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characteristics. Based on discussions with NDOR TAC members, the three soils are considered 

representative subgrade materials often used in Nebraska pavements. In order to characterize 

physical properties of the soils, various laboratory tests were performed, including the specific 

gravity test (AASHTO T100), Atterberg limit tests (AASHTO T89, T90), sieve analysis 

(AASHTO T88), and hydrometer analysis (ASTM D422). For mechanical characterization of the 

soils, the resilient modulus test designated in AASHTO T307 was performed with soil specimens 

that were compacted at the maximum dry unit weight with an optimum moisture content, which 

was pre-determined from a standard proctor test (AASHTO T99). 

 

 

 

Figure 3.2 Three Native Soils Selected for This Research 

 

In addition to the comprehensive testing of the three unbound native soils, nine stabilized 

soils (loess, till, and shale stabilized with hydrated lime, fly ash and cement kiln dust, 

respectively), which had been studied by Hensley et al. (2007) for a previous NDOR research 

project, were also analyzed for their resilient modulus characteristics. This analysis was 

attempted in order to provide a more general and comprehensive resilient modulus database of 

the subgrade soils that are often stabilized with cementing agents in various pavement projects. 
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Hensley et al. (2007) reported resilient modulus test results of the nine soils that were compacted 

with an optimum amount of different types of pozzolans.  

3.3 Testing Facility   

All three layer modulus tests (i.e., the dynamic modulus test and creep compliance test 

for HMA mixtures and the resilient modulus test for soils) were conducted using the UTM-25kN 

mechanical test station. This equipment is capable of applying loads up to 25 kN static or 20 kN 

dynamic over a wide range of loading frequencies. An environmental chamber is incorporated 

with the loading frame, as presented in figure 3.3, to control testing temperatures. The chamber 

can control temperatures ranging from 5ºF to 140ºF. Improved achievement of the target testing 

temperatures of specimens was obtained by using a dummy specimen with a thermocouple 

embedded in the middle of the specimen, as presented in the figure. Figure 3.3 also presents 

other key features and specifications of the UTM-25kN test station.  

 

 

Figure 3.3 UTM-25kN Mechanical Test Station and Its Key Specifications 

Specifications 
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Figure 3.4(a) presents a cylindrical specimen (100 mm in diameter and 150 mm high) 

with three linear variable differential transducers (LVDTs) attached on the surface to measure 

vertical linear deformations in the uniaxial compressive cyclic loading mode for the dynamic 

modulus test of HMA mixtures. In order to conduct the creep compliance test of HMA mixtures 

at low temperature, two cross extensometers were attached to both faces of the indirect tensile 

specimen, as shown in figure 3.4(b). In order to perform the resilient modulus test of soil 

specimens, a universal triaxial cell with associated measuring devices was developed to evaluate 

stiffness characteristics of subgrade soils that are stress-dependent. Figure 3.4(c) presents the 

triaxial testing system.  

 

 

(a)              (b)            (c) 

Figure 3.4 Testing Specimens with Associated Measuring Devices Installed 
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Chapter 4  Laboratory Tests and Results 

 This chapter describes laboratory tests conducted for this study and presents the results. 

Determination of layer stiffness characteristics of HMA mixtures for each MEPDG design level 

requires various tests of asphalt binder and HMA mixture, as summarized in table 4.1. Similarly, 

table 4.2 presents soil laboratory tests necessary to perform each level of MEPDG design. As 

previously mentioned, the triaxial resilient modulus test was conducted for Level 1, whereas 

basic physical properties of soils, such as specific gravity, Atterberg limits, and gradations, were 

identified for Level 2 or 3 inputs. Test results obtained from individual asphalt mixtures and soil 

samples were then tabulated in the form of an MEPDG design input database and are presented 

in the appendices. 

 

Table 4.1 Various Tests of Asphalt Binder and Mixture for Each Input Level 
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Table 4.2 Various Tests of Soils and Unbound Materials for Each Input Level 

 

 

 

 

4.1 Tests and Results of Asphalt Materials   

4.1.1 Binder Tests 

As presented in table 4.1, for Level 1 and Level 2 designs, the MEPDG requires 

measurements of binder viscoelastic stiffness data (i.e., binder complex shear modulus G* and 

binder phase angle  ) at several different temperatures. The binder stiffness data obtained at 

different temperatures are then used to calculate binder viscosity (), as presented in equation 4.1. 

Using the binder test data, two regression parameters (A and VTS), which represent the 

temperature susceptibility of asphalt binder, are then found by the curve fitting of equation 4.2. 
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  RTVTSA logloglog          (4.2) 

 

 

where G* = asphalt binder complex shear modulus (Pa), 

      = asphalt binder phase angle (degree), 

       η = viscosity of asphalt binder (centi poise), 

        TR = temperature (Rankine) at which the viscosity was estimated, and 

         A and VTS = regression parameters. 

 

 

Binders were evaluated with a dynamic shear rheometer (DSR) in oscillatory shear 

loading mode using parallel plate test geometry. The DSR binder testing was performed at three 

different temperatures (70ºF, 85ºF, and 100ºF). Binder test results and the two corresponding 

regression parameters (A and VTS) for each HMA mixture are summarized in Appendix A. For 

Level 3 MEPDG analysis, no testing was required for the two parameters. Default values of A 

and VTS embedded in the MEPDG software are generated when one specifies the grade (either 

traditional or Superpave performance) of the binder (NCHRP 1-37A 2004). 

4.1.2 Dynamic Modulus Test (AASHTO TP62) 

The dynamic modulus test is a linear viscoelastic test for asphalt concrete. The dynamic 

modulus is an important input when evaluating pavement performance related to the temperature 

and speed of traffic loading. The loading level for the testing was carefully adjusted until the 

specimen deformation was between 50 and 75 microstrain, a level that is considered unlikely to 

cause nonlinear damage to the specimen, so that the dynamic modulus would represent the intact 

stiffness of the asphalt concrete. 
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A Superpave gyratory compactor was used to produce cylindrical samples with a 

diameter of 150 mm and a height of 170 mm. The samples were then cored and cut to produce 

cylindrical specimens with a diameter of 100 mm and a height of 150 mm. The target air void of 

the cored and cut specimens was 4% ± 0.5%. Figure 4.1 demonstrates the specimen production 

process using the Superpave gyratory compactor, core, and saw machines, and the resulting 

cylindrical specimen used to conduct the dynamic modulus test. 

 

 

 

Figure 4.1 Specimen Production Process for the Dynamic Modulus Testing 

 

Table 4.3 summarizes air voids, bulk specific gravity (Gmb), maximum specific gravity 

(Gmm), asphalt content, and compaction temperature of each dynamic modulus testing specimen. 

As shown in the table, two specimens were tested for each mixture. It should also be noted that 

the volumetric characteristics presented in the table are used to provide necessary model inputs, 

such as effective binder content (%), air voids (%), and total unit weight, for MEPDG analysis. 

The model inputs that are related to the mixture volumetric properties are summarized in 

Appendix A.  
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Table 4.3 Summary of Volumetric Characteristics of Specimens for Dynamic Modulus 

 

Mix 

Type 

Project 

Number 

Specimen 

Number 

Air  

Void (%) 
Gmb 

Asphalt  

Content (%) 

Compaction 

Temperature 

(ºF) 

HRB 

RD 9-4(1012) 
#1 4.18 2.323 

5.62 275 
#2 4.26 2.321 

RD 81-2(1037) 
#1 3.90 2.326 

5.78 275 
#2 4.01 2.323 

STP 14-4(110) 
#1 3.85 2.322 

5.88 280 
#2 3.86 2.322 

NH 6-4(125) 
#1 3.74 2.328 

5.56 280 
#2 3.75 2.328 

SPL 

STPD 6-6(156) 
#1 3.57 2.362 

5.02 275 
#2 4.06 2.350 

STPD 79-2(102) 
#1 4.30 2.360 

5.15 275 
#2 3.96 2.368 

STP 91-3(107) 
#1 4.31 2.338 

5.12 285 
#2 4.37 2.336 

NH 80-9(832) 
#1 4.14 2.352 

5.31 280 
#2 4.06 2.354 

SP4 

(0.375) 

RD 81-2(1037) 
#1 3.93 2.334 

5.27 293 
#2 3.96 2.334 

RD 9-4(1012) 
#1 3.63 2.322 

6.10 293 
#2 4.38 2.304 

NH 6-4(125) 
#1 3.83 2.330 

5.71 280 
#2 3.76 2.332 

RD 25-2(1014) 
#1 4.16 2.315 

5.86 285 
#2 4.17 2.315 

SP4(0.5) 

PEP 183-1(1020) 
#1 4.10 2.340 

6.27 285 
#2 4.09 2.340 

STPD-NFF  

11-2 (115) 

#1 3.60 2.341 
5.19 298 

#2 359 2.342 

NH 281-4(119) 
#1 3.90 2.335 

5.62 290 
#2 3.94 2.334 

NH 83-3(107) 
#1 4.26 2.324 

5.23 275 
#2 4.17 2.326 

SP5 

RD 75-2(1055) 
#1 4.07 2.348 

6.27 278 
#2 3.73 2.357 

STPD-6-7(178) 
#1 3.70 2.351 

5.60 278 
#2 4.17 2.339 

RD-77-2(1057) 
#1 4.00 2.365 

6.10 280 
#2 4.19 2.361 

IM 80-6(97) 
#1 3.60 2.338 

5.58 270 
#2 3.75 2.334 

 

 

To measure the axial displacement of the testing specimens, mounting studs were glued 

to the surface of the specimen so that three linear variable differential transformers (LVDTs) 
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could be installed on the surface of the specimen through the studs at 120
o
 radial intervals with a 

100 mm gauge length. Figure 4.2 illustrates the studs affixed to the surface of a specimen. The 

specimen was then mounted onto the UTM-25kN equipment for testing, as shown in figure 4.3. 

 

 

     

Figure 4.2 Studs Fixing on the Surface of a Cylindrical Specimen 

 

         

Figure 4.3 A Specimen with LVDTs mounted in UTM-25kN Testing Station 
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The test was conducted at five temperatures (14, 40, 70, 100, and 130°F). At each 

temperature, six frequencies (25, 10, 5, 1, 0.5, and 0.1 Hz) of load were applied to the specimens. 

The axial forces and vertical deformations were recorded by a data acquisition system and were 

converted to stresses and strains. Figure 4.4 presents typical test results of axial stresses and 

strains from the dynamic modulus test.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4.4 Typical Test Results of Dynamic Modulus Test 

 

The dynamic modulus was then obtained by dividing the maximum (peak-to-peak) stress 

by the recoverable (peak-to-peak) axial strain, as expressed by the following equation: 
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where |E* | = dynamic modulus, 

       o = (peak-to-peak) stress magnitude, and 

       o = (peak-to-peak) strain magnitude. 

 

 

As presented in figure 4.4, viscoelastic materials, such as HMA mixtures, normally 

produce a delay between input loading (i.e., repeated stress) and output response (i.e., repeated 

strain) under cyclic loading conditions. The time delay between two signals is expressed as a 

phase angle as follows:  

 

  dd tft   2      (4.4) 

 

where    = phase angle (degree), 

  = angular frequency (radian/sec.),  

          f = loading frequency (Hz), and 

          td = time delay between stress and strain. 

 

 

 

As mentioned, two replicates were tested and average values of dynamic modulus and 

phase angle were obtained for each mixture. As an example, table 4.4 presents the dynamic 

modulus and phase angle data of two replicates and their averaged values obtained from a 

SP4(0.5) mixture. The averaged values of dynamic modulus and phase angle at each different 

testing temperature over the range of loading frequencies are plotted in figure 4.5 and figure 4.6, 

respectively. 

 As expected, the dynamic modulus increased as the loading frequency increased, while it 

decreased as the testing temperature increased. For phase angle, it decreased as the frequency 

increased at temperatures of 10, 40, and 70ºF. However, the behavior of the phase angle at 100ºF 

and 130ºF seems more complex. Similar results have been reported in many other studies, 
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including that by Flintsch et al. (2008). All 20 mixtures tested in this study showed similar 

behavior.  

 

Table 4.4 Dynamic Moduli and Phase Angles of SP4(0.5) NH281-4(119) Mixture 

 

Temp. 

(ºF) 

Freq 

(Hz) 

#1 #2 Average 

|E*| (psi)  (º)  |E*| (psi)  (º)  |E*| (psi)  (º)  

14 

25 3706833.2 4.3 4158437.9 7.2 3932635.5 5.8 

10 3649624.3 6.2 4029779.4 9.1 3839701.8 7.7 

5 3276894.6 8.6 3768305.8 9.1 3522600.2 8.9 

1 2927421.9 10.3 3319492.8 11.6 3123457.3 11.0 

0.5 2774197.8 9.1 3140589.5 12.2 2957393.6 10.6 

0.1 2681577.9 11.5 3024835.7 13.5 2853206.8 12.5 

40 

25 2705128.7 8.2 2469577.0 7.2 2587352.8 7.7 

10 2596081.3 14.4 2279307.6 10.6 2437694.5 12.5 

5 2366518.9 17.3 2067985.7 12.5 2217252.3 14.9 

1 1779580.4 21.1 1628127.8 17.3 1703854.1 19.2 

0.5 1537555.3 24.0 1439686.4 19.2 1488620.8 21.6 

0.1 1326416.4 26.4 1246506.8 22.6 1286461.6 24.5 

70 

25 1081550.8 18.7 1103120.2 17.8 1092335.5 18.2 

10 887793.4 23.4 914184.5 24.6 900989.0 24.0 

5 702660.5 27.4 745089.1 23.3 723874.8 25.3 

1 380178.6 33.1 410632.8 32.4 395405.7 32.8 

0.5 271310.4 35.4 303462.3 32.8 287386.3 34.1 

0.1 192383.6 32.7 216222.3 31.7 204302.9 32.2 

100 

25 283236.2 39.8 361721.7 27.4 322478.9 33.6 

10 199252.3 30.8 269312.8 23.8 234282.6 27.3 

5 148747.9 34.8 199533.1 28.9 174140.5 31.9 

1 77095.0 35.0 97100.0 35.3 87097.5 35.2 

0.5 64520.3 29.9 82343.5 32.2 73431.9 31.0 

0.1 53189.2 27.4 64971.7 28.3 59080.4 27.8 

130 

25 83076.2 42.2 84895.4 36.0 83985.8 39.1 

10 60024.0 29.8 65426.9 24.6 62725.5 27.2 

5 50290.8 27.1 53320.8 27.0 51805.8 27.1 

1 36749.1 27.0 39599.0 25.1 38174.1 26.1 

0.5 33430.4 26.4 35626.5 26.8 34528.4 26.6 

0.1 36346.9 25.2 37166.2 23.2 36756.5 24.2 
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Figure 4.5 Plot of Averaged Dynamic Moduli: SP4(0.5) NH281-4(119) Mixture 
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Figure 4.6 Plot of Averaged Phase Angles: SP4(0.5) NH281-4(119) Mixture 
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MEPDG requires the dynamic moduli for 30 temperature-frequency combinations (i.e., 

five temperatures and six frequencies) to conduct Level 1 design analysis. Therefore, the 

dynamic modulus values of the 30 temperature-frequency combinations are presented in 

Appendix A. 

With the 30 individual dynamic moduli at all levels of temperature and frequency, the 

MEPDG determined a stiffness master curve constructed at a reference temperature (generally 

70°F). The master curve represents the stiffness of the material in a wide range of loading 

frequencies (or loading times, equivalently). Master curves were constructed using the principle 

of time (or frequency) - temperature superposition. The data at various temperatures were shifted 

with respect to loading frequency until the curves merged into a single smooth function. The 

master curve of the dynamic modulus as a function of time (or frequency), formed in this manner, 

describes the time (or loading rate) dependency of the material. The amount of shifting at each 

temperature required to form the master curve describes the temperature dependency of the 

material. As an example, figure 4.7 shows a constructed master curve and its shift factors for a 

mixture: SP4(0.5) NH281-4(119).  
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(b) Shift Factors 

 

Figure 4.7 Example of Developing a Master Curve and Its Shift Factors 
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As illustrated in figure 4.7(a), the modulus master curve can be mathematically modeled 

by a sigmoidal function (Pellinen and Witczak 2002), described as follows:  

 

rfe
E

log

*

1
log









     (4.5) 

 

 

where log|E* | = log of dynamic modulus, 

        = minimum modulus value, 

         fr = reduced frequency, 

 span of modulus values, and 

 shape parameters. 

 

 

For Level 1 MEPDG analysis, the master curve and sigmoidal function parameters of 

each mixture were determined using measured dynamic modulus test data as mentioned above. 

Figures 4.8(a) through 4.8(e) present master curves of all 20 HMA mixtures: four HRB, four 

SPL, four SP4(0.375), four SP4(0.5), and four SP5, respectively. Legends in each graph indicate 

field project identifications as previously shown in table 3.1. From the figures, variations in 

dynamic modulus values among mixtures can be observed even though they are the same type of 

mixtures. This implies that mixture stiffness characteristics are related to properties and 

proportioning of mixture constituents. Individual mixtures in the same mixture type were 

produced by blending different mixture components.  

 Table 4.5 presents sigmoidal function parameters and shift factors for each mixture. 

These model parameters and shift factors were utilized to develop master curves of each HMA 

mixture. Using the values presented in the table, a new master curve at an arbitrary reference 

temperature can be identified by simply moving the entire master curve in the horizontal 

direction.  
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(a) HRB Mixtures 
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(b) SPL Mixtures 

 

Figure 4.8 Master Curves of Each Mixture at a Reference Temperature (70°F) 
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(c) SP4(0.375) Mixtures 
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(d) SP4(0.5) Mixtures 

Figure 4.8 Master Curves of Each Mixture at a Reference Temperature (70°F) cont’d 
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(e) SP5 Mixtures 

Figure 4.8 Master Curves of Each Mixture at a Reference Temperature (70°F) cont’d 
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