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Abstract 

 

The low temperature rheology of bituminous binders is of great interest because low temperature 

cracking is one of the primary asphalt pavement failure modes observed in cold-climate places 

such as Nebraska. Low temperature binder characterization/grading has been primarily 

conducted using the bending beam rheometer (BBR), while the dynamic shear rheometer (DSR) 

can alternatively be used to characterize the low temperature properties of binders with the recent 

advancement of DSR equipment that can cover a wide range of testing temperatures. This study 

investigates alternative testing-analysis methods using the DSR to determine low temperature 

asphalt binder properties that have been measured by the BBR. Toward that end, twelve different 

binders from four sources satisfying three different PG grading criterion common in Nebraska 

were selected. The binder samples were tested in the frequency domain at temperatures ranging 

from 60°C to -30°C under PAV-aged conditions using DSR. The 8-mm parallel plate geometry 

was primarily employed for the testing, while four binders were randomly selected and tested 

using the 4-mm parallel plate to investigate the influence of geometry on the results. BBR 

experiments were also performed as a parallel for each binder. Three methods were used to 

analyze and compare the data from the two different experiments (i.e., DSR and BBR) where 

each method utilizes a different scheme for converting the frequency domain results to time 

domain data to compare with the BBR results. The three methods are: (1) Western Research 

Institute’s (WRI) methodology; (2) NCHRP methodology; and (3) UNL’s mechanistic approach. 

It was observed that the DSR testing is quite promising, and sample preparation is crucial to 

obtain reliable-repeatable results. Moreover, in the proposed UNL’s mechanistic approach, it was 

observed that a single shift factor for creep compliance may account for different testing 

conditions, differences in physical hardening and temperature-dependent effects. The approach 

was then extended to seven additional binders to further examine its feasibility, and it was 

observed that the predictions from the proposed approach match well with the experimental 

values. 
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Chapter 1. Introduction 

 

The low-temperature rheology of bituminous binders is of great interest because low-temperature 

cracking is one of the primary asphalt pavement failure modes observed in cold-climate regions 

such as Nebraska. Moreover, binder properties have been found to mainly determine the thermal 

cracking performance of asphalt pavements, other asphalt mixture properties being of secondary 

importance (1). Low-temperature cracking typically occurs during extreme low-temperature 

weather, usually within a few years after pavement construction. This failure mode is visible in 

the asphalt pavement as transverse cracks that are caused by the binder’s inability to deform to 

reduce stress. When the stresses exceed the asphalt binder’s strength, transverse cracks appear. 

To reduce the frequency of low-temperature cracking failure, the strength or stress relaxation 

ability of the binder must be increased. 

The dynamic shear rheometer (DSR) is the critical apparatus used in the Superpave 

performance-graded (PG) binder system for high and intermediate temperature, while the 

bending beam rheometer (BBR) is a core equipment for low temperature. During the Strategic 

Highway Research Program (SHRP) (2), DSR with parallel plate geometry was considered for 

the low temperature PG system, but it was not selected because it was recognized that DSR 

measurements at temperatures below about 5°C produced instrument compliance errors in the 

dynamic responses when the typical thin film binder geometry was used. Thus, SHRP developed 

the BBR to measure the low temperature rheological properties of asphalt binder (AASHTO T 

313). A literature review reveals that in the 1990s and 2000s numerous articles were published 

concerning the low-temperature rheology of bitumen (3-11). However, the results of the studies 

where DSR has been employed to measure bitumen’s low temperature characteristics are subject 

to criticism. This is because in these investigations, the data measured with 8 mm parallel plate 

geometry have been reported without accurate instrument compliance correction. Consequently, 

the reliability of these test results is rather questionable. The limiting temperature of about 5°C 

for DSR parallel plate measurements due to instrument compliance has been resolved by 

measuring the instrument compliance and performing appropriate corrections to the data. 

According to the studies (12-15) performed by Western Research Institute’s researchers, DSR 

measurements can now be made to as low as -40°C. 
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Although the BBR method has been an official approach to measure low temperature 

properties, it has several operational drawbacks. The BBR requires a long time (approximately 3 

hours) to fabricate specimens and conduct testing, and it requires large amounts of binder 

(approximately 15 grams) to fabricate each testing specimen which clearly limits testing of 

binders obtained from field sections. Field studies to monitor pavement performance over time 

are becoming ever more important. However, it is very labor-intensive and time-consuming to 

extract large amounts of binder from an existing asphalt pavement for BBR testing. To minimize 

this effort, a binder test that uses only small amounts of material would be great. Another 

drawback of the BBR method is that it is not fundamentally sound to evaluate low temperature 

cracking potential of binders because it only measures binder stiffness (i.e., creep stiffness and 

the rate of relaxation) not binder fracture. A clear benefit is expected if the current BBR method 

for low temperature evaluation of binders can be supplemented (or replaced) by an alternative 

method to advance efficiency, accuracy of binder grading-evaluation program. In particular, if 

the method is based on the DSR testing, single equipment would be necessary to examine 

binders for an entire temperature range, which can reduce testing time and costs significantly. 

1.1 Research Objective 

The objective of this research is to seek an alternative testing or analysis method using the DSR 

to determine low temperature asphalt binder properties that is currently being measured by the 

BBR. More specifically the goal is to develop a DSR testing and/or analysis method and 

resulting material parameters to supplement (or potentially replace) the BBR approach, which 

will be based on scientific comparison/correlation of test results between the two methods. 

Multiple binders used in Nebraska were tested to reach general conclusions. It is expected that 

the alternative testing or analysis method can serve as a useful tool for screening binders before 

performing entire BBR tests, or possibly replace the current BBR testing protocol for low 

temperature examination of binders. It is expected that one equipment (i.e., DSR) would 

characterize entire binder properties in all temperatures, which will clearly save costs and time to 

conduct quality assurance testing of binders. Ultimately, this research will contribute to a more 

engineered and economical implementation of paving materials in Nebraska by providing crucial 

information and scientific insights. 
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1.2 Research Methodology 

Figure 1.1 shows a schematic of the methodology adopted in this study. First, the low 

temperature rheological behavior for each binder was obtained using the DSR with 8mm and 

4mm parallel plates. For each binder, material responses that are dependent on temperature and 

loading frequency are identified by developing linear viscoelastic master curves of oscillatory 

responses such as dynamic modulus (|G*|), storage modulus (G’), loss modulus (G’’) and phase 

angle (δ). Later, the theory of linear viscoelasticity was used to represent the binder response and 

to obtain viscoelastic material parameters by fitting the model response to the master curves.  

This study attempts to seek alternative testing-analysis methods using the DSR to 

determine low temperature asphalt binder properties that have been measured by the BBR. 

Toward that end, twelve different binders from four sources satisfying three different PG grading 

criterion common in Nebraska were selected. The binder samples were tested in the frequency 

domain at temperatures ranging from 60°C to -30°C under PAV-aged conditions using DSR. 

BBR experiments were also performed as a parallel for each binder. Three methods were used to 

analyze and compare the data from the two different experiments (i.e., DSR and BBR) where 

each method utilizes a different scheme for converting the frequency domain results to time 

domain data to compare with the BBR results. The three methods are: (1) Western Research 

Institute’s (WRI) methodology; (2) NCHRP methodology; and (3) UNL’s mechanistic approach. 
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Figure 1.1 Research methodology for binder low temperature characterization. 

1.3 Organization of Report 

This report is organized into five chapters. After this introduction, chapter 2 describes a brief 

literature review that summarizes relevant studies. Chapter 3 presents materials (i.e., binders) 

used in this study and sample fabrication of the binders for laboratory testing (i.e., BBR and 

DSR). Test results and analyses of results are presented in Chapter 4. Significant findings and 

conclusive outcomes including future studies recommended are summarized in Chapter 5: 

Summary and Conclusions. 
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Chapter 2. Literature Review 

 

In cold places such as Nebraska that experience very low temperature over prolonged periods of 

time and experience multiple freeze-thaw cycles, the primary form of pavement distress is low 

temperature transverse cracks. Such cracks can appear over a certain period of years after 

pavement construction. The development of such cracks can be mainly attributed to factors such 

as pavement material properties, structure of the pavement, and the environment (1). There are 

several other factors that can trigger such cracks as well (16, 17), but from the perspective of the 

material, the main cause of low temperature cracks can be attributed to development of critical 

thermal stresses within the binder phase. Over the last few years, the use of reclaimed asphalt 

pavements has increased considerably, which has thereby increased the pavement’s susceptibility 

to early low temperature cracks (18). Over the last three decades, considerable insight into the 

low temperature behavior of asphalt binder has been gained (19). Low temperature binder 

characterization can be broadly classified into two categories based on the type of type of 

investigation and approach: 

• Stiffness-based approach: this relies on methods or experiments designed to capture the 

linear viscoelastic material properties of the binder. 

• Fracture-based approach: this relies on methods or experiments designed to capture the 

linear elastic/plastic/viscoelastic/viscoelastic-viscoplastic fracture properties of asphalt 

binder. 

One of the earliest and most comprehensive characterizations of the asphalt binder 

rheological properties was conducted during the 1900’s as part of the Strategic Highway 

Research Program (SHRP) (2). This program developed a testing protocol based on a three-point 

bending test on a binder beam sample using the bending beam rheometer (BBR) to assess the 

low temperature response of a given binder. Based on subsequent research efforts, limits were 

placed on the creep stiffness S(t) and slope of log (S(t)) when plotted against log (t) measured at 

time t = 60 s. The critical low temperature was identified to be 10°C lower than the temperature 

where these limits (S(t) ≤ 300 MPa and m(t) ≥ 0.3) were reached. A supplementary fracture-

based test, the Direct Tension Test (DTT) (20) was introduced as part of the original PG grading 

but it was soon considered to be optional and finally stopped being used due to issues with poor 
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repeatability. As is the case with most fracture related tests performed on pure asphalt binders, it 

was observed that repeatability issues with the DTT test were specific to the selected binder and 

sample preparation technique.  

2.1 Drawback of Performance Grading (PG)  

The applicability of the Time Temperature Superposition Principle (TTSP) to evaluate the 

stiffness- S(t=60s) and slope-m(t=60s) parameters is questionable (21, 22). There are several 

parameters that the current PG grading criterion does not account for; some of these factors are 

the source of the binder and influence of modification (polymer, nano-filler, reclaimed asphalt 

binder, effect of rejuvenators, warm-mix additives). Current PG grading is not specific to a given 

binder nor does it include temperature and time-dependent behavior over a wide range of low 

temperatures. Use of high Reclaimed Asphalt Pavement (RAP) increases the aged asphalt 

content within the pavement and hence warrants a new technique/methodology for analyzing the 

low temperature performance of the modified binders. The current PG grading requires at least 

15 to 30 grams of binder to obtain the critical low temperature grade of the binder that prohibits 

its use as a monitoring tool for evaluating the performance of pavement in terms of binder 

properties.  

Nonetheless, the NCHRP program has been successful in terms of its application, since 

PG grading has been in use for nearly four decades. The NCHRP program has also identified 

several key research areas such physical hardening effects that were more severe in certain 

binders as compared to other binders, revealing a need for a fracture-based approach for 

evaluating the fracture properties of a binder. 

2.2 Binder Fracture Based Tests 

The motivation for researchers to consider fracture-based characterization of the binder is mainly 

due to the fact that current PG grading is based on the principles of linear viscoelastic properties 

of the binder. The belief is that PG grading cannot account for the complex cracking 

phenomenon that occurs in pavements (23). Listed below are some of the fracture-based testing 

methods used for asphalt binders. A detailed description of each test method is not presented, as 

the current scope of the study does not include fracture of binder.  

• Direct Tensile Test (DTT) 
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• Single-Edged Notched Beam (SENB) (24-27) or the BBR-SENB Test (28) 

• Double-Edged Notched Tension Test (DENT) (29-33) 

• Asphalt Binder Cracking Device (ABCD) Test (34-36) 

• Evaluation of Cracking using Acoustic Emission (16, 37) 

The major limitations that can be associated with the fracture-based tests for use as a 

specification type for binder is listed below: 

• The loads applied in such experiments are small in the range of 5-20 N for unmodified 

and modified binders and 15-30 N for RAP modified binders. Although, this may not be 

a great challenge with current technological advancements in capturing low levels of 

load, precise control of sample preparation (e.g., notch size and sample thickness) and 

testing necessary to generate repeatable results. 

• Repeatability is often an issue with fracture-based experiments, which further depends on 

the type and source of binder and sample fabrication methods. 

• Selection of the temperature for fracture testing can be quite tricky when using an 

ungraded binder due to ductile to the brittle behavior of binder at temperatures closer to 

the glass transition temperature (Tg) which requires multiple experiments to be conducted 

at several temperatures.  

• Post peak behavior in certain fracture tests such as the BBR-SENB is too short for a 

comprehensive analysis of fracture resistance properties of binder due to uncontrolled 

crack opening displacements.  

• Single event tests such as the Fraas Breaking Point and ABCD cannot capture thermal 

history dependent behavior of the asphalt binder more comprehensively. 

2.3 Physical Hardening of Binder al Low Temperatures 

Two important phenomenon that can significantly affect the low temperature behavior of binders 

is the glass transition temperature (Tg) and significant physical hardening of binder at 

temperatures closer to Tg (2, 38). Several researchers have investigated the influence of physical 

hardening on the PG grading criterion (17, 29, 38, 39). Physical hardening effects can be critical 

to certain binders with high wax content and is related to the free volume changes that occur at 

temperatures close to the Tg. When the binder temperature is close to Tg, there is a transition 

region where the effects of physical hardening can be critical. This transition region is due to the 
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presence of different molecular fractions within the asphalt binder. This transition region can be 

broad for binders (40) and can be an important factor that needs to be considered, since the 

binder can encounter these temperatures during the service of the pavement. Measurable effects 

of physical hardening occur in the vicinity of the glass transition temperature. Since the objective 

of the current investigation is to develop a robust and fast methodology for low temperature 

characterization using DSR, the physical hardening effects have been considered a different 

approach detailed in later chapters. Interested readers are directed to the work by Laukkanen et 

al. (41) who investigated the physical aging in binders using the small diameter plate rheology 

with the DSR. Their method for characterizing the physical hardening, although quite 

comprehensive can take days for a single binder and was hence avoided for the current study. 

2.4 Low Temperature Characterization of Binder Based on Rheology 

Due to increased usage of reclaimed asphalt binder (RAB) and various other additives (e.g., 

warm-mix additives, emulsions, crack sealants, nano-fillers) it can be difficult to conduct a 

forensic analysis or performance evaluation of the binder at low temperatures. Such an 

investigation would require extraction of a large amount of binder for conducting the current 

BBR low temperature PG grading. Considering the difficulty associated with the current PG 

grading system for field monitoring purposes, Sui et al. (12, 13) developed a new technique for 

low temperature characterization of binder using the dynamic shear rheometer (DSR) 4-mm 

parallel plate geometry. After evaluating several key factors such as instrument compliance 

correction, different plate geometries and repeatability, Sui et al. concluded that evaluation of 

low temperature performance of the binder using DSR is more reliable and faster than the current 

low temperature PG grading. In an extension of the above study, Farrar et al. (14) developed a 

probable specification test for low temperature grading using the DSR. They observed linear 

correlations between the DSR obtained relaxation modulus G(t=60s), its slope mG(t)(t = 60s) and 

the corresponding BBR stiffness S(t = 60s) and its slope mS(t)(t = 60s) at low PG+10°C 

temperature. Based on the correlations they established limiting relaxation modulus G(t = 60s) 

and slope mG(t)(t = 60s) criterion. A similar investigation was carried out by Xiaohu et al. (42) 

using the DSR and 4-mm parallel plate geometry, in which they compared the dynamic modulus 

(|G*|) and phase angle (δ) at certain frequencies to the BBR creep stiffness S(t = 60s) and m(t = 

60s) measured at the binder low temperature PG+10°C. They concluded that critical low 
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temperature grades predicted by the DSR were lower than those predicted by the BBR tests, 

which was attributed to wax content within the binder system. In another study, Laukkanen et al. 

(43, 44) investigated the use of small diameter parallel plate (SDPP) rheometer and necessary 

compliance correction to evaluate the low temperature behavior of binder. They observed that 

binder belongs to the class of complex glass forming liquids and that by using small diameter 

plates, DSR tests can be used to effectively characterize the low temperature behavior of the 

binder. Laukkanen et al. (45) examined the influence of SBS polymer on the low temperature 

rheological behavior of two binders using 4-mm DSR. They observed linear correlations 

between DSR dynamic modulus (|G*|) and BBR stiffness S(t) for a continuous SBS rich 

network. Deviations from linearity were attributed to poor compatibility between the polymer 

and base binder. They concluded that the rheological response of SBS polymer-modified binders 

at low temperatures can be thermo-rheologically complex. 

In another study Carret et al. (46) investigated two sets of binder samples using DSR at 

low temperatures. The first set of four binder samples were tested using solid bars in torsion and 

the second set of two binder samples were tested using 4-mm parallel plate geometry. The same 

binder samples were tested using the BBR at different temperatures (-30°C to -6°C at every 6°C 

increment). Linear viscoelastic models were utilized to represent the material response measured 

using DSR and obtained the creep stiffness at the corresponding BBR test temperatures. They 

compared the DSR stiffness to the BBR stiffness and it was concluded that horizontal and 

vertical shift factors were needed to match the two results. The shift factors were necessary to 

account for differences in conditioning times, physical hardening and cooling media used for the 

DSR and BBR experiments. Recently, Riccardi et al. (47) investigated the effects of different 

cooling media (air and ethanol) on the mechanical response of three binders tested using the 

BBR. It was observed that use of air as the cooling medium resulted in higher stiffness and lower 

relaxation capabilities as compared to the test response in ethanol for the same binder.  

Based on the above literature review it can be concluded that there is a quite appealing 

need to explore a DSR-based method for characterizing the low temperature properties of 

binders. Development of such a method will produce cost savings, enhance work efficiency and 

wider application of the technique to field materials using a single equipment.  
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Chapter 3. Materials, Sample Fabrication and Testing 

 

For the current investigation, 12 binders from four different sources that satisfied different low 

temperature PG specification were selected. The selected binders were common to the state of 

Nebraska. In order to include variation in the analysis, binders satisfying three different low 

temperature grades (i.e., PG 58-34, PG 64-28 and PG 64-22) were selected from each binder 

source as shown in Table 3.1. 

All the binders were aged using RTFOT and PAV aging tests to simulate short-term and 

long-term aging. In the current investigation, all the experiments (BBR and DSR) were 

performed on the PAV-aged material. 

Table 3.1 Source and PG Grade of the Binders Selected 

Binder Source Performance Grade 

Jebro (J) 
PG 58-34 

PG 64-28 

PG 64-22 

Flint Hills (F) 

Western State Asphalts (W) 

Suncor (S) 

 

3.1 Sample Fabrication 

3.1.1 Bending Beam Rheometer (BBR) 

To prepare the BBR samples, approximately 25 g of binder was heated in a small container till 

the binder could flow easily. Then, the heated binder was poured into the mold as shown in 

Figure 3.1 and was then allowed to cool for 30 min. Once the binder samples cooled to room 

temperature, excess binder on the top of the mold was carefully trimmed to leave a smooth 

surface at the top followed by refrigeration for 20 min. Next, the metal components were 

carefully demolded to obtain a solid beam sample as shown in Figure 3.1. The beam sample 

dimensions (length x width x depth) were 125 mm x 12.5 mm x 6.5 mm. The entire BBR sample 

preparation was performed according to the method described in ASTM 6648-08 (2016).   
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Figure 3.1 BBR Sample preparation scheme. 

3.1.2 Dynamic Shear Rheometer (DSR) 

Sample preparation for the DSR tests using either the 8-mm or the 4-mm parallel plate is 

relatively much easier, simpler and less time consuming as compared to the BBR sample 

preparation. This is one of the major reasons why the low temperature characterization of binder 

using the DSR has received more attention in recent years as compared to BBR. For the DSR 

binder samples, the binder was heated until the sample was soft enough to flow and was then 

poured into the corresponding molds as shown in Figure 3.2.  

  

(a) (b) 

Figure 3.2 (a) 8-mm DSR mold (b) 4-mm DSR mold. 

Precise preparation of the DSR samples is critical for obtaining representative and 

repeatable results. Since the DSR tests were also conducted at temperatures below freezing, 

significantly large error in estimating the material properties can occur if the sample is 

incorrectly placed or trimmed. Figure 3.3 exemplifies sample placement and trimming process 

for a 4-mm parallel plate sample. Analysis on the effects of improper DSR sample preparation 

between the plates is discussed in detail in chapter 4. 
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Figure 3.3 4-mm sample placement and trimming for testing using the DSR. 

Since the current investigation mainly focused on the low temperature properties of 

binder, two specific tests were performed on each of the binder samples to obtain their material 

properties; namely, BBR and DSR. The section below describes the BBR test methodology and 

then DSR testing scheme utilized for obtaining the low temperature rheological response over a 

wide range of temperatures. 

3.2 Testing Scheme 

3.2.1 Three-point Bending Beam Test (BBR) 

Testing of the 12 BBR samples was conducted using the ATS Bending Beam Rheometer, as 

shown in Figure 3.4. The beam samples were subjected to a three-point bending test with the 

load applied at the mid-span of the beam. The temperature control was exerted by an external 

temperature control unit and a uniform temperature field was achieved using a cooling medium 

within the chamber. The current investigation used a cooling medium consisting of a blend of 50 

% by volume ethanol and 50% by volume 2-propanol. Several concerns have been raised (46, 

47) regarding the influence of cooling medium such as using only ethanol, on the properties 

obtained using the BBR tests. It was observed that the chemical influence of this blend (50 % by 

volume ethanol + 50% by volume 2-propanol) on the binder properties was negligible. 

In the three-point bending test, a contact load of 35 ± 10 mN followed by a constant test 

load of 980 ± 50 mN was applied at the mid span of the beam. The time dependent deflection at 

the bottom mid-span was measured during the application of the test load. The beam stiffness, 

S(t) as a function of time was estimated using the Equation 3.1. 
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𝑆(𝑡) =  
𝑃𝐿3

4𝑏ℎ3∆(𝑡)
 (3.1) 

where P is the test load, L is the span length, b and h are the beam width and depth, respectively 

and (t) is the time-dependent deflection measured using BBR. The NCHRP PG low 

temperature criterion measured at a temperature T+10 °C are, stiffness, S(t=60s) ≤ 300 MPa and 

slope, m(t=60s) ≥ 0.3, where m(t) is the slope of log(S(t)) vs log(t) curve.  

 

 

(a) 

 

(b) 

Figure 3.4 (a) Bending Beam Rheometer with cooling unit (b) BBR beam sample loaded on the 

testing frame surrounded by the cooling media 50 % by volume propanol and 50 % volume 

ethanol. 
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3.2.2 Frequency Sweep (DSR) 

The low temperature material response of each binder was evaluated by performing frequency 

sweep tests to obtain the non-destructive material dependent linear viscoelastic properties. The 

frequency sweep data were later used to obtain the master curve at a specific reference 

temperature using time-temperature superposition principle. Selection of the reference 

temperature was based on the low temperature PG grade of the binder sample. For instance, if 

the binder was graded as PG 64-34, then the reference temperature (Tref) was selected as 10°C 

higher than the graded low temperature, which in this case was -24 °C. Each of the 12 binder 

samples were subjected to frequency sweep tests at temperatures ranging from 64 °C to -30 °C. 

At each temperature, the frequency was increased from 0.628 rad/s to 80 rad/s; the strain 

amplitude selected for the frequency sweep test at the individual temperature is shown in Table 

3.2. As the temperature decreased the strain amplitude was reduced, which maintained the 

sample response to be within the linear viscoelastic regime. 

Table 3.2 Strain Chosen for Corresponding Temperature for Linear Viscoelastic Behavior 

Temperature 
 8-mm Plate  4-mm Plate  

Strain 
 Trial-1 Trial-2  Trial-1  

64 ºC to 45 ºC  ✓ ✓    0.1 % 

35 ºC to 10 ºC  ✓ ✓    0.01 % 

0 ºC to -30 ºC  ✓ ✓  ✓  0.001 % 

 

Figure 3.5 shows an example of the frequency sweep test conducted on sample J64-28 

(i.e., PG 64-28 from Jebro) at temperatures ranging from 64 °C to -30 °C and the constructed 

master curves for complex shear modulus (|G*|), storage modulus (G’), loss modulus (G’’) and 

phase angle (δ) at the reference temperature of -18 °C. Figure 3.5(a) shows the frequency sweep 

results at individual temperatures. After generating the master curves the data were smoothed 

using a polynomial function in the logarithmic scales. The smoothed master curves are shown in 

Figure 3.5(b). Smoothing was only restricted to the limits of the experimental data without any 

extrapolation such that no additional data points were added after the smoothing process. 

 



15 

 

 

(a) 

 

(b) 

Figure 3.5 (a) |G*| data at different temperatures and master curve for |G*|, (b) master curves for 

G’,G’’ and δ for sample J64-28. 
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While performing the frequency sweep experiments using the DSR there are several key 

factors that need to be considered when performing the tests at temperatures below 0 °C. These 

factors play a critical role in obtaining the material properties or response at freezing 

temperatures. The factors are described below: 

1. Sample Preparation and Test Geometry 

Precise control over the sample preparation and test geometry after trimming the sample 

is necessary in order to obtain repeatable results. Since the testing conditions and 

temperature for the DSR can be below 0°C, significant differences from the actual 

response is possible if there is excess or less sample between the plates.  

2. Normal Force/Gap Control When Testing Below 0 °C: 

During torsion testing at low temperatures, the binder can shrink due to increase in 

thermal contraction which cause substantial negative normal force on the upper parallel 

plate. In order to avoid such additional thermal stresses a normal-force controlled gap 

variation between the parallel plates must be allowed during testing at temperatures 

below 0 °C. Normally the gap between the plates is fixed to 2 mm and 1.75 mm for 8-

mm and 4-mm parallel plates. Hence, this sample thickness can vary during the gap-

controlled experiments to keep the normal force on the top plate at minimal levels that 

allow the thermal stresses to relax completely while testing. 

3. Compliance Correction:  

When a given binder sample is tested at temperatures close to the Tg, the binder stiffness 

increases considerably and is comparable to that of the plates and motor, which results in 

distortion of parallel plates and the instrument motor (48-50). In such situations, the 

expected material response to loading is not from the binder sample alone due to the 

contribution of deformation from the plates and motor. Hence suitable compliance 

corrections to the data are necessary when testing a low temperature. Sui et al. (13) and 

Laukkanen et al. (43) demonstrated how to manually correct the data by considering the 

instrument correction for different plate diameter and materials. Since considerable 

research has been devoted to this issue, most of the current DSR have incorporated for 
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automatic data correction through the software that is used to control the device during 

testing at low temperatures. 

4. Cooling Media:  

The effect of cooling media on the rheological properties of the binder using the DSR is 

not well documented and needs to be further investigated. In the current investigation air 

was used as the cooling medium for both the 8-mm and 4-mm parallel plate geometries. 

Use of an inert gas environment, such as nitrogen can be used to avoid buildup of ice 

near and around the binder sample. 

All 12 binder samples were tested using the 8-mm parallel plate geometry and only a few 

selected samples were tested using the 4 mm parallel plate geometry to check for the influence of 

instrument compliance at low temperature, the results of which are discussed in detail in Chapter 

4. The sample thickness for the 8-mm and 4-mm parallel plates were maintained at 2 mm and 

1.75 mm, respectively. Table 3.3 shows the list of binder samples tested using the 8-mm parallel 

plate and the Table 3.4 shows the samples tested using 4-mm parallel plate geometry. 

Table 3.3 Samples Tested to Obtain Frequency Sweep Results Using 8-mm Parallel Plate 

Source 
 

Grade 
 8-mm Plate 

  Trial-1 Trial-2 

Suncor 

 PG 58-34  ✓ ✓ 

 PG 64-28  ✓ ✓ 

 PG 64-22  ✓  

Western State 

Asphalt 

 PG 58-34  ✓ ✓ 

 PG 64-28  ✓  

 PG 64-22  ✓ ✓ 

Flint Hills 

 PG 58-34  ✓ ✓ 

 PG 64-28  ✓  

 PG 64-22  ✓ ✓ 

Jebro 

 PG 58-34  ✓ ✓ 

 PG 64-28  ✓ ✓ 

 PG 64-22  ✓ ✓ 
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Table 3.4 Samples Tested to Obtain Frequency Sweep Results Using 4-mm Parallel Plate 

Source  Grade 

Suncor  PG 58-34 

Western State Asphalt  PG 64-22 

Jebro  
PG 64-28,  

PG 58-34  
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Chapter 4. Results and Discussion 

 

To investigate the influence of low freezing temperatures on the mechanical response of the 

binder, two types of tests were performed on the three PG grade binder samples selected in the 

current investigation. The low temperature tests on the binder were performed using the BBR 

and DSR. 

4.1 BBR Test Results 

Bending beam tests were performed on each of the 12 PAV-aged binder samples described in 

Table 3.1. The tests were performed in accordance to the ASTM 6648-08 (2016) standard to 

maintain consistency. Details of the sample preparation method and experimental data collection 

is described in Chapter 3. Since the binder samples were already assigned a PG grade from the 

manufacturer, low temperature grading of the binder samples was not performed in our study 

instead, BBR tests were conducted at a reference temperature based on the manufacturer’s 

grading. For example, if the binder J58-34 was selected, the reference temperature for the BBR 

test was low PG +10 °C, in this case it would be Tref = -24°C. For each binder, three replicates 

were performed at the reference temperature to check for repeatability and consistency of the 

results. Figure 4.1, Figure 4.2 and Figure 4.3 show the results of the BBR creep experiments 

performed on binders satisfying PG 58-34, PG 64-28 and PG 64-22 grades respectively. 

Only in the first trial (Trial-1) of the BBR tests, creep experiments were performed on 

each of the 12 beam samples at three different temperatures Tref, Tref + 6°C and Tref + 12°C, this 

was not done for the Trial-2 and Trial-3 experiments. The same beam was used for testing at 

multiple temperatures during the Trial-1 experiments and different beams were used for Trial-2 

and Trial-3 experiments. If a particular trial did not meet the ASTM 6648-08 (2016) criterion for 

repeatability the entire test data corresponding to the Trial-1 were removed from further analysis.  
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(a) (b) 

  

(c) (d) 

Figure 4.1 BBR deflection vs. time for three replicate samples for PG 58-34 grade binders at a 

reference temperature of -24°C: (a) Flint Hills, (b) Jebro, (c) WSA, (d) Suncor. 

 

 

 

 

 

 

0

0.05

0.1

0.15

0.2

0 100 200 300

D
ef

le
ct

io
n
 [

m
m

]

Time [s]

F58-34

Tref = -24 C

Trial-1

Trial-2

Trial-3

0

0.1

0.2

0.3

0.4

0.5

0.6

0 100 200 300

D
ef

le
ct

io
n
 [

m
m

]

Time [s]

J58-34

Tref= -24 C

Trial-1

Trial-2

Trial-3

0

0.1

0.2

0.3

0.4

0.5

0.6

0.7

0.8

0 100 200 300

D
ef

le
ct

io
n
 [

m
m

]

Time [s]

W58-34

Tref= -24 C

Trial-1

Trial-2

Trial-3

0

0.1

0.2

0.3

0.4

0.5

0.6

0.7

0.8

0 100 200 300

D
ef

le
ct

io
n
 [

m
m

]

Time [s]

S58-34

Tref= -24 C

Trial-1

Trial-2

Trial-3



21 

 

  

(a) (b) 

  

(c) (d) 

Figure 4.2 BBR deflection vs. time for three replicate samples for PG 64-28 grade binders at a 

reference temperature of -18°C: (a) Flint Hills, (b) Jebro, (c) WSA, (d) Suncor. 
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(a) (b) 

  

(c) (d) 

Figure 4.3 BBR deflection vs. time for three replicate samples for PG 64-22 grade binders at a 

reference temperature of -12°C: (a) Flint Hills, (b) Jebro, (c) WSA, (d) Suncor. 

Table 4.1 shows the stiffness S(t=60s) and slope m(t=60s) calculated for the binder set 

used in the current investigation. Data corresponding to the temperature Tref for a given binder is 

the average of two or three replicates as discussed in the previous section whereas, data 

corresponding Tref+6°C and Tref+12°C are the result of a single attempt (Trial-1). Table 4.1 

represents the comprehensive data set for BBR creep test results for the 12 binders used in the 

current investigation. Table 4.1 shows that, for some binder samples corresponding Tref+6°C and 

Tref+12°C results are, missing; this is due to the fact that the corresponding Trial-1 data did not 

meet the ASTM repeatability criterion and was removed from the analysis. The data set shown in 
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Table 4.1 is used for further analysis such as correlations and deflection predictions based on 

DSR experiments utilizing different methodologies described in the following sections. 

Table 4.1 BBR Test Average Stiffness and Slope Values at t=60s for All Binders Tested at Tref 

Sample  

 
Temperature 

[°C]  

 BBR (Averaged Data) 

S(t=60s) 

[MPa] 

 
m(t=60s) 

F58-34 

 -24  690.05  0.23 

 -18  455.02  0.29 

 -12  186.82  0.37 

F64-28 

 -18  198.29  0.33 

 -12  105.00  0.40 

 -6  48.18  0.52 

F64-22  -12  253.79  0.30 

W58-34  -24  241.20  0.31 

W64-28  -18  176.07  0.34 

W64-22 

 -12  170.55  0.34 

 -6  89.70  0.39 

 0  41.39  0.52 

J58-34 

 -24  262.13  0.31 

 -18  128.49  0.39 

 -12  55.48  0.45 

J64-28 

 -18  228.93  0.33 

 -12  112.75  0.40 

 -6  47.93  0.49 

J64-22  -12  218.56  0.33 

S58-34 

 -24  194.26  0.34 

 -18  99.98  0.41 

 -12  42.44  0.50 

S64-28  -18  112.15  0.35 

S64-22 
 -12  48.29  0.43 

 -18  153.35  0.34 

 

4.2 DSR Test Results 

Linear viscoelastic properties of each of the 12 binders described in Table 3.3 were obtained in 

the form of master curves for storage modulus (G’(ω)), loss modulus (G’’(ω)) and phase angle 

(δ) at the reference temperature (Tref). The testing scheme for performing the frequency sweep 

tests is described in Chapter 3. The master curves are representative of the material-specific, 

temperature and time-dependent mechanical properties of each binder. Intermediate temperature 
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(65 °C to 0 °C) testing of the binder using DSR are usually performed using the 8-mm parallel 

plate geometry and tests using this geometry are usually avoided at temperatures below 0 °C due 

to increased stress levels and necessary compliance correction. Recently Sui et al. (12, 13) 

explored the use of 4-mm parallel plate as a suitable geometry for binder rheological 

characterization at very low temperatures. With necessary compliance correction (12, 13, 43) 

either of the two geometries can be used for binder rheological tests at freezing temperatures in 

the range of 0 °C to -40 °C. Hence in the current investigation 8-mm parallel plate was employed 

for most of the DSR frequency sweep experiments, additionally; 4-mm plate experiments were 

also conducted on a set of randomly selected samples. The 4-mm experiments were performed 

for determining the plate/geometry independence between the 4-mm and 8-mm plates when 

obtaining the rheological properties below 0 °C. 

Figure 4.4 shows the complex modulus (|G*|) values for three different PG grade binders. 

Figure 4.4(a), (b) and (c) show the master of the |G*| values for PG 58-34, PG 64-28 and PG 64-

22 binders tested in the current study. The master curves were obtained at the corresponding low 

temperature PG grade +10 °C. 
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(b) 

 

(c) 

Figure 4.4 Master curve of |G*| values using trial-1 data: (a) PG 58-34, (b) PG 64-28, and (c) PG 

64-22 grade binders performed by 8-mm parallel plate. 

Additionally, to investigate the influence of plate geometry on the rheological properties 

of the binder at low temperatures, frequency sweep tests were performed on several samples 

using the 4-mm parallel plate geometry. Four binders shown in Table 3.4 were randomly selected 

from the sample group and tested using the 4-mm parallel plate. The testing scheme and 

methodology adopted for the 4-mm geometry were similar to those used for 8-mm geometry 
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automatically performed using the rSpace software of Malvern Kinexus DSR that was used to 

control the experiments. Figure 4.5 shows the |G*| master curves of the four binders. As shown, 

the master curve results were quite similar and does not depend on the type of geometry used for 

performing the oscillatory tests at temperatures below 0 °C. With necessary steps such as 

compliance correction and normal force control for variable gap are considered with precise 

sample trimming conditions when performing the experiments, a good match between the 8-mm 

and 4-mm parallel plate geometry were achieved.  

 

(a) 

 

(b) 

1.E+06

1.E+07

1.E+08

1.E+09

1.E-06 1.E-04 1.E-02 1.E+00 1.E+02 1.E+04

|G
*
| 
[P

a]

Reduced Frequency [rad/s]

S58-34

Tref = -24 C

8mm
4mm

1.E+06

1.E+07

1.E+08

1.E+09

1.E-06 1.E-04 1.E-02 1.E+00 1.E+02 1.E+04

|G
*
| 
[P

a]

Redcued Frequency [rad/s]

J64-28

Tref= -18 C

8mm

4mm



27 

 

 

(c) 

 

(d) 

Figure 4.5 Master curve of |G*| using 4-mm and 8-mm parallel plate geometry: (a) S58-34, (b) 

J64-28, (c) W64-22, (d) J58-34. 
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modulus (slope of relaxation modulus) of binders measured at time t = 60s and temperature 

PG+10 °C. Based on these correlations Farrar et al. (14) developed an alternative low 

temperature grading criterion at Western Research Institute (WRI). The fundamental idea in the 

WRI methodology is to obtain cutoff parameters similar to the BBR stiffness (S(t)) and slope 

(mBBR(t)) criterion through measurements made using the 4-mm parallel plate DSR. In this 

method an equivalent cutoff relaxation modulus (G(t)) and slope (mDSR) parameters were 

established through linear correlation between data obtained using the DSR and BBR. The shear 

relaxation modulus G(t) as a function of time was obtained by converting the master curve of the 

frequency dependent storage modulus (G’(ω)) test data at the reference temperature (Tref) of 

PG+10 °C. The interconversion from frequency domain to time domain was then conducted 

using the approximated equation given by Christensen (51) as shown in Equation 4.1. 

𝐺(𝑡) ≈  𝐺′(𝜔)|𝜔=2 𝜋𝑡⁄  (4.1)  

The procedure adopted for implementing the WRI methodology to the binders selected in 

the current investigation is described next. Based on the low temperature PG grade of the 

selected binder, frequency sweep data of four temperatures close to the low PG grade were 

selected for WRI analysis. As an example, if a binder that satisfies PG 58-34 was selected, 

frequency sweep data at temperatures of -24 °C, -18 °C, -12 °C and -6 °C were selected and a 

master of the G’(ω) was constructed. Figure 4.6 (a) and (b) show the storage modulus (G’(ω)) at 

different temperatures and the master curve of G’(ω) respectively at a reference temperature of 

Tref = -24°C for sample S58-34. Figure 4.6 (c) shows the interconverted frequency domain G’(ω) 

to shear relaxation modulus G(t). A second order polynomial is fitted to the log(G(t)) vs. log(t) 

data and the corresponding value of G(t=60s) and slope (mDSR(t=60s)) is calculated using the 

fitted equation. Similarly, G(t=60s) and mDSR(t=60s) is obtained for all the binders investigated 

in the current study for correlating or comparing with the corresponding BBR stiffness S(t=60s) 

and mBBR(t=60s). 
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(a) (b) 

 

(C) 

Figure 4.6 Example of WRI methodology for sample S58-34: (a) storage modulus at different 

temperatures, (b) master curve of the storage modulus at Tref= -24°C, (c) method for obtaining 

G(t=60s) and m(t=60s). 

In order to fully utilize this methodology, it is necessary to have a good data base that 

covers a range of binder grade specifications such that, the relaxation modulus and slope 

criterion can be calibrated according to the binders used in a specific region or State, in this 

study, the state of Nebraska.  

Figure 4.7 shows the result of applying the WRI methodology to the binders selected in 

this study. Generally, good linear correlations were observed when comparing the DSR 

relaxation modulus G(t=60s) and slope mDSR results with the corresponding creep stiffness 

S(t=60s) values and slope mBBR(t=60s) of the BBR tests. For the binder data base selected in the 

current study the low temperature grading criterion was established to limiting the shear modulus 

G(t=60s) < 85.35 MPa and absolute slope of the G(t) vs. t curve at t=60s to be mDSR(t=60s) > 
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0.287, as shown in Table 4.2. It can be observed that the limiting criterion are different for the 

relaxation modulus as compared to the WRI estimation. This demonstrates that the methodology 

is strongly dependent on the binder data base selected and it is necessary to calibrate the method 

more often to meet the state DOT’s current practice. Nonetheless, the slope limiting value 

obtained from the Nebraska binder data set is close to the value proposed by WRI as shown in 

Table 4.2. The binders often tend to fail at the slope criterion earlier than the relaxation modulus 

criterion, either of the limiting values can be considered. Alternatively, for more strict grading 

criterion, the calibrated values from the Nebraska binder dataset can be used and updated-

recalibrated as new binders are introduced into the dataset. 
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(b) 

Figure 4.7 (a) Correlation between SBBR(t=60s) and GDSR(t=60s), (b) correlation between 

mBBR(t=60s) and mDSR(t=60s). 

 

Table 4.2 Comparison of WRI Criterion Using Nebraska Binders 

Binder Data Set G(t) at t=60s m(t) at t=60s 

WRI 143 [MPa] 0.28 

Nebraska 85.35 [MPa] 0.287 

 

4.4 NCHRP Methodology 

During the NCHRP program (2) for characterizing binder properties, researchers had 

investigated the idea of interconverting dynamic shear test data to flexural creep data. They 
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approach termed as the NCHRP methodology was thus investigated here for the binder data set 

used in this study. The advantage of this methodology lies in the fact that DSR tests can be 

performed at relatively much higher temperatures compared to the BBR test temperature and 

then shifted to the corresponding low temperature using simple shift factors.  

The range of the intermediate temperature for performing the DSR frequency sweep tests 

depends on the low temperature grade of the binder selected. Relevant frequency sweep tests 

performed using DSR within this temperature range can be converted to the corresponding 

stiffness S(t) data using Equation 4.2.  

𝑆(𝑡) ≈  
 𝐺 (𝜔)

[     sin( 𝛿)]
 , 𝑡 →   𝜔⁄  (4.2)  

where S(t) [Pa] is the creep stiffness as a function of time t [s], G*(ω) [Pa] is the complex 

modulus as a function of frequency ω [rad/s] and δ is the phase angle at the corresponding 

frequency.  

Since BBR tests are performed at relatively low temperatures close to PG+10°C and 

measurements are made at time t=60s, the stiffness data obtained from DSR tests need to be 

shifted to the BBR test temperature. The shift factor applied to the DSR stiffness data is based on 

the Arrhenius equation as shown in Equation 4.3. 

log (
𝑡𝑟𝑒𝑓

𝑡
) =  

𝐸𝑎
       

[
 

𝑇𝑟𝑒𝑓     
−

 

𝑇     
] (4.3)  

where 𝑡𝑟𝑒𝑓 and 𝑇𝑟𝑒𝑓 are the reference time [s] and temperature [°C] (related to BBR test 

conditions) respectively, 𝑡 and 𝑇 are the testing time [s] and temperature [°C] (related to the 

intermediate DSR tests), respectively, and 𝐸𝑎 is activation energy and   is ideal gas constant 

8.31 [J/°K-mol]. The value of  
𝑡𝑟𝑒𝑓

𝑡
 is termed as the shift factor ( 𝑎𝑇

𝑡𝑖𝑚𝑒 ) in the time domain.  

Usually the activation energy parameter is dependent on the binder rheological response 

as a function of temperature that is unique to a given binder, whereas in the NCHRP 

methodology, this parameter was fixed at 250,000 [J/mol]. Table 4.3 shows the target frequency 

needed for the DSR frequency sweep at different intermediate temperatures to represent the 
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loading time of t=60s for the corresponding reference temperature (Tref) where the BBR data are 

obtained. Table 4.3 was obtained using the Equation 4.3.  

Table 4.3 Target Frequency for DSR Test to Represent t=60 s Loading Time of the BBR Test 

BBR-Test (Tref) 

Temperature [ºC] 

 Target DSR ω[rad/s]  

 -12ºC -6ºC 0ºC 10ºC 

-24  4.30 57.36 682.18 33,474.67 

-18  0.25 3.34 39.76 1,951.25 

-12  0.02 0.22 2.64 129.62 

 

As an example of the NCHRP methodology, binder satisfying PG 58-34 was selected; in 

this case F58-34. The appropriate temperature (T= -12°C) for the dynamic frequency sweep test 

to be performed on the binder using DSR is selected from Table 4.3. Based on the table, the DSR 

frequency sweep tests could be performed at either T= -12°C or T= -6°C since the corresponding 

frequencies are well within the ranges (0.1 rad/s to 100 rad/s) that are normally applied to 

binders. Figure 4.8 (a) shows the frequency sweep performed on the binder in the range of 0.6 to 

80 rad/s. Figure 4.8 (b) shows the G*(ω) data converted to creep stiffness S(t)-DSR using the 

Equation 4.2, the S(t)-DSR data is shifted to Tref = -24°C at which the BBR experiments are 

performed using the shift factor obtained using Equation 4.3. It can be seen in Figure 4.8 (c) that 

the NCHRP method gives a reasonable estimate of the stiffness prediction. Figures 4.9 to 4.11 

further demonstrate the predictability of the NCHRP methodology.  
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(a) (b) 

 

(c) 

Figure 4.8 Application of NCHRP methodology on F58-34 binder: (a) frequency sweep 

performed at T= -12°C, (b) converted S(t) using Equation 4.2 at T= -12°C, (c) shifted S(t)-DSR 

and the experimental S(t)-BBR. 
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(a) (b) 

  

(c) (d) 

Figure 4.9 NCHRP methodology applied to all PG 58-34 grade binders: (a) F58-34, (b) J58-34, 

(c) W58-34, (d) S58-34. 
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(a) (b) 

  

(c) (d) 

Figure 4.10 NCHRP methodology applied to all PG 64-28 grade binders: (a) F64-28, (b) J64-28, 

(c) W64-28, (d) S64-28. 
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(a) (b) 

  

(c) (d) 

Figure 4.11 NCHRP methodology applied to all PG 64-22 grade binders: (a) F64-22, (b) J64-22, 

(c) W64-22, (d) S64-22. 

 

  

10

100

1000

1 10 100 1000

S
ti

ff
n

es
s 

S
(t

) 
[M

P
a]

Time [s]

F64-22

Tref = -12 C

NCHRP (DSR-T1)

NCHRP (DSR-T2)

BBR
10

100

1000

1 10 100 1000

S
ti

ff
n

es
s 

S
(t

) 
[M

P
a]

Time [s]

J64-22

Tref = -12 C

NCHRP (DSR-T1)

NCHRP (DSR-T2)

BBR

10

100

1000

1 10 100 1000

S
ti

ff
n

es
s 

S
(t

) 
[M

P
a]

Time [s]

W64-22

Tref = -12 C

NCHRP (DSR-T1)

NCHRP (DSR-T2)

NCHRP (DSR-4mm)

BBR
10

100

1000

1 10 100 1000

S
ti

ff
n

es
s 

S
(t

) 
[M

P
a]

Time [s]

S64-22

Tref = -12 C

NCHRP (DSR-T1)

BBR



38 

 

Similarly, the NCHRP method described in Figure 4.8 was applied to all the binders 

represented in Table 3.3 and Table 3.4. Figure 4.12 shows the linear correlation for the stiffness 

S(t=60s) and m(t=60s) obtained using the NCHRP method and experimental BBR data. In Figure 

4.12 (a) it can be observed that stiffness predictions using the NCHRP method are reasonably 

accurate as shown by the closeness of the linear fit to the line of equality. In Figure 4.12 (b) it 

can be observed that slope predictions using the NCHRP method deviate from the line of 

equality and mostly underpredict the BBR experimental values. This can be attributed to the use 

of single activation energy (Ea) used for shifting the DSR-S(t) data for different binders, usually 

this parameter is specific and unique to a given binder.  
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(a) 

 

(b) 

Figure 4.12 Correlation between (a) stiffness S(t=60s), (b) slope m(t=60s) obtained using 

NCHRP method and experimental BBR data. 
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4.5 UNL’s Mechanistic Approach 

Linear models such as the generalized Maxwell and Voigt models were used in the current study 

to represent the binder viscoelastic material properties. Use of such models allows one to 

describe the time dependent response of asphaltic materials under various temperature and 

loading conditions. In order to obtain the relaxation modulus, G(t) the linear viscoelastic models 

were used to describe the response of the binder. Amongst all the models the generalized 

Maxwell and Kelvin-Voigt models have been widely utilized for modeling asphaltic materials 

due to the ease of representing these models in the form of Prony series which are quite flexible 

in terms of usage during any numerical efforts. 

Equations 4.4 and 4.5 show the Prony series representation of the relaxation modulus 

G(t) and the creep compliance J(t) where 𝐺0, 𝐺𝑖, 𝐽𝑔, 𝐽𝑖 , 𝜌𝑖 , 𝜏𝑖 and 𝜂𝑖 are model parameters that 

need to be estimated for each binder. 

𝐺(𝑡) =  𝐺0  ∑𝐺𝑖 
(−𝑡 𝜌𝑖⁄ )

𝑚

𝑖=1

 (4.4)  

𝐽(𝑡) =  𝐽𝑔  
𝑡

𝜂𝑖
 ∑𝐽𝑖 ( −  

(−𝑡 𝜏𝑖⁄ ))

𝑛

𝑖=1

 (4.5)  

The frequency domain representation of the Prony series is shown in Equations 4.6 and 

4.7. Using the equations one can fit the experimental data to obtain the material-dependent 

viscoelastic model parameters. Schapery et al. (52) discussed in detail the different methods of 

obtaining these parameters and also interconverting from one form to another in the time 

domain. Similar approach was utilized in this study to obtain the material specific properties for 

all 12 binders. 

𝐺′(𝜔) =  𝐺0  ∑
𝐺𝑖𝜔

2𝜌𝑖
2

(𝜔2𝜌𝑖
2   )

𝑚

𝑖=1

 (4.6)  

𝐺′′(𝜔) =  ∑
𝐺𝑖𝜔𝜌𝑖

(𝜔2𝜌𝑖
2   )

𝑚

𝑖=1

 (4.7)  
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As an example, Figure 4.13 shows the Prony fit for the G’ and G’’ that were used to 

obtain the material parameters of the binder J64-28 using the method described by Schapery et 

al. (52). Similarly, the binder specific material parameters were obtained for each binder. 

 

 

(a) 

 

(b) 

Figure 4.13 Prony fit to the experimental data: (a) G’(ω) and G’’(ω) data, (b) |G*| data for J64-

28 at Tref = -18°C. 
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Based on the elastic-viscoelastic correspondence principle one can use the general beam 

theory for the deflection of an elastic beam to obtain solutions for similar viscoelastic problems. 

The UNL’s mechanistic approach is based on the elastic-viscoelastic correspondence principle. 

Equation 4.8 shows the time-dependent beam deflection, (t) that was obtained using the elastic-

viscoelastic correspondence principle for a three-point bending beam testing on a viscoelastic 

material. Here, J(t) is the time-dependent creep compliance at the temperature corresponding to 

T=Tref that one needs to obtain from the DSR testing, P(t) is the time-dependent load applied at 

the center of the beam, ν is the Poisson’s ratio of the viscoelastic material which can be assumed 

to be 0.5 for binder and I is the second moment of inertia of the beam sample. The goal is to 

predict the experimental BBR beam deflections from the DSR test results using the solution 

described in Equation 4.8.  

∆(𝑡) =
𝐽(𝑡)

 (  𝜐)

𝐿3

4 𝐼
𝑃(𝑡) (4.8)  

 

4.5.1 Comparing BBR deflection results to DSR predictions 

After obtaining the creep compliance function for each binder based on the method described in 

the previous section, one can predict the linear viscoelastic beam deflections subjected to 

mechanical loads similar to the BBR experiment using Equation 4.8. The stiffness SDSR(t=60s) 

and mDSR(t=60s) are obtained using the method described in ASTM 6648-08 (2016). An example 

of the predicted beam deflections for binder sample J58-34 at different test temperatures is 

shown in Figure 4.14 (b) (c) and (d). The corresponding |G*| master curves from the three trials 

is shown in Figure 4.14 (a). It can be observed that Equation 4.8 somewhat overpredicts the 

deflection results from the DSR tests when compared to the experimental BBR results. Another 

observation is that even though a good repeatability was observed from the DSR frequency 

sweep experiments (Figure 4.14(a)), there were nontrivial differences in the deflection 

predictions. This difference can be attributed to multiple reasons including: (1) small change in 

the logarithmic scale representation of modulus values can result in a relatively large difference 

in linear-scale prediction of beam deflection, (2) the relaxation modulus Prony series terms 

identified through the fitting process of the |G*| master curves can be different for different trials, 

hence the subsequent interconversion process can result in different creep compliance 
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parameters, and (3) different cooling media and equilibration time used for the two tests (DSR 

and BBR) can result in unequal physical hardening effects.  

 

  
(a) (b) 

  
(c) (d) 

Figure 4.14 DSR data of J58-34 binder where (a) |G*| Master curves for different trials. DSR 

deflection results at (b) Tref = -24°C (c) Tref = -18°C and (d) Tref = -12°C. 

 

Equation 4.8 was utilized to predict the BBR results for all the binders. Figure 4.15 (a) 

and (b) compare the DSR prediction with BBR results for creep stiffness (S(t)) and slope m-

value, respectively. It can be observed that the UNL mechanistic method (using the linear 

viscoelastic correspondence principle) generally underpredicts the stiffness and slope values for 

most of binders. 
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(a) 

 

(b) 

Figure 4.15 (a) Comparison of the DSR predicted S(t=60s) with the BBR S(t=60s), (b) 

comparison of the DSR predicted m(t=60s) with the BBR m(t=60s) for PG 58-34, PG 64-28 and 

PG 64-22 binders. 
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From Figure 4.15, it was observed that a horizontal shift in the creep compliance function 

J(t) using a single shift factor aβ is necessary to more accurately predict the BBR results. This 

factor was used to account for the difference in physical hardening effects due to the different 

conditioning time and cooling media. To account for these changes, Equation 4.8 was modified 

to the equation described below: 

∆(𝑡) =
𝐽(𝑡/𝑎𝛽)

 (  𝜐)

𝐿3

4 𝐼
𝑃(𝑡) (4.9)  

 

Figure 4.16 (d) (e) and (f) shows the predictions made using the modified Equation (4.9) 

for binder sample J58-34 at different reference temperatures, where the shift factor aβ was 

calibrated such that accurate predictions to the BBR data were obtained. The shift factor aβ was 

assumed to be dependent only on the binder and temperature. Similarly, the shift factor aβ was 

calibrated for all the binders selected in this study as shown in Table 4.4.  

From Figure 4.16, one can conclude that a single shift factor aβ in Equation (4.9) can 

account for dependence on the binder source, difference in testing conditions such as cooling 

media, physical hardening and temperature. In Table 4.4 it can be observed that the shift factor 

aβ is highly dependent on the binder source and reference temperature at which the BBR 

experiments were compared. This can be attributed to the different hardening rates in the vicinity 

of the glass transition temperature for different binders. Also, for a given binder grade there was 

a significant difference in shift factor aβ which indicates that the parameter is binder-specific and 

is an intrinsic material property that is temperature dependent. Although additional experiments 

are necessary to completely characterize the shift factor, due to the limited data set available in 

this study, a global average value of the shift factor aβ = 1.736 was used as shown in Table 4.5. 
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(a) (d) 

  

(b) (e) 

  

(c) (f) 

Figure 4.16 The influence of shift factor aβ for predicting BBR results for J58-34: (a) aβ =1, (d)  

aβ = 2.0 at Tref = -24°C (b)  aβ = 1, (e)  aβ = 1.429 at Tref = -18°C and (c)  aβ = 1,(e)  aβ = 1.667 at 

Tref = -12°C. 
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Table 4.4 Shift Factor aβ Identified for Each Binder 

 

 

 

Table 4.5 Average Shift Factor aβ of Each Different Group of Binder 

PG 58-34 PG 64-28 PG 64-22 Global 

1.814 1.893 1.462 1.736 

 

  

Sample  Temperature  Factor 

F58-34 

 -24  0.83 
 -18  1.25 
 -12  0.67 

F64-28 

 -18  1.43 
 -12  2.22 
 -6  4.00 

F64-22  -22  1.82 

W58-34  -24  2.00 

W64-28  -18  0.77 

W64-22 

 -12  0.91 
 -6  1.43 
 0  2.50 

J58-34 

 -24  2.00 
 -18  1.43 
 -12  1.67 

J64-28 

 -18  1.43 
 -12  2.00 
 -6  2.86 

J64-22  -12  1.25 

S58-34 

 -24  2.00 
 -18  2.00 
 -12  1.67 

S64-28  -18  1.82 

S64-22 
 -12  0.67 

  -18   1.72 
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Using the global shift factor aβ = 1.736 in Equation (4.9), the DSR predictions were 

compared to the BBR results, as shown in Figure 4.17, Figure 4.18 and Figure 4.19 for PG 58-

34, PG 64-28, and PG 64-22, respectively.  

 

  

(a) (b) 

  

(c) (d) 

Figure 4.17 Comparison of the experimental BBR deflection results with DSR deflection 

prediction for PG 58-34 binders at reference temperature Tref=-24°C and aβ =1.736 where (a) 

Flint Hills, (b) Jebro, (c) Western State Asphalt, (d) Suncor. 
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(a) (b) 

  

(c) (d) 

Figure 4.18 Comparison of the experimental BBR deflection results with DSR deflection 

prediction for PG 64-28 binders at reference temperature Tref=-18°C and aβ =1.736 where (a) 

Flint Hills, (b) Jebro, (c) Western State Asphalt, (d) Suncor. 
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(a) (b) 

  

(c) (d) 

Figure 4.19 Comparison of the experimental BBR deflection results with DSR deflection 

prediction for PG 64-22 binders at reference temperature Tref=-12°C and aβ = 1.736 where (a) 

Flint Hills, (b) Jebro, (c) Western State Asphalt, (d) Suncor. 
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4.5.2 Deflection predictions using DSR at different temperatures 

One important advantage of testing with the DSR is that the testing scheme utilized for 

performing the frequency sweep experiment allows one to continuously asses the binder 

properties at any target temperature over a wide range of temperatures using the same set of data 

obtained without further conducting tests. This allows one to predict the BBR results at different 

temperatures using a single master curve. 

Figure 4.20 and Figure 4.21 show the deflection predictions using the DSR results and a 

global average shift factor aβ = 1.736 at different target temperatures for samples J58-34, J64-28, 

W64-22 and S58-34. It can be observed that the global shift factor can satisfactorily predict BBR 

experimental results. 
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(a) (d) 

  

(b) (e) 

  

(c) (f) 

Figure 4.20 DSR beam deflection prediction at different temperatures with aβ = 1.736 for 

binders: J58-34 at (a) Tref = -24°C (b) Tref = -18°C (c) Tref = -24°C and J64-28 (d) Tref = -18°C 

(e) Tref = -12°C (f) Tref = -6°C. 
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(a) (d) 

  

(b) (e) 

  

(c) (f) 

Figure 4.21 DSR beam deflection prediction at different temperatures with aβ = 1.736 for 

binders: W64-22 at (a) Tref = -12°C (b) Tref = -6°C (c) Tref = 0°C and S58-34 (d) Tref = -24°C (e) 

Tref = -18°C (f) Tref = -12°C. 
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Figure 4.22 (a) and (b) compare the DSR predictions with the BBR test results for the 

creep stiffness S(t=60s) and the slope m(t=60s), respectively. It can be observed that the shift 

factor aβ = 1.736 can provide better results for stiffness predictions for all binders compared to 

the predictions without any hardening adjustment factor (i.e., aβ = 1.0). Figure 4.22 (a) shows 

that most predictions using the shift factor of 1.736 are close to the line of equality with some 

binders that still tend to overpredict the stiffness values, which is due to the use of a global 

adjustment value rather than using binder-case-specific shift factors. Regarding the slope 

predictions, there was no significant improvement in the predictions by using the adjustment 

factor. An additional horizontal shifting in the slope values by 0.04 was still necessary for 

providing the best match with the experimental values as demonstrated in Figure 4.22 (c). 

Based on the observed results from the binder dataset included in this study, two steps of 

shifting are recommended for the prediction: one for the creep compliance, J(t/aβ) for predicting 

the deflection values using aβ = 1.736 in Equation 4.9 and another horizontal shifting particularly 

for the m-value by 0.04.  
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(b) 

 

(c) 

Figure 4.22 (a) Comparison of the DSR predicted results with experimental BBR results: (a) 

stiffness S(t=60s), (b) slope m(t=60s), (c) additional shifting for m-value. 
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4.5.3 Repeatability analysis 

In the previous section, it was shown that differences in measured |G*| values at low 

temperatures (between 0°C to -30°C) in various trials resulted in variation of the deflection 

predictions using Equation (4.9). In order to assess the level of influence how such variations can 

cause on the predicted values, a repeatability analysis was conducted on sample J58-34 using 

Equation (4.9) with 𝑎𝛽= 1.736. The choice of the selected binder was random and is assumed 

that similar results can be obtained with other binders.  

For the repeatability analysis, the same DSR testing was conducted a total nine times on a 

single binder, J58-34. The nine trials were divided into three sets, set-1 consisted of trials T1 and 

T2 where deliberately more amount of binder was trimmed between the parallel plates, in set-2 

consisting of trials T3 to T7, where precise trimming of binder was attempted and set-3 which 

consists of trials T8 and T9, where less amount of binder was intentionally trimmed. Figure 4.23 

(a) shows the |G*| master curves for each of the trials at a reference temperature Tref = -24°C. It 

can be observed that difference in sample trimming process can result in a band width of |G*| 

values. Using the results, an average and its 95% confidence interval at each reduced frequency 

was obtained for each set, and results are shown in Figure 4.23(b). It can be seen that the mean of 

set-1 and set-3 lie outside the 95% confidence interval, which indicate significantly different 

master curves which are expected due to the less (or more) amount of binder placed between the 

plates. Figure 4.24 compare the deflection predictions for each set. It presents that the trimming 

process clearly influences results. Set-1 resulted in 25% under-prediction and set-3 resulted in 

40% over-prediction of the stiffness parameter. In case of slope parameter, set-1 resulted in 7% 

under prediction and set-3 resulted in 2.6% over prediction. Figure 4.25 plots COV values of 

each DSR set and the corresponding BBR. In general, the variability was greater with DSR 

compared to BBR. The repeatability of DSR, although it shows a generally satisfactory level, is 

influenced by trimming and sample preparation process. In particular, the creep stiffness is 

sensitive because it can be directly affected by the amount of materials between the plates, and 

the sensitivity will be more pronounced at lower testing temperatures.  
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(a) 

 

(b) 

Figure 4.23 (a) Master curve of |G*| for J58-34 for trial-1 to trial-9, (b) |G*| average values of all 

data with a 95% confidence interval with |G*| average of set-1 and set-3. 
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Figure 4.24 Deflection predictions of all nine trials with binder J58-34. 

 

  

(a) (b) 

Figure 4.25 BBR and DSR of binder J58-34: (a) average creep stiffness and corresponding COV, 

(b) average slope and corresponding COV. 
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4.5.4 Application of UNL’s mechanistic approach to another set of binders 

In order to see the feasibility of the UNL’s mechanistic approach for predicting the BBR results 

using DSR test and data, seven binders were additionally selected from NDOT. These binders 

were tested and graded based on the UNL’s mechanistic approach and the results are shown in 

Figure 4.26 and Figure 4.27. In general, a good match between (BBR) measurements and (DSR) 

predictions was observed from all binders except V2. 

 

  

(a) (b) 

  

(c) (d) 

Figure 4.26 Comparison of beam deflections over loading time between the BBR measurements 

and DSR predictions using the UNL’s mechanistic approach: (a) V1, (b) V2, (c) V3, (d) V4. 
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(a) (b) 

 

(c) 

Figure 4.27 Comparison of beam deflections over loading time between the BBR measurements 

and DSR predictions using the UNL’s mechanistic approach: (a) V5, (b) V6, (c) V7. 
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Table 4.6 Comparison of PG grading for seven binders using Equation 4.9 and aβ = 1.736 

Binder 
Results from BBR Results from DSR 

Absolute 

% Error  Same 

Grading 
S(t=60s) m(t=60s) S(t=60s) m(t=60s) S(t=60s) m(t=60s) 

V1 246 0.34 261.45 0.33 6.28 2.94 YES 

V2 238 0.311 318.61 0.32 33.87 2.89 NO 

V3 205 0.315 233.86 0.33 14.08 4.76 YES 

V4 206 0.35 197.07 0.33 4.33 5.71 YES 

V5 212 0.355 237.49 0.35 12.02 1.41 YES 

V6 250 0.34 263.84 0.34 5.54 0.00 YES 

V7 256 0.336 284.68 0.34 11.20 1.19 YES 
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Chapter 5. Summary and Conclusions 

 

This study investigated alternative testing-analysis methods using the DSR to determine low 

temperature asphalt binder properties that have conventionally been measured by the BBR. 

Toward that end, twelve different binders from four sources satisfying three different PG grading 

criterion common in Nebraska were selected. The binder samples were tested in the frequency 

domain in a wide range of temperatures under PAV-aged conditions using DSR. The 8-mm 

parallel plate geometry was primarily employed for the testing, while four binders were 

randomly selected and tested using the 4-mm parallel plate to investigate the influence of 

geometry on the results. BBR experiments were also performed as a parallel for each binder. 

Three methods were used to analyze and compare the data from the two different experiments 

(i.e., DSR and BBR) where each method utilized a different scheme for converting the frequency 

domain results to time domain data to compare with the BBR results. The three methods were: 

(1) Western Research Institute’s (WRI) methodology; (2) NCHRP methodology; and (3) UNL’s 

mechanistic approach. The following conclusions can be drawn based on the test and analysis 

results: 

• It was observed that the WRI methodology works well but is dependent on the binder 

dataset used. With the current binder set in this study, the cutoff values were G(t=60s) < 

85.5 MPa and m(t=60s) > 0.287 which are different from values reported in the literature. 

• The NCHRP method is promising and provided a good linear correlation between the 

DSR predicted stiffness/slope values and the corresponding experimental BBR values. 

Good prediction was observed for the creep stiffness, whereas the slope values were 

always underpredicted. Also, the NCHRP method is considered efficient when grading 

PG 64-22 or higher-graded binders because one can easily use the method at 

temperatures above 0°C to obtain a reasonable estimate of stiffness and slope without 

performing any further experiments below freezing temperature. 

• In the UNL’s mechanistic approach, it was observed that the Prony series representation 

of the binder properties is mechanically sound and rigorous. It can be used effectively to 

predict the BBR results. It was also observed that the sample preparation was very 

important to produce a repeatable and reliable test results and corresponding predictions.  
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• In the UNL’s mechanistic approach, several intrinsic aspects such as the effects of 

cooling media and physical hardening of binder at different temperature can be 

potentially addressed by introducing an adjustment factor. The adjustment factor was 

observed to be binder specific and temperature dependent, however a global adjustment 

factor of 𝑎𝛽 = 1.736 obtained from the binder data set in this study could provide a 

satisfactory level of prediction for creep stiffness. An additional horizontal shifting of 

0.04 was necessary to match the slope (m-value) predictions. 

• Overall, the use of DSR as an alternative testing-analysis method to characterize binder 

low temperature properties looks quite feasible; however, its actual implementation into 

practice requires a more careful investigation. More binders in different types and test 

results obtained from various testing conditions are necessary to make more definite 

conclusions. Nonetheless, the DSR method can be used as (at least) a screening tool to 

judge whether a binder given requires the entire process of BBR testing or not, which will 

clearly improve testing efficiency of many state Departments of Transportation including 

the NDOT.  
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