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ABSTRACT: Dynamic modulus is defined as the ratio of peak cyclic stress to peak cyclic strain under harmonic
loading. It is one of the most important properties of asphalt mixtures, since it determines the strain response
characteristics as a function of loading rate and temperature. Different simplified models exist that can predict
this variable from mixture composition and binder rheological data, with Witczak and Hirsh models being the
most widely accepted. These models have been evaluated in the present study, on the basis of 352 data points
from eight asphalt concrete mixtures that were tested between —5 and 60 °C. A new model is also formulated
which improves predictions of the previous ones for Spanish mixtures, even though it is a relatively simple equa-
tion that requires very limited binder rheological data compared to Witczak and Hirsch models.
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RESUMEN: Validacion de una formula predictiva del modulo dinamico a partir de mezclas espariolas tipo hormi-
gon bituminoso. El modulo dinamico es la relacion entre los picos de tension y deformacion bajo carga armo-
nica. Es una de las propiedades mas importantes de las mezclas bituminosas, ya que determina la respuesta
deformacional en funcidn de la velocidad de carga y la temperatura. Existen diferentes modelos simplificados
que permiten predecir esta variable a partir de la composicion de la mezcla y de las caracteristicas reoldgicas del
betun, siendo los de Witczak y el de Hirsch los mas ampliamente aceptados. Dichos modelos han sido evaluados
en el presente estudio a partir de 352 puntos procedentes de ocho mezclas tipo hormigén bituminoso que fueron
ensayadas entre —5 y 60 °C. Asi mismo, se ha formulado un nuevo modelo que mejora las predicciones de los
anteriores para las mezclas espafiolas, aun tratandose de una ecuacion relativamente simple que requiere una
minima informacion reoldgica del betun en comparacion con los modelos de Witczak y Hirsch.

PALABRAS CLAVE: Mezcla bituminosa; Betiin; Mddulo dinamico; Disefio mecanico-empirico
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1. INTRODUCTION

Dynamic modulus (|[E*|) is one of the most
important properties of asphalt mixtures, since
it determines the strain response characteristics
as a function of loading rate and temperature. It
is defined as the ratio of peak cyclic stress to peak

cyclic strain under harmonic loading. It can be used
to predict pavement structural response to traffic
loads (1), and it can be regarded as a performance-
related material property for mixture specifications
and design. The latter is the case of the European
Standard EN 13108-1, which includes stiffness as
one of the requirements within the fundamental
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approach for asphalt concrete characterization.
A similar situation exists in the United States of
America, where dynamic modulus is one of the
candidate tests to complement Superpave volumet-
ric mix design (2). Consequently, it is not surpris-
ing that the great majority of the existing analytical
methods for pavement design require the deter-
mination of this parameter. The most advanced
generation of analytical methods, the incremental-
recursive procedures, require |E*| for a spectrum
of temperature and frequency, i.e., require the
definition of the master curve of the dynamic
modulus. This is the case of two of the most inter-
nationally recognized design methods: CalME
“California Mechanistic-Empirical Design” (3), and
the “AASHTO Mechanistic-Empirical Pavement
Design Guide”, known as the MEPDG (4).

The availability of dynamic modulus testing data
corresponding to actual mixtures used in the pave-
ment is not the most common situation. In many
occasions, and particularly for secondary roads
where the significance of the project does not jus-
tify additional testing expenses, only routine qual-
ity control test results are available. Even for highly
important highway projects, actual mixtures are
not available during the pavement design process.
This led researchers to develop simplified models
to predict dynamic modulus based on the percent-
age and the mechanical properties of the constit-
uents of the asphalt mixtures. This approach has
been introduced in the MEPDG for Levels 2 & 3
designs, when dynamic modulus data are not avail-
able but the composition of the actual mixture is
known.

There are three widely accepted simplified pre-
dictive models. The first one is the Witczak dynamic
modulus predictive equation (5), which is imple-
mented in the MEPDG. It is a purely empirical
model, which has been calibrated on the basis of
2750 data points from 205 different asphalt mix-
tures tested in the laboratories of the Asphalt
Institute, the University of Maryland, and the
Federal Highway Administration. Binder viscos-
ity (n) is the rheological predictor variable in this
model, which also includes aggregate gradation and
mix volumetric parameters. The latter are voids in
asphalt (VA) and percentage of voids in the mineral
aggregate that are filled with asphalt (VFA). The
second widely known and recognized simplified pre-
dictive model is the Hirsch model. This is a mechan-
ical, though empirically-calibrated model, that is
based on the law of mixtures (6). It combines the
constituents of the asphalt mix (binder, voids, and
aggregates) in a series and parallel phases arrange-
ment. It was calibrated on the basis of 206 data
points from 18 different asphalt mixtures tested at
ALF-FHWA, MnROAD, and WesTrack full-scale
testing facilities. Predictor variables in this model
are VFA, VMA (voids in the mineral aggregate),

and binder dynamic shear modulus (|G*|). The use
of G* instead of m for binder rheology characteriza-
tion was also adopted by Witczak and his coworkers
in developing a second version of their predictive
equation, which was calibrated on the basis of an
extended database with 7400 data points from 346
different asphalt mixtures (7). This last model is
usually referred to as Witczak 1-40D. It is worth to
mention that the three volumetric factors in Witczak
and Hirsch models (VA, VMA, and VFA) are rou-
tine mixture design parameters that are typically
included in mixture design and specifications. Due
to space limitations, actual formulas of the three
models are not reproduced here.

1.1. Problem statement

The empirical or semi-empirical nature of Witczak
and Hirsch models recommends their validation
for any database that differs from those used in the
calibration process. A number of studies in the open
literature present comparisons between these models
and actual dynamic modulus data. Results from such
studies do not always converge, with some of them
reporting sufficiently accurate and robust estimates
of |E*| for use in mechanistic-empirical pavement
performance prediction and design, while others
report the opposite. Examples of the former are
provided by Schwartz (8), who evaluated Witczak
n-based model and obtained an R? of 97% in the
logarithmic scale, and Robbins (9), who reported
Witczak n-based and Hirsch models predictions to
generally follow the equality line when compared
to measured data. Examples of unacceptable pre-
dictions for Witczak m-based model are provided
by Birgisson et al. (10), who indicated the need to
apply a correction factor that was between 0.668 and
2.740, depending on the method used for measuring
binder viscosity, and Shen and Yu (11), who obtained
modulus estimates that were between 3 and 7 times
measured moduli for high temperatures and between
25% and 50% of measured moduli for low tempera-
tures. Shen and Yu indicated that Witczak G*-based
model improved predictions for high and low tem-
peratures, while the opposite happened for interme-
diate temperatures. They also indicated that Hirsch
model over predicts modulus at high temperatures.
This over prediction has been also reported by
Schwartz (8) for Witczak n-based model and by
Al-Khateeb et al. (12) for both Witczak n-based
and Hirsch models.

The above mentioned contradictory results, along
with the fact that such a comparison effort has not
yet been conducted for Spanish mixtures, requires
caution when either of Witczak models or the Hirsch
one is used for mixtures and testing protocols typi-
cally used in Spain. It should be mentioned that a
number of the experimental studies presented above
propose alternative simplified predictive equations
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as a result of Witczak and Hirsch models mispre-
dictions (11, 12). Another problem is related to
binder rheology characterization which, either in
terms of n or G*, is not typically available in routine
mixture design or specifications in Spain. The need
exists to develop simplified predictive equations or a
comprehensive database for such binder mechanical
properties.

1.2. Objective

The objective of the experimental study pre-
sented herein is the evaluation of the applicability
of Witczak and Hirsch models for asphalt concrete
mixtures and testing protocols typically used in
Spain. As a result of this evaluation, it is also con-
sidered the validation of an alternative simplified
model that can be used to predict dynamic modulus
of asphalt concrete from routine mixture design and
specification parameters.

1.3. Research approach

Dynamic modulus experimental data for the
present research come from eight asphalt concrete
mixtures (four different gradations and two asphalt
contents) whose formulations are presented in
Table 1. They represent typical mixtures used as
base and binder courses in Spain. The number 20 in
mixtures denomination denotes the nominal maxi-
mum aggregate size in mm. The letter “G” refers to a
particular aggregate gradation that is only used as a
base material, under a binder plus a wearing course.

The letter “S” refers to another gradation that is typ-
ically used in Spain for binder or wearing courses.
B60-70 is an unmodified asphalt binder whose
present denomination, according to European nor-
mative EN 12591, is 50/70, which denotes the pen-
etration interval (mm/10) at 25 °C. BM-3c¢ (PMB
45/80-65, according EN 14023) is highly modified
with SBS polymer, and is typically used in binder
and wearing courses under heavy traffic. B13-22
(15/25, according EN 13924) is a hard-unmodified
bitumen, which is used in the fabrication of high
modulus asphalt concrete, “mezcla de alto médulo”
(MAM) in Spanish.

Asphalt mixtures were produced in plant, and
reheated in the laboratory in order to prepare
gyratory specimens (¢100-mm; 180-mm height).
Six specimens were prepared for each of the eight
mixtures, and they were tested in stress-controlled
cyclic compression in order to determine the com-
plex modulus, E*. E* is a complex number whose
modulus, |[E*|, is the dynamic modulus and whose
argument, @, is referred to as phase angle, both
being the so called viscoelastic properties under
harmonic loading. Minimum testing temperature
was —5 °C for all mixtures, while maximum tem-
perature was adapted to binder rheology (50,
55, and 60 °C, respectively, for binders B60-70,
BM-3c, and B13-22). A range of frequencies
between 0.1 and 20 Hz were applied at tempera-
ture increments of no more than 15 °C. No rest
period was introduced between two consecutive
frequencies. Load level was adjusted for each
frequency to produce *35 pe axial deformation,

TABLE 1. Asphalt concrete mixtures formulation
G20 G20+ S20 S20+  S20 mod S20 mod+  S20 MAM S20 MAM+
binder content (vs aggregate mass) 3.70% 4.20%  3.93% 4.43% 4.87% 5.37% 4.69% 5.19%
Volumetrics
VA 51%  4.5% 3.9% 3.3% 4.2% 3.6% 2.5% 1.8%
VMA 12.8% 13.2%  12.1% 12.5% 14.4% 14.8% 12.3% 12.7%
VFA 59.9% 66.1%  67.7%  73.9% 70.7% 75.9% 79.9% 85.6%
binder type B60-70 B60-70 BM-3c B13-22
Gradation
sieve (mm) passing passing passing passing
32 100% 100%
22 100% 95.0% 100% 95.0%
16 79.0% 71.0% 82.0% 76.0%
48.0% 46.0% 61.0% 45.0%
2 21.0% 27.0% 34.0% 23.0%
0.5 11.4% 16.3% 18.5% 13.2%
0.25 8.9% 12.0% 13.8% 10.3%
0.063 4.5% 6.2% 6.6% 6.3%
EN 13108-1*'denomination AC22 base 50/70  AC22 bin 50/70  AC22 bin PMB 45/80-65 AC22 base 15/25

“EN 13108-1 “Bituminous mixtures - Material specifications - Part 1: Asphalt Concrete”.
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so that linear range was not exceeded. European
standard EN 12697-26:2004 “Test Methods for
Hot Mix Asphalt - Part 26: Stiffness”, annex D
(cyclic tension-compression), was followed except
for the type of loading, which was cyclic compres-
sion in the present study. The compressive cyclic
loading used in this research is also specified by
AASHTO T 342-11, whose methodology is very
similar to that used in producing databases for
Witczak and Hirsch models calibration. The only
remarkable difference between the methodology
used in the present experimental study and the
AASHTO normative is the rest period between
two consecutive frequencies, with the later specify-
ing between 2 and 30 minutes. Coring of ¢100-mm
testing specimens from ¢150-mm gyratory speci-
mens is another prescription of AASHTO T 342
which is not specified by European normative and
was not followed in this research.

As a first step, the measured dynamic moduli
were compared to Witczak and Hirsch models pre-
dictions. This comparison involves 352 data points
(44, on average, per mix), where each individual
point is the mean of the six replicate specimens.
Binder rheological properties to use in the models
were determined according to AASHTO TP5-98
“Test Method for Determining the Rheological
Properties of Asphalt Binder Using a Dynamic
Shear Rheometer (DSR)”. The DSR device applies
a torque to a thin film of asphalt binder placed
between two parallel plates, while measuring the
angular strain used to calculate the complex shear
modulus, G*. A range of frequencies between 0.1
and 30 Hz were applied at temperatures between 4
and 82 °C, at 6 °C increments. It would have been
desirable that the lower bound of the testing inter-
val had been close to or below —5 °C, which was
the lower bound of the corresponding temperature
interval for asphalt mixture testing. Unfortunately,
measuring binder stiffness at such low tempera-
tures is beyond the loading capacity of the DSR
used in this research.

2. CHARACTERIZATION OF MATERIALS IN
THE LABORATORY

2.1. Asphalt mixture complex modulus

An example of dynamic moduli measured for
one of the mixtures is presented in Figure 1. Values
reflect temperature and frequency susceptibility of
asphalt materials. Time-temperature superposition
principle can be also deduced from the figure.
According to this principle, which is applicable to
thermorheologically simple materials like asphalt,
a change in temperature is equivalent to a compres-
sion/extension of the time scale. This compres-
sion/extension means a shift in the logarithmic scale.
Consequently, the sets of moduli measured for each

temperature can be shifted in the log scale in order to
produce a unique set, as reflected in Figure 1. This
set defines a curve known as the “dynamic modulus
master curve”, and the frequency resulting after the
shifting process is known as the “reduced frequency”.
The set was fitted by a sigmoidal function in this par-
ticular study. The same sigmoidal function, accord-
ing to equation [1], is used by both CalME and the
MEPDG.

o
log (|E*|) =d+ 1 + ePvioa(frea) t
where, |E*| is  dynamic modulus
Jred is  reduced frequency:
log (f.q) =log(f) +log (ar)
f is  frequency (Hz)
ar is  time-temperature shift

factor; 20 °C is the
reference temperature,
for which ar =1
9, o, B, & y are model parameters
note: log refers to decimal logarithm

Each of the parameters of the sigmoidal function
has a distinct physical meaning. é represents the min-
imum dynamic modulus of the mixture (10°), that is,
the lower asymptote of the master curve. d+a rep-
resents the maximum modulus (10°*%), which is the
higher asymptote. B is a location parameter, which
determines the horizontal position of the curvature
sign change point, while y represents the maximum
slope of the master curve. Sigmoidal function is
an analytical curve frequently used in mix/binder
viscoelastic characterization within the frame of
mechanistic-empirical pavement design. Its robust
nature in curve fitting experimental data (both in
frequency and time domain) with some noisy makes
it also a good choice in pre-smoothing experimental
data before fitting a more computational efficient
analytical curve (i.e. Prony series) to perform stress-
strain analysis of pavement layers using the Finite
Element Method (13).

2.2. Binder rheology

Binder dynamic shear modulus data were also
fitted by a master curve, after the application of the
corresponding shift factors. An example is presented
in Figure 2 for the B60-70 binder, where three sets of
points can be observed. Each set corresponds to a dif-
ferent binder aging condition, which is mainly related
to oxidation and volatile loss. The “original” condi-
tion refers to the binder before mixture fabrication;
the “RTFO” condition refers to the binder residue
after the artificially accelerated aging process of the
Rolling Thin-Film Oven test (AASHTO T 240), con-
ceived to reproduce aging during mixture fabrication;
finally, the “PAV” condition refers to the residue after
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FIGURE 2. Dynamic shear modulus master curves for binder B60-70.

the Pressurized Aging Vessel test (AASHTO R 28),
conceived to reproduce long-term aging (5-10 years)
under service conditions. Binder mechanical prop-
erties used in mixture dynamic modulus predictive
models must reflect actual binder aging condition in
the mixture. In the present study, mixtures were tested
after plant fabrication, so the binder aging condition
is the one simulated by the RTFO test. CAM model
(14), reflected in equations [2], was used to fit the |G*|
master curve. The same model parameters were used
for the three aging conditions, although a factor “k”
was introduced that multiplies reduced frequency

for RTFO and PAV data. This approach is based on
aging effect being equivalent to a frequency shift in
the logarithmic scale. The validity of this approach is
based on the excellent fit that was achieved for origi-
nal and PAV data while using a unique set of CAM
model parameters, as observed in Figure 2. The same
agreement was achieved for the rest of the binders.

G’

w-R
log(2) T 1og(2) 90-
=Gg'{1+(fc/fred) ® } Ce= Y 12
{H(f;cd/f;) 2 ]
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where, |G* is  dynamic shear modulus
is  phase angle

G, is  binder glassy
modulus (1 GPa)
Jred is  reduced frequency

R, w, & f. are model parameters

Time-temperature shift factors obtained for G20
mixture and B60-70 binder are presented, as an
example, in Figure 3. Agreement between both
experimental sources was expected, and it happened
for all temperatures except for the highest one. No
definitive explanation was found for this disagree-
ment, that was also observed for the rest of the
mixtures except for those using B13-22, the hardest
binder. This led authors to believe that the disagree-
ment obtained for the highest temperature might be
related to viscoplastic behavior, which is not cap-
tured by dynamic modulus. It is important to bear
in mind that dynamic modulus can be considered
a mechanical property of the asphalt mixture for
medium and low temperatures, when linear visco-
elasticity hypotheses are reasonably fulfilled. For
high temperatures, non-linear viscoplastic behav-
ior is expected, which means that the ratio of peak
cyclic stress to peak cyclic strain will not be a con-
stant anymore. Just as an example, Huang et al. (15)
showed that confining pressure had a minimal effect
on asphalt mixtures tested at 10 °C (linear behav-
ior), while the opposite happened at 54 °C. At the
last temperature, dynamic modulus values measured
with confining pressures of 100 and 200 kPa were
significantly greater than values measured without
confining pressure, which indicates that dynamic
modulus was not a material property.

Binder DSR minimum testing temperature was
5 °C, so low-temperature shift factors were extrapo-
lated using the well-known Williams-Landel-Ferry

equation reflected in Figure 3. The -5 °C factors
obtained for the binders this way were in good agree-
ment with values obtained for the asphalt mixtures.
This result, together with the fact that all binders
tend to reach a limiting modulus of 1 GPa for low
temperatures, seem to overcome the DSR testing
limitation.

Witczak first predictive equation is based on
binder viscosity. This variable was determined by
using the approach proposed by Bonaquist et al.
(16), presented in equation [3], which is based on
the classical Cox-Merz rule. It should be mentioned
that binder behaves like a Newtonian fluid only at
very high temperatures (17). For pavement service
temperatures, result from equation [3] must be con-
sidered only an indication of binder stiffness rather
than an intrinsic mechanical property.

# 3.63922+0.13137.0-0.0009.0°
=95 ) g
o | sin(d)
where, 1 is binder viscosity in Pa-s
|G*| s dynamic shear modulus in Pa
0] is angular frequency (rad/s)
) is  phase angle

3. EVALUATION OF EXISTING PREDICTIVE
EQUATIONS

Both Witczak m-based and Hirsch models pro-
vided reasonable results when dynamic modulus
predictions were compared to actual measured
data. R? of Witczak m-based model was 96.2% in
the logarithmic scale (88.9% in the arithmetic scale)
and mean square error of the prediction (MSE)
was 21.1% in the arithmetic scale. In the case of
the Hirsch model, R? in the log scale was 95.7%

6
Binder low temp. data have been extrapolated using
4 the Williams-Landel-Ferry equation (C1 & C2 treated
as fitting parameters):
2 -
— C1-(T- T
z log (ar) = ————
> 04 C2.+ (T - Ty
ko)
-2
—4 4
—6 T 1 1 T 1 1 T
-10 0 10 20 30 40 50 60 70

Temperature (°C)

® G20 mix

== B60-70 binder

e \WLF eq. fit

FIGURE 3. Time-temperature shift factors obtained for mixture and binder.
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(94.9% in the arithmetic scale) and MSE was 20.6%.
These statistics are not very different from those
reported by the authors of the two models in the
calibration process (5, 6). Nonetheless, a clear pat-
tern was observed in the prediction error of both
Witczak mn-based and Hirsch models. For high
reduced frequencies (low temperatures), the former
overestimated stiffness while the latter provided
excellent predictions. For low reduced frequencies
(high temperatures), both models underestimated
moduli. This can be observed in the example pre-
sented in Figure 4, where measured and predicted
moduli are plotted versus reduced frequency. The
same pattern was observed for all mixtures, but not
so distinctly for the high modulus asphalt concrete.
This misprediction is related to differences between
binder and mixture ay shift factors for the highest
temperature, that were explained above. It should be
remarked that the high temperature pattern of the
prediction error is not in line with a number of refer-
ences that report both Witczak and Hirsch models to
overpredict moduli under this condition (8, 11, 12).

Concerning Witczak 1-40D model, it clearly
overestimated measured moduli. On average, pre-
dictions were 95.2% greater than measured values.
R? was 76.3% in the log scale and MSE was 84.3%
in the arithmetic scale. The same overprediction is
reported by Robbins (9).

Another issue that can be deduced from Figure 4
is the low sensitivity of Witczak and Hirsch models
versus binder content, since predictions are almost
the same for both G20 and G20+ mixtures. The

low sensitivity was observed for all the mixtures
investigated in this study. This result was somewhat
expected, since a number of studies exist where
these models are shown to understate the influences
of the mixture volumetric and gradation param-
eters (8, 11, 18). This fact, together with the pattern
observed in error predictions, led authors to propose
a new predictive equation where these two problems
could be overcome.

4. PROPOSAL OF A NEW PREDICTIVE
EQUATION

4.1. Equation calibration

The approach for the formulation of the new
model is based on the relationships existing be-
tween parameters of the sigmoidal master curve
(equation [1]) and mixture volumetric and gradation
properties as well as binder rheological variables.
There is a general agreement among researchers
that 8 and o parameters of the sigmoidal func-
tion are determined by volumetric and gradation
properties of the mixtures rather than by binder
rheology (8). In the upper limit of the reduced fre-
quency (low temperatures), all binders become
glassy materials with a modulus around 1 GPa,
i.e., binder type does not make a difference. In the
lower limit (high temperatures), binder stiffness
becomes so low that aggregate skeleton determines
asphalt mixture stiffness. Nonetheless, the efforts to
relate 8 and o parameters to mixture volumetric and

-
100 000 A G20 mix
(] -5°C
L] 10 °C
L] 20 °C
T 10000 o 35°C
o
= ° 50°C
(2]
=2 Witczak mod.
e}
g \ Hirsch mod.
2 ( G20 + mi h
g 1 000 A 0 + mix
g‘ o -5°
) 10 °C
o 20 °C
35°C
100 T T ] T T ] 1
o 50°C
1.E-07 1.E-05 1.E-03 1.E-01 1.E+01 1.E+03 1.E+05 1.E+07

Reduced frequency (Hz)

= = = Witczak mod.

\— = —

Hirsch mod. )

FIiGURE 4. Evaluation of Witczak n-based and Hirsch models predictions for G20 & G20+ mixes.
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gradation variables have not been very successful to
date. The only variable for which consensus exists
in the way it influences dynamic modulus is VMA,
the voids in the mineral aggregate skeleton (6, 8, 12),
which is included in Hirsch model but not in Witczak
models. Unfortunately, the range of this variable was
very narrow in this study, and such influence could
not be directly determined. In order to overcome this
limitation, results from this study were combined
with those obtained by Shen and Yu (11) from seven
mixtures typically used in Washington State. The sum
of & and o (log of maximum mixture modulus) is
presented in Figure 5 for both experimental sources.
The best fit equation presented in the figure can be
used to extrapolate results from this study to mix-
tures with higher VM A. Extrapolation should not go
much further than the actual VMA range tested in
this research, which should be enough for most AC
mixtures used in Spain. From Figure 5, Hirsch model
understates the influence of VMA on dynamic mod-
ulus, which is in line with results presented above.
The sum &+o varied from 4.43 to 4.55 among
the different mixtures of this study, as reflected in
Figure 5. In this case, the master curve of each mix-
ture was determined independently from the others.
The global R? of the master curve calibration was
99.93% in the logarithmic scale, which indicates an
almost perfect fit, as can be seen in Figure 1. A second
calibration was conducted where & and o were forced
to be equal for all the mixtures. The global R? of the
new master curve calibration was still 99.82%, indi-
cating that a single set of these two parameters can
be used for all mixtures without losing accuracy.
B parameter was found to depend on binder stiffness
at reference temperature, whether it was formulated
in terms of |G*| or n. This result was expected, as it

4.6

d+0

4.1 4

4 T T T T T

Best fit (all data):
* 0+ 0=4.740 — 2.158-VMA

has been pointed out by Schwartz (8) and reflected by
Witczak models. But B was also found to depend on
binder content, whether it was formulated in terms
of VFA, VA, or effective binder volume (VMA-VA).
This dependency is not acknowledged by Witczak
models, and may be a reason for the low sensitivity of
their predictions with respect to mixture volumetric
properties. Finally, Y’ parameter was found to depend
on B. Again, this dependency is not acknowledged by
Witczak mn-based model, which makes Y= —0.31335
in any case. The pattern described above was used to
formulate a new predictive model that was calibrated
from dynamic modulus data measured for the eight
mixtures included in Table 1. The model is presented
in equations [4], and Figure 6 indicates the model’s
goodness of fit. R? of the model was 98.7% in the log
scale (96% in arithmetic scale), and MSE was 12.6%
in the arithmetic scale for the model based on G* and
12.5% for the model based on 1.

8=1.572 [4]

0+0=4.466
B=—1.177+9.316-VA—0.5345-10g(G,¢)
or +1.609+9.316:-VA—0.3352-1og(M,f)
=—0.2094+0.09201-f
log(ar)= —0.1304+(T—T,y)
where, G,y is binder dynamic shear
modulus (MPa) at 20 °C
(T,p) and 10 rad/s

MNref is  binder steady state
viscosity (cP) at
20 °C (Tep)

VA is  voids in asphalt

(expressed as ratio)
note: log refers to decimal logarithm

x  Shen & Yu (2011)

° G20 & G20+

° S20 & S20+
S20 mod & S20 mod+
S20 MAM & S20 MAM+

Best fit (all data)

Hirsch mod. (VFA: 85%)
= = = Hirsch mod. (VFA: 60%)

10% 12% 14% 16% 18% 20%

Voids in mineral aggregate

22% 24%

FIGURE 5. VMA Influence on maximum modulus of the mixes.
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FIGURE 6. Result from the calibration of the suggested predictive model.

One limitation of the suggested model was related
to using only three binder types in the calibration.
Specifically, temperature susceptibility was rela-
tively reduced in the three cases, with VTS (viscosity
temperature susceptibility) parameter ranging from
—2.85 to —2.75, which is a very narrow interval.
VTS is the slope of the well-known relationship that
exists between double logarithm of viscosity (cP)
and logarithm of temperature (in Rankine). In order
to overcome this limitation, an additional term was
calibrated on the basis of a database generated by
Onofre (19) at Universidade Federal do Ceara. Two
asphalt binders with seven different types of modi-
fiers were used by Onofre in his research. This way,
the VTS varied from —4.25 to —2.90. As expected,
temperature susceptibility influenced the Y param-
eter of the master curve, with higher temperature
susceptibility corresponding to higher Y in absolute
value. This influence could be modeled by adding
the term “—0.1536-(|[VTS|—2.824)” to the Y expres-
sion in equations [4]. This term can be used to
extrapolate results from this study to mixtures with
binders whose VTS parameter is below —2.85.

4.2. Practical implementation of the predictive equation

Binder rheological data required by the new equa-
tion is very limited when compared to Witczak and
Hirsch models, since binder stiffness must be only
defined for a single temperature. But still, this infor-
mation will not be available in daily practice of pave-
ment design in Spain, since consistency prescriptions
for binders are based on classical penetration and ring
and ball tests rather than on DSR or viscosity testing.

A simplified approach is here presented in order
to estimate M, and VTS from available data. First,
it is assumed that the ring and ball softening point

corresponds to a viscosity of 13000 Poises, which is
a hypothesis based on research conducted by Shell
Oil and later confirmed by Mirza and Witczak (20).
Secondly, equation [5] is used to estimate log(M,.;) from
binder penetration. This empirical equation was cali-
brated (R?=97.5%; MSE=1.17%) on the basis of ten
binders typically used in Spain, that were tested within
the frame of a research project focused on binder rhe-
ology (21). Once viscosity is known for two different
temperatures, the VTS parameter can be determined.

log(Myr)=12.91-2.412-10g(P) [5]

where, binder steady state
viscosity (cP) at 20 °C
binder penetration
(mm/10) at 25 °C

note: log refers to decimal logarithm

nref 18

P 1S

4.3. Validation of the predictive equation

Predictions of the new equation were compared to
dynamic modulus data measured for five mixtures
coming from the CEDEX accelerated pavement
testing facility. Mixtures had been tested between
—15 and 40 °C. The simplified approach described
above was used to estimate 1,; and VTS from bind-
ers penetration and ring and ball softening point.
The RTFO test residue data were used, since asphalt
mixtures were tested after fabrication (no additional
aging had taken place). Model’s goodness of fit is
appreciated in Figure 7. R? of the prediction was
97.9% in the log scale (94.1% in the arithmetic scale)
and MSE was 14.4% in the arithmetic scale. No
bias is appreciated in the error. These statistics are
similar to those obtained in the calibration, which
validates the suggested predictive equation.
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5. CONCLUSIONS (96% in arithmetic scale), and the mean square error

Dynamic modulus has been measured for eight
asphalt concrete mixtures that were tested between
=5 and 60 °C. They represent typical mixtures used
as base and binder courses in Spain. These experi-
mental data have been used to evaluate three widely
accepted dynamic modulus predictive models:
Witczak m-based equation, which is formulated in
terms of binder viscosity, and Witczak 1-40D and
Hirsch models, which are based on binder dynamic
shear modulus. Witczak 1-40D equation consid-
erably overestimated (95% on average) measured
dynamic modulus. On the contrary, both Witczak
n-based and Hirsch models provided reasonable
results. For both models, Rz was 96% in the log scale
and the mean square error of the prediction was 21%
in the arithmetic scale, which are not very different
from the statistics reported by the authors in the
calibration process. Nonetheless, a clear pattern was
observed in the prediction error, with both models
underestimating modulus for low reduced frequen-
cies (high temperatures) while Witczak n-based
model overestimating modulus for high reduced
frequencies (low temperatures). Besides, the three
models presented very low sensitivity versus binder
content, which was against experimental results.

A new predictive model was formulated in order to
overcome the limitations mentioned above. The sug-
gested model is based on the relationships existing
between the four parameters of the sigmoidal master
curve (8, o, B, and Y') and mixture volumetric and gra-
dation properties as well as binder rheological vari-
ables. The model was calibrated on the basis of 352
data points from the eight asphalt concrete mixtures.
R? of the calibration process was 98.7% in the log scale

of the prediction was 12.5% in the arithmetic scale.

Binder rheological data required by the new model
is very limited when compared to Witczak and Hirsch
models, since binder stiffness must be only defined
for a single temperature, 20 °C, either in terms of the
steady state viscosity or in terms the dynamic shear
modulus. Binder viscosity temperature susceptibil-
ity parameter (VTS) must be also defined. The other
predictor variables are voids in asphalt, and voids
in the mineral aggregate, which are routine mixture
design parameters. Besides, a simplified procedure
is proposed for estimating such binder data from
penetration and ring and ball test results.

The new model was validated, together with the
simplified procedure for binder data estimation, on
the basis of the dynamic modulus values measured for
five asphalt concrete mixtures that had been tested,
within the frame of other research projects, between
-15 and 40 °C. R? of the prediction was 97.9% in the
log scale and the mean square error was 14.4% in the
arithmetic scale. No bias was found in the error.
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