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CHAPTER 3

Experimental Program

An experimental program was conducted on modified and straight asphalt binders to

achieve the objectives of this study.  This chapter presents the selection of materials, the

equipment used in the Dynamic Mechanic Analysis (DMA), the calibration procedures

followed, the tests performed, and the repeatability of the results.  The data obtained

from this experimental program were analyzed to develop mathematical models that will

be the subject of the next chapter.

3.1. SELECTION OF MATERIALS

Chemical composition and physical properties of asphalt binder can significantly

influence its rheological properties.  These variations are mainly due to its origin crude

source and the refining process.  According to a recent survey (SHRP, 1991), there are

over 120 different crude sources used in the United States that are processed by four

major refining techniques: fractional crude oil distillation under atmospheric pressure

with steam, topped crude distillation under vacuum with or without steam, solvent

refining, and air blowing.

Both straight and modified asphalt binders were used in the experimental program.

The selection was based on two criteria governed by availability reasons:

• For polymer modified binder, the blends had been already prepared at Virginia Tech

(Gahvari, 1996).  Four types of polymer-binder blends were available.  In addition, a

PG 76-22 binder was selected because it is commonly used in the Commonwealth of

Virginia.

• For straight binder, choice was restricted to the binders widely used in the

Commonwealth of Virginia (i.e. PG 64-22 and PG 70-22).

According to Gahvari (1996), choice of asphalt binder was based on desirable

chemical compositions in terms of potential compatibility with polymers.  To achieve this
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goal, Gahvari contacted different oil companies and obtained several different samples

of asphalt binder.  At that time, SuperPaveTM specification was not considered in his

choice due to its limited implementation.  Gahvari decided to use a typical paving grade

asphalt (AC-20) that, according to the results of elution-adsorption chromatography

(Corbett, 1969), could adequately present the desirable composition.  Table 3.1 presents

the results of conventional tests on the selected binder.

Table 3.1.  Conventional Test Results on AC-20 Asphalt Binder

Unaged Condition Thin Film Oven Residue

Specific Gravity 1.037 ^

Penetration at 25°C, 0.1mm 66 40

Absolute Viscosity at 60°C, poise 2054 4232

Kinematic Viscosity at 135°C, Centistokes 437 ^

^ Data not available.

Previous studies have indicated that the aromaticity of maltenes plays an important

role in compatibility and physical properties of the resulting polymer-modified binder

blends (Van Beem et al., 1973).  Also, increasing the asphaltene content results in a

harder polymer-modified blend (Vonk et al., 1989).  Table 3.2 illustrates the results of

Corbett analysis on the selected binder (Amoco, 1995).

Table 3.2.  Results of Corbett Analysis on AC-20

Asphaltenes 14.0-14.3%

Polar Aromatics 13.2-19.0%

Naphtene Aromatics 51.2-53.4%

Saturates 14.5-18.0%

Unrecovered 1.1-1.3%

Asphalt modifiers can be classified on the basis of the mechanism by which the

modifier affects the asphalt properties, the composition and physical nature of the

modifier, or the target asphalt property that must be modified.  A recently published

survey (Peterson, 1993) identified a total of 48 commercial brands of asphalt modifiers,
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classified in six categories: fillers and extenders, thermoplastic polymers, thermoset

polymers, liquid polymers, aging inhibitors, and adhesion promoters.  Experience

indicates that few thermoplastic polymers are really compatible with road asphalt binder

as defined in Chapter 2 (Brule, 1996).  For a polymer to be effective in road applications,

it should blend with the binder and improve its resistance to rutting, cracking, fatigue,

stripping, bleeding, aging, etc. at intermediate and high temperatures without making the

blend too viscous at mixing temperatures or too brittle at low temperatures (Bonemazzi,

1996).  Polymers were selected based on two major factors (Gahvari, 1996):

• The extent of use in asphalt modification industry.  Choice of polymers was based

mainly on the extent to which they are used in the industry.  Elastomeric

modifications had a greater share of the modified binder market than plastomeric

modifications.

• Capability of being mixed and processed in the laboratory.  Preparing plastomerically

modified asphalt binders requires sophisticated high shear blenders that were not

available in the laboratory.  However, elastomeric modification can be blended with

asphalt binder at lower shear stress.

Considering these facts, Gahvari considered only elastomeric modifiers.  He chose

seven modifiers to represent a wide range of molecular structures, physical and

mechanical properties, and application purposes: two Styrene Butadiene Rubber (SBR)

random copolymers, two Styrene Butadiene Styrene (SBS) linear block copolymers, two

Styrene Ethylbutylene (SBES) linear block copolymers, and one Styrene Butadiene

(SB)n branched copolymer.

Based on a review of the asphalt modification industry, Table 3.3 summarizes

findings from the literature (Peterson, 1993; Bahia et al., 1997; McGennis, 1995;

Rowlett, 1990) regarding the effect on HMA performance of different types of

elastomeric modifiers.  As illustrated in Table 3.3, SBS is reported to be a "general-

purpose" polymer that can improve the binder performance at both high and low

temperatures.  It was included in this study to confirm its suitability to enhance binder

performance.  On the other hand, since no conclusive data are available for the SBES

modification performance, it was selected to investigate the effects of SBES on binder
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performance.  The typical properties of the two polymers selected for this study are

presented in Table 3.4.

Table 3.3.  Reported Effects of Elastomeric Modification (after Bahia, 1997)

Effect on Distress
Type Class

PDa FCb LTCc MDd AGe

Styrene Butadiene diblock (SB) Yes No Yes Yes No

Styrene Butadiene triblock

(SBS)
Yes Yes Yes No No

Styrene Isoprene (SIS) Yes No No No No

Styrene Ethylbutylene (SEBS) ^ ^ ^ ^ ^

Styrene Butadiene rubber (SBR) Yes No Yes No No

Elastomers

Polychloroprene latex Yes Yes ^ ^ ^
a Permanent Deformation d Moisture Damage
b Fatigue Cracking e Oxidative Aging
c Low Temperature Cracking ^ Not reported

Table 3.4. Typical Properties of Thermoplastic Block Copolymers at 23°C (after Shell

Chemical Company, 1992)

Trade Name
Kraton

D-4141

Kraton

G-1654X

Designation D X

Structure Linear SBS Linear SBES

Physical Form Porous Pellet Powder

Plasticizer Oil Content, %w 29 0

Specific Gravity 0.93 0.92

Brookfield Viscosity at 25°C, cps 1000 370

Tensile Strength, Pa (ASTM D412) 19000 24150

300% Modulus, Pa (ASTM D412) 1720 6210

Elongation, % (ASTM D412) 1300 700

Styrene/Butadiene Ratio 31-69 31-69
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3.2 INSTRUMENTS USED IN THIS STUDY

This section presents a detailed overview of the instruments used in this study, as

well as the process of calibration, and the repeatability of the results.

3.2.1. Dynamic Shear Rheometer

Dynamic Mechanical Analyses (DMA) were performed using a CS Bohlin Controlled

Stress Rheometer with parallel plate configuration.  As explained in Chapter 2, this

instrument was introduced for binder evaluation and specification during the SHRP as

part of the SuperPaveTM asphalt binder tests and specifications.  This test is used to

measure the linear viscoelastic moduli of asphalt binders in a sinusoidal mode.

The principal components of a CS rheometer are presented in Figure 3.1.  The

operation of the Dynamic Shear Rheometer is based on the general theory of dynamic

mechanical analysis.  A disk-shaped binder specimen is mounted between two circular

plates.  The upper plate rotates around a vertical axis, while the lower plate is fixed.  The

specimen is subjected to a controlled shear stress at a certain frequency through

application of an output torque TD that is transmitted to the sample as torque of

magnitude TS because of the inertia in the rotating geometry (Iω2).  The moment of

inertia I consists of two parts:

I = IF + IMS (3.1)

where,

IF is the fixed inertia of the instrument due to the drag cup motor; and

IMS is the inertia due to the measuring system.

The CS software considers the inertia effect on evaluating the viscoelastic functions

of the specimen.  Considering the inertia effect, the phase is calculated as follows

(Bohlin, 1990):
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where,

TD* is the output complex torque applied to the drag cup motor (N.m);

I is the total inertia of the system as defined in Equation 3.1 (kg.m);

θ* is the complex sample angular deflection;

ω is the angular frequency;

δ is the phase lag between θ and TS (the actual phase angle that we seek to determine);

and

φ = the raw phase angle defined as:

φ = ε + δ (3.3)

where,

ε is the phase lag between TS and TD.

Figure 3.1.  Principal Components of the CS Rheometer (after Bohlin, 1990)

To calculate other viscoelastic functions (shear moduli), the CS software refers to the

constants C1 and C2 that depend on the sample geometry.  The storage and loss moduli

are calculated corrected for rotor inertia effects as follows (Bohlin, 1990):
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where,

h is the sample thickness (m);

r is the sample radius (m);

TD* is the output complex torque applied to the drag cup motor (N.m); and

θ is the complex sample angular deflection;

As the raw phase angle φ approaches 180°, the raw data become difficult to analyze

and the accuracy of the corrected results suffers.  This was partially addressed by

designing this model with low instrument inertia and unique air bearing and transducer

designs.

There are three elements in a typical dynamic shear rheometer that must be

calibrated on a regular basis: the torque measurement transducer, the deflection

measurement transducer and the platinum resistance thermometer.  The calibration of

these three components is essential if good within- and between-laboratory repeatability

is to be obtained with dynamic analysis (SHRP, 1994).  Particular attention was given to

the temperature calibration, which was identified as the main reason for variability in the

results.  As asphalt properties are very sensitive to temperature, the temperature of the

sample should be kept uniform and within ± 0.1°C throughout the conditioning period

and throughout the test.

Prior to starting any dynamic analyses, temperature was calibrated using a silicone

wafer containing a thermistor as recommended by AASHTO TP5 (AASHTO Provisional

Standards, 1994).  To calibrate the temperature, the probe consisting of a tiny thermistor

mounted between a thin ceramic disk and a Mylar disk, was inserted between the plates

as a dummy specimen.  Once the temperature stability was reached, the resistance of

the probe was measured using a digital ohmmeter.  The actual temperature was

calculated as follows:

273
(lnR)alnRaa

1000
t

3
210

−
++

= (3.6)
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where,

t is the temperature (C°);

R is the resistance of the temperature probe (kohm);

ln R is the natural logarithm of R; and

a0, a1, a2 are determined coefficients.

The required offset at each target temperature was estimated by comparing the

actual temperature to the nominal temperature measured by the platinum resistance

thermometer (Table 3.5).  This offset was checked by measuring the viscosity of a

Canon Certified standard fluid.  Using the stress viscometry option in the CS software,

viscosity was measured at the target temperature after correction from the first

calibration process.  The difference between the nominal viscosity and the measured

one should be less than 3%.

Table 3.5.  Offset Required at the Target Temperatures.

Rheometer Temperature ,
°C

kohms Reading
Actual

Temperature, °C
Offset Required,

°C
5.00 253900.00 6.08 1.08

15.00 157440.00 15.94 0.94
25.00 99820.00 25.93 0.93
35.00 64782.00 35.98 0.98
45.00 43260.00 45.93 0.93
55.00 29532.00 55.87 0.87
65.00 20530.00 65.87 0.87
75.00 14605.00 75.75 0.75

It should also be noted that in addition to controlling the temperature within ± 0.1°C,

it is imperative to allow the specimens a sufficient period of time to reach a thermal

equilibrium state.  This is mainly to avoid any thermal gradients that may occur across

the thickness and the radius of the specimen.

3.2.2. Rolling Thin Film Oven

A James Cox Rolling Thin Film Oven was used to measure the effect of heat and air

on a moving film of semi-solid asphaltic materials, which simulates the aging that occurs

during mixing and construction operations.  The effects of this treatment are determined
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from measurements of the binder properties before and after the test.  In this test, a

moving film of asphaltic material was heated in an oven for 75 min at 163°C ± 0.5°C

under forced airflow conditions.  The amount of hardening was determined from dynamic

analyses.

Two calibrations should be performed for the RTFO on a regular basis: temperature

control and airflow rate.  As explained in the previous section, asphalt binder properties

are highly affected by temperature.  To ensure an adequate temperature control, an

additional digital thermocouple was connected to the oven during the test process.  To

ensure a thermal equilibrium state during the test, the oven was preheated for a

minimum of 16hr prior to testing.  The control thermostat was adjusted so that when the

oven was fully loaded and the air was on, it would return to 163°C ± 0.5°C within a 10

min warm-up period.  If any fluctuation occurred in the temperature displayed by the

digital thermocouple after the warm-up period, the test was discontinued as

recommended by the specifications (AASHTO T240).

To calibrate the airflow rate, a digital Mini-buck CalibratorTM manufactured by A.P.

Buck, Inc. was used.  The airflow is specified to be at a rate of 4000 ± 200 ml per min.

This rate was corrected to local standard barometric pressure using the following

equation:

Corrected air flow rate = 
760

pressurebarometriclocal
x 4000 (3.7)

The barometric pressure in Blacksburg was found to be 736 bars which resulted in a

corrected air flow rate of 3873 ± 200 ml per min.

3.2.3 Pressure Aging Vessel

A Pressure Aging Vessel (PAV) manufactured by Applied Test System, Inc. was

used to simulate the oxidative aging that occurs in asphalt binder during pavement

service by means of pressurized air and elevated temperature.  The operation of this

equipment is completely computerized.  The PAV procedure was conducted by placing

the RTFO asphalt binder residue in a heated vessel pressurized with air to 2.1 ± 0.1
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MPa (305 ± 15 psi) for 20 hr.  An out of range timer counts down the time in which the

pressure or the vessel temperature is out of range.  If the out of range time exceeds 10

min, the test is declared invalid and the material should be discarded.

Calibration of the PAV includes the calibration of temperature using a Resistance

Thermal Detector (RTD) and the calibration of the pressure gauge.  This calibration

should be performed every six months.  Since this equipment was used for the first time

as part of this study, manufacturer calibration was still valid.  The PAV repeatability was

also verified.  The PAV proved in this study to produce repeatable results.  Figure 3.2

presents the dynamic mechanical analysis performed on binders aged using two

different PAV tests for the same binder (APD3).
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Figure 3.2. PAV Repeatability (APD3)

The following factors were closely controlled to obtain repeatable results:

• Film thickness: Oxidation of asphalts is diffusion limited.  The film thickness is

important on this test and should be kept around 3.18 mm (1/8 in).

• Levelness of aging pans: Since aging process is related to film thickness,

maintaining a uniform film thickness in each pan is important to ensure uniform aging

that is repeatable.
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• Temperature of the asphalt binder was monitored within 100°C ± 0.5°C.  If the time

in which the temperature is out of this range was found to be more than 10 min, the

test was judged invalid.

3.3 MODIFIED-ASPHALT PREPARATION

The polymer-binder blends were prepared in 1995 (Gahvari, 1996) and were stored

at room temperature in small 88ml (3oz) tins for approximately four years without being

exposed to any aging simulation.

All polymers were blended with asphalt binder at three different concentration levels:

3, 4, and 5%.  Mixing was performed using a Lightnin Labmaster laboratory mixer.  To

prepare a blend, approximately 400g (14.1oz) of asphalt binder was poured into a

1,000ml (33.8 z) glass beaker, which was then placed in a heating mantle.  The mixing

temperature ranged from 163°C (325°F) for the SBS to 177°C (351°F) for the SEBS

polymers.  Polymers were granulated to an acceptable size before mixing to avoid any

adverse effects such as undesirable oxidation of the mix.  With the mixer operating at

low speed, the binder was heated to the desired temperature.  Once the mixing

temperature was reached, the polymer was added slowly in order to avoid

agglomeration of the polymeric particles.  The main mixing cycle started at an increased

speed after the addition of the polymer, and continued for three to nine hrs, depending

on the polymer type and content.  The beaker was then transferred to an oven

maintained at 163°C (325°F) and allowed to settle for approximately 1 hr (Gahvari,

1996).  If no obvious signs of phase separation between polymer and asphalt were

observed after the mixing process, the blend was considered acceptable and was

transferred to smaller containers for future testing.

Research at LCPC (Donny, 1991) has indicated that the existence of the Polymer

Continuous Phase that is responsible for the effective modification of binder is strongly

affected by the cooling rate.  At a fast cooling rate, a good modification would result.  At

a slow cooling rate, a bituminous continuous phase forms and the polymer is dispersed

and unable to perform adequately.  To account for this, dynamic mechanical samples

were allowed to cool at a fast cooling rate by being placed at room temperature after

mixing.
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3.4. DESIGNATION OF BINDERS

Each polymer-binder blend is designated by a four-character code.  The first

character, A, refers to the asphalt type, i.e., Amoco AC-20.  The second character, U, R

or P refers to the aging status of the binder: U stands for unaged condition, R refers to

the RTFO aged condition, and P designates the PAV residue (all PAV aged specimens

were RTFO aged first).  The third character denotes the polymer type according to Table

3.4.  The last character shows the polymer concentration in percentage, i.e., 3, 4 or 5.

For example, AUD4 denotes a blend of asphalt binder with four percent polymer D

(SBS) in an unaged condition.

For the Commonwealth of Virginia binders, five characters were used for

designation.  The first two characters refer to the maximum temperature expected for the

binder to perform adequately within the limits specified by the SuperPaveTM

specifications.  The next two characters refer to the minimum temperature expected for

the binder to perform adequately within the limits specified by the Superpave

specifications.  The last character was used to stand for the aging condition of the

binder: U stands for unaged condition, R for RTFO residue, and P for PAV residue.  For

example, 76-22P denotes a Performance Grade (PG) 76-22 aged by PAV.

3.5. DYNAMIC MECHANICAL ANALYSIS

This section presents the experimental work performed on the five selected binders

(AX, AD, PG 64-22, PG 70-22, and PG 76-22) at three aging stages (Unaged, RTFO

and PAV).

3.5.1 Strain Sweeps

The dynamical mechanical tests were performed using a Bohlin stress-controlled

DSR with parallel plate configuration with temperatures ranging from 5 to 75°C, with

increments of 10°C.  However, before performing frequency sweeps, the linear

viscoelastic range was determined for each binder-polymer blend by performing strain

sweeps over the entire range of temperatures and specified frequencies.  Strain sweeps

were performed at frequencies of 0.01, 0.15, 1.5, and 10 Hz (0.063, 0.942, 9.425, and

62.832 rad/sec).
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According to the AASHTO TP5 (AASHTO Provisional Standards, 1994), when

operating in strain-controlled mode, the strain that should guarantee that the

measurements are within the linear viscoelastic region is defined as the strain at which

G* drops to 95% of its initial value.  Unfortunately, this approach does not consider the

temperature and frequency as main factors affecting the maximum strain determination

in the linear viscoelastic region.  As presented in Figure 3.3, the modified binder

behaves at high service temperatures in the linear viscoelastic region even at a high

strain.  However, at intermediate temperature (Figure 3.4), the modified binder behaves

as a non-linear viscoelastic material.  The case at 45°C is not presented because the

DSR's capability was unable to generate enough stress at this temperature to generate

the required strain.
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Figure 3.3. Maximum Shear Strain Sweep of 3% Unaged SBS Modifier (AUD3) at High

Temperatures (1.5Hz)

From the resulting strain sweeps, it was found that the complex shear modulus of the

tested binders dropped more than an order of magnitude at intermediate temperatures

(5, 15, 25, 35°C), indicating a strong susceptibility to the defined strain.  However, strain

susceptibility is less pronounced at high temperatures.  To evaluate the binder's

performance, the defined strain should represent the maximum service strain.  If the
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binder were expected to perform in the non-linear region, testing the binder in the linear

region would be misleading.  According to Bahia (1999), testing the binder in the linear

viscoelastic region may not be suitable for evaluating the binder contribution to the

asphalt mix because the strain within the binder films is much higher than that expected

in the linear region.
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Figure 3.4. Maximum Shear Strain Sweep of 3% Unaged SBS Modifier (AUD3) at

Intermediate Temperatures (1.5Hz)

Although the aforementioned effects on strain limit at the boundary of the linear

viscoelastic behavior are valid concerns, it was decided to use the results of the

frequency sweeps conducted at a uniform set of target strains for all asphalt-polymer

combinations (Gahvari, 1996).  The target strains for 5, 15, 25, 35, and 45°C were

chosen to be 0.8, 1, 2, 3, and 6.5%, respectively.  For temperatures of 55°C and above,

the target strain was set at 9%.  All these values were established to correspond to

greater than 95% of the initial complex shear modulus and are well within the linear

range of response as established by AASHTO TP5 for straight asphalts (AASHTO

Provisional Standards, 1994).
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3.5.2 Frequency Sweeps

After completing the strain sweeps and establishing the target strains for each target

temperatures, frequency sweeps were performed on all samples in the unaged and aged

conditions, and over the entire range of temperatures.  A total of 34 frequencies ranging

from 0.01 to 30 Hz (0.063 to 188.5 rad/s) were used.

For intermediate temperatures (35, 25, 15 and 5°C), frequency sweeps were

performed using the 8mm diameter plate.  Before starting measurements, the sample

was installed at 45°C and was left to reach a thermal equilibrium state for approximately

15 min.  The test temperature was then progressively lowered in intervals of 10°C, and

at each target temperature, the sample was left for at least another 15 min to avoid any

thermal gradient within the radius or the thickness of the sample.  Frequency sweeps

were then performed in an ascending order of frequencies.  The test continued until data

were obtained at the lowest temperature of interest, i.e., 5°C.

For high temperatures (45, 55, 65 and 75°C), frequency sweeps were performed

using the 25mm diameter plate.  The sample was installed at 45°C and was allowed to

settle for 20 min.  In a similar way, test temperatures were successively increased in

intervals of 10°C, and frequency sweeps were performed in ascending order at each

target temperature up to 75°C.

3.6. MASTER CURVE CONSTRUCTION

To develop a viscoelastic model that can describe the rheological behavior of asphalt

binder over a wide range of loading times, the experimental data measured at eight

different temperatures needed to be reduced to a reference temperature.  This was

made possible by using the Time-Temperature Superposition Principle (Ferry, 1980).

In Chapter 2, it was pointed out that the applicability of this principle to asphalt binder

is still under investigation and no consensus has yet been reached.  Although the major

trend in the society of asphalt rheologists is that this principle is applicable within the

linear region of response, it was decided to review the current state of knowledge on this
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subject and to select the best routine that can be followed to construct the master

curves.

Marasteanu (1996) stated that the most suitable fit can be obtained only by looking

at the complex shear modulus (G*).  Based on this statement, the shift factor (aT)

obtained from this procedure should shift satisfactorily any other viscoelastic functions,

like the phase angle (δ).  The shift obtained in this case might be reasonable only if the

master curves of two components of the complex shear modulus (i.e. storage and loss

shear modulus) are also smooth.  Figure 3.5 illustrates the shifting obtained in this case.

Some discontinuities are present in the phase angle master curve.  Although not

presented in this figure, the storage and loss shear moduli are also perfectly smooth.
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Figure 3.5. Master Curve Construction Based on Complex Shear Modulus Along With

its Two Components (AUD3).

When the phase angle experimental data are used for shifting, the resulting master

curve for the complex shear modulus is not smooth, as shown in Figure 3.6.
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Figure 3.6. Master Curve Construction Based on Phase Angle (AUD3).

In 1997, Lesueur stated that at high temperature, the peptization equilibrium of the

solid asphaltenes particles is believed to evolve with temperature, causing the time-

temperature superposition principle not to apply (Lesueur et al., 1997).  On the other

hand, vitrification of the liquid maltene phase prevents the structure from changing,

causing the time-temperature superposition principle to apply.  This idea was not widely

accepted.  As suggested by Bahia (Lesueur et al., 1997), the conclusion contradicted

most of the research published to that date and if physical hardening existed, time-

temperature superposition should apply if one accounts for the time of conditioning to

achieve thermal rheological simplicity.

It was then decided to try an average shift factor based on the adequate shifting of

the complex shear modulus and phase angle in order to keep the same shift factor (aT)

for all viscoelastic functions, as required by Ferry's principle.  It also agrees with

Zanzotto's statement that if only one function is considered, it means completely ignoring

the fact that asphalt binder is a viscoelastic material that should be described by two

components as consisting of a real and imaginary parts (Marasteanu et al., 1996).

Figure 3.7 illustrates the resulting master curves for this case.
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Figure 3.7. Master Curve Construction Based on Average Shift Factor (AUD3)

As noticed in this case, the resulting master curve for the phase angle is appropriate.

However, dislocation in the master curve of the complex shear modulus is observed

around the reference temperature (25°C).  This dislocation will present problems while

comparing the performance of the mathematical model to actual experimental data.  The

resulting shift factors at each temperature are presented in Figure 3.8, as well as the

shift factors resulting from the first two cases previously presented.

It was therefore decided to follow the method of conducting the shifting based on the

complex shear modulus.  After applying the required shifting, the resulting master curves

for the storage shear modulus (G') and the loss shear modulus (G") were adequately

checked for any discontinuities in their master curves.  The phase angle dislocations

were treated to avoid any unreasonable shifting.  This method agreed with Ferry's

condition since it resulted in the same shift factors set for both functions of interest.  It

was therefore decided to reduce all the experimental data using this technique.  The

reference temperature was chosen to be 25°C.  Although this temperature does not

carry any level of physical significance, it provided a suitable reference basis for

constructing the master curves.
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Figure 3.8. Average Shift Factors (AUD3)


