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Framework for Low-Temperature Cracking Analysis of
Asphalt Mixtures Using a Viscoelastic Continuum
Damage Model
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Abstract: Thermal cracking performance assessment of flexible pavements is paramount to improve the quality of the roads in cold-climate
regions. In this paper, a reduced testing framework for analysis of hot-mix asphalt (HMA) concrete is proposed to replace the indirect tensile
(IDT) creep compliance and strength testing by dynamic modulus and fatigue tests performed on an asphalt mixture performance tester
(AMPT) device. The theoretical aspects of the methodology are shown as well as its validation with laboratory results. Mixtures containing
various percentages of reclaimed material (RAP) were investigated to assess the adequacy of the proposed method to this type of material.
Results showed that the proposed framework can be successfully used to predict the low-temperature creep compliance and IDT strength,
which are the two key elements in thermal cracking performance analysis of flexible pavements. DOI: 10.1061/(ASCE)MT.1943-5533

.0001215. © 2014 American Society of Civil Engineers.

Introduction

In regions where significant thermal cycling occurs, the strong
incidence of low-temperature cracking is a major source of prema-
ture deterioration of flexible pavements and asphalt overlays. The
mechanical and environmental loadings impose mainly longitudi-
nal strains along the pavement due to its natural tendency to con-
tract at lower temperatures. However, the movement is prevented
by friction with the underlying layers, causing the stresses to build
up. During unfavorable environmental and traffic conditions, the
forces acting on the surface layer overcome the tensile strength
of the material, leading to the occurrence of top-down cracks (Haas
et al. 1987). As the cracks evolve throughout the cold season, the
water starts to infiltrate, thereby weakening the supporting layers
of the pavement structure. Many studies have been conducted to
better understand the key mechanisms behind this distress mode.
Moreover, recent advances in fracture testing and modeling of hot-
mix asphalt (HMA) materials (e.g., Wagoner et al. 2005; Kim et al.
2008; Underwood and Kim 2011) have addressed the problem
using different approaches. The current Superpave specifications
are based upon the linear viscoelastic analysis of both asphalt
binders and mixtures. Despite not addressing some issues related
to constitutive nonlinearities, this represents a major step forward
towards the proper selection of materials in addition to a better
assessment of the low-temperature performance of flexible pave-
ments. Conversely, this approach imposed a higher level of sophis-
tication on the material’s testing protocol when compared to
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previous pavement design guides. In most cases, the required tests
are beyond the current technical capabilities of the practitioners.
The objective of this paper is therefore two-fold. The first goal
is to propose a reduced testing framework for the low-temperature
viscoelastic material characterization, and the second is to use a
continuum damage model that incorporates the nonlinear constit-
utive behavior of the HMA mixtures to propose a criterion that
estimates the mixture’s critical cracking temperature. Mixtures with
varying percentages of reclaimed material (RAP) ranging from O to
40% were used in this study in order to verify the applicability of
the proposed methodology to RAP mixtures.

MEPDG Thermal Cracking Analysis

The thermal-cracking prediction model (TCMODEL) used in the
Mechanistic-Empirical Pavement Design Guide (MEPDG) was
originally developed by Hiltunen and Roque (1994) and estimates
the amount of thermal cracks (given as the total length of cracks per
length of pavement) as a function of time. The model uses the
material tensile strength as the threshold parameter for crack ini-
tiation and calculates the crack propagation using a linear-elastic
fracture mechanics model based on a variation of the Paris law
(Paris et al. 1961), adapted for a linear viscoelastic material. The
inputs to the model are the creep compliance, tensile strength, co-
efficient of thermal contraction, pavement thickness, and pavement
temperature along its depth. TCMODEL interprets the pavement as
a layer of asphalt subjected to a tensile stress distribution with
depth. It also assumes that the cracks are uniformly spaced; how-
ever, only one crack is modeled. A statistical transfer function is
then used to predict the amount of thermal cracks in the field that
are equal or greater than the thickness of the surface layer.

The TCMODEL uses the creep compliance, D(7), as input for
stress calculations at various depths into the pavement. This infor-
mation is not used as is but converted to the relaxation modulus,
E(r), and then convolved with the thermal strain history by means
of a convolution integral. The thermal cracks are considered to ini-
tiate when the tensile stresses exceed the tensile strength of the mix-
ture. The temperature at which this failure happens is known as the
critical cracking temperature. TCMODEL also uses the slope of the
linear portion of the log compliance—log time master curve as one
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of the parameters in the assessment of the crack depth. A detailed
description of the model’s theoretical formulation can be found
elsewhere (Hiltunen and Roque 1994).

The coefficient of thermal contraction is calculated based on the
volumetric properties of the mixture as proposed by Jones et al.
(1968) and the creep compliance and indirect tensile strength as
per AASHTO T322-07 (AASHTO 2007). Creep tests are run in
indirect tensile (IDT) mode at 0, —10, and —20°C, while the tensile
strength test is performed at —10°C in IDT mode at a constant
crosshead compression rate of 12.5 mm/ min. The complete obser-
vance of this standard can only be achieved in a laboratory
equipped with a controllable environmental chamber capable of
reaching —20°C and a closed-loop servohydraulic testing machine.
These requirements make the two tests impractical for most depart-
ments of transportation and contractors.

Interconversion between Linear Viscoelastic Properties

Interconversion of linear viscoelastic fundamental properties (also
referred to as response functions) is achieved either analytically or
numerically. Relationships between moduli and compliances are
possible due to the fact that both are different ways to represent
the material’s time dependency. Furthermore, from a mathematical
standpoint, linear viscoelastic properties are equivalent to one
another for each mode of loading (such as uniaxial or shear) regard-
less of the excitation form (transient or steady state). The intercon-
version procedure starts with the curve fitting of the dynamic
modulus, |E*|(w), to a sigmoidal function that allows for data
extrapolation and smoothing.

The complex modulus now defined in the appropriate functional
form is divided into its real and imaginary parts, usually called stor-
age and loss functions, respectively. The storage modulus, E’, is
then fitted to Eq. (1) using the multidata method (Cost and Becker
1970). This process was done over 19 decades of frequency in
order to capture the entire viscoelastic response of the mixtures.
The numerical method of interconversion devised by Park and
Schapery (1999) was adopted in this work and is briefly explained
as follows:

m_ 2.2
wpiE;

E' = |E*|cos(p) = E, +
Bcostie) = £+ 3 8

(1)

where E, = equilibrium modulus (MPa), E; = relaxation strength
(MPa), p; = relaxation time (s), and w = angular frequency (rad/s).
The set of constants comprised of E,, E;, and p; (totalizing 39
constants) can be used to obtain the corresponding Prony coeffi-
cients for the creep compliance, D(7), if a set of retardation times,
T;, 1s assumed (7; = 2p;). This is done by simply solving the
following linear system of equations represented using indicial
notation. Note that in this work k and j ranged from 1 to 19

AyiDj = By (2)
where
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Based on this methodology, the uniaxial compressive complex
modulus was converted to creep compliance, then compared to IDT
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creep compliance measurements. This raises the question as to
whether the two distinct modes of loading can interchangeably
be used to substitute one another. As mentioned previously, no
mathematical constrain exists that prevent the interconversion.
Moreover, the work developed under phase III of the National
Cooperative Highway Research Program (NCHRP) project 9-29
(Christensen and Bonaquist 2004) showed that IDT creep compli-
ance tests yield results equivalent to those of creep compliance tests
under uniaxial compressive stress. The coefficient of correlation
(r?) between the two was found to be 93%.

Viscoelastic Continuum Damage Model

Several constitutive models exist to describe the behavior of
HMA, some of which are based on a micromechanical approach
while others use the continuum damage theory. The model briefly
described herein has been developed at North Carolina State
University and consists of a simplified viscoelastic continuum dam-
age model (Park et al. 1996; Daniel 2001; Chehab and Kim 2005;
Underwood et al. 2009). It will be referred to as the VECD model
from this point on.

The VECD model utilizes Schapery’s nonlinear viscoelastic
constitutive theory for materials with distributed growing damage
(Schapery 1975; Park and Schapery 1997) and quantifies the dam-
age magnitude by assessing the decrease in the effective stiffness
observed as the variation on the slope of the instantaneous secant
modulus. The damage is quantified by an internal state variable
based on the work potential theory and accounts for microstructural
changes within the material. The model utilizes the elastic visco-
elastic correspondence principle to reduce the governing field and
boundary equations of viscoelastic problems into a mathematical
equivalent of those for elasticity problems.

The constitutive relationships are defined not in terms of actual
strains but by pseudostrains, defined in Eq. (5)

1 t Oe
R — [ E(t—71)—d 5
=g [ Eu—m) g ar 5)
where f = pseudostrains; € = real strains, E(f) = relaxation

modulus; and Ej = reference modulus.

For transient temperature conditions, the variable time is re-
placed by the reduced time, £(¢), at each infinitesimal increment
of temperature and is calculated using

B Loew= [ La ©
dt ar o ar

where the term ay is the shift factor from the master curve construc-
tion. The shift factor is a material’s fundamental property and
can be mathematically represented in different forms. The VECD
model is then represented by its three main components

WR = W(eR, 3) (7)
OWR
77 oe ®)
OWR oW,
9s  0s ©)

The state of stress in the material, o, is given by an energy
potential WX, called the pseudostrain energy density function,
which depends on a set of internal state variables S.

W, accounts for the change in the irreversible energy (damage)
due to changes in the material’s microstructure (microcracking).
Eq. (9) establishes the damage evolution rules, but cannot be
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Fig. 1. Characteristic curve of NH PG 58 -28 20% RAP mixture
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Fig. 2. Schematic diagram of the proposed methodology
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directly used for viscoelastic media because the available force for
growth of § and the corresponding resistance against its growth are
both rate dependent for viscoelastic materials. A power law was
then adopted to define the rate of damage evolution presented in
Eq. (10), where the exponent « is obtained experimentally

ds OWR\ «
= 10
dt ( as ) (10)
Schapery’s correspondence principle guarantees that the stress
can be defined in terms of a normalized pseudosecant modulus
C(S) that decreases as the damage evolves. The pseudostrain

energy density function is defined as the area under the stress
pseudostrain curve as given in Eq. (11)
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Fig. 3. Influence of different strain rates on the peak stress value

COMPRESSIVE STRAINS

WR — %C(S)(eR)z (1)

Eq. (8) is then given in terms of the pseudostrain and the
pseudosecant modulus in an elastic-like formulation, and yet main-
tains its time dependency as well as accounts for nonlinear effects
attributed to the damage evolution

Table 1. Mixture Production Information

RAP Total  RAP
Production plant NMAS content binder binder

(PG grade) (mm) (%) (%) (%) VMA VFA
NH (PG 64 -28) 125 0 5.7 0 175 643
20 57 168 176 635
30 57 252 173 6438
40 57 336 177 641
NY (PG 58 -28) 125 30 52 284 164 641
40 52 377 168 625
NY (PG 64 -22) 0 52 0 164  64.1
20 52 190 165  64.1
30 52 284 171 629
40 52 377 166 614
VT (PG 52 -34) 9.5 0 6.7 0 188 68.1
20 6.8 1600 183 702
30 6.6 247 186 705
40 66 326 191 70.1
VT (PG 64 -28) 0 6.5 0 19.1 67
20 67  16.1 184 703
30 66 245 184 69
40 6.6 330 187 677

Note: NMAS = nominal maximum aggregate size; VFA = voids filled with
asphalt; VMA = voids in mineral aggregate.
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Fig. 4. Finite-element simulation of the IDT test
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Table 2. Experimental Program

Number of
Test identification Specifications Temperature (°C)  specimens
Dynamic AASHTO TP 79-12 4, 20, 35 54
modulus (AASHTO 2012)
IDT creep AASHTO T322-07 0, —10, —20 54
(AASHTO 2007)
IDT strength AASHTO T322-07 —10 54
(AASHTO 2007)
Fatigue Push-pull at 10 Hz 10 36
TSRST AASHTO TP 10-93 10/h 54

(AASHTO 1993)

Table 3. Shift Factor Models

Model Expression Regression parameters
Polynomial log,,(ay) = A(AT)? + B(AT) + C A, B, and C
cl(A
WLF logyo(ar) = % Cl and C2
Exponential ar = be—MAT) b and \
OWR
o= = C(S)eR 12
= C(8) (12)

The relationship between C and S is obtained experimentally and
is shown in Fig. 1 for one of the mixtures evaluated in this work.

Proposed Methodology

Under the auspices of the NCHRP Project 9-29 (Christensen and
Bonaquist 2004), the dynamic modulus, | E*|, was chosen as the sim-
ple performance test for materials characterization and for flexible
pavement structural design within the scope of the MEPDG. This
effort set the basis for the design and construction of the asphalt mix-
ture performance tester (AMPT). AMPT devices consist of relatively

Table 4. Summary of Errors from the Three Shift Factor Model Predictions

small bottom-loading, servohydraulic devices equipped with a test
chamber that serves as both the confining pressure cell and the au-
tomated environmental chamber (Bonaquist et al. 2003). The dy-
namic modulus test is performed in compressive uniaxial mode
on nominal 100-mm-diameter, 150-mm-high cylindrical specimens
cut and cored from gyratory compacted specimens. This system also
allows for dynamic fatigue characterization (Kim et al. 2009) of the
mixture, which can be used for nonlinear constitutive modeling.
The methodology proposed in this work consists of using the
dynamic modulus and fatigue data from AMPT devices instead
of the creep compliance and IDT strength employed in thermal crack
performance evaluation. The VECD model presented earlier is used
to estimate the critical cracking temperature of the mixture as well as
the tensile strength using the AMPT dynamic modulus and fatigue
data. Fig. 2 shows a schematic diagram of the proposed framework.

VECD Thermal Stress Calculation of the IDT Strength
and Critical Temperature

Pseudostrains and stresses calculated using the VECD model were
obtained using Eqgs. (5) and (12), where the strain rates were se-
lected according to the type of analysis. The input parameters were
the |E*| from uniaxial compressive tests and tension-compression
fatigue tests carried out on an AMPT device.

In Eq. (5), one can see that the relaxation modulus must be con-
volved (Kreyszig 2011) with the appropriate strain rate in order to
calculate the pseudostrains; this process was accomplished numeri-
cally. Numerical computation of convolution integrals requires spe-
cial attention regarding convergence, especially when recursive
algorithms are employed. Several authors reported this problem
and proposed different approaches to mitigate it (Taylor et al. 1970;
Zocher et al. 1997; Mun 2006). This issue is greatly aggravated by
the use of uneven time steps. That is the case when reduced times are
used in lieu of actual time. Christensen (1982) presents an explicit
numerical procedure to determine the solution of convolution inte-
grals considering temperature variation. The method was reformu-
lated to calculate pseudostrains using the following equations

RAP Polynomial WLF Exponential
content Maximum Minimum Maximum Minimum Maximum Minimum
State (PG grade) (%) error (%) error (%) error (%) error (%) error (%) error (%)
NH (PG 64 -28) 0 N/A? N/A? N/A? N/A? N/A? N/A?
20 17.1 16.4 17.6 16.0 18.3 14.1
30 3.9 2.8 43 33 4.9 0.4
40 20.6 6.5 20.3 7.0 22.1 3.6
NY (PG 58 -28) 30 20.9 14.8 21.8 13.8 17.2 17.0
40 4.2 1.2 4.6 0.8 3.0 1.3
NY (PG 64 -22) 0 11.6 8.5 11.1 9.0 13.4 54
20 7.4 6.7 7.6 6.4 9.0 6.9
30 0.5 0.2 1.2 0.6 4.0 1.9
40 6.2 3.2 5.8 2.8 8.8 4.9
VT (PG 52 -34) 0 21.5 10.6 259 5.5 25.5 13.8
20 25.3 13.0 29.7 7.8 17.8 17.8
30 9.8 0.9 14.4 3.9 6.1 1.3
40 10.3 7.7 19.2 16.8 1.3 0.7
VT (PG 64 -28) 0 31.8 18.5 32.6 17.6 28.4 20.9
20 20.7 18.4 21.0 18.1 19.8 18.3
30 N/A® N/A® N/A® N/A® N/A® N/A®
40 20.4 16.2 21.1 15.6 18.3 17.0
“Assessment not available due to problems during creep testing.
© ASCE 04014265-5 J. Mater. Civ. Eng.
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i ’ i AE Z,
FEJ) = e<_§p+f )/pl{F(p)—l + [1 — e(_£17+5p—1)//’i] A(l‘[) (pi/aT)}
p

After calculating the pseudostrains over the established time in-
terval, the damage parameter was calculated using the recommen-
dations found in Park et al. (1996) based on fatigue testing data

5= {s(l n é)] v (14)

where § is incrementally calculated using Eq. (10), assuming that
before loading occurs S and C are 0 and 1, respectively. The time
step i must be appropriately chosen such that no significant change
in damage happens during the interval

Siy1 =8 = 0.5(AC) (ep)?r"/ (15)
IDT Strength

At low temperatures, the asphalt material has the tendency to fail
in a brittle manner as opposed to the ductile behavior observed at
intermediate and high temperatures. In IDT tests performed at tem-
peratures below freezing, the tensile stress reaches its maximum
value, then cracks initiate and abruptly propagate throughout the
specimen, breaking it apart. This failure mechanism results in little
or no residual strength after the peak (toughness). Therefore, in this
study, the IDT tensile strength was considered as the peak value of
the calculated stress curve [obtained from Eq. (12)]. Fig. 3 shows
the output of the stress calculations at different strain rates.

A linear viscoelastic finite-element analysis of the IDT test us-
ing ABAQUS version 6.11 was carried out to obtain the horizontal
tensile strain rates. The actuator loading was simulated by a fixed
displacement rate of the nodes corresponding to the area under the
loading strip. A loading rate of 12.5 mm/ min was used, following

the AASHTO T322-07 (AASHTO 2007) recommendation. A state
of plane stress was assumed and the time simulation was set to 3 s.
In actual testing conditions, no specimen lasted for more than 2 s.
Fig. 4 shows the tensile strain rate profile along the vertical axis
of the specimen superimposed over half of the model. The y-axis
corresponds to the diameter of the specimen. At the vicinity of the
loading strip, one can notice the compressive strains in the horizon-
tal direction.

The average strain rate was found to be 4.45 x 107 (¢/s); how-
ever, for the IDT strength calculations, a constant tensile strain rate
of 4.0 x 107* (¢/s) was used. The value was an average of the ten-
sile strain rates along the specimen’s diameter during the test.

Critical Temperature

For the thermal stress restrained specimen test (TSRST) calcula-
tions, a fixed rate of cooling, Ry, of 10°C/h was assumed. Consid-
ering that the thermal loading starts at time ¢t = 0, the rate of
thermal strain is given by

der (1)

L= = aRy (16)

10 T T T

Prony Series

©  Experimental Data

Creep Compliance [1/MPa]
S

10’5 1 1 1
107" 107° _ 10° 10° 10"
Table 5. Creep Compliance Interconversion Correlation (@) Time [sec]
State (PG grade) RAP content (%) R? 10”" ; . .
NH (PG 64 -28) 0 0.7669 ——
20 0.969 o Experimental Data
30 0.3785 .
40 0.9838 = 10F T
=
NY (PG 58 -28) 30 0.9838 =
40 0.9654 §
5 10}
NY (PG 64 -22) 0 0.8963 £
20 0.4517 8
30 0.7179 g
40 0.8341 S
107k
VT (PG 52 -34) 0 0.8213
20 0.7508
30 0.6929
40 0.9626 10° - 1 L
107° 107 10° 10° 10"
VT (PG 64 -28) 0 0.9327 (b) Time [sec]
20 0.8899 ]
30 N/A Fig. 5. Comparison between creep compliances: (a) NH PG 64 -28 30
40 0.9707 RAP; (b) NY PG 58 -28 30 RAP
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The index T in the strain refers to temperature and is used to
distinguish it from mechanical strains for the IDT strength analysis.

The analysis of different scenarios was conducted by changing
the input variables accordingly. For TSRST stress calculations, the
strain rate was obtained from the cooling rate using Eq. (11). The
relaxation modulus was shifted to the initial temperature and new
Prony coefficients were fit to this curve at that particular temper-
ature. The reduced time was generated based on cooling rates and
shift factors. IDT strength values were attained by shifting E(¢) to
—10°C and applying a load rate of 4.0 x 107 (¢/s).

The critical cracking temperature could also be established. The
calculated IDT strength at —10°C served as the threshold for ther-
mal crack initiation, and the calculated TSRST was used to estimate
the stresses in the pavement. The temperature to which the thermal
stresses reached the maximum admissible strength is considered to
be the critical cracking temperature.

Materials and Methods

The data utilized in this study was generated as part of phase I of
the Transportation Pooled Fund TPF — 5 (230) research project,
Evaluation of Plant Produced RAP Mixtures in the Northeast. This
research effort was set forth to examine the effects of different RAP
levels on low-temperature and fatigue properties of asphalt mix-
tures and was conducted on asphalt mixtures designed for service
in cold-climate regions. The testing program was carried out at vari-
ous research centers and involved reclaimed material from three
different states. Testing of plant-produced mixtures made it pos-
sible to evaluate the impact of higher RAP percentages on material
properties and performance with respect to low temperature and
fatigue cracking.

Contractors from the states of New Hampshire, New York, and
Vermont volunteered to produce mixtures at different RAP contents
using six different virgin binders, which totaled 18 distinct mix-
tures. Mixtures from the state of New York were produced by
Callanan Industries in a Cedar Rapids counter flow drum plant.
These mixtures were produced at rates of approximately 250 tons
per hour [tph] for the 30 and 40% RAP mixtures and 300 tph for the
virgin and 20% RAP mixes. Mixtures from the states of New
Hampshire and Vermont were produced by Pike Industries in
two different facilities. New Hampshire mixtures were produced
in a 2008 Gencor Ultra drum plant at a production rate of 400 tph,
whereas Vermont mixtures were produced in a 1966 H&B 5-t drop
batch plant with mixing times and burner set temperature varying
depending on the RAP content. Each facility provided one set of
loose mix sampled from the trucks prior to leaving the facility. The
loose mixture was stored into 18.9-L (5-gal.) metal buckets for
sample fabrication in the lab. Design parameters are shown in
Table 1.

The specimens were tested following the experimental plan
shown in Table 2. The fatigue tests were executed on an AMPT
machine following the protocol proposed by Kim et al. (2009)
All the tests were carried out on three replicates of each mix, with
the exception of fatigue tests that used only two replicates.

Three expressions used to characterize the temperature depend-
ence of the mixtures were investigated. The polynomial, William-
Landel-Ferry (WLF), and exponential models were fit to the
dynamic modulus shift factors at a reference temperature of 0°C.
The fitted curves were then used to estimate the shift factors at
temperatures corresponding to those of the creep compliance test
(0, —10, and —20°C). The predicted values were then compared to
actual values and the error between the two calculated. The models

4.5
4.5
° 4.5 °
E 4.0 — e E 0 5 — _ T a0
= ° ) = —_ o - < = -
£ 35— = = <+ = <
= — =3 35 — 5 35
@ 30 » 30 % 3.0
3 2 3
& 25— NHPG58-28 € ,51  NYPG64-22 g 55 | NY PG 58 -28
[ [
2.0 T T 2.0 T T T 2.0 T
20 30 40 0 20 30 40 30 40
RAP Content [%] RAP Content [%)] RAP Content [%]
45 4.5
& 4.0 A VT PG 52 -34 & 40 1 VT PG 24 -28
= =3
c c
é’ 3.5 — § 35 _ —
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Fig. 6. Predicted tensile strengths versus experimental boundaries
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Fig. 7. Relationship between IDT and uniaxial strength: (a) experimen-
tal versus predicted; (b) experimental versus experimental (data from
Christensen and Bonaquist 2004)

used in this work are presented in Table 3, where AT is the change
in temperature with respect to an arbitrary reference temperature.

Results

Table 4 presents the maximum and minimum errors for the creep
compliance shift factors estimation based on dynamic modulus
tests. The maximum error usually occurred at —20°C, which
may have been caused by changes in the binder microstructure
due to the proximity of the glassy state for some mixtures. In over-
all terms, no significant difference among the three models was
found, especially between the polynomial and WLF. In general,
the polynomial fit for the shift factor curves of the data set analyzed
in this research was found to be the strongest predictor; thus, this
model was adopted in this study.

Creep compliance curves interconverted from uniaxial |E*|
mastercurves were calculated and compared against those from
IDT creep tests. The correlation between the two data sets was in-
ferred by the coefficient of determination, R, reported in Table 5.
Examples of the weakest and strongest correlations are shown in
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Fig. 8. TSRST thermally induced stress versus IDT strength

Figs. 5(a and b), respectively. A problem in the IDT creep testing
of the Vermont PG 64 -28 30 RAP happened during the course of
this work. The specimens were damaged due to an operator error;
therefore, no data are available for this mix.

The TCModel calls for two input parameters obtained from the
creep compliance curve, namely the initial creep compliance (D)
and the slope of the linear part of the curve in the log-log scale ().
These two parameters were obtained from the interconverted creep
curve and compared to those from the actual creep tests.

The comparisons among the predicted tensile and the experi-
mental IDT strengths are shown in Fig. 6. The dashes are the maxi-
mum and minimum values from the three replicates tested. New
Hampshire mixtures containing 0% RAP could not be analyzed
due a problem in the fatigue characterization of the specimens
for that particular mix. In general, the results were satisfactory
and within the variability of the test itself.

All the experimental IDT strength results were plotted against
the values predicted from the proposed methodology. A linear re-
gression was carried out and the confidence and prediction intervals
were estimated for a 95% level. The results are shown in Fig. 7(a),
where the solid line represents the best-fit linear curve. Except for
one point, all the predicted values fell within the 95% prediction
interval. For comparison purposes, the data reported in the NCHRP
Project 530 (converted from psi to MPa) is presented in Fig. 7(b).

TSRST was performed according to the AASHTO TP 10-93
(AASHTO 1993) standard, which establishes that the specimen
must be cooled down at a rate of 10°C per hour, starting from
5°C until the brittle rupture of the specimen. Fig. 8 illustrates
the proposed methodology for critical cracking temperature. It
shows the calculated tensile strength threshold and the calculated
thermally induced stresses from the TSRST model. The point
where the two curves intercept each other was taken as the critical
cracking temperature. This criterion will be further validated when
the field performance data become available.

Concluding Remarks

The presented method has the virtue of being more amenable to
practitioners and time-saving/cost-effective to researchers, there-
fore adding to the efforts to improve the performance of flexible
pavements to thermal cracking. The results showed the applicability
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of the proposed methodology to HMA assessment of low-
temperature cracking performance. The second-order polynomial
yielded the overall best results for shift factor curve fitting as
compared to the WLF and exponential models.

A strong correlation was observed between the IDT strength
calculated using the VECD model and the measured values. No
constraints regarding the use of the proposed methodology was
found when RAP mixes were analyzed. The interconversion from
dynamic modulus to creep compliance using the results from an
AMPT device helps to decrease the time and effort consumed in
the characterization of HMA mixtures at low temperature.

This work is believed to be a pioneer in the use of an advanced
constitutive modeling to assess the low-temperature cracking
performance of high RAP mixtures. It also contributes to a better
understanding of the impacts of adding reclaimed material to virgin
mixtures. Moreover, this study provides an important tool to help
the design of new pavements as well as the distress prediction and
rehabilitation planning of the existing highway infrastructure of
cold-climate regions.
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