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Abstract 

Stabilized full-depth reclamation (SFDR) is a pavement rehabilitation method in which 

distressed asphalt is mixed with a stabilizer to form a base for new asphalt.  SFDR has 

been used in Minnesota but there is a lack of guidelines for its design.  This research 

investigates the relationship between SFDR properties and overall pavement 

performance, through which the desirable properties of SFDR materials can be 

determined.   Material tests for creep compliance, Poisson’s ratio, tensile strength, 

dynamic modulus, and fracture energy were performed on SFDR samples from four 

roadways.  The results were used to model the pavements using MEPDG and MnPAVE 

software.  The rutting predictions were compared to the field measurements and 

parametric analysis was conducted to determine the effect of the dynamic modulus on the 

lifetime and reliability of the pavement.  It was found that MEPDG can accurately predict 

rutting while MnPAVE is ideal for parametric and reliability analyses of SFDR 

pavements. 
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1 Introduction 

Stabilized full-depth reclamation (SFDR) is a pavement rehabilitation process in which 

asphalt from an existing road in need of reconstruction is used as a base for a new hot 

mix asphalt (HMA) road.  The distressed asphalt and a portion of the base are ground up 

in place and mixed with water and a stabilizing agent to form the base for the new 

pavement.  The Minnesota Department of Transportation (MnDOT) has constructed 

several roads using SFDR and would like to increase its usage.  However, performance 

requirements for SFDR specific to Minnesota must be determined so that the structural 

capacity of the pavement can be fully attained.   

The objective of the project is to determine the desired material properties for SFDR 

to be used as a base layer for HMA roadways in order to achieve the required 

performance.  The research included both material testing and numerical simulation.  The 

thesis is organized as follows: 

 Chapter 2 covers background information and previous research about SFDR, 

including an investigation of modeling techniques for SFDR previously 

conducted as a part of the MnDOT project.   

 Chapter 3 describes material testing conducted on core samples of SFDR from 

roads MnDOT previously constructed using SFDR.   

 Chapter 4 describes numerical modeling conducted in the Mechanistic-Empirical 

Pavement Design Guide (MEPDG) using properties determined from the material 

testing and compares the simulated rutting depth with the filed measurements. 

 Chapters 5 and 6 describe numerical modeling and parametric studies conducted 

in MnPAVE.   

 Chapter 7 presents conclusions and recommendations. 
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2 Background 

Stabilized full-depth reclamation (SFDR) is an asphalt rehabilitation process in which 

asphalt from a road that is being reconstructed is ground up and mixed with a portion of 

the underlying base material and a stabilizer to form a base for the new asphalt.  It is best 

used for pavement rehabilitation when there are deficiencies in both the asphalt pavement 

and the base.  SFDR is also known as chemically stabilized roadbed, cement treated base 

course, and cement-stabilized reclaimed base [1].  SFDR is also referred to as full-depth 

reclamation (FDR), but FDR more commonly refers to reclamation without stabilization.   

 SFDR has several advantages over traditional pavement rehabilitation methods.  It 

eliminates the need to remove the old asphalt from the site, eliminating the environmental 

and financial costs of transporting and disposing of the material.  In contrast to other 

asphalt recycling techniques which only address deficiencies in the asphalt layer, SFDR 

can also fix problems in the base, reducing or eliminating the amount of new base 

material required and the associated costs.  In addition, a SFDR base reduces the 

necessary depth of the new asphalt.  The reduction in depth reduces the costs associated 

with the asphalt and its transport as well as the amount of fossil-fuels used because 

asphalt is a petroleum-based material.  While there are costs associated with the SFDR 

process, the extra costs are typically outweighed by the savings [2], [3], [4]. 

2.1 Design Process 

SFDR can be stabilized using a number of different stabilizing elements, including 

Portland cement, lime, fly ash, liquid asphalt, asphalt emulsion, and foamed asphalt.  

Stabilization with cementitious materials is considered chemical stabilization, while 

stabilization with asphalt materials is considered bituminous stabilization.  In addition, 

FDR can be mechanically stabilized with additional granular material; however, 

mechanical stabilization is outside the scope of this project.  Multiple materials are often 

used in combination, including a mix of chemical and bituminous stabilizers.  The 

addition of a small amount of cement or lime to a bituminous stabilization improves the 
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strength and enhances the moisture resistance of the mix while maintaining the flexibility 

and viscoelastic properties that bituminous stabilization provides.  The stabilization 

material(s) for a project are selected based on the composition of the existing asphalt and 

base, the desired properties of the new road, and the availability and cost of the materials 

[2]. 

 A new SFDR mix is typically designed for every project because of the variation 

in asphalt and base properties and depths.  In addition to the type(s) of stabilizers 

selected, other design decisions include the dosage(s) of the stabilizer(s), the depth of the 

reclamation (alternatively the ratio of asphalt to base), and the amount of water to add.  

To begin the design process, the designer looks at the historical construction information 

to determine the composition of the pavement structure.  An initial design is selected 

based on previous projects.  Cores of the road are then taken, both to confirm the 

assumed pavement composition and to obtain materials for mix design testing.  The 

asphalt is crushed to simulate the ripping and pulverization process.  Base material is 

added in the correct quantity to reflect the chosen depth of reclamation.  Stabilizing 

material(s) and water are added to achieve the desired proportions and moisture content.  

It is common to test multiple stabilizer application rates and/or moisture contents.  The 

samples are typically allowed to cure for several hours and then compacted to simulate 

the field construction process.  The samples are then left to cure for several days before 

being tested for strength and other properties.  If a sample meets the desired criteria, then 

its formulation can be used for construction [2]. 

2.2 Construction Process 

The SFDR construction process varies based on the existing conditions, the stabilizing 

agents, and the equipment used; however, the process is typically as follows [2]: 

 The asphalt is ripped and pulverized. Depending on the equipment this can take 

place in one or more passes. 

 A specified depth of base material is mixed with the pulverized asphalt. 
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 The stabilizing agent is added.  This can be accomplished by spreading the 

stabilizer over the asphalt-base mixture and then mixing again, or by injecting it 

through the mixer.  If cementitious stabilizers are used, they can be added as 

powder or as slurry.  The use of powdered stabilizers can cause dust clouds.  

Using slurry eliminates the dust cloud but has been shown to result in slightly 

lower strength SFDR [5].  Bituminous stabilizers are always liquid.  Water is also 

added during this process to achieve the desired moisture content. 

 The SFDR mixture is compacted several times. It is important for the mixture to 

be sufficiently compacted in order for the SFDR to reach its full strength and 

stiffness. 

 The SFDR layer is allowed to cure for several days to gain strength.  The curing 

time depends on the type of stabilizers used.  The road can often be opened to 

traffic during this period. 

 The hot-mix asphalt layer is applied. 

The exact process depends on the in-situ conditions and the equipment used.  With a 

modern reclaimer, as shown in Figure 2.1, the ripping and pulverization, mixing, and 

injecting of water and stabilizers can take place in one pass. 

 

Figure 2.1: Cutting drum of SFDR reclaimer [2] 
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2.3 SFDR in Minnesota 

MnDOT has rehabilitated several county roads and state highways in Minnesota using 

SFDR.  Stabilizing materials used include emulsion, foamed asphalt, and cement with 

emulsion.  MnDOT also constructed three cells at the Minnesota Road Research Facility 

(MnROAD) using SFDR in 2008. These cells were used for experimenting with MEPDG 

modeling, which is discussed in section 2.5 of this thesis.   

The MnROAD cells were stabilized with engineered emulsion and fly ash [6].  

Strain gages were placed at the bottom of the asphalt and SFDR layers during 

construction. Rutting was also measured periodically.  The MnROAD cells are on a high-

volume interstate freeway.  The cells were designed for 3.5 million equivalent single-axle 

loads (ESALs) and had already experienced approximately 2.2 million ESALs 

(approximately 60% of the design life) by June 2012.  At that time, no cracking was 

observed other than one crack that propagated from the shoulder to the driving lane.  

Strains were observed under falling weight deflectometer (FWD) tests and truck loading.  

It was observed that the tensile strains at the bottom of the SFDR layers were 

significantly higher than those at the bottom of the HMA layers.  It is believed that the 

SFDR lowered the neutral axes within the HMA layers.  The pavement structures were 

modeled in Bitumen Stress Analysis is Roads (BISAR), a layered elastic pavement 

computer analysis program, with similar results.  In BISAR, the strain was reduced by 50 

% at the bottom of the HMA layer.  The pavement structures were also modeled in 

DARWin-ME using resilient modulus data for the SFDR layer.  The model predictions 

closely matched the measured rutting but over predicted fatigue cracking.  The DARWin-

ME and BISAR programs were consistent in predicting the cell with the highest strain 

and distress [7].   

 A 2012 MnDOT/University of Minnesota study investigated the structural 

capacity of FDR and SFDR bases in seven sections of county roads, with a goal of 

determining the granular equivalency (GE), which is used in the “Minnesota Method” of 

flexible pavement design.  Ground penetrating radar was used to determine the profile of 

each section.  FWD testing was conducted monthly during the spring, summer, and fall 
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for three years to capture season stiffness changes.  In addition, testing was performed 

daily during the first week of thawing each year to measure the weakening of the base 

caused by the thaw.    The Young’s modulus for each base and in each season was 

calculated from the FWD data using the FWD analysis program EVERCALC.  A 

MnROAD cell with Class 5 base was also analyzed for comparison because GE is 

calibrated so that Class 5 aggregate has GE=1.0.  GE values for the FDR and SFDR 

sections were computed by dividing the Young’s modulus by the Young’s modulus of the 

Class 5 base from the MnROAD cell.   While not all results were consistent, the SFDR 

sections generally had higher moduli than the non-stabilized FDR sections and were less 

sensitive to spring thaws.  The GE values for the SFDR sections were also typically 

higher than those of the FDR sections.  The Hogg Model was also used to calculate the 

GE from the FWD data.  Again, the GE values for the SFDR sections were generally 

found to be higher, but the individual results were not completely consistent with the 

EVERCALC analysis.  Overall, the study estimated that the average GE of SFDR is 1.5.  

It also found that most of the SFDR materials showed improved seasonal stiffness 

compared to typical unbound base materials [4]. 

2.4 Examples of SFDR in Other States 

SFDR has been used more extensively in other states.  In 2004, the Georgia Department 

of Transportation used cement-stabilized reclaimed base (CSRB), a type of SFDR, on a 

portion of a rural country road that required rehabilitation due to increased traffic loading.  

Both the CSRB section and the rest of the road were paved with a 38 millimeter overlay 

of asphalt. FWD tests were performed before and after the reconstruction.  It was found 

that the deflections after construction were smaller than before construction for both the 

overlay section and the CSRB section, but the CSRB section had significantly lower 

deflections.  A second set of FWD testing was performed approximately nine months 

later.  It was found that the CSRB section still performed significantly better.  The 

unconfined compressive strength (UCS) of the CSRB material was measured from cores 

taken after construction and nine months later.  It was seen that the UCS of the CSRB 
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increased by approximately 25% over that time period.  A visual inspection at the time of 

the follow-up testing found 1/16
 
inch rutting in some locations.  However, based on the 

location, some of the apparent rutting was believed to have been caused by the asphalt 

spreader rather than actual rutting.  In addition, cracking was found in three areas.  It was 

believed that the cracking was caused by shrinkage cracks in the CSRB caused by 

excessive cement.   The current condition of the CSRB pavement in not known.  GDOT 

found that the cost of the CSRB section of the pavement was approximately 42% less 

than the estimated cost of a full reconstruction [1].   

 Nevada has used SFDR since 1985.  As of 2006, the state had over 900 centerline 

miles of SFDR pavement and the Nevada Department of Transportation (NDOT) 

estimated that it had saved approximately 300 million dollars over twenty years by using 

SFDR in place of traditional full pavement reconstruction methods.  As of 2006, NDOT 

also had 96% of its roads rated “good” ride quality by the Highway Performance 

Monitoring System, which is more than any other state.  The high rating is attributed to 

the cost savings from SFDR and cold in-place recycling (CIR), which together have 

saved Nevada over 600 million dollars in rehabilitation costs and allowed the state to fix 

more of its roads.  NDOT uses SFDR when the cause of the pavement distress is 

structural (below the asphalt layer) and CIR when the cause of the pavement distress is 

functional (in the asphalt layer).  Through experience, NDOT determined that the 

optimum cement content for most Nevada roads is 1.5% to 2%.  It does not perform 

laboratory tests for each SFDR project.  Because Nevada has been using SFDR for so 

long compared to Minnesota or Georgia, the long term behavior of its SFDR projects can 

be better assessed.  Generally, projects under ten years old are performing well.   Most 

projects between ten and fifteen years old are also performing well but some have 

transverse or fatigue cracking, which is reflected through the SFDR layer.  The projects 

that are over fifteen years old have reflective cracking or have already been rehabilitated 

[8].   
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2.5 Technique for Modeling SFDR in MEPDG 

Modeling technique for SFDR using the Mechanistic-Empirical Pavement Design Guide 

(MEPDG) software was investigated as a previous component of the MnDOT project.  

MEPDG was developed for the National Cooperative Highway Research Program and 

the Transportation Research Board for use in modeling new and rehabilitated asphalt and 

concrete pavement. Inputs include detailed pavement structure information, temperature 

data and traffic loading.  Outputs include rutting, cracking, and International Roughness 

Index (IRI).   

 Pavement sections from the MnROAD facility were used for simulations.  

MnROAD has over fifty test cells constructed with varying combinations of pavement 

materials, including several constructed using SFDR which were described in section 2.3 

of this report.  Cells 2, 3 and 4 were used for this investigation.  All three cells were 

constructed in 2008.  Each cell is an approximately 500 foot length of westbound 

Interstate 94 near Albertville, Minnesota, 40 miles northwest of the Twin Cities.  Cross-

sections of the pavement structures for each cell (based on design thicknesses) are shown 

in Figure 2.2.  In all three cells the SFDR layer was stabilized with engineered emulsion 

[6].  Detailed structural and traffic data from the MnROAD database along with 

additional information from MnDOT was used to complete the MEPDG models.  

Complete input information is given in Appendix A. 

 

Figure 2.2: Cross-sections of pavement structures for MnROAD test cells [9] 
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 There are three possible methods for modeling SFDR in MEPDG – as a bound 

asphalt layer, a stabilized base layer, and as an unbound granular layer.  Velasquez et al. 

[10] previously showed that modeling SFDR as a stabilized base layer in MEPDG is not 

effective so only each cell was only simulated twice – first with the SFDR modeled as a 

bound asphalt layer and then with the SFDR modeled as an unbound granular layer.  

MEPDG has three levels of inputs for most properties, with level three being the most 

general and level one the most detailed.  The asphalt layers were modeled using level one 

while the granular layers were modeled using level three due to the higher levels 

requiring information that MnDOT did not collect.    

The models (two for each cell) were analyzed using the traffic data from 

MnROAD and climate data from MEDPG’s database.  MnROAD is approximately 

equidistant between the Twin Cities and St. Cloud, Minnesota, but some of the climate 

data was missing for St. Cloud weather station so the data from the MSP weather station 

was used.  The same traffic inputs were used for all models because the three cells are 

located on adjacent sections of the same freeway.   

Predicted rutting for each model was compared to the rutting measurements of the 

MnROAD cells.  Rutting was chosen for comparison because no cracking was observed 

in the three cells at MnROAD.  In every case the MEPDG models over-predicted rutting 

compared to the measured values.  However, the models where the SFDR was modeled 

as a bound asphalt layer performed significantly better than those where SFDR was 

modeled as an unbound granular layer overall.  The MEPDG rutting predictions are 

plotted against the measured rutting for each cell in Figure 2.3, Figure 2.4, and Figure 

2.5.  The values of total rutting for the most recent measurement, May 7, 2013, were also 

compared numerically as shown in Table 2.1.  For that date, the closest prediction was for 

cell 4, where the bound asphalt model over predicted rutting by 8.78%.  The bound 

asphalt models for the other cells over-predicted rutting by as much as 101% while the 

over-predictions for the unbound granular models ranged from 80.5% to 227%.  

Therefore, it was concluded that treating the SFDR as a bound asphalt layer was the 

preferred method for modeling SFDR in MEPDG. 
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Figure 2.3: Total rutting comparison for MnROAD cell 2 

 

Figure 2.4: Total rutting comparison for MnROAD cell 3 
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Figure 2.5: Total rutting comparison for MnROAD cell 4 

Table 2.1: Comparison between MEPDG models and measured total rutting 

Cell 2 

Model Type Measured Rutting 

(in.) 

MEPDG Rutting 

(in.) 

% Error 

Bound Asphalt 0.1971 0.3960 101 % 

Unbound Granular 0.1971 0.5400 174 % 

 

Cell 3 

Model Type Measured Rutting 

(in.) 

MEPDG Rutting 

(in.) 

% Error 

Bound Asphalt 0.1837 0.3600 96.0 % 

Unbound Granular 0.1837 0.6010 227 % 

 

Cell 4 

Model Type Measured Rutting 

(in.) 

MEPDG Rutting 

(in.) 

% Error 

Bound Asphalt 0.2620 0.2850 8.78 % 
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The binder complex shear modulus (|𝐺∗|) is a required input for modeling bound 

asphalt layers in MEPDG.  Since many SFDR pavements use a stabilizer that is different 

from a typical binder, |𝐺∗| values are often unavailable.  This would make it difficult to 

model SFDR as a bound asphalt material in MEPDG.  To assess the magnitude of the 

issue, a sensitivity analysis of |𝐺∗| was performed to determine its importance on 

MEPDG rutting predictions.  The value of |𝐺∗| for the SFDR layer was varied from 0.1 

to 500 times the value provided by MnDOT while all other inputs were kept constant.  

The MEPDG results for total rutting twenty years after construction were compared, 

shown in Figure 2.6.  Total rutting only varied by 0.047, a 10.5 % difference, between 

0.1|𝐺∗| and 500|𝐺∗|.  Therefore it was concluded that |𝐺∗| plays only a small role in the 

MEPDG simulations and the dynamic modulus, |𝐸∗|, has a greater affect. 

 

Figure 2.6: Sensitivity analysis of the binder complex shear modulus |G
*
| 
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3 Material Testing 

Asphalt material tests were performed on SFDR samples provided by MnDOT to 

determine material properties for use in the later MEPDG and MnPAVE simulations.  

Indirect tensile (IDT), dynamic modulus, and semi-circular bending (SCB) tests were 

performed at the University of Minnesota to determine creep compliance, tensile 

strength, Poisson’s ratio, dynamic modulus and fracture energy.  In addition, disc-shaped 

compact tension (DCT) tests were performed by MnDOT as a second measure of fracture 

energy.  Some difficulties were encountered during testing due to SFDR being 

significantly weaker than the traditional asphalt for which the tests were designed.  

3.1 Specimen Preparation 

Cores were taken by MnDOT from sections of state highway that had been constructed 

using different types of SFDR in 2010.  Engineered emulsion, foamed asphalt with 

cement, and CSS-1 with cement were used as stabilizing agents.  Engineered emulsion, 

foamed asphalt, and CSS-1 are all asphalt binder products.   

Approximately twenty specimens were cored from each site.  The quality of cores 

varied greatly between sites and some sites did not have an adequate number of samples 

in good enough condition to test.  It was determined that a total of four sites from two 

highways (shown in Table 3.1) could be tested.  Eight to nine specimens from each of the 

sites were collected for testing at the University of Minnesota.  Other specimens were 

tested by the MnDOT Materials Office.  The specimen labels assigned by MnDOT are 

used throughout the paper.  The number refers to the highway where the core was taken 

(Trunk Highway 55 or 65).  The first letter refers to the stabilizing agent used in the 

SFDR (C=CSS-1 with cement, E=engineered emulsion, F=foamed asphalt with cement).  

The second letter designates the individual specimen. 
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 All of the specimens are from north-central Minnesota.  The Trunk Highway (TH) 

55 sites are near Kensington, Minnesota.  The TH 65 sites are near Mora, Minnesota.  

Both highways are classified as rural arterial roads.   

 Cores were approximately 150 millimeters in diameter and consisted of one layer 

of hot mix asphalt and two layers of SFDR.  Some of the cores only had one layer of 

SFDR intact.  Only the layer of SFDR closest to the asphalt was used in testing.  Each 

specimen used in testing was approximately 50 millimeters thick.   

Table 3.1: Specimens used for testing 

Site SFDR Type 
Specimen 

Label 

Number of 

Specimens Tested 
Core Location 

TH 55 CSS-1 with Cement TH55-C 9 
0.2 miles west of 

RP 49 

TH 55 
Foamed Asphalt with 

Cement 
TH55-F 8 

0.6 miles west of 

RP 51 

TH 65 CSS-1 with Cement TH65-C 9 
0.2 miles north of 

RP 71 

TH 65 Engineered Emulsion TH65-E 9 
0.2 miles north of 

RP 76 

3.2 IDT Creep Test 

Creep compliance is a measure of time-dependent strain divided by the applied stress.  

Creep compliance was determined using the IDT test in accordance with AASHTO 

T322-03 [11].  Specimens were tested in a temperature-controlled indirect tensile test 

system under a constant diametrical compression, as shown in Figure 3.1.  Testing took 

place in an environmental chamber at -18° C. 



 

 15 

 

Figure 3.1: SFDR specimen in IDT creep test set-up 

Three specimens were tested for each site.  Trimmed means for each site were 

used for analysis as recommended by AASHTO T322.  In the cases of TH55-C and 

TH65-C, only two tests were able to be performed successfully so the data from the two 

tests was averaged.  Average creep compliances for each site are shown in Table 3.2.   

Results for individual specimens are shown in Appendix B.  The engineered emulsion 

specimens (TH65-E) had the lowest creep compliance followed by the CSS-1 with 

cement specimens (TH55-C and TH65-C).  The foamed asphalt with cement specimens 

(TH55-F) had the highest creep compliance.  

Table 3.2: Creep compliance (GPa
-1

) 

Time of Loading (s) TH55-C TH55-F TH65-C TH65-E 

1 0.3585 0.4825 0.2107 0.1095 

2 0.3871 0.5563 0.2360 0.1396 

5 0.4095 0.6290 0.2505 0.1531 

10 0.4244 0.6764 0.2667 0.1590 

20 0.4282 0.7348 0.2839 0.1690 

50 0.4580 0.8691 0.3011 0.1761 

100 0.5116 0.9727 0.3364 0.1684 
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Poisson’s ratios were also calculated from the IDT creep test.  The average Poisson’s 

ratios calculated using trims means are listed in Table 3.3.  Individual specimen results 

are listed in Appendix B.  The results show the same trend as the creep compliance 

results with the engineered emulsion having the lowest Poisson’s ratio and the foamed 

asphalt with cement having the highest. 

Table 3.3: Poisson’s ratio calculated from IDT creep test 

Time of Loading (s) TH55-C TH55-F TH65-C TH65-E 

1 0.359 0.441 0.203 0.145 

2 0.378 0.347 0.193 0.110 

5 0.376 0.362 0.191 0.134 

10 0.378 0.365 0.205 0.137 

20 0.330 0.370 0.224 0.146 

50 0.337 0.442 0.226 0.141 

100 0.420 0.464 0.299 0.092 

3.3 IDT Strength Test 

Tensile strength was measured following the AASHTO T322 procedure for fatigue 

cracking with the same specimens used for the IDT creep tests.  Specimens were loaded 

in displacement control using the same apparatus used for the IDT creep tests.  Tests 

were conducted at -18° C.  The maximum load was used to calculate the strength of each 

specimen using the formula from AASHTO T322.  The average strength for each site is 

shown in Table 3.4.  The tensile strengths for each individual specimen are shown in 

Appendix B. 
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Table 3.4: Tensile strength 

Site Tensile Strength 

55-C 0.320 MPa 

55-F 0.195 MPa 

65-C 0.355 MPa 

65-E 0.961 MPa 

It is seen that the tensile strength has negative correlation with creep compliance and 

Poisson’s ratio.  The engineered emulsion specimens had the highest tensile strength, 

approximately three times the tensile strength of the CSS-1 with cement specimens are 

almost five times the tensile strength of the foamed asphalt with concrete specimens. 

3.4 Dynamic Modulus 

Dynamic modulus (|E
*
|) is a time-dependent measure of the maximum stress related to 

the maximum strain for viscoelastic materials.  It is analogous to Young’s modulus for 

elastic materials.  The AASHTO standard test for dynamic modulus uses sinusoidal 

loading in axial compression. [12].   However, the AASHTO method requires specimens 

approximately 150 mm thick, but specimens obtained from the coring were only 

approximately 50 mm tall so it would not be possible to perform dynamic modulus 

testing using the standard procedure.  Instead, testing was performed in IDT mode 

following a method developed by Kim et al. [13]. 
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Figure 3.2: Dynamic modulus test in IDT mode [13] 

 Each specimen was loaded sinusoidally at three temperatures (-10° C, +10° C and 

+35° C) and at eight frequencies ranging from 25 Hz to 0.01 Hz.  This selection of 

temperatures and frequencies was suggested by Kim et al. [13] as an alternative to the 

temperatures and frequencies recommended by the MEPDG guide [14] because it 

reduces the specimen cooling time and allows for one entire dynamic modulus test to be 

able to be performed in one standard working day. 

 The dynamic modulus was computed following Kim et al. [13] based on linear 

viscoelasticity for biaxial stress.  For viscoelastic materials loaded sinusoidally in steady 

state, horizontal strain can be written using Hooke’s law as: 

 
𝜖𝑥 =

1

𝐸∗
(𝜎𝑥 − 𝜐𝜎𝑦) 

(3-1) 

 

where E
*
 is the complex modulus.  The complex modulus can be written in polar form as: 

 𝐸∗ = |𝐸∗|𝑒𝑖𝜙 (3-2) 

where |E
*
| is the dynamic modulus and ϕ is the phase angle representing the lag between 

the load and the displacement.  The stresses along the x-axis can be written as: 
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𝜎𝑥(𝑥) =

2𝑃

𝜋𝑎𝑑
[𝑓(𝑥) − 𝑔(𝑥)] (3-3) 

 
𝜎𝑦(𝑥) = −

2𝑃

𝜋𝑎𝑑
[𝑓(𝑥) + 𝑔(𝑥)] (3-4) 

 
𝑓(𝑥) =

(1 − 𝑥2 𝑅2⁄ ) sin 2𝛼

1 + 2(𝑥2 𝑅2⁄ ) cos 2𝛼 + 𝑥4 𝑅4⁄
 (3-5) 

 
𝑔(𝑥) = tan−1 [

1 − 𝑥2 𝑅2⁄

1 + 𝑥2 𝑅2⁄
tan 𝛼] (3-6) 

where P is the applied load, a is the loading strip width, d is the thickness of the 

specimen, R is the radius of the specimen, α is the radial angle of loading and x is the 

horizontal distance from the specimen. The dimensions are shown on a sketch of a 

specimen in Figure 3.2. 

 Using Equations 3-1 through 3-6 and writing P in polar form (with amplitude P0 

and angular frequency ω), the strain in the x direction can be written as: 

 𝜖𝑥(𝑥, 𝑡) =
2𝑃0

|𝐸∗|𝜋𝑎𝑑
𝑒𝑖(𝜔𝑡−𝜙)[(1 + 𝜈)𝑓(𝑥) + (𝜈 − 1)𝑔(𝑥)] (3-7) 

Integrating the strain over the gage length gives the horizontal displacement: 

 𝑈(𝑡) = ∫ 𝜖𝑥(𝑥, 𝑡)𝑑𝑥 =
𝑙

−𝑙

2𝑃0

|𝐸∗|𝜋𝑎𝑑
𝑒𝑖(𝜔𝑡−𝜙)[(1 + 𝜈)𝐹 + (𝜈 − 1)𝐺] (3-8) 

where l is half of the horizontal gage length and  

 𝐹 = ∫ 𝑓(𝑥)𝑑𝑥
𝑙

−𝑙

 (3-9) 

 𝐺 = ∫ 𝑔(𝑥)𝑑𝑥
𝑙

−𝑙

 (3-10) 

Solving Equation 3-8 for |E
*
| and extracting the complex portion of the response gives the 

dynamic modulus: 

 |𝐸∗| =
2𝑃0 sin(𝜔𝑡 − 𝜙)

𝜋𝑎𝑑𝑈(𝑡)
[(1 + 𝜈)𝐹 + (𝜈 − 1)𝐺] (3-11) 

The dynamic modulus for the vertical direction can be derived similarly resulting in 
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 |𝐸∗| =
2𝑃0 sin(𝜔𝑡 − 𝜙)

𝜋𝑎𝑑𝑉(𝑡)
[(𝜈 − 1)𝑁 − (1 + 𝜈)𝑀] (3-12) 

Where V(t) is vertical displacement and 

 𝑀 = ∫
(1 − 𝑦2/𝑅2) sin 2𝛼

1 + 2 (
𝑦2

𝑅2) 𝑐𝑜𝑠2𝛼 + 𝑦4/𝑅4

𝑑𝑦
𝑙

−𝑙

 (3-13) 

 𝑁 = ∫ tan−1 [
1 + 𝑦2/𝑅2

1 − 𝑦2/𝑅2
tan 𝛼] 𝑑𝑦

𝑙

−𝑙

 (3-14) 

The horizontal and vertical displacements can be written as sine functions: 

 𝑈(𝑡) = 𝑈0 sin(𝜔𝑡 − 𝜙) (3-15) 

 𝑉(𝑡) = 𝑉0 sin(𝜔𝑡 − 𝜙) (3-16) 

Then the Poisson’s ratio ν can be found by equating Equations 3-11 and 3-12, solving for 

ν, substituting in Equations 3-15 and 3-16 and simplifying: 

 𝑣 =
𝛽1𝑈0 − 𝛾1𝑉0

−𝛽2𝑈0 + 𝛾2𝑉0
 (3-17) 

where  

 β1 = -N − M (3-18) 

 β2 = N − M (3-19) 

  γ1 = F – G (3-20) 

 γ2 = F + G (3-21) 

Finally, the dynamic modulus can be found by combining Equations 3-11 and 3-12 and 

simplifying using Equations 3-13 through 3-21: 

 |𝐸∗| = 2
𝑃0

𝜋𝑎𝑑
×

𝛽1𝛾2 − 𝛽2𝛾1

𝛾2𝑉0 − 𝛽2𝑈0
 (3-22) 
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The dynamic modulus |𝐸∗| was computed for each of the 24 temperature and frequency 

combinations for each specimen using Equation 3-22.  P0, U0, and V0 were taken as half of 

the distance between the smallest and largest values for the last five cycles of loading.  

U0, and V0 were averaged over the two sides of the specimen.  The dynamic modulus 

values for each specimen at each temperature and frequency are shown in Appendix C.  

Note that some values are missing because some of the tests were not able to be 

completed at the highest temperatures and frequencies due to the gages falling off. 

The dynamic modulus data for each specimen was fit to a master curve using 

Witczak’s sigmoid, as described by Rowe et al. [15].  Master curves were created at a 

reference temperature of +10° C by fitting the data to Equation 3-23: 

 
log|𝐸∗| = 𝛿 +

𝛼 − 𝛿

1 + 𝑒𝛽+𝛾(𝑙𝑜𝑔𝜔+log (𝑎(𝑇)))
 

(3-23) 

where ω is the frequency of the load, a(T) is the parameter for the temperature shift, and 

δ, α, β and γ are fitting parameters. 

Dynamic modulus master curves are traditionally plotted against the reduced 

frequency, which is calculated as follows using the same frequency and temperature shift 

parameters: 

 𝑅𝑒𝑑𝑢𝑐𝑒𝑑 𝐹𝑟𝑒𝑞𝑢𝑒𝑛𝑐𝑦 =  10log 𝜔+log 𝑎(𝑇) (3-24) 
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Figure 3.3: Dynamic modulus master curve for the TH55-C specimens 

 

Figure 3.4: Dynamic modulus master curve for the TH55-F specimens 
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Figure 3.5: Dynamic modulus master curve for the TH65-C specimens 

 

Figure 3.6: Dynamic modulus master curve for the TH65-E specimens 

Figure 3.3 through Figure 3.6 show that the TH65-E specimens had the highest 

dynamic moduli and the most cohesive master curves.  Some of the test results for the 

other specimens were inconsistent, which created difficulties in fitting the master curves. 
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3.5 Semi-Circular Bending Test 

Semi-circular bending (SCB) tests were conducted to determine fracture energy.  Fracture 

energy can be used to predict low temperature cracking, which is the main distress 

mechanism for asphalt pavement in cold climates such as Minnesota [16].  Testing was 

performed according to the AASHTO Standard Method of Test for Determining the 

Fracture Energy of Asphalt Mixtures Using the Semi Circular Bend Geometry [17].  

Specimens were cut in half into semicircles.  Both halves of each specimen were tested 

when possible.  Specimen labels (1) and (2) refer to the two semicircular specimens cut 

from one original cylindrical specimen.  A vertical crack was cut in each semicircular 

specimen.  Specimens were instrumented to monitor the crack opening during vertical 

loading (Figure 3.7).   

 

Figure 3.7: SCB test set-up 

As with the IDT and dynamic modulus tests, the MTS servo-hydraulic testing 

system with an environmental chamber was used for SCB testing.  Testing took place at  

-18° C.  The SCB samples were supported symmetrically by two fixed rollers with a span 

of 120 mm.  A vertically mounted Epsilon extensometer was used to measure load line 

displacement (LLD) during loading. The gage had a 38 mm gage length with a ±1 mm 

range and had one end mounted to the frame and the other mounted to a button glued on 



 

 25 

the sample.  An Epsilon clip gage attached to the bottom of the specimen was used to 

measure crack mouth opening displacement (CMOD).   The clip gage had a 10 mm gage 

length and a +2.5 and -1 mm range.  Loading was controlled by constant change in 

CMOD.  Plots of the crack opening versus the load are shown in Figure 3.8 through 

Figure 3.11.  Results from some of the tests are missing specimens because the glue 

holding the buttons failed so gages became disconnected from the specimens. 

 

Figure 3.8: SCB load versus load line displacement for TH55-C 
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Figure 3.9: SCB load versus load line displacement for TH55-F 

 

Figure 3.10: SCB load versus load line displacement for TH65-C 
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Figure 3.11: SCB load versus load line displacement for TH65-E 

The AASHTO standard for the SCB test calculates fracture energy Gf as the work 

of fracture divided by ligament area: 

 
𝐺𝑓 =

𝑊𝑓

𝐴𝑙𝑖𝑔
=

∫ 𝑃 𝑑𝑢

(𝑟 − 𝑎)𝑡
 (3-25) 

where Wf is the work of fracture, calculated as the area under the load-LLD curve (Figure 

3.8 through Figure 3.11) and Alig is the ligament area, calculated as the distance between 

the tip of the pre-cut crack and the bottom of the specimen, multiplied by the thickness of 

the specimen.  This method is based on the RILEM TC 50-FMC specification for 

concrete [17].   

 The difficulty in using the AASHTO procedure, however, is that a full load-load 

line displacement curve is required to compute the work of fracture.  Most of the SFDR 

SCB tests did not exhibit much post-peak behavior due the weakness of the SFDR 

material and limits on CMOD set to protect the gages.  The AASTHO standard does offer 

a method for extrapolating the tail of the curve, but it still relies on post-peak more 
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behavior than was recorded for most of the tests.  Therefore, fracture energy could not be 

computed using the work of fracture method. 

 Instead, the fracture energy of the SFDR specimens was calculated using fracture 

toughness.  Fracture toughness KIC can be calculated as the first mode stress intensity 

factor at the critical load P: 

 
𝐾𝐼𝐶 =

𝑃

2𝑟𝑡
√𝜋𝑎 {4.782 + 1.219 (

𝑎

𝑟
) + 0.63𝑒7.045(

𝑎
𝑟

)} (3-26) 

where 

 P = critical load = maximum applied load recorded during testing 

r = radius of specimen 

 t = thickness of specimen 

 a = notch depth  

Equation 3-26 is based on linear elastic fracture mechanics (LEFM) and plane stress 

analysis.  It assumes that the material is homogeneous and behaves linear elastically 

outside the crack area [16].   The SFDR material can be considered homogenous because 

the inhomogeneities are small compared to the size of the specimen. 

 From fracture toughness, fracture energy can be calculated using Irwin’s 

relationship: 

 
𝐺𝑓 =

𝐾1𝑐
2

𝐸
 (3-27) 

where KIC is the fracture toughness and E is the elastic modulus.  The elastic modulus of 

each SFDR specimen was determined from the initial slopes of its load-load line 

deflection curve.  To determine the elastic modulus, a SCB test was simulated using an 

elastic finite element model with an elastic modulus of 1 N/m
2
.  The model, shown in 

Figure 3.12, was found to have a stiffness S0 = 0.11 N/m.  
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Figure 3.12: Elastic analysis simulation of SCB specimen 

The actual elastic modulus of each specimen was calculated from 

 
𝐸 = 𝑆 𝑆0⁄ × 10−9 (GPa) (3-28) 

where S is the slope of the first part of the load-load line deflection curve for the 

specimen.  The fracture energies were then calculated using Equation 3-27.  The values 

calculated for E, KIC, and Gf are listed in Table 3.5. 
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Table 3.5: SCB fracture energy values 

Specimen S (KN/mm) E (GPa) KIC (GPa√mm) Gf  (J/m
2
) 

55-CA(1) 3.519 0.0320 0.00229 164.6 

55-CA(2) 7.895 0.0718 0.00158 34.8 

55-FI(1) 3.75 0.0341 0.00219 141.2 

55-FI(2) 8 0.0727 0.00200 55.2 

65-CG 6 0.0545 0.00253 117.3 

65-CI(1) 6 0.0545 0.00211 81.6 

65-C1(2) 4.429 0.0403 0.00360 322.1 

65-EF(1) 9.6 0.0873 0.00723 599.8 

65-EF(2) 14 0.1273 0.00546 234.2 

65-EL(1) 7.5 0.0682 0.00236 81.5 

65-EL(2) 10.36 0.0942 0.00325 112.4 

Table 3.5 shows a large range of fracture energy values within each site.  This variation 

comes from variation in both the fracture toughness KIC (caused by the variation in the 

peak load) and the in the elastic modulus E (caused by variation in the initial slope).  The 

large range of values combined with the small number of samples make the results 

unreliable.  However, the average fracture energy value for each site, shown in Table 3.6, 

do show that the fracture energies of the TH55-C and TH55-F specimens were 

substantially lower than the fracture energies of the TH65-C and TH65-E specimens.  In 

addition, the fracture energy of the TH65-E specimens is significantly higher than the 

fracture energy of the TH65-C specimens.  These trends are consistent with the results of 

the other material tests. 
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Table 3.6: Average SCB fracture energy results 

Site 
Average Gf 

(J/m
2
) 

TH55-C 99.7 

TH55-F 98.2 

TH65-C 173.7 

TH65-E 257.0 

3.6 Disc-Shaped Compact Tension Tests 

Disc-shaped compact tension (DCT) tests were conducted at the MnDOT Maplewood 

Testing Laboratory.  Specimens were prepared according to the MnDOT sample 

preparation procedure [18].  Two one-inch holes and a notch were cut and drilled into 

each specimen, as shown in Figure 3.13.  The TH55-C and TH55-F specimens broke 

during the preparation process and were not able to be tested.  The remaining specimens 

were dried with a fan for two days to remove water that could otherwise freeze and cause 

micro-cracks to form when the specimens were cooled for testing. 

 

Figure 3.13: DCT specimen preparation [19] 

Testing was performed according to the MnDOT modified testing procedure using the 

MnDOT DCT testing device, shown in Figure 3.14.  Testing took place at -18° C.  The 

device loads the specimen in tension through the two holes drilled with the template.  

Loading was CMOD controlled, as measured by a clip gage.  The fracture energy is again 
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calculated with Equation 3-25, where fracture energy is fracture work over fracture area.  

Fracture area is the ligament length (L in Figure 3.13) multiplied by the thickness of the 

sample.  Fracture energies for the four TH65-C and TH65-E specimens that were 

successfully tested are shown in Table 3.7.   

 

Figure 3.14: DCT test set-up [19] 

Table 3.7: DCT Fracture Energy Values 

Specimen Fracture Energy (J/m
2
) 

TH65-CR 14.58 

TH65-EA 46.63 

TH65-EE 62.29 

TH65-EP 86.7 

Table 3.8 compares fracture energy values from the SCB and DCT tests.  The 

values are averaged over each specimen tested for each site.  The SCB fracture energy 

values are several times larger than the DCT values.  This is due to differences in the 

testing and calculation methods.  While the temperature was the same for both tests, the 

rates of loading differed.  In addition, the SCB fracture toughness method of calculation 

required the Young’s modulus, which was an inexact calculation estimated from the 
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initial slope of loading.  Also, the SCB fracture toughness calculation was independent of 

post-peak behavior while the DCT calculation was dependent on the post-peak behavior.  

Nonetheless, the results from both tests show that the TH65-E specimens have a higher 

fracture energy compared to the TH65-C specimens.   

Table 3.8: Fracture Energy Comparison 

Site SCB Gf (J/m
2
) DCT Gf (J/m

2
) 

65-C 173.67 14.58 

65-E 256.98 65.21 

3.7 Summary 

Creep compliance, Poisson’s ratio, and tensile strength were determined for each of the 

four sites using indirect tension (IDT) testing.  It was shown that dynamic modulus could 

be measured using IDT test set-up with a simple elastic stress analysis.  This is essential 

for SFDR since the cores usually do not have enough depth for traditional axial dynamic 

modulus tests.  The proposed dynamic modulus tests appeared to be successful for the 

TH65-E specimens, but the results are questionable for the TH55-C, TH65-C and TH55-

F specimens based on the observed large variation in values.  The fracture energies of the 

four SFDR materials were measured by the SCB tests.  Large variation is also present in 

the fracture energies, which is mainly due to the fact that the tests were unable to reach 

the tail part of the load-deflection curves.  Fracture energy for the TH 65 specimens was 

also measured by DCT tests with results significantly lower than those from SCB.  For 

future SFDR testing, it may be advantageous to modify the load values and rates in the 

test procedures to account for the relative weakness of SFDR compared to the regular 

HMA asphalt for which the tests were designed.  Despite the difficulties with some of the 

tests, it is evident that the engineered emulsion SFDR specimens (TH65-E) performed 

best overall, with the lowest creep compliance and Poisson’s ratio, the highest tensile 

strength, the highest dynamic modulus and the highest fracture energy.  Empirically, the 

TH65-E specimens also appeared to be the strongest and most cohesive and had the least 

amount of failures during testing.    
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4 Numerical Simulations Using MEPDG 

Following material testing, the pavement structures were modeled in MEPDG.  The 

material properties determined experimentally as described in Chapter 3 and information 

from MnDOT design documents were used to complete the model.  The SFDR layer was 

treated as a bound asphalt layer as recommended by the previous research described in 

section 2.5.   

 Modeling was attempted for all four highway sites.  However, only the TH 55 

CSS-1 with cement site (TH55-C) was successfully simulated due to problems with the 

material property data and the MEPDG software.  The dynamic modulus tests on the TH 

55 foamed asphalt with cement (TH55-F) were incomplete due to the material specimens 

failing during the tests at 35° C.  Without sufficient dynamic modulus results, TH55-F 

could not be modeled.  Modeling was attempted for TH 65 CSS-1 with cement (TH65-C) 

and TH 65 engineering emulsion (TH65-E) but MEPDG was unable to complete the 

simulations.  The exact cause of the simulation failure is unknown but the problem was 

isolated to the dynamic modulus inputs.   

4.1 Modeling Methodology 

The TH 55-C pavement was modeled in MEPDG using the same methodology used in 

the previous investigation of modeling SFDR in MEPDG, treating SFDR as bound 

asphalt.  In MEPDG, the level of detail can be selected for most parameters, where level 

one is the most detailed input and level three is the least detailed.  Level one was used for 

the SFDR and for other parameters where sufficient data was available.  Levels two and 

three were used for parameters lacking more detailed information. 

 The MnDOT design memo did not specify a construction date for the section of 

highway where the TH 55-C cores were taken.  However, the letting date for the project 

was listed as October 2009 in the design memo so it was assumed that the construction 

took place in the summer of 2010.  June 2010 was selected for the date of construction 

and traffic opening. 
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 Traffic data was input using level three.  For the TH55-C simulations, an AADTT 

(average annual daily truck traffic) of 90 and a linear growth rate of 1.1% were used, as 

specified in the MnDOT design memo for the project.  The default MEPDG values were 

used for monthly adjustment factors, hourly distribution factors and vehicle class 

distribution.  The speed limit was not specified in the MnDOT design memo so 55 miles 

per hour, the typical speed limit for Minnesota state highways [20], was used. 

4.2 Pavement Structure 

Pavement structure information was taken from the MnDOT design memo.  The structure 

for the TH55-C core was modeled with five inches of asphalt, eight inches of SFDR and 

a six inch base above the subgrade, as shown in Figure 4.1. 

5”  PG 58-34 Asphalt 

8” SFDR 

6” Base 

Subgrade 

Figure 4.1: TH55-C pavement structure 

The SFDR layer was modeled as a flexible pavement (asphalt) with level one input 

parameters using the material properties from the experimental testing in Chapter 3.  All 

of the other materials were modeled using level three with the default inputs for each 

material type because of the lack of detailed information from MnDOT. 

The asphalt was modeled as a single 5” layer of PG 58-34 asphalt.  The design memo 

states that three lifts of asphalt were placed for a total of 5”.  The asphalt cement test 

report states that the asphalt used met the requirements of PG 58-34.   

Data from the dynamic modulus testing was used for the SFDR layer.  The data 

required manipulation to fit MEPDG’s input format.  This manipulation is discussed in 

section 4.3.  Level one inputs also require asphalt binder test data.  Binder tests were not 

performed during the material testing so the binder data from the previous SFDR 

MEPDG investigation was used.  This data is shown in Table 4.1.  This binder data was 
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for engineered emulsion; however, the sensitivity analysis performed in the previous 

investigation showed that the rutting results were not sensitive to the binder test data.  In 

addition, a sensitivity analysis specific to the TH55-C data was performed which also 

showed that the shear modulus did not affect the rutting results.  This analysis is 

described in section 4.5.  A Poisson’s ratio of 0.35 was used for the simulation rather than 

the 0.42 experimental value from the creep compliance test (at 100 seconds) because 0.42 

was believed to be too high.  An additional simulation using a Poisson’s ratio of 0.42 was 

conducted for sensitivity analysis.  Results for that simulation are in section 4.5. 

Table 4.1: Binder test data used for modeling TH55-C 

Temperature (°F) G* (Pa) Phase Angle (°) 

104 4473 84.4 

114.8 2398 85.8 

125.6 1073 87.3 

 The base was modeled as a 6” layer of A-1-a.  The design memo describes the 

base as sand and gravel.  AASHTO soil classification A-1-a is described as granular 

material consisting of mainly stone fragments, gravel and sand [21].  The subgrade was 

modeled as an infinite layer of A-4, described in the AASHTO soil classification system 

as silty soil [21].  The design memo describes the subgrade as silt loam (SiL) with a R-

value of 27.6.  The MnDOT Pavement Design Manual states that SiL soil corresponds to 

the A-4 AASHTO soil classification [22]. 

 Thermal cracking information was input using level two because levels one and 

three both require creep compliance test data at multiple temperatures, while level two 

only requires test data at a single temperature.  For level two, MEPDG requires creep 

compliance data at 14° F (-10° C).   The creep compliance data entered is shown in Table 

4.2.  The creep compliance testing was conducted at -18° C; however, it is believed that 

the temperature difference would have little impact on the results.  MEPDG also requires 

tensile strength for thermal cracking analysis.  The average tensile strength was taken 

from the IDT tensile strength test as 46.4 psi. 
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Table 4.2: Creep compliance data inputs 

Loading Time 

(sec) 

Creep Compliance 

(1/psi) 

1 0.359 

2 0.378 

5 0.376 

10 0.378 

20 0.33 

50 0.337 

100 0.42 

4.3 Dynamic Modulus Data Temperature Shifting 

The dynamic modulus tests were performed at three temperatures (-10° C, +10° C, and 

+35° C) and eight frequencies ranging from 25 Hz to 0.01 Hz as suggested by Kim, et al. 

[13].  This procedure was developed to save time over the AASHTO procedure [12], 

which requires specimens to be tested at five temperatures and six frequencies.  However, 

MEPDG dynamic modulus input is based on the AASHTO procedure and requires values 

at a minimum of four different temperatures, including between 125° F and 135° F (52° 

C and 57° C) and between 60° F and 90° F (15° C and 32° C).  This presented a problem 

because MEPDG would not run with the required information.  To solve the problem, the 

data was shifted to the appropriate temperatures and frequencies using the principle of 

time-temperature superposition. 

 To shift the dynamic modulus data, a similar method was used as was used in 

section 3.4 to create master curves.  First, the dynamic modulus values for each 

temperature and frequency were averaged over the three TH55-C specimens.  Then, using 

the optimization solver in Microsoft Excel, the values were fit to Equation 4-1 [14], [15]. 

 
log|𝐸∗| = 𝛿 +

(𝑚 − 𝛿)

1 + 𝑒𝛽+𝛾(𝑙𝑜𝑔𝑡𝑟)
  (4-1) 

where  
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log(tr) = log(𝜔𝑟) – log(a(T))    

𝜔𝑟 = testing frequency 

tr = time of loading at reference temperature 

a(T) = shift factor to new frequency 

m, 𝛿, 𝛽, 𝛾 = fitting parameters 

The fitted |E
*
| values were plotted against the base ten logarithm of the time of 

loading at the reference temperature, log(tr), to form the master curve at +10° C.  The 

log(a(T)) values obtained from the curve fitting form a linear relationship when plotted 

against temperature, as shown in Figure 4.2.  The three data points fit the trend line with 

an R-squared value of 0.947.  This relationship was used to find the shift factor log(a(T)) 

at the other desired temperatures.  This factor was then used in Equation 4-1 to find the 

|E
*|

 values at the new temperatures.  Finally, |E
*
|
 
was converted from MPa to psi for use 

in MEPDG.  The |E
*
| values used in the MEPDG simulations are shown below in Table 

4.3 

 

Figure 4.2: Temperature shift factor log(a(T)) plotted against temperature 
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Table 4.3: TH55-C dynamic modulus MEPDG inputs (psi) 

Temp (°F) 

\Frequency 

(Hz) 25 10 5 1 0.5 0.1 0.05 0.01 

14 485001 470027 459019 434480 424335 401717 392366 371515 

95 251650 244080 238511 226086 220945 209471 204723 194126 

68 326524 316597 309296 293013 286277 271252 265037 251170 

131 195815 189986 185698 176125 172163 163317 159655 151478 

 

4.4 MEPDG Results and Comparison to Measured Rutting 

The MEPDG simulation for TH55-C with inputs described in sections 4.1 through 4.3 

predicted that the maximum total rutting at three years would be 0.141 inches.  In 2013 

(approximately three years after construction) MnDOT measured the total rutting as 0.07 

inches, approximately half of the value predicted by MEPDG.  However, a 2009 MnDOT 

report [10] found that MEPDG typically over predicts total rutting.  The report suggests 

subtracting the subgrade and base rutting for the first month from the total predicted 

rutting.  Following this procedure, the total predicted rutting at three years would be 

0.0864, 23.3% higher than the measured rutting.  The difference between the predicted 

and measured rutting could be attributed to the properties of SFDR exhibiting spatial 

variability and only one rutting measurement taken (or recorded) for a one mile long 

section of highway.  In addition, the MEPDG analysis was based on the design depths for 

each layer, which may differ from the as-built dimensions.  Given the possible causes of 

variation, the MEPDG result can be considered to be a reasonably acceptable rutting 

prediction. 

4.5 Sensitivity Analysis in MEDPG 

Additional MEPDG simulations were performed by changing one input parameter at a 

time in order to examine the sensitivity of changing certain variables.  These changes 

included doubling the |G
*
| values for the SFDR binder test data, using a Poisson’s ratio of 
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0.42 (the actual value measured in Section 3.2), and using 1936, the original construction 

year of the road, for the base and subgrade construction date.  In addition, a simulation 

was run using the default values provided by MnDOT for the unknown parameters, 

which differ slightly from the MEPDG default values.  The results of these simulations 

are shown in Table 4.4 along with the results of the original simulation for comparison.  

Rutting values are shown from 2.5 years to 3.5 years because the exact months of 

construction and inspection are unknown.  The initial base and subgrade rutting has been 

subtracted, as described in Section 4.4.   

Table 4.4: Total rutting (inches) 

Year 
Base 

Case 

Double 

|G*| 
ν=0.42 

1936 Base 

Construction 

MnDOT 

Defaults 

2.5 0.0813 0.0813 0.0809 0.0795 0.0813 

2.58 0.0813 0.0813 0.0811 0.0805 0.0813 

2.67 0.0813 0.0813 0.0812 0.0805 0.0813 

2.75 0.0813 0.0813 0.0812 0.0805 0.0813 

2.83 0.0833 0.0833 0.0825 0.0815 0.0833 

2.92 0.0843 0.0843 0.0841 0.0835 0.0843 

3 0.0863 0.0863 0.0859 0.0845 0.0863 

3.08 0.0883 0.0883 0.0875 0.0865 0.0883 

3.17 0.0903 0.0903 0.0895 0.0885 0.0903 

3.25 0.0913 0.0913 0.0911 0.0895 0.0913 

3.33 0.0923 0.0923 0.0919 0.0905 0.0923 

3.42 0.0923 0.0923 0.0923 0.0905 0.0923 

3.5 0.0933 0.0933 0.0927 0.0905 0.0933 

 

The results of each analysis are compared to the base case analysis and the 

measured rutting in Table 4.5.  It is seen that doubling |G
*
| showed no change in rutting, 

which aligns with the conclusion from the previous research (presented in section 2.5) 
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that the binder test data does not affect the rutting prediction.  Using the higher Poisson’s 

ratio and using MnDOT’s default parameter values both lowered the predicted rutting 

very slightly, bringing the predicted values closer to the measured value.  The simulation 

using 1936 base construction also predicted less rutting than the base case but more 

rutting than was measured.  Overall, there was a 0.46% difference between the ν=0.42 

simulation and the base case, a 2.11% difference between the 1936 base construction 

simulation and the base case, and no difference between the double |G
*
| simulation or the 

MnDOT default parameters simulation and the base case.  The small differences show 

that the first MEPDG simulation, considered the base case, used appropriate methods for 

modeling the SFDR for this project. 

Table 4.5: Comparison between predicted and measured rutting at 3 years for TH55-C 

 

Rutting 

(in) 

% Error 

Compared to 

Measured 

% Difference 

Compared to 

MEPDG Base 

Case 

Measured Rutting 0.07 - - 

MEPDG Base Case 0.0863 23.29 - 

Double |G
*
| 0.0863 23.29 0 

ν=0.42 0.0859 22.71 -0.46 

1936 Base 

Construction 
0.0845 20.71 -2.11 

MnDOT Defaults 0.0863 23.29 0 

 

4.6 Limitations of MEDPG 

Several difficulties were encountered in attempting to perform simulations using 

MEPDG.  When certain values were input, the MEPDG program would complete the 

traffic, climate, and thermal cracking steps of the analysis, but would stop running before 

starting the AC (asphalt concrete) analysis step.  This behavior was consistent for 

multiple attempts with the same parameters.  While the TH55-C simulations were 
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successful, simulations for TH65-C and TH65-E were not able to complete the analysis.  

Parameters were individually changed from the values for TH55-C to the values for 

TH65-E to find the cause of the problem.  The issue was isolated to the dynamic modulus 

values.  It is believed that dynamic modulus values that are outside of a certain 

(unknown) range cause MEPDG to hang-up and be unable to complete the asphalt 

analysis, causing the program to stop responding.  Due to this issue, simulations for 

TH65-C and TH65-E were not able to be performed. 

 In addition to the issues regarding the dynamic modulus values, the value of 

MPEDG is limited in that the program requires thirty to forty-five minutes to run a single 

successful simulation.  This cost makes conducting a parametric analysis using MEPDG 

impractical for the limited period of this project or for design.  Therefore, other options 

were explored for the parametric analysis step of the study. 

4.7 Summary 

Attempts were made to numerically model the four SFDR projects using the MEPDG 

software.  It was observed that MEPDG could yield a reasonable prediction of rutting 

performance of SFDR in cases where the simulations were successful.  However, the 

investigation also indicated that MEPDG seems to have an undisclosed limited range of 

acceptable dynamic modulus input values, beyond which the simulation ceases.  

Difficulties were encountered with two of the three SFDR sites with sufficient dynamic 

modulus data and only TH55-C was successfully simulated.  Therefore, even though 

MEPDG can generate a complete time evolution of rutting performance when it 

successfully completes its analysis, it is not guaranteed that it could be used for every 

SFDR project.  In addition, it was noted that MEPDG requires a considerable amount of 

computational time, which could be prohibitive for extensive parametric studies for 

determining the relationship between mechanical properties of SFDR materials and their 

long-term rutting performance.  
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5 Numerical Simulations in MnPAVE 

Due to the limitations of MEDPG described in section 4.6, MnPAVE was chosen as an 

alternative modeling program.  MnPAVE is an asphalt pavement analysis program 

developed by MnDOT and specific to Minnesota.  It is similar to MEPDG in that it also 

uses mechanics and empirical relationships, but it is a simpler program.  MnPAVE runs 

significantly faster than MEPDG, generating immediate results for design life and 

requiring less than a minute to perform a single Monte Carlo reliability simulation in 

comparison to 30 to 45 minutes for one MEPDG simulation.  For this research MnPAVE 

version 6.3 was utilized in research mode. 

5.1 Design Inputs 

MnPAVE has the following four input categories: project, climate, traffic and structure. 

5.1.1 Project 

The project information section requires the county and MnDOT district of the project.  

The county is used as the location for the weather data unless a more specific location is 

specified in the climate section. 

 The project information section also contains fields for the project number, route, 

city, reference post, letting date, construction type, designer, soils engineer, and notes.  

However, these fields are optional and for informational purposes only; they do not affect 

the analysis results. 

5.1.2 Climate 

The climate section shows a map of the state of Minnesota with the counties outlined and 

the MnDOT districts divided by color.  The mark on the map defaults to the center of the 

county specified in the project information section.  However, the user can change the 

location of the analysis either by selecting a different location on the map or by entering 

latitude and longitude coordinates. 
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 MnPAVE analyzes climate using five seasons: fall (standard), winter (frozen), 

early spring (base thaw), late spring (soil thaw), and summer (high temperature).  This is 

in contrast to MEPDG, which uses hourly climate information.  The difference in the 

detail of the temperature data is one of the ways that MnPAVE saves efficiency 

compared to MEPDG.  Based on the selected location, MnPAVE displays the number of 

days or weeks in each of the five seasons and the average pavement temperature for that 

season.  There is also an option for the user to input this data manually. 

5.1.3 Traffic 

MnPAVE has two options for entering traffic loading – ESAL (equivalent single axle 

load) and load spectrum.  In the load spectrum option, MnPAVE converts the traffic to 

ESALs during the analysis which significantly increases the computation time so the 

ESAL option used directly.  For ESAL mode, MnPAVE gives the option to enter lifetime 

or first year ESALs in millions along with the design period length and the annual growth 

rate (simple or compounded).  From this information it calculates either the lifetime or 

first year ESALs (whichever was not entered).  The pavement functional type – interstate, 

major arterial, minor arterial, collector/local, or other – is also required.  In addition, the 

traffic section has input fields for tire and axle information. 

5.1.4 Structure 

MnPAVE allows the user to input up to five layers, with the last layer being infinite.  

There is a SFDR option for the second layer, which was used for this research.  The user 

can either select a subtype for each layer or input material properties directly.  The user 

can also select the confidence level desired for the design. 

5.2 MnPAVE Outputs 

MnPAVE outputs pavement design life for fatigue and rutting.  Rutting design life is 

based on a half inch limit.  MnPAVE limits the design life calculation to a maximum of 

50 years.  MnPAVE also has an option to run Monte Carlo simulations for fatigue and 

rutting reliability.  The reliability level is defined as the probability that the pavement will 
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survive (have less than a half inch of rutting) over the design life.  Only the rutting results 

were studied.  The user is able to select the number of Monte Carlo cycles.  Two 

thousand five hundred cycles, the MnPAVE default, were used for all simulations in this 

project.  There are also several other output options such as thickness goal seek and quick 

reliability that were not used for this research. 

5.3 Modeling of TH55-C in MnPAVE 

The TH55-C pavement structure was modeled in MnPAVE so that the results could be 

compared with the MEPDG results from Chapter 4. 

5.3.1 Project, Climate and Traffic Inputs 

The project location was selected as Douglas County.  The MnPAVE default location 

within the county (45° 55’ N, 95° 27’ W) was used for the analysis.  The weather data is 

as shown in Table 5.1. 

Table 5.1: MnPAVE climate data for Douglas County (TH55-C) 

 
Fall Winter 

Early 

Spring 

Late 

Spring 
Summer 

Temperature (° F) 49 21 38 58 81 

Days 91 106 14 59 95 

Traffic was input as 0.698 million lifetime ESALs with a 1.4% simple annual growth rate 

for a 35 year design period.  This information was taken from the design memo for TH 55 

provided by MnDOT.  The pavement functional type was classified as a minor arterial 

because rural minor arterial is not an option in MnPAVE.  MnPAVE default values were 

used for the axle configuration and allowable stress failure criterion sections. 

5.3.2 Structure Inputs 

The pavement structure was input as shown in Figure 5.1.  The materials were selected to 

match the pavement design memo and MEPDG simulation for TH55-C as closely as 

possible.  The 0” undisturbed soil layer was required for the MnPAVE analysis to 
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function properly.  The default confidence level of 70 was used.  Default properties for 

each specific material from basic mode were used for the asphalt, aggregate base, and soil 

layers.  Dynamic modulus values for the SFDR layer were entered in advanced mode. 

5”  PG 58-34 Asphalt 

8” SFDR 

6” MnDOT Class 5 Aggregate 

Base 

0” Silt Loam (slightly plastic) 

Undisturbed Soil 

Silt Loam (slightly plastic) 

Undisturbed Soil 

Figure 5.1: TH55-C pavement structure for MnPAVE 

To input dynamic modulus values into MnPAVE in advanced mode one dynamic 

modulus value, corresponding to the load frequency, is required for each of the five 

seasons.  This is in contrast to MEPDG where values for a range of temperatures and 

frequencies are required.  To calculate the required values from the experimental 

dynamic modulus values found in Chapter 3, the load frequency was needed.  Load time 

was calculated from Equation 5-1, developed by Brown [23], [24]. 

 log 𝑡 = 0.5 log 𝑑 − 0.2 − 0.94 log 𝑣 (5-1) 

where 

         t = loading time (seconds) 

        d = pavement depth (meters) 

        v = vehicle speed (kilometers/hour). 

Pavement depth was taken as the combined depth of the asphalt and SFDR, a total of 13” 

for TH55-C.  As in the MEPDG analysis is section 3.5, a design speed of 55 miles per 

hour was assumed.  Using Equation 5-1 the load time was calculated as 0.01364 seconds.  

Frequency was calculated as  
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 𝑓 =
1

2𝜋𝑡
 (5-2) 

where t is the loading time in seconds and f is the frequency in hertz.  Equation 5-2 gives 

a loading frequency of 11.67 Hz for TH55-C.  The relationship expressed in Equation 5-2 

has been suggested by several sources [24], [25].  It was chosen over the traditional 

inverse relationship between frequency and period because it gave a more reasonable 

loading frequency (11.67 Hz versus 73.29 Hz). 

 To determine the dynamic modulus values for 11.67 Hz frequency, the log(a(T)) 

temperature shift factors were found for each of the five season temperatures in Table 5.1 

using the procedure described in section 4.3.  The dynamic modulus values for these 

temperatures were calculated with Equation 4-1 and are shown in Table 5.2. 

Table 5.2: TH55-C Dynamic Modulus Values for MnPAVE 

 Fall Winter Early Spring Late Spring Summer 

E* (ksi) 372.04 473.09 407.44 342.64 286.15 

5.3.3 Results and Comparison to MEPDG 

The MnPAVE prediction for TH55-C was a design life of greater than 50 years for 

rutting.  The Monte Carlo simulation gave a rutting reliability of 99.5%, signifying that 

there would be a 99.5% chance that the pavement would not sustain over a half inch of 

rutting in its 35 year design life. 

 The MnPAVE and MEPDG results cannot be directly compared because MEPDG 

predicts rutting on a monthly basis (Figure 5.2) and its prediction for TH55-C never 

reached MnPAVE’s half inch rutting failure criteria.  However, the results are consistent 

in that MnPAVE predicts that it will be over 50 years before a half inch of rutting occurs 

and MEPDG predicts that less than a half inch of rutting in 600 months (50 years). 
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Figure 5.2: MEPDG rutting prediction for TH55-C 

5.4 Modeling of TH 65-C and TH 65-E in MnPAVE 

The TH65-C and TH65-E pavement structures were also modeled in MnPAVE.  TH55-F 

was not modeled because the dynamic modulus test data was incomplete.  The same 

technique was used as was used for TH55-C.  The TH65-C and TH65-E cores were taken 

approximately five miles apart on the same highway so their pavement structures are 

identical with the exception of the SFDR layer.  Their traffic information is also the same 

as they are covered by the same traffic report. 

5.4.1 Project, Climate and Traffic Inputs 

Kanabec County was input for the project location.  The MnPAVE default location for 

Kanabec County (45° 53’ N, 93° 16’ W) was used for the analysis.  The climate data is 

shown in Table 5.3. 
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Table 5.3: MnPAVE climate data for Kanabec County (TH65-C and TH65-E) 

 
Fall Winter 

Early 

Spring 

Late 

Spring 
Summer 

Temperature (° F) 49 20 38 59 82 

Days 90 106 14 58 97 

Traffic was input as 1.707 million lifetime ESALs with a 2.3% simple annual growth rate 

for a 35 year design period.  As with the TH55-C simulation, the pavement functional 

type was classified as a minor arterial and MnPAVE default values were used for the axle 

configuration and allowable stress failure criterion sections.   

5.4.2 Structure Inputs 

The pavement structure was input as shown in Figure 5.3.  As with TH55-C, default 

properties for each specific material from basic mode were used for the asphalt, aggregate 

base, and soil layers.  Dynamic modulus values for the SFDR layer were entered on 

advanced mode. 

4”  PG 58-34 Asphalt 

6” SFDR 

18” MnDOT Class 5  

Aggregate Base 

0” Sandy Loam (slightly 

plastic) Undisturbed Soil 

Sandy Loam (slightly plastic) 

Undisturbed Soil 

Figure 5.3: TH65-C and TH65-E pavement structure for MnPAVE 

The dynamic modulus values for TH65-C and TH65-E were calculated following the 

procedure described in section 5.3.2.  The loading time was calculated as 0.1250 seconds 
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using Equation 5-1.  The loading frequency was calculated using Equation 5-2 to be 

12.735 Hz.  The resulting dynamic modulus values for TH65-C and TH65-E are shown in 

Table 5.4. 

Table 5.4: TH65-C and TH65-E dynamic modulus values for MnPAVE 

 Fall Winter Early Spring Late Spring Summer 

65C E* (ksi) 437.65 470.52 452.84 420.12 362.72 

65E E* (ksi) 885.57 1079.30 965.22 807.13 610.30 

5.4.3 Results 

MnPAVE predicted that the TH65-C pavement would have a design life of greater than 

50 years before reaching one half of an inch of rutting.  The Monte Carlo reliability for 

lasting 35 years without reaching 0.5 inches of rutting is 98.2%. 

 MnPAVE also predicted that the TH65-E pavement would have a rutting design 

life of greater than 50 years.  The Monte Carlo reliability for the TH65-E pavement 

reaching 35 years without experiencing a half an inch of rutting is 99.1%. 

5.5 Comparison 

A summary of the MnPAVE results for TH55-C, TH65-C and TH65-E is shown in Table 

5.5.  No MnPAVE simulation was performed for TH55-F because there were not enough 

dynamic modulus test results to make a reliable master curve. 

Table 5.5: MnPAVE results 

 Rutting Design Life Rutting Reliability (35 year) 

TH55-C >50 years 99.5% 

TH65-C >50 years 98.2% 

TH65-E >50 years 99.1% 

A comparison between the SFDR layers in TH65-C and TH65-E can be made because 

their loads and structures were identical.  The SFDR layer of TH55-C cannot be 
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compared directly to TH65-C and TH65-E because the pavement structures and traffic 

loadings are different.  Table 5.5 indicates that TH65-E appears perform slightly better 

than TH65-C.  This is consistent with the material testing results in Chapter 4 that show 

the TH65-E SFDR to be generally stronger than the TH65-C.  Field measurements of 

these three sites indicated that 3-year rut depths of TH55-C, TH65-C, and TH65-E are 

0.07 in, 0.09 in and 0.09 in, respectively. The relative performance of these three sites is 

consistent with the calculated rut reliability shown in Table 5.5. 

When comparing the performance of the three pavement structures based on rutting 

reliability, it is important to note that the rutting reliability is based on 2500 Monte Carlo 

simulations.  In Monte Carlo simulation, the coefficient of variation (CoV) for a p-level 

failure probability (1-p level of reliability) with N simulations is given by: 

 

휀% = √
1 − 𝑝

𝑁𝑝
× 200% (5-3) 

For 2500 simulations with p = 1% (99% reliability) the predicted failure probability is 

approximately 39%, which means that the simulation results for 99% reliability could 

range from 98.61% to 99.39%.  Therefore, the differences in rutting reliability between 

the three pavement structures are only slighter larger than the statistical significance of 

the Monte Carlo simulation.   

5.6 Summary 

The MnPAVE software was used to simulate the rutting performance of the SFDR 

pavements, as an alternative to the MEPDG software.  The simulation of the TH55-C 

SFDR project indicates agreement between the MnPAVE and MEPDG, although direct 

comparison is difficult because of different output formats.  The main advantage of 

MnPAVE is that it allows a more flexible range of input of dynamic modulus values and 

at the same time requires much less computational time compared to MEPDG.  The other 

input parameters for MnPAVE are easily obtained.  The main drawback is that MnPAVE 
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is not able to yield the complete time-history of the rutting performance.  Instead, it only 

gives a 35-year reliability level for a given rutting depth (0.5 in) which cannot be 

changed.  However, it is sufficient for the intended parametric studies, in which the 

reliability level could be used as an indicator of the rutting performance instead of using 

the actual rutting depth.  Therefore, MnPAVE can be considered a viable option for the 

later parametric analysis of SFDR materials. 
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6 MnPAVE Parametric Analysis 

A parametric analysis over dynamic modulus and traffic loading was conducted in 

MnPAVE.  Dynamic modulus values ranging from one tenth to three times the 

experimental values were tested.  Traffic values ranging from the original design traffic 

up to 50 million lifetime (35-year) ESALs were also simulated.  The results of the 

parametric analyses are shown graphically in the following sections.  Tabulated results 

are shown in Appendix D. 

6.1 Parametric Analysis Simulations and Results 

Parametric analysis was conducted for TH55-C, TH65-C and TH65-E.  For each site, 

combinations of dynamic modulus and traffic values were simulated while other 

parameters remained unchanged.   

The rutting design life results of the parametric analysis for TH55-C are plotted in 

Figure 6.1.  The expected life (until the pavement reaches 0.5 inches of rutting) is plotted 

against the fraction of |E
*
| (multiplied by the experimental values from Table 5.2) for each 

traffic level.  The traffic levels are the total ESALs for a 35-year lifetime.  Under high 

traffic loading, the design life appears to have an approximately linear relationship with 

the fraction of the experimental dynamic modulus values.  MnPAVE limits its design life 

prediction to a maximum of 50 years, which causes the lines for the lower traffic loads to 

level off.  As expected, there is negative correlation between traffic loading and design 

life.  It is also seen that the difference in design life between different traffic loadings 

decreases as traffic loading is increased.   
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Figure 6.1: TH55-C Design Life 

 

Figure 6.2: TH55-C Rutting Reliability 

0

10

20

30

40

50

60

0 0.5 1 1.5 2 2.5 3

D
e

si
gn

 L
if

e
 (

Y
e

ar
s)

 

Fraction of |E*| 

0.698 million ESALS

2 Million ESALs

3 Million ESALS

4 million ESALS

5 million ESALS

10 million ESALS

15 million ESALS

20 million ESALS

30 million ESALS

0.00

0.10

0.20

0.30

0.40

0.50

0.60

0.70

0.80

0.90

1.00

0 0.5 1 1.5 2 2.5 3

R
u

tt
in

g 
R

e
lia

b
ili

ty
 (

3
5

 y
e

ar
 d

e
si

gn
 li

fe
) 

Fraction of |E*| 

.698 million ESALS

2 million ESALS

3 million ESALS

4 million ESALS

5 million ESALS

10 million ESALS

15 million ESALS

20 million ESALS

30 million ESALS



 

 55 

The rutting reliability results for TH55-C, shown in Figure 6.2 appear similar to 

the design life results.  Rutting reliability, the probability that the pavement will have less 

than a half an inch of rutting during its 35-year design life, is plotted against the fraction 

of |E
*
| for each level of traffic.  Reliability increases with increases in dynamic modulus 

values and decreases with increases in traffic.  The change in rutting reliability also 

decreases for higher traffic loads.  The design life and reliability approaches can be 

compared by examining the fraction of |E
*
| that has a 35 year design life for each traffic 

level in Figure 6.1.  For example, for two million ESALs, Figure 6.1 shows that dynamic 

modulus values of approximately 0.4 multiplied by the experimental values would have a 

design life of 35 years.  However, Figure 6.2 shows that the reliability that pavement with 

those dynamic modulus values would last 35 years is only about 80%, meaning that there 

would be a 20% chance that the pavement would reach 0.5 inches rutting before 35 years.   

A 20% failure risk may not be acceptable so the reliability approach may be preferred for 

performance-based design.  

The rutting design life and 35-year rutting reliability results of the parametric 

analysis for TH65-C and TH65-E are plotted in Figure 6.3 through Figure 6.6.  The 

results have similar trends to those observed for TH55-C.  It is interesting to again 

observe that the difference in design life and reliability between traffic levels decreases as 

traffic is increased.  The difference is less noticeable in TH65-E than in TH65-C. 
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Figure 6.3: TH65-C design life 

 

Figure 6.4: TH65-E design life 

0

10

20

30

40

50

60

0 0.5 1 1.5 2 2.5 3

D
e

si
gn

 L
if

e
 (

Y
e

ar
s)

 

Fraction of |E*| 

1.707 million
ESALS
3 Million ESALS

4 million ESALS

5 million ESALS

10 million ESALS

15 million ESALS

20 million ESALS

30 million ESALS

50 million ESALS

0

10

20

30

40

50

60

0 0.5 1 1.5 2 2.5 3

Y
e

ar
s 

Fraction of |E*| 

1.707 Million ESALs

3 Million ESALS

4 million ESALS

5 million ESALS

10 million ESALS

15 million ESALS

20 million ESALS

30 million ESALS

50 million ESALS



 

 57 

 

Figure 6.5: TH65-C rutting reliability 

 

Figure 6.6: TH65-E rutting reliability 
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6.2 Comparison 

The design life and reliability of each of the three sites (with their original, experimental 

|E
*
| were plotted on the same graphs against the traffic for comparison purposes.  These 

plots are shown in Figure 6.7 and Figure 6.8. 

 

Figure 6.7: Rutting design life 

 

Figure 6.8: 35-year rutting reliability 
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 Figure 6.7 and Figure 6.8 are the best way to directly compare the predicted 

performance of the SFDR pavement structures.  The SFDR layers of TH65-C and TH65-

E can be compared directly because they were modeled with the same pavement 

structure.  Both figures clearly show that the engineered emulsion in TH65-E performs 

significantly better than the CSS-1 with cement in TH65-C.   This agrees with the 

material testing results from Chapter 3.  However, it cannot be concluded that SFDR 

stabilized with engineered emulsion always performs better than SFDR stabilized with 

CSS-1 with cement because stabilizers perform differently depending on the type of 

reclaimed asphalt and base materials in the project.  This is why a new mix design is 

typically performed for every project.  The plots also show that the TH65-C pavement 

structure performs slightly better than the TH55-C pavement structure but because the 

pavement structures are different, it is not possible to determine from the MnPAVE 

simulations whether the difference is caused by the SFDR formulation itself or it if the 

result of a better overall pavement structure. 

6.3 Summary 

A series of parametric studies have been successfully performed for TH55-C, TH65-C, 

and TH65-E, in which traffic loading and dynamic modulus were considered.  It was 

shown that the design lifetime and reliability performance significantly decrease once the 

traffic loading is increased beyond a certain value.  The comparison analysis indicated 

that the SFDR material in TH65-E performs better than that in TH65-C, which is 

consistent with the material testing results presented in Chapter 3.  The overall pavement 

structures of TH65-E and TH65-C both performed better than TH55-C. However, it is 

difficult to directly relate this comparison to the material testing results because TH 65 

and TH 55 have different pavement structures.   

 The parametric studies also revealed the implications of the application of the 

design life and reliability-based approaches to design.  It appeared that the reliability-

based approach provides a more complete set of information on the rutting performance 

of the pavement at any reliability level.  This will allow engineers to determine the 
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desirable dynamic modulus to achieve a targeted reliability level for a given pavement 

structure and traffic loading, which will open up opportunities for developing and 

implementing performance-based design approaches for SFDR. 
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7 Conclusions and Recommendations 

This research investigated the mechanical properties of several SFDR materials that were 

used current MnDOT projects.  Two numerical tools, MEPDG and MnPAVE, were 

explored to model the SFDR structures and parametric studies were performed to 

establish the relationship between the SFDR material properties and the overall SFDR 

rutting performance. The findings of this research are summarized as following: 

 SFDR has been found to be a cost-effective method for pavement rehabilitation 

when the pavement distress is structural.  Some recommendations have been 

proposed on the mix design of SFDR based on field experience.  Experimental 

investigation of the deformation characteristics of SFDR materials has also been 

performed.  However, there is still a lack of understanding of how the SFDR 

properties could influence the overall long-term behavior of the pavement. 

 Several tests typically used for asphalt were performed on specimens of the four 

SFDR projects.  IDT creep and tension tests were performed to determine the 

creep compliance, Poisson’s ratio, and tensile strength of the SFDR.  Dynamic 

modulus testing in the IDT position was performed to determine the dynamic 

modulus of the SFDR formulation.  These tests were performed with varying 

degrees of success as the tests were designed for asphalt, not SFDR.  If further 

testing of SFDR was to be performed, it may be advantageous to modify the tests 

to account for the reduced strength of SFDR.  However, the tests did produce 

results for most of the specimens.  Overall, both the empirical behavior and the 

testing results showed that the TH65-E specimens were the strongest and the 

TH55-F specimens were the weakest.  However, it cannot be concluded that 

engineered emulsion always results in stronger SFDR than CSS-1 with cement or 

foamed asphalt with cement because the efficacy of the stabilizing agents greatly 

depends on the type of granular base that is mixed into the SFDR, as well as the 

other design parameters.   
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 For fracture energy testing of SFDR, it was found that the SCB test was unable to 

reach the tail portion of the load-deflection curve.  Therefore it was not possible 

to directly calculate the fracture energy by using the work-of-fracture method.  

Instead, the fracture energy was calculated by using the Irwin relationship 

anchored by the principles of linear elastic fracture mechanics.  However, the 

computed values were subject to a large variation due to the scattering of both the 

elastic modulus and the fracture toughness.  Meanwhile, the DCT tests conducted 

by the MnDOT Materials Office indicated that a large portion of the load-

deflection curve could be obtained, which led to a more consistent calculation of 

the fracture energy.  The fracture energies calculated from SCB and DCT testing 

differed in magnitude but both showed that TH65-E had the highest fracture 

energy.  The fracture energy data was not utilized in either computer simulation 

program so the accuracy of the data was not able to be assessed. 

 The TH55-C pavement structure was numerically modeled by MEPDG and the 

numerically predicted rutting performance compared reasonably well with the 

field measurement.  However, it was found that MEPDG requires a specific range 

of dynamic modulus values, which may limit its application for SFDR.   In 

addition, MEPDG is computationally expensive and therefore may not be suitable 

for parametric studies of SFDR performance.   

 Dynamic modulus testing results were also used to model the TH55-C, TH65-C 

and TH65-E pavement structures in MnPAVE.  MnPAVE results for TH55-C 

were consistent with the MEPDG results.  A parametric analysis conducted in 

MnPAVE predicted the behavior of the TH55-C, TH65-C and TH65-E structures 

for a range of dynamic modulus values and traffic loadings.  A comparison of the 

rutting results for TH55-C, TH65-C and TH65-E pavement structures with their 

original SFDR dynamic modulus values under a range of loads showed that 

TH65-E performed significantly better than TH55-C and TH65-C. This agrees 

with the material testing results and suggests that MnDOT could use MnPAVE to 
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determine the desirable properties of SFDR to achieve a targeted rutting 

performance for pavements rehabilitated by SFDR. 
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Appendix A: MEPDG Inputs 

Table A.1: Traffic input data 

AADT 3,974 

# Lanes 2 

% trucks in design direction 50 

% trucks in design lane 77.24 

Operational Speed 60 mph 

 

Table A.2: Monthly adjustment factors 

Month 

Class 

4 

Class 

5 

Class 

6 

Class 

7 

Class 

8 

Class 

9 

Class 

10 

Class 

11 

Class 

12 

Class 

13 

Jan. 1.6 1.02 1.24 1.24 1.25 0.93 0.93 0.95 0.95 0.95 

Feb. 1.44 0.93 1.17 1.17 1.15 0.86 0.86 0.86 0.86 0.86 

March 1.31 0.96 1.12 1.12 1.11 0.87 0.87 0.92 0.92 0.92 

April 0.99 0.89 0.89 0.89 0.97 0.82 0.82 0.86 0.86 0.86 

May 0.81 0.85 0.76 0.76 0.84 0.79 0.79 0.86 0.86 0.86 

June 0.75 0.87 0.71 0.71 0.77 0.79 0.79 0.75 0.75 0.75 

July 0.67 0.83 0.7 0.7 0.72 0.82 0.82 0.8 0.8 0.8 

August 0.68 0.83 0.66 0.66 0.72 0.78 0.78 0.76 0.76 0.76 

Sept. 0.71 0.76 0.65 0.65 0.72 0.8 0.8 0.75 0.75 0.75 

Oct. 0.68 0.77 0.64 0.64 0.83 0.73 0.73 0.7 0.7 0.7 

Nov. 0.96 0.88 0.86 0.86 1.07 0.87 0.87 0.82 0.82 0.82 

Dec. 1.4 1 1.09 1.09 1.25 0.9 0.9 0.76 0.76 0.76 

 

Table A.3: Vehicle class distribution 

Vehicle Class Distribution (%) 

Class 4 3.34 

Class 5 14.06 

Class 6 4.10 

Class 7 0.76 

Class 8 4.10 

Class 9 67.55 

Class 10 3.19 
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Table A.4: Input resilient modulus values used to model MnROAD cells 2,3, and 4 

Layer Number Cell 2 MR Values Cell 3 MR Values Cell 4 MR Values 

1 N/A N/A N/A 

2 87,500 psi 82,600 psi N/A 

3 37,500 psi 45,000 psi 85,500 psi 

4 30,000 psi 30,000 psi 65,000 psi 

5 14,000 psi 23,000 psi 14,000 psi 

6  14,000 psi  

 
The rest of the pavement inputs used were as follows: 

 Asphalt Concrete Layer Input Values (Level 1 Input): 

o Layer Thickness 

o Asphalt Mix Properties 

 Values of complex modulus |E*| at prescribed frequencies and test 

temperatures are required. 

o Asphalt Binder 

 Values of the binder complex shear modulus |G*| at prescribed 

temperatures and frequencies are required. 

o General Asphalt Concrete Input – Default Values Used 

 Reference temperature = 70 °F 

 Poisson’s ratio: 𝜐 = 0.35 

 Effective binder content = 11.6 % 

 Air voids = 7 % 

 Total unit weight = 150 lb/cubic foot 

 Thermal conductivity = 0.67 BTU/hr-ft-°F 

 Heat capacity = 0.23 BTU/lb-°F 

 Granular Layer Input Values (Level 3 Input): 

o Layer Thickness 

o Resilient Modulus (MR) 

 Reported at optimum moisture content 

o Aggregate Properties 

 AASHTO soil classification used to select aggregate type 

 Default values assigned to the aggregate type selected 

o General Granular Layer Inputs – Default Values Used 

 Poisson’s ratio: 𝜐 = 0.35 

 Coefficient of lateral pressure: 𝐾0 = 0.5 

 Subgrade Layer Input Values (Level 3 Input) 

o The subgrade layer input types are the same as the granular layer inputs. 
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Appendix B: IDT Test Results 

This appendix contains material testing results for the individual specimens. 

Table B.1: Creep compliance (GPa
-1

) – TH 55 

Time of Loading (s) 55-CF 55-CT 55-FB 55-FF 55-FP 

1 0.3931 0.3245 0.5099 0.3074 0.6079 

2 0.4252 0.3500 0.5591 0.4817 0.6947 

5 0.4310 0.3839 0.6239 0.5611 0.7903 

10 0.4397 0.4030 0.6575 0.6328 0.8540 

20 0.4601 0.3945 0.7111 0.6713 0.9437 

50 0.4747 0.4348 0.8587 0.7814 1.1203 

100 0.5854 0.4454 0.9348 0.8557 1.2766 

 

Table B.2: Creep compliance (GPa
-1

) – TH 65 

Time of Loading (s) 65-CD 65-CE 65-CQ 65-EJ 65-EM 65-ES 

1 0.274 1.518 0.175 0.1104 0.0606 0.0951 

2 0.292 2.089 0.204 0.1681 0.0839 0.1146 

5 0.313 2.397 0.215 0.1844 0.0963 0.1180 

10 0.354 2.674 0.217 0.1920 0.1001 0.1238 

20 0.388 3.043 0.226 0.2083 0.1006 0.1329 

50 0.401 3.765 0.245 0.2095 0.1093 0.1387 

100 0.460 4.566 0.267 0.1957 0.1120 0.1283 

Note: The creep compliance and Poisson’s ratio for TH 65-E were calculated but were 

excluded from the averages because of extremely high values.  It is believed that the 

LVDT disconnected from the specimen during the test. 
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Table B.3: Poisson’s Ratio – TH 55 

Time of Loading (s) 55-CF 55-CT 55-FB 55-FF 55-FP 

1 0.251 0.501 0.241 0.534 0.097 

2 0.258 0.543 0.230 0.591 0.096 

5 0.218 0.614 0.259 0.663 0.117 

10 0.203 0.656 0.256 0.791 0.126 

20 0.201 0.520 0.263 0.719 0.147 

50 0.177 0.592 0.369 0.784 0.196 

100 0.323 0.548 0.361 0.741 0.238 

 

Table B.4: Poisson’s Ratio – TH 65 

Time of Loading (s) 65-CD 65-CE 65-CQ 65-EJ 65-EM 65-ES 

1 0.081 4.675 0.430 0.081 0.320 0.231 

2 0.063 5.980 0.439 0.112 0.285 0.203 

5 0.065 7.040 0.426 0.140 0.378 0.228 

10 0.099 7.973 0.385 0.134 0.397 0.244 

20 0.128 9.196 0.378 0.171 0.343 0.293 

50 0.117 11.422 0.404 0.140 0.389 0.284 

100 0.191 13.719 0.464 0.078 0.369 0.168 
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Table B.5: Tensile Strength 

Specimen Tensile Strength 

(MPa) 

55-CE 0.331 

55-CF 0.257 

55-CT 0.373 

55-FB 0.202 

55-FF 0.187 

55-FP 0.197 

65-CD 0.416 

65-CE 0.267 

65-CQ 0.382 

65-EJ 0.991 

65-EM 0.938 

65-ES 0.955 
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Appendix C: Dynamic Modulus Test Results 

The original dynamic modulus results (before shifting) for each specimen at each 

temperature and frequency are shown in Table C.1 through Table C.3.  Some values are 

missing because the tests were not able to be completed at the highest temperatures and 

frequencies. 

Table C.1: Dynamic modulus values (GPa) at -10° C 

Freq. 25 10 5 1 0.5 0.1 0.05 0.01 

65-EC 6.9898 8.1800 8.0133 7.9776 7.7592 7.5829 7.0213 7.0293 

65-EH 7.7903 7.6585 7.5076 5.8026 7.2192 6.8918 6.5301 6.5012 

65-ET 7.4979 8.6159 8.1959 7.4792 7.2805 6.8665 6.1939 5.7059 

55-CL 2.7459 3.3332 3.3816 2.6898 2.6158 2.9115 2.6824 2.4911 

55-CR 3.4143 3.8148 3.9302 4.1861 3.9879 3.9771 3.8299 3.6225 

55-CD 2.3974 2.4565 2.3437 2.1838 2.1071 2.0021 2.0184 1.8951 

55-FE 3.7346 4.1921 4.1912 3.8588 3.6590 3.2547 3.1704 2.8689 

55-FC 2.0483 2.0805 1.9977 1.7306 1.6681 1.5320 1.4952 1.3548 

65-CT 3.9308 4.7446 4.6712 4.1797 4.0485 3.8928 3.8680 3.7373 

65-CN 3.3744 4.1068 3.8920 3.2837 3.0238 3.4885 3.3101 3.3321 

65-CO 2.4578 2.3288 2.2629 2.0749 2.0449 1.9321 1.8664 1.8080 

 

Table C.2: Dynamic modulus values (GPa) at +10° C 

Freq. 25 10 5 1 0.5 0.1 0.05 0.01 

65-EC 4.3763 5.8578 5.5786 5.3909 5.1243 4.6604 4.4957 4.2290 

65-EH 5.7321 5.7343 5.6237 5.0310 4.8020 4.4907 4.1416 3.8009 

65-ET 5.9212 6.4015 5.9976 5.1437 4.7540 4.1975 3.9491 3.6283 

55-CL 1.9472 2.8991 2.7526 2.1920 2.1110 1.9324 1.8047 1.7368 

55-CR 3.5268 3.6649 3.5030 3.2481 3.0035 2.9271 2.7605 2.6189 

55-CD 1.2065 3.0845 3.0096 2.5458 2.4399 2.2567 2.1839 1.9727 

55-FE 2.4687 2.3896 2.2928 1.9924 1.8477 1.5715 1.4566 1.2764 

55-FC 1.3814 1.4273 1.5569 1.6958 1.9827 7.6609 -2.1622 

 65-CT 2.7989 3.9382 3.7309 3.0750 3.2178 3.0693 2.9177 2.6419 

65-CN 2.1002 2.0666 2.0398 2.0373 2.0155 1.8164 1.8198 1.5968 

65-CO 2.5990 2.8870 2.6759 2.3730 2.1820 2.0112 1.8591 1.6342 
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Table C.3: Dynamic modulus values (GPa) at +35° C 

Freq. 25 10 5 1 0.5 0.1 0.05 0.01 

65-EC 3.6445 3.6747 3.4875 2.8529 2.7882 2.3742 2.1794 1.9308 

65-EH 3.9819 3.4674 3.3978 3.1346 2.7626 2.3798 2.1715 1.8641 

65-ET 3.8187 3.5071 3.3788 2.4880 2.3033 2.0231 1.9223 1.6757 

55-CL 1.9404 1.9476 1.8049 1.5808 1.4297 1.3187 1.2122 1.0729 

55-CR 2.4567 1.4192 2.6163 2.2277 2.1350 1.8346 1.7728 1.5588 

55-CD 1.3284 1.3637 1.3176 1.0534 0.9647 0.8507 0.7770 0.6804 

55-FE 1.6669 -0.8144 1.6137 2.0424 2.5463       

55-FC                 

65-CT 2.4907 2.4156 2.3215 1.8478 1.7051 1.5107 1.3910 1.1668 

65-CN 1.7699 1.5689 1.5437 1.3543 1.2243 0.9803 0.9597 0.9267 

65-CO 0.8694 3.5993 4.0522 3.4988 2.9047 1.3275 1.2236 0.9715 
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Appendix D: MnPAVE Parametric Analysis Results 

This appendix contains the full results of the parametric analysis performed using 

MnPAVE. 

 

Table D.1: TH55-C design life (years) 

Million 

ESALs\E* 

multiplier 0.1 0.2 0.5 1 1.5 2 2.5 3 

0.698 40 50 50 50 50 50 50 50 

2 16 23 41 50 50 50 50 50 

3 11 16 29 46 50 50 50 50 

4 8 12 22 37 48 50 50 50 

5 6 10 18 30 40 49 50 50 

10 3 5 9 16 23 28 33 38 

15 2 3 6 11 16 20 23 27 

20 1 2 5 8 12 15 18 21 

30 1 1 3 5 8 10 12 14 

 

 

Table D.2: TH55-C rutting reliability (%) 

Million 

ESALs\E
*
 

multiplier 0.1 0.2 0.5 1 1.5 2 2.5 3 

0.698 89.10 94.70 98.60 99.50 99.60 100.00 100.00 99.90 

2 32.00 59.20 88.40 95.30 96.60 98.50 98.80 99.40 

3 12.90 30.80 72.60 89.00 94.50 95.20 96.90 97.70 

4 5.20 15.20 54.80 83.20 89.80 93.80 96.00 95.80 

5 1.80 8.30 41.90 72.70 85.00 89.50 92.60 95.00 

10 0.20 0.30 6.90 33.50 52.10 66.40 77.80 83.90 

15 0.00 0.10 1.60 12.00 28.40 43.20 55.60 66.80 

20 0.00 0.00 0.20 4.90 14.80 27.60 40.40 49.50 

30 0.00 0.00 0.00 1.10 3.80 10.30 18.40 26.00 
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Table D.3: TH65-C design life (years) 

Million 

ESALs\E* 

multiplier 0.1 0.2 0.5 1 1.5 2 2.5 3 

1.707 35 43 50 50 50 50 50 50 

3 22 28 37 47 50 50 50 50 

4 17 22 30 38 44 50 50 50 

5 14 18 25 32 37 42 46 50 

10 7 10 14 18 21 24 27 29 

15 5 6 9 12 15 17 19 21 

20 4 5 7 10 11 13 15 16 

30 2 3 5 6 8 9 10 11 

50 1 2 3 4 5 5 6 7 

 

Table D.4: TH65-C rutting reliability (%) 

Million 

ESALs\E* 

multiplier 0.1 0.2 0.5 1 1.5 2 2.5 3 

1.717 83.10 91.20 96.50 98.20 98.60 99.20 99.00 99.40 

3 56.30 70.50 87.90 92.80 96.00 97.20 98.00 97.60 

4 38.40 57.40 78.10 87.10 92.30 93.40 94.90 96.60 

5 26.60 43.00 64.40 80.40 88.50 90.30 92.40 94.90 

10 4.50 10.70 24.40 42.50 55.40 63.00 71.30 76.00 

15 1.40 2.60 8.00 19.20 27.90 37.80 45.20 52.40 

20 0.30 1.00 3.00 8.50 15.60 19.80 28.90 34.20 

30 0.00 0.20 0.50 1.90 3.50 6.90 10.30 13.80 

50 0.00 0.00 0.10 0.20 0.40 0.80 1.90 2.60 
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Table D.5: TH65-E design life (years) 

Million 

ESALs\E* 

multiplier 0.1 0.2 0.5 1 1.5 2 2.5 3 

1.707 42 50 50 50 50 50 50 50 

3 27 34 46 50 50 50 50 50 

4 21 27 37 47 50 50 50 50 

5 17 22 31 40 48 50 50 50 

10 9 12 17 23 28 32 37 41 

15 6 8 12 16 20 23 27 30 

20 5 6 9 13 15 18 21 24 

30 3 4 6 9 11 13 15 17 

50 2 2 4 5 6 8 9 10 

 

Table D.6: TH65-E rutting reliability (%) 

Million 

ESALs\E* 

multiplier 0.1 0.2 0.5 1 1.5 2 2.5 3 

1.717 90.40 95.30 98.00 99.10 99.40 99.70 99.60 99.90 

3 69.20 83.20 93.20 96.10 97.70 98.80 99.00 99.10 

4 54.30 69.90 87.20 92.80 96.00 96.20 97.90 98.60 

5 41.60 55.00 78.70 88.10 93.40 95.50 96.40 97.10 

10 8.80 18.40 38.00 59.70 73.00 80.70 85.80 89.10 

15 2.00 6.40 17.30 33.90 49.70 58.90 69.70 74.90 

20 1.10 2.60 7.50 18.70 31.40 43.40 54.80 60.30 

30 0.10 0.50 1.90 7.50 13.20 20.70 28.80 36.30 

50 0.00 0.0 0.2 1.00 2.20 5.3 9.2 12.0 
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