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EXECUTIVE SUMMARY 
 

In a previous research effort sponsored by MnDOT, the fracture properties of asphalt 

mixtures used in the construction of cells 33, 34 and 35 of the MnROAD facility were 

determined using a new experimental protocol based on a Semi Circular Bend (SCB) test.  In 

recent years, a number of research efforts have shown that the field compacted asphalt mixture 

samples are different than the Superpave Gyratory Compactor (SGC) laboratory compacted 

asphalt mixture specimens.  In addition, the effects of aging play a critical role in the fracture 

resistance of field asphalt mixtures.   

In this research effort, field cores were taken from cells 33, 34 and 35 at the MnROAD 

facility to determine the fracture properties of the field mixtures, to compare them with the 

laboratory-prepared mixtures, and to evaluate the effect of aging at different depths  in the 

asphalt layer.  In addition, the binders were extracted and recovered from the 25 mm slices cut 

along the depth of the cores.   The properties of the recovered binders as well as the properties of 

the original binders aged in laboratory conditions were investigated, using standard testing 

procedures part of the current specifications as well as additional test methods.   

  The analysis of the mixture experimental results indicates that the fracture energy of the 

field samples is significantly affected by the temperature and the type of binder used, while the 

fracture toughness of the field samples is significantly affected only by the type of binder used.  

The comparison between the field samples and the laboratory specimens shows that the fracture 

energy of the field samples is lower than the fracture energy of the laboratory specimens and the 

fracture toughness of the field samples is lower than the fracture energy of the laboratory 

specimens.  However, the evolutions of the fracture toughness and fracture energy with type of 

binder and temperature are similar for the field samples and laboratory specimens.  The 

difference in properties with the location within the pavement does not indicate a consistent 

pattern although in some cases the surface seemed to be less cracking-resistant (possibly 

indicating more aging) than the middle and the bottom layer. 

The analysis of the experimental data obtained from tests performed on the binders 

recovered from cores and on the laboratory-aged original binders indicates that the properties of 

the field binders are different than the laboratory-aged binders. In particular, significant 

differences are noticed in the phase angle master curves.  At low temperatures, the most 



 

significant change is observed in the m-value limiting temperatures, which clearly indicates a 

substantial change in the relaxation properties of the recovered binder compared to the 

laboratory-aged binder in spite of the less significant change in stiffness.  The difference in 

properties with the location within the pavement did not follow a consistent pattern although in 

some cases the surface seemed to be stiffer (possibly indicating more aging) than the middle and 

the bottom layer. 

The limited low temperature distress data collected at MnROAD indicates the fracture 

tests performed on asphalt binders and asphalt mixtures have the potential to predict the field 

performance of asphalt pavements with respect to thermal cracking.  The binder and mixture 

fracture toughness results indicate that cells 34 and 35 have better fracture resistance than cell 

33, and the mixture results suggest that cell 34 has better resistance than cell 35, which is the 

opposite of what the PG system predicts. 
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CHAPTER 1 

INTRODUCTION 
Background 

In a previous research effort sponsored by MnDOT, the fracture properties of asphalt 

mixtures used in the construction of cells 33, 34 and 35 of the MnROAD facility were 

determined using a new experimental protocol based on a Semi Circular Bend (SCB) test.  In this 

previous study the original loose mix was compacted to the desired parameters in the laboratory 

using the Superpave gyratory compactor (SGC), and 1" thick test specimens were cut from the 

SGC specimen.   

In recent years, a number of research efforts have shown that the field-compacted asphalt 

mixture samples are different than the SGC laboratory-compacted asphalt mixture specimens.  In 

addition, the effects of aging play a critical role in the fracture resistance of field asphalt 

mixtures.  To date, there is little agreement with respect to the magnitude of the depth, from the 

asphalt pavement surface, at which aging effects are still significant.  

 In this research effort, field cores were taken from cells 33, 34 and 35 at the MnROAD 

facility to determine the fracture properties of the field mixtures and to evaluate the effect of 

aging with depth.  To better understand the relationship between the properties of these mixtures 

and the field performance, the historical data on these three cells needs to be documented. 

Chapter 1 documents the history and performance of the aforementioned MnROAD cells.  

Most of the information contained in this task was provided by Ben Worel, with assistance from 

Ron Mulvaney and other MnROAD staff. 

 

MnROAD Layout 

The Minnesota Department of Transportation (Mn/DOT) constructed the Minnesota 

Road Research Project (MnROAD) between 1990 and 1994.  MnROAD is an extensive 

pavement research facility consisting of two separate roadway segments:  the Mainline Test 

Road (Mainline) and Low Volume Road (LVR), containing a total of 51 distinct test cells.  Each 

MnROAD test cell is approximately 500 feet long.  The subgrade, aggregate base, and surface 

materials as well as the roadbed structure and drainage methods vary from cell to cell.  The 

layout and the designs used for the cells part of the LVR are shown in Figure 1.1. 
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Figure 1.1. MnROAD Test Cell Layout (Low Volume Road) 

Cells 33, 34, are part of the 20 test cells located on the LVR, a 2-lane, 2 ½-mile closed 

loop component of MnROAD.  The traffic on the LVR is restricted to a MnROAD operated 

vehicle, an 18-wheel, 5-axle, tractor/trailer, with two different loading configurations.  The 

"heavy" load has a gross vehicle weight of 102 kips (102K configuration).  The “legal” load has 

a gross vehicle weight of 80 kips (80K configuration).  The tractor/trailer travels on the inside 

lane of the LVR loop in the 80K configuration on all weekdays except for Wednesdays when the 
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tractor/trailer operates in the 102K configuration and travels in the outside lane of the LVR loop.    

This arrangement results in an approximately equal number of ESALs for the two lanes.  The 

number of ESALs on the LVR is determined by the number of laps (80 per day) for each day; the 

data is entered and stored in the MnROAD database. 

 

Construction and Materials 

Cell 33, 34 and 35 were originally constructed as aggregate cells.  In 1999 the three cells 

were reconstructed to verify the current Superpave criteria related to low temperature cracking 

(thermal and/or transverse cracking).  Each test cell used the same mix design for the 4" layer of 

Superpave mixture placed over a 12" Class-6 Special aggregate base.  The only difference 

between the three cells was the grade of asphalt binder used.  It was believed that this pavement 

structure would not fail due to fatigue cracking and therefore it would allow thermal cracks to 

develop first.  The design was based on a 20-year ESAL of 375,000. 

The Class 6 Special aggregate base was chosen based on past experience at MnROAD 

which indicated that this base material induced more thermal cracks in the HMA pavements as 

compared to other types of aggregates.  This is based on past performance of the 1993 LVR test 

cells.  Class 6 base contains a minimum 15 percent crushed stone and less than 7 percent shale. 

The Superpave PG binders used in the three cells were PG 58-28 (cell 33), PG 58-34 (cell 

34), and PG 58-40 (cell 35).  Note that each of these binders has the same high limit temperature 

value of 58°C, but the low limit temperature value varies from -28°C, -34°C, and  -40°C.  The 

PG 58-34 and PG 58-40 binder are polymer-modified binders using the Stylink process: the PG 

58-28 is not modified.  The mix designs are shown in Figures 1.2 to 1.4.  
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Figure 1.2. Cell 33 (PG 58-28) Mix Design 



 5 

 
Figure 1.3. Cell 34 (PG 58-34) Mix Design 
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Figure 1.4. Cell 35 (PG 58-40) Mix Design 
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The gradations of aggregate base, asphalt mixture, and aggregate shoulder are listed in Tables 

1.1 to 1.3, respectively. Class 6 Special was used for the base material consisting of Class A 

aggregate (Original Class-6 from the stockpile area).  Class-2 was used for the gravel shoulder 

surface consisting of Class A aggregate (Meridian Granite, St. Cloud). 

Table 1.1. Aggregate Base Gradations 
Requirements Sieve 
Min Max 

Average 
Field Result 

# of 
Samples 

Sample 
Type 

1" 100 100 100 
¾" 85 100 96 

3/8" 50 70 65 
# 4 30 50 41 
# 10 15 30 27 
# 40 5 15 13 

# 200 0 5 5.7 

5 
Sample 

from 
Roadway 

 

Table 1.2. Asphalt Mixture Aggregate Gradations 
Requirements Sieve 
Min Max 

PG 58-28 
Average 

PG 58-34 
Average 

PG 58-40 
Average 

¾" 100 100 100 100 100 
½" 90 100 92.2 93.6 93 

3/8” 79 90 84.8 85.8 85.2 
# 4 59 73 67.4 67.8 66.6 
# 8 48 58 55.4 55.6 54.6 

# 200 2.7 6.7 5.2 5.2 5.1 

# of 
Samples 

 
 5 5 5 

Sample 
Type 

 
 

Averages for Ignition Oven and Core Extraction 
from Contractor and Mn/DOT samples 
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Table 1.3. Aggregate Shoulder Gradations 
Requirements 

Sieve 
Min Max 

Average 
Field Result 

# of 
Samples 

Sample 
Type 

¾" 100 100 100 
3/8" 65 90 79 
#4 35 70 51 
#10 25 45 33 
#40 12 30 16 

#200 5 13 6.7 

3 
Sample 

from 
Roadway 

 
Data Collection 

The MnROAD test cells contain a large numbers of sensors that were buried in the 

pavements for continuous data collection.  Three types of data are collected: (1) stress and strain 

data; (2) temperature data; (3) moisture data including the depth of frozen/thawed soil.  The 

sensors installed in the three Superpave cells are listed in Table 1.4. A description of each sensor 

and of its use is given below: 

TC Thermal Couple (measures the temperature of the soil and pavement) 

WM Water Mark / Moisture Block (measures the depth of frozen/thawed soil) 

TDR Time Domain Reflectometer (measures the amount of moisture in the soil) 

OS Open Stand Pipe (measures the location of the water table) 

RS Reflectometer (measures the amount of soil moisture) 

PK Pressure Sensor (measures the amount of vertical pressure - top subgrade soil) 

LE Longitudinal Strain Gauge (measures the strain at the bottom of HMA) 

PG Pressure Gauges (measures the vertical pressure in the aggregate base) 

Note: Aluminum foil tape was installed on the outside of the 102k lane under the fog line.  Its 

purpose is to set an alarm when a thermal crack appears. 
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Table 1.4. Sensors Installed 

Cell Sensor 
Type 

Number  of 
Sensors 

Number  of 
Locations 

TC 6 1 
PK 16 2 

TDR 5 1 
LE 4 4 
PG 6 6 

33 

OS 1 1 
TC 17 3 

WM 15 2 
TDR 5 2 
OS 1 1 
RS 5 1 

34 

LE 4 4 
TC 75 1 

TDR 45 2 
LE 14 4 

35 

OS 1 1 
 

Cell Performance 

MnROAD researchers have monitored the test cells since they were constructed in July 

1999.  The results of distress surveying performed in 2003 are summarized below. 

 
Rutting 

Rutting evolution in all three Superpave test cells is shown in Table 1.5 and Figure 1.5.  

The measurements were taken using a six-foot straight edge.  More rutting was measured in the 

80K lane than the 102K lane despite the same number of ESALs in each lane.  The rutting 

appears to be more a function of the number of passes; the inside 80K lane is driven four days 

per week and the 102K lane is driven one day per week, each averaging 80 laps per day.  This 

phenomenon was also observed on the original 1994 HMA test cells on the LVR.  Figure 1.5 

also indicates that Cell 35 accumulated rutting more quickly than the other two cells.  Even 

though all three binders are PG 58, their lower limits are different, which result in different 

temperature susceptibilities for the three binders.  
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Table 1.5. Rutting (6-foot Straight Edge) 

80K Inside Lane 102K Outside Lane 
Cell 

Outside WP Inside WP Outside WP Inside WP 
33 .48" .44" .31" .23" 
34 .46" .42" .36" .30" 
35 .55" .46" .34" .23" 

 

MnROAD Average Rut Depths
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Figure 1.5. Rutting Accumulation at MnROAD 

 
Transverse Cracking 

The initial transverse cracking developed during February 2003.  These cracks do not 

exhibit a “typical” thermal cracking pattern, which runs perpendicular to the centerline of lanes 

and across the entire width of both lanes.  These cracks are more random in nature, as shown in 

Figure 1.6.  Forensic observations were performed on these cracks.  Two cores were taken 

directly on each of two cracks.  The cores were debonded at the interface between two lifts.  The 

crack could be observed in both lifts but only in one of two cores.  It was very hard to decide if 

these random, partial-width, transverse-like cracks were due to thermal cracking. 
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Figure 1.6. Typical Transverse Crack in Superpave Cells 

Although the 2004 crack surveying has not been completed, the preliminary data show 

that (1) cell 33 with binder PG 58-28 contains six full-width transverse cracks in both lanes; (2) 

no cracking is present in cell 34 with binder PG 58-34; (3) many little “transverse-like” cracks 

are visible in cell 35 with binder PG 58-40.  These results seem to indicate binder PG 58-34 as 

the best performer of the three binders.  Table 1.6 shows the amount of transverse cracks through 

November 2003. 

Table 1.6 Transverse Cracking 

80K Inside Lane 102K Outside Lane 
Cell 

Number of Cracks Linear Feet Number of Cracks Linear Feet 
33 0 0 6 13 
34 0 0 0 0 
35 14 66 5 24 

 
Longitudinal Cracking 

The survey also revealed the development of some longitudinal cracks, as shown in Table 

1.7. A typical longitudinal crack is shown in Figure 1.7.  Forensic cores taken from cell 35 

showed that the cracking propagated from the top down. 
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Table 1.7. Longitudinal Cracking 

80K Inside Lane 102K Outside Lane 
Cell 

Outside WP Inside WP Outside WP Inside WP 
33 0 0 0 0 
34 0 0 0 0 
35 2 4 3 16 

 

 
Figure 1.7. Typical Longitudinal Crack in Superpave Cells 

 
Fatigue Cracking 

Cell 35 contains some fatigue cracking, as shown in Table 1.8.  These cracks may have 

developed in areas that were not constructed to the full 4″ HMA thickness.  This is consistent 

with observations made for the LVR test cells 27-28 when forensic cores were taken.  Figure 1.8 

shows a collection of the cores that were cut from Cells 33, 34, and 35.  Although the three cells 

were designed and constructed to have a 4″ inches thick asphalt layer, the cores indicated 

significant variation in thickness, with values as low as 3". 
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Table 1.8. Fatigue Cracking 

80K Inside Lane 102K Outside Lane 
Cell 

Outside WP Inside WP Outside WP Inside WP 
33 0 0 0 0 
34 0 0 0 0 
35 0 6 lin-ft 16 lin-ft 0 

 

 
Figure 1.8. MnROAD Cores of Variable Thickness 

 
Observed Strain Measurements 

On average 80 laps were recorded each day using the MnROAD truck in the 80K lane.  A 

typical longitudinal strain trace is shown in Figure 1.9.  The strain gages are placed at the bottom 

of the asphalt layer (4” deep).  It is obvious from the figure that the same truck loading resulted 

in different strain amplitudes in the three cells.  The air temperature at the time of the strain 

measurements was 23.7°C and the pavement temperatures were as follows: 

• Cell 33: 44.5°C at 1” depth and 33.9°C at 3” depth from the surface 

• Cell 34: 44.9°C at 1” depth and 33.9°C at 3” depth from the surface 

• Cell 33: 46.4°C at 1” depth and 37.1°C at 3” depth from the surface 

This has implications for rutting and other performance in the field. 
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Figure 1.9. Longitudinal Strain Responses 

 
Ride 

The ride was measured with a Pathways data collection van owned by Mn/DOT.  The 

data is used to obtain the International Roughness Index (IRI) expressed in meters/kilometer 

(m/km).  An IRI of zero indicates a perfectly smooth pavement, while IRI values above 3.00 

m/km indicate a very rough ride.  The current ride index is very similar for the three cells, as 

shown in Table 1.9. 

Table 1.9. Pathways IRI Ride Measurements (m/km) 

80K Inside Lane 102K Outside Lane 
Cell 

Outside WP Inside WP Outside WP Inside WP 
33 2.23 1.91 1.33 1.50 
34 2.00 2.62 1.42 1.40 
35 1.96 2.10 1.83 1.96 

 
Forensic Observations 

Only one forensic activity was performed after the initial construction in 1999.  The 

purpose of this forensic activity was to determine the source of the cracking found in cell 35.  



 15

This involved coring a transverse and longitudinal crack to determine if the crack developed 

from the top or the bottom of the asphalt layer.  The forensic activity involved taking five cores 

from cell 35 on May 2, 2003.  Tables 1.10 and 1.11 provide additional information on this 

limited forensic study. 

Table 1.10. Forensic Core Locations 

a. A positive offset indicates the inside 80K lane for cells 33-35.  
b. Lift (1) is the bottom lift and lift (2) is the surface lift 
 

Table 1.11. Forensic Observations 

Observation 
Category Observation / Comment 

Thickness 
Variations 

The cores taken at the same station as the longitudinal cracking show a ¾” difference in 
thickness.  Air voids and density will be determined but the difference appears to be 
construction related due to the other cores taken in the wheel path were more consistent 
thickness than the one containing the longitudinal crack. 

Transverse 
Cracks 

Three cores were taken to observe the transverse cracking on two different cracks.   
On the first crack, one core was taken in the middle of the transverse crack and one just 
as it disappeared, about 3”, from the end.   We observed that the core taken on the 
transverse crack debonded between the two lifts and the crack was observed in both lifts 
but it appeared it developed from the surface.  The bottom lift was “flexed” by hand 
from the top down to observe the crack better.  It was noticeable but only slight at the 
HMA lift interface before it was broke. The second core contained no visible cracking. 
The second crack core showed the same as the first crack.  The cracking appears to be 
top down.   
Overall the transverse cracking appears to be construction related and do not exhibit the 
same characteristics as traditional thermal cracks at this point. 

Longitudinal 
Cracks 

The thickness of the cores in the area of the longitudinal cracking was ¾” thinner then 
any of the other cores.  The crack went all the way through the core and no determination 
of top down cracking can be made.  MnROAD has observed in the past other areas on 
other cells that contained localized areas of “thinner” spots that eventually fatigued. 

Core 
Number 

TA 
(ft) 

Offset 
(in)a 

Thicknessb (in) 
Lifts 1+2 =Total Comment 

3503BC001 7828 + 48 1.75+2.125 = 3.875 On transverse crack #1 / separated at tack coat 
3503BC002 7828 + 32 2.25+2.00 = 4.25 3” off the end of transverse crack #1 
3503BC003 7817 + 28 1.75+1.50 = 3.25 On longitudinal crack in wheel path 
3503BC004 7817 + 70 2.00+2.00 = 4.00 Midlane at same station as longitudinal crack 
3503BC005 7731 + 60 2.50+1.75 = 4.25 On transverse crack #2 
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Thermal Crack Tape 

Thermal crack tape was installed along the outside lane (102K) for each test cell.  The 

tape was installed between the two HMA lifts placed on each cell.  The purpose of the crack tape 

was to determine the exact time when a thermal crack develops.  The crack tape system at 

MnROAD was installed in 65-ft loops (on average) that act as a continuous circuit until the 

continuity is broken.   

As of May 2003, no surface cracks have developed through any of the thermal crack 

tapes installed.  Each of the thermal crack tape loops remained continuous, even though the 

resistance has grown over time.  This is caused by the expected corrosion that has developed in 

the sensor wires that were soldered to the crack tape foil. 
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CHAPTER 2 

Mixture Testing 
Testing Equipment and Setup 

A MTS servo-hydraulic testing system was used to perform the Semi Circular Bend 

(SCB) tests to determine the low temperature fracture properties of the field mixtures. The SCB 

test is similar to the three-point bending beam test except that the SCB specimen is semicircular 

instead of a beam. The SCB specimen is symmetrically supported by two rollers and has a span 

of 120mm. Teflon paper strips were placed between the specimen and the rollers to reduce the 

friction on the interface. The Indirect Tension test (IDT) loading plate was used to load the SCB 

specimens. The load line displacement (LLD) was measured using a vertically mounted Epsilon 

extensometer with 38 mm gauge length. The crack mouth opening displacement (CMOD) was 

measured by an Epsilon clip gauge with 10 mm gauge length. The test setup is shown in Figure 

2.1. 

 

 

Figure 2.1. Experimental Setup 
All tests were performed inside an environmental chamber.  Liquid nitrogen was used to 

cool down the temperature. The temperature was monitored by a build-in thermocouple and an 
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independent Resistance Temperature Detector (RTD) with the probe attached to the mixture 

specimen. The chamber temperature was controlled within 1°C of the target temperature.  

Prior to testing, the SCB samples were kept in the environmental chamber at the test 

temperature for three hours to achieve a uniform temperature field within the sample. The test 

was executed automatically using the MTS TestStar IIs software and the CMOD signal as the 

control. The CMOD rate was set to a fixed value of 0.0005mm/s.  The load, the LLD and the 

CMOD were recorded and the load-LLD curve was plotted.  

 

Fracture Mechanics Analysis 

 

Fracture Toughness (KIc)  

The stress intensity factor (SIF), which characterizes the stress state around the crack tip, 

is a function of the load and the geometry: 

( , , )K f P a W=           (2.1)        

where P is the load, a is the crack length, and W is the vector of the characteristic length of the 

geometry.  For any particular specimen, before the crack begins to propagate, the geometry is 

constant and the SIF changes with the change of the load at different stages.  With the 

assumptions of LEFM, the crack begins to grow at peak load and this critical SIF is a measure of 

the fracture toughness of the specimen. 

The Mode I critical stress intensity factor KIC, also referred to as Mode I fracture 

toughness, KIC has received considerable attention to describe the fracture resistance of asphalt 

materials.  In this paper, KIC is determined with Equation [2.2] developed by Lim et al. (1), using 

the value of peak load.  
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 IK       = Mode I stress intensity factor; 

 0σ  = 2
P
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  P = applied load; 

  r = specimen radius; 
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  t = specimen thickness. 

 YI  = the normalized stress intensity factor 

        0( / ) 1 2 3 4( / ) exp( ( / ))= + +I s rY C C a r C C a r         

   iC  = constants; 

    a   = notch length; 

 
0s

r
∆

 = 
0−as s

r r  

  0, as s = half spans 

  
as
r  = actual span ratio;  

0s
r  = nearest span ratio analyzed in the derivation of this equation (0.80, 0.67, 0.61, 0.50) 

 
2.5 6.5 166.55676 16.64035( ) 27.97042( ) 215.0839( )= + + +

a a aB
r r r  

 

Fracture Energy (Gf) 

Another fundamental fracture property that is less dependent on the assumptions of linear 

elasticity and homogeneity is the fracture energy (Gf). The fracture energy was calculated 

according to RILEM TC 50-FMC specification (2) that has been extensively used in the study of 

concrete.  The work of fracture (Wf) was computed as the area under the P-u curve and the 

fracture energy (Gf) was obtained by dividing the work of fracture with the ligament area (the 

product of the ligament length and the thickness of the specimen), as shown in Equation [2.3]:  

lig

f
f A

W
G =           (2.3)      

where Wf is the work of fracture and 

 ∫= PduW f  

Alig is the area of the ligament. 

With respect to the calculation of the area under the P-u curve, two issues had to be 

addressed.  The test was started at a seating load of 0.3kN as indicated in Figure 2.2.  This 

triangular area (O’OA in Figure 2.2) is very small and it was not included in the energy 
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calculation. Due to the range limitation of the extensometers all tests were stopped when the load 

dropped to 0.5kN.  Considering that the peak load of the specimens was between 3-4kN, the tests 

were stopped at 12-17 percent of the peak load, which means the tail of the P-u curve cannot be 

experimental measured and  thus the work of fracture, Wtail, corresponding to this part of curve 

cannot be calculated directly from experimental data.  The Wtail is determined following the 

method described in detail elsewhere (3) and consists of the following steps: 

• Fit the data to obtain the power of the curve. 

• Check the power of the curve. If the power is within one standard deviation from -2, use 

the power from regression.  If the power is outside this range use one of the two values -

2±0.37 that is closer to the regressed power value. 

• Calculate the tail area with the power of curve determined from above two steps. 

The total work of fracture, Wtotal, the sum of the work of fracture from experimental curve (W) 

and the work of fracture corresponding to the tail curve (Wtail), is used to compute the fracture 

energy, Gf.  

 

 
Figure 2.2. Load vs. Load-Line Displacement 

 
Materials and Sample Preparation 

 As mentioned previously field cores were taken from cells 33, 34 and 35 at the MnROAD 

facility to determine the fracture properties of the field mixtures and to evaluate the effect of 

aging with depth.  
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The cores were taken from MnROAD in July and October 2004, approximately 5 years 

after the construction of the cells.  Detailed information about the location and size of the cores is 

provided in Figure 2.3 and Table 2.1 
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Figure 2.3. Cores location 
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Table 2.1. Core location and thickness 

Station
Offset
from
center

Thickness Station
Offset
from

center
Thickness Station

Offset
from
center

Thickness

04BC001 68+95 2.5 3.5 74+65 2.5 4 80+07 6 4.2
04BC002 68+97.5 2.5 3.1 74+67.5 2.5 3.8 80+09.5 6 4.3
04BC003 68+95 6 3.7 74+65 6 3.3 80+07 2.5 4.2
04BC004 68+97.5 6 3.5 74+67.5 6 3.3 80+09.5 2.5 4
04BC007 68+93 6'-6" 4.0" 74+53'-4" 6'-0" 4.25" 80+03 5'-2" 4.125"
04BC008 68+92 6'-0" 4.0" 74+52'-5" 5'-6" 4.25" 80+02 5'-2" 4.125"
04BC009 63+66 6'-0" 4.125" 69+27 6'-6" 4.125" 74+86 6'-0" 4.5"
04BC010 63+66 5'-0" 4.125" 69+27 5'-6" 4.0" 74+86 5'-0" 4.5"
04BC011 63+65 6'-0" 4.125" 69+26 6'-6" 4.0" 74+85'-6" 6'-0" 4.375"
04BC012 63+65 5'-0" 4.125" 69+26 5'-6" 4.0" 74+85'-6" 5'-0" 4.75"
04BC013 63+66 4'-6" 5.25" 69+27 5'-0" 4.625" 74+86 5'-0" 4.75"
04BC014 63+66 5'-6" 5.125" 69+27 6'-0" 4.75" 74+86 6'-0" 4.625"
04BC015 63+65 5'-0" 5.125" 69+26 5'-6" 4.75" 74+85 5'-6" 4.75"
04BC016 68+93 5'-6" 4.25" 74+59'-3" 5'-0" 4.5" 79+94 5'-0" 3.75"
04BC017 68+93 6'-6" 4.25" 74+59'-3" 6'-0" 4.5" 79+94 6'-0" 3.875"
04BC018 68+92 6'-0" 4.0" 74+58'-6" 5'-6" 4.5" 79+95 5'-6" 3.75"
04BC019 68+93 5'-6" 3.75" 74+53'-4" 5'-0" 4.125" 80+03 4'-4" 4.25"

MnROAD
 ID

Cell 33 Cell 34 Cell 35

 
The bold numbers at the top of the table represent the samples cored in the wheel path. 
The last seven rows at the bottom of the table (shaded) represent the samples cored from the 102K lane. 

 

The table shows that the thickness of the cores varies quite significantly taking into consideration 

that the design layer thickness was 4" (paved in two lifts).  The values range from 3.1" for 

sample 3304BC002 to as high as 5.25" for sample 3304BC013, which makes the interpretation 

of the distresses observed in these cells very difficult.  It is not clear if the buffer zones between 

the cells from where the samples were cored had less strict design requirements than the main 

area of the cells. 

Out of the 17 cores received six were used for the fracture tests performed in this study.  

The three Superpave mixtures were designed to have the same aggregate gradation, with a 

nominal maximum aggregate size of 12.5-mm, an asphalt content of 5.8 percent, and air void 

content of 4 percent.  The cores used and their volumetric properties are listed in Table 2.2. 
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Table 2.2. Volumetric Properties of the Field Cores 

Mixture Core # Gmm Gmb Air Voids (%) 
04BC003 2.356 5.8 
04BC004 2.355 5.8 
04BC007 2.357 5.8 
04BC011 2.342 6.4 
04BC016 2.344 6.3 

58-28  
(Cell 33) 

04BC017 

2.501 

2.330 6.8 
04BC001 2.343 6.1 
04BC002 2.337 6.3 
04BC010 2.351 5.7 
04BC012 2.346 6.0 
04BC013 2.364 5.2 

58-34 
(Cell 34) 

04BC018 

2.494 

2.369 5.0 
04BC002 2.327 6.6 
04BC008 2.353 5.5 
04BC011 2.362 5.2 
04BC013 2.331 6.4 
04BC014 2.324 6.7 

58-40 
(Cell 35) 

04BC017 

2.491 

2.339 6.1 
The bold numbers represent the samples cored in the wheel path. 
The shaded cells represent the samples cored from the 102K lane. 

 

 The air void values measured in the laboratory show significant differences in the air 

content of the different cores, with values ranging from 5.0% for sample 3404BC018 to 6.8% for 

sample 3304BC017, far above the design 4% value.  Note that no significant differences are 

observed between the samples cored in the wheel path and the sample cored between the wheel 

path as well as the samples cored in the 80k lane versus the 102K lane. 

In order to investigate the effect of the aging with depth, each core was cut into three 1" 

slices from top to bottom, and the remaining part was discarded.  The slices were marked with T 

(Top), C (Center), and B (Bottom), respectively.  The three plates were then cut into six semi 

circular bend (SCB) specimens with a diameter of 150mm and a nominal initial crack length of 

15mm.  

Considering the difference in the asphalt binders used in the three asphalt mixtures, 

different test temperatures were chosen for each mixture. The matrix of test temperatures for the 

three mixtures is shown in Table 2.3. 
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Table 2.3. Test Temperature Matrix 

 Cell 33 
(PG 58-28) 

Cell 34 
(PG 58-34) 

Cell 35 
(PG 58-40) 

-18°C X   

-24°C X X X 

-30°C X X X 

-36°C  X X 
 
 
Experimental Results 

Six SCB specimens were machined out of each mixture core: two from the top (T), two 

from the center (C) and two from the bottom (B) slices.   Two cores were tested at each of the 

three temperatures for each mixture, which results in 4 replicates per each mixture-position-

temperature combinations with a total of 36 SCB specimens per mixture.  For a few factor 

combinations only three replicate measurements were obtained. 

The test data was then used to calculate the fracture toughness KIC and fracture energy Gf 

according to the previously described methods.  The means and coefficients of variation of both 

fracture parameters were calculated for each mixture at four different temperatures and shown in 

Table 2.4.  The results are plotted in Figures 2.4 to 2.6.   

Table 2.4. Average Fracture Properties for Each Mixture 
Fracture Toughness Fracture Energy 

Mixture Temperature  
(ºC) 

Cores 
used Mean 

(MPa.m0.5) CV*(%) Mean  
(N/m) CV*(%) 

-18 7, 17 0.762 7.7 311.09 17.9 
-24 3, 4 0.830 13.0 241.30 19.0 58-28 
-30 11, 16 0.804 8.6 243.82 26.0 
-24 1, 2 0.894 14.9 353.77 23.0 
-30 10, 18 0.977 9.7 237.50 19.2 58-34 
-36 12, 13 0.929 7.8 266.55 18.2 
-24 2, 13 0.776 14.4 345.95 12.8 
-30 14, 17 0.843 11.0 285.69 19.1 58-40 
-36 8, 11 0.920 12.1 274.68 17.0 

*: Coefficient of Variation 
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(b) Fracture Toughness 

Figure 2.4. Testing Results for 58-28 Mixture 
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(b) Fracture Toughness 

Figure 2.5. Testing Results for 58-34 Mixture 
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(b) Fracture Toughness 

Figure 2.6. Testing Results for 58-40 Mixture 
 

Analysis of Effects of Asphalt Binder, Temperature, and Layer 

 Three effects were tested in the statistical analysis: the type of asphalt binder (B), the 

temperature (T), and the layer effect related to aging (L).  A split-plot analysis was used to 

examine the significance of these three factors.  The type of asphalt binder and the temperature 

are the whole plot factors, and the layer effect is the split plot factor. The statistics software 

MacANOVA was used to perform the analysis. Only the two temperatures common for all three 
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mixtures, -24°C and -30°C, were used in the analysis. The p-values for KIC and Gf are listed in 

Table 2.5. 

Table 2.5. P-values from the analysis for three mixtures at -24°C and -30°C 

Factors Fracture Toughness 
(KIC) 

Fracture Energy 
(Gf) 

Temperature (T) 0.33685 0.00329 
Binder (B) 0.067032 0.001568 

B.T 0.51362 0.072562 
Layer(L) 0.71053 0.11934 

T.L 0.31478 0.4032 
B.L 0.73018 0.016804 

B.T.L 0.93612 0.33834 
 

The factors corresponding to the p-values in the shadowed cells were significant. For the 

fracture toughness, the only significant factor is the type of asphalt binder; the main effect of 

temperature and the interaction between the temperature and the binder are not significant. This 

observation is different from the observation made in a previous study in which laboratory 

prepared specimens using the original loose mixtures from the same three cells were used; in that 

case none of the main effects of temperature and binder were significant, however, the 

interaction between them was significant (3). 

For the fracture energy, both the temperature effect and the binder effect are significant, 

similar with the results obtained in the previous study.  In addition, the interaction (B.L) between 

the layer effect and the binder effect is significant, which was not observed in the laboratory 

compacted specimens. This effect may result from the compaction in different lifts of the asphalt 

layer during construction or the potential material gradient introduced by the aging effect.  Most 

likely, however, this is due to the increased variation in the field samples properties.  The 

interaction (B.T) between the binder effect and the temperature effect is also marginally 

significant.  

To better understand the main effects of binder, temperature, and layer and the interaction 

effects between them, interaction plots were used. The means of both fracture parameters were 

plotted against two factors in each of interaction plots, as shown in Figures 2.7 and 2.8. The 

values of the means are showed in both figures. 
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Figure 2.7. Fracture Energy versus Temperature by Binder 
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Figure 2.8. Fracture Toughness versus Temperature by Binder 

 

In Figure 2.7, the three curves corresponding to the change in fracture energy with 

temperature of three asphalt mixtures are approximately parallel.  This indicates the significant 

effect of the asphalt binder. Within the tested temperature range, the fracture energy increases as 

the temperature increases. As the temperature increases from -36°C to -30°C, the fracture energy 



 30

for the 58-40 mixture and the 58-34 mixture only shows minimal increase; as the temperature 

further increases to -24°C, both mixtures show significant increase; the 58-34 mixture changes at 

a faster rate than the 58-40 mixture such that the value of the fracture energy of the 58-34 

mixture becomes larger than the 58-40 mixture energy at -24°C.  A similar trend is observed for 

the 58-28 mixture shifted to warmer temperatures.  These observations agree with those made in 

a previous study (4) and can be explained by the asymptotic behavior of asphalt mixtures at 

temperatures around and below the mixture glass transition temperature. As the temperature 

approaches the glass transition temperature, the mixture becomes brittle and less temperature 

dependent and the change in fracture energy levels off.  This can also explain the marginal 

significance of the interaction effect (B.T) in the statistical analysis based on the data at -30°C 

and -24°C. Within this temperature range, the 58-40 mixture and the 58-34 mixture change 

rapidly, while the 58-28 mixture approaches its plateau of the change in properties. The higher 

values of fracture energy for the 58-40 mixture indicate that the use of a “softer” asphalt binder 

leads to an asphalt mixture with higher fracture energy given the same aggregate. 

The change in fracture toughness shown in Figure 2.8 is more complex. The 58-34 

mixture has the largest values of fracture toughness and ranked highest for all three temperatures. 

This is different from the ranking by fracture energy. Both the 58-34 mixture and the 58-28 

mixture show the existence of a peak value; the 58-40 mixture, however, monotonically 

decreases as the temperature increases. In the previous study in which laboratory prepared SCB 

specimens were used the peak fracture toughness values were explained by two opposite actions 

occurring in asphalt mixtures: the strengthening grip from of the asphalt matrix and the micro 

damage due to thermal shrinkage. The temperature at which the peak value of fracture toughness 

is reached was predicted to be around the PG lower limit temperature of asphalt binder (4). This 

prediction seems to hold for the 58-34 mixture and the 58-28 mixture: the peak value of fracture 

toughness is reached around -30°C for the 58-34 mixture, and around -24°C for the 58-28 

mixture. For the 58-40 mixture, the test temperatures used were most likely not low enough to 

detect the peak fracture toughness 

 

Analysis of the Aging Effect 

The results obtained in this study and the results obtained in a previous study on 

laboratory prepared SCB specimens were compared in this section to investigate the significance 
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of the aging effect on the fracture properties of asphalt mixtures.  The field samples were tested 

at -24°C, -30°C, and -36°C for the 58-34 mixture and the 58-40 mixture, and at -18°C, -24°C, 

and -30°C for the 58-28 mixture to match the test temperatures used in the asphalt binder 

investigation. The laboratory prepared specimens were tested at three temperatures: -20°C -30°C, 

and -40°C.   

The interaction plot for fracture energy plots the means of fracture energy against the 

temperature by the type of binder. Figure 2.9 reproduces the results obtained on the laboratory 

prepared specimens. Figure 2.10 contains the results from both studies. 
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Figure 2.9. Interaction Plot of Gf for Laboratory Prepared Specimens 
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Figure 2.10. Interaction Plot of Gf for Both Lab-compacted and Field Specimens 

 

The evolutions of fracture energy of the laboratory prepared specimens and of the field 

samples have considerable similarities. The laboratory specimens and the field samples energy 

curves are almost parallel for all three mixtures.  For all mixtures the field samples have lower 

fracture energy than the laboratory prepared specimen and they were less temperature 

susceptible.  This may be explained by the aging that occurred in the field samples which most 

likely made these materials more brittle than the laboratory specimens.  This comparison clearly 

indicates that the fracture energy of the mixtures diminishes with service life which results in 

less fracture resistance of the mixtures. The highest reduction is observed for the 58-40 mixture 

and the lowest for the 58-28 mixture. 

The interaction plots for fracture toughness are shown in Figure 2.11 and 2.12. Figure 

2.11 reproduces the results obtained for the laboratory prepared specimens.  Figure 2.12 contains 

the results from both studies.   
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Figure 2.11. Interaction Plot of KIc for Lab-compacted Specimens 
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Figure 2.12. Interaction Plot of KIc for Both Lab-compacted and Field Specimens 
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With the exception of the results for the 58-34 mixture at -30°C (0.98 MPa m⋅  for the 

field samples compared to 0.95 MPa m⋅  for the laboratory specimens) the fracture toughness 

of the laboratory specimens is larger than the fracture toughness of the field samples. Both the 

58-34 mixture and the 58-28 mixture show the existence of a peak value of fracture toughness as 

the temperature drops from above the PG limit to below the PG limit. For the 58-40 mixture the 

test temperatures were most likely not low enough to reach the toughness peak value.   

Both the fracture toughness and fracture energy results indicate that the field samples 

have lower fracture resistance than the laboratory specimens. A statistical analysis was 

performed to confirm this observation using the results obtained at -30°C.  Two factors were 

analyzed: the type of asphalt binder (B) with three levels and the effect of degradation in the 

field with two levels (Age).  The field degradation may result from other factors, such as 

accumulation of the traffic loading in addition to aging.  The layer effect was not considered in 

this analysis.  A factorial analysis was performed and the p-values are listed in Table 2.6. The 

small p-values for the aging effect for both fracture parameters show that the laboratory 

specimens are statistically significant different from the field samples in terms of both the 

fracture toughness and the fracture energy.  Note that the p-values for the interaction between the 

binder effect and the aging effect were also small which indicates that under similar conditions 

different asphalt mixtures age differently.  

Table 2.6. P-values for the Field Degradation Analysis 

Factors Fracture Toughness 
(KIC) 

Fracture Energy  
(Gf) 

Aging (Age) 0.0013 0.0137 
Binder (B) 5.6e-06 1.6e-07 

Age.B 0.098 0.054 
 

It should be mentioned that another factor may have contributed to the difference in properties: 

the air void content difference between the field samples and the laboratory compacted 

specimens.  These values are listed in Table 2.7.  The difference in air void content between the 

field and laboratory specimens varies from 1.3% for 58-28 mixture to 2.2% for 58-34 mixture. 

The contribution of the air void content to the fracture resistance of asphalt mixtures needs to be 

examined in future research.  Previous research performed on limited numbers of specimens has 
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indicated a reduction in the fracture resistance of the asphalt mixtures with an increase in air void 

content.   

Table 2.7. Air Voids Contents for Three Mixtures 
Type of 
Mixture 

Specimen 
Conditioning Specimen ID. Air Voids (%) Average 

28-4 4.9 Laboratory 
Specimen 28-5 5.0 

5.0 

33-11 6.4 
58-28 

Field Sample 
33-16 6.3 

6.3 

34-5 3.4 Laboratory 
Specimen 34-6 3.0 

3.2 

34-10 5.7 
58-34 

Field Sample 
34-18 5.0 

5.4 

40-5 4.7 Laboratory 
Specimen 40-6 4.2 

4.5 

35-17 6.1 
58-40 

Field Sample 
35-14 6.7 

6.4 

 
Summary and Conclusions 

 Field samples cored from cells 33, 34, and 35 from the MnROAD facility were tested 

using the SCB test. The fracture toughness and fracture energy were obtained and statistical 

analysis was performed to identify the significance of the following factors: type of asphalt 

binder, temperature, and the aging effect along the depth of the asphalt pavement.  In addition, 

the fracture properties of the field samples were compared to the fracture properties of laboratory 

prepared specimens using loose mix from the same cells collected at the time of construction of 

the cells.   

A number of conclusions were drawn in this task: 

1. The fracture energy of the field samples is significantly affected by the temperature and 

the type of binder used.  

2. The fracture toughness of the field samples is significantly affected by the type of binder 

used. 

3. The evolutions of the fracture toughness and fracture energy with type of binder and 

temperature are similar for the field samples and laboratory specimens. 

4. The field samples and the laboratory specimens are statistically different with respect to 

both the fracture toughness and the fracture energy:  
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• The fracture energy of the field samples is lower than the fracture energy of the 

laboratory specimens.  

• The fracture toughness of the field samples is lower than the fracture energy of the 

laboratory specimens with the exception of the 58-34 mixture at -30°C. 

• Statistical analysis shows that the interaction effect between the asphalt binder and 

the aging effect is significant which indicates that the three asphalt binders used in 

this study age differently. 

 
 



 37

CHAPTER 3 

Asphalt Binder Testing 
Introduction 

One of the factors that significantly affects the performance of asphalt pavements during 

their service life is the aging of the asphalt binder used in the construction of the pavement.  In 

particular, the aging process negatively affects the fracture resistance of the asphalt mixtures 

against low temperature cracking and thermal and traffic induced fatigue cracking.  In spite of 

the considerable advancements made in the past years in understanding the evolution of the 

aging process and in simulating field aging in laboratory conditions for material specification 

purposes, there are a number of critical issues that are still not well understood.  Among them, 

the issue of the pavement depth at which aging effects become less significant and the issue of 

the reasonableness of the laboratory aging methods to simulate field aging, in particular for 

polymer modified binders, are generating a strong debate in the research community. 

 

Objectives 

In the previous task, the fracture properties of asphalt mixtures used in the construction of 

the MnROAD facility were investigated.  Field cores were taken from the cells and 1″ test 

samples were cut and tested using the semi circular bend (SCB) test to determine the fracture 

properties of the field mixtures and to evaluate the effect of aging with depth.  The tested 

samples were then used to extract and recover the binders used in their preparation for further 

investigation.  

This task presents the results of this investigation.  The rheological properties of the 

binders extracted and recovered from the three MnROAD cells are compared with the properties 

of the original binders aged in laboratory conditions, and the effect of the sample location within 

the pavement on the rheological properties of the extracted binders is evaluated. 

 

Materials 

The three binders studied in this paper were obtained from MnRoad cells 33, 34 and 35.  The 

cores were taken from MnROAD approximately 5 years after the construction of the cells.  Three 
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asphalt binders in the mixtures are: PG 58-28 for cell 33, 58-34 for cell 34, and 58-40 for cell 35.  

The design layer thickness was 4" and the layer was paved in two lifts. 

The 150mm diameter samples were cored directly from MnRoad through the full depth 

of the HMA layer.  The cores were cut off the bottom to a final height of around 100mm.  In 

order to investigate the effect of the aging with depth, the cores were cut into three 1" slices from 

top to bottom, and the remaining part was discarded.  The slices were marked with T (Top), M 

(Middle), and B (Bottom), respectively.  After the mixture testing was performed, the asphalt 

binders were extracted from the cores according to MN/DOT Modified AASHTO T164 method 

(5).  This method uses toluene as extraction solvent to prevent any interaction with the polymer 

present in the 58-34 and 58-40 binders, as suggested in SHRP A-370 (6). Several cores were 

combined for each mixture to extract enough binder to perform the binder tests.  Nine binders 

were recovered from the sliced cores as shown in Table 3.1.  It is interesting to note that the field 

samples contained less binder than the 5.8 percent design value; the difference was particularly 

significant for the polymer modified PG 58-40 binder. 

Table 3.1. Recovered Asphalt Binders 

Sample Name Cell Original 
Binder Grade 

Location in 
Core 

Binder 
Content (%) 

33T 33 PG58-28 Top layer 5.78 
33M 33 PG58-28 Middle layer 5.52 
33B 33 PG58-28 Bottom layer 5.65 
34T 34 PG58-34 Top layer 5.76 
34M 34 PG58-34 Middle layer 5.47 
34B 34 PG58-34 Bottom layer 5.13 
35T 35 PG58-40 Top layer 4.84 
35M 35 PG58-40 Middle layer 5.04 
35B 35 PG58-40 Bottom layer 5.06 

 
In addition to the extracted binders, the three original binders used in the construction of 

the three cells were aged in the laboratory using the RTFOT and PAV methods (7, 8).  

 

Experimental Procedure 

The dynamic shear rheometer (DSR) testing was performed on a TA AR 2000 rheometer, 

according to AASHTO T 315 (9).  However, for master curve generation purposes frequency 
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sweeps from 1 to 100 rad/s were performed over a temperature range from 4°C to 76°C.  At 

lower temperatures (4° to 34°C) the tests were performed on 8-mm plates with a 2.0 mm gap.  At 

high temperatures (34° to 76°C) the tests were performed on 25-mm plates with a 1.0 mm gap.   

The bending beam rheometer (BBR) testing was performed on a Cannon thermoelectric 

rheometer, according to AASHTO T 313 (10).  Tests were performed at two temperatures.  For 

the extracted binders testing was performed at higher temperatures than the original PG grade 

called for.  For example, a PG 58-28 binder was tested at -12°C and -18°C instead of -18°C and -

24°C.   

Direct tension (DT) testing was carried out on a Bohlin Direct Tension with Neslab 

chilling system, according to AASHTO T 314-02 (11).  The binders were tested at the same test 

temperatures as the BBR tests.  

In addition, the DT procedure was modified to perform Double Edge Notch Tension 

(DENT) tests based on previous work performed by Gauthier and Anderson (12). The DT molds 

were modified to prepare DENT test specimens according to the geometry shown in Figure 3.1.  

The modified molds also allowed the use of a razor blade to generate 1.5mm pre-cracks on both 

sides of the test specimens.  The strain rate was lowered to 1.8%/min due to the rapid failure 

occurring at the lower temperature.  

3

12

40

100
20

 
Figure 3.1. Double Edge Notched Tension (DENT) specimen dimensions (mm) 

 
Experimental Data Analysis 

The experimental data obtained for the original binders aged in laboratory conditions and 

for the extracted and recovered binders from the filed cores was used to investigate the effect of 

aging on the properties of these binders. The change in properties at high and low service 

temperatures was investigated by calculating limiting temperatures based on the current PG 
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specifications, as well as on the new fracture test previously mentioned. In addition, complex 

modulus and phase angle master curves were generated to investigate the change in behavior 

over a wider range of frequencies and temperatures.     

 

High Temperature 

The DSR data obtained at 10rad/s was used to determine the limiting temperature at 

which |G*|/sinδ (the absolute value of the complex modulus divided by the sin of the phase 

angle) equals 2.2 kPa.  A number of observations can be made based on the results presented in 

Table 3.2.    

Table 3.2. Temperature Values at which |G*|/sin δ = 2.2kPa, °C 

Condition 
Cell 

RTFOT PAV         Extracted 
Top 

Extracted 
Middle 

Extracted 
Bottom 

33 63.4 72.7 75.1 72.6 73.1 

34 63.9 73.4 72.2 70.1 70.0 

35 66.1 76.5 74.0 68.9 68.5 

 

For all three cells, the top layer has higher limiting temperatures than the other two 

layers, which indicates that more aging occurred in this layer. This is in particular true for the PG 

-40 binder for which the differences were as high as 5.5°C.   The differences between the middle 

and the bottom layers were not significant.   

With respect to laboratory versus field aging, the results indicate that for cell 33 the three 

extracted binders were stiffer than the PAV-aged binder.  However, for cells 34 and 35 the 

extracted binders were softer than the PAV-aged binder.  This was more pronounced for cell 35 

binder.  It is not clear if this trend is related to the presence of modifiers in the PG -34 and -40 

binders. 

 

DSR Master Curves 

The frequency sweep data from the DSR testing was used to obtain master curves of the complex 

modulus and phase angle, as shown in Figures 3.2 to 3.7.  For comparison purposes all master 

curves were obtained at a reference temperature of 34ºC.  A commercial computer program was 

used to fit the Christensen-Anderson-Marasteanu (CAM) model to the |G*| test data (13):    
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where  

 |G*(ω)| = absolute value of complex modulus as a function of frequency ω (GPa) 

Gg = glassy modulus  

ωc, v, w = model parameters 

The shift factors were determined simultaneously with the coefficients of the model and were 

also used to generate phase angle master curves.  

 The |G*| master curves shown in Figures 3.2 to 3.4 indicate that binders extracted from 

cells 33 and 34 have approximately the same stiffness as the PAV-aged binder, and that was very 

little difference between the three layers cut from the cores. However, for cell 35 the top layer 

was significantly stiffer than the middle and bottom layers and the recovered binders were all 

stiffer than the PAV-aged binder.  In addition, the master curves had different slopes, indicating 

different temperature susceptibilities between field and laboratory-aged binders. 

 The most significant differences between field and laboratory-aged binders are noticed in 

the phase angle master curves shown in Figures 3.5 to 3.7.  For the unmodified binder in cell 33, 

the differences were minimal.  However, for the modified binders in cells 34 and 35 the plateau 

seen in the PAV-aged binders disappears for the recovered binders.  This seems to indicate that 

the polymer effect is not present in the recovered binders; it is not clear if this is a result of the 

extraction process or of the field aging mechanism.  For this two binders the top layer had 

noticeable lower phase angle values than the middle and bottom layers, possibly indicating 

higher aging of the binder in the top layer.  
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Figure 3.2. Complex modulus master curve – Cell 33, Tref = 34°C 
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Figure 3.3. Complex modulus master curve – Cell 34, Tref = 34°C 
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Figure 3.4. Complex modulus master curve – Cell 35, Tref = 34°C 
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Figure 3.5. Phase angle master curve – Cell 33, Tref = 34°C 
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Figure 3.6. Phase angle master curve – Cell 34, Tref = 34°C 
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Figure 3.7. Phase angle master curve – Cell 35, Tref = 34°C 
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Low Temperature 

 The BBR, DTT and DENT data was used to determine various limiting temperatures that 

can be used to investigate the low temperature behavior of the binders at low temperatures. The 

results are shown in Table 3.3. Note that the table includes several critical temperatures based on 

variations from the current MP1a specification (14).  The second to last column contains the 

critical temperature values determined using the BBR data only based on a method proposed by 

Shenoy (15).  The critical temperature represents the intersection of the asymptote to the thermal 

stress curve at -40°C with the horizontal temperature axis.  The last column contains the critical 

temperatures obtained by intersecting the binder thermal stress without any adjustment (the 

pavement constant PC = 1) and the strength master curve obtained from the DENT data.  This 

approach was used as a consequence of the observation that the strength values for the pre-

cracked DENT specimens were 3 to 5 times lower than the strength values measured using the 

current DTT procedure. 

Table 3.3. Critical Low Temperature Values from Different Failure Criteria, °C 

BBR DTT Tcr (PC=18) Tcr (PC=1) 

Binder S(60s)= 
300MPa 

m(60s)= 
0.300 

εfailure= 
1% 

BBR 
and 
DTT 

BBR 
BBR 
and 

DENT 
Cell-33-T -28.7 -25.8 -31.5 -29.7 -30.5 < - 40 
Cell-33-M -29.1 -26.1 -29.3 -25.9 -30.7 -33.9 
Cell-33-B -28.3 -25.8 -31.6 -30.6 -30.7 -35.5 
33PAV -30.9 -29.8 -26.2 -28.2 -31.8 -34.1 

Cell-34-T -33.4 -30.7 -41.1 -37.4 -31.8 < -40 
Cell-34-M -32.9 -30.8 -41.2 -36.4 -32.0 -34.3 
Cell-34-B -32.5 -29.4 -39.4 -33.8 -31.7 -37.2 
34PAV -35.1 -35.5 -34.7 -35.3 -32.1 < -40 

Cell-35-T -41.0 -28.6   -32.0  
Cell-35-M -42.3 -29.4 -44.9 < -40 -31.5 < -40 
Cell-35-B -43.0 -31.6 -45.7 < - 40 -30.1 < -40 
35PAV -45.8 -43.8 -48.0 < -40 -33.1 < -40 

 

The stiffness and m-value limiting temperatures for all three cells were lower for the 

PAV aged binders than the recovered binders, which may indicate more aging in the field 

binders. For stiffness, the differences are relatively small with the exception of the PG -40 binder 

for which the difference was as high as 4.8°C.  The differences between the different layers 



 46

binders were not very significant, with the exception of the PG -40 binder for which the 

differences were as high as 2°C between the top and the bottom layer.  However, the most 

significant change is observed in the m-value limiting temperatures of the recovered binders 

compared to the PAV values. For the PG -40 binder the change was as high as 15.2°C, which 

clearly indicates a significant change in the relaxation properties of the recovered binder 

compared to the laboratory aged binder in spite of the less significant change in stiffness. 

The DTT limiting temperatures based on the failure strain criterion were noticeably 

higher for the PAV-aged binders compared to the recovered one, with the exception of the PG -

40 binder for which the opposite was observed.  The DTT limiting temperatures were relatively 

similar to the BBR stiffness limiting temperatures for the PG -28 and -40.  The DDT values were 

significantly lower (almost 8°C) compared to the BBR values for the PG -34 binder.   

The Tcr values obtained using the current MP1a method were relatively similar to the 

BBR stiffness limiting temperatures, with the exception of the PG -34 binder for which the 

temperatures were  significantly lower, as observed for the DTT values.  The Tcr values obtained 

only from the BBR data matched relatively well the BBR stiffness limiting temperatures, with 

the exception of the PG -40 binder for which the values were almost 10°C higher than the BBR 

temperatures.  It is interesting to note that the Tcr calculated from the BBR creep data and the 

DENT strength data matched reasonably well in some cases the BBR and DTT limiting 

temperatures without the use of the binder–mixture conversion factor, the so called pavement 

constant. 

In addition to the limiting temperatures comparison, a direct comparison of the BBR 

stiffness curves for the three extracted binders and the PAV-aged binder was performed for each 

cell, as shown in Figures 3.8 to 3.10. The comparison confirms the trend observed in the limiting 

temperature analysis that for all three cells the extracted binders were always stiffer than the 

PAV-aged binders.  The figures also show the significant reduction in the slope of the stiffness 

curves for the recovered binders compared to the PAV-aged binder.  With respect to the different 

layers the differences in stiffness are relatively small and follow the expected trend of a stiffer 

top layer compared to the middle and bottom layers only for the PG -40 binder.  
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Figure 3.8. BBR stiffness comparisons, Cell 33 
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Figure 3.9. BBR stiffness comparisons, Cell 34 
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Figure 3.10. BBR stiffness comparisons, Cell 35 

 

Fracture Toughness 

The data obtained using the DENT testing procedure described previously was used to calculate 

the fracture toughness KIC based on the following equation (16): 
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where 

            P - peak load 

B - specimen thickness (equal to 6mm) 

W - half width of the specimen (equal to 6mm) 

a – notch width (equal to 3mm) 

A comparison of the fracture toughness values for the PAV-aged and the recovered 

binders is shown in Figure 3.11 to 3.13.  Figure 3.11 indicates that for cell 33 there are no 
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significant differences between the binders recovered from the different layers and between the 

recovered binders and the PAV-aged binder.   

 

0

10

20

30

40

50

60

70

80

33T      33M      33B       33PAV
Binder

Fr
ac

tu
re

 to
ug

ne
ss

, K
P

a.
m

^0
.5

-12°C
-18°C
-24°C

 
Figure 3.11. Fracture Toughness for Cell 33 Binders 

Figure 3.12 clearly indicates that for cell 34 the PAV-aged binder has a higher toughness than 

the recovered binders at -24°C. No clear trend is observed for the change in toughness with layer 

location.   
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Figure 3.12. Fracture Toughness for Cell 34 Binders 
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Figure 3.13 shows that for cell 35 the PAV-aged binder also has a higher KIC value than the 

recovered binders; however, the top layer has a lower KIC value than the middle layer, which in 

turn is lower than the bottom layer value, which may indicate higher aging effects in the top 

layer.  It is important to note that the KIC values at -24°C for the top layer of cell 34 and cell 35 

are very similar, which indicates similar fracture resistance in spite of the different grade of the 

original binders. 
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Figure 3.13. Fracture Toughness for Cell 35 Binders 

 

Summary and Conclusions 

The properties of three binders recovered from cores taken out of MnRoad cells 33, 34 

and 35 were analyzed in this task.  In addition to the recovered binders, the laboratory-aged 

original binders used in the construction of the three cells were also investigated.  In order to 

investigate the effect of the aging with depth, the cores were cut into three 1" slices from top to 

bottom, and the remaining part was discarded.   

The experimental data was used to investigate the effect of aging on the properties of 

these binders by calculating limiting temperatures based on the current PG specifications, as well 

as on a new fracture test. In addition, complex modulus and phase angle master curves were 

generated to investigate the change in behavior over a wider range of frequencies and 

temperatures.     
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The high temperature DSR data showed that for all three cells the top layer had higher 

limiting temperatures than the other two layers, in particular for the PG -40 binder for which the 

difference top to bottom was as high as 5.5°C.   The differences between the middle and the 

bottom layers were not significant.  With respect to laboratory versus field aging, the results 

indicate that for cell 33 the three extracted binders were stiffer than the PAV-aged binder.  

However, for cells 34 and 35 the extracted binders were softer than the PAV-aged binder.  This 

was more pronounced for cell 35 binder.  It is not clear if this trend is related to the presence of 

polymer modifiers in the PG -34 and -40 binders.  

The |G*| master curves confirm the trends observed in the limiting temperature analysis. 

However, significant differences between field and laboratory-aged binders are noticed in the 

phase angle master curves.  For the unmodified binder in cell 33, the differences were minimal.  

For the modified binders in cells 34 and 35 the plateau seen in the PAV-aged binders disappears 

for the recovered binders, which show significantly higher phase angles in the low frequency 

(high temperature) region.  It is not clear if this is a consequence of the degradation of the 

polymer network due to aging or due to the recovery and extraction process. 

At low temperatures, the stiffness and m-value limiting temperatures for all three cells 

were lower for the PAV-aged binders than the recovered binders, which may indicate more aging 

in the field binders.  The most significant change, 15.2°C, is observed in the m-value limiting 

temperatures for the PG -40 binder which clearly indicates a substantial change in the relaxation 

properties of the recovered binder compared to the laboratory aged binder in spite of the less 

significant change in stiffness.  The Tcr calculated from the BBR creep data and the DENT 

strength data matched reasonably well in some cases the BBR and DTT limiting temperatures 

without the use of the binder – mixture conversion factor, the so called pavement constant, which 

indicates that a revision of the PC concept may be necessary. The comparison of the stiffness 

curves confirms the trend observed in the limiting temperature analysis that for all three cells the 

extracted binders were always stiffer than the PAV-aged binders.  The figures also show the 

significant reduction in the slope of the stiffness curves for the recovered binders compared to 

the PAV-aged binder, confirming the difference in the m-value limiting temperatures. 

The fracture toughness experiments found no significant differences between the binders 

recovered from the different layers and between the recovered binders and the PAV-aged binder 

for cell 33.  However, for cell 34 and 35 the PAV-aged binder had a higher toughness than the 
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recovered binders at -24°C. For cell 35 the top layer had a lower KIC value than the middle layer, 

which in turn is lower than the bottom layer value, which may indicate higher aging effects in the 

top layer.  It was also noted that the KIC values at -24°C for the top layer of cell 34 and cell 35 

are very similar, which indicates similar fracture resistance in spite of the different grade of the 

original binders. 

The analyses performed in this research indicate that there are differences in the 

properties of binders recovered from various locations within the thickness of a pavement.  For 

most situations the top layer seemed to age more than the other layers.  The difference in 

properties between the laboratory-aged and the recovered binders were significant for the 

polymer modified binders used in cells 34 and 35, in particular for the PG-40 binder.   
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CHAPTER 4 

Data Analysis 
Objectives 

In the previous two chapters the fracture properties of the asphalt binders and asphalt 

mixtures from the three MnROAD cells were determined.  In this chapter correlations between 

the binder and mixture fracture toughness and between the fracture properties and the cells field 

performance are investigated.  

 
Fracture Toughness Investigation 

Fracture tests were performed on the extracted asphalt binders and on the field asphalt 

mixtures using the DENT and the SCB test procedures, respectively. In addition, DENT tests 

were also performed on the PAV-aged original binders used in the construction of the three cells. 

A summary of the fracture toughness results is shown in Table 4.1.  For comparison purposes, 

the values are also plotted in Figures 4.1 to 4.6.  

 
Table 4.1. Toughness values for asphalt binders and mixtures 

Binder Mixture 
Source T1 

(ºC) 
KIC 

(KPa.m0.5) 
T2 

(ºC) 
KIC 

(KPa.m0.5) 
T1 

(ºC) 
KIC 

(KPa.m0.5) 
T2 

(ºC) 
KIC 

(KPa.m0.5) 
T3 

(ºC) 
KIC 

(KPa.m0.5) 

33-T 48 67 740 820 780 

33-M 63 63 770 910 810 

33-B 

-12 

70 

-18 

69 

-18 

770 

-24 

780 

-30 

820 

34-T 85 88 880 950 900 

34-M 123 88 900 970 930 

34-B 

-18 

91 

-24 

68 

-24 

900 

-30 

1020 

-36 

960 

35-T 76 100 800 820 830 

35-M 105 120 800 850 970 

35-B 

-24 

113 

-28 

140 

-24 

740 

-30 

860 

-36 

960 

33PAV -18 67 -24 54 

34PAV -24 133 -28 132 

35PAV -28 168   
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Figure 4.1 indicates that for cell 33 there are no significant differences between the 

binders recovered from the different layers and the PAV-aged binder at -18°C. However, the 

fracture toughness increases from top to bottom at -12°C.  
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Figure 4.1. Fracture toughness - cell 33 asphalt binders 

 
Figure 4.2 shows there are no significant difference between the three locations for the 

mixtures from cell 33.  Very small variation in the fracture toughness with temperature is also 

noticed for this cell.   

0

500

1000

1500

33T      33M      33B      
Mixture

Fr
ac

tu
re

 to
ug

hn
es

s
 k

P
a.

m
^0

.5

-18°C
-24°C
-30°C

 
Figure 4.2. Fracture toughness - cell 33 asphalt mixtures 
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Figure 4.3 indicates that for cell 34 the PAV-aged binder has a higher toughness than the 

recovered binders at -24°C. There is no obvious trend with layers for the toughness of binders 

extracted from cell 34.  The binders from the middle and the bottom layers appear to have higher 

toughness than the top layer at -18ºC.  However, the bottom layer has the smallest toughness at -

24ºC, while the top layer and middle layer have similar toughness values.  
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Figure 4.3. Fracture toughness - cell 34 asphalt binders  

The toughness data for the mixtures from cell 34 plotted in figure 4.4 shows a clear trend with 

layer location. At -30ºC and -36ºC the toughness increases with layer depth.  The top layer shows 

the smallest toughness at -18ºC, while the middle and bottom layers have very similar values. 

0

500

1000

1500

34T     34M       34B      
Mixture

Fr
ac

tu
re

 to
ug

hn
es

s
 k

P
a.

m
^0

.5

-24°C
-30°C
-36°C

 
Figure 4.4. Fracture toughness - cell 34 asphalt mixtures  
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The data in figure 4.5 indicates that for cell 35 the PAV-aged binder also has a higher KIC 

than the recovered binders. There is a clear trend for the binder toughness for cell 35: the 

toughness increases with the layer depth from top to bottom for both test temperatures. This may 

indicate higher aging effects in the top layer and the evolution of aging with pavement depth.  
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Figure 4.5. Fracture toughness - cell 35 asphalt binders 

Figure 4.6 indicates that the mixture in the top layer has the smallest toughness at -30ºC 
and -36ºC; the middle and the bottom have very similar values, which may indicate higher aging 
effects in the top layer.  However, the bottom layer has the lowest toughness at -24ºC and the 
other two layers have similar values at this temperature.  
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Figure 4.6. Fracture toughness - cell 35 asphalt mixtures  
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A summary of the data indicates that the fracture toughness of the recovered binders from 

cell 33 does not vary significantly with layer depth at -18ºC; this trend is also observed for the 

mixture toughness data.  A similar trend is observed for the recovered binders from cell 34; 

however, the mixture data from the same cell indicates a clear toughness variation with location, 

with the lowest toughness in the top layer.  The recovered asphalt binders’ data and the mixtures 

data from cell 35 both indicate that the lowest toughness is measured in the top layer, which may 

indicate that more aging occurring at the surface of the pavement.  

The fracture toughness describes the ability of the material to resist cracking.  In this 

research it was found from that the ability of cracking resistance of the asphalt binder and 

mixture depends on the binder grade.  The fracture test on binders resulted in fracture toughness 

values between 60 and 70 KPa.m0.5 for most binders recovered from cell 33, between 80 and 100 

KPa.m0.5 for most binders from cell 34, and between 80 to 120 KPa.m0.5 for most binders from 

cell 35. For the mixtures for most of the samples tested the values ranged as follows: 750 to 800 

KPa.m0.5 for cell 33, 900 to 1000 KPa.m0.5 for cell 34, and 800 to 1000 KPa.m0.5 for cell 35.  

This illustrates that the asphalt binders and mixtures from cell 33 have the lowest toughness 

values compared with the other two cells, in which polymer modified binders were used, that 

indicates that cell 33 is of the lowest cracking resistance.  It is also noted that the toughness 

values at -24°C for the top layer of cell 34 and cell 35 are very similar, which may indicate 

similar fracture resistance in spite of the different grade of the original binders.  Overall the 

fracture toughness values for the mixtures from cells 34 and 35, respectively, are very similar at -

30°C and -36°C, indicating similar cracking resistance for these two materials. 

 

Correlation of Experimental Results to Field Performance 

Field performance data was obtained from the MnROAD research group to develop 

correlations between the experimental data and the field distresses.  The three cells show very 

little low temperature distresses.  The first cracks developed in February 2003.  Except for cell 

33, these cracks do not exhibit a “typical” thermal cracking pattern, which runs perpendicular to 

the centerline of lanes and across the entire width of both lanes.  These cracks are more random 

in nature.  Table 4.2 shows the amount of transverse cracks through May, 2005.  
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Table 4.2. Field Transverse Cracking 

80K Inside Lane 102K Outside Lane 
Cell 

Number of cracks Linear Feet Number of cracks Linear Feet 
33 15 111 5 60 
34 2 8 0 0 
35 95 399 129 542 

 
 

The data indicates that cell 33 (PG 58-28) has 6 full-width transverse cracks in both 

lanes.  No cracks were observed in cell 34 (PG 58-34) in the 102K outside lane and 2 cracks 

were observed in the 80k inside lane.  Many small transverse-like cracks were observed in cell 

35 (PG 58-40).  It is not clear if these cracks are the result of low-temperature stresses or were 

induced by traffic loading. Figures 4.7 to 4.9 show the typical field condition for each cell.  

These results indicate the superior field performance of the PG 58-34 binder, which is consistent 

with the experimental results.   

 

 
Figure 4.7. Field condition for cell 33 

Cell 33 
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Figure 4.8. Field condition for cell 34 

 

 
Figure 4.9. Field condition for cell 35 

 
 

Cell 34 

Cell 35 
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CHAPTER 5 

Conclusions and Recommendations 
Conclusions 

A number of conclusions can be drawn from the research performed in this study.  The 

analysis of the experimental results from the SCB fracture tests performed on the field samples 

cored from cells 33, 34, and 35 indicated that the fracture energy of the field samples is 

significantly affected by the temperature and the type of binder used, while the fracture 

toughness of the field samples is significantly affected only by the type of binder used.  The field 

samples and the laboratory specimens (tested in a previous study) are statistically different with 

respect to both the fracture toughness and the fracture energy; the fracture energy of the field 

samples is lower than the fracture energy of the laboratory specimens and the fracture toughness 

of the field samples is lower than the fracture energy of the laboratory specimens.  However, the 

evolutions of the fracture toughness and fracture energy with type of binder and temperature are 

similar for the field samples and laboratory specimens.  The difference in properties with the 

location within the pavement did not indicate a consistent pattern although in most cases the 

surface seemed to be less crack-resistant (possibly indicating more aging) than the middle and 

the bottom layer. 

The analysis of the experimental data obtained from tests performed on the binders 

recovered from cores taken out of MnRoad cells 33, 34 and 35 and on the laboratory-aged 

original binders used in the construction of the three cells indicated that the properties of the field 

binders are different than the laboratory-aged binders. In particular, significant differences are 

noticed in the phase angle master curves.  It is not clear if this is a consequence of the 

degradation of the polymer network due to aging or due to the recovery and extraction process. 

At low temperatures, the most significant change, 15.2°C, is observed in the m-value limiting 

temperatures for the PG -40 binder, which clearly indicates a substantial change in the relaxation 

properties of the recovered binder compared to the laboratory-aged binder in spite of the less 

significant change in stiffness.  The difference in properties with the location within the 

pavement did not indicate a consistent pattern although in most cases the surface seemed to be 

stiffer (possibly indicating more aging) than the middle and the bottom layer. 



 61

The small number of thermal cracks in the three cells limited the development of 

correlations between the experimental data and the field performance.  The experimental data 

indicates that both the binders and the mixtures used in cells 34 and 35 have superior properties 

compared to cell 33 materials, which is also observed in the field.  

 

Recommendations 

The research performed in this study indicates that the fracture tests performed on asphalt 

binders and asphalt mixtures have the potential to predict the field performance of asphalt 

pavements with respect to thermal cracking.  The binder results confirm the predictions of the 

current performance grading system; however, it appears that the fracture resistance of the PG-34 

asphalt mixture is better than the fracture resistance of the PG-40 mixtures, which is the opposite 

of what the PG system predicts.   

More research is needed to validate the conclusions of this work and to address a number 

of issues that are still unclear: 

• Refine the analysis as more thermal cracking data becomes available.  It is important to 

capture as accurately as possible the time and temperature when the cracks propagate or 

become visible. 

• Extend the analysis to more cells or pavements for which materials are available and 

perform the tests described in this study to create a comprehensive data base.  It is 

important to include similar mixtures prepared with similar PG asphalt binders. 

• Perform a chemical analysis of the extracted binders to further investigate the significant 

differences in phase angle and m-value between the extracted and the laboratory aged 

binders.  

• Improve the specimen preparation method for the fracture toughness test performed on 

asphalt binders.  The mixture fracture toughness values were typically 10 to 12 times 

higher than the binder fracture toughness, which indicate that the binder fracture 

toughness may be a reasonable predictor of mixture toughness.   
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