ECS-MR 
for all test setups from each specimen. For all six specimens, 
the repeatability of one disk setting is very high. Teflon disk 
and test orientation does not affect the results for the plastic 
specimen because of Teflon's near frictionless surfaces and 
high uniformity. Teflon disks and test orientation have a sig
nificant effect on ECS-MR of 2.5-in. asphalt concrete speci
mens, 54TB and 62TB. The effect of Teflon disks and test 
orientation on ECS-MR from 4-in. asphalt concrete specimens 
is not significant. 

It was found necessary to use perforated spacers between 
the specimen and top cap and base plate to collect any stripped 
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asphalt that might stick on the bottom of the top cap during 
the water conditioning process and change its serviceability 
condition. Perforated Teflon disks, top and bottom, are rec
ommended to be used with the ECS testing program. 

Permeability Measurement 

Permeability K, as defined by Kumar and Goetz (3), is the 
volume of fluid Q of unit viscosity µ passing in unit time t:.t 
through a unit cross section A of a porous medium of length 
L under the influence of a unit pressure gradient t:.P. 

QµL 
K = At:.Pt:.t 

There is a general belief that permeability is a better measure 
of durability than percentage air voids because permeability 
measures fluid accessibility through the asphalt pavement. 
Some air voids may not be accessible by water. In the ECS 
testing program, a relationship is hypothesized between 
permeability and water damage. 

For the air or water flow to pass only through the specimen 
during the permeability test , the outer surface of the specimen 
wall must be sealed to close off surface voids. Goode and 
Lufsey ( 4) used paraffin for sealing to prevent leakage be
tween the specimen wall and the membrane . However, this 
method destroys the specimen for further use by contami
nating the asphalt. 

Another method is to place the specimen in a cylindrical 
rubber membrane fastened to a hollow metal cylinder with 
hose clamps. This method does not totally prevent leakage 
between the specimen wall and the membrane, especially with 
mixtures having coarse surface texture. Another disadvantage 
of this method is that air pressure in the membrane may cause 
deformation of the specimen. 

Kumar and Goetz (3) developed a different technique to 
prevent leakage. The specimen is placed between lower and 
upper collars and coated with silicone rubber sealer all around 
the specimen and part of both collars in order to bind the 
collars to the specimen. This method prevents the leakage 
through the specimen wall, but it is rather involved and time
consuming. 
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In the modified procedure developed at Oregon State Uni
versity, the middle third of the specimen's surface is coated 
with silicone and then enveloped with a cylindrical rubber 
membrane 1.5 in. high (a wide rubber band, cut from a mem
brane) to provide a smooth surface as shown in Figure 8. 
After curing for a few hours, the specimen is fitted with a 
cylindrical rubber membrane, long enough to envelop the 
sample base and sample top cap. This procedure has been 
adopted after investigating three levels of silicone seals on the 
surface of the specimen and under the rubber membrane. 
Test results from six specimens showed that the "standard" 
procedure of a single seal at the midpoint was adequate, as 
shown in Figure 9. 

Water Sensitivity Evaluation 

An intensive testing program was conducted by using the ECS 
at Oregon State University. The controlled variables and their 
treatment levels in a factorial design experiment include 

1. Temperature with three treatment levels: hot (60°C), 
ambient (25°C), and freeze ( - l8°C). 

2. Permeability with three treatment levels depending on 
the air voids (AV): low (% AV ~ 6), pessimum (6 < % 
AV < 14), and high (% AV ~ 14). 

3. Wet conditioning with three treatment levels: dry (No 
water conditioning) moist [running water through the speci-

FIGURE 8 Permeability sealing 
of compacted asphalt mixtures 
using silicon sealer and rubber 
membrane. 
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FIGURE 9 Effect or sealing level on permeability. 

mens at 25°C under 10 in. of mercury (Hg) vacuum for 30 
min], and saturated (running water through the specimen at 
25°C under 20 in . of Hg vacuum for 30 min). 

The complete study has been documented by Al-Swailmi 
and Terrel (J). Because of space limitations, only two water
conditioning tests will be discussed to show the capability of 
the ECS in detecting asphalt concrete response under the 
effect of water conditioning. 

Materials 

Two aggregates and two asphalts were used from the SHRP 
Materials Reference Library (MRL) at the University of Texas 
(Austin) as follows: 

1. Aggregates: granite , RB, nonstripper and gravel, RL, a 
known stripper. 

2. Asphalts: AAG-1 and AAK-1. These were selected be
cause of their different compositional and temperature
susceptibility characteristics. 

These four asphalt-aggregate combinations were used to 
fabricate mixtures. 

Test Procedure 

The water-conditioning procedure is summarized for a typical 
test and includes several steps, depending on the mixture and 
variables being evaluated. 

1. A specimen 4 in . in diameter and 4 in. high is mixed and 
compacted. 

2. Physical measurements (density , voids, etc.) are deter
mined . 

3. Circumferential silicon seal is applied, and specimens are 
mounted in load frame. 

4. L VDTs are mounted. 
5. Preconditioned resilient modulus is determined. 
6. Permeability (air) is measured . 
7. Specimen is wetted according to desired procedure and 

permeability (water) is measured. 
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8. Conditioning cycles are begun according to the desired 
sequence. Table 1 shows a typical conditioning chart that 
includes the variables for each test. 

9. The resilient modulus (MR) and water permeability (K) 
are measured at 25°C after each cycle. 

10. Upon completion of conditioning, the specimen is split 
open and the degree of stripping determined. 

Effect of Saturation Level 

One of the capabilities of the ECS is to isolate and evaluate 
a single factor among a wide range of factors. In the ECS 
water-conditioning procedure, the degree of saturation is de
fined by a standardized vacuum level. The wetting vacuum 
level, before the water-conditioning cycling, is either 10 in. 
Hg for moist or 20 in. Hg for saturated. A vacuum level of 
10 in. Hg is then maintained during conditioning. Vacuum 
level appears to be more representative for the ECS procedure 
because retaining some vacuum (10 in .) during water condi
tioning maintains a constant level of saturation better than 
for static immersion conditioning. 

For evaluation of the saturation level, 2 two-specimen sets 
were compacted for one air void level from the same asphalt
aggregate mix, RL-AAK-1. One set was then wetted to achieve 
the moist condition, and the second set was wetted to achieve 
the saturated condition. All specimens were then subjected 
to the same water-conditioning procedure, same temperature 
level, and repeated loading, as shown in Table 1. Figure 10 
shows the retained modulus (average of each set) obtained 
by dividing the MR after each conditioning cycle by the original 
dry MR. The specimens subjected to the higher wetting level 
(i.e., saturated) experienced more water damage. 

TABLE 1 Conditioning Chart for Figure 10 

f 
u 
a: 
:E 

CONDITIONING STAGE 
CONDITIONING FACTOR 

WET* 

Vacuum On. Hg) : 
Saturated 20 

Moist 10 

** 25 Ambient Temp.(C) 
Duration (hr.) 0.5 

* WET : W•ttln; 1h• Sp.clmln Prior Conditioning O/CIH 

* * Inside 1h• EnvVonmental Ceblntl 

CYCLE-1 CYCLE-2 CYCLE-3 

10 10 10 

10 10 10 

60 60 60 

6 6 6 

1.4 ---------------------~ 

1.2 

1.0 

Low Sat. ( Moist : 10 in. Vacuum ) 

0.8 

0.6 

o.4 L--0------------~12------~-' 

18 
TIME ,hr. 

FIGURE 10 Effect of vacuum level on MR: hot-saturated and 
hot-moist conditionings with continuous repeated loading. 
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Effect of Conditioning Temperature 

To evaluate conditioning temperature 2 two-specimen sets 
were compacted to the same air void level using the same 
asphalt-aggregate combination, RL-AAK-1. Before condi
tioning, the specimens were tested for Ma at 25°C. Both sets 
were then subjected to the same wetting procedure to achieve 
a saturated level (i.e., pulling 25°C water under a vacuum 
level of 20 in. of Hg for 30 min). After wetting, one set was 
subjected to three 6-hr "hot cycles" at a temperature of 60°C 
with continuous repeated loading while a vacuum of 10 in. of 
Hg was maintained. Between cycles the specimen tempera
ture was reduced to 25°C and the Ma was measured. The 
second set was tested in the same manner except the specimen 
temperature remained constant at 25°C throughout. Figure 
11 shows that the specimens subjected to the hot cycles (60°C) 
experienced a significantly higher degree of water damage 
than did the specimen cycled at ambient temperature (25°C). 

SUMMARY AND CONCLUSIONS 

The development of the ECS required considerable effort to 
mitigate the problems associated with seemingly minor details 
(e.g., LID ratio, strain gauges versus LVDTs, amount of sil
icone sealing required) such that a reliable and practical sys
tem producing repeatable results emerged. Although the fol
lowing conclusions (which are based on data to date) appear 
warranted, it should be noted that this is an ongoing study 
and that the conclusions should be regarded as tentative. 

As for the loading subsystem, the effect of the height-to
diameter ratio was shown to have significant import in the 
determination of resilient moduli of asphalt concrete speci
mens. Resilient modulus tests indicated that specimens having 
an LID ratio of less than unity showed greater variability and 
significantly greater magnitudes than did specimens having 
LID ratios greater than unity. Furthermore, it was shown that 
modulus tests on specimens having an LID ratio of 5/4 had 
essentially the same variability and magnitude as those for 
specimens with LID ratios of 7/4. With these results and the 
expectation that most production laboratories can easily pro
duce 4-in.-high specimens (but may need to retool to produce 
specimens of greater height), a 4-in. height and 4-in. diameter 
were selected as a standard. 
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f 
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:E 
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FIGURE 11 Effect of conditioning temperature on M". 
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Comparisons between L VDTs and strain gauges showed 
little or no significant difference on dry specimens. However, 
the use of strain gauges presented problems of practicality 
during actual testing. That is, the strain gauges wrinkled under 
the effect of repeated loading with hot-water conditioning. 
Therefore, the use of LVDTs was adopted for strain measure
ment during the resilient modulus tests. Although the use of 
strain gauges for the ECS was abandoned, tests on the type 
of glue used to bond the gauges to the specimens showed no 
significant difference between glue types, thus cyanoacrylate 
ester (superglue) was recommended for such application, be
cause of its quick drying time. 

Tests evaluating the use of Teflon disks (used to minimize 
shear stresses at the top and bottom of the specimen during 
modulus testing) indicated that perforated disks are suitable 
and that no significant difference exists between the type or 
number of disks. Duplicate tests using one disk at each in
terface indicated that the ECS-Mn is indeed repeatable. 

As for permeability measurement, it was shown that par
tially sealing the specimen (sealing the middle third) with 
silicone cement is adequate; that is, fully sealing the speci
men is unnecessary-the two methods indicate no significant 
difference. 

Finally, regarding evaluation of the overall system, it was 
shown that the system is sufficiently sensitive to detect the 
level of damage due to water in terms of saturation level and 
conditioning temperature. In short, the ECS has been dem
onstrated to be suitable for and capable of determining the 
effect of water damage for a range of asphalt concrete mixtures. 
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Effects of Test Parameters on Resilient 
Modulus of Laboratory-Compacted 
Asphalt Concrete Specimens 

RICHARD L. BOUDREAU, R. GARY HICKS, AND ARTHUR M. FURBER 

The resilient modulus of a laboratory-compacted asphalt concrete 
specimen is dependent on many factors, including the test system 
used, the test operator, the method of compaction, the level of 
compaction, and parameters or conditions in the test procedure 
such as temperature, load frequency, load duration, and load
induced diametral strain level. The results or a parametric study 
involving resilient modulus testing of two dense-graded hot-mix 
asphalt concrete mixtures compacted to two levels of air voids 
are presented. Three replicated test specimens were prepared for 
each mix at each air void level using the Marshall method of 
compaction. The concern was to select one combination of test 
temperature, load frequency, load duration, and induced dia
metral strain that w uld lead to repeatable modulus results among 
the replicated specimens within each group while being sensitive 
enough to detect differences between the two mix types and levels 
of air void contents of similar mix types. A pneumatic test system 
was used to measure resilient modulus. On the basis of a statistical 
analysis of the test results, it was concluded that the test conditions 
consisting of 0.1-sec load duration, 0.33 Hz load frequency, 50 
to 75 x 10~ 4 percent induced strain (50 to 75 µstrain) at 60°F 
would best satisfy the repeatability criteria. 

Various testing machines are available that can directly mea
sure the resilient modulus (MR) of an asphalt concrete (AC) 
specimen using repeated-load techniques. Variability in the 
MR arguably can be attributed to the operation of different 
machines by different operators, the variations in mix designs, 
and the level of compaction of the AC specimens, but perhaps 
the most severe variable contributing to such errors is the 
combination of test conditions selected to perform the test. 

ASTM has recommended a range of test temperatures, load 
duration and frequency, and induced diametral strain in the 
standard test method ASTM D4123. These conditions are 

Temperature-41, 77, and 104°F; 
Load duration-0.1 to 0.4 sec; 
Load frequency-0.33, 0.5, and 1.0 Hz; and 
Load/strain level-induce 10 to 50 percent of the tensile 

strength. 

MR can be measured as total or instantaneous, which differ 
in the interpretation of recoverable strain on load release; it 
is described in more detail in the ASTM test procedure. All 
of these factors can greatly influence the MR of an asphalt 
concrete mixture. 

R. L. Boudreau, Law Engineering, Inc., 1386 Mayson Street, At
lanta, Ga. 30324. R. G. Hicks, Oregon State University, Covell Hall 
106, Corvallis, Oreg. 97331. A. M. Furber, Pavement Services, Inc., 
2510 Southwest First Avenue, Portland, Oreg. 97201. 

The concern of the laboratory study presented in this paper 
is to evaluate the effects of the MR test conditions on repli
cated specimen groups. The primary objective is to develop 
a singular set of test conditions that leads to the most re
peatable MR results within a set of replicated specimens. The 
secondary objective is to evaluate the potential of the test 
conditions selected to differentiate between MR results of rep
licated specimen groups with subtle variations in mix con
stituents and levels of compaction. 

EXPERIMENT DESIGN 

To satisfy these objectives, several variables were used in the 
study. These test variables can be divided into two general 
groups: (a) material variables (two aggregate types and two 
air void contents), and (b) procedural variables (ASTM test 
conditions as defined). 

Material Variables 

The specimens tested were laboratory Marshall-compacted, 
dense-graded hot-mix AC specimens made up of aggregates 
from two Oregon sources. Aggregate A is a crushed, river
run basalt aggregate. Aggregate B is a crushed hillside basalt 
aggregate. By visual observation, Aggregate B generally ex
hibits greater fractured faces, angularity, and surface rough
ness than Aggregate A. 

An AR-4000W grade asphalt was batched with each aggregate 
at the optimum content recommended by the Oregon Depart
ment of Transportation (ODOT), as shown in Table 1. 

Two levels of compaction were used for each aggregate 
type to achieve 4 and 10 percent air voids. The group prepared 
with Aggregate B at 4 percent air voids also contained 1 
percent hydrated lime, which was slurried with the aggregate 
and dried before batching. The lime was used with Aggregate 
B only to aid in the evaluation of the effectiveness of lime as 
an antistripping additive, which is not evaluated in this paper. 
The air void contents were determined by the standard pro
cedure given in ASTM D3203, (Percent Air Voids in Com
pacted Dense and Open Bituminous Paving Mixtures) and 
reported as a percentage of total specimen volume. Bulk spe
cific gravities were determined using ASTM 02726 (Bulk 
Specific Gravity and Density of Compacted Bituminous Mix
tures Using Saturated Surface-Dry Specimens); maximum 



Boudreau er al. 

TABLE 1 ODOT Mix Designs for Dense-Graded 
C-Mix (HVEEM) 

Percent Passing 
(percentages of total aggregate by weight) 

ODOT 
Sieve Size Aggregate A Aggregate B Specifications 

3/4" 100 100 100 
1/2" 98 99 95 - 100 
3/8" 81 87 
1/4" 65 66 60 - 80 
#10 32 33 26- 46 
#40 12 16 9 - 25 

#200 5.0 4.8 3-8 

Optimum Asphalt 6.0 6.7 4-8 
Content',% 

• Percent of total mix by weight 

specific gravities were determined using ASTM D2041 (The
oretical Maximum Specific Gravity and Density of Bitumi
nous Paving Mixtures). 

The purpose of using varying air void contents for the test 
program was to detect if the test procedure would be sensitive 
enough to differentiate between MR values of varying voids. 
The expected trend is a decrease in MR with an increase in 
air voids (J ,2). 

Procedural Variables 

The pneumatic test system shown in Figure 1 was used in this 
study. As described , the operator of the repeated-load diametral 
test system can control a fairly wide range of values for the load 
duration , frequency, and amplitude, along with the testing tem
perature. Each test specimen, therefore, was subjected to a 
series of tests over a range of controlled conditions as shown in 
Table 2. The range was selected in order to investigate the full 
range of test conditions specified by ASTM D4123. Table 2 
illustrates that 13 out of a total of 81 test combinations were 
selected for the evaluation. The selection of the 13 conditions 
was made on the assumption that trends of MR with respect to 
duratiOn, frequency, and strain level are the same for any given 
material at any temperature. Therefore , the effects of duration 
and frequency were observed at only one temperature (77°F) 
and one induced strain level (75 µstrain) and the effects of 

FIGURE I Pneumatic test system. 
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TABLE 2 Matrix of Test Conditions in Study 

T cmperatUie ("F) 41 I 77 I 104 

Micros train ~1~1~1~ 1 ~1~ 1 ~1~1~ 
Duration Frequency 

(hz.) (sec.) 

0.33 x 
0.1 0.5 x x x x x x x x x 

1.0 x 

0.33 

0.2 0.5 x 
1.0 

0.33 

0.4 0.5 x 
1.0 

temperature and induced strain level were observed at only one 
load duration (0.1 sec) and one load frequency (0.5 Hz) . If this 
assumption is correct, the F-ratio for the two-way interaction 
should not be significant. 

ANALYSIS PROCEDURE 

The experimental design used to analyze the test results was 
a completely randomized design (CRD), and a two-way anal
ysis of variance (ANOV A) was selected as the statistical tool 
to aid in the evaluation of the results (3). For this design the 
procedural variables or conditions were assigned as Factor A, 
and the material variables, or simply materials, were assigned 
as Factor B. Therefore, 13 levels of Factor A and 4 levels of 
Factor B for a total of 52 treatments (A x B interactions) 
could be evaluated. 

An assumption of ANOV A is that experimental errors are 
random, independent, and normally distributed about zero 
mean with common variance (3). The F-ratio, a statistic com
puted from the ANOV A error terms, is the ratio of two 
independent estimates of the same variance. Where the 
F-ratio is used, a null hypothesis of equal factor means is 
assumed. In general terms, the ratio represents a comparison 
between a biased estimated variance (mean square for factors, 
MSA, MSB, or MSAB) of the experiment and an unbiased 
estimate of variance (mean square for error, MSE) of the 
experiment. The hypothesis of equal means is rejected in favor 
of unequal means if the computed F-ratio is larger than critical 
F-ratios for any combination of degrees of freedom and sig
nificance levels associated with a given experiment. Critical 
F-ratios are tabularized in most statistics textbooks. 

The total and instantaneous MR were measured ; therefore, 
two ANOV A tables were generated that were similar to the 
one in Table 3. A comparison of precision between the two 
measurements can be made using the coefficient of variation , 
CV, (4, p. 13) which is defined by Equation 1: 

CV = ((MSE)"2/x .. ) * 100 percent (1) 

where x .. is the grand mean of all observations. 
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TABLE 3 Experimental Design ANOVA 

Source of Degrees of Sum of Mean 
Variation Freedom Squares Square F-ratio 

Condi lions k-1 SSA MSA F, 
(Factor A) 

Materials 1-1 SSB MSB F, 
(Factor B) 

Treatments (k-1)(1-1) SSAB MSAB F., 
(Ax B) 

Error kl(m-1) SSE MSE 

Total klm-1 SSTot 

Variable definitions: 

k = No. of levels of conditions = 13 

I= No. of levels of materiaJs = 4 

kl= No. of treatrnenls (each one a combination of test conditions 
and materials level} = 52 

m= No. of observations of each treatment = 3 replicates 

Calculations: 

CT= CT = Correction term = klm(x .. )1 where x .. = Grand mean of 
all observations 

SSA= mlEA', -CT x = each 
observation 

SSB = mkEB2
1 - CT 

SSAB= mEEAB1u- SSA - SSB - CT 

SSTot = EEEx' ... ·CT 

SSE= SSTot · SSA - SSB - SSAB 

Mean squares ;i re determined by dividing the sum of squares by their associated 
degrees of freedom . 

F-r-otlos nre determined by dividing the mean squares by the mean square for error. 

RESULTS 

MR tests were performed on each test specimen ( 4 groups 
x 3 replicates/group = 12 total specimens) using the re
peated-load test system. The H&V pneumatic device shown 
in Figure 1 was used in this study. The specimens were tested 
at each of the 13 test conditions identified in Table 2, and 
corresponding total and instantaneous MR values were rec
orded. The values were averaged for the three replicated 
specimens in each group (i.e., A4 = Aggregate A , 4 percent 
air voids , AlO = Aggregate A, 10 percent air voids, BL4 
= Aggregate B treated with lime, 4 percent air voids, and BlO 
= Aggregate B, 10 percent air voids), and the results are 
presented in Figures '2 through 9 to illustrate the general MR 
trends with respect to each test condition. Each figure repre
senting the total MR response is grouped with a similar figure 
representing the instantaneous MR response. By general ob
servation , the modulus decreases with increasing temperature 
and load duration . It is apparent that these general trends are 
consistent within the different material groups (shown by ap
proximate parallel lines) for the total MR response and in
consistent (shown by intersecting lines) for the instantaneous 
MR response. The total and instantaneous MR responses were 
observed to be independent of load frequency and induced 
strain levels; therefore, they are not shown graphically. The 
coefficient of variation for each observation (average of three 
replicates) was found to be generally greater for the instan
taneous MR response. This was expected in that the interpre
tation of the instantaneous measurement deflection is more 
judgmental than the total measurement of deflection , which 
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FIGURE 2 Temperature effects at 50 µstrain: total modulus. 
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FIGURE 3 Temperature effects at 50 µstrain: instantaneous 
modulus. 
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FIGURE 4 Temperature effects at 75 µstrain: total modulus. 

leaves a greater chance for error when obtaining instanta
neous MR results (ASTM D4123) . 

It should be noted that tests performed at 104°F were only 
marginally successful for the 4 percent air void samples and 
could not be performed for the 10 percent air void samples. 
This temperature was found to be too warm, and all samples 
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FIGURE 5 Temperature effects at 75 µstrain: instantaneous 
modulus. 
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FIGURE 6 Temperature effects at 100 µ strain: total modulus. 

exhibited flow (excessive permanent deformation) with only 
a 10-lb static seating load. Therefore, the 104°F test temper
ature was removed from consideration as a practical temper
ature, and the ANOV A in Table 3 was adjusted accordingly 
to reflect that only 10 levels of testing condition, Factor A , 
were considered in the analysis rather than the 13 levels orig
inally planned. 

DISCUSSION OF RESULTS 

Two ANOV As were performed at the conclusion of the MR 
testing, one for the instantaneous measurement of MR and 
the second for the total measurement of M11 • The ANOV As 
resulted in a highly significant interaction (a significant 
F-ratio of the AB interaction), suggesting that Factors A and 
B do not act independent of each other. Unfortunately, in
ferences drawn from the test data at the 77°F testing tem
perature (i.e ., general trends of MR with respect to load du
ration, frequency and induced strain level) do not necessarily 
hold true at the 41°F testing temperature . 

Because Factors A and B do not act independent of each 
other, the results can be summarized in a two-way table of 
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FIGURE 7 Temperature effects at 100 µ strain: instantaneous 
modulus. 
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FIGURE 8 Load duration effects: total modulus. 
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FIGURE 9 Load duration effects: instantaneous modulus. 

AB means as shown in Tables 4 and 5 for the instantaneous 
and total measurements, respectively, and comparisons of AB 
means can be made . 

At the onset of the experiment, both measurements were 
expected to detect significant differences between material 
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TABLE 4 Mean Instantaneous MR or Four Types or Material Under Different Levels of Settings [ksi (n = 3)] 

CONOmoNS• 

1 2 3 4 6 6 7 8 9 10 

T emperature("F) 41 77 

Frequency (hz.) 0.5 0.6 0.33 0.5 1.0 0.6 

Duration (sec.) 0.1 0.1 0.1 0.1 Q;2 0.4 o.~ 0.1 

Mlcrostraln 50 75 100 50 75 100 

MA!!;RIA!.S0 

A4 2085 2083 2121 1283 1109 c: c;:J c: c~ c:] 8L4 1743 1758 1571 1125 867] 
A10 [1336 1223 [1284 503 [576 c: 281 199 

[~ c: 810 1327 1435 1362 746 759 624 490 

Average 1623 1625 1585 914 828 830 601 499 845 825 

* Conditions are combinations of temperature, load frequency and duration, and mlcrostraln level. 
** Materials are combinations of aggregate type, air void content and additive type. 

TABLE 5 Mean Total MR of Four Types of Material Under Different Levels of Settings [ksi (n = 3)] 

CONDITIONS* 

1 2 3 4 5 6 7 8 9 10 

Temperature("F) 41 77 

Frequency (hz.) 0.6 0.6 0:33 0.5 1.0 0.5 

Duration (sec.) 0.1 0.1 0.1 0.1 0.2 0.4 0.1 0.1 

Mlcrostraln 50 75 100 50 75 100 

MAIERIALS .. 

A4 1801 1801 1840 [410 c: [396 c:s ['83~ c: 409 

8L4 1642 1610 1406 433 268 [409 

A10 1063 1033 1017 c:: 175 C:l ·j 74 c:J [211] 
810 1224 1259 1211 353 [214 [173 310 

Average 1433 1426 1369 333 358 331 215 175 351 335 

* 
** 

Conditions are combinations of temperature, load frequency and duration, and mlcrostraln level. 
Materials are combinations of aggregate type, air void content and additive type. 

groups at any test condition combination. Differences be
tween material groups at any test condition combination can 
be made using the t-test statistic. The I-test tests the hypothesis 
that means are equal against the alternative that the means 
are different (5). The I-statistic is computed as follows: 

t = (x 1i - Xr1.)/(2MSE!m) 112 (2) 

where 

mean MR at the ith level of material and 
the jth level of conditions, 
mean MR at the ith' level of material and 
the }th' level of conditions (x,1 4" x,.i'), 

(2MSE/m ) 112 = standard error for differences between AB 
means, 

MSE = mean square for error of the appropriate 
experiment, and 

m = number of replications at each AB level. 

The computed I-statistic is compared to a tabularized critical 
t-value at the appropriate level of significance and associated 
degrees of freedom . These critical t-values can be found in 
most statistics textbooks. Differences of material means at 
each level of setting combinations were compared in Tables 
4 and 5, and the means that were not significantly different 
were marked with links as shown. A link drawn on the left 
side of the column indicates that the particular combinations 
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of test conditions uniquely defining that column did not result 
in MR values that could successfully differentiate between 
mixtures composed of different aggregates at the same level 
of air voids. Likewise, a link drawn on the right side of the 
column indicates that the particular combinations of test con
ditions uniquely defining that column did not result in MR 
values that could successfully differentiate between similar 
mixtures compacted to different levels of air voids. These 
comparisons were made at the 0.05 O'.-level. The tables illus
trate that differences between material groups are most ap
parent at 41°F. It is also apparent from these tables that the 
total MR measurement differentiates between material changes 
better than the instantaneous MR measurement at the lower 
temperature. Also, the computed CV of the total MR exper
iment was 11.9 percent as compared with the 12.5 percent 
CV computed from the instantaneous experiment, suggesting 
that the total measurement is relatively more precise. 

The conclusions, from the ANOV A, strongly suggest 41°F 
as the preferred testing temperature. The conclusion is sup
ported by the fact that at this temperature, the test procedure 
yields MR values that differ significantly between material 
changes. The test procedure does not give a strong differ
entiation of MR results at 77°F. 

The 41°F test procedure requires special conditions, namely, 
a cold environment in which to work. The closer the test 
temperature is to ambient temperature, the more practical 
the test will be. If the test temperature is significantly different 
than ambient, heat loss or gain becomes a problem and an 
individual test can take an impractical amount of time. There
fore, a temperature between 41° and 77°F needed to be ex
plored as a practical alternative. 

This was done with samples compacted to 4 and 8 percent 
air voids for each aggregate type (sample groups therefore 
consisted of A4, B4, A8, and B8, as defined). Four replicates 
were compacted and tested for total MR at temperatures of 
41, 50, 60, and 77°F. A summary of the test results is shown 
in Table 6. An ANOV A was done by partitioning the tem
peratures as blocks in a randomized block design and selecting 
the four material groups as treatments (6). These results are 
presented in the ANOVA Table 7. The ANOVA table shows 
that there exists highly significant differences between treat
ment means, and blocking was successful in removing one 
source of variation from the experimental error (shown as 
significant F-ratios). 

TABLE 6 Supplemental Temperature Study: Total MR ksi (n = 4) 

Blocks Of TempefBlure 

1 2 3 4 

Treatments 41°F 50'F 60°F n'F 

A4 2595 1882 1271 496 

B4 2717 2213 1686 771 

AB 1768 1189 725 208 

BB 1831 1421 960 322 

block mean= 2228 1676 1160 449 

SS(Tr)j = 74135 633310 517904 180039 

MS(Tr)j = 247712 211103 172835 60013 

F(Tr)j = 13.53 11 .53 9.43 3.28 
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TABLE 7 Supplemental Temperature Study, ANOVA 

Source of Degree of Sum of Mean 
Variation Freedom Squares Square F-raHo 

Treatments 3 1909595 636532 34.76•• 

Blocks 3 6886178 2295393 125.36•• 

Error 9 164793 18310 

Total 15 

•• Significant at the 0.01 a-level 

The primary concern in this supplemental temperature study 
was to determine if some intermediate temperature between 
41 and 77°F would lead to MR values that strongly differentiate 
between treatment means. This was done by computing the 
individual contribution of variability among blocks (MSTb1) 

to the overall variability of the experiment (MSE), shown as 
a partial F-ratio identified as F(Tr)i of Table 6. This analysis 
suggests choosing the largest F-ratio among blocks, which 
implies the largest contribution to the overall experimental 
variability, or in other words, the block (temperature) that 
results in MR values most different with respect to material 
groups. 

The 41°F temperature again leads to the most discriminate 
MR values, shown as a high partial F-ratio [F(Tr)J in Table 
6. However, by elevating the test temperature to 50 and 60°F, 
the results still appear to discriminate highly between material 
groups; at 77°F, this generalization does not seem warranted. 
The relationship between 41 and 77°F with respect to material 
sensitivity is consistent with those found earlier. 

CONCLUSIONS AND RECOMMENDATIONS 

Conclusions 

From this study, the following conclusions can be made: 

1. MR results obtained shown a high degree of material 
sensitivity at 41°F and a low degree at 77°F. 

2. The total measurement led to results with a higher degree 
of material sensitivity than the instantaneous measurement 
did. The total measurement is also comparatively more pre
cise than the instantaneous measurement. 

3. There is evidence that indicates little change in the ability 
of the test procedure to differentiate between material changes 
when total MR is tested at 41, 50, or 60°F. This is shown in 
the partial F-ratio row of Table 6. 

4. There is insufficient evidence that indicates differentia
tion between material changes at 77°F testing temperature, 
shown as a low partial F-ratio in Table 6. 

Recommendations 

From the evaluation of these study results, it is recommended 
that the test conditions of 0.1-sec load duration, 0.33 Hz load 
frequency, 50 to 75 µstrain, and 60°F be used as the standard 
procedure to be used with the repeated-load test system and 
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the MR reported as a total MR. These test conditions are 
critical when a relative comparison of two or more mix types 
is to be made or when subtle differences of one mix type are 
to be detected, such as strength sensitivity to gradation, as
phalt content, and moisture damage. 
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Introduction to Strategic Highway 
Research Program-Long-Term Pavement 
Performance Asphalt Concrete Resilient 
Modulus Testing Program 

WILLIAM 0. HADLEY AND JONATHAN L. GROEGER 

Research is under way in the Strategic Highway Research Pro
gram's Long-Term Pavement Performance (SHRP-LTPP) proj
ect to develop and implement a test procedure for resilient mod
ulus testing of asphalt concrete. A comprehensive test procedure 
has evolved over the past 3 years and is moving toward full-scale 
p~oduction testing in early 1992. Readers with limited exposure 
with the SHRP-LTPP program are provided with a feel for the 
test procedure that has been developed and the various activities 
that have been undertaken in this program to ensure consistent 
and reliable results. 

The overall goal of the Strategic Highway Research Program's 
Long-Term Pavement Performance Program (SHRP-LTPP) 
studies is "to increase pavement life by investigation of various 
designs of pavement structures and rehabilitated pavement 
structures, using different materials and under different loads, 
environments, subgrade soil and maintenance practices" (1) . 
A major component of the LTPP research effort is the es
tablishment of a national pavement data base (NPDB) con
taining inventory information and performance histories of 
pavements with various design features, materials, traffic loads, 
environmental conditions, and maintenance practices. The 
primary source of the information stored in the NPDB will 
be the inventory and monitoring data collected on a large 
number of pavement test sections on existing or in-service 
pavements forming the general pavement studies (GPS) por
tion of LTPP, as well as newly constructed or rehabilitated 
test sections included in the specific pavement studies portion 
of L TPP, which allows for more-intensive evaluation of se
lected factors (1). 

The L TPP study is being conducted under the central lead
ership of the SHRP staff with technical assistance provided 
by Texas Research and Development Foundation under SHRP 
Contract (P-001). The inventory and field monitoring data 
are being collected through the efforts and supervision of four 
regional coordination office contractors in cooperation with 
the state/province highway agencies. Information obtained 
through L TPP field material sampling and field testing and 
laboratory testing contracts includes in situ density and mois
ture data, visual pavement layer information, and laboratory 
test data (materials characterization) for each pavement sec
tion. This information will be included in the NPDB (1). 

Texas Research and Development Foundation, 2602 Dellana Lane, 
Austin, Tex. 78746. 

A significant amount of data will be produced from the 
L TPP studies that can be used by the highway research com
munity. One of the more important outputs from the materials 
characterization portion of the L TPP study will be resilient 
modulus (MR) data from each layer of the pavement test 
sections. Relationships between this MR data, other materials 
properties, and falling weight deflectometer data should be 
invaluable in evaluating the pavement performance of the 
LTPP sections. 

This paper offers an overview of a specific SHRP-LTPP 
test procedure involving resilient modulus testing of asphalt 
concrete (AC) cores. It is intended to provide a discussion of 
the fundamentals of this test procedure and to identify the 
expected results to be achieved from the performance of this 
test. 

OVERVIEW: SHRP-LTPP MATERIALS 
TESTING PROGRAM 

The goal of the SHRP-L TPP field sampling and laboratory 
testing work is to recover , examine, and store pavement ma
terial samples obtained from designated pavement test sec
tions and then to perform specified laboratory tests in order 
to define adequately the pavement layer structure and char
acterize material properties of the LTPP test sections. Lab
oratory tests are conducted for asphalt concrete, extracted 
aggregate from asphalt concrete, asphalt cement, bound base, 
subbase and subgrade, unbound granular base and subbase, 
subgrade, and portland cement concrete materials. The lab
oratory testing program includes a comprehensive testing 
process designed to produce an independent determination 
of pavement layering. 

For each laboratory test, standard SHRP protocols have 
been developed for use by the laboratories. The intent of this 
process is to minimize the variability of material test data 
attributable to laboratory materials testing and handling tech
niques by standardizing these techniques as much as possible. 

Many of the test procedures included in the SHRP program 
are based on standard AASHTO or ASTM specifications. 
However, several procedures, such as AC Core Examination 
and Thickness, were developed completely because AASHTO 
and ASTM lacked specifications. Still other protocols involve 
major modifications of the AASHTO or ASTM standards. 
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One such protocol, Resilient Modulus of Asphalt Concrete , 
represents a major modification to the existing ASTM D4123 
procedure. The remainder of this paper will focus on this 
procedure. 

AC RESILIENT MODULUS TESTING 

Summary of Method 

The SHRP protocol for AC resilient modulus testing (SHRP 
Protocol P07) describes procedures for determining MR using 
repeated-load indirect tensile testing techniques . The proce
dure involves resilient modulus testing for a range of tem
peratures, loads, rest periods, and axis of loading. This test 
is completed on field cores obtained from SHRP test sections 
and is conducted through repetitive applications of compres
sive loads in a haversine waveform. 

Development of Test Method 

The development of the SHRP AC MR test procedure has 
been under way for some time. An outline and a draft test 
procedure were originally developed by a group of materials
testing experts under the direction of SHRP (2). The first 
draft of Protocol P07 was essentially based on ASTM D4123-
82 (1987) and preliminary findings of the asphalt-aggregate 
mixture analysis system study. The first production version 
of P07 was issued in July 1989. Subsequent revisions were 
instituted by the SHRP technical assistance contractor in No
vember 1989, and the version currently in use for the resilient 
modulus pilot study was issued in July 1991. Further refine
ment of the test procedure, based on the results of a pilot 
study, is expected. This protocol was to be issued in its final 
form in early 1992. Resilient modulus testing of all LTPP AC 
specimens should be complete by middle to late 1992. 

SHRP PROFICIENCY TESTING 

Expert task group recommendations led to a decision in 1988 
that a vital element in laboratory quality assurance would be 
the AASHTO accreditation program (AAP) (3). The labo
ratories under contract to SHRP were required to be ac
credited by AAP. Since the resilient modulus testing of as
phalt is not covered under this program, it was decided that 
a separate proficiency-testing program would be developed 
to ensure the quality of the test data being collected (3). 

Seventeen laboratories are participating in an asphalt con
crete resilient modulus testing program that involves two sep
arate test series for the verification of MR system calibration 
and proficiency. The first portion involves the verification of 
the system calibration and proficiency by testing a set of four 
synthetic reference specimens (i.e., rubber, Teflon, poly
urethane, and Lucite) provided by SHRP; the second portion 
involves establishment of further MR proficiency on actual 
asphalt field cores. 

In the first series, laboratory-generated MR results for the 
synthetic specimens are compared with the anticipated range 
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in MR results to identify acceptable or unacceptable results. 
If the measured responses do not fall within the anticipated 
range, the agencies are advised to inspect their test system 
for problems with equipment (load cell, transducers, etc.), 
alignment, or specimen placement. Once system problems are 
corrected and acceptable MR values are obtained, the testing 
agency is released to begin the second series of the proficiency 
program involving asphalt core proficiency testing. It should 
be noted that a number of laboratories had considerable dif
ficulty in completing the initial proficiency test series. 

The second proficiency test series involves MR testing of 
asphalt cores obtained from the Pennsylvania State University 
test track. The participating laboratories were given two sets 
of core specimens and were asked to conduct resilient modulus 
testing using the SHRP Protocol P07 procedures including 
testing at 41, 77, and 104°F (5 , 25, and 40°C). Similarly to the 
initial series, the MR values generated by the participating 
laboratories were compared to a range of expected MR values 
developed by SHRP quality-control personnel. If measured 
responses fall outside this range, the agencies are advised to 
inspect their load apparatus, transducer placement, and lo
cation for needed adjustments and to evaluate specimen 
marking, location, and placement techniques of laboratory 
personnel. 

The initial round of testing within the synthetic proficiency 
series produced a range of resilient modulus values from 25 
percent to an order of magnitude greater than the accepted 
values for the reference specimens . This illustrates that this 
testing program was indeed necessary and vital to the success 
of the LTPP program. The experience indicates that a less 
vigorous course of action may have resulted in the collection 
of unusable data at great cost to the highway community (3). 

PILOT STUDY TESTING 

The SHRP AC MR pilot study was initiated to provide SHRP 
with answers to several questions concerning the AC MR pro
gram . The objectives of this study are as follows: 

• Provide SHRP laboratories with general resilient mod
ulus testing experience before production testing of the spec
imens; 

• Allow the laboratories a chance to institute and evaluate 
their inhouse quality-assurance and quality-control program 
before production testing; 

• Encourage uniformity in MR testing between the three 
SHRP contract laboratories; 

• Determine the extent of construction variability present 
between ends of a test section; 

• Determine areas in which Protocol P07 may be stream
lined; and 

• Determine if additional asphalt concrete property tests 
are required on samples undergoing resilient modulus testing. 

As part of this pilot study, AC specimens were selected 
from 40 SHRP test sections representing all four SHRP re
gions, including 24 states and 4 Canadian provinces (see Fig
ure 1). Approximately 480 specimens will undergo a battery 
of standard SHRP tests, including 
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• Core examination and thickness measurements, 
• Bulk specific gravity, 
• Maximum specific gravity, 
• Asphalt content, and 
• Resilient modulus. 

Through the performance of this study and the analysis of the 
corresponding data, the objectives mentioned previously will 
be achieved . 

Each SHRP contract laboratory must pass the AC profi
ciency and calibration testing program before they are cleared 
to begin pilot study testing. After clearance, each laboratory 
is given a list of the designated specimens for pilot testing. 
The order of testing of these samples has been randomized 
to minimize bias in the test results . The laboratory proceeds 
by testing each specimen in accordance with a defined process. 
The data from all of the samples will then be gathered and 
analyzed by the SHRP technical assistance contractor to achieve 
the stated objectives. It is anticipated that the results of this 
pilot study will have a significant chance of altering Protocol 
P07, since a critical analysis is going to be made of differences 
in modulus values for different rest periods on the same sam
ple and of the effect of testing two axes of each sample. This 
pilot study testing program should yield valuable results and 
insights into the asphalt concrete resilient modulus test 
procedure. 

RESILIENT MODULUS TEST 

The repeated-load resilient modulus test of asphalt concrete 
cores is conducted through repetitive applications of com-
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pressive loads in a haversine waveform. The compressive load 
is applied along a vertical diametral plane of a cylindrical core 
of asphalt concrete (Figure 2). The resulting horizontal and 
vertical deformations of the core are measured , and resilient 
modulus is calculated using the applied load, specimen di
mensions, and measured horizontal deformation information. 
In the current version of the MR protocol, Poisson's ratios 
are assumed for the three test temperatures. However, the 
use of calculated Poisson's ratios developed from measured 
horizontal and vertical deformations in calculating the resil
ient modulus will be investigated in the pilot study. 

Two separate resilient modulus values are obtained. One, 
defined as instantaneous resilient modulus, is calculated using 

StandoH Device 

' 

Horizontal LVDT 

p 
Horizontal LVDT 

Scribed Diametral Axis 
(Spec imen Rotated 45 Degrees) 

FIGURE 2 Proper loading and placement of horizontal 
transducers. 
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FIGURE 1 Pilot study experimental design. 
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the recoverable horizontal deformation that occurs during the 
unloading portion of one load-unload cycle. The other, de
fined as total resilient modulus, is calculated using the total 
recoverable deformation, which includes both the instanta
neous recoverable and the continuing recoverable deforma
tion during the rest period of one cycle. 

For each resilient modulus test, the following general pro
cedures are followed: 

• The tensile strength is determined for a selected test spec
imen at 77 ± 2°F using the procedures described in this paper. 
The value of tensile strength determined by this procedure is 
then used to estimate the indirect tensile stress and the cor
responding compressive load to be repetitively applied to the 
designated test specimens during the resilient modulus 
determinations. 

• The test specimens are tested along two diametral axes 
at three rest periods (i.e., 0.9, 1.9, and 2.9 sec) and at testing 
temperatures of 41, 77' and 104 ± 2°F ( 5' 25' and 40°C ± 
l°C). For each test temperature, repetitive haversine load 
pulses of 0.1-sec duration are applied to the individual test 
specimens with rest periods of varying duration between load 
pulses as described herein. The magnitude of load to be ap
plied is based on a predefined percentage of the indirect ten
sile strength of a specimen. The general testing sequence in
cludes initial testing at 41°F followed by testing at 77°F and 
final testing at 104°F. 

• After completion of resilient modulus testing at 104°F, 
the test specimen is returned to 77°F and an indirect tensile 
strength test is performed in accordance with standard pro
cedures to be outlined later. This test is performed to deter
mine the tensile strength of the specific specimen actually used 
in resilient modulus testing. 

In the pilot study, the resilient modulus test specimens 
subsequently are subjected to testing for maximum specific 
gravity and asphalt content using standard SHRP testing 
procedures. 

TEST EQUIPMENT 

Testing Machine 

The machine used for SHRP resilient modulus testing is a 
top-loading, closed-loop, electrohydraulic testing machine with 
a function generator capable of applying a haversine-shaped 
load pulse over a range of load durations, load lev~ls, and 
rest periods. 

Temperature-Control System 

The temperature-control systems are capable of attaining tem
perature control ranging from 41°F (5°C) to 104°F ( 40°C) while 
maintaining the specified temperature within ± 2°F ( ± 1.1°C). 
The ·y ·tern include · a temperature-controlled cabinet large 
enough to hold the load frame, one sample, and the horizontal 
and vertical deformation transducers. In most of the systems 
used by the SHRP testing laboratories, carbon dioxide is used 
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to cool the chamber and electric heating elements are used 
to heat the chamber. 

Specimen Holding and Loading Device 

In addition to the closed-loop system, a diametral load guide 
device has been designed for SHRP testing. The loading de
vice is a modified, commercially available (through special 
order) die set with upper and lower platens constrained to 
remain parallel during testing. The top platen is counter
balanced to minimize load effects for tests at elevated test 
temperatures. Attached to this load frame are two horizontal 
transducer holders positioned to provide a contact point of 
the transducer at the midheight of the specimen. These trans
ducer holders are adjustable in order to "zero" the trans
ducers before testing. Steel loading strips with a concave 
surface having a radius of curvature equal to a nominal 
4.0-in.-diameter specimen are attached to the load frame to 
apply uniform loading to the diametral axis of the core. The 
outer edges of the loading strips have been rounded to remove 
sharp edges that might cut the core during testing. 

This loading system has been designed to ensure that the 
load is applied evenly to the test specimen with no sample 
rocking or equipment flexure during testing. 

Measuring and Recording System 

The measuring and recording system includes sensors for 
measuring and recording horizontal and vertical deforma
tions. The system is capable of recording horizontal defor
mations in the range of 0.000005 in. (0.00015 mm) of defor
mation (see Table 1). 

The measuring or recording devices also provide real-time 
deformation and load information and are capable of moni
toring readings on tests conducted to 1 Hz. Computer mon
itoring systems are used to generate real-time plots for viewing 
as the test progresses. 

TABLE 1 Recommended Response Characteristics for Load Cell 
and Transducers 

Measurement Transducers 

Max. Linear Stroke, mm 
Max. Mechanical Travel, mm 
Minimum Sensitivity, mv/v/mm 
Nonlinearity, %FS 
Min. Temperature Range, C 

Load Cell 

Minimum Sensitivity, mv/v 
Nonlinearity, %FS 
Hysteresis, %FS 
Repeatability, %FS 
Maximum Deflection, mm 
Maximum Capacity, lb 

Vertical 

± 1.3 
4.0 
280 

± 0.5 
0-50 

2 
0.25 
0.25 
0.10 

0.125 
800 

Horizontal 

± 0.5 
1.5 
280 

±0.25 
0- 50 
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Horizontal Deformation Measurement 

The transducers used to measure horizontal deformations are 
located at midheight and opposite each other along the spec
imen's horizontal diameter (Figure 2). Positive contact be
tween the transducer tip and specimen is maintained during 
the test procedure. This is ensured by the use of spring-loaded 
transducers and the attachment of a suitable head as a contact 
point. In addition the two horizontal transducers are wired 
so that each Lransducer can be read independently and the 
results summed during the test program. 

Vertical Deformation Measurement 

The two transducers used to measure vertical deformations 
are located on opposite sides of the upper platen of the load 
frame (Figure 3). These two transducers are equidistant from 
the actuator shaft and on a line coincident with the center of 
the two guideposts of the load frame and the center of the 
actuator shaft. The sensitivity of these measurement devices 
has been selected to provide the required level of deformation 
readout. A positive contact between the vertical transducers 
and the upper platen of the load frame is maintained during 
the test procedure . In addition, the two tran ducer are wired 
so that each transducer can be read independently and the 
results averaged during the test program. 

Load Measurement 

The repetitive loads are measured with an electronic load cell 
that meets the load requirements necessary for resilient testing 
(see Table 1). 

SAMPLE HANDLING: 
PREPARATION AND MARKING 

Size Requirements 

Resilient modulus testing is being conducted on asphalt con
crete pecimen that are extracted from a ingle pavement 
layer and are more than 1.5 in . but Jess tban 3.0 in. thick. 
The de ired thickness for testing i 2.0 in . If the thickness of 

, 
, , 

Guide Poat 
Centerline of Upper Platen 

Upper Platen of Die Set 

FIGURE 3 Placement or vertical transducers. 
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a particular A layer scheduled for resting is 1 in. or more 
greater than the de ired resting thickness of 2 in., th n the 
2-in. specimen to be used for testing is obtained from the 
middle of the AC layer by sawing the specimen . SHRP test 
samples that have projections or depressions higher or deeper 
than 0.1 in. are not tested unless no other suitable cores are 
available. In addition, specimens with ends that are skewed 
(either end f the specimen departs from perpendicularity to 
the axis by more than 0.5 degrees, or YR in. in 12 in.) are not 
tested. Cores that have smooth, uniform curved surfaces as 
well as smooth and parallel top and bottom diametral faces 
are desired. 

Specimens To Be Tested 

Eight AC core locations have been designated for the P07 
test on every flexible pavement test section in GPS study. If 
any of the test specimens obtained from the specified core 
locations are damaged or untestable, other cores that are in 
the same grouping but that have not been identified for other 
testing are substituted for MR testing. Care is taken to ensure 
that high heat or other adverse conditions during storage 
do not deform the specimen or otherwise render it unfit for 
testing. 

Preparation of Specimens Before Testing 

Two diametral axes are marked on each test specimen to be 
le tcd using a suitable marking device (Figure 4). One axis 
shall be marked parallel to the traffic direction symbol (arrow) 
or "T" marked during the field coring operations. The other 
axis is marked at a 45-degree angle from the arrow (or T) 
placed on the specimen during field-coring operations. Slight 
adjustments in the marking locations are allowed to prevent 
the placement of the loading strip directly on expo ed large
aggregate particl . The thickne f each pecimen is then 
measured to the nearest 0.01 in. (0.25 mm). This thick
ness is determined by averaging three measurements taken 
equally spaced around the test specimen with a single center 
measurement. 

The diameter of each test specimen is determined to the 
nearest 0.01 in. (0.25 mm) by averaging a minimum of two 
diametral measurements. The diameter of the axis parallel to 
the direction of traffic is measured first. Subsequ®ntly, the 
diameter of the axis perpendicular to this axis is measured. 

FIGURE 4 Specimen marking device. 
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These two measurements are averaged to determine the di
ameter of the test specimen. If the average diameter of the 
core is less than 3.85 in. or exceeds 4.15 in., the core is not 
to be tested. In this case, a replacement core is selected for 
the resilient modulus test. 

TEST PROCEDURE 

General 

The asphalt cores are placed in a controlled temperature cab
inet or chamber and brought to the specified test tempera
tures. Unless the core specimen temperature is monitored in 
some manner and the actual temperature known, the core 
samples remain in the cabinet for a minimum of 24 hr before 
testing. 

The tensile strength of the designated test specimens are 
determined at 77 ± 2°F using the following procedure: 

• The test specimen is marked, placed in the loading ap
paratus and positioned (this is a critical alignment and it is 
conducted with great care). 

• A compressive load is applied at a controlled deformation 
rate along the axis marked parallel to traffic. A deformation 
rate of 2 in./min (50.8 mm/min) is used. 

•The load is monitored during the entire loading time, or 
until the load sustained by the specimen begins to decrease. 
The indirect tensile strength is then calculated using the fol
lowing equation: 

S (1.273 x P,;) [ . (57 .2958) 1 ] = x sin - -- - ---
, I D 2 x D 

or 

S, = 0.156 x P)t for a 4.00-in.-diameter core 

where 

P
0 

= maximum load sustained by the specimen (lb), 
t = specimen thickness (in.), and 

D = specimen diameter (in.). 

Alignment and Specimen Seating 

(1) 

At each temperature, the test specimen is placed in the load
ing apparatus and positioned so that the diametral markings 
are centered top to bottom within the loading strips on both 
the front and back face of the specimen along the axis parallel 
to the direction of h·affic (Figure 2). A check is also made to 
ensure that the midpoint of the specimen in the lengthwi e 
(or thickness) direction is located and coincident with a ve~
tical line of action through the test machine actuator shaft 
and the sbank of the load guide device. The alignment of the 
front face of the ·pecimen can be checked by en uring that 
the diametral marking is centered on the top and bottom 
loading strips. With the use of a mirror, the back face can be 
similarly aligned. The first axis to be tested is the axis parallel 
to the direction of traffic (i.e., the load is being applied along 
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the axis parallel to traffic). The head of the arrow should 
always be located at the top (12 o'clock) position and the 
upper surface (i.e., the newer pavement surface facing to the 
front) . 

The second axis tested is the axis 45 degrees from the initial 
axis parallel to the direction of traffic. The core specimen is 
similarly aligned along this axis before resilient modulus test
ing. The electronic measuring system is adjusted and balanced 
as necessary. Before testing and after the horizontal defor
mation transducers are mounted in the holding device, ad
justments are required in the relative position of the trans
ducers in order to match the mechanical "null" position with 
the electrical null or a near-zero voltage position (a similar 
null position is required for the transducers used to measure 
the vertical deformations during testing). When starting from 
the null position, the "travel" of the transducer shaft should 
be sufficient to require no further adjustment in the transducer 
position for the duration of a test. 

Preconditioning 

Preconditioning and testing are conducted while the specimen 
is in the temperature-control cabinet. Selection of the applied 
loads for preconditioning and testing at the three test tem
peratures is based on the tensile strength at 77°F, determined 
as specified previously. Tensile stress levels of 30, 15, and 5 
percent of the tensile strength, measured at 77°F (25°C), are 
used in conducting the resilient modulus determinations at 
the test temperatures of 41, 77, and 104 ± 2°F (5, 25, and 
40°C ± 1°C), respectively. Minimum specimen contact loads 
of 3, 1.5, and 0.5 percent of the 77°F tensile strength value 
shall be maintained during resilient testing for test tempera
tures, respectively, of 41, 77, and 104 ± 2°F (5, 25, and 
40 ± l 0 C). 

The sequence of resilient modulus testing consists of initial 
testing at 41°F, intermediate testing at 77°F, and final testing 
at l04°F. The test specimens are brought to the specified 
temperature before each test. The test specimen is precon
ditioned along the axis by the application of a repeated 
haversine-shaped load pulse of 0.1-sec duration with a rest 
period of 0.9 sec, until a minimum of 10 successive horizontal 
deformation readings agree within 10 percent. The number 
of load applications to be applied depends on the test tem
perature. The expected ranges in number of load applications 
for preconditioning are 50 to 150 for 41 ± 2°F, 50 to 100 for 
77 ± 2°F, and 20 to 50 for 104 ± 2°F. The minimum number 
of load applications for a given situation must be such that 
the resilient deformations are stable. If adequate horizontal 
deformations (greater than 0.0001 in.) are not recorded using 
5, 15 , and 30 percent of the tensile strength measured at 77°F 
(25°C), then the loads can be increased in increments of 5 
(i.e., 10, 15, 20, 25 percent). If load levels different from 5, 
15, and 30 percent of the tensile strength measured at 77°F 
(25°C) are used, they are noted on the data sheet. 

Both the horizontal and vertical deformations are moni
tored during preconditioning of the test specimen. If total 
cumulative vertical deformations greater than 0.025 in. (0.625 
mm) for 41°F or 0.050 in. (l.25 mm) for 77 and 104°F occur, 
the applied load is reduced to the minimum value possible 
and still maintain adequate deformations for measurement 
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purposes. If use of smaller load levels does not yield adequate 
deformations for measurement purposes, the preconditioning 
is discontinued and an additional 10 load pulses are generated 
to use in the resilient modulus determination. 

Testing 

After preconditioning a specimen at a specific test tempera
ture, the resilient modulus test is conducted as follows: 

•A minimum of 30 load pulses (each 0.1-sec load pulse 
with a rest period of 0.9 sec) are applied and measured de
formations are recorded. The application of load pulses con
tinues beyond 30 until the range in deformation values of five 
successive horizontal deformation values (i.e. from lowest to 
highest value) is less than 10 percent of the average of the 
five deformation values. The rest period is then increased to 
1.9 sec and a minimum of 30 load repetitions are applied. The 
rest period is then increased to 2.9 sec and a minimum of 30 
load repetitions are applied. 

• The recoverable horizontal and vertical deformations over 
the last five loading cycles are measured and recorded after 
the repeated resilient deformations have become stable. One 
loading cycle consists of one load pulse and a subsequent rest 
period. The vertical deformation measurements are also mea
sured and reported. The resilient modulus will be calculated 
along each axis for each test period and temperature by av
eraging the deformations measured for the last five load cycles. 

• After testing is completed for the first axis (load applied 
along the axis parallel to the direction of traffic), the specimen 
is rotated to the axis 45 degrees from the axis parallel to traffic 
and the preceding steps are repeated. 

• When the specimen has been tested along both axes 
at a specific test temperature, it is raised to the next high 
temperature. 

• After testing is completed at 104°F, the specimen is brought 
to a temperature of 77 ± 2°F and an indirect tensile strength 
test is conducted. 

Calculations 

The MR equation used in ASTM D4123 is based to some 
extent on work by Hadley et al. ( 4) in which the equations 
for the indirect tensile test developed by Hondros (5) were 
used to develop a direct method of estimating modulus. These 
equations, however, are based on uniform contact pressure 
or a "flexible" loading condition. The resilient modulus equa
tion used in SHRP's P07 Protocol was developed by Hadley 
to account for the use of the "rigid" curved steel applied 
loading strips used in applying the repeatedly applied load to 
the specimen (6). The P07 equation generally produces MR 
values 20 to 25 percent greater than the ASTM equation. 
The resilient modulus of elasticity, E, in pounds-force per 
square inch is calculated as follows: 

ERi = 
P x D(0.080 + 0.297v + 0.0425v2

) 
(2) 

H 1 x t 

ERT 
P x D(0.080 + 0.297v + 0.0425v2

) 
(3) 

Hr x t 
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where 

ER1 instantaneous resilient modulus of elasticity (psi), 
ERT = total resilient modulus of elasticity (psi), 

P = repeated load (!bf) (P = applied load - minimum 
contact load), 

t = thickness of test specimen (in.), 
D = diameter of specimen (in.), 

H, = instantaneous recoverable horizontal deformation 
(in.), 

Hr = total recoverable horizontal deformation (in.), and 
v = Poisson's ratio. 

If calculated and not assumed, v is as follows: 

VRr = 

and 

0.859 - 0.08R, 

0.285R, - 0.040 

0.859 - 0.08R, 

0.285R, - 0.040 

(4) 

(5) 

(6) 

(7) 

where V, is instantaneous recoverable vertical deformation 
(in inches) and V r is total recoverable vertical deformation 
(in inches). · 

QUALITY ASSURANCE AND 
QUALITY-CONTROL PROCEDURES 

During the course of pilot study and production resilient mod
ulus testing, the SHRP contract laboratories must follow very 
specific quality-assurance and quality-control (QA/QC) checks. 
These tests are meant to ensure consistent, repeatable results 
for the testing program. 

Unscheduled Calibration Checks 

The laboratories performing this testing have been issued a 
set of four synthetic reference samples. The moduli of these 
samples are known, and they are used for in-house quality 
assurance and quality control. To ensure that the test equip
ment is properly calibrated, these reference samples must be 
tested when 

•The testing program is initiated; 
•Start-up follows a 5-day delay; 
•Equipment is replaced or repaired; 
•Controller settings are adjusted; and 
• Measurement problems are discovered . 

Scheduled Calibration Checks 

The following scheduled checks must be completed by each 
SHRP contract laboratory. Transducers must be calibrated 
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daily to ensure proper deformation measurements. This cal
ibration process can be conducted by the operator or tech
nician performing the modulus testing. The load cell must 
also be checked weekly by the use of a proving ring. The 
transducers and load cell shall be sent to the manufacturer 
for calibration and inspection every 6 months. 

Ongoing Operator Quality-Control Checks 

During the actual testing of the SHRP samples, the operators 
must be aware of many simple checks that may be performed 
to ensure reasonable test results (Figure 5). During testing, 
the output from the vertical and horizontal transducers should 
be checked to identify specimen misalignment or rocking. 
Additionally, the response should be checked to identify "noise" 
(electrical disturbances in the signal output) in the system. 
Response curves should be smooth and free of erratic peaks 
and valleys. If these peaks and valleys are present, it is a sure 
sign that electrical disturbance is present too . The minimi
zation of this noise is essential in order to record accurate 
results. 

Upon initiation of MR testing, the deformation values be
tween the two vertical transducers must be checked primarily 
to identify improper specimen placement within the load guide 
device . In completing this check the greater vertical defor
mation reading should not exceed the lesser vertical defor
mation reading by more than 50 percent (i.e., Y c s 1.5 Y L). 
If this limitation is exceeded, the test should be stopped and 
the contributing problem identified and corrected . Misalign
ment of the midpoint of the asphalt core thickness (or centroid 
of specimen) with respect to the system actuator-load guide 
device line of action is the usual cause of observed differences 
in vertical deformation readouts from the two transducers. 

Deformation values between the two horizontal transducers 
must be checked to determine if the specimen is rocking. The 
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deformation values should be compared, and the greater out
put should not exceed the lesser value by more than 50 percent 
(i .e. , Xe s 1.5 XL)· If this is not so, the test should be stopped 
and the problem identified and corrected. The problem is 
usually indicative of improper alignment of the test specimen 
(i.e., diametral markings) between the loading strips. 

Horizontal transducer output should be checked to make 
sure that negative values are not obtained. If negative values 
are obtained, this is a sure sign of specimen misalignment or 
placement in the diametral load guide device . 

Load cell output must be monitored to ensure that a con
sistent and appropriate load is being applied to the specimen. 
Nonconsistent load outputs can indicate that the contact load 
is unstable or that no minimum contact load is being applied. 

The operator is the key person involved with resilient mod
ulus QA/QC procedures. It is imperative that the system op
erators are aware of the warning signs and that action be 
taken to alleviate any of these problems as they occur. 

CONCLUSION 

Significant progress has been achieved in the development of 
the SHRP-LTPP asphalt concrete resilient modulus testing 
procedure. However , much must still be learned about actual 
production testing using this procedure . Testing to date has 
been accomplished on a limited basis on few samples. This 
project has the potential to bring the AC resilient modulus 
test procedures now being used out of the university labo
ratories and into the mainstream. This will be accomplished 
only by proceeding with production type testing for a long 
period of time. During this time , many factors will be eval
uated and the procedure may be streamlined or modified to 
decrease the complexity of the test and its many processes. 

Through the resilient modulus of asphalt concrete testing 
program, it is believed that many things will be learned about 
pavement performance due to various materials and proce
dures currently in use . This test has the potential to go a 
long way in reaching the objectives set for the SHRP-LTPP 
program in 1987. 
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Evaluation of a New Indirect Tension 
Test Apparatus 

LOUAY N. MOHAMMAD AND HAROLD R. PAUL 

Engineering characterization of Louisiana's asphaltic concrete 
mixtures using the indirect tensile test has been the focus of a 
recent comprehensive research program sponsored by the Lou
isiana Transportation Research Center. Large variations in test 
results were observed between similar specimens. These varia
tions were attributed to variable aggregate orientation , compac
tion procedure, and the test device. A new indirect tension test 
device was fabricated locally and used to reduce the test variabil
ity . The repeatability and performance of the new indirect tension 
device was evaluated. A statistically designed test factorial was 
used to examine the variation between the existing and the mod
ified test devices. Mechanical tests were conducted for indirect 
tensile strength, diametral resilient modulus, and indirect tensile 
creep. The effects of the test devices, deformation measurement 
system, and operator error on the mechanical properties-as 
measured from the indirect tensile strength , resilient modulus, 
and creep modulus-of a specific asphalt concrete mixture are 
presented. The results of the test program indicated that both 
test devices provided repeatable results ; mechanical properties 
were not significantly different due to operator error; mechanical 
properties measured with the modified test device were signifi
cantly different than those measured with the existing test device; 
and the modified test device can capture the temperature effect 
on the resilient modulus better than the existing test device. 

Engineering characterization of Louisiana's asphaltic concrete 
mixtures using the indirect tensile test has been the focus of 
recent comprehensive research programs sponsored by the 
Louisiana Transportation Research Center (LTRC). In these 
studies, large variations between similar specimens were ob
served. Generally, this variation was attributed to variable 
aggregate orientation between the individual specimen and 
the Marshall compaction procedure . 

Baladi, in an attempt to integrate material and structural 
design methods for asphalt concrete pavements, also found 
variation that he deemed to be unacceptable (1-3). He iden
tified specimen placement in the testing apparatus and rota
tion of the upper loading strip as the principle causes. To 
minimize this error, Baladi designed and fabricated a new 
apparatus (1-3). 

The objective of this study was to evaluate the cost
effectiveness, performance, and repeatability of the new 
indirect tension test device developed by Baladi. To assess 
the performance and repeatability of the Baladi test device, 
a statistically designed test factorial was used to examine the 
variation of several test parameters for a specific asphaltic 
concrete mixture between the Baladi and the L TRC test 
devices. 

The effects of the test devices, deformation measurement 
system, and operator error on the mechanical properties of 

Louisiana Transportation Research Center , P.O. Box 94245, Baton 
Rouge , La. 70804. 

a specific asphaltic concrete mixture have been investigated . 
Mechanical tests conducted were the indirect tensile test, the 
diametral resilient modulus test , and the indirect tensile creep 
test. 

INDIRECT TENSION TEST DEVICE 

Test Devices 

LTRC Test Device 

The current L TRC test device-essentially, the Schmidt 
device-is a modified shoe die with upper and lower platens 
constrained to remain parallel during testing . The vertical 
deformations of the specimen were measured with two linear 
variable differential transducers (L VD Ts) mounted on op
posite corners of the top platens . The horizontal deformations 
of the specimen were obtained through the use of two L VDTs 
mounted on an adjustable frame that is rigidly attached to 
the lower platen. Steel curved loading strips were used in the 
test device. 

Louisiana Modified (LM) Test Device 

The Baladi device was fabricated locally in the machine shop 
of Louisiana State University 's civil engineering department. 
It was built according to the engineering drawings provided 
by FHW A, except for the extension of the support posts 
outward by 1.25 in . to provide easier access to the specimen 
and to allow for the placement of an extensometer (Figure 
1). Fabricating the new device cost $2,200. During the initial 
testing program , inconsistencies in the resilient moduli and 
Poisson's ratio were discovered. The swivel base was causing 
the specimen to rock, thus distorting the horizontal defor
mation measurement. As a result , after consultation with 
FHWA, the Baladi device was further modified . The top 
loading strip was fixed instead of mounted on the swivel base 
that was provided in the initial drawing. Also , the vertical 
deformation was monitored using two L VDTs mounted 180 
degrees apart on the top of the piston guided plate to ensure 
that the specimen was not rocking . 

Measurement System 

Displacement measurement of the specimen due to dynamic 
loading is a critical factor in determining resilient modulus . 
A typical range of the deformation along the horizontal di-
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FIGURE I LM test device. 

ameter is 40 to 100 µin. Thus, the measurement device must 
have this sensitivity range to respond to dynamic change of 
sample deformation. 

Horizontal Deformation Measurement 

Two L VDTs were used to measure the horizontal deforma
tion, and the outputs from each L VDT were monitored inde
pendently and summed for analysis. This was accomplished 
through software developed for acquisition and control of the 
MTS test system in the concurrent parametric research study. 

Two types of L VDT were used for each test device . The 
first type was an existing set manufactured by TransTek (Model 
351-000), hereafter called old LVDT (LVDT-0) . The second 
set of L VD Ts was made by Schaevitz (Model GCD-121-050), 
hereafter called new LVDT (L VDT-N). The maximum strokes 
for LVDT-0 and LVDT-N were ±0.31 in. ( ±7.9 mm) and 
±0.05 in . (±1.3 mm) full scale , respectively. The LVDT-N 
was selected because of the higher resolution needed to cap
ture the small amount of horizontal deformation during dy
namic loadings . 

In addition, a modified strain gauge clip-on extensometer 
system developed by MTS Systems Corp. was used with the 
LM device. The extensometers have a special bracket that 
attached to the specimen and provided positive spring loading. 
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The lateral constraint of the horizontal deformation of the 
specimen due to the tension in the springs used to hold 
the extensometer assembly in place was investigated. During 
the initial system calibration, the diametral resilient modulus 
test at 40°F (5°C) was used to test the possibility of lateral 
constraint in the same sample at 40°F. Both the spring assem
bly and adapter brackets glued to the specimen were exam
ined . Because the results appear to be similar, the spring 
assembly was used for the test factorial. 

Vertical Deformation Measurement 

The vertical deformation was measured with two L VDTs 
mounted 180 degrees apart on the piston-guided plate. The 
output from each LVDT was monitored independently and 
simultaneously compared with the output of the other LVDT. 
If the difference between the peak value was not within 10 
percent , the seating of the loading device was adjusted. The 
L VDTs used for both test devices were manufactured by 
Schaevitz (Model GCD-121-050). 

EXPERIMENT AL DESIGN 

A statistically designed laboratory experiment was used to 
examine the influences of the test device, measurement sys
tem, and operator error on the mechanical properties of a 
specific asphalt concrete mixture. Previous work on more than 
550 samples of different mix types and materials had a stan
dard deviation of 23 psi in the indirect tensile test. The mean 
range for any triplicate set of specimen was 12.9 psi. Assuming 
that the standard deviation of 23 psi of this sample was a fair 
estimate of the population standard deviation, the number of 
samples for each cell in the test factorial was determined to 
be 12 with 95 percent confidence. This cell size was further 
subdivided to six specimens to investigate operator error. 

The results from the L TRC and the LM test devices were 
statistically analyzed using the analysis of variance procedure 
provided in the Statistical Analysis System (SAS) program 
from SAS Institute , Inc. A multiple comparison procedure 
with a risk level of 5 percent was performed on the means. 
A REGWF test was selected to control the experimentwise 
error. The REGWF test was selected because it can detect 
significant differences in the mean that might not be detected 
with other multiple comparison procedures . The independent 
variables (i.e ., test device , measurement system, and operator 
error) had populations with normal distributions. In addition, 
the repeatability of the test results have been examined using 
the single-operator, one-sigma limit as described in ASTM 
C670. 

EXPERIMENTAL SETUP 

Loading System and Data Acquisition 

The loading system was a 22,000-lb MTS Model 810 servo
hydraulic test system equipped with an environmental cham
ber. Specimens were thermally conditioned before being tested. 
A thermostatically controlled probe was inserted in a drilled 
hole in a dummy specimen of the same size and shape as the 
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test specimen to ensure an equilibrium test temperature for 
the samples tested. Fully automated test software for equip
ment control and data acquisition was developed to perform 
tests, acquire and analyze data, and calculate and print out 
the test results. 

Specimen Preparation 

A total of 168 specimens were fabricated and tested using the 
LTRC and the LM test devices. Each specimen was 4 in. in 
diameter and about 2.5 in. high. A typical Louisiana Type 1 
mixture was used with 65 percent by weight crushed gravel, 
25 percent coarse sand, and 10 percent fine sand. Southland 
AC-30 asphalt cement was used. Specimens were prepared 
using 75 blows per face of the Marshall hammer. Each cell 
in the test factorial of Figure 2 was statistically grouped. The 
average air void content was 4.3 percent, with a standard 
deviation of 0.22. The optimum binder content was deter
mined from preliminary standard Marshall mix design. Each 
sextuplicate specimen was tested under the same conditions 
(temperature and load) for indirect tensile strength, diametral 
resilient modulus, and indirect tensile creep for each of the 
LTRC and the LM test devices. 

TESTING PROCEDURE 

Indirect Tensile Test 

This test was conducted at 40 and 77°F (5 and 25°C) according 
to AASHTO T245-82. Test specimens were loaded to failure 
at a deformation rate of 2 in./min. The load to failure was 
then recorded. 

Diametral Resilient Modulus Test 

The tests were conducted at 40, 77, and 104°F (5, 25, 
and 40°C) according to ASTM D4123, with the following 
modifications: 

1. Test samples were seated with a sustained load of 50 lb, 
and then a cyclic haversine load of 10 percent of the indirect 
tensile strength was applied. The two vertical deformations 
were monitored independently. If the two measurements were 
not within 10 percent, then further adjustment to the loading 
device was made in order to not exceed this tolerance. The 
average of the two measurements was used in the data 
analyses. 

2. With the sustained load applied to the sample, the spec
imen was conditioned by monitoring the deformation contin-
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uously until the deformation rate of the specimen was essen
tially constant . The transducers were then rezeroed. 

3. A repetitive haversine waveform load with a peak value 
equal to 10 percent of the indirect tensile strength was applied 
to the specimen. The load frequency was 2 Hz with a 0.1-sec 
loading time and a 0.4-sec relaxation period. All materials 
response parameters were measured with the data acquisition 
system at a rate of 500 Hz. 

4. The response curves (load, vertical deformation, and 
horizontal deformation) over the 2 cycles were digitized. The 
data from these curves were then scanned to determine the 
instantaneous and total recoverable horizontal and vertical 
deformation . Data associated with the beginning of the re
laxation period were used to compute instantaneous prop
erties; values associated with the end of the relaxation period 
were used to compute total properties . 

Each specimen was tested at each of the three temperatures 
starting with the lowest temperature to minimize permanent 
damage to the sample. At each temperature, the sample was 
tested twice; after the first test, the sample was rotated ap
proximately 90 degrees and the test was repeated (Steps 1 
through 4). 

Indirect Tensile Creep Test 

Creep tests were conducted at 77°F (25°C) using a ramp load 
of 250 lb (1112 N) applied as quickly as possible using the 
stress-controlled mode of the MTS servohydraulic system. 
The load and vertical and horizontal deformations were mon
itored continuously with the data acquisition system. The test 
was terminated either after 60 min of load duration or at 
failure. The mean horizontal deformations and mean vertical 
deformations were computed by summing the deformation at 
a particular time for each cell of the test factorial described 
in Figure 2 and dividing the sum by the number of specimen. 
The creep modulus, S(t), is computed from the measured 
deformations as follows: 

S(t) = P0 (µ + 0.27) 
t'&H(t) 

where 

S(t) creep modulus at time I, 

P0 = applied vertical load, 
µ = Poisson 's ratio, 
t = sample thickness, and 

BH(t) = horizontal deformation at time t. 

The mean creep modulus was computed similar to the mean 
creep deformations. Mean values of vertical deformation, 

Deformation 

Measurement LVDT - 0 LVDT - N LVDT - 0 LVDT - N Enensometer 

S stem 

Operator 1 6 6 6 6 6 

Operator 2 6 6 6 6 6 

FIGURE 2 Test factorial. 
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horizontal deformation, and creep modulus were used in the 
statistical analyses. 

DISCUSSION OF RESULTS 

Indirect Tensile Strength Test 

Table 1 presents a comparison of the test results for the in
direct tensile strength test at 40°F (5°C) and 77°F (25°C) along 
with their means, standard deviations, coefficients of varia
tion, and test repeatability. For any sextuplicate, the variation 
in the test results was between 2 and 9 percent. At low tem
perature, with increased stiffness, test results measured with 
the L TRC device have more variation that those tested with 
the LM device. The indirect tensile strength test was highly 
repeatable for a single operator. In the tables, columns having 
the same letter indicate there is no significant difference in 
the mean . Table 2 indicates that there is no significant dif
ference in the mean indirect tensile strength due to operator 
error. Table 3 shows that the mean indirect tensile strength 
measured with the L TRC device at 40°F was significantly 
higher than the mean measured with the LM device; the means 
at 77°F were not significantly different between the two de
vices. Similar findings were obtain when test results were 
analyzed for each operator (Table 4). 

Diametral Resilient Modulus Test 

Tables 5, 6, and 7 present the results of the effects of operator 
error, test devices, and measurement system, respectively, on 
resilient modulus and Poisson's ratio . Table 5 indicates no 
significant difference in the means due to operator error ex
cept for the instantaneous moduli measured with the L TRC 
and LVDT-0, so the data from the two operators were com
bined for further analyses. Table 6 indicates that the mean of 
the mean instantaneous and total resilient moduli and instan
taneous and total Poisson's ratios were significantly different 
between the two test devices. The diametral test results 
were repeatable for a single operator at the three temperature 
levels. 

Table 7 indicates that the instantaneous and total moduli 
were not significantly different using the various measuring 
devices. This is because the resilient modulus is a function of 
the vertical deformation only when computed using a calcu
lated Poisson's ratio. Both devices used the same vertical 
deformation system, that is, L VDT-N. In order to investigate 
the effect of the measurement devices on the mechanical prop
erties, one needs to look at Poisson's ratio, which is function 
of the vertical and the horizontal deformations. Instantaneous 
and total Poisson's ratios were significantly different between 
the LVDT-0 and the LVDT-N except for the total Poisson's 
ratio of samples tested with the LTRC device. The extensom
eter assembly was tested with the LM device only because 
the L TRC device did not have the requisite space. Instan
taneous Poisson's ratio calculated with the extensometer 
was significantly different than the one computed using the 
LVDT-0; the total Poisson's ratio is significantly different 
computed from the L VDT-N and the extensometer. 

The temperature influence on the mechanical properties of 
specimen tested with the L TRC and LM devices is shown in 

TABLE l Indirect Tensile Strength, Present 
Serviceability Index 

TtsLDevlcc I l.M II LTRC 

Temnerature (°F) 40 77 40 77 

265 78 328 --
260 75 318 

I 
77 

68 ,_ 

Operator 1 276 

268 

260 

275 

Mean 267 

STD 6 

(%)CV 2 

Reneatabilitv y 

291 

278 

Operator 2 249 

267 

271 

262 

Mean 270 

STD 13 

(%)CV 5 

Repeatability y 

STD: Standard Deviation 

CV: Coefficient of Variation 

77 311 ---
79 307 

78 314 

76 310 

77 315 

1 7 

2 2 

y y 

72 374 

74 347 

75 321 

68 363 

76 313 

80 295 

74 336 

4 28 

5 8 

y y 

Y: Indicates Test is Repeatable as per ASTM C670. 

76 

83 

74 

77 

76 

4 

6 

y 

57 

72 

72 

74 

77 

70 

70 

6 

9 

y 

TABLE 2 Effect of Operator Error on Mean Indirect Tensile 
Strength 

Test Device LM LTRC 

Temperature (°F) 40 77 40 

Operator 1 A A A 

Operator 2 A A A 

TABLE 3 Effect of Test Device on Mean Indirect 
Tensile Strength by Temperature 

Mechanical Test Temperature (°F) 

Pronertv Device 40 77 

Indirect Tensile LTRC A A 

StrenJ?th LM B A 

77 
A 

A 

TABLE 4 Effect of Loading Device on Mean Indirect Tensile 
Strength 

Operator 1 2 

Temperature (°F) 40 77 40 77 

LM Device A A A A 

LTRC Device B A B A 
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Table 8. Generally , the LM device-LVDT-N and the LM 
device-extensometer combinations seem to capture the tem
perature effect on the resilient modulus and Poisson's ratio 
better than the LM device-LYDT-0 and LTRC device
L VDT-0 combinations. The results of Tables 7 and 8 dem
onstrate that the LTRC-LVDT-0 combination is not as sen-
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TABLE 5 Effect of Operator Error on Mean Diametral Resilient Modules Test Results 

DEVICE LM 

Measurement Extensometcr LVDT-N 

Device 
Mechanical 

Prooerlic• MRI MRT MUI MUJ MRI MRT MUI 

Operator 1 A A A A 

Operator 2 A A A A 

MRI = Instantaneous Resilient Modulus 

MRT =Total Resilient Modulus 

MUI= lnstanianeous Poisson's Ratio 

MITT:;;; TolC1I Poisson's Ratio 

A 

A 

TABLE 6 Effect of Test Device on Mean 
Diametral Resilient Modulus Test Results 

Measurement LVDT-N LVDT-0 

Svstcm 

Mechanical MRI MRT MUl MUJ 

Properties 

LM A A A A 

LTRC B B B B 

MRI ;::: Instantaneous Resilient Modulus 

MRT = Total Resilient Modulus 

MUT = Instantaneous Poisson's Ralio 

MlIT =Toi al Poisson's Ratio 

MRI MRT MUJ 

A A A 

B B .B 

A 

A 

MlJJ 

A 

.B 

TABLE 7 Influence of Measurement System on 
Diametral Resilient Modulus Test Results 

Test Device LM 

Mechanical MRI MRl MUl MUJ 

Prooerlies 

LVDT-0 A A B B 
LVDT-N A A A A 

Exteosometc1 A A A B 

MRI= InsLanLaneous Resilient Modulus 

MRT =Total Resilient Modulus 

MUI = Inslantaneous Poisson's Ratio 

MITT = Tolal Poisson's Ratio 

LTRC 

MRI MRT MUl MUI 

A A B A 

A A A A 

NIA NIA NIA NIA 

A 

A 

MUJ 

A 

A 

sitive as the LM-LVDT-N or extensometer combination 
especially in the dynamic, instantaneous mode, thus not dif
ferentiating between properties at different temperatures. 

A typical relationship of the effect of temperature on the 
resilient moduli between the L TRC and LM test devices for 
each operator is presented in Figure 3. Generally, a distinct 
cluster of lines is exhibited between the L TRC and LM device 
for each operator. However, the LM device seems to capture 
the temperature effect on the moduli better than the LTRC 

MRI 

A 

A 

LVDT-0 

MRl MUI MUI MRI 

A A A A 

A A A A 

800 

700 

600 

iii 500 

:i 
::i 

" 0 400 

" ~ 
~ 
::> 

300 

200 

100 

0 • 20 

LTRC 

LVDT-N 

MRT MUI MUJ MRI 

A A A A 

A A A R 

• 

40 60 

LVDT-0 

MRT MUI MUI 
A 

A 

A A 

A A 

:.J LM Device - Exton9om11t1H 
() LM Device - LVOT - N 
l.. LM D11vlc111 - LVDT - 0 
+ LTRC Device - LVDT - N 
X LTAC Device - LVDT - 0 

80 100 
TEMPERATURE "F 

120 

FIGURE 3 Total resilient modulus, temperature dependency 
(Operator 2). 

device. This could be because of friction in the guiding post, 
weight of the loading mechanism, and the sensitivity of the 
measurement system. 

Table 9 shows that there was no significant difference in 
the resilient moduli between samples tested at the 0-degree 
and 90-degree positions. 

A typical variation of Poisson's ratio due to temperature, 
calculated from measured horizontal and vertical deforma
tions during resilient modulus testing, is presented in Figure 
4. Clusters similar to the resilient modulus are found with 
respect to the two test devices. The variation ranges from 
-0.2 to 0.93 depending on the combination of the loading 
device and measurement system used. Poisson's ratio should 
increase as testing temperature increases. Theoretically, Pois
son's ratio ranges from 0 to 0.50. This increase was more 

TABLE 8 Effect of Temperature on Diametral Resilient Modulus Test Results 

Mechanical MRI MRT 

Prooeniea 

Measurement LVDT-N LVDT-0 EXfE LVDT-N LVDT-0 EXfE LVDT-N 

Svstem 

LM y y y y y y 77 

104 

40 40 

LTRC 77 77 77 NIA y y NIA 

104 104 

Y - Indicates Significant Difference in the Mean Betv.'een the 40, 77, and 104 vF Tests 
N - lndicales No Significant Dirference in the Mean Between the40, 77, and 104 °f Tests 
40 - Indicates Significanl Difference in the Mean Between the40 •FTest and the 77 and 104 •FTest.s 

40-

77 - Indicates No Significant Di!lerence in the Mean Bet..,,en the 40 and 77 •F Tests 

77 

104 - Indicates No Significant Di!lerence in the Mean Bel\\1'en the 77 and 104 •F Tesis 

40 

y 

MUI MlTr 

LVDT-0 EXfE LVDT-N LVDT-0 EXl1l 

40 

N y y 77 y 

104 

y NIA y y NIA 
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TABLE 9 Effect of Sample Rotation on Diametral Resilient Modulus Test Results 

DEVICE LM LTRC 
Measurement Extensometer LVDT-N LVDT-0 LVDT-N LVITT--0 
Devices 
Mechanical 
Prooenies MRI MRT MUI MTn MRI MRT MUI MTn MRI MRT MUl I MTTT MRl MRT MUI MUT MR.I MRT MUI MUl 
er Position A A A A A A A A A A A A A A A A A A A A 
90° Position A A A A A A A A A A A A A A A A A A A A 

Note: Columns with similar letters indicate no significant difference in the mean . 
MRI = Instantaneous Resilient Modulus ; MRT = Total Resilient Modulus 
MUI = Instantaneous Poisson's Ratio'; MUT =Total Poisson 's Ratio 

0 

~ 
"' z 
0 
gJ 

~ ... 

O. B 

0.6 

0.4 

~ 0.2 

1 LM Oevlco - Extensometer 
¢' LM Device - LVDT - N 
!.:.. LM Dovlc:e - LVDT - 0 
+ LTRC Device - LVDT - N 

/'. LTAC Oevfo111 - LVOT - 0 

-0,2 '----'---~----'------'----~----' 
0 20 40 60 BO 100 

TEMPERATURE •F 

FIGURE 4 Total Poisson's ratio, temperature dependency 
(Operator 2). 

120 

pronounced with the LM device than the L TRC device. At 
high temperature the applied load was too high, which pro
duces the higher-than-theoretical value of Poisson's ratio. This 
indicates that Poisson's ratio at high temperature should be 
calculated using deformations from a lower load magnitude 
than the load at 77°F (25°C). 

Indirect Tension Creep Test 

The creep modulus was calculated using either a computed 
Poisson's ratio from the measured horizontal and vertical de
formations or an assumed Poisson's ratio of 0.35. The indirect 
tension creep modulus was statistically analyzed at time 
intervals of 5, 10, 100, and 500 sec. The test results were 
repeatable at those time intervals. 

The influence of the operator error on the mean creep 
modulus is presented in Table 10. It indicates that operator 
error was not significant for creep modulus based on either 
a computed or an assumed Poisson's ratio at the different 
time intervals. 

The effect of the test device on the mean creep modulus is 
presented in Table 11. The creep modulus with an assumed 
Poisson's ratio was significantly different between the two 
devices, whereas the modulus with a calculated Poisson's 
ratio was not significantly different except at 500 sec. The 

TABLE 11 Effect of Test Device on Mean Creep Modulus By 
Time 

Mechanical Test Time (second•) 

Proocrllea Device s 10 100 

Calculated LTRC A A 

Creep Modulus LM A A 

Creep Modulus with LTRC A A 

Assumed MU = 0.35 LM B B 

TABLE 12 Overall Effect of 
Measurement System on Mean Creep 
Modulus 

Creep (:alculated A11umcd 

Modulu1 MU= 0.3 

LVDT-N A A 

LVDT- 0 A/B B 

Extenaomcter B A 

A 

A 

A 

B 

500 

A 

B 

A 

B 

creep modulus with an assumed Poisson's ratio depended 
on the horizontal deformation of the sample where three 
types of horizontal measuring systems were used: LVDT-0, 
L VDT-N, and extensometer. The moduli based on computed 
Poisson's ratio depended on the vertical deformation only 
where the same L VDT-N was used in both devices. Therefore, 
for static loading it is anticipated that both test devices will 
render similar results when using a calculated Poisson's ratio. 

The influence of the measurement system on the mean 
creep modulus is presented in Table 12. The overall effect of 
the measurement system indicated that there was a significant 
difference in mean creep modulus between LVDT-N and ex
tensometer for a calculated Poisson's ratio, whereas no sig
nificant difference was apparent between L VDT-N and ex
tensometer when using an assumed Poisson's ratio. Because 
the horizontal deformation influences the moduli when an 
assumed Poisson's ratio is used, these results indicate similar 
accuracy in measuring horizontal deformations between the 
L VDT-N and the extensometer assembly . 

CONCLUSIONS 

The effects of the test device, deformation measurement sys
tem, and operator error on the mechanical properties of a 
specific asphaltic concrete mixture have been investigated. 

TABLE 10 Effect of Operator Error on Mean Creep Modulus By Time 

Creep Calculated Poisson'& Ratio Assumed Poisson's Ratio, MU = 0.35 

Modul.u• 

Time (lee•) 5 I 10 I 100 500 5 10 100 500 

Operator 1 A I A I A A A A A A 
Operator 2 A I A I A A A A A A 
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Mechanical tests conducted were the indirect tensile, dia
metral resilient modulus, and indirect tensile creep tests. Gen
erally, the LM test device provided less variation in test results 
than the L TRC test device. Specific conclusions can be drawn 
from analysis of the data as follows: 

1. The use of two L VDTs to measure the vertical defor
mations has considerably reduced variation in the test results 
of dynamic mode due to rocking of the sample. 

2. Mechanical properties (indirect tensile strength, resilient 
modulus, and creep modulus) were not significantly different 
due to operator error. 

3. Mechanical properties measured with the LM device are 
significantly different than those measured with the L TRC 
device except for indirect tensile strength at 77°F. 

4. The LM device captures the temperature effect on re
silient moduli better than the LTRC device. 

5. Resilient moduli for specimen tested in the LM device 
and calculated from deformations measured with extensom
eter did not significantly differ from those measured with the 
LVDT-N. 
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Abridgment 

Influence of Construction-Induced 
Cracks on Asphalt Concrete 
Resistance to Moisture Damage 

EL HUSSEIN H. MOHAMED, A. 0. ABD EL HALIM, AND 

GERHARD J. KENNEPOHL 

Present stripping mechanisms fail to specify the source of water 
necessary for stripping to start and progress with time. Finding 
the water source and route to the pavement interior is of great 
significance to efforts seeking a preventive measure against strip
ping. Investigation of the influence of contruction-induced cracks, 
referred to as checking, on pavement resistance to stripping is 
reported. A new field-compaction technique was used to produce 
a crack-free asphalt concrete surface that offered a much higher 
resistance to stripping than conventionally compacted surfaces. 
Cores recovered from field-compacted pavements were used 
throughout the investigation. The results of the experimental in
vestigation indicated that compaction technique has a significant 
influence on the mix resistance to stripping. Vacuum saturation, 
used as part of the moisture-conditioning procedure, has in the 
past obscured the influence of construction-induced cracks on 
stripping susceptibility. 

Virtually all investigators agree that stripping is caused by 
water displacing the asphalt from the aggregate surface (1,2). 
However, the existing stripping mechanisms cannot explain 
how water manages to reach locations close to the aggregate
asphalt interface. Air voids have been suggested as the cause 
of water penetration, circulation, and accumulation inside the 
asphalt concrete layer. As a result, many agencies, such as 
the Ministry of Transportation of Ontario (MTO), specified 
air void percentage as low as 2 percent . In Ontario, water 
still finds its way inside the pavement despite low air void 
percentage (1). 

Surface cracks that exist at an early stage in the pavement 
life-that is, during and after construction-can constitute a 
path for surface water to penetrate the asphalt concrete layer 
where any of the suggested stripping mechanisms may start 
functioning. In the presence of such cracks, surface water is 
the source of water supply necessary for stripping to start and 
continue during the life of the pavement. Halim used a new 
analytical approach to prove that construction cracks are as
sociated with the present compaction equipment (3). Labo-

H. M. El Hussein, Institute for Research in Construction, National 
Research Council , Ottawa, Ontario , Canada KlA OR6. A. 0 . Abd 
El Halim, Civil Engineering Department, Carleton University , Ot
tawa, Ontario, Canada KlS 5B6. G. J. Kennepohl, Pavement and 
Roadway Office, Research and Development Branch, Ontario Min
istry of Transportation, 1201 Wilson Avenue, Downsview, Ontario, 
Canada M3M 118. 

ratory investigations using models of the conventional and a 
new compactor, called the asphalt multi-integrated roller 
(AMIR), proved the outcome of the theoretical approach. 
The new compactor has a flat geometry coupled with a rubber 
mat at the interface of the asphalt surface and roller ( 4). The 
surface produced by the new compactor is crack-free as ob
served during the construction of field trials. 

The concern of this study is to examine the role these cracks 
created by compaction play in the phenomenon of asphalt 
stripping. In the past when field tests were carried out to 
evaluate the effect of construction on a given problem related 
to pavements, the finished asphalt pavement always had the 
same cracking characteristic. Therefore, the influence of these 
cracks was common across most of the investigated projects 
and, as a result, masked the actual influence of such cracks . 
The presence of cracks also resulted in poor correlation be
tween test results of laboratory-prepared samples and cores 
recovered from the field since such cracks were not always 
present in laboratory-prepared samples. 

EXPERIMENTAL INVESTIGATION 

The experimental program was designed and carried out to 
verify the hypothesized influence of construction-induced cracks 
on stripping. A field-compacted section was prepared on the 
campus of the National Research Council (NRC) of Canada 
in Ottawa. The conventional and the AMIR prototype rollers 
were used to compact a standard MTO HL-4 asphalt concrete 
mixture. Cores 3.7 in. in diameter were recovered from each 
section for laboratory conditioning and testing. No laboratory
prepared samples were used in this investigation to avoid the 
limitations imposed on compacted mixes by laboratory com
paction procedures that influence their performance. 

Simple Soaking 

This type of conditioning included vacuum saturation of cores 
using 14 in. of mercury. Cores were then left in the water 
bath for 2 days at a specified temperature . The -20°F group 
was conditioned by storing in an environmental chamber in 
which the temperature remained controlled at -20°F. The 
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cores were wrapped in a plastic sheet immediately after vac
uum saturation and before storage in the temperature-controlled 
chamber. Following the 2-day conditioning period, all cores 
were soaked in a water bath at room temperature (75°F) for 
2 hr and then tested for indirect tensile strength. A loading 
rate of 2 in./min was used throughout the investigation. 

Soaking After Sealing 

Other groups from the steel roller- and AMIR-compacted 
sections were treated differently so that the effect of surface 
cracks by sealing the sides and bottom of the cores before 
soaking could be studied. No vacuum pressure was used. 
Water can enter the core only through the surface. Cores 
were left in the water bath for 7 days. Three water bath 
temperatures were investigated (35, 65, and ll0°F). A higher 
temperature was not possible because it would cause the plas
tic sealing to melt. A temperature below freezing was also 
not possible because the water would freeze before satura
tion water penetrates the core. Cores were removed from the 
temperature-conditioning water bath to a water bath at 
room temperature for 2 hr before loading. 

Test Results and Analysis 

Simple Soaking 

Test results of cores soaked in water for 2 days are presented 
in Table 1. Figure 1 shows the relationship between soaking 
temperature and indirect tensile strength for both compaction 
techniques. The average indirect tensile strength of AMIR 
compacted cores increased from 101 to 113 psi after exposure 
to -20°F. The strength of AMIR compacted cores soaked at 
l10°F decreased by 17 percent. Similarly, the strength of the 
140°F group decreased by 23 percent. 

From Figure 1, the soaking temperature-strength curve 
shows relatively no change in the strength of steel roller
compacted cores after their exposure to temperatures ranging 
from -20 to 65°F. Above 75°F, the relationship indicated a 
sharp decrease in strength caused by stripping observed at the 
failure surfaces of tested cores. The strength drop was 41.8 
percent due to 140°F exposure and 19. 7 percent due to l10°F 
exposure. AMIR-compacted cores offered higher resistance 
to stripping than conventionally compacted cores after being 
exposed to warm-water soaking above 75°F. Construction cracks 
must have allowed warm water to circulate, thereby reducing 
the resistance of steel-compacted cores to stripping damage . 

Soaking After Sealing 

This experiment was designed to confirm that construction 
cracks provide a path for surface water to penetrate the pave
ment freely. In the previous experiment , when vacuum sat
uration was used the amount of water entering cores was 
relatively the same for both compaction methods . The sides 
of cores are not coated and, therefore, during vacuum satu
ration a large amount of water penetrated through the sides 
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T A BLE 1 Indirect Tensile St ren gth Results (Simple Soaking) 

Type Bulk Indirect 
Conditioning of Specific Permeable Tensile Average 
Temperature Compaction Gravity Voids Strength Strength 
(' F) % (psi) (psi) 

VSR/PA 2.380 3-4 92 
2.401 2-3 85 93 
2.414 2-3 104 

-20 
2.460 1-2 114 

AMIR 2.366 3-4 96 112 
2.421 2-3 127 

VSR/PA' 2.383 4-5 84 
2.399 4-5 101 93 

35 
2.434 3-4 95 

AMIR 2.450 2-3 109 101 
2.366 4-5 100 

VSR/PR' 2.418 2-3 95 
2.381 3-4 89 92 

65 
2.463 1-0 104 

AMIR 2.413 1-2 96 94 
2.377 3-4 82 

VSR/PR' 2.394 3-4 84 
110 2.395 2-3 66 75 

2.435 1-2 88 
AMIR 2.438 1-2 70 83 

2.376 3-4 82 

VSR/PR' 2.383 4-5 37 
2.412 2-3 71 54 

140 
2.456 1-2 89 

AMIR 2.358 77 
2.429 2-3 66 

Control Group - Tested Dry 

VSR/PR' 2.389 4-5 85 
2.395 2-3 101 93 

NA 2.351 4-5 102 
AMIR 2.399 3-4 96 101 

2.450 1-2 104 

Vibratory Steel Roller and Pneumatic Roller 
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FIGURE 1 Relationship between soaking temperature and 
indirect tensile strength. 

without regard to the surface condition. Measurements made 
immediately after removal of the plastic sheets and before 
loading the cores indicated that the AMIR-compacted core 
allowed 0.9 percent of its weight in water to enter the cores; 
the steel roller-compacted core allowed 1.3 percent to enter 
the cores. Test results are shown in Table 2. Figure 2 shows 
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TABLE 2 Indirect Tensile Strength Results (Soaking After 
Sealing) 

Type Bulk %Water Indirect 
Conditioning of Specific After Tensile Average 
Temperature Compaction Gravity Soaking Strength Streoglh 
("F) (psi) (psi) 

VSR/PR' 2.404 
2.380 1.3 86 86 
2.378 1.4 86 

110 
2.443 0.8 112 

AMIR 2.439 0.9 120 113 
2.436 1.0 107 

VSR/PR' 2.382 124 
2.364 108 117 

65 2.410 120 

2.447 102 
AMIR 2.438 129 121 

2.436 134 

VSR/PR' 2.406 141 
2.383 120 120 

35 2.371 100 

2.449 126 
AMIR 2.436 141 131 

2.432 126 

Control Group - Tested Dry 

VSR/PR' 2.406 121 
2.383 120 120 

2.460 128 
AMIR 2.422 116 122 

• data unavailable 'Vibratory Steel Roller and Pneumalic Roller 
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FIGURE 2 Relationship between soaking temperature and 
normalized indirect tensile strength. 

the relationship between soaking temperature and normalized 
indirect tensile strength for protected (sealed) cores. 

After soaking at 35°F for 7 days, the strength of protected 
crack-free cores (AMIR) increased by 7.2 percent. The in· 
crease in strength was more than that observed for similar 
unprotected cores following vacuum saturation and soaking 
for 2 days. This increase was the result of preventing water 
from entering the cores. No substantial change was observed 
to be due to the 65°F exposure. The 1 percent decrease in 
strength was much less than that observed following soaking 
after vacuum saturation (9.8 percent) . This difference may 
be attributed to the fact that soaking after sealing allowed 
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less water to enter the aggregate-asphalt matrix interface than 
vacuum saturation. After 7 days of exposure at l10°F, pro
tected crack-free cores lost 7.4 percent of their strength . Un
protected crack-free cores soaked for only 2 days after vacuum 
saturation resulted in 17 .3 percent decrease in strength. 

Soaking protected steel roller-compacted cores at 35 and 
65°F had no effect on indirect tensile strength as compared 
with the unsealed cores after vacuum saturation and soaking. 
Tests on protected steel-compacted cores soaked at l l0°F 
indicated a decrease in strength of 28 percent. This decrease 
is substantially more than the 7 .4 percent decrease observed 
for the crack-free cores under the same conditions. All cores 
were obtained from the same mix compacted to relatively the 
same density. The only major difference was the presence or 
lack of cracks after compaction. These cracks provided access 
for surface water to the interior of the cores, thereby enabling 
stripping to proceed. 

An additional consideration is the influence of vacuum 
saturation on the test results. The vacuum-saturated crack
free cores after only 2 days of soaking indicated a decrease 
in strength of 17 .3 percent. In contrast, the cores that 
were simply allowed to soak in the bath (i.e., not vacuum
saturated) showed a decrease of only 7 percent after 7 days 
of soaking. These data verify a common concept, that 
vacuum saturation forces water into the core. However, there 
was no substantial difference for the steel roller-compacted 
cores, that is, vacuum saturation had no effect. This obser
vation is important because vacuum saturation has in the past 
obscured the potential benefits of relatively crack-free con
struction and has led to difficulties in accurately evaluating 
stripping susceptibility. 

CONCLUSIONS 

The results presented in this paper support the following: 

1. Construction-induced cracks formed during compaction 
by conventional steel rollers allow excessive surface water 
penetration of the compacted mixture . 

2. Cracks through the dense surface formed by migration 
of fines to the surface after steel vibratory rolling negate any 
possible benefit of the dense surface. 

3. The crack-free cores offered better resistance to stripping 
damage when soaked in water without vacuum saturation. 
This indicates that a crack-free asphalt concrete surface can 
resist the free flow of surface water into the pavement. Vac
uum pressure, used in the past for moisture conditioning, 
obscured the influence of surface cracks on the stripping 
problem. 
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Demonstration of Potential Benefits of 
Performance-Oriented Specifications 

EMMANUEL G. FERNANDO AND ROBERT L. LYTTON 

The implementation of perfornrnnce-orientcd specifications hold 
the promise of providing pavement that perform a 1hey were 
designed to and of optimizing the u c of tax dollar · i;pent for 
highway construction. Thi wi ll require the application of models 
relating materials, traffic, and environmenta l variables to ex
pected pavement performance and life-cycle costs. Tt) illustrate 
the potential benefit. o[ performance-oriented pecificatio11s , l1y
pothetical case studies were conducted in which the expect.Cd 
performance of pavements consrrncred using exi ting specifica
tion was evaluated . The aim wa to determine whether a plrnlts 
and mixtures considered to be acceptable under existing speci
fications may actually show significant differences in predicted 
performtmce and life-cycle costs under similar conditions , ba ed 
on application of the performance relationship · selected for thi. 
particular exercise. The diffcreJ1ce obtafoed wou ld indicate the 
potential benefit of perfomiance- rientcd specification and the 
adequacy, or lack thereof, of existing specification with respect 
LO controlling a phalt and mixture propertic that determine pave
ment performance. 

Traditionally, state highway agencies have relied almost ex
clusively on recipe-type specifications for highway materials 
and construction. Under these specifications, the procedures 
to be followed in the construction of a pavement project are 
prescribed by the highway agency. A major drawback is that, 
by specifying materials, methods, and equipment, the high
way agency obligates itself, to a great degree, to accept the 
end product, even though there is no assurance that it will 
meet the performance requirements. 

More recently, many state highway agencies have adopted 
end-result specifications in which the contractor is given more 
latitude to choose construction methods and equipment and 
is responsible for controlling construction quality. Whereas 
these specifications are generally judged to be superior to 
traditional specifications, acceptance plans and price adjust
ment schedules are generally based on the historical ability 
of the producer or contractor to perform. Therefore, accep
tance and payment tend to be based on current testing meth
ods and construction practice rather than on test criteria and 
quality levels needed to achieve a certain level of perfor
mance. 

Still another concept that has been introduced is that of 
performance-oriented specifications. The major difference 
between this type of specification and an end-result specifi
cation is that the acceptance plan and payment schedule are 

E. G. Fernando, Texas Transportation Institute, Texas A&M Uni
versity, College Station, Tex. 77843. R. L. Lytton, Department of 
Civil Engineering, Texas A&M University, College Station, Tex. 
77843. 

tied to the predicted loss in pavement performance due to 
contractor nonconformance and to the resulting increase in 
pavement cost that will be incurred by the highway agency 
over the life of the project. 

Performance-oriented specifications are a research item in 
the ongoing Strategic Highway Research Program (SHRP), 
which is expected to lead to the development of performance
based binder specifications. In addition, the recently com
pleted NCHRP 10-26A project led to the development and 
demonstration of a conceptual framework for performance
related specifications for hot-mix asphalt concrete mixtures 
and to an identification of research needs to develop fully 
functional and reliable performance-related specifications (1). 

The implementation of performance-oriented specifications 
promises to provide pavements that perform as they were 
designed to and to optimize the use of tax dollars spent for 
highway construction. To illustrate the potential benefits of 
performance-oriented specifications, hypothetical case stud
ies were conducted in which the expected performance of 
pavements constructed using existing specifications was eval
uated. The aim was to determine whether asphalts and mix
tures considered to be acceptable under existing specifications 
may actually show significant differences in predicted perfor
mance and life-cycle costs under similar conditions, based on 
applications of the performance relationships selected for this 
particular exercise. The differences obtained would indicate 
the potential benefits of performance-oriented specifications 
and the adequacy, or Jack thereof, of existing specifications 
with respect to controlling asphalt and mixture properties that 
determine pavement performance. 

CASE STUDIES 

Three hypothetical case studies-designated as A, B, and 
C-were conducted to estimate the potential benefits of 
performance-oriented specifications 

Case Study A involved the evaluation of the expected per
formance and life-cycle costs of two mixtures, prepared using 
the same asphalt, aggregates, and aggregate gradation but 
designed according to two different methods, referred to as 
Methods 1 and 2. Actual mix design data determined from 
laboratory tests were used. 

Case Study B was conducted to estimate the effect of ag
gregate gradation on expected pavement performance and 
life-cycle costs. Two gradations were evaluated, as illustrated 
in Figure l. In both cases, the gradations satisfy the ASTM 
grading specification for dense bituminous mixtures having a 
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FIGURE 1 Aggregate gradations used for Case Study B. 

nominal maximum aggregate size of Y2 in. (ASTM D3515-
89). For this case study, Jimenez's procedure (2) was used 
with the assumed gradations and assumed values of asphalt 
specific gravity, asphalt absorption, and effective specific gravity 
of the aggregate blend to predict theoretically the relation
ships between air voids, asphalt content, and film thickness 
for the two gradations evaluated. 

Case Study C involved the evaluation of the expected per
formance and life-cycle costs of two mixtures, each prepared 
using a binder that meets the specifications for an AC-20 
asphalt. The binders evaluated, designated as Binders 1 and 
2, are included in the SHRP Materials Reference Library of 
asphalt cements . For this case study, bitumen stiffness data 
measured at different test temperatures and loading times 
were used in predicting pavement performance. Figures 2 and 
3 illustrate the original bitumen stiffness data for the binders 
used in this case study. 

PERFORMANCE EVALUATION 

The evaluation of expected pavement performance for the 
different case studies described generally followed a two-step 
procedure involving 

1. The evaluation of fundamental material properties from 
basic mixture variables that are commonly used in existing 
specifications, such as asphalt content, air voids content, ag
gregate gradation, binder viscosity, and penetration; and 
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FIGURE 2 Original bitumen stiffness at various loading times 
and temperatures for Binder 1. 

2. The application of existing performance models in con
junction with the fundamental material properties determined 
in Step 1 to predict fatigue cracking, rutting, and serviceability 
loss with time. 

Two important fundamental material properties-the mix
ture stiffness and the slope of the creep compliance curve
were determined from the basic mixture data established for 
each case study. The relationship developed by Witczak was 
used to predict the dynamic modulus from data on volumetric 
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FIGURE 3 Original bitumen stiffness at various loading times 
and temperatures for Binder 2. 

asphalt content, air voids content, aggregate gradation, and 
asphalt viscosity for each of the mixtures considered in Case 
Studies A and B (3). For Case Study C, McLeod's procedure 
was used with the available data on bitumen stiffness to es
timate mixture stiffness. A computerized version of McLeod's 
nomograph was used for predicting the slope of the creep 
compliance curve for the three case studies (4) . 

The performance evaluation was made using a mechanistic 
finite element program called FLEXP ASS developed at Texas 
A&M University. Because the results presented are depen
dent on the models used for predicting distress, the perfor
mance relationships in FLEXP ASS are briefly described in the 
following. A detailed discussion of the development of 
FLEXP ASS including efforts made to verify and calibrate the 
model is given by Tseng (5). 

Fatigue Cracking 

The following phenomenological equation is used in FLEX
p ASS to predict fatigue cracking: 

where 

(1) 

N1 = number of load applications to failure, 
E, = tensile strain at the bottom of the asphalt con

crete layer, and 
K 1 and K 2 = fatigue parameters. 

The fatigue parameters K 1 and K 2 of Equation 1 are eval
uated in the FLEXP ASS program using the following rela
tionships derived by Tseng and Lytton (6) from fracture me
chanics theory: 

[ ( )] -IOq] 
dl-n/2 1 _ ~o 

K, == (2) 
[A(l - nq)(rE)"] 

K1 - n (3) 

where 

d = depth of the asphalt concrete layer, 
C0 = radius of the largest aggregate in the mix, 

E = mix stiffness, 
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r and q = constants that relate the stress-intensity factor 
at the crack tip to the geometry of the sample, 
the loading, and the crack length, and 

A and n fracture parameters of the Paris and Erdogan 
equation (7) given by 

de 
- = A(dK)" 
dN 

(4) 

where (dc)l(dN) is the rate of crack growth, and dK is the 
change in the stress-intensity factor with each load cycle N. 

On the basis of theoretical work done by Schapery (8) and 
experimental studies conducted at the Texas Transportation 
Institute (TTI), the following relationship for predicting the 
fracture parameter n was established (9) . 

n = 2/m (5) 

where m is the slope of the creep compliance curve. 
Equation 5 is used, in conjunction with a computerized 

version of McLeod's nomograph to predict the fracture pa
rameter n, thus the fatigue parameters K 1 and K2 in the 
FLEXPASS program. The slope, m, of the creep compliance 
curve is estimated using McLeod's nomograph given the as
phalt viscosity at 140 or 275°F, the penetration at 77°F, the 
asphalt content and air voids content of the mixture, and the 
service temperature. The fracture parameter A is estimated 
using the following regression equation developed from beam 
fatigue data: 

loguiA = 7.0889 2.4755n - 2.1163 log10E 

R2 = .86, N = 32 observations (6) 

If the slope of the creep curve m and the fracture parameter 
n are known, the fatigue parameter K2 is determined . In 
addition, if the stiffness (£) and the predicted value of n are 
known, the fracture parameter A can be estimated from Equa
tion 6 and the fatigue parameter K1 can subsequently be pre
dicted from Equation 2. 

The fatigue parameters determined using this methodology 
are further adjusted to account for the healing of the pave
ment between load applications and residual stress buildup 
in the asphalt concrete layer. For this purpose, the predicted 
fatigue constants are adjusted following a procedure proposed 
by Tseng and Lytton (6). 

After the parameters of the phenomenological equation for 
fatigue are determined, Miner's law is applied stochastically 
for predicting the increase in cracked area with time. 

Rutting Model 

The increase in rut depth with time is predicted by accumu
lating the permanent vertical strains due to repetitive traffic 
loadings. In the procedure used, the permanent deformation 
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in each pavement layer is evaluated as the product of the total 
vertical resilient strain in a given layer and the fractional 
increase in total strain with cumulative load applications. The 
total vertical resilient strain is evaluated using the finite ele
ment method, whereas the fractional increase in total strain 
is predicted on the basis of an assumed model relating per
manent strain to number of load repetitions. For the case 
studies conducted, the model used in the VESYS computer 
program (JO) was adopted: 

E., = INS (7) 

where 

E0 = permanent strain, 
N = cumulative load repetitions, and 

I and s = model parameters determined from laboratory 
data. 

Assuming that the resilient strain, E,, is large in comparison 
to the increase of permanent strain with each load repetition , 
the fractional increase in permanent strain is approximately 
given by 

F(N) = dE,.IE, (8) 

where F(N) is the fractional increase in permanent strain with 
load repetition N. 

The change in permanent strain, dE,,, is given by 

dE = aE,, 
" aN 

(9) 

Differentiating Equation 7 with respect to N and substi
tuting the result into Equation 8 leads to the following expres
sion for F(N): 

F(N) 
ISN-c 1- s> 

E, 
µN - " (10) 

where µ and a are permanent deformation parameters. The 
rut depth , B;(N), for any given layer i is then determined by 

where 

8,(N) 
Zmax 

rut depth at N load repe_titions for a layer i, 
depth of the pavement layer, and 
vertical compressive strain at depth Z. 

(11) 

Finally, the total rut depth is obtained by adding the in
dividual rut depths for each layer: 

B(N) ;~ 8;(N) = ;ti J: µ,N- 0

' dN J:~, Ec(Z) dz 

;t1 { 1 :I a , N'- o; J;', Ec(Z) dz} (12) 
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where 

B;(N) total rut depth at N load repetitions, 
n - number of pavement layers, 

d,_ 1 depth at bottom of a layer i, and 
d; depth at top of a layer i. 

Equation 12 was used to predict the increase in rutting with 
cumulative load applications for the different case studies. In 
the analyses, the vertical compressive strain at a given depth 
within the layer was evaluated using the finite element method; 
the permanent deformation parameters (a and µ) for the 
asphalt concrete layer were evaluated from the following re
lations: 

a= 1 - m (13) 

(14) 

where 

Ci(p) a calibration constant dependent upon the rutting 
characteristics of the asphalt mix and the quality 
of the aggregate, 

m = slope of the creep compliance curve, and 
t = time of loading. 

Equation 13 is based on work done by Lytton (11), whereas 
Equation 14 is from development work conducted at TII on 
the Texas Flexible Pavement System (12). For the base and 
subgrade layers, typical values for a and µwere assumed in 
the analyses and were kept the same for the three case studies. 

Serviceability Loss Model 

With the FLEXPASS computer program, serviceability loss 
is evaluated using the AASHO present serviceability index 
(PSI) equation with the predicted values of rut depth, cracked 
area, and slope variance. The slope variance is predicted from 
the rut depth variance using the following equation based on 
VESYS (JO): 

E(SV) = 
2~ var('&) (15) 
c 

where 

E(SV) 
var('&) 

~and c = 

expected value of slope variance, 
variance of rut depth, and 
constants that have typical values of 1.0 and 
0.058, respectively, based on regression analysis 
of field roughness data. 

The rut-depth variance is evaluated from a probabilistic 
analysis of the rut-depth equation. 

Age-Hardening 

In the analyses conducted, age-hardening of the different mix
tures was also considered using relationships developed for 
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predicting the change in asphalt viscosity and penetration with 
time. These equations are based on data collected by Lee 
from eight different projects in Iowa, where observations of 
asphalt penetration and viscosity were made at 6-month in
tervals over 4 years (13). A hyperbolic model of the form 
given by Equation 16 was used to model the change in asphalt 
consistency with time. 

~y = tl(a + bt) (16) 

where ~y is the difference between the measured viscosity or 
penetration at time t and the value of the property at time of 
construction, and a and b are hyperbolic model parameters 
that are functions of basic mixture variables. 

Relationships for predicting the hyperbolic model param
eters of Equation 16 were developed and are summarized as 
follows: 

•Viscosity at 70°F (megapoises): 

a _ 1.614494 x 10-14. (V,er.
70

)31530. (FT)1 9931 

R 2 = .9963, RMSE = 0.0368, N = 8 obs. 

R 2 = .9833, RMSE = 0.0186, N = 8 obs. 

• Viscosity at 140°F (poises): 

R 2 = .9619, RMSE = 0.1176, N = 8 obs. 

. (pen77.TFOT/FT)-4.0697 

R 2 = .9558, RMSE = 0.0746, N = 8 obs. 

• Penetration at 77°F (0.1 mm): 

a 3.287416 X 10-5. (pen,er.n) - 9.0932. (penn.0)11 .m5 

. (P20of P30)• 2124 

R 2 = .9723, RMSE = 0.1192, N = 8 obs. 

b 190,387 . (FT)o.3245. (P,.;,) - o.2s60. (penn.o) - 4 02os 

· ( P 2ool P 30) - 1·2031 · (penn ,TFOT/penn .o)- 1 042 

R2 = .9708, RMSE = 0.0144, N = 8 obs. 

where 

V,er.10 reference viscosity at 70°F, at time of con
struction (megapoises); 
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FT = film thickness (microns); 
V140.TFOT = Viscosity at 140°F after thin-film oven testing 

(TFOT) (poises); 
pen,er.77 = reference penetration at 77°F, at time of con

struction (0.1 mm); 
penn.TFOT = penetration at 77°F after TFOT (0.1 mm); 

pen77 .0 = original penetration at 77°F (0.1 mm); 
V 14o.o = original viscosity at 140°F (poises); 

P.;, = percentage air voids; 
P.0 = percentage asphalt; 

P200 = percentage passing No. 200 sieve; 
P30 = percentage passing No. 30 sieve; 
P8 = percentage passing No. 8 sieve; and 
P4 = percentage passing No. 4 seive. 

For viscosity, the dependent variable ~y in Equation 16 is 
log 10(V,IV,er), where V, is the predicted viscosity at time t and 
V,er is the reference viscosity. For penetration, ~y is the pre
dicted difference between the reference penetration, and the 
penetration at some time t. In both cases, the reference values 
should be the estimated properties at the time of construction. 

The preceding equations were used to estimate the effects 
of aging on the predicted performance of the different mix
tures evaluated in Case Studies A and B. The prediction 
equations for viscosity at 70°F were used in conjunction with 
the dynamic modulus equation developed by Witczak to pre
dict the change in modulus with time (3) . The equations for 
viscosity at 140°F and penetration at 77°F were used to predict 
the change in fatigue and permanent deformation properties 
as the mixture ages. Table 1 summarizes the data used in 
conjunction with the given equations to evaluate the age
hardening of the mixtures considered in Case Studies A and 
B. For Case Study C, estimates of bitumen stiffness with time, 
obtained from a SHRP A-002 subcontractor, were used in 
con junction with McLeod's procedure ( 4) to predict the change 
in mixture stiffness with time. 

The predicted age-hardening characteristics of the different 
mixtures were used in subdividing the analysis period into 
several time intervals, with each time interval characterized 
by mixture properties representative of the aging associated 
with the given interval. A 20-year analysis period was used 

TABLE 1 Input Data Used to Characterize Age-Hardening for 
Case Studies A and B 

Case StUd,l'. A Case Stud.)' B 
Input Variable 

Method I Method 2 Gradation A Gradation B 

1. V.,,, 70 (megapoises) I 7. 55 17. 55 17 . 55 17 .55 

2. FT (microns) g. 92 10.97 8.S2 13. 76 

J, V1'0,TFOT (poises) 2637 2637 2637 2637 

4. V 140• 0 (poises) 1071 1071 1071 1071 

s. Pen.,,, 77 (0.1 mm) 38 38 38 38 

6 . Pennno1 (O.J mm) Sl Sl SJ Sl 

7. Penn 0 (0. I mm) 85 es es 8S 

8. P., (%) 4.9 3. 9 

9 . P •• (%) s .4 s. 9 4. 73 s .18 

JO. P200 (%) 3. 9 3. 9 3.9 2 .0 

II. P,o (%) 20.2 20 . 2 20 . 2 lS. 2 

12. Pe (%) 41.8 41.8 41.8 35.8 

13. P, (%) 61. 6 61.6 61.6 S4.6 
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for all case studies. The performance evaluation for each mix
ture was therefore conducted in stages, starting with the first 
time interval and proceeding in succession through the last 
time interval or period. At each time period, the associated 
mixture properties were used in conjunction with the selected 
performance models to predict the fatigue cracking, rutting, 
and serviceability loss for that particular period. The predicted 
levels of distress at the end of any given time period were 
then used as the starting levels of distress for the subsequent 
time period. 

LIFE-CYCLE COST ANALYSIS 

For all case studies, a hypothetical pavement section consist
ing of a 4 in. bituminous-bound surface layer and a 10 in. 
granular base course overlaying a clay subgrade was assumed . 
A 9,000-lb load acting on dual wheels sp~ced 13 in. apart and 
inflated to a pressure of 75 psi was used to represent the 
standard 18-kip equivalent single axle load (ESAL) . In ad
dition, an initial traffic rate of 353 ESALs a day and a traffic 
growth rate of 4 percent were used in the simulations. The 
cumulative traffic for the 20-year analysis period was ap
proximately 4 million 18-kip ES Ls. 

Prope rties of the surface layer were varied depending on 
the particular bituminous mixture that was being evaluated . 
These properties varied with time and with the assumed sea
sonal temperatures. For all mixtures , the properties of the 
base and the subgrade layers were kept the same. 

The performance predictions were used in evaluating the 
life-cycle cost · for the different case studies considered. For 
this analysis, the following failure criteria were used to de
termine the timing of overlays: 

1. Maximum allowable fatigue cracking-500 ft2/l,OOO ft2. 
2. Maximum allowable rut depth-0.50 in. 
3. Terminal serviceability index-2.50. 

An overlay was assumed to be necessary when one or more 
of these failure limits has been reached. For the life-cycle cost 
analysis, the thickness design of overlays was accomplished 
using the overlay design equations developed for FHWA (14) . 
These equations assume that overlay life is governed by re
flection cracking. For each case study, an overlay thickness 
was determined to last the remainder of the analysis period . 
The properties of the overlay material for determining the 
required overlay thicknesses were kept the same for all three 
case studies. 

Life-cycle costs were calculated using a cost-analysis pro
gram known as FLAGCAP developed at TTI in a recent 
research project sponsored by the Florida Department of 
Transportation (15). Pavement costs associated with the pre
dicted performance of each of the different mixtures were 
evaluated , and included costs due to initial construction, rou
tine maintenance, overlays, and level-ups. In addition, user 
costs associated with vehicle depreciation, fuel consumption, 
oil consumption, tire wear, vehicle maintenance, and user 
travel time were estimated on the basis of assumed distribu
tion of vehicles in the traffic stream and the predicted ser
viceability history for the given analysis period. The assumed 
vehicle distribution was compatible with the daily 18-kip ESALs 
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used in the performance evaluation. In addition, user oper
ating costs were adjusted for the effects of pavement rough
ness using relationships developed from data compiled by 
Zaniewski (16). 

Future costs were converted to equivalent present worth 
costs using a discount rate of 5 percent. A summary of the 
pavement and user costs evaluated for the different case stud
ies considered is presented in Table 2. The costs shown are 
for a 10-mi stretch of one-lane roadway; they are specific to 
the case studies considered herein. 

As may be observed from Table 2, the percent difference 
in pavement costs associated with the different case studies 
considered varies from approximately 3.9 to 12.5 percent. 
Considering that the mixtures in each case study are, by ex
isting specifications, "equally acceptable," the differences in 
pavement life-cycle costs obtained illustrate the need for spec
ifications that are based on predicted pavement performance, 
and indicate the potential savings that may be realized if such 
specifications are implemented. Note that the predicted pave
ment costs shown in Table 2 are only for a 10-mi stretch of 
one-lane highway. If the predicted differences in pavement 
costs are applied over an entire highway network , the poten
tial savings can easily be substantial and will be even more if 
the potential reductions in user costs are also considered . This 
is readily apparent from Table 2, in which it is observed that 
the predicted differences in user costs are significantly greater 
than the predicted differences in pavement costs. This indi
cates that not only will highway agencies realize savings from 
implementing performance-oriented specifications, but that 
road users will, as well, and at a potentially greater amount . 

ILLUSTRATION OF ALTERNATIVE APPROACH 
TO SPECIFICATION DEVELOPMENT 

The limited number of simulations conducted therefore dem
onstrate the importance of developing materials and construc
tion specifications on the basis of predicted pavement perfor
mance . This will entail specifications on variables that 
significantly influence pavement service life. The choice of 
variables to be controlled will logically depend on the distress 
criteria and models used for pavement design, which in turn 
may vary with local conditions. Whatever materials and con
struction variables are selected for specification purposes, the 
choice shoul d be guided by the following considerations: (a) 
the variables selected are significant predictors of pavement 
performance, and (b) the variables are properties that can be 
controlled by the producer or contractor during construction. 

The first guideline can be addressed through a sensitivity 
analysis of the particular distress prediction models used in 
pavement design. By way of illustration, the slope m of the 
creep compliance curve is a material property input to the 
imulation program , FLEXPASS, u ed in different hypo

thetical case tudies considered herein . How this material 
property relates to expected pavement performance is evident 
from the mechanics-based relationships presented earlier be
tween the slope of the creep curve, the fatigue parameters, 
and the permanent deformation parameters. To illustrate the 
sensitivity of the performance predictions from FLEXP ASS 
to variations in the slope of the creep curve, simulation runs 
were made wherein the slope was varied from 0.40 to 0.50 
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TABLE 2 Summary of Life-Cycle Costs for Three Case Studies 

Time to Failure Pavement Difference 
Speculative Failure Mode Cost in Pavement 
Case Study (Years) (x 1000$) Costs 

(x 1000$) 

A. Mix Design 
Method 

1. Method 1 6 . 55 Fatigue 765 
Cracking 

2. Method 2 5. 59 Rutting 796 31 

B. Effect of 
Aggregate 
Gradation 

1. Gradation A 12 . 27 Fatigue 679 
Cracking 

2. Gradation B 7 . 34 Fatigue 740 61 
Cracking 

c. Viscosity 
Grading 

12 . 24 Fatigue 765 
1. Binder 1 Cracking 

8 .52 Fatigue 874 109 
2 . Binder 2 Cracking 

and all other variables were held constant. The layer thick
nesses and base and subgrade properties from earlier runs 
were also used in these new simulations. Figures 4, 5, and 6 
illustrate the performance predictions obtained. 

Based on the distress models used, it is apparent from the 
figures that the slope (m) of the creep curve is a significant 
predictor of pavement performance. Life-cycle costs associ
ated with the different levels of this material property are 
summarized in Table 3, which indicates substantial differences 
in predicted pavement life-cycle costs between the cases con
sidered. These results further demonstrate the importance of 
the slope of the creep curve, and how, from a performance 
prediction standpoint, it is an appropriate variable to use for 
establishing target values for construction quality control. An 
example of how this may be done is illustrated in Figure 7 
and Table 4. Assuming for instance a required minimum pre
dicted service life of 20 years and a required maximum pre-

5.0 

4.5 

4 .0 

Cii 3.5 
IL 

3 .0 -- -- -- -- -- --2.5 --
2.0 

0 2 4 6 8 10 12 14 16 18 20 

TIME !years) 

--m~0.50 --m· 0 .45 

FIGURE 4 Predicted trends in serviceability loss with time for 
different levels of m. 
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Percent User Cost Difference Total Cost Difference 
Difference (x 1000$) in User Costs (x 1000$) in Total 
in Pavement (x 1000$) Costs 
Cost (x 1000$) 

437' 825 438,590 

3 .89 438,325 500 439,121 531 

430,703 431,382 

8. 24 436,525 5,822 437 ' 265 5,883 

425,901 426,666 

12 . 47 428' 118 2' 217 428' 992 2 , 326 

dieted pavement life-cycle cost of $10,000/Jane-mi, a target 
value of 0.40 for the slope (m) of the creep curve is obtained 
based on the results of simulations. This target value is of 
course specific to the conditions analyzed and will undoubt
edly vary depending on traffic and environmental conditions 
and with different pavement layer thicknesses and material 
properties . The effect of deviations from target on predicted 
pavement life-cycle costs will then be used as the basis 
for establishing payment schedules in a performance-based 
specification. 

CONCLUSION 

On the basis of the hypothetical case studies reported herein, 
it is apparent that existing asphalt and mixture specifications 
do not necessarily ensure that pavements constructed "within 

1.0 .,,,. 
0 .9 ...... ...... .,,,.. 
0.8 

.,,,.. .,,,.. .,,,.. 
Ii) 0.7 .,,,.. 
Q) 
.c 0.6 " ~ 

0.5 
~ 
IL 0.4 w 
0 
f- 0.3 
::> 
a: 0.2 

0.1 

2 4 6 8 10 12 14 16 18 20 

TIME (years) 

-- m~ 0.50 --m· 0.45 - · - m- 0.40 

FIGURE 5 Predicted trends in rutting with time for different 
levels of m. 
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specs" will yield similar performance and life-cycle costs. In
deed, the simulations have shown that significant differences 
in pavement life-cycle costs may be predicted for asphalt mix
tures that are within specification limits. Consequently, there 
is merit to implementing specifications that are tied to pre
dicted pavement performance. 

As part of developing performance-oriented specifications, 
materials and construction variables have to be identified which 
are significant predictors of pavement performance and are 
factors that can be controlled during construction. The choice 
of materials and construction variables for specification de
velopment will logically depend on the distress criteria and 
models used for pavement design. An example of a material 
property for which target values for construction quality con
trol may be specified is the slope of the creep compliance 
curve. This material property has been shown, from theory, 
to be a predictor of fatigue cracking and rutting, and its sig
nificance as a performance-related variable was illustrated 
herein. 

It is emphasized that the slope (m) was only used as an 
example of the kinds of materials and construction variables 
that need to be considered for specification development. 
Fundamental material properties such as the slope of the creep 
curve or mixture stiffness may be suitable variables to use 
from the standpoint of being performance-related, but im
plementing working specifications based on these variables is 
another issue. It is recognized that actual measurement of 
fundamental material properties for determining compliance 
to specifications may be beyond existing capabilities of some 
state highway agencies and contractors. For this reason, sur-
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FIGURE 6 Predicted trends in fatigue cracking with time for 
different levels of m. 

TABLE 3 Summary of Life-Cycle Costs for Different Values of m 

DIFFERENCE 
PAVEMENT IN PAVEMENT DIFFERENCE 

SLOPE, m, OF COST' COSTS USER COST' IN USER COST 
CREEP CURVE !X 1000 $) (x 1000)' tx 1000 $) (x 1000)' 

0.50 566 231, I57 

0. 45 387 -179 227' 448 -3' 709 

0. 40 87 -479 220,818 -I0,339 

•Present worth costs for a lO·mi le, one 1 ane stretch of highway; 20-yr 
analysis period at a 5% discount rate. 

bRelative to costs for case where slope m = 0. 50 . 

DISTRESS 

0 

I 
10 
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PERFORMANCE CRITERIA: 

LIFE ;;, 20 Years 

Agency Cost 5 $10,000 Life Cycle Cost 

Lane Mile 
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0.50 
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0.40 
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< 

PAVEMENT LIFE, years 10 20 30 40 50 6 0 

PAVEMENT LIFE CYCLE COSTS 
PER LANE MILE 

FIGURE 7 Determination of target value for m = 0.40 based 
on performance considerations. 

TABLE 4 Failure Time (Years) for Figure 7 

Distress Agency Ute Cycle 
Costs per 

Slope, m PSI Rutllng Fatigue Lane Mlle 
12.s1• (0.5 inl• soo11 211000112 1• Ix $10001 

0.40 - 20 - 8.7 

0.45 - 10 17 38.7 

0.50 19 5 . 43 10 56 .6 

•Failure Criterion 

rogate tests or relationships for these variables may have to 
be used that relate fundamental material properties, which 
are significant predictors of pavement performance, to ma
terials and construction variables that have been traditionally 
used in materials and construction specifications. Alterna
tively, algorithms may be developed, or existing procedures 
implemented, for estimating fundamental material properties 
in situ. Already, there are a number of computer programs 
available for back calculation of layer stiffnesses from mea
sured surface deflections, including a recent computer pro
gram called SCALPOT, developed by Magnuson and Lytton 
at Texas A&M University (17), that is capable of estimating 
creep compliance parameters of layered systems from falling 
weight deflection measurements. Developments like these 
should provide additional impetus for acceptance and imple
mentation of performance-oriented specifications within the 
highway community. 
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Influence of Test Parameters in SHRP P07 
Procedure on Resilient Moduli of Asphalt 
Concrete Field Cores 

y. R. KIM, K. A. SHAH, AND N. p. KHOSLA 

The results of resilient modulus (MR) testing at North Carolina 
State Univer ily as a part of the Strategic Highway Research 
Program ( HRP) asphalt concrete c re proficiency testing pro
gram are presented. As a requirement of participating in this 
proficiency testing, thorough calibration was conducted on the 
MR testing system at NCSU before the commencement of any 
testing. Then four synthetic specimens were te ted within the 
framewo1·k of A fM D4J23-82. After the M11 value of the syn
thetic pecimens were verified to be within the acceptable range, 
the M 11 te ting was performed on field cor supplied by the 
proficiency testing progrnm. The MT ystems Corp. M11 re ting 
fixture was u. ed with the MT servohydraulic closed-loop loading 
system. The mountable measurement device consisting of two 
extensometcr with springs was used in measuring the horizontal 
deformation . Load and deforrmllion data were acquired by a 12-
bit data acqui ition board and the Lab Windows da ta acqui ition 
program. A computer program that automatically calculates the 
instantaneous and total deformation values from the raw data 
was developed on the basis of regre i n analysis. The MR testing 
of field cores was performed in accordance with the SHRP P07 
protocol (September 1990 version). The test results indicated that 
the effects of testing axis and rest period are relatively small 
compared with the influence of Poisson's ratio. The MR values 
from the assumed Po.isson's ratio were as much a. five time · larger 
than those calculated by using Poi on's ratio calculated from the 
vertical and horizontal deformations. 

A characterization of various highway materials is one of the 
most influencing steps involved in pavement design schemes. 
Material properties are usually obtained from laboratory test
ing by simulating the field conditions as close as possible. 
These material properties are input to constitutive models of 
different design analyses to predict stresses, strains, and de
flections induced in a layered pavement structure under mov
ing wheel loads. 

As a major constituent of the flexible pavement, the resil
ient properties of asphalt concrete have been continuously 
studied using various types of test methods. All of these efforts 
have led ASTM to standardize the resilient modulus testing 
method of asphalt concrete (ASTM D4123-82). However, as 
demonstrated in the Workshop on Resilient Modulus Testing 
held in Oregon State University in March 1989, there was 
strong consensus among pavement engineers that ASTM D4123 
in unnecessarily time-consuming and that the test results are 
difficult to reproduce. Furthermore, although the resilient 
modulus is considered to be a material property, the value of 
resilient modulus seems to depend on the load history applied. 

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

In recognition of the importance and existing problems of 
resilient modulus testing of asphalt concrete, the Strategic 
Highway Research Program's (SHRP) material testing pro
gram is developing a resilient modulus test procedure for 
asphalt concrete (SHRP Protocol P07). This procedure in
corporates recent findings on resilient modulus testing into 
the existing ASTM D4123-82. 

Another effort by SHRP in the evaluation of the resilient 
moduli values of field cores is being undertaken as a part of 
SHRP's Long-Term Pavement Performance program (LTPP). 
This project is entitled SHRP Asphalt Concrete Core Profi
ciency Sample Program for Resilient Modulus Testing. More 
than 50 laboratories in the United States are voluntarily 
ticipating in this project, including North Carolina State 
University (NCSU). 

The objectives of this paper are first to describe the SHRP 
asphalt concrete core proficiency testing activities at NCSU 
(hereafter called proficiency testing); second, to introduce the 
data acquisition and analysis program developed for the re
silient modulus testing; and third, to summarize findings from 
the resilient modulus testing of L TPP field cores. 

RESILIENT MODULUS TESTING FIXTURE 

The testing apparatus used in this study was provided by MTS 
Systems Corp. The schematic presentation of this fixture is 
shown in Figure 1. The fixture was installed inside an envi
ronmental chamber in which temperature could be main
tained within ± 1°F for extended periods. 

Horizontal displacements were measured by extensometers 
designed by MTS Systems with full-scale travels of 0.15 in. 
(0.381 cm). Ranging the transducers to 10 percent of full scale 
calibrates the output to a finer-scale travel and allows higher
resolution measurements of small deformations. Vertical de
formations were measured directly from the actuator move
ment using the stroke reading in the MTS microconsole. 

The diametral device consists of two extensometers with 
gauge length extenders and two specimen adapter brackets 
as shown in Figure 1. 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 due to point contact with a linear variable 
differential transducer (L VDT) that is used in some diametral 
tensile test fixtures. The mounting method of these exten
someters can be found elsewhere (1,2). 

Some advantages of the device are as follows: 
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RAM 

LOWER EXTENSION ROD 

EXTENSOMETER AND SPECIMEN 
ALIGNMENT FIXTURE 

FIGURE 1 Resilient modulus testing fixture and 
extensometers. 

1. Because the brackets are placed at the sides of the spec
imen guided by pin screws through the holes in fixed side 
walls, this fixture gives more precise control over the vertical 
locations of the brackets. 

2. Once the test starts, the low-friction antirotate bar in the 
upper fixture (Figure 1) prevents rotation of the actuator due 
to repetitive loading. 

3. Another advantage of this fixture is that the improper 
measurements due to "rocking" of the specimen can be min
imized. Because the extensometers are attached to the spec
imen by springs, extraneous deformation due to rigid-body 
rotation cannot affect the deformation measurements. 

TESTING PROTOCOL 

Calibration with Synthetic Specimens 

Participation in the SHRP proficiency testing required cali
bration of the resilient modulus testing system before the 
commencement of any testing. The calibration procedure in
cluded alignment of the top and bottom loading rams, cali
bration of extensometers and load cell, and adjustment of 
gain settings in the MTS console to check the shape and timing 
of wave form. 

Then four types of synthetic specimens were tested to verify 
the calibration of the system. The synthetic specimens were 
made from polyacrylate (Lucite), polyethylene, Teflon, and 
cast synthetic rubber used for Hveem stabilometer calibra
tion. The testing protocol that was required to determine the 
resilient modulus, within the framework of ASTM D4123, 
called for 

•Test temperature-77 ± 0.9°F (25 ± 0.5°C); 
•Applied load-50 lb; 
•Record deflection-after 15 conditioning cycles; and 
• Determination of resilient modulus-twice for each sam

ple, second replication done after rotating the sample through 
90 degrees. 
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Results were then submitted to the researchers of the profi
ciency testing program for analysis. 

Resilient Modulus Testing of Field Cores 

After the MR values of the synthetic specimens were found 
to be within the acceptable range of known MR values, testing 
was conducted on the asphalt concrete cores obtained from 
the test sections at the Pennsylvania State University and sent 
by the SHRP proficiency testing project. Two sets of cores, 
consisting of five samples each, were supplied with the labels 
"O" or "N" followed by a two-digit number. The samples 
labeled N and 0 are the cores from a new and a 5-year old 
pavement, respectively. Two mutually perpendicular diame
tral lines were drawn on the sample and marked either "A" 
or "B". The cores were not trafficked; consequently, traffic 
direction was not marked on the cores. Indirect tensile strength 
at 77°F was 223 psi for cores marked "N" and 61 psi for cores 
marked "O". 

All the samples were tested in accordance with the SHRP 
P07 procedure (September 1990 version) along both axes. 
Each time a core was tested, Direction A or B was chosen 
randomly for the first set of readings. The differences and 
modifications between this procedure and ASTM D4123 are 
listed in Table 1. 

DATA ACQUISITION AND ANALYSIS PROGRAM 

Noise in Data Acquisition 

At NCSU, Lab Windows (Version 1.2) is being used to acquire 
the data from the MTS. The programs used for data acqui
sition have been written in Quick Basic within the Lab
Windows. To acquire the data, an AT-MI0-16 board has been 
set up. The AT-MI0-16 is a high-performance multifunction 
analog, digital, and timing input and output board. The input 
voltage range for the AT-MI0-16 has been set up to remain 
between - 10 and 10 V. Therefore, the precision of the input 
signal measured by the AT-MI0-16 twelve-bit analog-to
digital converter can be calculated by dividing the total voltage 
range (20 V) by 212 , which results in 4.88 mV. Thus, when 
displacement cartridges of 0.5 in. (for vertical deformation) 
and 0.015 in. (for horizontal deformation) maximum capacity 
were used, the minimum values of deformation measured 
were (0.5/10) x (4.88/1,000) = 2.44 x 10- 3 in. and (0.015/ 
10) x ( 4.88/1,000) = 7.32 x 10- 6 in., respectively. Similarly, 
for a 2,000-lb. load cartridge, the minimum value of load that 
could be read was 0.976 lb. This accounts for most of the 
fluctuation in the output deformation curves. As can be seen 
from Figures 2 and 3, the values of the deformations are seen 
to fluctuate between two precision levels. The "noise" in the 
data can be easily accounted for from the minimum precision 
values as explained. It is not claimed here that there is no 
fluctuation at all in the actual data, but it is believed that the 
small fluctuations can be amplified because of the limitation 
of the acquisition board. 

Resilient Modulus Analysis Program 

An effort has also been made at NCSU to develop a program 
that automatically calculates the MR values from the data file 
obtained using the data acquisition program. This program 



TABLE 1 Comparison of ASTM 04123 and SHRP P07 Protocol 

Criteria 

'l'••tinq aachin• 

Deforaation 
a•a11ur-ent11 

'l'e•perature11 
reco-•nded 

Kea11ur-•nt of 
indirect ten11ile 
• trength 

Reco-•nded load 
for te11ting and 
preconditioninq 

seating load 

be• of loading 

Wave fora 
Loading pattern 
i preconditioning 

Period of 
preconditioninq 

lbcp•cted load 
repetition• 

:If cuaulativ• 
vertical 
4•foraation 
ezc••d• <•>" 

ASTH D 4123 

It should have the capability 
of applying a load pulse over a 
range of frequencies, load dura
tion and load levels. Note 2 
suggests use of electrohydraulic 
m/c's or other m/c's such as 
those using pneumatic devices. 

* By LVDT's or other suitable 
devices. 

* Positive contact between the 
specimen and measuring device 
by spring loading or gluing 
attachments. 

* Gauges wired to preclude the 
effects of eccentric loading 
so as to give algebraic sum 
of movement of each side of 
the specimen. Alternatively, 
each gauge can be read 
independently and results 
summed independently. 

41,77 (or ambient laboratory 
temperature) & 104'F. 

Destructive test on a specimen 
and the use of equation 8.3 in 
ASTM D 4123. 

10 to 50% of indirect tensile 
strength. 

ASTM remains silent. 

Sample to be rotated 90' each 
time a test with a different 
variable is done on the same 
specimen. 

Haversine or suitable waveform; 
Load duration 0.1 to 0.4 sec, 
Frequency of load: 0.33, 0.5 & 
1 Hz. suggested. 

Until the deformations are 
stable. 

A minimum of 50 to 200 load 
repetitions is typical. 

here x = 0.00111 
Reduce the test temperature, 
the applied load, or both. 

SHRP P07 

It shall be a top-loading, closed loop 
electrohydraulic testing m/c with a 
function generator capable of applying 
a haversine shaped load pulse over a 
range of load durations, load levels 
and rest period. 

By LVDT's. 

Positive contact by using a spring 
loaded LVDT and attaching a flat head 
(3/8" x 1/4") as a contact point. 

The two LVDT's shall be wired so 
that each transducer can be read 
independently and the results summed 
during the test program. 

41,77 & 104'F 

According to the procedure in 
attachment A to protocol P07 at 
77 ± 2'F. 

30, 15 & 5% of indirect tensile 
strength for test temperatures of 
41±2, 77±2 & 104±2'F respectively. 

3, 1.5 & 0.5% of indirect tensile 
strength for test temperatures of 
41±2, 77±2 & 104±2'F respectively. 

Testing is to be performed along two 
mutually perpendicular diametral axis 
(latest version, July 1991, requires 
testing along two axes 45' apart). 

Haversine; 
Load duration 0.1 sec; 
Rest periods 0.9, 1.9 & 2.9 secs. 

Until a minimum of 10 successive 
readings of horizontal deformation 
agree within 10%. 

Expected ranges are 50-150, 50-100, 
& 20-50 for 41±2, 77±2, 104±2'F resp. 

here x = o.02511 for 41" P = 0.05011 for 77 ' 104"P 
Reduce applied load to min. possible 
retaining adequate deformation. If 
not possible to retain adequate de
formation for measurements, stop the 
preconditioning and generate 10 load 
pulses for MR determ inat ion and so 
indicate on test report . 

(continued on next page) 



TABLE 1 (continued) 

Criteria ASTll D 4123 SHRP P07 

lhlllber of loa4 
pul••• to be 
applie4 for ... 

Measure the avg. recoverable 
horizontal and vertical deform
ations over at least 3 loading 
cycles after the repeated resi
lient deformations are stable. 

Minimum of 30 load pulses to be app
lied. Continued beyond 30 until the 
range in deformation values of five 
successive horiz. deformation values 
is less than 10% of the avg. Then 
~ is the avg·. of the MR value s mea
sured individually from 5 load cycles 
after deformations are stable. 

Poiaaon• • ratio 0.35 suggested to be reasonable 
at 77"F. 

0.2, 0.35 & 0.5 to be assumed for 
temperatures of 41±2, 77±2, and 
104±2 "F respectively~ 

8peoiaena Lab-molded: prepare as per 6.1 
core specimens: as per 6.2. 

Lab molded specimens: no sugge.stions 
Core specimens: as per ASTM. 

'feat •eciu• na• Testing to begin at the lowest 
temperature, shortest load 
duration and smallest load. 
Subsequent testing on the same 
specimen should be so as to 
provide progressively lower 
modul i . 

The sequence shall consist of initial 
testing at 4l'F, followed by inter
mediate testing at 77"F and final 
testing at 104'F. 

1d4itiODI iD 818P P07 1 

Section 6 gives a description about specimen requirements and measurements. 
Section 7.2 describes the procedures related to alignment and specimen seating. 

determines the peak values ofload applied at each consecutive 
load cycle after compensating for the level of precision (which 
has been discussed earlier) of load measured. The program 
also calculates instantaneous and total values of horizontal 
and vertical deformations. 

The program first picks up the peak values of load and 
deformations at each cycle and compensates for repeated peaks 
(which result because of the limitation of the level of preci
sion, as discussed earlier) using the following equation: 

BA = B0 + (R - 1) x PLIC 

where 

BA adjusted peak value, 
B0 = peak value obtained from the raw data, 
R number of times the same peak value appeared, 

PL = half of the precision level (0.488 lb, 3.66 µin., and 
122 µin. for 2,000-lb load cell, 0.015-in. maximum 
capacity horizontal deformation cartridge, and 0.5-
in. maximum capacity vertical deformation car
tridge, respectively), and 

C = weighting factor (1, 2, and 7 for load, horizontal 
deformation, and vertical deformation, respec
tively). 

This equation was developed from the comparison of peak 
values obtained from the data acquisition program and a 
Hewlett-Packard Model 7090A plotter. Average seating load 
was then calculated and subtracted from peak values of load. 

To get the instantaneous and total deformation values, 
regression is done in three portions of the deformation curve: 

1. Linear regression in the straight portion of the unloading 
path. 

2. Regression in the curved portion that connects the un
loading path and the recovery portion to yield the following 
hyperbolic equation: 

Y = a + (b/X) 

where 

Y = deformation value, 
X =time, and 

a, b = regression constants. 

3. Regression in the recovery portion between 40 and 90 
percent of rest period to yield a hyperbolic equation. A tan
gent was drawn to this hyperbola at the point corresponding 
to 55 percent of rest period. The portion used for regression 
and the point for calculating a tangent were selected after 
examining deformation-versus-time curves from various test 
conditions. 

Two linear equations, one from the unloading path and the 
other from the tangent of the hyperbola in the recovery pe
riod, are solved to determine the intersection. Then the point 
on the hyperbolic curve corresponding to the time coordinate 
of the intersection (for convenience, say Point A) is selected 
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J<'IGURE 2 Actual vertical deformations and prediction from 
regression: top, N-core at 41°F; middle, 0-core at 77°F; bottom, 
N-core at 104°F. 

to determine the instantaneous deformation by subtracting 
the deformation at Point A from the peak deformation. Sub
tracting the deformation value at the end of the rest period 
(calculated from the regressed hyperbolic equation) from the 
peak deformation yields the total deformation value . 

The program was checked for random cases to see how 
accurately the regression equations fit the actual data. The 
comparison was very satisfactory in the region where the ac
curacy of the curves and lines was most significant . Some of 
the results at different testing conditions are shown in Figures 
2 and 3. The equations in ASTM D4123 were used to calculate 
the resilient modulus and Poisson's ratio from the deformation 
measurements. 

TEST RESULTS AND DISCUSSION OF RESULTS 

Effect of Testing Axis 

Results from the proficiency testing indicated that the MR 
values were slightly higher along the diametral axis that was 
tested first as shown in Figures 4 and 5. Figures 4 and S present 
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FIGURE 3 Actual horizontal deformations and prediction 
from regression: top, N-core at 41°F; middle, 0-core at 77°F; 
bottom, N-core at 104°F. 

the total MR values calculated from assumed and calculated 
Poisson's ratios, respectively. Comparison of Figures 4 and S 
revealed that the axis dependency became more significant 
when MR values were determined from Poisson 's ratios cal
culated from vertical and horizontal deformations than from 
assumed Poisson's ratios. 

Fairhurst et al. (2) studied the change in MR values based 
on calculated Poisson's ratios at different specimen rotations 
using laboratory-compacted specimens. It was reported that 
MR values at a 0-degree specimen position were larger than 
those at 90 degrees . Since the 90-degree position was always 
tested after the initial 0-degree position, they suggested that 
the decrease in the MR values at the 90-degree position could 
be due to internal damage done to the specimen during testing 
in the initial position. 

The same data used in Fairhurst's paper were plotted in 
Figure S under the legend of " lab.specimens" with the MR 
values from the field cores. The axis dependency from the 
field cores was not as prominent as that obtained by Fairhurst 
et al. (2). This might be a direct consequence of the load level 
applied. If higher load levels were used , damage would be 
more and hence the difference in MR values would be larger. 
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It should be noted that SHRP P07 limits the load to 30, 15 , 
and 5 percent of the indirect tensile strength at 77°F for testing 
temperatures of 41, 77, and 104 °F, respectively, whereas the 
load level used in Fairhurst's paper was 20 percent of the 
indirect tensile strength at 73°F that was allowed in ASTM 
D4123. The load levels required by SHRP P07 probably yield 
less damage, hence causing less axis dependency. A sensitivity 
analysis must be done to determine whether these differences 
are significant in pavement design . 

Effect of Rest Period 

Several researchers have studied the effect of rest period on 
the resilient modulus of asphalt concrete (3-5). Terrel et al. 
suggested that the computed value of resilient modulus would 
depend on the rest period between the individual stress pulses 
as the asphalt mixes exhibit viscoelastic behavior ( 4). At low 
temperatures and short stress durations the dependency is not 
significant, but that is not the case with warm temperatures 
and long stress durations. For that case, the viscoelastic 
response should be included as a factor in the material 
characterization. 
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Monismith also stated that the rest period has a great in
fluence on the value of resilient modulus because of the vis
coelastic behavior of the asphalt concrete (5). However, it 
was suggested to be important to consider the ratio of the 
rest period (time OFF) to the time of loading (time ON), 
because it would directly affect the amount of recoverable 
strain and hence the resilient modulus . The smaller the ratio, 
the smaller will be the recoverable strain and hence larger 
the values of resilient modulus (Figure 6) . This dependence 
is also temperature-dependent: dependence decreases with 
decrease in temperature. 

Fairhurst et al. investigated the effect of cycle frequency 
which is directly related to the rest period duration on the 
magnitude of resilient modulus (2). The results indicated that 
MR increased slightly with the shorter rest periods. This was 
not surprising, because shorter rest periods for the specimen 
between loading pulses resulted in less time for rebound strain 
and thus higher MR values . 

The results from the proficiency testing on cores indicated 
that there was very little effect of rest period on the values 
of resilient modulus as shown in Figure 7. In some cases the 
MR values even increased slightly with increasing rest periods. 
The increase was seen more often in 0-specimens than in 
N-specimens. 

The apparent contradiction in the obtained results to the 
expectations can be easily explained. First, as is clear from 
Figure 6, the beneficial effect of rest period is not very sig
nificant after a certain time-OFF/time-On ratio (close to 8 in 
Figure 6) . The time-OFF/time-ON ratios in the proficiency 
testing were 9, 19, and 29; therefore, we can expect very little 
effect of rest period. Second, the order of testing the speci
mens at different rest periods was in the direction of causing 
lesser damage; that is , the case in which the worst damage 
was expected (0.9-sec rest period) was tested before the case 
with minimum damage (2.9-sec rest period). This order of 
testing might have increased the fatigue damage as the test 
progressed, resulting in lesser recoverable deformation and a 
slight increase in the MR values. All the observations made 
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FIGURE 6 Influence of time interval between load 
applications on MR determined in repeated loading in 
compression at 25°C: solid line = Specimen R7, Time ON :::: 
1.0 sec; dashed line = Specimen R6, Time ON = 1.0 sec; 
dotted line = Specimen R6, Time ON = 0.4 sec (5). 



88 

2.6E+05 

• 
2.0E+OS 

! 1 .~+os 

i 

~ 1.0E+ 

O.OE+Oltt- ---><=r====r== ="E=;====--===><....j 
1.0 1.5 20 

Rest Period (seconds) 

-a- 41 F, N Core -+- n F, N Core .,._ 104 F, N Gore 

...a- 41 f, 0 COie -?ilf-- n F, 0 C<He ~ 104 F, 0 COfe 

3,0 

FIGURE 7 Effect of rest period on total MR using assumed 
Poisson's ratio. 

can explain the lack of a definite pattern in the effect of rest 
period on the Mn values . 

Effect of Temperature 

The role that the temperature plays in material response for 
pavements built with viscoelastic binders is the most signifi
cant variable affecting the choice of test and condition of test 
as well as the ultimate performance of the pavement. Kennedy 
et al. stated that the effect of temperature on pavement ma
terials should be thought of not only in terms of high and low 
temperature but also in terms of the complete temperature 
range the pavement will experience (6). This may vary from 
-22 to 140°F. However, as far as resilient modulus is con
cerned, testing below the glass transition temperature, which 
ranges from - 10 to 0°F, is not necessary. 

Actual test data indicated that the resilient modulus de
pends a great deal on the temperature at which the specimen 
is tested (Figure 8). It was also observed by Cochran (7) and 
Furber (8) that with increase in temperature the resilient mod
ulus decreases notably. 
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FIGURE 8 Effect of temperature on total MR. 
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Effect of Poisson's Ratio 

Figure 8 clearly demonstrates the magnitude of difference in 
the Mn values depending on whether assumed or calculated 
Poisson's ratio has been used in calculating the Mn values. 
The largest discrepancy occurred with N-cores at 41°F, the 
Mn from assumed Poisson's ratio being about five times the 
size of the Mn from calculated Poisson's ratio. Also the tem
perature susceptibility (tangential slope of Mn-versus
temperature curve) was lessened by using the calculated Pois
son's ratio. Actual Poisson's ratio as determined from the 
total vertical and horizontal deformations was found to vary 
between negative values and 1.5 (Figure 9), which is definitely 
out of the theoretical range of 0 to 0.5 for elastic materials . 

The significance of Poisson's ratio on Mn values has been 
reported by several researchers. From the experience of the 
Minnesota Department of Transportation (7), it was found 
that using the assumed value of 0.35 for Poisson's ratio re
sulted in 1.5 to 2 times higher values of resilient modulus than 
those obtained by using the "actual" Poisson's ratio calculated 
from measured horizontal and vertical deformations. Similar 
observation was made by Baladi and Harichandran, that the 
resilient moduli values with Poisson's ratio of 0.35 were dif
ferent by as much as a factor of two or more than those with 
calculated Poisson's ratio (9). 

Fairhurst et al. investigated the influence of temperature 
on Poisson's ratio and concluded that Poisson's ratio increased 
with increase in the temperature, which resulted in a decrease 
in Mn values (2). These results appear reasonable because 
the plastic portion of the asphalt binder increases with tem
perature. They concluded that Poisson's ratio near 0.5, the 
theoretical maximum for elastic materials , suggested that the 
applied load might be too high . Another interesting finding 
was that Poisson's ratio at the 90-degree position is slightly 
higher than that at 0 degrees. This could be due to a redistribu
tion of the applied load into the region outside the center (as 
a result of the "weakened" central zone) , causing greater 
overall horizontal deformation, hence a higher Poisson's ra
tio . These observations drew a conclusion that Poisson's ratio 
could serve as an indicator for excessive damage in the spec
imen during the resilient modulus testing. 
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Vinson (10) concluded from a theoretical study using a finite 
element program that the increase in Poisson's ratio from 0.15 
to 0.45 did not affect the results very much. It was also con
cluded that for a resilient modulus test performed under typ
ical loading conditions (i.e., a steel-asphalt concrete inter
face) the resilient modulus with an assumed Poisson's ratio is 
more accurate because of induced shear stresses in the spec
imen . However, better results were obtained with calculated 
values of Poisson's ratio when a soft modulus material is placed 
between the steel platen and asphalt concrete. 

McGee, however, concluded from the experimental study 
that resilient modulus values calculated with an assumed value 
of 0.35 have shown more scattering than those calculated by 
using calculated values (JJ). It has also been found that Pois
son's ratio increases with increase in loading level, temper
ature, and asphalt content. 

CONCLUSIONS 

On the basis of the resilient modulus testing of field cores in 
accordance with the SHRP P07 procedure, the following con
clusions were made: 

1. The MR values from the second axis testing were slightly 
smaller than those from the first axis testing. The load levels 
recommended by SHRP P07 seemed to reduce the testing axis 
dependency significantly by minimizing the damage from the 
first axis testing. 

2. The effect of rest period was not significant for the load
ing history required by SHRP P07 (0.1-sec loading with 0.9-, 
1.9-, and 2.9-sec rest periods). 

3. The resilient modulus decreased as temperature in
creased. The temperature dependency of the MR values were 
reduced when the MR values were calculated from the cal
culated Poisson's ratios . 

4. The most influencing parameter on the MR values was 
Poisson's ratio. The discrepancies in MR values due to the 
testing axis dependency and different lengths of rest periods 
were almost negligible compared to the magnitude of differ
ence in the MR values from assumed and calculated Poisson's 
ratios. 
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NCHRP Asphalt-Aggregate Mixture 
Analysis System 

HAROLD L. VON QUINTUS, CHUCK s. HUGHES, AND 

}AMES A. ScHEROCMAN 

A summary of the procedures for an asphalt-aggregate mixture 
analysis system (AAMAS) developed under NCHRP Project 9-
6(1) is provided. Most of the information is documented and 
reported in NCHRP Report 338. The implementation process of 
the AAMAS procedure is reviewed, and some of the problems 
that can be incurred regarding the field control of asphalt concrete 
mixtures being designed by the AAMAS process are discussed . 

The asphalt-aggregate mixture analysis system (AAMAS) re
search project, NCHRP Project 9-6(1), was initiated because 
AASHTO realized the importance of tying mixture design to 
structural design and pavement performance variables (J). 
Project 9-6(1) was completed in three phases. The first phase 
(completed in October 1986) was concerned with evaluating 
the feasibility for the development of an AAMAS. Phase I 
identified the primary forms of pavement distress (associated 
with both load and environment), evaluated current testing 
and mixture design procedures, and identified new or mod
ified laboratory procedures to be considered in the devel
opment of the AAMAS. Items that the Phase I concept em
phasized included mixture preparation, conditioning, testing, 
and analyzing asphalt concrete specimens to duplicate field 
conditions. Tests to measure the engineering properties of 
asphalt concrete mixtures for estimating pavement perfor
mance were also included and discussed . 

Phases II and III were concerned with developing proce
dures for the AAMAS concepts and tying structural design 
to mixture design. This project emphasized compatibility be
tween mixture design and structural design, including the 
AASHTO design manual. Phase II (completed in February 
1989) included the initial development work, and Phase III 
included follow-up field studies and conversion of the 
AAMAS into a mixture design procedure. Phase III was com
pleted in M:iy 1990, and the final report for this project was 
published in March 1991. In summary, Project 9-6(1) resulted 
in the development of an AAMAS for evaluating dense-graded 
asphalt concrete mixtures proposed for use primarily on high
volume roadways and in a mixture design procedure based 
on performance-related criteria. These criteria are compatible 
with the recommendations from NCHRP Project 1-26 (2) . 

H .. L. Von Quintus, Brent Rau.hut Engineering, Inc. , 8240 MoPac, 
Suite 220, Austin , Tex . 78759. . S. Hughe , Virginia Transportation 
Research Counci l, P . 0. Box 3817, University Station. Charlotte.~
ville, Va. 22903. J. A. Scherocman, 11205 Brookbridge Drive Cin-
cinnati , Ohio 45249. ' 

The fourth phase of this evolutionary process was initiated 
through a series of four 2-day workshops sponsored by FHW A. 
The purpose of these workshops was to review the current 
procedures and obtain input and information from state high
way agencies (SHAs) on problems with the use of AAMAS 
to design and evaluate asphalt concrete mixtures in their spe
cific laboratories (3). These workshops have been completed. 

AAMAS OVERVIEW 

Mixture Design and Evaluation 

AAMAS consists of three basic laboratory steps . The first step 
is simply the initial mixture design phase, \Vhich is accom
plished with current mixture design procedures or with the 
procedure based on the AAMAS concept (i .e ., performance
related criteria) . The mixture design procedure using the 
AAMAS concept is included in Part I of NCHRP Report 338 
(J) . An agency can use either the AAMAS approach or its 
own current procedure to determine the design asphalt con
tent and job mix formula . The performance-related mixture 
design procedure using the AAMAS approach is a scaled
down version of AAMAS; it was formulated considering im
plementation and production factors in SHA laboratories. 

Once an initial mixture design has been completed, these 
materials are mixed, compacted, and conditioned in the sec
ond step. This step includes age-hardening simulations (both 
for production and for the environment) , moisture condi
tioning, and traffic densification. This second step is the mix
ture compaction and conditioning phase. 

After the materials have been mixed, compacted, and con
ditioned, the specimens are tested in the third step to measure 
critical mixture properties. This third step provides the dat:i 
that can be integrated into pavement design and analysis models 
to predict pavement performance . This third step is the mix
ture evaluation phase; it is compatible with results from NCHRP 
Project 1-26 (2). The mixture evaluation phase includes the 
laboratory testing and performance evaluations. 

Procedural Manual 

These three steps are integrated in the procedural manual 
for mixture design and evaluation . The procedural manual 
(1, Part I) is divided into four sections. Figure 1 shows the 
current AAMAS procedure in flow-chart form, identifying 
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the four sections; Table 1 summarizes the approximate time 
required for the laboratory compaction, conditioning, and 
testing of asphalt concrete mixtures. Section I provides criteria 
and values recommended for selecting the mixture compo
nents, and Section II presents the procedures used to design 
dense-graded asphalt concrete mixtures. Figure 2 shows the 
mixture design procedure (including Sections I and II) in flow
chart form. Section III, the mixture analysis section, includes 
procedures for preparing, conditioning, and testing specimens 
for measuring properties required for structural design and 
evaluation. Section IV, the mixture performance evaluation, 

discusses mechanistic-empirical models used to evaluate as
phalt concrete pavements. 

PARAMETERS AND TESTS INCLUDED IN 
A AMAS 

Pavement Distress 

Distresses selected for incorporation into AAMAS include 
rutting, fatigue cracking, low-temperature cracking, and 
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TABLE I Summary or Approximate Time Required for Laboratory Compaction, Conditioning, and Testing or Asphalt Concrete Mixtures 
Using AAMAS 

Time In Days 

Laboratory Steps 1 2 3 4 5 6 7 8 9 10 11 

1. Prepare & Mix Materials 

2. Initial Heat Conditioning 

ll of Loose Mix 

3. Specimen Compaction -u- - .... 

Moisture Conditioned 
3 

Temperature Conditioned 6 

Traffic · Densified 6 

4. Measure Air Voids & Sort 
Into Subsets ?4 

5. Moisture Condition Samples 3 

6. Heat Conditioning 6 

7. Traffic Denslfication 6 

8 . Test Unconditioned Specimens 3 ® 41F 3 ® 77F 3 ra> 104F 

9. Test Heat Conditioned 
Specimens 6 ra> 104F 

10. Test Moisture Conditioned 

~ Specimens 

11. Test Traffic Denslfied 
Specified 0 

umt>-cua In b1ock1 rapresent Iha numbor or .apoclmons and/or Inst reropereturo. Tho touu l mo u·amo to complote tho entlro AAMA~ process It los.t than 2 woekt. 1no umet 1nown 
are In relallon to the time needed 10 run the Marshall and Hveem mix design methods. 

moisture damage. Secondary consideration is given to rav
eling or disintegration and loss of skid resistance. 

Mixture Tests 

To evaluate in the laboratory how asphalt concrete mixtures 
will perform under traffic and the environment, a review and 
a study of various test procedures were conducted. To design 
mixes for preventing the aforementioned distresses, it is nec
essary to use a test that measures the engineering properties 
and characteristics of the asphalt concrete mixture that are 
related to the distress or performance measure. Tests were 
selected on the basis of simplicity, efficiency, reliability, re
producibility, and sensitivity of mixture variables. Special con
sideration was given to sample size. For AAMAS to be useful 
and applicable for a range of mixtures, the test procedures 
and equipment must be capable of preparing and testing dif
ferent size specimens that are compatible with the aggregates 
used in the mix. 

Five tests are used as tools for mixture evaluation in 
AAMAS. These tests are the static cylindrical (unconfined 
compression) creep and recovery test, the diametral resilient 
modulus test, the indirect tensile strength test, the indirect 
tensile creep and recovery test, and the gyratory shear test. 

The compressive strength of the mix is also measured in ac
cordance with the creep and recovery compressive test. 

The AAMAS program requires a combination of labora
tory tests and conditioning procedures to evaluate the be
havior and performance characteristics of asphalt concrete 
mixtures. All factors considered, tensile strain at failure, gy
ratory shear strength, and creep are the properties most useful 
for evaluating and comparing different mixtures. Resilient 
modulus is required, but only because of its incorporation 
into the AASHTO design guide. Thus, tensile strain at failure, 
creep, resilient modulus, and gyratory shear strength are used 
to ensure that the mixture, as placed, will satisfy the structural 
design requirements. 

Initial Mixture Design Optimization Guidelines 

Guidelines are provided for selecting an aggregate blend and 
selection of an initial asphalt content for optimizing the mix
ture's performance on the basis of predictions of fatigue crack
ing , rutting, and thermal cracking. The program ASPHALT 
( 4) was found to be a good tool for selecting the "seed" asphalt 
content in mixture design and theoretically determining the 
relationship between asphalt content and air void. In addition, 
correlations were performed between the engineering prop-
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FIGURE 2 Flow chart for design of dense-graded asphalt 
concrete mixtures. 

erties and factors normally considered during mixture design. 
From these analyses , it was found that the product of voids 
filled with asphalt (VFA) and aggregate diameter were related 
to work, VFA was related to tensile strain at failure, and 
voids in mineral aggregate (VMA) was related to indirect 
tensile strength. Through these correlations, an initial asphalt 
content and aggregate gradation are selected before any me
chanical tests are performed. Using the distress functions sug
gested in NCHRP Project 1-26, criteria for mixture optimiza
tion and adequacy have been presented for a range of traffic 
and environmental conditions in the procedural manual. 

Mixture Performance Evaluation 

No consensus exists on the proper mathematical models to 
use for predicting the behavior and performance of asphalt 
concrete mixes. Such models are being developed by other 
researchers under additional NCHRP contracts. Further, the 
Strategic Highway Research Program (SHRP) is to conduct 
research work in this same area under Contracts A-005 (Per
formance Models and Validation of Test Results) and A-001 
(Development of Performance-Based Specifications for 
Asphalt-Aggregate Mixtures) . These research efforts , how
ever, will not be completed until 1993. Thus, the types of 
performance relationship recommended by NCHRP Project 
1-26 were used to evaluate the mixture's response to loads. 
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Models are included to predict fatigue cracking, rutting , mois
ture damage, and low-temperature cracking. 

LABORATORY PREPARATION AND 
CONDITIONING PROCEDURES 

Plant-Hardening Simulation 

To determine the plant-hardening simulation, the penetration 
and viscosity values of plant-produced material were com
pared to those conditioned (or aged) in the laboratory. The 
thin-film oven test (TFOT) at 285°F appeared to do a rea
sonable job of matching the asphalt cement characteristics 
(penetration and viscosity value) after mix production. Thus, 
the TFOT is used to predict the physical characteristics of the 
asphalt after mix production, when there is no historical data 
on binder aging through a mix plant. 

The virgin asphalt cement is mixed with the aggregate blend 
and the loose mix placed in a forced-draft oven set at 275°F 
(or the expected mix discharge temperature from the plant) 
for 3 hr. After the first 1.5 hr, the mixture is removed from 
the oven and remixed by hand and replaced in the oven for 
the final 1.5 hr. The exact time the mixture is in the forced
draft oven can be determined from extraction tests of different 
samples aged at different times (2 , 4, 8, 12, and 24 hr) . The 
time selected is that which will age or harden the liquid asphalt 
to the penetration and viscosity values measured from the 
TFOT at 285°F or to the actual binder properties after mix 
production. 

Mixture Compaction 

Compaction was one of the critical factors studied in preparing 
samples for laboratory evaluation. From an evaluation and 
comparison of field cores and laboratory-compacted speci
mens, it was found that specimens compacted with the gy
ratory shear compactor more consistently matched the engi
neering properties measured on field cores. Thus, the gyratory 
shear compactor was the device included in the procedural 
manual. 

Two methods of compaction are written into the procedure. 
One uses the U.S. Army Corps of Engineers' gyratory testing 
machine (GTM; ASTM D3387), and the other method uses 
the Texas gyratory shear compactor (ASTM D4013). The 
GTM is the preferred device , because angle of gyration , spec
imen height (an estimate of the decrease in air voids), and 
the mixture's resistance to compaction can be monitored with 
each revolution. 

Moisture Conditioning 

Another critical item was moisture conditioning or moisture 
damage evaluation. Two procedures were used to evaluate 
the moisture susceptibility of asphalt concrete mixtures . These 
were the modified Lottman procedure , or AASHTO T283 , 
and the procedure documented in NCH RP Report 246, or the 
Lottman procedure. The Lottman procedure recommended 
in NCHRP Report 246 consistently showed a more severe 
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conditioning and testing technique. However, a version of the 
modified Lottman procedure was used in AAMAS, because 
of the concern that the procedure in NCHRP Report 246 is 
too severe and unduly damages the specimens before testing. 
In summary, a vacuum of 26 in. of mercury is applied to the 
specimen for 15 min, the sample is frozen for 16 hr and placed 
in a 140°F water bath for 24 hr, and then it is tested. The test 
temperature of the procedure is 77°F, and a loading rate of 
2.0 in./min is used, which are consistent with the other tests 
used in AAMAS . The moisture-conditioned test specimens 
are compacted to the air void level immediately after con
struction. 

Environmental Aging Simulation 

A long-term age-hardening simulation procedure was also 
developed. However, the change in physical properties of the 
asphalt and mixture were available for the AAMAS test sec
tions only over a short time period. The pavements were cored 
twice: immediately after placement and 2 years after place
ment. The recommended procedure is to place compacted 
specimens in a forced-draft oven set at 140°F for 2 days. The 
specimens are then rotated, the oven's temperature is in
creased to 225°F, and the specimens are left in the oven for 
additional 5 days. 

These heat-conditioned specimens are then used for meas
uring the resilient modulus, indirect tensile strength, strain at 
failure, and indirect tensile creep at 41°F. These test speci
mens are also compacted to the air void level immediately 
after construction. 

Traffic Densiflcation 

Asphalt concrete mixtures density under traffic. To simulate 
that densification process and its effect on the mixture's prop
erties , specimens that had been compacted in the laboratory 
to an air void content similar to that of the field specimens 
were further compacted to a refusal density. This additional 
densification was accomplished using the Corps of Engineers' 
GTM. The initially compacted specimens are cooled to 140°F 
(60°C) and then compacted further in the GTM gyratory de
vice . Initial sample height readings were obtained before the 
refusal densification and again after each 25 to 50 revolutions 
of the machine. The compaction process is stopped when the 
mixture's resistance reduces excessively or when there is an 
excessive increase in the angle of gyration. 

If the Corps of Engineers' GTM is unavailable, the pro
cedure manual suggests that the Texas gyratory shear com
pactor be used. With the use of this device, however, the 
traffic densification process continues immediately after initial 
compaction (i.e., the temperature is not reduced and the mold 
stays in the compaction machine) . 

LABORATORY TEST PROCEDURES 

Resilient Modulus Test 

One of the primary test methods considered in the AAMAS 
study was the repeated-load resilient modulus test, because 
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of its tie to the AASHTO design guide. ASTM D4123 (In
direct Tension Test for Resilient Modulus of Bituminous Mix
tures) was the primary test procedure used . Three test tem
peratures are used: 41, 77, and 104°F (5 , 25, and 40°C) . The 
secondary test method for resilient modulus is a modification 
of ASTM D3497 (Dynamic Modulus of Asphalt Mixtures); it 
is used as the conditioning procedure for all uniaxial com
pressive type tests. The differences or modifications are that 
a rest period of 0. 9 sec was used with a 0.1-sec load pulse and 
that both the instantaneous and total resilient moduli were 
calculated. 

Indirect Tensile Strength and Failure Strain Test 

The indirect tensile strength and failure strain are determined 
using a test method derived from ASTM D4123 (Indirect 
Tension Test for Resilient Modulus of Bituminous Mixtures). 
The actual test procedure used is published in the AAMAS 
final report (1). The test is conducted at the same three tem
peratures as the resilient modulus test: 41, 77, and 104°F (5, 
25, and 40°C). The loading rate used at 41°F is 0.05 and 2.0 
in./min (1.27 and 50.8 mm/min); a rate of 2 in./min (50.8 mm/ 
min) is used only at 77 and 104°F (25 and 40°C). These data 
are used in the fatigue cracking evaluation. 

Indirect Tensile Creep and Recovery Test 

The indirect tensile creep and recovery test is conducted on 
field cores and on laboratory-compacted specimens . This test 
is conducted in accordance with a procedure published in the 
AAMAS final report. In summary, a static load of fixed mag
nitude is applied along the diametral axis and the horizontal 
displacement measured over a 60-min loading duration. After 
the fixed load is removed, the resilient strain is also measured 
over 60 min . The indirect tensile creep and recovery test is 
performed at a test temperature of 41°F for use in the low
temperature cracking evaluation. 

Uniaxial Unconfined Compression Creep and 
Recovery Test 

Laboratory-compacted test specimens, which are a minimum 
of 4 in. in diameter and 4 in. high, are tested in uniaxial 
compression. A static load of fixed magnitude is applied along 
the cylindrical axis of an asphalt concrete specimen for a set 
amount of time. The total axial (compressive) deformation 
response of the specimen is measured and used to calculate 
the creep compliance at particular durations of time. After 
the fixed load is released, the resilient deformation is also 
measured over a set amount of time. Although the test can 
be conducted with confining pressure on the specimens, all 
testing for the AAMAS project was completed without the 
use of confining pressures. For the AAMAS testing, the load
ing and unloading times are both 60 min and the data are 
used in the rutting evaluation. 

The unconfined compressive strength test is also performed 
on a few specimens at 104°F to calculate the compressive strain 
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at failure. This failure strain is used to set a limiting value for 
the allowable permanent deformation in the rutting evalua
tion for the mix being tested. 

AAMAS MIXTURE DESIGN PROCEDURE 

Selection of Mixture Components 

The program ASPHALT ( 4) is used as a starting point to 
select a gradation and the seed asphalt content for that gra
dation . ASPHALT provides a theoretical relationship be
tween asphalt content, VMA, air voids, and film thickness 
for a specific aggregate blend or gradation. Mixture is pre
pared in the laboratory at the seed asphalt content, as well 
as two asphalt contents above and two below this seed value. 

Initial Heat Conditioning of Loose Mix 

Mixture at each of the asphalt contents is aged in a forced
draft oven using the procedure previously discussed (i.e. , plac
ing a mix in the oven at 275°F for 3 hr) . 

Compaction 

Specimens are compacted at each asphalt content using ASTM 
D3387, if the Corps of Engineers' GTM is available, or ASTM 
D4013 at a specified compactive effort . Three indirect tensile 
specimens per asphalt content are compacted at an air void 
level anticipated after construction (i .e . , 6 to 8 percent), and 
a minimum of three uniaxial compression test specimens per 
asphalt content are used in the traffic densification procedure 
or compacted to the refusal density (i.e ., no increase in density 
with additional compactive effort) . The design air void level 
for the refusal density is 3 percent or greater. 

Mixture Testing 

Three specimens at each asphalt content are initially tested 
for resistance to fracture (Figure 2). Indirect tensile resilient 
moduli and strength tests are performed on the same sample 
to define the initial allowable range of asphalt contents to 
meet the design criteria for resistance to fracture. 

Gyratory shear tests are run with the GTM during the traffic 
densification procedure to ensure that minimum design re
quirements for shear are met (i.e., resistance to shear). For 
mix design, a minimum shear value of 54 is used in the pro
cedure. 

Uniaxial compression creep and recovery tests are per
formed on specimens compacted to the refusal density. The 
uniaxial compression creep and recovery test is used to ensure 
that the design value will satisfy the deformation criteria (i.e. , 
resistance to deformation) . The minimum creep modulus value 
used for design is dependent on the pavement structure. Fig
ures 3 and 4 are included in the procedural manual for pres
enting the mixture design data. 
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KOT MIX ASPHALT CONCRETE DESIGN 
GRAPHIC ANALYSES 

MIXTURE DESIGN IDENTIFICATION No: DATE : ____ _ 
MIXTURE DESIGNATION: _________ _ PRO~ECT : ____ _ 

COMPACTION METHOD & DEVICE: ______________ _ 

INDIRECT 
TENSILE 
STRENGTK, PSI 

UNCONFINED 
COMPRESSIVE 
STRENGTK, PSI 

ASPHALT CONTENT BY VOLUME, % 

STRAIN AT 
FAILURE, 
MILS, INCH 

CREEP 
MODULUS, 
KSI 

ASPHALT CONTENT BY VOLUME, \ 

RESILIENT MODULUS, KSI 
INDIRECT UNCONFINED 
TENSILE COMPRESSION 

ASPHALT CONTENT BY VOLUME, \ 

GYRATORY SHEAR STRESS, PSI 
(REVOLUTIONS= ) 

ASPHALT CONTENT BY VOLUM!., % 

FIGURE 3 AAMAS graphical presentation of mixture design 
data for engineering properties. 

Allowable Range of Asphalt Contents 

The allowable range of asphalt contents for the specific ag
gregate gradation is defined as being those values that are 
within the minimum and maximum limits as established by 
the fatigue, shear, and deformation criteria. Figure 5 is a 
graphical summary of the mixture design test for selecting the 
design asphalt content and an allowable tolerance. These cri
teria include a minimum creep modulus for different struc
tures, minimum gyratory shear strength, and minimum tensile 
strain at failure for fatigue . Figure 6 illustrates the minimum 
fatigue criteria. 

AAMAS MIXTURE EVALUATION 

Initial Heat Conditioning of Loose Mix 

The mixture is aged in a forced-draft oven using the procedure 
previously discussed (i.e., placing the mixture in the oven at 
275°F for 3 hr). 

Compaction 

After initial heat conditioning, eight sets of three specimens 
are compacted. Eighteen specimens are compacted to be used 



96 

HOT MIX ASPHALT CONCRETE DESIGN 
GRAPHIC ANALYSES 

MIXTURE DESIGN IDENTIFICATION No : _______ DATE: ____ _ 

MIXTURE DESIGNATION : PROJECT: ____ _ 

COMPACTION METHOD & DEVICE : _______________ _ 

AIR VOIDS, % 
INITIAL REFUSAL 

VOIDS FILLED WITH ASPHALT, 
(AT REFUSAL) 

ASPHALT CONTENT BY VOLUME, ASPHALT CONTENT BY VOLUME, 

MIX UNIT WEIGHT, PCF 
INITIAL 

VOIDS IN MINERAL AGGREGATE, 
(AT REFUSAL) 

ASPHALT CONTENT BY VOLUME, % ASPHALT CONTENT BY VOLUME, % 

FIGURE 4 AAMAS graphical presentation of mixture design 
data for compaction properties. 

ENGINEERING PROPERTIES 

Total Resilient Modulus 
(Layer Coefficients) 

Tensile Strain at Failure and 
Total Resilient Modulus 

Gyratory Shear Stress and 
Shear Index 

Creep Modulus 

COMPACTION PROPERTIES 

Aggregate Unit Weight 

Final Air Voids, % 

VMA (Porosity), % 

VFA (Oeoree of Saturation! t 

Allowable Ranqe of the Design 
Asphalt Content 

TRANSPORTATION RESEARCH RECORD 1353 

for indirect tensile testing and six specimens to be used for 
uniaxial compression type testing. All specimens are com
pacted using the GTM because of its ability to monitor changes 
in mixture behavior with a reduction in air voids. If the GTM 
is unavailable, the specimens can be compacted using the 
Texas gyratory shear compactor. 

All specimens are initially compacted to the air void level 
specified immediately after construction. Of the 18 specimens 
compacted for indirect tensile testing, 9 are unconditioned , 6 
are conditioned by the accelerated aging technique, and 3 are 
moisture-conditioned. The six uniaxial compression speci
mens are all unconditioned and used in the traffic densification 
procedure. 

Grouping by Air Voids 

Before conditioning and testing, all specimens are grouped 
in sets of three by air voids. The intent is to have both the 
average air voids and standard deviation of air voids between 
the different sample sets as close as possible . 

Moisture Conditioning 

Three specimens are moisture-conditioned in accordance with 
a modification of AASHTO T283, with the exception that the 
test procedure is at 77°F and a loading rate of 2 in./min is 
used. 

Accelerated Aging 

Six indirect tensile specimens are used for accelerated aging 
for the low-temperature cracking evaluation . These specimens 

ASPHALT CONTENT BY TOTAL VOLUME, % 

ASPHALT CONTENT BY TOTAL WEIGHT, % 

FIGURE 5 Worksheet for summarizing test results and selecting design asphalt content and tolerance. 
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FIGURE 6 Minimum tensile strains at failure required for mixture as function of 
total resilient modulus as measured by indirect tensile testing techniques. 

are aged using the procedure previously discussed (i.e., plac
ing the specimens in a forced-draft oven at 140°F for 2 days, 
then elevating the oven 's temperature to 225°F for an addi
tional 5 days of aging). 

Traffic Densification 

The six uniaxial compression specimens previously compacted 
are all used in the traffic densification process. The temper
ature of these specimens is reduced to 140°F. The specimens 
are then placed in the GTM, and additional compactive effort 
is applied to achieve the refusal density of the mix. The gy
ratory shear stress and sample height are monitored with a 
number of gyrations during this densification process. 

If the GTM is unavailable, specimens are compacted using 
the Texas gyratory shear compactor to the refusal density or 
air void content during initial compaction. In other words, 
the six specimens are compacted to the refusal density for 
uniaxial compression testing at the initial compaction tem
perature. 

Mixture Testing 

The repeated-load indirect tensile resilient modulus test is 
performed on all unconditioned and conditioned specimens 
(18 specimens). The indirect tensile strength and failure strains 
are measured on all unconditioned and moisture-conditioned 

specimens, and one set of accelerated age specimens (15 spec
imens). The indirect tensile creep and recovery test is per
formed on the second set of accelerated age specimens (three 
specimens). These tests are performed on the specimens as 
previously discussed and used to predict fatigue and low
temperature cracking. 

The uniaxial compression specimens are used to predict 
rutting and distortion type failures from the uniaxial com
pressive resilient modulus, unconfined compressive strength 
and failure strain, and compression creep and recovery tests. 
The repeated-load uniaxial compression resilient modulus is 
measured on all traffic-densified specimens at 104°F (six spec
imens). The unconfined compressive strength is measured on 
one set of traffic-densified specimens and the compressive 
creep and recovery measured on the other set of specimens. 

Mixture Performance Evaluation 

For the fatigue cracking evaluation, the total resilient modulus 
and tensile strain at failure are used for mixture evaluation. 
These two values are measured on the unconditioned speci
mens are 41, 77, and 104°F. These values can be used to 
generate a fatigue cracking curve or can be compared to the 
results for a "standard" mixture, as graphically illustrated in 
Figure 6. 

For thermal cracking, the test results from the indirect ten
sile strength and creep and recovery tests on the accelerated 
age specimens are used to define the critical temperature 
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change at which cracking can be expected to occur. The creep 
and recovery tests results are used to evaluate and determine 
the creep modulus at the lower testing temperature. 

For the moisture damage evaluation of the mixture, the 
tensile strength ratio, the resilient modulus ratio, and the 
tensile strain at failure ratio are used to evaluate the mixes' 
susceptibility to moisture damage. 

For rutting evaluation, three tests are performed on the 
traffic-den ified specimens. These are the repeated-load re
silient modulus , the unconfined compressive strength , and the 
compre sive creep and recovery te ts. The uniaxial compres
sion creep and recovery test is used to eva luate the rutlin 
potential of each mixture , a · hown by an example in Figure 
7. It can also be used to estimate the expected level of rutting 
to occur in the pavement for each of the asphalt concrete 
layers. The unconfined compressive strength and resilient 
moduli are used to set limiting criteria for the mix under 
specific loading conditions for the pavement and environ
ment. 

IMPLEMENTATION 

It hould be recognized and understood that implementing 
the AAMA concepts and methodology will not be a quick 
proces becau e m t of these tests and evaluation procedure· 
are unfamiliar to some SHA personnel. Therefore, it becomes 
very important that each agency take a sy tematic approach 
in reviewing the AAMAS concept when considering its im
plementation. 

It is obvious that many of those tests previously discussed 
are not adaptable or practical for the use of field control of 
mixtures. However, other fundamental properties of the mix
ture are adaptable to field control. These are the indirect 
tensile strength and unconfined compressive strength. There 
are relationships, which are mixture-dependent, between 
strength properties and those used in AAMAS to evaluate 
mixture performance. 

The evaluation and implementation of the AAMAS con
cepts for the design and control of asphalt concrete mixtures 
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FIGURE 7 Asphalt cona·ete mixture rutting potential for 
surface layers of asphalt concrete pavements. 
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still requires that many questions be answered about the pol
icies o'f different agencies. A few of these are listed as follows: 

• Are the AAMAS tests practical or adaptable for field 
control variables? For example, what length of time is re
quired to run the test and analyze the results? Many con
tractors can place 2,000 to 3,000 tons of asphalt concrete a 
day . It would be highly advantageous that the results of quality 
control and acceptance tests be obtained within a short time 
period. Additionally, some of the more sophisticated tests 
may require that the expertise of field and laboratory per
sonnel be upgraded from present levels, both for the con
tractor and for SHA personnel. 

• Can the AAMAS concepts be readily implemented where 
different organizations are responsible for mix design? For 
example, some SHAs require that contractors or consultants 
conduct the mixture designs; others are responsible for mix 
design themselves. In some cases, this may prevent smaller 
contractors from competing on smaller projects, becau e they 
do not have the financial backing to purchase the equipment. 

• I · the AAMAS compaction, conditioning, and testing 
equipment praclical for the field control of mixtures? If one 
device is used in the laboratory for mixture design and another 
device u ed in the fie ld , equivalency factors become extremely 
important . Mo t equivalency factors are mixture-dependent 
which can result in confu ion between the field and labora
tory, similar to what exists to date with the empirical-based 
methods. 

• Will AAMAS be cost-effective for those SHAs that con
trol and accept mixtures based on specifications geared toward 
method as opposed to end product? 

With these few questions, implementation and acceptance 
of the AAMA concepts will not be simple. There should be 
at lea l four teps in the implementation process: (a) famil 
iarization with AAMAS, (b) training (c) education and (d) 
fie ld pilot studies. The famil iarization with AAMA is simply 
an under landing of the concept and methodology mployed 
by AAMA . This i. a relat ively hol'l part of the implemen
tation process. 

The second step of the implementation process is training. 
It is the more detailed in terms of how to run the test and 
interpret the test results. Training is important to ensure that 
the tests are performed in accordance with the procedure and 
that the output of the tests is being interpreted properly . 

The third part of the implementation is education. This is 
prohahly the most important step toward full cale imple
mentation of AAMAS. Basically, the education part i to 
evaluate , on a trial basis, mixes for high-volume roadways. 
1'he objective i to allow the user to become confident in 
using AAMAS, understanding the properties measured and 
sensitivity of those properties to pavement performance, and 
establishing typical properties for their local materials. This 
part of the implementation process is also the more time
intensive, because it involves most of the learning curve. 

The final step of the implementation is conducting mix 
designs and analyzing those mixes for actual project . This 
tep is the o ne that leads to defining the time requirements 

that are required to perform the tests on a routine basis and 
to establish day-to-day operational procedures in a working 
laboratory. 
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SUMMARY 

In conclusion, the development of an AAMAS, as initiated 
through NCHRP Project 9-6(1), is a very important element 
of a multimillion-dollar research effort involving SHRP, 
FHW A, and the asphalt pavement industry, an effort that 
will ultimately result in improved performance of asphalt con
crete pavements. Premature and costly pavement failures can 
be drastically reduced by (a) designing structures that more 
realistically consider traffic loadings, climate, and material 
conditions; (b) selecting asphalt, aggregates, and additives or 
modifiers consistent with the structural design; (c) producing 
new or modified asphalt binders that provide the desired char
acteristics for minimizing distress; and (d) developing and 
using performance-related specifications for control of con
struction. 
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Arizona Experience with 
Asphalt-Aggregate Mixture 
Analysis System Procedure 

MICHAEL S. MAMLOUK, PuNYA P. KHANAL, DouGLAS A. FoRSTIE, AND 

DONALD K. CORUM 

An asphalt concrete mixture used by the Arizona Department of 
Transportation (ADOT) is evaluated on the basis of a asphalt
aggregate mixture analysis system (AAMAS) procedure. Two 
sets of ADOT asphalt concrete specimens were prepared using 
the California kneading compactor and the Marshall hammer. 
All tests recommended by the AAMAS procedure were per
formed. The test results were analyzed using the AAMAS guide
lines. It was found that the diametral resilient moduli of the 
ADOT mixture are within the acceptable range. The ADOT 
structural layer coefficient is close to the value recommended by 
the AAMAS study. The rutting potential is low in some cases 
and moderate in other cases. The ADOT mixture has slightly 
higher fatigue resistance at low temperatures than the asphalt 
concrete placed at the AASHO Road Test. Recommendations 
for the evaluation of thermal cracking are provided. The potential 
for moisture damage is high, whereas the potential for disinte
gration is marginal. The AAMAS prediction generally matches 
the historical experience of the asphalt mixture. The current ver
sion of the AAMAS procedure is quite comprehensive and seems 
to provide good performance predictions. 

The asphalt concrete mix design in Arizona is based on the 
Marshall procedure. The Marshall method of mix design is 
basically empirical, so it results in index-type values such as 
Marshall stability and flow. In general, empirical character
ization parameters are useful for comparing materials under 
specific conditions. However, empirical correlations are valid 
only for conditions similar to those under which they were 
originally developed. Further, empirical methods of charac
terization do not provide material properties needed for fun
damental or theory-based structural analysis of pavements. 
With the continuous increase in truck weight, tire pressure, 
and traffic volume, and with the fast deterioration of the 
nation's highway system, more rational philosophy for asphalt 
concrete characterization is needed so that the pavement de
sign can be based on a more optimal manner. 

NCHRP Project 9-6, Asphalt-Aggregate Mixture Analysis 
System: AAMAS, has been recently completed (1). One of 
the objectives of that project was to develop a more rational 
mixture characterization procedure based on performance
related criteria. The AAMAS method provides rational eval
uation procedure that is directly related to the mixture perfor
mance in the field. Because the project was completed only 

M. S. Mamlouk and P. P. Khanal, Department of Civil Engineering, 
Arizona State University, Tempe, Ariz. 85287. D. A. Forstie and 
D. K. Corum, Materials Section, Arizona Department of Transpor
tation, Phoenix, Ariz. 85007. 

recently, the AAMAS procedure has not been implemented 
by most states. However, various highway agencies are planning 
to implement it soon. The implementation of the AAMAS pro
cedure by the Arizona Department of Transportation (ADOT) 
could be a major step forward toward rationalizing the asphalt 
concrete mix design process. 

According to the AAMAS procedure, six test types should 
be performed. Some of these tests are nondestructive, so each 
specimen could be tested using different test types and at 
different test temperatures. Some specimens are to be tested 
without conditioning; others should be conditioned, by being 
subjected to some treatments before testing. The detailed test 
and analysis procedure are reported by Von Quintus et al. 
(1). A summary of the test procedure is presented in the next 
section for completeness. 

The objectives of this study are to evaluate typical ADOT 
hot-mixed asphalt concretes using the AAMAS recommen
dations (1), to expand the ADOT data base by providing 
typical lab test values for ADOT asphalt concrete, and to 
evaluate the amount of effort and equipment cost required 
for the AAMAS procedure and discuss its potential use by 
ADOT engineers. 

SUMMARY OF AAMAS PROCEDURE 

Specific items addressed in the AAMAS report include com
paction of laboratory mixtures to simulate the characteristics 
of mixtures placed in the field, preparation and mixing of 
materials in the laboratory to simulate the asphalt concrete 
plant production process, simulation of the long-term effects 
of traffic and the environment (this includes accelerated aging 
and densification of the mixes caused by traffic), and condi
tioning of laboratory samples to simulate the effects of moisture
induced damage and hardening of the asphalt. Specific labo
ratory tests are recommended as well as methods of evaluating 
the expected performance of dense-graded asphalt concrete 
mixtures. Suggested recommendations for incorporating re
sults of the AAMAS program into a final mixture design 
procedure are also provided. 

Laboratory Tests 

The NCHRP report (1) includes a detailed laboratory pro
gram to simulate the characteristics of mixtures placed in the 
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field. The complete AAMAS procedure requires six types of 
test, as shown in Table 1. The diametral resilient modulus 
test is performed according to ASTM D4123. The indirect 
tensile strength test is summarized in applying a compressive 
load with a constant rate of deformation along a diametrical 
plane of a Marshall-size specimen until failure. The load at 
failure is recorded, from which the indirect tensile strength is 
computed. The horizontal deformation at failure can be used 
to compute the indirect tensile strain at failure. The AAMAS 
procedure requires that the diametral resilient modulus test 
be performed before the indirect tensile strength test. It is 
also required to use a deformation rate of 0.05 in./min at 41°F 
and 2 in./min at 77 and 104°F. 

In the indirect tensile creep test, a constant-magnitude 
compression load is continuously applied along the vertical 
diametral plane of a Marshall-size specimen. The horizontal 
deformation is then used to calculate the tensile creep mod
ulus at a particular duration. After the load is released, the 
rebound vertical and horizontal deformations are recorded 
over a fixed duration, and the recovery efficiency is deter
mined. A loading time of 60 min and an unloading time of 
60 min are required. 

The concept of the uniaxial compression resilient modulus 
test is similar to the diametral indirect tensile resilient modulus 
test except that an axial load is applied. Unlike the diametral 
resilient modulus test, the uniaxial test results in a uniform 
axial compressive stress in the specimen. In this test, a pul
sating uniaxial load is applied on a cylindrical specimen every 
1 sec with a 0.1-sec duration, and the corresponding axial 
deformation is recorded. The total resilient modulus is de
termined by dividing the repeated axial compressive stress by 
the total recoverable axial strain. A specimen 4 in. in diameter 
and 4 in. high is recommended by the AAMAS study. 

The unconfined compressive strength test is performed on 
a specimen 4 in. in diameter and 4 in. high, according to 
ASTM D1074. In the AAMAS report, however, a rate of 
strain of 0.15 in./in ./min and a test temperature of 104°F are 
required. At failure, the compressive strength is calculated 
by dividing the load at failure by the cross-sectional area. 

In the uniaxial creep test, a constant-magnitude uniaxial 
compression load is applied on a 4- x 4-in. cylindrical spec
imen, and the axial deformation is continuously recorded. The 
compressive creep modulus can be computed at any loading 
time by dividing the axial compressive stress by the axial 
compressive creep strain. The AAMAS procedure requires a 
test temperature of 104°F. A loading time of 60 min and an 

TABLE 1 Laboratory Tests Recommended by AAMAS Study 

Test 
No. Tesl Name 

Diametral resilient mcx:lulus 

Indirect tensile strength 

Indirect tensile creep 

Uniaxial compression 
resilient modulus 

Unconfined compressive 
strength 

Uniaxial creep 

Loading Pattern 
Specimen 
Loading 

Pulses with O, l sec duration and 0.9 sec Diametral 
rest period (ASTM D 4123) 

Loading at a rate of deformation of 0,05 or Diametral 
2 in/min until foilure 

Swtic load with a specified magnitude for DiametraJ 
60 min and unloading for 60 min 

Pulses with 0. 1 sec duration and 0,9 sec Axial 
rest period 

Loading a1 a rate of deformation of 0.6 Axial 
in/min until failure 

Static load with a specified magnitude for AxiaJ 
60 min and unloading for 60 min 
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unloading time of 60 min are required. The slope and inter
cept of the creep curve as well as the recovery efficiency are 
computed. 

Specimen Conditioning 

The AAMAS study recommends three types of specimen con
ditioning in the lab to simulate field conditions. A summary 
of the procedure is as follows: 

1. Moisture conditioning-Specimens are vacuum-saturated 
until the water absorption is greater than 55 percent. Speci
mens are then frozen for 16 hr and thawed at 140°F for 24 hr 
and at 77°F for 2 hr. 

2. Environmental aging (temperature conditioning)
Specimens are heated at 140°F for 2 days and at 225°F for 5 
days. Specimens are then cooled at 41°F for 12 hr. 

3. Traffic densification-Specimens are heated and further 
compacted to simulate traffic densification until refusal or 
until the final air void level is reached. 

Table 2 shows a summary of specimen-conditioning types 
and procedures. 

Grouping and Test Sequence 

The complete AAMAS procedure requires 24 specimens: 
eighteen 4- by 2.5 in. specimens and six 4- by 4-in. specimens. 
Specimens are grouped into eight sets of three specimens 
each. The first six sets have 4- by 2.5-in. specimens; the last 
two sets have 4- by 4-in. specimens. The specimens are grouped 
so that the average unit weight (and air voids) of the different 
sets are approximately equal. Table 3 shows the conditioning 
as well as test type, sequence, temperature, and measure
ments for each specimen set. 

EVALUATION OF ADOT MIXTURE PROPERTIES 

Specimen Preparation and Testing 

The AAMAS study recommends the use of the gyratory com
pactor (ASTM D3387 or D4013) because it closely simulates 
the mix compaction in the field. The report further concludes 
that the California kneading compactor (ASTM D1561) is the 
next preferred device, and the Marshall hammer (ASTM 
D1559) is the least desirable compactor. Because the Marshall 
hammer is the most commonly used compactor and it is the 
compactor currently used by ADOT, there is a need to com
pare the responses of Marshall-compacted specimens and of 
specimens compacted by other devices. Also, because the 

TABLE 2 Specimen Conditioning 

CondiLioning No~ Name 

Moisture conditioning 

Environmental aging 

Traffic densification 

Procedure 

Vacuum saturation+ freeze and Lhaw 

Heating for 7 days +cooling for 12 
hours 

Heating and further compac1ion 
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TABLE 3 Conditioning, Test Sequence, and Measurements 

No, of Size 
Set No, Speci- (in. ) 

mens 

:J 

• See Table 2 
"'* See Table I 

4 x 2 ,5 

4 x 2.5 

4 x 2,5 

4 '2.5 

4 x 2.5 

4 x 2.5 

4x4 

4x4 

Condi- Test No , 0 

Lioning" Sequence & Measurement 
Temperature 

None I, 2 (410f) Diametral resilient modulus, indirect tensile 
srrength, tensile strain at failure 

None I, 1 (77°F) Sume as se1 1 

None I, 2 (104"F) Same us set 1 

a I, 2 (77"F) Same as ser I 

b I, 2 (41°F) Same as set I 

b 3 (41"F) Tensile creep modulus, 
recovery efficiency 

4, 5 ( IU4°F) Axial resilient modulus, unconfined 
compressive streng1h, compressive strain at 
failure 

6 (I04°F) Slope and intercept of creep curve, 
t:ompressive creep modulus, 
recovery efficiency 

gyratory compactor was not available to the authors at that 
time, it was decided to evaluate two sets of 24 specimens: one 
set compacted by the kneading compactor, and the other set 
compacted by the Marshall hammer. It was also decided that 
the bulk specific gravities and air voids of all specimens should 
be similar to those of typical ADOT mixes. The aggregate 
was prepared following the midpoint of the typical ADOT 
dense gradation with a maximum size of % in. An AC-30 
asphalt cement was used in the mix preparation with a pene
tration of 40 and a kinematic viscosity of 320 cSt at 275°F. 

The mix was designed according to the ARIZ 815c pro
cedure (2), which is a modified version of ASTM D1559. The 
design asphalt content was 4. 7 percent by total weight of mix. 
The bulk density was 145.2 pcf. The maximum theoretical 
density of the loose mixture was 152.4 pcf, and the air void 
of the compacted specimens was 4. 7 percent. This mix is 
typically used in areas with desert climate and low to moderate 
traffic volume. 

The first set of specimens was compacted using the Cali
fornia kneading compactor according to ASTM D1561. The 
compacting effort was adjusted on a trial-and-error basis to 
achieve a bulk specific gravity and air voids similar to those 
of typical ADOT mixtures. After several trials it was found 
that 20 blows at 250 psi followed by 100 blows at 500 psi 
provided the required density for the 4- by 2.5-in. specimens. 
The 4- by 4-in. specimens were compacted using the same 
procedure except for 20 blows at 250 psi and 120 blows at 500 
psi. The second set of specimens was compacted using the 
manual Marshall hammer according to ASTM D1559. Seventy
five blows on each side of the specimen were applied on the 
4- by 2.5-in. specimens; 100 blows on each side were applied 
on the 4- by 4-in. specimens. 

All of the kneading-compacted and Marshall-compacted 
specimens were grouped into eight sets so that the average 
unit weights of all sets were similar, as recommended by the 
AAMAS study (J). 

Both kneading-compacted and Marshall-compacted speci
mens were conditioned according to the AAMAS procedure. 
Three types of conditioning were used: moisture conditioning, 
environmental aging, and traffic densification. The California 
kneading compactor was used for the traffic densification of 
the kneading-compacted and the Marshall-compacted speci-
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mens. Five hundred kneading blows were applied to each 
specimen to ensure that refusal was reached. Table 4 shows 
the bulk unit weights and air voids before and after traffic 
densification. The results show that traffic densification of 
kneading-compacted specimens resulted in slightly larger unit 
weights and slightly less air voids than those of Marshall
compacted specimens. 

Test Results 

Testing was performed as specified in the AAMAS report. An 
electrohydraulic testing machine was used for all tests. Table 5 
shows the average test results of unconditioned, moisture
conditioned, environmental-conditioned, and traffic-densified 
specimens. Comparison of the kneading- and the Marshall
compacted specimens indicates that the test results are close 
in most cases. 

TABLE 4 Average Unit Weights and Air Voids Before and 
After Traffic Densification 

Kneading Mur.;hall 
Property Set No. Compul.:ted Compucted Average 

Unit weight before (pcf) 145.3 145. 2 145.3 
Unit weight after (pcf) 148-4 147. 1 147.8 

Unit weight before (pd) 145 3 145 .2 145.3 
Unit weight after (pcf) 148 8 147 4 148, l 

Air voids before(%) 4.7 4. 8 4.8 
Air void after(%) 2 6 3.4 3.0 

Air voids before(%) 4.7 4. 8 4.8 
Air void afler (%) 2. ~ 3 .3 2 .9 

TABLE 5 Average Test Results of Unconditioned and 
Conditioned Specimens 

Set Temp, Kneading Marshall 
Property No (F) Compacted Compacted Average 

Diametral Er (ksi) 41 2,414 2,371 2,393 

Tensile strenglh (psi) 41 374 357 366 
Tensile strain at failure (mils/in) 41 3.0 4.0 3.5 

Diametral Er (ksi) 2 77 785 943 864 
Tensile strength (psi) ! 77 283 322 303 
Tensile strain at failure (mils/in) 77 (, 7 G 5 6.6 

Diametrnl Er (ksi) J \04 192 179 186 
Tensile slrenglh (psi ) 104 93 107 100 
Tensile strain at failure (mils/in) J 104 8. 2 6.0 7. 1 

Diametral Er (ksi) 77 399 296 348 
Tensile strength (psi) 77 87 81 84 
Tensile strain at failure (mils/in) 77 6,4 4.0 5.2 

Diamerral Er(ksi) 41 3,086 3,912 3,499 
Tensile strength (psi) 41 392 443 418 
Tensile strain at failure (mils/in) 41 2,6 2.7 2.7 

Tensile creep modulus at 3,600 
sec.(ksi) 41 92 475 284 
Recovery efficiency 41 0, 17 0,37 0.27 

Axial Er (ksi) \04 30 31 31 
Compressive strength (psi) 104 715 705 71 0 
Compressive strain at failure 
(mils/in) 104 24 0 18 5 21 3 

Slope of creep curve 104 .OS I ,050 .050 
Intercept of creep curve (1 o-3) 104 3 26 3 62 3,44 
Compressive creep modulus (ksi) 

at 10 sec 104 15.5 15.2 15,4 
100 sec.: 104 II.I 10.4 10.8 

[,()()() sec.: 104 9.8 8.0 8,9 
3,600 sec.: 104 9.2 8.1 8.7 

Recovery efficiency 104 0.55 0.45 0 50 
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PREDICTION OF ADOT MIXTURE 
PERFORMANCE 

The concept of relating the mixture properties to the pave
ment performance is logical and appropriate in order to opti
mize mixture and structural designs. Many models have been 
developed for this purpose. However, these models are lim
ited in use to some degree, mainly because they are not com
prehensive enough to cover all variables involved in pavement 
performance. The AAMAS study presents some guidelines 
to provide a recommended practice for evaluating asphalt 
concrete mixtures on the basis of performance-related criteria. 

The AAMAS procedure consists of a series of steps using 
results from the test program, discussed earlier, as well as 
interactions with various models predicting the types of dis
tress more common with asphalt concrete pavements. The 
final products of the AAMAS are the structural and material 
combinations needed to meet the design requirements or as
sumptions used by the pavement design engineer. In this sec
tion, the properties of typical ADOT mixtures presented ear
lier are compared with the performance-related criteria reported 
in the AAMAS study. 

AASHTO Structural Layer Coefficient 

The 1986 AASHTO guide (3) recommends the estimation of 
the structural layer coefficient from the resilient modulus mea
sured at 68°F in accordance with ASTM D4123. The AAMAS 
study , however, recommends the consideration of the envi
ronmental effects on the structural design by considering the 
seasonal fatigue damage. In other words, use seasonal resil
ient moduli to calculate seasonal fatigue damage and add the 
seasonal damages to determine an annual damage. From the 
annual damage , an effective asphalt concrete resilient mod
ulus can be calculated , which can be used to estimate the 
structural layer coefficient. 

The following is a step-by-step procedure that can be used 
to ensu.re that the asphalt concrete mixture meets or exceeds 
the layer coefficient assumed during structural design (1). 

1. Obtain the seasonal average pavement temperature for 
each season. 

2. Determine the total resilient modulus at each seasonal 
temperature. Figure 1 shows the acceptable range of moduli 
(unconditioned) at various temperatures . Figure 1 also shows 
that the ADOT moduli (average of results using the two com
paction methods) are within the acceptable range at all three 
test temperatures; 41, 77, and 104°F for unconditioned 
specimens . 

3. Obtain the fatigue factor for each seasonal resilient mod
ulus from Figure 2 (1). 

4. Calculate the effective resilient modulus using 
Equation 1. 

L [E\2T x FF F>] 
ERE = LFF (1) 

where 

ERE effective resilient modulus based on a fatigue dam
age approach, 
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E~~ = total resilient modulus as measured by ASTM 
D4123 at the average pavement temperature for 
season i , and 

FF = fatigue factors obtained from Figure 2. 

This effective resilient modulus should equal or exceed the 
modulus value used to estimate the AASHTO structural layer 
coefficient used for design [Figure 3 (3)]. 

As an example for determining the structural layer coef
fici ent, use AC-30 for asphalt concrete, an aggregate type and 
gradation as used in this study, and an asphalt content of 4. 7 
percent by total weight of mix . The seasonal average pave
ment temperatures are 80°F for fall , 70°F for winter, 85°F for 
spring, and 100°F for summer. 

From Figure 1 the moduli at 80 , 70, 85 , and 100°F are 700, 
1050, 560, and 260 ksi . From Figure 2 the corresponding 
fatigue factors are 0.50, 0.22, 0.80, and 3.6. Using Equation 
l , the effective resilient modulus is 384 ksi. Figure 3 shows 
that the structmal coefficient (a1) for this material should be 
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0.42. The ADOT design manual (2) recommends a value of 
0.44 for this mixture. This indicates that the structural layer 
coefficient used by ADOT is close to the value recommended 
by the AAMAS study. Note, however, that the seasonal 
average pavement temperatures used in this sample are 
approximate. 

Rutting 

Two types of rutting are considered : (a) densification or one
dimensional consolidation, and (b) the lateral movement or 
plastic flow of asphalt from wheel loads. The more severe 
premature rutting failures and distortion of asphalt concrete 
materials are related to lateral flow or loss of shear strength 
of the mix, rather than to densification. Currently , there is 
no mechanistic or empirical model that adequately considers 
the lateral flow problem (1). 

Rutting from one-dimensional consolidation can be esti
mated using the traffic densification procedure recommended 
in the AAMAS report (1). Limiting the air voids at mixture 
refusal limits the amount of additional densification caused 
by traffic, assuming that the mixture is properly compacted 
on the roadway to an air void level between 5 to 7 percent. 
The air voids at mixture refusal should be greater than 2 
percent when compacted with the gyratory devices (1). Table 
4 indicates that the air voids after densification of specimens 
tested in this study are greater than 2 percent. Therefore, the 
possibility of rutting due to one-dimensional consolidation is 
small. 

A few mathematical models are reported in the AAMAS 
report to estimate the rutting rate of asphalt concrete layers 
in the field. Figures 4 through 7 illustrate graphical solutions 
of the range of data that can be generated for different pave
ments, climates, and loading conditions. The figures can be 
used as gross guidelines for mixture evaluation on high-volume 
roadways. 

The compressive creep moduli (average of results using the 
two compaction methods) reported in Table 5 (Set 8) for 
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FIGURE 4 ADOT mixture rutting potential for lower layers of 
full-depth asphalt pavements. 
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FIGURE S ADOT mixture rutting potential for intermediate 
layers in thick or full-depth asphalt pavements. 
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FIGURE 6 ADOT mixture rutting potential for surface layers 
of asphalt pavements. 
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FIGURE 7 ADOT mixture rutting potential for layers placed 
over rigid pavements or rigid base materials. 

typical ADOT mixtures are plotted in Figures 4 through 7. 
It can be concluded that the ADOT mixture has a low rutting 
potential for the lower layers of full-depth asphalt pavements 
(Figure 4). On the other hand, it has a moderate rutting 
potential (marginal) for the intermediate layers in thick or 
full-depth asphalt pavements (Figure 5), for surface layers 
(Figure 6), and for layers placed over rigid pavements or rigid 
base materials (Figure 7). 

Fatigue Cracking 

According to the AAMAS procedure, two methods can be 
used for evaluating asphaltic concrete mixtures for fatigue 
cracking. The first is to ensure that the mixture meets or 
exceeds the fatigue resistance of a "standard" material (which 
is assumed in structural design), and the second is to ensure 
that the mixture has the required fatigue resistance for the 
specific environment and pavement cross section. The first 
method is recommended because it is simpler. 

For purposes of AAMAS, the standard mixture will be the 
dense-graded asphaltic concrete placed at the AASHO Road 
Test. The fatigue curves from NCHRP 1-lOB (4) were de
veloped from these data, which have been used in other re
search and design studies (5,6). Figure 8 shows two relation
ships between the total resilient modulus and indirect tensile 
strain at failure for the standard mixture. 

If the total resilient modulus and indirect tensile strains at 
failure for a particular mixture plot above the standard mix
ture (FHWA fatigue curve is recommended), it is assumed 
that the mixture has better fatigue resistance than the standard 
mixture. 

The test results of unconditioned ADOT specimens (av
erage between the two compaction methods) (Table 5, Sets 
1, 2, and 3) are plotted in Figure 8. It can be seen that two 
of the points are above the FHWA fatigue curve and one 
point is below the curve. Thus, the ADOT mixture has higher 
fatigue resistance at low temperatures and lower fatigue 
resistance at high temperatures when compared with the 
"standard" mix. 
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FIGURE 8 Fatigue cracking potential of ADOT 
mixture. 

Thermal Cracking 

To evaluate thermal cracking, certain critical mixture prop
erties as well as project-specific environmental conditions must 
be determined. The mixture properties include indirect tensile 
strength, low-temperature creep modulus, failure strains, and 
the thermal coefficient of contraction. These parameters can 
be used to calculate the occurrence of thermal cracking with 
time. 

The critical temperature change (°F) at which cracking is 
expected to occur can be calculated as follows (J) : 

where 

Ee, (T;) indirect tensile creep modulus measured at tem
perature T,; 

E
0 

regression constant developed from laboratory 
test data; 

n, = slope of relationship between indirect tensile 
strength and total resilient modulus of the mix
ture measured at temperatures of 41, 77, and 
104°F (unconditioned); 

Eo(T;) = intercept of indirect tensile creep curve at tem
perature T; (psi); 

t, = relaxation time (3,600 sec); 
nc = slope of the indirect tensile creep curve at tem

perature T;; and 
uA = thermal coefficient of contraction of the asphalt 

concrete (typical values range from 1.0 x 10- 5 

to 1.8 x 10- 5 in./in./°F). 

From these criteria, the cracking potential of ADOT mixture 
can be evaluated. The available data, however, are not enough 
to provide complete evaluation. 
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Moisture Damage 

Currently, the moisture damage evaluation-tensile strength 
ratio (TSR) and resilient modulus ratio (MRR) after and 
before moisture conditioning-of AAMAS is simply used as 
a means of accepting or rejecting a mixture. Both of these 
ratios should exceed a value of 0.80 for dense-graded asphalt 
concrete. If values less than 0.80 are measured, an asphalt 
additive or antistripping agent may be required or the aggre
gate blend may need modification. If these ratios are Jess than 
0.70, an antistripping agent will be required for the aggregate 
blend (1). 

For the ADOT mixture, the tensile strength ratio and the 
resilient modulus ratio at 77°F can be obtained from Table 5 
by dividing the results of moisture-conditioned specimens (Set 
4) by the results of the unconditioned specimens (Set 2) as 
follows: 

TSR 
84 

0.28 
303 

348 
MRR = 

864 
0.40 

It can be seen that both ratios are Jess than 0. 70, which 
indicates high potential for moisture damage. Therefore, an 
antistripping agent is required for the aggregate blend, ac
cording to the AAMAS recommendations. It should be noted, 
however, that this mixture is typically used in the Phoenix 
area where the amount of rainfall is very limited. In other 
areas within the state where the rainfall is higher, the aggre
gate would require treatment with either lime or portland 
cement to increase the stripping resistance. The applicability 
of the 0. 70 ratio recommended by the AAMAS study to desert 
climate is questioned. 

Disintegration 

The following summarizes the AAMAS criteria that can be 
used as guidelines to evaluate the acceptability of surface 
mixtures as related to disintegration: 

• Air voids at refusal > 3 percent; 
• Indirect tensile strength ratio, TSR > 0.80; 
•Bonding loss < 50; 
• Tensile strain at failure (77°F) > 10 mils/in.; 
•Tensile strain at failure (41°F after accelerated aging) > 

2.0 mils/in.; and 
• Bonding loss = (1 - Eh,1Eh0 ) x 100, where Eh, is the 

indirect tensile strain at failure measured on specimens that 
have been temperature-conditioned (accelerated aging), and 
Eho is the indirect tensile strain at failure measured on un
conditioned specimens 

The following information is obtained from the ADOT mix
ture: 

•Air voids at refusal (Table 4) = 3 percent (OK); 
•Indirect tensile strength ratio, TSR (from Table 5, Sets 

4 and 2) = 0.28; 
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•Bonding loss at 41°F (from Table 5, Sets 5 and 1) = 23 
(OK); 

•Tensile strain at failure (77°F) (Table 5, Set 2) = 6.6 mils/ 
in .; and 

•Tensile strain at failure (41°F) (Table 5, Set 5) = 2.7 mils/ 
in . (OK). 

It can be seen that three of the conditions are satisfied and 
the other two are not. This indicates that the potential for 
disintegration is marginal. 

COMPARING AAMAS PREDICTION WITH 
HISTORICAL EXPERIENCE 

The AASHTO structural layer coefficient predicted by the 
AAMAS procedure for the typical ADOT mixture conditions 
is similar to that recommended by the AASHTO procedure. 
It should be noted, however, that the AAMAS procedure 
considers the seasonal average pavement temperatures , whereas 
the AASHTO procedure does not explicitly consider the 
pavement temperature. 

The AAMAS procedure indicates that the ADOT mixture 
has a moderate rutting potential for surface layers. The ADOT 
experience, however, shows that rutting is very limited despite 
the hot climate of the Phoenix area. On the other hand , the 
AAMAS procedure shows low to moderate resistance to fa
tigue cracking. The historical experience with the mixture is 
similar to the AAMAS prediction in that respect. 

The potential for thermal cracking of the ADOT mixture 
was not completely evaluated in this study. Moreover, the 
AAMAS procedure indicates that the ADOT mixture has a 
high potential for moisture damage. This condition, however, 
is not applicable to the asphalt mixture evaluated in this study, 
because the amount of rainfall is very limited in the Phoenix 
area, where the mixture is used. Finally, the AAMAS pro
cedure shows that the disintegration potential of the ADOT 
mixture is marginal . The ADOT experience shows that rav
eling sometimes occurs when the mixture is placed during 
cold weather. However, raveling usually heals during the hot 
weather. Also, the routine maintenance used by ADOT usu
ally solves disintegration problems when they arise . 

SUMMARY AND CONCLUSIONS 

In this study an ADOT asphalt concrete mixture typically 
used in areas with desert climate was evaluated on the basis 
of the AAMAS procedure (1) . Two sets of ADOT asphalt 
concrete specimens were prepared using the California knead
ing compactor and the manual Marshall hammer. All tests 
recommended by the AAMAS study were performed. The 
test results were analyzed using the AAMAS guidelines. 

It was found that the diametral resilient moduli of the ADOT 
mixture are within the acceptable range . The ADOT struc
tural layer coefficient is close to the value recommended by 
the AAMAS study. The rutting potential is low in some cases 
and moderate in others. The ADOT mixture has higher fa
tigue resistance at low temperatures than the asphalt concrete 
placed at the AASHO Road Test. Recommendations for the 
evaluation of thermal cracking are provided. The potential 
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for moisture damage is high, but the potential for disintegra
tion is marginal. The AAMAS prediction generally matches 
the historical experience of the asphalt mixture, although the 
moisture-damage evaluation may not apply to the mixture 
used in desert climates. 

The current version of the AAMAS procedure is quite 
comprehensive and seems to provide good performance pre
diction. Further research is currently being conducted by the 
Strategic Highway Research Program. Thus, the results ob
tained in this study should not be considered final. More 
studies are needed for comprehensive evaluations of ADOT 
asphalt concrete performance. 
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