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INTRODUCTION

This study shows how the number of freeze-thaw cycles (FTC) and use of anti-stripping agents
were incorporated in a model for Hot Mix Asphalt (HMA) dynamic modulus, |[E*|, and discusses
the engineering implications related to these two factors. The model was estimated using the
statistical approaches of joint estimation and mixed-effects with 6821 observations from 265
specimens in 3 different datasets (/). Two datasets were collected at the University of Hawaii
(UH) pavement laboratory and the third one at the National Laboratory of Materials and
Structural Models of the University of Costa Rica, LanammeUCR. The datasets contain variables
in common such as air voids, binder content, and gradation and variables not available in all
datasets such as confinement level, FTC, anti-stripping agents, and fibers.

Moisture Damage
Moisture damage is a result of a loss of adhesion between asphalt and aggregates or a loss of
cohesion and stiffness of the binder or the mastic (2-8).

To induce moisture damage, many standards rely on conditioning samples in water baths
before or during testing. Epps et al. (9) recommended the use of a freeze-thaw cycle in
AASHTO T283. Multiple conditioning cycles have also been used for a more accurate
simulation of field performance (70).

Several tests are available to evaluate moisture susceptibility of asphalt mixtures but, at
present, AASHTO T283 is the most commonly used (//,12). Several agencies have reported
difficulties with this test for evaluating field conditions (/7). Some studies (/0,/7) have
suggested the use of |[E*| to measure the susceptibility of asphalt mixtures to moisture damage.

Anti-stripping Agents

Anti-stripping agents are used to counteract moisture damage effects. Hydrated lime is the most
common anti-stripping additive used with widely reported benefits (4). It improves the binder-
aggregate adhesion (6) and decreases the compatibility between binder and water (/3). The other
liquid anti-strip used in this study is a chemical compound that contains amines (/4) and works
by reducing the surface tension between aggregates and binder, therefore promoting an increased
adhesion of the two materials.

Master Curve

|[E*| at any temperature and frequency is computed from a master curve, which is an interpolation
model from a set of measured values. Master curves have two main components. The first is
typically a sigmoidal function relating |E*| to a reduced frequency f, at a reference temperature
T... For convenience, the typical sigmoidal curve was modified as:

a-dcf
1+e-(BHr(tog1/fr))

log(IE*) = p — (D

where the parameters a, 3, and y are the same as in the typical sigmoidal curve. Parameter p
represents the maximum of the log(|[E*|) (the typical sigmoidal curve also uses a parameter §
representing the minimum of the log(|[E*|); the relationship between these parameters is p = § +
a). An additional parameter a s was introduced to account for the effects of confinement (not
discussed here). Without confinement (a.r = 1), Eq. (1) is simply a different parametrization of
the typical sigmoidal curve but with some statistical and engineering advantages (/).
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The second component of the master curve defines a shift factor a(T) = % as a function

of temperature, 7:
log(a(T)) = AT>+BT+C 2)
where 4, B, and C are model parameters.

METHODOLOGY

Only the dataset from Costa Rica contains information on the effects of FTC and antistripping
agents. The two datasets from Hawaii (herein referred as UHO and UHN), contain 5404 data
points for 122 specimens with 12.5-mm Nominal Maximum Aggregate Size (NMAS) gradations
prepared with different binders, with and without polyolefin/aramid fibers, different confinement
and air voids levels, and combinations of these factors. Further details are given in references
(1,10).

The Costa Rican dataset, herein referred to as CR, was collected by LanammeUCR.
Twelve Superpave mix designs were performed with igneous aggregates and two different
aggregate gradations with 9.5-mm and 12.5-mm NMAS. A total of 143 specimens with 7%
target air voids were mixed and compacted producing 1417 points. A virgin PG70-22 and a
polymer modified PG76-22 were used. Some specimens were treated with a commercial liquid
anti-stripping agent at a rate of 0.5% by total weight of binder, and others with hydrated lime at a
rate of 1% by total weight of aggregate.

Table 1 shows the variables used in the final model specification. The three datasets help
to identify the effects of several variables in common (f, T, s, Vyesr, AV, R4, and P200) but
some of the variables can only be identified from a single dataset. Specifically, the effects of
FTC and anti-stripping agents can only be identified from the CR dataset. Joint estimation is
used to take advantage of the complementary characteristics of the datasets (75, /6). Likewise,
non-linear mixed effects (NLME) are used to account for the correlation between observations
within a specimen due to unobserved factors (/7).

Model Specification
The complete model specification includes the 20 variables defined in Table 1. The following
paragraphs concentrate on the elements of the model related to FTC and anti-stripping agents.

For details about the functional forms of other parts of the model see reference (7).
Parameter p was modeled with three multiplicative terms:

P=Pp"Pa’Pm (3)
where p is a function of other variables and corresponds to a situation without FTC and no

antistripping agents and where the terms p, and p,,, account for the effects of anti-stripping
agents and moisture damage, respectively,

Pa = 1+ prime Drime + PmB Dup “4)

Pm =1+ ppic Dpic + Ppsc Dpsc + Ppec Ppec (5)
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where primer PuB, Ppic, Pp3c, and ppec are model parameters.
p and y were also found to be affected by FTC but not by anti-stripping agents:

B=PB"PBm (6)

Bm = 1+ Boec Dpec (7)

Y =7 ¥m ®)

Ym = 1+ ¥pic Dpic + ¥Ypsc Dpsc + Ypec Dpec )

where Bpec, Ypic» Ypac, and Ypec are model parameters and 8 and ¥ are functions of other
variables yielding £ and y, respectively, for the situation with no FTC and no antistripping
agents.

TABLE 1 Variables used in the final model specification

Variable Type [Variable Dataset :;“lel:ifrslepner Description
Dataset Duno UHO 1 1 %f observat%on belongs to UHO, 0 otheryvise

Dcr CR 1 1 if observation belongs to CR, 0 otherwise

f All Several Frequency (Hz)
Testing T All Several Temperature (°C)
" Us All Several Microstrain (strain x 10°)
conditions UHN
03 U O’ Several Confining stress (kPa) (only 0 kPa for CR)

Specimen Voerr All 1 Effective binder content by volume (%)
olumetrics and AV All 1 Air voids (%)
gradation R4 All 1 Percent retained sieve No. 4

P200 All 1 Percent passing sieve No. 200

Dpgreyan  |[UHN 1 1 if PG76-22 binder (UHN), 0 otherwise

Binder Dpgrouno  |[UHO 1 1 if PG70-22 binder (UHO), 0 otherwise

Dgy UHO 1 1 if PG70-XX binder, 0 otherwise

Dpgrecr  ICR 1 1 if PG76-22 binder (CR), 0 otherwise

Freeze-thaw Dpic CR 1 1 %f 1 FTC, 0 otherw%se
cycles Dpac CR 1 1 if 3 FTC, 0 otherwise

Dpec CR 1 1if 6 FTC, 0 otherwise

o Diime CR 1 1 if lime, 0 otherwise

Anti-stripping Dyp CR 1 1 if liquid anti-strip, 0 otherwise
Fibers Dgip, UHN 1 1 if polyolefin/aramid fibers, 0 otherwise

Estimation Results
Table 2 shows the FTC and anti-stripping agents parameter estimation results. Other statistical
results are presented in reference (/).

Since variables D; ;,,,. and Dyg do not appear anywhere else in the model, the signs of
Prime and pyp 1mply that use of either anti-stripping agent simply raises the whole master curve.
However, addition of lime results in a bigger increase than that obtained by adding the liquid
anti-strip.
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TABLE 2 Parameters of the model included in the p factor

Eq. (1) Parameter Parqmeter Standard t value p value
Parameter Estimate Error

PLime 0.0259 1.55E-03 16.708 | <0.0001

PumB 0.0112 1.61E-03 6.956 <0.0001

p Ppic -0.0117 2.07E-03 -5.681 <0.0001
Pp3c -0.0208 2.07E-03 | -10.034 | <0.0001

Ppec -0.0228 2.27E-03 | -10.043 | <0.0001

B Bpec -0.0554 0.0127 -4.367 | <0.0001
Ypic 0.0381 0.0116 3.281 0.0010

14 Yp3c 0.0386 0.0118 3.263 0.0011
YDsc 0.0544 0.0125 4.340 <0.0001

The estimates for pp1¢, Pp3c and ppec also have intuitively correct negative signs, since they
indicate a monotonic reduction of the maximum of log(|E*|) with any FTC level.

B and y define the shape of the sigmoid. With a negative [, a negative change (or net
increase) in 8 decreases the values of log(|E*|) across all frequencies. The negative estimate of
Bpec (-0.0554) indicates that with 6 FTC the mix becomes less stiff, with all else equal.

A positive change in the value of y with all the other terms fixed (p, a, f) makes the
values of log(|E*|) increase (albeit, by a small amount) for f,. greater than 1 and decrease more
substantially for f, below 1. Consequently, y affects the maximum slope of the master curve. The
three positive estimates of yp1¢, Yp3c, and ¥pec (0.0381, 0.0386, and 0.0544, respectively)
indicate that as FTC increases there is a more sudden reduction of log |[E*| with f,..

Overall Combined effect of FTC and anti-stripping agents

The top-left chart of Figure 1 shows the effects of FTC. There is an important drop of the curve
with just 1 FTC. Increasing FTC from 1 to 3 causes only a slight additional reduction in
log(|[E*|). From 3 to 6 cycles, a larger decrease is again estimated though not as large as that
obtained with the first cycle.

The top-right chart of Figure 1 shows that log(|E*|) increases for all reduced frequencies
with the use of anti-stripping agents.

The middle portion of Figure 1 shows the effect of lime together with the application of
1 FTC (middle-left chart) and 6 FTC (middle-right chart). The bottom portion shows the effect of
the liquid anti-strip together with the application of 1 FTC (bottom-left chart) and 6 FTC
(bottom-right chart). In each case, the situation with a sample conditioned with the given number
of FTC but untreated (no anti-stripping) provides a lower bound and the situation with an
unconditioned sample (0 FTC) and treated with lime or liquid anti-strip provides an upper bound.
The master curves for the unconditioned (0 FTC) and untreated situation (no anti-stripping) and
for the conditioned (1 or 6 FTC) and treated situation (use of anti-stripping) always fall within
these bounds.

Based on these results, the application of lime to a specimen conditioned with only 1 FTC
is very effective at maintaining the master curve above or at the same level as the master curve
for an untreated specimen without FTC. On the other hand, with 6 FTC, the application of lime is
enough to restore the master curve to the level with no conditioning and no treatment but only
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for reduced frequencies above 10 Hz. For lower reduced frequencies, the master curve with the
application of lime is still below the master curve for the unconditioned and untreated situation.

The bottom-left chart of Figure 2 shows that with 1 FTC the application of liquid anti-
strip is enough to restore the master curve to the level with no conditioning and no treatment
only for reduced frequencies above 0.1 Hz. However, with 6 FTC, the master curve for the liquid
anti-strip treated sample is substantially below the master curve for the untreated and
unconditioned situation for any reduced frequency.

CONCLUSIONS AND RECOMMENDATIONS
The following are the main conclusions:

1) Statistically significant parameter estimates were identified for the number of FTC on
three of the terms of the sigmoid (p, «, and y). The contribution to changes in
log(|E*|) from each term varies with reduced frequency but their combination always
leads to a reduction of log(|E*|) for any reduced frequency.

2) The master curves are monotonically shifted down with the number of FTC.
However, these effects change with freqeeuncy.

3) The addition of hydrated lime or liquid anti-strip results in a positive vertical
translation of the master curves.

4) Hydrated lime can counteract the effects of 1 FTC at any reduced frequency, but with
6 FTC, it can only do it for reduced frequencies above 10 Hz. Liquid anti-strip can
counteract the effect of 1 FTC only for reduced frequencies above 0.1 Hz and, with
6 FTC, there is a net reduction of log(JE*|) at any reduced frequency.

There is a need to relate the laboratory moisture damage to field moisture damage, which
would also require quantifying what the latter means. A similar approach can be used to extend
this study by other states.
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FIGURE 1 Variation of log(|E*|) solely with number of FTC (top-left); solely with anti-
stripping usage (top-right); with and with without lime, with 0 and 1 FTC (middle-left);
with and without lime, with 0 and 6 FTC (middle-right); with and without liquid anti-strip,
with 0 and 1 FTC (bottom-left); and with and without liquid anti-strip, with 0 and 6 FTC
(bottom-right) for one of the 9.5 mm NMAS specimens prepared with PMA
(Specimen ID = UCR-9.5NMAS-PMA-7AV-S3).
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