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CHAPTER 5

MATERIALS CHARACTERIZATION AND PERFORMANCE MODELS

5.1.1.1 Repeated Simple Shear Test at 
Constant Height

This test was performed on cylindrical specimens (cores)
150-mm (6-in.) diameter × 50-mm (2-in.) height. Each spec-
imen had cut surfaces on the top and bottom as well as on the
vertical face. The RSST-CH was performed at three temper-
atures—40°C (104°F), 50°C (122°F), and 60°C (140°F)—
with the majority of tests being performed at 50°C (122°F).

Shear loading was applied in the form of a haversine with
a time of loading of 0.1 sec and a time interval between load-
ings of 0.6 sec. An equation of the form

γP = aNb (5)

is fit to the data, usually for values of N ≥ 100 after a zero
correction has been made. In this expression, the coefficients
a and b result from the regression analysis. Figure 122, after
a zero correction has been made, illustrates a representative
plot of the data in this form. 

Shear stiffness, G, is also determined from the data accord-
ing to the relation

(6)

Data obtained from this test are summarized in reference
62 and the WesTrack database discussed in Part III of this
report.

5.1.1.2 Flexural Fatigue Tests

Beam specimens 63 mm (2.5 in.) wide × 50 mm (2.0 in.)
high × 381 mm (15.0 in.) long, were tested in repeated flex-
ure in the controlled-strain mode of loading at a frequency of
10 Hz. While the majority of the tests were performed at 20°C
(68°F), a limited number of specimens were tested at 5°C
(41°F) and 30°C (86°F) to define the influence of temperature
on fatigue behavior. The data provided a measure of both flex-
ural stiffness and fatigue response, the latter expressed in
terms of the number of load repetitions for a 50 percent reduc-
tion in flexural stiffness versus applied strain. Two strain lev-
els were used for the majority of the test series: 200 × 10−6 and
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5.1 INTRODUCTION

One of the major purposes of WesTrack was the develop-
ment of performance models which define the influence of
HMA variables on pavement performance. These models are
central to the development of PRSs. HMA mixture variables
included asphalt binder content, in-place air void content
(degree of compaction), and aggregate gradation. The Pave-
ment Research Center at the UCB developed performance
models for permanent deformation (rutting) and fatigue crack-
ing. Details of the UCB research effort are contained in Wes-
Track Technical Report UCB-1 (62).

The program to accomplish these objectives included the
following: 

• Testing of cores and beams (sawed from slabs) from the
test sections, referred to as field-mixed/field-compacted
(FMFC) specimens.

• Testing of cores and beams obtained from slabs mixed
and compacted in the laboratory by rolling wheel com-
paction (LMLC).

• Testing of a limited number of specimens obtained from
slabs prepared in the laboratory with loose mix obtained
from the field at the time of construction (field-mixed/
laboratory-compacted [FMLC], not discussed in this
report).

The data obtained from these tests combined with perfor-
mance measurements of deflection, rutting, and cracking were
used to develop the performance models for rutting and fatigue
cracking described in this part of the report and more exten-
sively in Part II of this report and in WesTrack Technical
Report UCB-1 (62).

This introductory section to Chapter 5 contains a brief
description of the laboratory tests used and presents a frame-
work for the performance models which have been developed.

5.1.1 Laboratory Tests

The laboratory tests program consisted of permanent defor-
mation measurements on cores using the repeated simple
shear test at constant height (RSST-CH) (63) and determina-
tion of stiffness and fatigue response on beam specimens
using a flexural fatigue test (64).
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400 × 10−6 mm/mm (in./in.). Reference 66 describes the equip-
ment and procedures followed.

For a specific mix at a given temperature, the results of the
fatigue tests can be expressed in the following form:

(7)

where

N = number of strain repetitions to 50 percent reduc-
tion in mix stiffness,

εt = tensile strain, repeatedly applied, mm/mm (in./in.),
and

K1, K2 = experimentally-determined coefficients.

Test data used for the analyses presented herein are con-
tained in summary form in reference 62 and the WesTrack
database. Data include results for the 26 original and 8 replace-
ment sections.

5.1.2 Performance Models

The performance models developed from the WesTrack
data are of two general types: those based on direct regres-
sions relating the specific performance measure (rut depth or
fatigue cracking) to ESALs and mix characteristics; and those
based on mechanistic-empirical (M-E) analyses assuming
the pavement behaves as a multilayer elastic system. The first
category has been termed level 1 and the second, level 2. The
general framework is illustrated in Figure 123.

5.1.2.1 Level 1 Models

For rutting, there are two categories of level 1 models
termed level 1A and level 1B. The level 1A models are based
on direct regressions relating observed rutting or cracking
to ESALs and mix characteristics (Figure 123). For rutting,
the model uses performance data from the 26 original and
8 replacement sections while for fatigue, the model uses only
the fatigue data for the 26 original sections.

The level 1B model was obtained using M-E analyses of
the pavements. In the case of rut depth versus ESALs, rela-
tionships were developed for a 10-year period for 23 sections
in which little or no fatigue cracking was observed during the
21/2 years of truck loading. The 23 sections included both orig-
inal and replacement sections. For the analyses, the traffic was
uniformly distributed throughout a 24-hr period and the
yearly temperature environment was assumed to be the same
for each year of the 10-year period. As will be seen, this pro-
cedure tended to reduce the impact of early rutting which
occurred in some of the sections.

For fatigue, a Probit model has been used to define the
probability of cracking.

N K t
K= 1

2ε

As seen in Figure 123, the level 1 models are based on
WesTrack-type mixes. The level 1B model for rutting can,
however, be used for other traffic and environmental (temper-
ature) conditions.

5.1.2.2 Level 2 Models

For rutting, two level 2 models have been developed—level
2A and level 2B. The level 2A model can be used for other
traffic and temperature environments, but it is limited to mixes
with aggregate gradings similar to those at WesTrack. The
level 2B model can be used for other types of mixes so long as
they are characterized by means of the RSST-CH tests.

While not shown in Figure 123, regression models are
included in reference 62 relating rut depths to aggregate gra-
dation [defined by the percent passing the No. 200 (0.075 mm)
sieve and the percent of aggregate between the No. 8 (2.36
mm) and No. 200 (0.075 mm) sieves], as well as to ESALs,
asphalt binder content, and in-place air void content. The
regression equations use the results of RSST-CH tests on
both FMFC and LMLC specimens. These regressions were
developed using the level 2 approach. Models of this type are
suitable for determining pay factors (PFs) for permanent
deformation so long as the bounds of the regression are not
exceeded.

The level 2 models for fatigue, a total of three, have not been
characterized as have the rutting models. Rather, since the pro-
cedure is the same for the three categories shown in Figure
123, selection is based on the engineer’s choice of mix fatigue
and stiffness characteristics. Three options are available:

• Use of WesTrack mix data.
• Use of stiffness and fatigue data from published infor-

mation.
• Use of laboratory-determined stiffness and fatigue

response data obtained for the specific area in which the
mix(es) are to be used.

These guidelines are also shown in Figure 123.

5.2 MODULUS DETERMINATION

5.2.1 Introduction

The purpose of this evaluation was to establish elastic
moduli for the pavement components at WesTrack to allow
simulation of stresses, strains, and deflections in the test pave-
ment sections. The results of the investigation provided the
necessary input for the evaluation of observed pavement per-
formance and the establishment of performance models for
the PRS, a major WesTrack product.

The assumption used is that multilayer elastic analysis can
produce sufficiently accurate estimates of stresses, strains,
and deflections in the pavement structures. In turn, this forms
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the basis for the establishment of performance models for
load-associated cracking (fatigue) and permanent deforma-
tion (rutting).

The sources from which the moduli were obtained include
both field and laboratory measurements. The field data include
an extensive series of FWD measurements taken at intervals
throughout the traffic loading. Laboratory data include the
following:

• HMA—flexural fatigue, RSST-CH, and resilient modu-
lus (indirect tension) tests.

• Untreated base—triaxial compression resilient modulus
tests.

• Engineered fill and foundation soil—triaxial compres-
sion resilient modulus tests.

This section describes the methodology used to arrive at
the various moduli and a summary of the values used in the
analyses to establish performance models.

5.2.2 Analyses of Field Data—Original Sections

In the analyses of the FWD data to determine moduli, best
estimates of these parameters were considered to be those
minimizing the sum of the squared differences between mea-
surements and simulations of FWD surface deflections. In
these analyses, simulations were based on regression equa-
tions relating the deflection at each of the seven sensor loca-
tions of the FWD to the layer moduli. Microsoft® Excel’s
solver routine was used to determine the best-fit moduli.

Simulations were performed to examine the effects of all
possible combinations of five levels of modulus for each of
the three layers. Only one load level was simulated, 44.4 kN
(10,000 lbf) at a radius of 150 mm (5.9 in.).

In the best-fit analyses, assumptions were made as to how
the moduli were likely to vary as a function of external influ-
ences such as temperature. These included the following:

• Asphalt modulus, E1, is related to the average surface
temperature, T, (based on section 12 data):

E1 = exp(A0 + A1T) (8)

where A0 and A1 = regression coefficients.
• Base modulus, E2, is independent of temperature and

season.
• Foundation soil moduli are sensitive to seasonal but not

temperature influences and were investigated as a dis-
creet function of the measurement period and a sinu-
soidal function. 

Figure 124 illustrates the framework used for the simula-
tions. Modulus values for the three layers are summarized in
reference 62.

FWD-determined moduli for the AC as a function of tem-
perature are shown in Figure 125 for the sections evaluated

in the south tangent and in Figure 126 for sections from the
north tangent.

Table 148 compares mixes based on moduli at a temper-
ature of 40°C (104°F) and examines the effects of asphalt
binder content and air void content. It is noted that the influ-
ence of air void content is significant, with an increase in
air void content resulting in a reduction in mix stiffness. It
will also be noted that replicate sections have comparable
stiffnesses.

The base modulus was assumed to be unaffected by both
temperature and season. The values for the south and north
tangents were estimated to be 104 MPa (15,100 psi) and 93.1
MPa (13,500 psi), respectively. The modulus for the south tan-
gent is about the same as that for the foundation soil; whereas,
in the north tangent the modulus for the base is less than that
for the foundation soil. Considering other investigations
which suggest that conventional backcalculation routines may
underestimate base moduli, additional investigation appears
warranted to determine suitable means for backcalculating
untreated base moduli. That, however, was beyond the scope
of this study.

The influence of season on foundation soil modulus is illus-
trated in Figures 127 and 128 for the south and north tangents,
respectively. In these figures, it is noted that the modulus
varies throughout the year with a high value in mid-December
and a low value about mid-May. The minimum value is about
70 percent of the maximum.

There is a significant difference in foundation-soil moduli
between the sections of the south and north tangents with the
north tangent sections being considerably stiffer than those in
the south tangent. Also, the annual range in modulus is larger
for the north tangent than for the south tangent sections.

Sinusoidal functions applied to the foundation-soil mod-
uli to define seasonal variations, as described in reference
64, appear reasonably well-suited to define the influence of
seasonal variations on modulus for the WesTrack founda-
tion (64).

5.2.3 Comparisons of Field- and 
Laboratory-Determined Moduli

A limited opportunity was provided to compare laboratory-
determined moduli from the flexural fatigue tests at 20°C
(68°F) and the RSST-CH tests at 50°C (122°F) for the asphalt
mixes with those determined from evaluation of the FWD
measurements.

In the laboratory, flexural stiffness measurements were
obtained during fatigue testing of mixes from the bottom por-
tion of each of the test sections. Results of a comparison of
these stiffness values for a number of the test sections with
those determined from the analysis of the FWD results are
shown in Figure 129.

Similarly, in the RSST-CH tests to define the permanent
deformation response of the various mixes, shear stiffnesses
were determined at 50°C (122°F) for mixes from each of the
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test sections. Comparison of stiffnesses determined from the
shear moduli with those estimated from the FWD measure-
ments are shown in Figure 130. For comparisons with the
FWD estimates, the laboratory shear stiffnesses were con-
verted according to the following expression:

E = G • 2(1 + ν) (9)

For this conversion, the Poisson’s ratio, ν, was assumed to
be equal to 0.35 for the AC.

The correlations shown in Figures 129 and 130 were also
used to determine moduli to use in the analysis of response
of the replacement sections.

A brief comparison was also made between the FWD and
laboratory-determined moduli for the base and foundation
soils. These results are shown in Table 149.

5.2.4 Moduli Used for Permanent 
Deformation and Fatigue Analyses

The results presented in the previous sections established
bases for selecting moduli for use in developing the perfor-
mance models for both permanent deformation and fatigue.

For permanent deformation and fatigue, the subgrade mod-
uli for the south and north tangents shown in Figures 128 and
129, respectively, were used in order to reflect seasonal vari-
ations in the subgrade stiffness.

It was noted in Section 5.2.2 that backcalculation proce-
dures may, at times, result in estimated moduli for untreated
bases which are lower than expected. This was assumed to be
the case for the base moduli shown in Table 149. Based on
the results of other studies (e.g., references 65 and 66), the
WesTrack team decided to use a base modulus of 138 MPa
(20,000 psi) for the level 1B and 2A analyses for permanent
deformation and 172 MPa (25,000 psi) for the level 2 fatigue
analyses.

For the HMA, moduli at 20°C (68°F) from the flexural
fatigue tests and the temperature slope (A1) from the back-
calculation procedure were used.

5.2.5 Additional Stiffness Analyses

For the mechanistic analyses used to assess fatigue response,
the mix stiffnesses obtained from the flexural fatigue tests
were used (62). With these data, regression analyses were
performed on the results of 186 fatigue tests on the FMFC
mix, primarily at 20°C (68°F) and with limited data at 5°C
(41°F) and 30°C (86°F).

Results of the analyses are represented by the following
equations:

• fine and fine plus mixes (127 tests)

ln Stiff = 11.4677 – 0.0827Vair – 0.2285Pasp

– 0.0579T R2 = 0.85 (10)

• coarse mixes (59 tests)

ln Stiff = 11.4707 – 0.0576Vair – 0.2142Pasp

– 0.0606T R2 = 0.79 (11)

where

Stiff = mix stiffness, MPa (1 ksi = 6.9 MPa),
Vair = air void content, percent,
Pasp = asphalt content, percent (by weight of mix), and

T = temperature, °C (°F = 1.8°C + 32).

Comparisons of the mix stiffnesses for the original sec-
tions with those predicted by the regression equations for
specific asphalt binder content and in-place air void contents
are shown in Figure 131.

5.3 PERMANENT DEFORMATION

5.3.1 Introduction

The purpose of this phase of the investigation was to
develop models which can be incorporated in the PRS pro-
gram to define the influence of asphalt binder content, in-place
air void content, and aggregate gradation on the accumulation
of permanent deformation (rutting) in the HMA layer.

Two levels of models were developed: those based on
regressions between measured performance, rut depth,1 and
traffic loading and mix variables (termed level 1) and those
based on M-E analyses using the same parameters (termed
level 2).

Data used to develop these models are included in Wes-
Track Technical Report UCB-1 (62) and the WesTrack data-
base and are summarized as follows:

• Measured downward rut depths (baseline to valley) and
associated traffic (in terms of ESALs).

• RSST-CH data on FMFC specimens prior to the start of
and at the conclusion (termed post mortem)2 of traffic
for the specific test sections.

• RSST-CH on LMLC specimens including the follow-
ing: 
– Study of specimens representing sections 4 and 25 to

determine effects of temperature and shear stress
level on mix performance.

– Aggregate gradation study at North Carolina State
University (NCSU) to define the effects of aggregate
grading variations on the performance of specimens;
this was done over ranges in air void contents, asphalt
contents, and aggregate gradations representing rea-
sonable specification tolerances for both the fine and
coarse gradings.

1 All performance models are based on rut depths measured from the original pave-
ment surface, i.e., baseline to valley. Those values are somewhat less than those mea-
sured from peak to trough in each rut.

2 For example, sections 7, 9, 13, 21, and 25 were rehabilitated and removed from con-
sideration at about 1,460,000 ESALs.
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To assist in the development of the M-E models, a special
study of the effects of traffic wander on rut depth accumula-
tions was also performed. This analytic study was conducted
by Dr. S. Weissman of Symplectic Engineering Corporation
using finite element simulations for different traffic wander
patterns including that used at WesTrack. A brief summary
of this study is included in Appendix D of reference 62.
Details of the model development effort for permanent defor-
mation are contained in Part II of this report and reference 62.
A summary of this research effort is presented in the follow-
ing section.

5.3.2 Summary and Recommendations for
Permanent Deformation Models

A series of models have been developed to define the
effects of mix variables on permanent deformation. These
models have been divided into two levels: level 1 based on
direct regression and level 2 based on a combination of M-E
modeling and regression.

For the level 1 analyses, equation 12 is recommended for
use:

ln(rd) = −6.1651 + 0.30991 ln(ESAL) 
+ 0.00294305V 2

air + 0.0688276P 2
asp

− 0.0657803Pasp • P200

+ 0.600498 (fine-plus) − 1.59167 (coarse) (12)
+ 2.35276 (replace) 
+ 0.21327 ln(ESAL) (coarse) 
− 0.140386 ln(ESAL) (replace)

where

rd = rut depth in mm (1 in. = 25.4
mm),

P200 = percent passing No. 200 (0.075
mm) sieve, and

fine plus, coarse, replace = variables which take the value
of unity in the fine plus, coarse,
or replacement mixes if the
expression is used for one of
these mixes. Otherwise, they
have a zero value.

This recommendation is based on the fact that it tends to
minimize the effects of some of the early rutting observed in
some of the WesTrack sections. 

The level 2 analysis, using an M-E procedure incorporating
layered elastic analysis, permits the use of different tempera-
ture regimes and traffic distributions than those occurring at
WesTrack.

In the M-E analyses, rutting in the HMA is assumed to be
controlled by shear deformations. Accordingly, computed val-
ues for the shear stress, τ, and elastic shear strain, γe, at a

depth of 50 mm (2 in.) beneath the edge of the tire are used
for rutting estimates.

Permanent shear strain in the HMA is assumed to accu-
mulate according to the expression:

γi = a • exp(bτ)γenc (13)

where

γi = permanent (inelastic) shear strain at a 50-mm (2-in.)
depth,

τ = shear stress at the 50-mm (2-in.) depth determined
from elastic analysis,

γe = corresponding elastic shear strain,
n = number of axle load repetitions, and

a,b,c = regression coefficients.

The time-hardening principle is used to accumulate the
inelastic strains in the HMA considering in situ temperatures
and applied traffic. Rut depth in the HMA is then deter-
mined from:

(14)

where

rdHMA = rut depth and
κ = coefficient relating rut depth to inelastic strain

and dependent on HMA layer thickness (63).

Contribution to surface rutting from the untreated pave-
ment components is determined using a similar approach and
is based on the elastic vertical compressive strain at the sub-
grade surface (65). The framework for rut depth estimation
is shown in Figure 132.

The level 2A procedure requires the direct use of mix
parameters in the models to define the a and c parameters for
the specific mix under consideration so long as it conforms
to one of the three general mix types used at WesTrack.

Level 2B requires that the RSST-CH be performed on the
specific mix which is intended for use in the pavement sys-
tem and the use of the regression equations for the parame-
ters a and c contained in reference 62.

Finally, a procedure has been developed whereby mix vari-
ables, including asphalt binder content, in-place air void con-
tent, and aggregate gradation (as defined by both the P200 and
the No. 8 [2.36 mm ] to No. 200 [0.075-mm] fractions), can
be combined to develop a performance relation suitable for
use in determining PFs by Monte Carlo simulations so long
as a specific rut depth is specified. It must be emphasized,
however, that this relation is constrained to the ranges of the
parameters used for the regression analysis. It does make use
of the RSST-CH data from both the field cores (FMFC) and
from the laboratory-prepared specimens (LMLC) tested at
NCSU. This procedure is also described in detail in reference
64 but has not been included in the framework of Figure 123.

rd j
i

HMA = κγ
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5.4 FATIGUE CRACKING

5.4.1 Introduction

As with permanent deformation, the objective was to pro-
vide models which could be incorporated in the PRS program
to define the influence of asphalt binder content, in-place air
void content, and aggregate gradation on the development of
fatigue cracking in the HMA layer.

Two levels of models were developed: those based on
regressions between fatigue cracking, traffic loading, and mix
variables (level 1); and those based on M-E analyses to predict
performance based on laboratory-measured fatigue response
and stiffnesses of the pavement layers (level 2). Appendix H
of WesTrack Technical Report UCB-1 (62) and the WesTrack
database contain a summary of the fatigue test and flexural
stiffness data for FMFC specimens obtained from slabs from
both the original and the replacement sections.

5.4.2 Regression Modeling

Linear regression approaches were used to relate load rep-
etitions associated with fatigue damage and mix variables in
the laboratory tests. For direct comparisons of field perfor-
mance (cracking) and mix variables, however, linear regres-
sion was not considered appropriate because of sample bias.
Accordingly, two models were developed: a Probit model for
crack initiation; and a continuous model for crack propaga-
tion in which the dependent variable is the expected value of
wheelpath cracking. For crack initiation, the Probit model
was selected because it permits the use of observed field per-
formance data for all 26 original test sections. In this model,
the dependent variable is the indication of cracking termed
INDCR. For each condition survey, if cracking is observed,
INDCR = 1; otherwise it has a zero value.

For a 10 percent probability of cracking,3 the following
is the model for fine and fine plus mixes from the original
sections:

Prob(INDCR = 1) = Φ – 49.502 + 4.788 • ln(ESAL) 
– 5.245 • Pasp + 1.148 • Vair (15)4

– 2.301P200

where Φ is the cumulative density function of the normal
distribution.

For the coarse mixes in the original sections, the model is
as follows:

Prob(INDCR = 1) = Φ – 47.151 + 5.293 • ln(ESAL) 
– 5.996 • Pasp + 0.450 • Vair (16)

It should be noted that both asphalt content and degree of
compaction (as measured by in-place air void content) have
a significant influence on fatigue performance.

For crack propagation, a continuous regression model has
been used in which the dependent variable is the expected
value, �E� of wheelpath cracking (CRX):

�E� = [log(CRX) � INDCR = 1] (17)

This equation is a function of the same variables as the
model for crack initiation and includes a correction term for
selectivity bias. Parameters for this model for the fine, fine
plus, and coarse mixes are contained in reference 64.

5.4.3 Mechanistic-Empirical Modeling

The approach used to predict fatigue cracking within the
M-E framework is similar to that described in reference 65.
The approach includes two components: flexural fatigue test-
ing of the fine, fine plus, and coarse mixes and performance
predictions based on the models developed as part of SHRP
(68) but extended to efficiently treat in situ temperatures; (69)
and calibrated to the Caltrans flexible-pavement design
methodology (67). The refined models have been used previ-
ously in interpreting the results of the California heavy vehi-
cle simulator (HVS) testing from pavement sections in the
Caltrans Accelerated Pavement Testing (CAL/APT) program.

As with the permanent deformation analyses, the pave-
ment is treated as a multilayer elastic system. Modulus val-
ues for the HMA, base, and subgrade are those reported in
this chapter and in reference 62.

The principal tensile strain, εt, at the underside of the
asphalt-bound layer is used as the damage determinant of
fatigue. Results of laboratory fatigue tests on the three FMFC
mixes from the original sections are as follows:

Fine mixes

ln Nf = −27.0265 − 0.1439Vair + 0.4148Pasp
(1.5343) (0.0230) (0.1245)

−4.6894 ln εt R2 = 0.88
(18)5

(0.1632)

Fine plus mixes

ln Nf = −27.3409 − 0.1431Vair + 0.4219Pasp
(1.5658) (0.0231) (0.1247)

−0.0128 ln T − 4.6918 ln εt R2 = 0.88
(19)5

(0.0126) (0.1632)

Coarse mixes 

ln Nf = −27.6723 − 0.0941Vair + 0.6540Pasp
(2.3308) (0.0299) (0.2853)

+0.0331T − 4.5402 ln εt R2 = 0.92
(20)5

(0.0174) (0.1878)
3 This level for probability of cracking was selected since it provided a better dis-

crimination of performance among the sections than either the 5 or 2 percent levels.
4 An alternative relation is:

Prob(INDCR = 1) = Φ –75.832 + 5.234 • ln(ESAL) – 3.072 • Pasp + 1.050 • Vair

5 The numbers in parentheses are “p” values for each of the terms indicating the sig-
nificance of each of the parameters.
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where

Nf = fatigue life;
Vair = air void content, percent;
Pasp = asphalt content, percent;

T = temperature at 150 mm (6 in.), °C (°F = 1.8°C + 32);
and

εt = maximum tensile strain.

The framework for analyzing mix performance for the var-
ious sections is shown in Figure 133 and represents the level
2 procedure shown in Figure 123.

5.5 LOW TEMPERATURE CRACKING

5.5.1 Introduction

Two approaches were used to define the low temperature
cracking potential at WesTrack: the thermal stress restrained
specimen test (TSRST) and the indirect tensile creep and
strength test (IDT). The former was used for validation of the
Superpave binder specification by SHRP researchers, and the
latter is included in the Superpave mix design and analysis sys-
tem. At the onset of the project, the WesTrack team was hope-
ful that the IDT data could be used with the performance pre-
diction models incorporated in the Superpave mix design and
analysis system; accordingly, the original test plan included
comprehensive IDT.

Midway through the project, however, the WesTrack team
was informed that the low temperature cracking model needed
refinement and that it would not be available for the team’s
use. Hence, the revised test plan shown in Table 150, which
made extensive use of the TSRST, evolved. For all low tem-
perature cracking testing, FMLC and FMFC cores and slabs
were taken from the top lift of the AC. A summary of the IDT
and TSRST test results is included in Appendixes A and B
of WesTrack Technical Report OSU-1 (70). More detailed
information on the IDT and TSRST results is contained in the
WesTrack database.

5.5.2 Test Results

Typical TSRST and IDT results are shown in Figures 134
and 135, respectively. Low temperature cracking test results
are summarized in Figures 136 through 139. TSRST results
are shown in Figures 136 and 137; IDT results in Figures 138
and 139.

Observations made about the IDT results are qualitative in
nature because the limited number of tests conducted pre-
cluded a rigorous statistical analysis. As expected, and as is
evident from Figure 138, the creep stiffness is inversely
related to test temperature. In addition, it appears that the
effect of mix parameters diminishes with increasing temper-
ature. There appears to be some effect of mix parameters at
−20°C (−4°F) and −10°C (14°F), though it does not appear
to be consistent. At −20°C (−4°F), section 1 (fine gradation
with optimum asphalt content and medium air voids) has the

highest stiffness, whereas at −10°C (14°F) and 0°C (32°F),
section 25 (coarse gradation, high asphalt content and low air
void content) has the highest stiffness. Since section 25 has
a higher stiffness than any section tested but section 1 at −20°C
(−4°F), one might conclude that low temperature stiffness is
dependent to some degree on asphalt binder content. Recall
that section 25 was a high asphalt content section, sections 1,
11, and 24 were optimum asphalt content sections, and sec-
tion 26 was a low asphalt content. This conclusion is sup-
ported by the tensile (i.e., fracture) strength data shown in
Figure 139. Again, the effect of mix parameters tends to
diminish with increasing temperature. However, at all test
temperatures, section 25 had the greatest tensile strength.

The TSRST data shown in Figure 136 indicates that there
is little difference in fracture temperature between FMFC at
time = 0 and FMLC, though there is greater scatter in the for-
mer because of variability in air void content. The average
fracture temperatures for FMFC at time = 0 and FMFC post
mortem specimens were −22.8°C (−9°F) and −20.6°C (−5°F),
respectively. Extending the logic of AASHTO’s MP1 (binder
classification) to mixes, a “significant” difference in fracture
temperature would be 3°C (5°F). In addition, the data shown
in Figure 136 suggest that the fine and fine plus mixes (FMFC
at time = 0 specimens for sections 1 and 11, respectively) do
not perform as well as the coarse mixes. The average fracture
temperatures for sections 1 and 11 (FMFC at time = 0 speci-
mens) were −18.5°C (−1°F) and −15.2°C (5°F), respectively,
whereas all the coarse mixes (sections 24, 25, 26, and 35
through 39) had average fracture temperatures ranging from
−20.8°C (−4°F) to −28.7°C (−20°F).

The TSRST results from the aging study are shown in
Figure 137. The short-term oven-aged (STOA) specimens
had an average fracture temperature of −27.3°C (−17°F). The
long-term oven-aged specimens (LTOA) had an average frac-
ture temperature of −25.4°C (−14°F), approximately a 2°C
(4°F) difference. Interestingly, this 2°C (4°F) difference
between STOA and LTOA is virtually identical to the differ-
ence in fracture temperature between the FMFC at time = 0
and FMFC post mortem specimens, −22.8°C (−9°F) and 
−20.6°C (−5°F), respectively. 

To assess the difference between the various TSRST data
sets, t-tests were conducted. The results, shown in Table 151,
indicate that there is a statistically significant difference
between the STOA and LTOA specimens. For all other data
sets, there is no statistically significant difference in the mean
fracture temperature. Also interesting to note is that the aver-
age fracture temperature for all the TSRST data sets was lower
than −22°C (−8°F), the low temperature grade of the binder
used at WesTrack (PG 64-22). The fact that no low tempera-
ture cracking was observed at WesTrack may be interpreted
in two ways: (1) pavement temperature did not reach −22°C
(−8°F) so the binder selection criterion was not tested or
(2) pavement temperature dropped to or below −22°C (−8°F)
such that the binder selection criterion was appropriate or per-
haps somewhat conservative as explained below. The overall
mean fracture temperature for TSRST specimens made with
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plant-mixed material, that is, FMFC or FMLC, was −21.8°C
(−7°F). This is a conservative estimate of the fracture tem-
perature of the mix because it is well documented that frac-
ture temperature increases with cooling rate. The TSRST
cooling rate of 10°C/hour (18°F/hour) exceeds the typical
2°C/hour (4°F/hour) cooling measured in the field such that a
more realistic estimate of the fracture temperature might be
3°C (5°F) to 5°C (9°F) cooler than that measured in the
TSRST, that is, −25°C (−13°F) to −28°C (−18°F). This sug-
gests that the binder selection is in fact somewhat conserva-
tive, that is, that it should provide low temperature cracking
resistant to temperatures of −25°C (−13°F) to −28°C (−18°F).

Numerous regression models were considered in an attempt
to predict TSRST fracture temperature as a function of mix
parameters such as asphalt content, air void content, aggre-
gate gradation, and age conditioning. Interaction terms were
also included in several models. Because none of the models
yielded an explained variation in excess of 20 percent, this
rigorous analysis is not included herein.

5.5.3 Performance Models

As previously noted, the Superpave low temperature crack-
ing performance prediction model was not available at the time
the WesTrack results were analyzed. Accordingly, other ana-
lytical tools were used to extend the WesTrack results to other
materials and climatic regions. Specifically, the Computa-
tions of Low-Temperature Damage (COLD) program with
Mn/Road materials and field performance data was used. A
FORTRAN version of a previously written program, COLD,
was used as an analytical tool to evaluate its applicability to a
range of material behavior, pavement structures, and climatic
conditions.

COLD calculates the pavement temperature, strength, and
concurrent thermal stress at specified depth increments and
time intervals throughout a specified analysis period. This
period was selected to represent the 20 days with the lowest
average daily temperature. Using material thermal proper-
ties, known heat sources, and principles of thermodynamics,
the model computes pavement temperatures using finite dif-
ference equations. COLD equates the thermal stress assum-
ing the pavement to be a pseudo-elastic beam or slab, infinite
and longitudinally restrained. The following is the general
form of the equation of stress as a function of depth:

(21)

where S(∆t, T) is the time and temperature dependent stiffness,
or creep modulus, and α is the coefficient of thermal expan-
sion, assumed to be temperature independent. The method
assumes the following: the induced stress is elastic, uniaxial,
and uniformly distributed within a given depth increment;
and the pavement is homogeneous and initially uncracked.
An arithmetic stress/strength comparison during any segment
of the diurnal thermal loading cycle yields the periods of pre-
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dicted distress; whenever stress exceeds strength, cracking
occurs. COLD is intended to be adequate in predicting the
onset of cracking, but it has no protocol for determining the
propagation of cracks throughout the pavement structure,
either vertically or horizontally.

Two separate pavement test tracks, WesTrack and Mn/
ROAD (sited roughly 65 km (40 mi) northwest of St. Paul,
Minnesota) were selected as the basis for all field verification
of performance predictions made from laboratory data sets.
Pavement condition surveys at both sites were used to ascer-
tain levels of thermal cracking distress for multiple test sec-
tions. Two sections at each test track were selected as the
basis for comparison. It would be desirable to examine a wider
variety of binder types in mixes, but only two binders were
used at Mn/ROAD. Therefore, investigating the performance
of more than two sections at Mn/ROAD would yield infor-
mation about design parameters other than binder type. A
single binder was used in all WesTrack sections, but two
sections were selected for analysis based on volumetric dif-
ferences: one section consisted of a mix with a high asphalt
content and low air void content (section 25), while the other
consisted of a low asphalt, high air void mix (section 26). If
any of the sections at WesTrack would fail in thermal crack-
ing, conventional wisdom dictates that it should be the latter.

As a final segment of the COLD analysis, it was anticipated
that a reasonable amount of information could be gained by
analyzing the WesTrack binder’s performance in a climate
such as Minnesota’s. Thereby, a “hybrid” pavement was con-
ceived: one with properties that would mimic the binder con-
tribution from WesTrack and all other mix properties and
structural specifications of a Mn/ROAD pavement.

5.5.3.1 Mn/ROAD

COLD predicted pavement temperatures which resulted in
a visible qualitative difference in cracking levels between the
pavements of sections 14 and 15. The AC-120/150 asphalt
mix of section 14 was predicted to fail first during the morn-
ing of February 2, 1996. COLD makes no predictions about
the extent of cracking due to repeated episodes of failure, that
is, on February 3 and 4, 1996, although intuition leads one to
equate the area between the stress and strength curves with
cracking density. The AC-20 mix of section 15 was predicted
to crack first on January 20, then remain intact until January
30, when another episode of cracking was predicted to com-
mence. A state of failure persisted throughout the entire period
of January 31 through February 4.

On February 13, 1996, a pavement condition survey
recorded 15 cracks in each lane of section 14 (Table 152).
The combined length of these cracks was 53 m (174 ft) in the
passing lane and 55 m (175 ft) in the driving lane. The same
survey reported 30 cracks of 107 m (350 ft) combined length
in the passing lane and 35 cracks totaling 114 m (375 ft) in
length for the AC-20 pavement of section 15. Not only is this
total length approximately 100 percent to 109 percent greater
than that for the AC-120/150 section, but the cracks are more
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numerous, forming a much more jagged, irregular pattern.
While the higher distress levels in the driving lane of both
sections suggest that traffic loading contributes to transverse
cracking, the difference is 3 percent to 7 percent and is, thus,
arguably, a minor effect.

5.5.3.2 WesTrack Pavements

COLD predicted no thermal cracking distress for sections
24 and 25. WesTrack did not experience thermal cracking.
Very close agreement was obtained for pavement tempera-
tures, with the measured value being no higher than 3.5°C
(6°F) above the value predicted by COLD. Pavement tem-
peratures were nearly identical for both sections.

5.5.3.3 Hybrid Pavement

The hypothetical hybrid mix constructed with the Wes-
Track binder and all other Mn/ROAD mix properties, and
subjected to Mn/ROAD climatic conditions, that is, the period
January 18, 1996, through February 6, 1996, showed cracking
to occur by a smaller margin than the Mn/ROAD AC-20 mix,
but significantly more than the AC-120/150 mix. The hybrid
performed most like the AC-20 mix. In principle, one would
expect failure at a pavement temperature of −22°C (−8°F), or
slightly below. The first failure event was predicted to occur
on the morning of February 1 at a COLD pavement tempera-
ture of −23.3°C (−10°F). This agrees closely with the low tem-
perature grade suggested by AASHTO MP1. The measured
temperature at that time was −26.4°C (−15.6°F), approxi-
mately 3°C (5°F) lower than COLD estimated. Agreement
between measured and calculated temperature was very good
for this time increment, but inconsistent throughout the analy-
sis period.

5.5.4 Conclusions

TSRST results are useful as a predictive tool only insofar
as fracture temperature is concerned. It was found that an
acceptably strong relationship exists between mix fracture
temperature and binder stiffness, which is directly linked to
low temperature mix stiffness and, thus, cracking potential as
seen in the results of COLD analysis.

With respect to the performance of the hypothetical hybrid
pavement constructed with the asphalt cement used at Wes-
Track, it appears that all the information required to judge a
pavement’s low temperature performance is adequately cap-
tured by knowledge of the following: laboratory-measured
material rheological properties, climatic conditions, and appli-
cation of a suitable pavement temperature prediction model.

Since the WesTrack experiment was structured to mini-
mize or preclude problems with low temperature cracking,
no performance prediction model or PFs are included in the
PRS at this time. However, it is anticipated that refinements

to the PRS would include the low temperature cracking model
incorporated in Superpave.

5.6 MOISTURE SENSITIVITY 

5.6.1 Introduction

Although the annual precipitation of the WesTrack site is
typically less than 180 mm (7 in.), the climate is quite harsh.
Nevada DOT has reported moisture-related problems in AC
due to water vapor rising from underlying layers and as a result
of freeze-thaw cycling. Moreover, the aggregate used for track
construction was reportedly a low to moderate “stripper,”
hence, the inclusion of limited moisture susceptibility testing.

One objective of the WesTrack experiment was the early
field verification of Superpave volumetric mix design; there-
fore, moisture sensitivity testing was included in accordance
with AASHTO Test 283 (T283) using 150-mm (6-in.) diame-
ter samples as described in the Superpave mix design method.
Laboratory-fabricated specimens were approximately 95 mm
(3.7 in.) in height whereas field cores were approximately
50 mm (2 in.) in height. For moisture sensitivity testing, field
cores, that is, FMFC, were taken from the bottom lift of the
HMA. Table 153 is an outline of the moisture sensitivity test-
ing conducted. All T283 test results from Oregon State Uni-
versity (OSU) and the University of Nevada, Reno (UNR)
are included in Appendix A of WesTrack Technical Report
OSU-2 (71). More detailed information on the T283 test
results is contained in the WesTrack database.

5.6.2 Test Results

Moisture sensitivity test results are summarized in Figures
140 through 143. Shown in Figures 140 and 142 are T283 test
results from specimens taken immediately after construction
and before traffic loading, that is, time = 0. Post mortem test
results are shown in Figures 141 and 143. There is tremen-
dous scatter in the T283 data for the FMFC specimens taken
immediately after construction, that is, at time = 0. The range
in tensile strength ratio (TSR) is 45 to 102. Note also that the
Superpave-recommended minimum TSR of 80 percent would
lead one to conclude that more than one-half of the sections
at WesTrack were likely to have stripping problems. Condi-
tion surveys conducted throughout the loading of the track,
however, did not reveal any evidence of moisture-related dis-
tress. The TSRs for specimens made with plant-mixed mate-
rial, that is, FMFC and FMLC, were lower than the TSR for
specimens made in the laboratory, that is, LMLC. The mean
TSRs for FMFC and FMLC specimens were 75 percent and
62 percent, respectively, whereas the mean TSR for LMLC
specimens was 80 percent.

Shown in Table 154 are results from t-tests conducted on
various pairs of data (e.g., FMFC versus FMLC). As is evi-
dent from the results shown in Table 154, the mean TSR for
the plant mixed material (FMFC and FMLC) is statistically
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different from the mean TSR for the laboratory produced
(LMLC) material. Specifically, T283 results from specimens
made with the plant-mixed material suggest that stripping at
WesTrack would be a problem, whereas the results from the
laboratory-fabricated specimens suggest exactly the oppo-
site. There is no statistically significant difference between
the results from the time = 0 and post mortem specimens.
Finally, there is a statistically significant difference between
the OSU and UNR results from the FMFC specimens.

Figure 144 shows the relationship between air void content
and indirect tensile strength measured in T283. Intuitively,
one would expect tensile strength to be inversely proportional
to air void content. However, regression of indirect tensile
strength on air void content for both conditioned and uncon-
ditioned samples revealed an explained variation of barely
30 percent (r 2 = 0.30).

The scatter in the data and the obvious discrepancy between
the T283 results and field performance are disconcerting.
Though several states report some degree of confidence in
T283 results, recently completed research (NCHRP Report
444, “Compatibility of a Test for Moisture-Induced Damage
with Superpave Volumetric Mix Design”) tends to reinforce
the observations reported herein.

5.7 OTHER TEST RESULTS

During the conduct of the WesTrack project, a number of
other testing programs were performed to support the material
characterization program and the QA programs previously
described. These testing programs were directed to defining
the following properties:

• Theoretical maximum WesTrack Technical Report
specific gravity UNR-25 (72)

• Resilient modulus WesTrack Technical Report
UNR-26 (73)

• Tensile strength WesTrack Technical Report
UNR-26 (73)

• Recovered asphalt WesTrack Technical Report
binder properties UNR-27 (74) 

A discussion of the WesTrack Technical Reports that con-
tain this information are briefly summarized below.

5.7.1 Theoretical Maximum Specific Gravity

An extensive laboratory testing program was conducted on
replacement section mixtures to determine if mixture aging

prior to the determination of the theoretical maximum specific
gravity (Rice specific gravity) would affect the test results and
might explain the differences between mixture design volu-
metrics (LMLC) and FMLC sample volumetrics. Samples that
had been prepared in the laboratory and subjected to both the
Superpave STOA and LTOA for mixtures as well as samples
that were mixed in the field were tested. Theoretical maxi-
mum specific gravity, asphalt absorption, and effective
aggregate specific gravity were measured or calculated. 

The differences in volumetric properties, due to the different
laboratory aging conditions, were within the single-operator
precision of the Rice specific gravity test method. Properties
of the laboratory-aged samples correlated well with those of
the field-aged samples. Comparison of laboratory and field
data show that the Superpave STOA procedure induced aging
similar to the aging which occurred during construction when
measured in terms of Rice specific gravity and other related
volumetric properties. Thus, it is appropriate to perform
process control tests on field mixtures immediately after
sampling for comparison with mix design properties. 

5.7.2 Resilient Modulus and Tensile Strength

An extensive laboratory testing program was conducted on
WesTrack mixtures to define the resilient modulus and tensile
strength properties. This program was conducted as part of the
water sensitivity study and is reported in WesTrack Technical
Report UNR-26 (73) and reference 75. The resilient modulus
was determined at different pavement ages on core samples for
two lifts. The sensitivity of the HMAs at WesTrack to asphalt
binder content, in-place air voids, and time after construction
as measured by the resilient modulus and tensile strength is
illustrated in the report.

5.7.3 Recovered Asphalt Binder Properties

The properties of asphalt binder extracted and recovered
from core samples of HMA were determined. Conventional
viscosity and penetration measurements were made as well as
Superpave asphalt binder characterization tests. Mixtures were
sampled from pavement sections placed as part of the original
construction as well as replacement section mixtures. The data
show the expected trend of increasing stiffness or hardening
with age in-service. In addition, the data suggest that the hard-
ening of the asphalt binder in the coarse-graded mixtures was
greater than in the fine-graded mixtures. WesTrack Technical
Report UNR-27 (74) and reference 33 contain detailed asphalt
binder data from core samples obtained over time. 
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Figure 128. Seasonal variations of foundation-soil modulus, north tangent. (Note: 1 MPa = 145 psi).
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Figure 134. TSRST results—section 11 (FMFC) (1 ksi =
6.89 MPa, °F = 1.8°C + 32).

Figure 136. TSRST data (°F = 1.8°C + 32).

Figure 135. Creep stiffness at 0°C 
(32°F)—section 1 (FMFC) (1 ksi = 6.89 MPa).

Figure 138. IDT creep stiffness (1 ksi =
6.89 MPa, °F = 1.8°C + 32).

Figure 137. TSRST data—LMLC (°F =
1.8°C + 32).
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Figure 144. T283 results (1 psi = 6.9 kPa).

Figure 143. T283 results (FMFC)—UNR.

Figure 142. T283 results (FMFC)—UNR.

Figure 141. T283 results (FMFC)—OSU.

Figure 140. T283 results—OSU (time = 0).

Figure 139. IDT tensile strength (1 ksi =
6.89 MPa, °F = 1.8°C + 32).
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TABLE 148 Stiffness ranking of asphalt concrete

TABLE 149 Comparison of laboratory and FWD moduli, psi, for base and
foundation soil (monitoring session 12)

TABLE 150 Low temperature cracking test plan



TABLE 151 Results of t-tests from TSRST data (fracture temperature)

TABLE 152 Pavement condition survey: Mn/Road cells 14 and 15
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TABLE 153 Moisture sensitivity testing

TABLE 154 Results of t-tests
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CHAPTER 6

REPORTS AND PUBLIC INFORMATION ACTIVITIES

A number of reports have been prepared and public infor-
mation activities conducted during the WesTrack project.
These reports and activities are summarized below.

6.1 REPORTS

The WesTrack project and its products are documented in
this four-part report, several WesTrack Technical Reports,
various papers and articles that have appeared in the litera-
ture, and a series of graduate student theses. The following is
a description and list of the reports.

6.1.1 WesTrack Report

The WesTrack report has been developed in four parts:

• Part I: Project Overview.
• Part II: Performance-Related Specification.
• Part III: WesTrack Database.
• Part IV: Observations and Lessons.

Part I, Project Overview, provides an overview of the entire
project. It discusses some historic background of the project,
introduces the WesTrack research team, defines the various
preconstruction activities (experiment design, site evalua-
tion, geometric design, etc.), summarizes the construction
operations, discusses the operation of the track, and outlines
the materials characterization and performance modeling
activities. 

Part II, Performance-Related Specification, contains the
background information for the PRS including the perfor-
mance models, discussion of PRS development issues, and a
guide specification. This part also includes a PRS software
user’s guide.

Part III, WesTrack Database, describes the database devel-
oped to record the project files. The database is available from
the FHWA; it includes materials properties, performance mon-
itoring results, and weather data for the project. The structure
of the database allows data from one file to merge with a sec-
ond file to produce the desired table of plots of information.
The WesTrack database user’s guide is also included in Part
III of this report. 

Part IV, Observations and Lessons, discusses general obser-
vations and findings resulting from the WesTrack research
effort and identifies additional analysis possibilities. 

6.1.2 PRS Software and WesTrack Database

An alpha version of the PRS software and a beta version
of the WesTrack database were prepared by the WesTrack
team along with respective user’s manuals.

6.1.3 WesTrack Technical Reports

Some 44 individual WesTrack Technical Reports have been
prepared to provide detailed discussion of key elements of the
WesTrack project. These reports provide the details on pre-
construction, construction, and postconstruction work activi-
ties. Table 155 is a listing of these technical reports and all
have been listed as references, where appropriate, in this
report. The WesTrack Technical Reports are available on
CD-ROM from the FHWA and TRB. 

6.1.4 Published Papers and Articles

More than 25 papers and articles have been published by the
WesTrack team and others on the WesTrack project. These
range from papers published in journals and proceedings at
the international level to brief articles in trade magazines.
Table 156 lists these papers and articles. 

6.1.5 Graduate Student Theses

Ten graduate student theses have been prepared based on
the WesTrack data and information. Eight masters and two
Ph. D. students were active on the WesTrack project at the
UCB, OSU, and UNR. Table 157 lists these theses. 

6.2 PUBLIC INFORMATION ACTIVITIES

The WesTrack public information activities primarily con-
sisted of the preparation of a video, an “open house” for the
public and industry, and presentations at various venues.
These activities are briefly discussed below.



6.2.1 Video

A 7-min video providing background information on Wes-
Track, the experimental design, trafficking considerations,
and anticipated results was prepared and distributed. The
video has the title “WesTrack” and a copy is available from
the FHWA.

6.2.2 Open House

An open house was held at WesTrack in June 1995 for pub-
lic officials, interested citizens, engineers and technicians,
material suppliers and contractors, and consultants and proj-
ect staff. The program featured speakers from the FHWA,
AASHTO, Nevada DOT, Granite Construction, NATC, and
the American Trucking Industry. 

6.2.3 Tours

Numerous tours were conducted at WesTrack during the
conduct of the project. Table 158 contains a list of the tours
conducted by the WesTrack team.
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6.2.4 Presentations

More than 70 presentations were made on the WesTrack
project during the life of the project. These presentations
provided briefings of the project and results from the pro-
ject to technical and trade association meetings throughout
the United States. All members of the research team were
involved in these presentations. Table 159 contains a list of
the presentations made on WesTrack at various meetings
and conferences. 

6.3 FUTURE ACTIVITIES 

NCHRP is sponsoring further research projects to build on
results of the WesTrack project. These projects will conduct
beta testing for the PRS software and trial use of and cali-
bration and validation of the WesTrack performance models
with field performance data in selected states. The WesTrack
facility is available for additional accelerated pavement per-
formance testing. 



TABLE 155 WesTrack technical activity reports

(continued on next page)
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TABLE 155 (Continued)



TABLE 156 Published papers and articles on WesTrack

(continued on next page)
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TABLE 156 (Continued)
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TABLE 157 Graduate student theses on WesTrack



TABLE 158 WesTrack tours

(continued on next page)



TABLE 158 (Continued)

(continued on next page)



244

TABLE 158 (Continued)



TABLE 159 Presentations on WesTrack at conferences and meetings

(continued on next page)
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TABLE 159 (Continued)

(continued on next page)
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TABLE 159 (Continued)

(continued on next page)



248

TABLE 159 (Continued)



249

ABBREVIATIONS

AASHTO American Association of State Highway and 
Transportation Officials

ABS Anti-Lock Brake System
AC Asphalt Concrete
ALF Accelerated Load Facility
ASTM American Society for Testing and Materials
CBR California Bearing Ratio
COLD Computations of Low-Temperature Damage
DDEC Detroit Diesel Electronic Control
DGPS Differential Global Positioning System
ESAL Equivalent Single-Axle Load
FA Fine Aggregate
F/A Filler to Asphalt
FEMA Federal Emergency Management Agency
FHWA Federal Highway Administration
FIRM Flood Insurance Rate Map
FMFC Field-Mixed/Field-Compacted
FMLC Field-Mixed/Laboratory-Compacted
FWD Falling Weight Deflectometer
GPS General Pavement Studies
HLA Harding Lawson and Associates
HMA Hot-Mix Asphalt
HVS Heavy Vehicle Simulator
IDT Indirect Tensile
IRI International Roughness Index
JMF Job Mix Formula
LMLC Laboratory-Mixed/Laboratory-Compacted
LTOA Long-Term Oven Aged
LTPP Long-Term Pavement Performance
M-E Mechanistic-Empirical
MRL Materials Reference Library
NATC Nevada Automotive Test Center
NCE Nichols Consulting Engineers

NCHRP National Cooperative Highway Research 
Program

NCSU North Carolina State University
NDOT Nevada Department of Transportation
NOAA National Oceanic and Atmospheric 

Administration
OSU Oregon State University
PCC Portland Cement Concrete
PFT Pay Factor Table
PFR Pay Factor Relationship
PID Proportional Integral Differential
PRS Performance-Related Specification
PWL Percent Within Limits
QA Quality Assurance
QC Quality Control
QC/QA Quality Control/Quality Assurance
RAP Recycled Asphalt Pavement
RF Radio Frequency
RQL Rejectable Quality Level
RSST-CH Repeated Simple Shear Test at Constant 

Height
SHA State Highway Agency
SHRP Strategic Highway Research Program
SPS Specific Pavement Studies
STOA Short-Term Oven Aged
STRS Strategic Transportation Research Study
TDR Time Domain Reflectometry
TSR Tensile Strength Ratio
TSRST Thermal Stress Restrained Specimen Test
UCB University of California, Berkeley
UNR University of Nevada, Reno
VFA Voids Filled with Asphalt
VMA Voids in the Mineral Aggregate
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