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CHAPTER 6

Summary, Findings, Conclusions and Recommendations

6.1. SUMMARY

Since the early fifties, asphalt rheologists have repeatedly tried to describe asphalt

binder rheological behavior by various mathematical models.  A review of the

mathematical models for frequency dependency found in literature indicated that most of

them suffer from different drawbacks, including at least one of the following:

1. Excessive complexity to be used without a strong mathematical and

viscoelastic background.

2. Lack of theoretical robustness to predict the behavior of the binder on

different situations that were not considered on their development.

3. Lack of applicability to modified binders.

Among the reviewed models in this study, the Marasteanu-Anderson model seems to

be the best one because it is relatively accurate and can be used effectively in most of

the cases.  However, this model has some limitations that should be clarified.  The

phase angle formulation was based on the Booij and Thoone approximation that is not

valid for asphalt binders as a viscoelastic liquid.  This approximation is only valid for

viscoelastic solids as stated by their authors.  Even with the addition of a new parameter

w to improve the fit of the original Christensen-Anderson model, the phase angle model

fitting was still very poor.

This study presents the development of two new models based on the matching

function approach to describe the behavior of straight and modified binders in the

thermorheologically simple linear viscoelastic region.  These models characterize the

absolute value of the complex shear modulus (|G*|) and the phase angle (δ).

The derived models were validated by comparing their results to actual experimental

data.  The experimental program was conducted to characterize the dynamic
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mechanical properties of polymer modified and straight binders at intermediate and high

service temperatures that corresponds to the thermorheological simple linear

viscoelastic region for asphalt binders.  Two typical paving grade asphalts (PG 64-22

and PG 70-22) and three modified binders (AD, AX and PG 76-22) were tested.  Two of

these modified binders (AD and AX) have been mixed in a previous study and have

been stored in small 88ml containers at room temperature for approximately four years.

Short-term and long-term aging were simulated by the rolling thin film oven test and the

pressure aging vessel, respectively.  A dynamic shear rheometer with parallel plate

configuration was used to conduct the dynamic mechanical tests at frequencies between

0.06 to 188.5 rad/sec and temperatures ranging from 5 to 75°C.  The results of dynamic

tests were reduced to dynamic master curves using the time-temperature superposition

principle.  The shift factors were determined based on the complex shear modulus

master curves and verified for the phase angle, storage shear modulus and loss shear

modulus.

The model parameters were obtained using non-linear regression analysis by the

Marquardt method.  The proposed mathematical models were extensively evaluated

through various statistical and rheological methods to investigate their capability to fit

different viscoelastic functions (e.g. storage and loss shear moduli, relaxation spectrum).
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6.2. FINDINGS

The findings of this study are as follows:

• Repeatability of the results obtained by short-term and long-term aging is

reasonable.  However, calibration of the RTFO to the local barometric pressure and

leveling of the pans in the PAV are important.

• Strain sweeps indicated that polymer-modified binders behave as a non-linear

viscoelastic material at intermediate temperatures and as a linear viscoelastic

material at high temperatures.  This is thought to be related to the parallel plate

configuration used in this study.  The strains in this study were assumed to be in the

linear region at all temperatures as recommended by AASHTO TP5.  However, it

appears unrealistic to test the asphalt binder in the linear region if it is expected to

behave in the non-linear region.  The strain within the binder films was found to be as

high as 100 times of the bulk strain of the total mixture (Bahia et al., 1999), which

implies the non-linearity that may be found at such high values of strain.

• Using the Time-Temperature Superposition Principle for polymer-modified binders

seems adequate.  The shifting should be applied to the Complex Shear Modulus

(|G*|).  After applying the required shifting, the resulting master curves for the phase

angle (δ), storage shear modulus (G'), and the loss shear modulus (G") should be

adequately checked for significant discontinuities.

• The dynamic mechanical results for asphalt binder at high temperatures (frequency

lower than 10-5 rad/s) seem doubtful in nature.  This problem is thought to result from

difficulties of the testing configurations as asphalt is approaching the Viscosity State.

• Modeling of polymer-modified binders using the Matching Function Approach is

feasible.  However, direct modeling of the respondances ( (s)Uand(s)Q ) results in

complicated expressions that are unable to describe the exact behavior.
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• The Kramers-Kronig relations, presented as Booij and Thoone approximation and

used for binders, were found to be invalid for asphalt binders.  This approximation is

only valid for viscoelastic solids.  Since asphalt binder is a viscoelastic liquid, the

quantity G*(iω) does not meet the requirements for the Kramers-Kronig relations.

• Polymer-modified binders exhibit a plateau region in the phase angle master curves.

This region was not noticed in unmodified binders.

• Non-linear regression can be adequately used to fit the proposed viscoelastic models

to experimental data.  It was found that the Marquardt method is the most

appropriate for the suggested model.  However, manipulations of the data for the

complex shear modulus (|G*|) should be restricted to the logarithmic domain to

obtain the best fit and to avoid an excessive accumulation of the error components

that may result in overflows in computations.
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6.3. CONCLUSIONS

Based on this study, the following conclusions can be drawn:

• Two new mathematical models for frequency dependence of response of modified

and unmodified binders are proposed.  These types of models are useful for

describing the linear viscoelastic behavior by a small, easily manageable, number of

parameters.  The complex shear modulus (|G*|) and phase angle (δ) can be

characterized by the following equations, respectively:
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These models were derived using the matching function approach based on the

Havriliak and Negami model that was manifested through the Z(ω) function.  Different

forms of the Z(ω) were tested, and it was found that the Havriliak and Negami form is the

most suitable.

• The proposed model for the complex shear modulus (|G*|) was found to adequately

describe the linear viscoelastic behavior of asphalt binders for a frequency higher

than 10-5 rad/s.  Below this value, the proposed model tends to under-estimate the

actual moduli.  This fact might be related to the measured values that were found to

be unstable as the binder approaches the viscous state.

• The phase angle model was found to adequately describe unmodified binder with a

small percentage of errors (less than 6%).  On the other hand, the model was unable

to simulate the plateau region found in polymer-modified binders.  However, the error

in this case was also found to be relatively small (less than 10%).  This error was

found to increase with aging for polymer-modified binders (especially for PAV

residues), which exhibit a clear degradation at this aging stage.
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• The glassy complex shear modulus (Gg) estimated by non-linear regression was

found to be relatively close to the expected value (109 Pa).

• The two models were found to perform well together.  It was found that their ability to

estimate other viscoelastic functions (e.g. Storage and Loss Shear Moduli,

Relaxation Spectrum) was adequate.

6.4. Recommendations

Based on the findings and conclusions of this study, the following guidelines for future

research are recommended:

• Actual measurements of the glassy complex shear modulus need to be performed.

This can be done through a complete construction of master curves extending over a

wider scale of frequencies.  This can be carried out by using the Bending Beam

Rheometer (BBR) and the Rotational Viscometer (RV).

• Applicability of the proposed models to other blends of polymer-modified binders

should be further investigated.

• Non-linearity of asphalt binders is a crucial subject at this point and should be further

investigated.  All SuperPaveTM binder specifications are based on linear behavior of

asphalt binders.  Unfortunately, it was found that assuming linear behavior at

intermediate temperatures is doubtful since this region is not found at such

temperatures.

• The incorporation of the presented models in the prediction of the Hot Mix Asphalt

(HMA) stiffness may be investigated.  The incorporation of asphalt binder frequency

dependence by the proposed models can facilitate the computation of the mix

stiffness at different frequencies and temperatures.


