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EXECUTIVE SUMMARY 
 
Currently, TDOT is planning to switch from AASHTO 1993 to MEPDG as their pavement 
design tool in Tennessee. Two main objects of this transition are to establish typical material 
input values for the new MEPDG, and to validate and/or calibrate the MEPDG design procedure. 
In the Phase I of the project, key properties of typical pavement materials, i.e., dynamic modulus 
of asphalt mixture and resilient modulus of granular material (the generalized model) were 
obtained through laboratory tests. The objectives of the Phase II study are (1) to develop the 
material input values for two other typical materials, i.e., Portland cement concrete and subgrade 
soils and (2) to evaluate the performance of typical pavements in Tennessee utilizing the records 
in TDOT’s Pavement Management System (PMS). 
 
Specifically, the main research activities during the Phase II study are summarized as follows: 
 

1. The properties of concrete from nine ready-mix plants in Tennessee were tested in the 
laboratory. The concrete properties include compressive strength, elastic modulus, and 
coefficient of thermal expansion (CTE). A micromechanical model was developed to 
predict concrete coefficient of thermal expansion. 

2. Based on the test data from cyclic triaxial load tests on thirteen Tennessee soils in a 
previous study, the coefficients of the generalized resilient modulus model were obtained 
for typical soils in Tennessee. In addition to the thirteen soils from the previous study, 
four additional soils were collected and tested for resilient modulus. The coefficients of 
the resilient modulus model were correlated with soil physical properties and employed 
in evaluating the seasonal variation of subgrade resilient modulus. The influences of 
seasonal variation in subgrade resilient modulus on pavement performance were 
explored. 

3. The pavement performance of highway pavement sections in Tennessee was analyzed 
using the MEPDG version 1.1. Concrete CTE, subgrade resilient modulus, and other 
properties of local materials were utilized as inputs in MEPDG. The rutting transfer 
functions in MEPDG were verified with the measured pavement performance data in 
PMS in Tennessee.  

 
Based on the analyses, the following conclusions can be drawn: 
 

1. Concrete CTE values were found to have a significant effect on concrete pavement 
performance.  

2. A database for concrete CTE values in Tennessee was established through laboratory 
testing.  
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3. A concrete CTE prediction model was developed based on micromechanics and validated 
with laboratory test data. The differences between measured and predicted CTE values 
were no more than 5% and 15%, respectively for cement paste and cement concrete, 
indicating the proposed model could provide accurate concrete CTE prediction. 

4. The aggregate type was found to be the most important factor affecting concrete CTE 
while aggregate gradation had a slight effect on concrete CTE. No significant change in 
concrete CTE was found when cement water ratio varied from 0.32 to 0.44. 

5. A database of soil resilient modulus was established for MEPDG input Levels 1 and 2 
utilizing the triaxial cyclic test results of thirteen soils in Tennessee.  

6. The coefficients in the generalized model for soil resilient modulus were correlated to the 
physical properties of soil and the correlation was validated.  

7. It was found that seasonal variation of soil resilient modulus greatly decreased fatigue life 
and increased rutting depth of asphalt pavements. It is recommended that the seasonal 
changes in soil resilient modulus and the coefficients of the generalized model be 
considered in MEPDG software in pavement design and analysis. 

8. Utilizing the PMS database in Tennessee, the national calibrated transfer functions in 
MEPDG were verified. It was found that the national default MEPDG overpredicted total 
rutting in asphalt pavements.  

9. Traffic was found to be an important factor affecting pavement roughness in MEPDG. 
The MEPDG design was relatively conservative for the design of low-traffic level 
highway pavements.  

10. MEPDG was not sensitive enough to reflect the variations in climate, traffic, and 
materials when predicting PSI for some highway pavement sections in Tennessee.  
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CHAPTER 1 INTRODUCTION 

1.1 Problem Statement 

The release of Mechanistic-Empirical Pavement Design Guide (MEPDG) in 2004 has been 

leading a transition from empirically-based pavement design to a mechanical-empirical 

procedure. In 2007, the AASHTO Joint Technical Committee on Pavements, Subcommittee on 

Design and Subcommittee on Materials recommended the Mechanistic-Empirical Pavement 

Design Guide (MEPDG) as an interim guide for the design of pavement structures. The 

development of such a procedure was conducted by the National Cooperative Highway Research 

Program (NCHRP) under sponsorship by the American Association of State Highway and 

Transportation Officials (AASHTO).  

The MEPDG and related software provide capabilities for the analysis and performance 

prediction of different types of flexible and rigid pavements. The pavement performance 

prediction models in the MEPDG combines design inputs such as material properties, traffic, and 

climate to the observed field performance. Since the prediction models were primarily calibrated 

through inputs and pavement performance data from Long Term Pavement Performance (LTPP) 

database, local calibrations were highly recommended due to the potential differences between 

national and local conditions.  

As part of the transition, TDOT has contracted with independent consultant to develop 

implementation strategies for the state. Two main objects of this study are to establish typical 

material input values for the new MEPDG, and to validate and/or calibrate the MEPDG design 

procedure with Pavement Management System (PMS) in Tennessee. In the Phase I of the project 

"Develop Typical Material Input Values for Mechanistic-Empirical Pavement Design in 

Tennessee", Key properties of typical pavement materials, i.e., dynamic modulus of asphalt 

mixture and resilient modulus of granular material (the generalized model) were obtained in 
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laboratory tests. Other properties of pavement materials are also seen as critical inputs for 

MEPDG, such as concrete coefficient of thermal expansion (CTE) and resilient modulus of 

subgrade. Therefore, in the Phase II, laboratory tests were conducted on these properties. 

Additionally, alternate methods were also developed for evaluating concrete CTE and soil 

resilient modulus, which is helpful when no equipment is available to reach such properties in 

laboratory. Since the national default values cannot be directly utilized to predict pavement 

performance in MEPDG, as concluded in Phase I, the validation for MEPDG utilizing for 

Tennessee were carried out.  

The general procedure for calibrating the MEPDG follows the flow chart recommended by 

Von Quintus et al. (2009). With consideration of local conditions in Tennessee, the calibration of 

MEPDG in Tennessee was designed to be conducted as shown in Figure 1.1. 

The transfer functions in MEPDG were developed based on LTPP, which covers the whole 

North America. The coefficients of the transfer functions or the functions themselves may not 

predict pavement performance in a specific state properly due to the variations on traffic, climate, 

pavement structures, and materials. Therefore, other resources, like pavement management 

system (PMS) were utilized to validate and/or calibrate the distress prediction models in 

MEPDG.  
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Figure 1. 1 Procedure for Local Calibration in Tennessee 

1.2 Research Objective and Scope 

The Phase II is dedicated to the primary parts of the calibration procedure: establishment 

of a database for critical properties of typical pavement materials; collecting design inputs and 

field performance information from the Pavement Maintenance System (PMS) in Tennessee; and 

verification the MEPDG. Specifically, the objectives and the scope of this study include: 

 To investigate the coefficient of thermal expansion of Portland cement concrete in TN 

Review of Existing Literature-The 

Procedure Employed by Other State 

   Laboratory 

Tests 

Selection of Roadway 

Segments for Use in 

 

Extraction & Evaluation of 

Roadway Segment Data-

PMS for Observed Field 

 

Selection of Hierarchical 

Input Levels for Use in 

  

Assessment of Global (MEPDG Default) Transfer  

 Functions through MEPDG Verification Runs 

Local Calibration of the Distress Models: Modify 

Coefficients & Exponents of Transfer Functions or Develop 

Calibration Function 

Validation of the Calibrated Distress Models with the 

Pavement Sections not Used in Calibration 

Discussion on Calibration Coefficients for Use in Design 

Data from 

PMS etc. 

Default 
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Raw materials of Portland cement concrete were collected from nine ready-mix concrete 

plants across Tennessee and transported to the Infrastructure Materials Laboratory of the 

University of Tennessee. Specimens were molded and tested in the laboratory for basic 

properties, such as compressive strength, elastic modulus, and CTE values at 28 days.  

Due to its time and energy consuming characteristics of the experimental method of CTE, 

an alternate method, micromechanical model, was proposed. Thermal stress analysis was 

conducted on composite material composing with aggregate and cement paste. Aggregate 

gradation was incorporated in the model for CTE prediction. The proposed model was validated 

by experimental data in Tennessee and other states. Sensitivity analysis was also performed to 

explore the major factors affecting concrete CTE. 

 To investigate the resilient modulus of soils in TN 

From test data of cyclic triaxial load tests for thirteen soils in Tennessee (Drumm, et al. 

1996 & 1997), the coefficients of the generalized model were obtained. The coefficients were 

correlated with soil physical properties and employed in evaluating the seasonal variation of 

subgrade resilient modulus. The influences of seasonal variation in subgrade resilient modulus 

on pavement performance were explored. 

 To verify and calibrate MEPDG in TN 

The pavement performance of highway pavement sections in Tennessee was analyzed 

using the MEPDG version 1.1. Concrete CTE, subgrade resilient modulus, and other properties 

of local materials were utilized as inputs in MEPDG. The rutting transfer functions in MEPDG 

were verified with the measured pavement performance data in PMS in Tennessee.  

1.4 Research Procedure 

Generally, the research procedure is shown in Figure 1.2. Material inputs in MEPDG such as 
concrete CTE and soil resilient modulus, and other properties were collected in laboratory. 
Alternate approaches were developed in reaching concrete CTE and soil resilient modulus, 
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which potentially provide great benefits. Then typical pavement sections from TDOT PMS were 
selected and inputs such as pavement structure and traffic were collected. The MEPDG version 
1.1 ran and local calibration and validation were conducted through the comparison between 
predicted distresses and measured distresses from TDOT PMS. 

 

 

Figure 1. 2 Procedure of the research 
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CHAPTER 2 INVESTIGATION ON CONCRETE COEFFICIENT OF 
THERMAL EXPANSION IN LABORATORY AND WITH A 

MICROMECHNICAL MODEL 

2.1 Introduction 

When excessive temperature differences exist in a concrete pavement structure or its 

surroundings, the disequilibrium of the potential volumetric changes in the structure, when 

restrained, introduces inner tensile stresses. When these tensile stresses exceed the in-place 

concrete tensile strength, thermal cracks occur. The hairline thermal cracks could not be easily 

found and may not affect concrete pavement performance immediately. However, thermal cracks 

could be a durability problem for concrete pavements. Thermal cracks on pavement slabs change 

the stress states in concrete slabs and structural layers beneath them. Uneven settlement may 

occur on the two sides of cracks. Precipitation makes this situation worse due to the negative 

impact of moisture to the subgrade stiffness and the loss of fine particles through cracks under 

hydrodynamic pressures. In general, transverse cracks could shorten service lives of rigid 

pavements, decrease the service level, and increase maintenance cost. 

The thermal expansion sensitivity of concrete can be reflected by its basic characteristic, 

the coefficient of thermal expansion (CTE). CTE, defined as the rate at which concrete contracts 

or expands as temperature changes, affects thermal cracking development in concrete pavements. 

Recently, the AASHTO mechanistic-empirical pavement design guide (MEPDG) requires CTE 

as a crucial input for concrete pavement design (ARA, Inc. 2004). Ceylan et al. (2013) conducted 

a comprehensive global sensitivity analyses (GSA) of jointed plain concrete pavement 

performance predictions to MEPDG design inputs. They found faulting, transverse cracking, and 

international roughness index (IRI) are very sensitive to the concrete CTE. Numerous studies 

investigated the CTE of PCC and its impact on concrete pavements (Shin and Chung 2011; Tran 

et al. 2008; Sakyi-Bekoe 2008).  
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There are mainly two types of approaches to obtain concrete CTE, i.e., laboratory tests and 

prediction models. AASHTO T336-09 (AASHTO 2009), updated from AASHTO TP 60-00 

(AASHTO 2007), is the latest method for testing concrete CTE. In AASHTO T336-09, a 

saturated concrete specimen is set vertically in a metal frame. A water bath is used to change the 

temperature of the specimen and the frame. The length change of the specimen is measured to 

calculate CTE. However, a mistake was found in AASHTO TP60-00 and its impact was 

discussed (Tanesi et al., 2010). Won (2005) found that the accuracy and repeatability of the 

AASHTO TP60-00 test method relies greatly on the accuracy and stability of the length changes 

at the low and high temperature boundaries, i.e., 10  and 50 . He suggested that the slope of 

the deformation versus temperature curve be used as concrete CTE, rather than the value 

determined just from the length difference under the upper and lower temperature boundaries. 

This modified method gives slightly higher values of CTE (Kohler et al. 2007). Other CTE test 

methods were also proposed but received less attention, such as CRD-C 39-81 (US CORPS OF 

ENGINEERS 1981), sealed beam-air heating method (Yeon et al. 2009), ASTM E831 (ASTM 

2006), vibrating wire extensometer method (Kada et al. 2002). 

It is found that concrete CTE depends upon many factors, such as the CTE values of raw 

materials, aggregate type (Mukhopadhyay et al. 2007; Sakyi-Bekoe 2008; Naik et al. 2011; Tran, 

N., et al. 2008), moisture (Jeong, et al. 2012; Yeon et al. 2009; Naik et al. 2011; Sellevold and 

Bjøntegaard 2006), age (Jeong, et al. 2012; Jahangirnejad et al. 2008; Yao and Zheng, 2007), and 

some other factors.  

Generally, most of the existing concrete CTE prediction models are based on the rule-of 

mixtures, i.e., concrete CTE is the weighted average of its components’ CTEs. Nevertheless, 

they are slightly different from each other. Emanuel and Hulsey (1977) proposed a prediction 

model for concrete CTE in which the following factors are included: the proportions and CTEs 

of individual components, moisture, age, and temperature. Neville and Brooks (1987) noted that 
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composition and moisture condition at the time of temperature change affect concrete CTE. They 

proposed a prediction model with the following variables: CTEs of cement mortar and 

aggregates, the stiffness ratio of cement paste to aggregate, and the volume fractions of 

aggregate. Mukhopadhyay et al. (2007) proposed in the first step a model to predict aggregate 

CTE based on the calculated weight percentages, pure mineral CTEs, and their elastic moduli. 

The CTE of the pure mineral was measured by dilatometry. Then based on the concept of the 

Hirsch’s composite model (Hirsch 1962), they developed in the second step a prediction model 

for concrete CTE in which aggregate CTE, mortar CTE, volume fractions of components, and 

elastic moduli of components are independent variables. 

Laboratory testing, AASHTO T336-09 for instance, requires expensive apparatus and is 

time-consuming and energy-exhausting, as shown in Fig. 2.1. Further, different laboratory tests 

usually provide varied concrete CTE values due to the variation of testing conditions, which 

introduces difficulties to define a "standardized" concrete CTE value for a specific concrete. On 

the other hand, the prediction models in Table 2.1 empirically evaluate concrete CTE values 

from physical and mechanical parameters based on the-rule-of mixtures. The mechanism of the 

thermal expansion of concrete was rarely investigated from a view of micromechanics. In 

addition, an important factor, aggregate gradation, has not been well demonstrated on its effect 

on concrete CTE. 
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6.7-8.3in.

CTE Test 
(AASHTO T336-09) 
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2days

 

Figure 2. 1 Procedure for concrete CTE in laboratory 

 

Table 2. 1 Summary on concrete CTE prediction models 

 Emanuel and Hulsey, 

1977 

Neville and Brooks, 

1987 

Mukhopadhyay et al., 2007 

Factors 

Covered 

(1) the proportions of 

individual components,  

(2) the CTEs of 

individual components,  

(3) moisture,  

(4) age,  

(5) temperature. 

(1) the CTEs of 

individual 

components  

(2) the stiffness ratio 

of cement paste to 

aggregate,  

(3) the volume 

fractions of 

aggregate 

Step1: aggregate CTE 

 (1) calculated weight percentages, 

(2) pure mineral CTEs,  

(3) aggregate elastic moduli  

Step2: concrete CTE 

(1) aggregate CTE 

(2) mortar CTE 

(3) volume fractions of components, 

 (4) elastic moduli of components 
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2.2 Impact of Concrete CTE on Concrete Pavement Performance 

The importance of concrete CTE to the concrete pavement performance should be 

investigated prior to the development of concrete CTE model. A concrete pavement section on I-

40 interstate highway in Davidson County, Tennessee was selected for the analysis. The 

pavement structure includes 10in. concrete slab and 9in. granular base, beneath which is 

subgrade with a k-value of 145. The total number of equivalent single axle loads (ESALs) is 

10.1million. The climate in the location was assumed to be the same as the climatic station in 

Nashville, Tennessee as they are very close geographically. A sensitivity analysis on the 

influence of concrete CTE on pavement performance was conducted. In the control group, the 

concrete CTE was assumed as national default one, 9.9×10-6/oC. In the test groups, concrete 

CTE values deviated from the default value in 10% and 20%. The Version 1.100 MEPDG 

software Version provided pavement performance, which was summarized in the Figure 2.2. 

It can be clearly seen that higher concrete CTE values introduce higher faulting, decrease 

load transfer efficiency, and increase concrete slab cracks, and therefore contribute to higher 

international roughness indices. The deterioration rate of concrete pavement accelerates when 

concrete CTE increases, especially slab cracks (appears as an exponential growth). On the other 

hand, a concrete slab with lower concrete CTE value could enhance the service level and extend 

the service lives of concrete pavements. Therefore, it is very important to investigate the concrete 

CTE value and to take measurements to decrease the value before construction.   
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c) Load Transfer Efficiency d) International Roughness Index (IRI) 

Figure 2. 2 Influence of concrete CTE on concrete pavement performance 

2.3 Study on Concrete CTE in Laboratory 

In order to develop a concrete CTE value database in TN, raw materials from eight 

concrete plants (Figure 2.3) were collected. The plants were located at Memphis, Spring Hill, 

Nashville, Chattanooga, Sparta, Oak Ridge, Morristown, Blountville in Tennessee (from left to 

right on Figure 2.2), and cylinders (6 by 12 in.) were molded and tested for compressive strength, 

elastic modulus and CTE values at 28 and/or 60 days, according to ASTM C39 (ASTM, 2012), 

AASHTO T336 (AASHTO, 2009) , respectively. Test results were summarized in Table 2.2. 

Detailed information can be referred to in Appendix A. 

Some articles claimed that the concrete coefficients of thermal expansion have an 

increasing trend since casting (Buch and Jahangirnejad, 2008). However, this conclusion is not 
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solid. Experimental works conducted by Alungbe et al. (1992) show that the concrete CTE 

decreases with increasing age, from 28days' and 90 days' test results. Emanuel and Hulsey 

(1977) claimed that the concrete CTE decreases with increasing age for a Type I cement paste. 

Therefore, no general conclusion can be made on the effect of concrete age on concrete CTE 

currently. 

 

I-40

I-65 I-24 I-75

I-81 I-26

 

Figure 2. 3 Concrete plants for concrete CTE database 

 

Table 2. 2 Summary on properties of concrete in TN 
Contract 

No. 
Location Company Compressive 

Strength 
(MPa), 28d 

Elastic 
Modulus 
(GPa), 

28d 

CTE (10-6/oC) 
28d 60d 

CNK 914 Harrison 
Anderson 

APAC 23.5 23.4 9.21 9.39 

CNK 014 Morristown IMI 20.1 19.9 9.93 8.10 
CNK 811 Spring Hill IMI 21.0 20.7 7.44 7.19 
PIN# 
113411.00 

Nashville IMI 22.1 20.2 6.47 6.59 

CNK 067 Memphis APAC 20.3 19.9 8.57 8.50 
CNL026 Memphis-

Metro 
Dement 
Construction 

21.0 20.5 9.67 9.80 

CNJ 232 Chattanooga Sequatchie 20.9 20.5 10.14 9.67 
CNJ 060 Sparta IMI 21.0 21.2 8.73 8.71 

 

It is not practical to reach an "optimal" concrete mix design with lowest CTE value from 

laboratory experiments, considering too many influencing factors on the concrete CTE, such as 

water cement ratio, aggregate types, gradation, and so on. Whereas, a concrete CTE model could 
15 

 



provide knowledge on the concrete CTE values prior to any laboratory experiments, and design a 

concrete mixture with a relative lower CTE value. In additions, it could be used as an alternate if 

laboratory experiments are restrained in some situations. 

In this chapter, the historical development of flexible pavement design procedures was 

briefly summarized. And two critical material inputs, i.e. dynamic modulus of asphalt materials 

and resilient modulus of soils were described on prediction models and test methods of them. 

Prediction models for these two parameters require local validation and calibration before being 

utilized to estimate E* and Mr. In this research, lab tests were carried out to obtain these two 

properties of asphalt materials and soils, respectively, which is a prime step to establish the 

database of typical materials input values for the implementation of MEPDG in Tennessee. 

2.4 Development of Concrete CTE Model 

Hardened cement concrete consists of aggregate particles and hydrated products of cement 

paste, which can be seen as a particulate filled composite material.  An equivalent concrete 

medium is assumed to encircle such particulate filled composite material (Huang et al 2003, 

2007; Shu and Huang 2007, 2008, 2009), as shown in Figure 2.4. Macroscopically, it can be seen 

as a homogenous material (Hao and Hao 2011; Li and Li 2011; Chou et al. 2011). The sketch of 

a typical unit is shown in Figure 2.5. Cement concrete and its components are assumed to be 

linear elastic. , , and  are Young’s modulus, Poisson’s ratio, and CTE value, respectively 

(i=0 equivalent concrete; i=1 aggregate; i=2 cement paste). Aggregate particles are assumed to 

be spherical in shape. As shown in Figure 2.5, an aggregate particle with a radius a is coated 

with cement paste b – a thick, which is further embedded in an equivalent concrete medium c – b 

thick. The Poisson’s ratio of concrete is quite stable, independent of temperature and moisture 

(Downie, 2005). A constant value 0.20 was adopted.  
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Assume the temperature of this composite material changes . This is a spherical 

symmetry problem with regard to stress, strain, and displacement. The normal stresses and 

strains in any two orthogonal tangential coordinate directions are identified by the subscript, t. 

The radial strain is , and the tangential strain is . The stress-strain 

relationships in the inner solid sphere and the outer two hollow spheres are written as (Burgreen 

1971): 

 

 
Figure 2. 4 Composites of hardened cement concrete 

a

c

Aggregate
E1, v1

Cement Paste 
E2, v2

b

Equivalent Concrete
E0, v0

120
 

Figure 2. 5 Sketch of a unit of aggregate-cement paste-equivalent concrete medium 
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The normal and tangential stresses can be expressed as Eqs. (2.3) and (2.4) (Burgreen, 

1971). It is noteworthy that . 

 
The boundary conditions are: 

;  ;  ;                      

;                                                       (2.5) 

where:  =the radial pressure at the interface of aggregate and cement paste;  = the radial 

pressure at the interface of cement paste and equivalent concrete. 

Substituting Eq. (2.5) into Eqs. (2.3) and (2.4) yields the stresses in terms of the still 

undetermined contact pressures  and , as 

                                                                                           (2.6) 

                                                                                            (2.7) 

                                                  (2.8) 

                                                (2.9) 

                                                                       (2.10) 

                                                                      (2.11) 

It is noted that at the centre of the aggregate, in order to avoid singularity,  has to be 0.  

Applying the continuity conditions, , , and , , we have 

                                                      

                                      (2.12) 
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                                       (2.13) 

In Eqs. (2.6) through (2.9), we set . The resulting interfacial stresses are substituted 

into Eq. (2.12), which yields 

      

 (2.14) 

Similarly, in Eqs. (2.8) through (2.11), we set . The resulting interfacial stresses are 

substituted into Eq. (2.13), which yields 

 

(2.15) 

Considering the size of the equivalent concrete medium surrounding aggregate particle is 

much larger than aggregate itself, i.e., , Eq.(2.15) can be simplified as:  

                                        (2.16) 

Integration of the radial strain throughout aggregate and cement paste gives the total 

deformation in the radial direction: 

                                           (2.17) 

Macroscopically, the deformation of aggregate and cement paste also can be expressed as: 

                                                 (2.18) 

Then 
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                         (2.19) 

Substituting Eqs. (2.6)-(2.9) into Eq.(2.2) and then substituting Eq.(2.2) into Eq.(2.19) 

yields 

                                                           (2.20) 

Combining Eqs(2.14), (2.16), and (2.20),   can be solved as: 

 

                                (2.21)  

where: 

 

 

 

 

 

 
The elastic modulus of the equivalent concrete, , according to Shu and Huang 

(2008), is calculated as: 

                                                           (2.22) 
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where:  = volume of concentration of aggregate in concrete, ; 

; and . 

The CTE of the composite is influenced by many parameters such as temperature, 

aggregate size, cement paste thickness as well as elastic modulus, Poisson’s ratio, CTE values of 

aggregate and cement paste. Every aggregate of a specified size gives its contribution to the 

overall CTE of the concrete. In order to take aggregate gradation into account, CTE of the 

concrete can be expressed as follows: 

                                                                  (2.23) 

where: =minimum aggregate radius; and =maximum aggregate radius. 

The integration is too complex. A numerical summation, as an approximation to the 

integration, is adopted as follows: 

      (2.24) 

                                                                                        (2.25) 

where: 

=CTE corresponding to the composite with type j aggregate with radius  and its 

cement paste; 

=CTE corresponding to the composite with type j aggregate with radius  

and its cement paste; 

=volume fraction of type j aggregates passing through the No.i sieve; 

=volume fraction of type j aggregates passing through the No.i+1 sieve; and 

=the size of the ith sieve, (i=1, 2, 3,…N), mm. 
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An approach from Li et al. (1999) was used to determine the thickness of cement paste, 

i.e., b-a. This method assumes that all aggregate particles are coated with the same thickness of 

cement paste. The thickness can be determined from Eq. (2.26). 

                                                        (2.26) 

where: =volume fraction of cement paste in PCC; and =volume fraction of aggregate 

in PCC. 

With air voids in concrete neglected, the following relationship remains: 

                                                                                 (2.27) 

                                                                                  (2.28) 

where: =volume of cement paste in concrete, and = volume of aggregates in concrete. 

The volumes of hydrated cement paste and aggregates can be calculated with Eqs (2.29) 

(Mindess et al. 2003) and (2.30).  

 cm3                                                              (2.29) 

 cm3                                                                    (2.30) 

where:  the degree of hydration, 1.0 in this paper; =the mass of cement paste in 

one unit concrete; =the mass of one kind of aggregate in one unite concrete; and =the 

specific gravity of the corresponding aggregate. 

 

2.5 Validation on Proposed CTE Model 

2.5.1 Laboratory Test on CTE of Cement Paste 
 
The proposed concrete CTE model requires CTE values of cement paste as inputs. Type I 

portland cement, as the most common commercial cement in the United States, was used to mold 
cement paste cylinders (4 by 8 inches) under four different water cement ratio, i.e., 0.32, 0.38, 
0.44, and 0.48. Under each w/c ratio (except 0.48), three replicated samples were tested on CTE 
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and results were shown in Figure 2.6. It indicates that among the range of 0.32 to 0.48, the CTE 
of cement paste decreases as w/c ratio increases. According to the t-test, the influence of w/c 
ratio on CTE of cement paste is insignificant at 5% significance level. 
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Figure 2. 6 CTE of cement paste under varied w/c ratios 

2.5.2 Validation of the CTE Model on Cement Mortar 
 

Cement mortar is widely used in civil engineering and is an important component in 

cement concrete. The thermal behavior of cement mortar influences the mechanical performance 

of the structure, therefore should be investigated. Cement Mortar cylinders (4 by 8 inches) were 

molded and the CTE tests were conducted at 28 days. The fine aggregate is graded standard sand 

and the gradation can be referred from ASTM C778. On the other hand, the CTE model 

proposed in this paper predicted CTE values of cement paste. The inputs of the graded standard 

sand were listed in Table 2.3 as siliceous sand. Comparison of the measured and the predicted 

CTE values of cement paste were shown in Figure 2.7. It can be seen the predicted medium CTE 

values of cement mortar are very close to the measured values with no more than 5% variation. 
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There is no obvious trend on the variation of CTE values of cement paste with w/c ratios ranged 

from 0.32 to 0.48. 

 

0.32 0.38 0.44 0.48

Measured CTE (10-6/oC) 11.6 11.2 11.0 11.0
predicted Min. 11.1 10.9 10.8 10.7
Predicted Med. 11.7 11.5 11.3 11.3
Predicted Max. 12.2 12.0 11.9 11.9
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Figure 2. 7 Comparison of measured and predicted CTE values of cement paste 

 
2.5.3 Validation of the CTE Model on Cement Concrete 

The concrete data from Sakyi-Bekoe (2008) were utilized to validate the proposed CTE 
model. Concrete with two types of coarse aggregates, i.e., dolomitic limestone (DL) and granite 
(GR) were utilized in this paper. Siliceous sand was used for fine aggregate in all of concrete. 
Table 2.3 offers gradation and bulk specific gravity of each material. In each type of concrete, 
three water cement ratio (0.32, 0.38, 0.44) and three volumetric ratios of coarse aggregate to fine 
aggregate (60:40, 55:45, 50:50) were adopted. Therefore, in each type of concrete there are six 
different concretes.  

The inputs of cement paste (Yang, et al., 1997), aggregate and natural sand (Britannica 
Encyclopedia, 2013) were listed in Table 2.4 including CTE values and elastic moduli. It should 
be mentioned that CTE values of cement paste were assumed to be the same with the ones 
obtained in the laboratory above, since the same type of cement was used in (Sakyi-Bekoe 2008).  

Three typical values among the CTE ranges of aggregates in Table 2.4 were substituted 
into the proposed model, i.e., minimum, maximum, and medium values. The predicted concrete 
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CTE values were compared with the measured ones, as shown in Figure 2.8. It can be seen that 
the top boundaries of aggregate CTE values provide the maximum values of concrete CTE, 
while the bottom boundaries provide the minimum values of concrete CTE. Among them locate 
concrete CTE values predicted from other combinations of aggregate CTE values. It can be also 
seen that the differences between the predicted concrete CTE values and the measured ones are 
no more than 15%. It indicates that the proposed model is valid. 

 

Table 2. 3 Gradation and bulk specific gravity of aggregates 

Size 
Mass % Passing Sieves 
Dolomitic 
Limestone (DL) 

Granite 
(GR) 

Siliceous 
Sand 

1" 100 100 100 
3/4" 93 93 100 
3/8" 32 29 100 
#4 3 3 99 
#8 1 1 92 
#16 0 0 80 
#30 0 0 50 
#50 0 0 15 
#100 0 0 5 
#200 0 0 0 
Bulk Specific 
Gravity 

2.753 2.687 2.626 

 
 

Table 2. 4 CTE values, elastic moduli and Poisson’s ratios of concrete components 

Properties DL GR Siliceous 
Sand 

Cement Paste 
 
0.32 0.38 0.44 

CTE Range (10-6/oC) 7-10 7-9 11-13 - - - 
Medium CTE (10-6/oC) 8.5 8 12 11.2 10.8 10.4 
Elastic Modulus (GPa) 20 60.0 20 20.87 18.42 15.97 
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Figure 2. 8 Comparison between predicted and measured concrete CTE values 

2.6 Summary and Conclusions 

The influence of concrete CTE on the concrete pavement performance was evaluated in 
version 1.100 MEPDG software. Nine typical concretes from plants distributed in Tennessee 
were tested on their CTE in the laboratory. A concrete CTE prediction model was developed 
based on micromechanics. Data obtained from laboratory and literature was used to validate the 
proposed CTE model on cement mortar and cement concrete. Also the sensitivity analysis on the 
factors influencing concrete CTE values was investigated. The following conclusions can be 
drawn from the study: 

 Concrete pavement performances are very sensitive to concrete CTE values. Pavement 

deteriorations, especially concrete slab cracks, accelerate when concrete CTE 

increases.  

 CTE values of concretes from different plants are varied from each other significantly. 

The database of concrete CTE could be utilized as Level 2 input for the thermal 

properties of concrete in MEPDG software. 
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 The concrete CTE model was validated on cement paste from laboratory and cement 

concrete from literature. The differences between measured and predicted CTE values 

on cement paste and cement concrete are no more than 5% and 15%, respectively. 

 The proposed model is a useful alternate method to evaluate concrete CTE. 
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CHAPTER 3 INVESTIGATION ON RESILIENT MODULUS OF 
SUBGRADE AND ITS INFLUENCE ON ASPHALT PAVEMENT 

PERFORMANCE 

3.1 Introduction 

Mechanical-empirical pavement design methods require the stiffness of subgrade soils as a 

basic input to analyze the dynamic response and fatigue behavior of pavement materials under 

vehicle loading. The 1986 AASHTO guide for design of flexible pavement (AASHTO, 1986) 

suggests resilient modulus ( ) for characterizing subgrade soil.  is defined as the deviatoric 

stress divided by the resilient or recoverable axial strain under cyclic axial loading. 

Currently, the Mechanistic-Empirical Pavement Design Guide (MEPDG) allows use of 

AASHTO T307 test standard (AASHTO, 1999) or the NCHRP 1-28A procedure (NCHRP, 

2003) to evaluate resilient modulus of soil. The two methods are almost the same except for the 

tolerance of moisture and density among replicate samples. In repeated load triaxial tests, three 

different levels of confining stresses (41.4, 27.6, and 13.8kPa for subgrade soil) are applied on 

cylindrical specimens, simulating overburden pressure and wheel load. A series of load pulses 

(13.8, 27.6, 41.4, 55.2, and 68.9 kPa for subgrade soil) are applied with a distinct rest period on 

soil specimens, simulating the stresses from multiple wheels moving on the pavement. In the 

field, subgrade soil at different depth experiences varied bulk stresses, depending on the 

stiffness, thickness, and other factors of the pavement overlayers. 

Due to the complexity and tediousness of laboratory testing, in-situ tests are preferred as 

long as reliable correlations could be established. Factors such as stress state, soil type and its 

structure, natural water content, density, and gradation are usually considered when analyzing 

 of soil. The California Bearing Ratio (CBR) is commonly used to estimate  (Hopkins, et 

al., 2004). The new MEPDG Level 2 input provides the options of estimating  from CBR, R 

value, (Bayomy, et al., 2012) and layer coefficient, respectively. In-situ apparatuses, such as field 
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static plate bearing load test (Ping and Sheng, 2011; Ahn, et al., 2009) and falling weight 

deflectometer (Mohammad, et al., 2007; Nazzal and Mohammad, 2010; Dawson, et al., 2009) 

can be used to obtain field resilient modulus. Usually relationships between resilient modulus 

and CBR or other mechanical properties obtained in the field can be established. 

The relationships between resilient modulus and the material stress state have been studied 

for decades. The K-θ model (Seed, et al., 1967), generally used for granular materials, does not 

consider shear stress and shear strain developed during loading. The K-  model (Moossazadeh 

and Witczak, 1981) is adequate for cohesive soils found at shallow depths. The universal model 

(Uzan, et al., 1992) covers the effects of shear, confining, and deviator stresses and gives a better 

explanation for the stress state of soils. Later the generalized model (Von Quintus and 

Killingsworth, 1998) was adopted in MEPDG. After the coefficients for the constitutive models 

are determined from laboratory test results, soil resilient modulus can be estimated for any 

specific stress state.  Generally, the coefficients of the generalized model can be obtained from 

laboratory repeated load test results, as in MEPDG input level 1, or by correlating the 

coefficients with soil physical properties (Hossain, 2008; Titi, et al., 2006; Malla and Joshi, 

2006; Mohammad, et al., 1999), and both the effects of season and stress sensitivity can be 

considered. 

3.2 Resilient Modulus Test of Soil in Laboratory 

Four soils were collected from Rhea, Frongtage, and Shelby, Tennessee. Their basic 

physical properties were evaluated in laboratory and summarized Table 3.1. And standard 

protocol tests results were listed in Table 3.2. 
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Table 3. 1 Summary of Physical Properties of Soils 

Location 
soil classification Atterberg 

Limits 
Percent 

Passing, % 
Natural 
Water 

Content, 
% 

Specifi
c 

Gravit
y 

AASHT
O 

Group 
Index 

USC
S LL PL PI #1

0 
#4
0 

#20
0 

Rhea,Sta. 
84 A-7-6 17 CH 55 30 25 10

0 98 95 37.7 2.71 
Rhea,Sta. 
85 A-7-6 16.6 CL 46 18 28 99 97 79 17.3 2.69 

Frontage A-7-6 18.4 CH 52 18 34 82 75 63 -* 2.63 

Shelby A-4 9 CL 29 20 9 10
0 97 95 -* 2.63 

Note: No plastic bag with natural soil was found in the sampling bulks or bags. 

Table 3. 2 Standard Protocol Test Results 

Location 
Standard Protocol 

Optimum Water Content (%) Max. Dry Density (g/cm3) 
Rhea,General Shale Brick Co. Sta 84 28.5 1.483 
Rhea,General Shale Brick Co. Sta 85 20.4 1.647 
Frontage, SR840, Sta.93 21.1 1.611 
Shelby I-240 Sta. 624 15.4 1.764 

 

A soil grinder was used to pulverize clumps to the particles smaller than 4.75mm in the 

soils. Resilient modulus tests were conducted in Boudreau Engineering Incorporate according to 

AASHTO T 307-99. For each soil, three replicated samples were compacted at the optimal 

moisture content, two of which were backsaturated with 2psi and 4 psi backpressures 

respectively and both were conditioned for 7days. Coefficients of the constitutive model, as 

shown in Equ. (3.1), were regressed and shown in Table 3.3. 

                                                    (3.1)               
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Table 3. 3 Summary of Standard Protocol Tests and Resilient Modulus Tests 

 
  Specimen Properties Regression parameters 
  (as compacted) 

 
(following saturation/testing) 

Sample No. AASHTO 
 

MC 
 

%Comp MC Gs Saturation (%) K1 K2 K5 R2 

Rhea85 (a) A-7-6 
  
  

123.04 20.40 102.19 99.50 20.10 2.69 84.0 11,594 0.11529 0.14783 0.97 

Rhea85 (b) 123.00 20.40 102.16 99.47 24.56 2.69 102.6 5,578 -0.37436 0.31280 0.99 

Rhea85 (c) 123.26 20.40 102.38 99.68 24.39 2.69 102.5 5,772 -0.37209 0.27790 0.98 

Rhea84 (a) A-7-6 
  
  

119.18 28.50 92.75 100.27 28.11 2.71 92.4 11,723 0.03565 0.13266 0.96 

Rhea84 (b) 119.48 28.50 92.98 100.52 33.64 2.71 111.2 7,379 -0.61974 0.18832 0.97 

Rhea84 (c) 118.77 28.50 92.43 99.92 33.04 2.71 107.8 7,247 -0.58171 0.18293 0.96 

Shelby (a) A-4 
  
  

125.73 15.40 108.96 99.05 14.88 2.63 77.2 7,560 -0.04588 0.22384 0.97 

Shelby (b) 125.61 15.40 108.85 98.95 18.78 2.63 97.1 2,687 -0.16720 0.45849 0.95 

Shelby (c) 125.48 15.40 108.74 98.85 18.38 2.63 94.8 3,454 -0.18511 0.41552 0.97 

Frontage (a) A-7-6 
  
  

121.20 21.10 100.08 99.58 21.32 2.63 87.5 13,683 -0.03563 0.10941 0.77 

Frontage (b) 121.00 21.10 99.92 99.42 24.43 2.63 99.9 5,679 -0.52534 0.29032 0.96 

Frontage (c) 120.87 21.10 99.81 99.31 24.29 2.63 99.0 6,535 -0.55630 0.29732 0.95 
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The new MEPDG adopts the generalized model for resilient modulus of soils, as 

shown in Equ. (3.2).  

                                           (3.2) 
 

where: = resilient modulus; = bulk stress; ; = principal 

stresses; = octahedral shear stress, ; 

=atmospheric pressure; = regression coefficients. 

It is obvious that the coefficients in Table 3.3 should not be adopted directly in the 

MEPDG software. Procedures need to follow to get the coefficients of the generalized 

model below: 

(1) Establish a series of data for cyclical stresses, surrounding stresses, and 

corresponding resilient moduli using the constitutive model in Equ.(3.1) with the 

associated coefficients; (2) Obtain the coefficients for the generalized model with 

adopting the resilient modulus data in linear regression methods. Table 3.4 offers the 

coefficients of the generalized model for resilient modulus of the four soils. Good 

regressed model were obtained since high R2 values were reached.  

From the test results, it can be seen that as the moisture content increases from 

optimal moisture content, resilient modulus of soils decreases. 

 

Table 3. 4 Coefficients of the generalized model for the four soils in TN 

Sample No. k1 k2 k3 R2 
Rhea85 (a) 1054.9 0.2221 0.3340 0.97 
Rhea85 (b) 551.3 0.4635 -3.7880 0.96 
Rhea85 (c) 538.8 0.4134 -3.6525 0.96 
Rhea84 (a) 1008.3 0.1986 -0.1932 0.97 
Rhea84 (b) 538.9 0.2749 -5.1474 0.96 
Rhea84 (c) 532.4 0.2672 -4.8526 0.96 
Shelby (a) 732.8 0.3340 -1.0968 0.96 
Shelby (b) 366.8 0.6833 -2.7788 0.96 
Shelby (c) 435.9 0.6189 -2.7625 0.96 
Frontage (a) 1101.0 0.1631 -0.6321 0.96 
Frontage (b) 509.7 0.4283 -4.8090 0.96 
Frontage (c) 586.3 0.4384 -5.0579 0.96 
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3.3 Comparison between the Universal Model and the Generalized Model 

Soils from 14 locations in Tennessee were collected, as shown in Figure 3.1, and 

the physical properties and resilient modulus were tested in the laboratory according to  

SHRP Protocol P46 (Drumm, Reeves, and Madgett, 1995, 1999; Drumm, Li, Reeves, and 

Madgett 1996 ). Among these 14 soils, 3 are silty soils and 11 are clayey soils. The 

resilient moduli of the 11 clayey soils were evaluated under three different water 

contents: optimum water content and two higher water contents (changing water contents 

after compaction at optimum water content). The results of the laboratory tests were 

given in terms of the three coefficients ( ) of the universal model (Uzan, 

Witczak, Scullion and Lytton, 1992) as follows:  

                                           (3.3) 

 

I-40

I-65 I-24 I-75

I-81 I-26

 

Figure 3. 1 Distribution of soil samples in Tennessee 

The soil resilient modulus data were regressed to obtain the coefficients ( ) 

for the generalized model. Table 3.5 presents the regressed coefficients for the universal 

and generalized models of resilient modulus. The coefficients in the first row were for 

optimum water content, i.e. for the resilient modulus at the MEPDG input level 1, while 

coefficients in the other rows can be used to predict resilient modulus of soils with higher 

water contents. The ratios of coefficients of the universal model to those of the 

generalized model were shown in Figure 3.2. It can be seen that there was almost no 

change in k2, whereas k1 and k3 varied significantly. The distribution of k1 was more 

scattered than those of k2 and k3. 
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Table 3. 5 Coefficients of the Generalized Model and the Universal Model for Soils in Tennessee 

Location AASHTO 
Classification 

Water 
content, 
% 

Dry 
Density, 
g/cm3 

Generalized Model Universal Model 

k1 k2 k3 R2 k1 k2 k3 R2 
Crockett 
Co. Sta 
781  

A-4 
16.3  1.668  1241.1 0.5230  -1.7450  0.90 596.3 0.5312  -0.2411  0.96  
18.0  1.668  1099.3 0.6670  -2.2540  0.92 428.6 0.6754  -0.3082  0.95  
18.9  1.675  781.4 0.5480  -0.9840  0.92 512.7 0.5550  -0.1399  0.95  

Shelby 
Co. Sta 9  A-4 

14.5  1.762  1028.7 0.2050  -1.1200  0.88 640.9 0.2062  -0.1558  0.94  
15.8  1.746  705.2 0.1720  -1.2670  0.86 417.6 0.1686  -0.1710  0.88  
15.8  1.763  586.5 0.2850  -2.2790  0.79 220.1 0.2938  -0.3259  0.92  

Roane 
Co. Sta 
85 

A-4 
12.5  1.845  1288.2 0.2831  -2.3644  0.93 485.7 0.2875  -0.3167  0.98  
13.5  1.843  1319.2 0.6359  -3.6189  0.90 290.5 0.6435  -0.5000  0.94  
13.5  1.873  763.7 0.7011  -2.8356  0.88 231.8 0.7138  -0.3911  0.96  

Hamilton 
Co. Sta 
578  

A-6 15.3  1.763  1960.3 0.0970  -1.2050  0.88 1153.2 0.0971  -0.1646  0.92  

Roane 
Co. Sta 
47  

A-6 
17.3  1.747  1576.5 0.1780  -3.0340  0.94 455.7 0.1752  -0.4022  0.97  
17.8  1.766  1493.8 0.2670  -4.3010  0.89 253.7 0.2790  -0.5762  0.95  
17.8  1.777  1342.1 0.3635  -4.4842  0.95 216.9 0.3648  -0.5879  0.99  

Crockett 
Co. Sta 
925  

A-6 
16.3  1.718  913.1 0.0526  -1.1202  0.87 564.8 0.0586  -0.1595  0.79  
18.0  1.702  721.1 0.2031  -2.5360  0.71 245.0 0.2156  -0.3568  0.96  
19.2  1.709  419.2 0.2547  -1.8506  0.77 191.4 0.2585  -0.2587  0.83  

Crockett 
Co. Sta 
1081 

A-6 
17.9  1.715  913.3 0.1015  -2.1690  0.96 376.4 0.1004  -0.2858  0.98  
18.9  1.704  858.2 0.2191  -3.0697  0.95 245.1 0.2197  -0.4050  0.98  
20.0  1.689  975.7 0.6333  -3.7124  0.94 182.9 0.0633  -0.5731  0.98  
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Table 0.5 Coefficients of the Generalized Model and the Universal Model for Soils in Tennessee (Continued) 

Location AASHTO 
Classification 

Water 
content, 
% 

Dry 
Density, 
g/cm3 

Generalized Model Universal Model 

k1 k2 k3 R2 k1 k2 k3 R2 
White Co. 
Sta 652 A-6 18.8 1.673  1369.9 -0.0369  -0.3829  0.26 1136.3 -0.0251  -0.0665  0.34 

Giles Co. 
Sta 270  A-7-5 

23.8 1.502  1487.3 0.1860  -1.3950  0.69 831.6 0.1858  -0.1905  0.72 
24.6 1.512  1299 -0.0440  -1.6850  0.93 644.6 -0.0455  -0.2284  0.96 
26.2 1.510  758.9 0.1030  -3.1000  0.96 210.1 0.0974  -0.4201  0.97 

Knox Co. 
Sta 400 A-7-5 

29.4 1.449  1568.2 0.0736  -1.6451  0.97 818.5 0.0683  -0.2058  0.92 
30.1 1.444  1099.3 0.2596  -2.7053  0.97 438 0.2504  -0.3382  0.95 
30.6 1.446  993.6 0.0924  -3.2551  0.95 265.9 0.0903  -0.4226  0.96 

VanBuren 
Co. Sta 
618 

A-7-6 21.3 1.597  1241.1 0.5230  -1.7450  0.90  1360.2 0.1622  -0.1864  0.87 

Knox Co. 
Sta 
Rutledge 
Pike 

A-7-6 
35.6 1.306  1610.6 0.2120  -1.6019  0.87 841.6 0.2099  -0.2086  0.87 

35.6 1.322  1347.7 -0.2068  -1.1694  0.49 834.8 -0.2057  -0.1551  0.50  
35.8 1.329  1032.2 0.1126  -2.3845  0.98 399.5 0.1063  -0.3018  0.95 

Knox Co. 
Sta 500  A-7-6 

18.6 1.715  2251.6 0.2510  -2.2020  0.98 926.6 0.2468  -0.2848  0.96 
19.7 1.705  1320.1 0.3430  -4.0470  0.94 248.3 0.3434  -0.5445  0.98 
19.9 1.707  1159.6 0.3230  -3.9450  0.93 230.5 0.3243  -0.5234  0.97 
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Figure 3. 2 Coefficient ratios of the universal model to the generalized model 

It is obvious that the coefficients of the universal model should not be adopted 

directly in the MEPDG software. Instead, highway agencies have to convert the 

coefficients from the universal model to those for the generalized model, if the original 

resilient modulus data are missing. They can do so by following the procedures described 

below: (1) Establish a series of resilient modulus data using the universal model with the 

associated coefficients; (2) Obtain the coefficients for the generalized model with the 

resilient modulus data through linear regression method. 

3.4 Regression Model of Coefficients of the Generalized Model from Physical 

Properties 

The establishment of relationships between coefficients of the generalized model 

and soil physical properties provides a convenient and economical way to evaluate 

resilient modulus of a new soil as long as this soil is similar to the ones used in the 

regressions. The physical properties commonly used in developing the relationship are 

water content, degree of saturation, plasticity index, material passing the #200 sieve, and 
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dry density. Based on sensitivity analysis, George (2004) found that the most important 

input variable is  water content, followed by materials passing #200 sieve, plastic index 

and sample density. However, the order is likely to vary for different soils and different 

stress conditions. 

Drumm et al. (1995) reported values of soil physical properties such as Atterberg 

limits, specific gravity, gradation, water content and dry density, which were used as 

independent variables and log(k1), k2, and k3 obtained from cyclic triaxial tests were 

dependent variables. 11 clayey soils, i.e. A-6 and A-7, and 3 silty soils, i.e. A-4, were 

used. As samples with three different water contents of each soil were included, the 

seasonal moisture variation of soils could be considered. 

Since there are many independent variables, an ever-present danger is that of 

selecting a model that overfits the "training" data used in the fitting process, yielding a 

model with poor predictive performance. Using k-fold cross validation is one way to 

assess the predictive performance of the model. The PRESS statistic was used here 

among the models whose variables were selected based on entry and stay significance 

levels (both are 0.15, as defaulted). The regressed models were shown in Table 3.6.  

It can be seen from Table 3.6 that physical properties such as plastic limit, 

percentage of clay, percentage passing #200 sieve, specific gravity, liquid limit, optimum 

water content, maximum density, and water content had significant effects on the resilient 

modulus of clayey soils, while specific gravity, water content, and percentage passing #4 

sieve significantly affected the resilient modulus of silty soils. Also it can be seen that 

resilient modulus of soils decreased as the water content increased from optimum water 

content. It should be noted that only 9 samples were used when developing the regressed 

coefficients for silty soils, and more confidence would be achieved if more samples were 

included. 
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Table 3. 6 Regressed models of coefficients from physical properties for soils in 

Tennessee 

Model R2 F 
Valu
e 

Clayey Soils 

 
0.7

4 
12.8

5 
 0.3

8 7.57 

 
0.8

9 
37.4

3 
Silty Soils 

 0.4
7 2.68 

 0.6
6 

13.5
6 

Note: PL presents plastic limit; LL presents liquid limit; Clay presents the 

percentage of clay in soil; Passing#200 presents the percentage of soil particles passing 

#200 sieve;  presents the maximum dry density under optimal water content, ;  

 presents current water content of soil; SG presents the specific gravity of soil. 

The coefficients estimated from the physical properties were compared with those 

based on experimental data, as shown in Figure 3.3. It can be seen that physical 

properties provided fairly good predictions on the coefficients of the generalized model. 

The resilient moduli of the clayey soils were calculated from the regressed 

coefficients, the cyclic stresses, and confining pressures (referred to as regressed resilient 

moduli hereafter). Figure 3.4 shows the comparison between regressed and experimental 

resilient moduli of clayey soils. In general, the majority of regressed resilient moduli 

were close to the experimental values. Therefore, the relationships for clayey soils in 

Table 3.2 can be utilized as a time-saving and economical method to evaluate coefficients 

in the generalized model and the resilient moduli of clayey soils. 

 

 

41 
 



-5.0 

-3.5 

-2.0 

-0.5 

1.0 

2.5 

4.0 

-5.0 -3.5 -2.0 -0.5 1.0 2.5 4.0 

Re
gr

es
se

d 
Co

ef
fic

ie
nt

s f
ro

m
 P

hy
si

ca
l 

Pr
op

er
tie

s

Experimental Coefficients

log(k1) k2 k3

 
 

Figure 3. 3 Experimental coefficients versus regressed coefficients 
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Figure 3. 4 Experimental resilient moduli versus regressed resilient moduli 
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3.5 Seasonal Variation of Clayey Soil Resilient Moduli in Tennessee 

In pavement design, resilient modulus of soil at optimum water content (standard 

Proctor) is usually adopted. However, soil resilient modulus is highly dependent on 

moisture content (George, 2004; Figueroa, 2001; Shalaby, 2010). Zuo (2007) selected 

four locations in Tennessee and monitored moisture variation in subgrade. Among these 

four locations, the subgrade soil from Blount County was classified as A-7-5, which is 

the same as the soil in Knox. Co. Sta. 400. These two counties are geographically close 

and have similar climate. California Bearing Ratio (CBR) of the subgrade soil was 

defaulted as 7.0, according to pavement design experience in Tennessee. The empirical 

model in Eq. (3.3) (ARA, 2004) gives a representative resilient modulus of 61.2 MPa for 

the following pavement response analysis. 

 

                                      (3.3)   

In order to evaluate the influence of soil moisture on soil resilient modulus, Knox. 

Co. Sta. 400 soil in Table 3.5 was selected and assumed to experience the annual 

moisture variation, as shown in Figure 3.5, which was the change of moisture 0.15 m 

under the subgrade surface at the Blount County pavement site (Zuo, 2007). Water 

contents in the soil shown in Figure 3.5 were higher than the optimum water content 

(29.4%) in Table 3.5. The coefficients of the generalized model for Knox. Co. Sta. 400 

soil were determined from the regressed models in Table 3.6 and the results were shown 

in Figure 3.5. It can be seen from Figure 3.5 that log(k1) and k2 decreased while subgrade 

moisture increased, vice versa. 

As recommended by AASHTO T307, fifteen stress states were applied to the Knox 

Sta.400 soil, as shown in Figure 3.6. As the subgrade depth increased, confining pressure 

increased while deviator stress decreased. As the horizontal distance increased from the 

site of the traffic load, the deviator stress in soil decreased. Figures 3.7 and 3.8 show the 

seasonal change of soil resilient modulus. They indicate that when the water content was 

higher than the optimum one, there was an inverse correlation between resilient modulus 
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and water content. Similar results were reported elsewhere (Ceratti, et al., 2004). The 

variation of soil resilient modulus was around 10 MPa. It can also be seen that soils 

vertically under traffic loads exhibited smaller resilient modulus than those located 

deeper (Figure 3.8) or horizontally farther away from traffic loads (Figure 3.7). 
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Figure 3. 5 Annual changes of coefficients of the generalized model with seasonal 

moisture variation in subgrade on Knoxville Sta. 400 
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Figure 3. 6 Sketch of stress state in subgrade 
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Figure 3. 7 Seasonal variation of soil resilient modulus at different horizontal location in 

the same depth 
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Figure 3. 8 Seasonal variation of soil resilient modulus at different depths under traffic 

load 

3.6 Influence of Soil Resilient Modulus on Flexible Pavement Performance 

As shown above, the stiffness of the subgrade varied seasonally. Therefore, the 

support of soil to pavement structure would also change, which would subsequently 

affect pavement performance. Two typical pavement structures, interstate highway I-40 

at Knoxville (I-40 Knox.) and state route 36 (SR-36 Washington) were selected to 

investigate the influence of soil resilient modulus variation on pavement performance. 

The details of pavement sections and material properties are listed in Table 3.7.  
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Table 3. 7 Pavement structures and material properties 

Layers 
Thickness  (cm) Elastic Modulus 

(MPa) Poison's Ratio I-40 Knox SR-36 
Washington 

Asphalt Surface 
Course 

31.1 17.8 3445 0.35 

Asphalt Base 
Course 

8.9 8.9 2412 0.35 

Granular Base 20 20 138 0.40 
Subgrade - - Varied 0.45 

 

A multiple elastic-layered software, WESLEA 3.0 was adopted to analyze the 

tensile strain in the upper asphalt layer, the compressive strain on the top of subgrade, 

and the fatigue life of pavement. The default values of elastic moduli and Poisson’s ratio 

were used. It should be pointed out that since the mechanical properties of asphalt 

mixtures are highly related to temperature, the use of constant elastic moduli may not 

reflect the seasonal modulus variation of the asphalt layers in the field. Adoption of 

constant elastic moduli was only to investigate the effect of subgrade resilient modulus 

variation on pavement performance. Due to this simplification, the analysis from 

WESLEA 3.0 here only indicated the trend of the impact of seasonal soil resilient 

modulus variation on pavement performance rather than the full seasonal variation on 

pavement performance. 

It was assumed that the subgrade soils under the two pavement sections had the 

same properties as the Knox Sta. 400 in Table 3.5. In general, pavement section in SR-36 

Washington County has a 18in. thick pavement structure, while pavement section in I-40 

Knox. has a 24in. thick pavement structure., the subgrade soil is typically subjected to 

between 48.3 kPa (7 psi) and 68.9 kPa (10 psi) vertical stresses from an 18,000-lb single-

axle load. Therefore, a deviatoric stress of 68.9 kPa (10 psi) was used in the analysis in 

order to simulate field conditions. Since the goal was to obtain the trend, not the specific 

values of pavement responses, only a confining pressure of 41.4 kPa (6 psi) was used. 

A transfer function developed at the University of Illinois using Mn/ROAD fatigue 

crack data was used in WESLEA 3.0 to predict fatigue life of asphalt pavement, as shown 

in Eq.(3.4). 
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                                            (3.4) 

where: = number of repeated loads under current structural conditions before a 

fatigue crack will form; = maximum horizontal tensile strain at bottom of first layer 

caused by one pass of current wheel configuration, expressed in microstrain. 

Figures 3.9 and 3.10 showed the seasonal variation of longitudinal strain at the 

bottom of the first asphalt layer and compressive strain on the subgrade surface for both 

pavement sections. The fatigue lives corresponding to different resilient moduli of 

subgrade through one year are shown in Figure 3.11. It can be seen that as the subgrade 

resilient modulus decreased, the longitudinal tensile strain at the bottom of the first 

asphalt layer and the compressive strain on the top of subgrade increased, and the fatigue 

life decreased by 15% - 40% compared to that with optimal water content. West et al. 

(2012) reported a similar trend on longitudinal strain at the bottom of asphalt layer and 

also on subgrade pressure on an Open-Graded Friction Course (OGFC) test track. The 

possible reasons they offered for this change are layer slippage and/or cracking extending 

deeper into the pavement structure. Actually, comparing to the climate data record from 

National Climatic Data Center, a positive correlation can be observed between the 

longitudinal strain at the bottom of asphalt layer and precipitation in that area.  A 

reasonable explanation for the phenomenon is the high precipitation increased moisture 

content in subgrade through cracks on the pavement and weakened the stiffness of soil, 

and furtherly redistribute the traffic loads in the pavement structure and the subgrade. 

Therefore, pavement responses in the asphalt pavement structure were enlarged by 

moisture increase in subgrade. 
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Figure 3. 9 Seasonal variation of longitudinal tensile strain at the bottom of the first 

asphalt layer 
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Figure 3. 10 Seasonal variation of compressive strain at the top of subgrade 
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Figure 3. 11 Seasonal variations on fatigue life of the two pavement sections 
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Compared to the I-40 Knox. pavement section, the thinner pavement section, the 

SR-36 section in Washington presented a higher tensile strain at the bottom of the upper 

asphalt layer and a higher compressive strain at the surface of the subgrade. There was no 

evidence to show that pavement responses of a thick pavement were less sensitive to the 

variation of resilient modulus than those of a thin pavement. Therefore, resilient modulus 

variation due to seasonal moisture change in subgrade should be fully taken into account 

on both low and high traffic volume highways. 

Rutting development of the two pavement sections was evaluated using the 

MEPDG software (version 1.1) with an input level 2 on subgrade resilient modulus 

property and with input level 3 with all other input factors on traffic, climate and material 

properties.  The same traffic was applied on both sections, with an initial 380 AADTT 

(average annual daily truck traffic).  Rutting development of SR-36 Washington 

pavement section, as an example, is shown in Figure 3.12. It can be seen that when 

seasonally varying resilient modulus instead of a representative resilient modulus was 

taken into account, a relatively higher rutting depth would occur on subgrade. An 

interesting result was observed: the portion of the rutting contributed by the asphalt layers 

and base was about the same with or without seasonal resilient moduli considered. This 

may not be true in the field. A weak support from subgrade would force the pavement 

structure carry more parts of loads than a strong support, which would usually lead to 

accelerated pavement deteriorations, including rutting. From this point of view, the 

MEPDG software version 1.1 may not capture the impact of seasonal resilient moduli on 

the rutting of pavement structure. 

Since the pavement responses caused by the seasonal variation of the subgrade 

resilient modulus vary significantly, it is recommended that the resilient modulus at input 

Level 2 and the coefficients of the generalized model at input Level 1 should be 

substituted by the seasonally changing resilient modulus and coefficients of the 

generalized model, respectively, when the information is available. 
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Figure 3. 12 Rutting development of SR-36 Washington pavement section 

 

3.7 Conclusions and Recommendations 

Based on the triaxial cyclic test results of thirteen soils in Tennessee, the 

coefficients of the generalized model and the universal model were obtained through 

multiple linear regressions and their values compared. The variation of soil resilient 

modulus due to seasonal moisture change was explored and its effect on pavement 

performance was investigated. The following conclusions and recommendations can be 

drawn from the study: 

• The database of resilient modulus for Tennessee soils were established. There are 

totally 17 soils, in which four soils were collected in this project and 13 soils 

were collected and tested by Dr. Drumm. This resilient modulus database can be 

used as Level 2 inputs for subgrade in MEPDG software. 
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• The relationships between the coefficients of the generalized model and the 

physical properties for clayey soils were developed and validated to be a time-

saving and economical way to estimate the resilient modulus of clayey soils. 

• There existed an inverse correlation between soil resilient modulus and water 

content higher than optimal moisture content. The higher the water content, the 

lower the soil resilient modulus. 

• The seasonal variation of subgrade resilient modulus due to the moisture change 

enhanced the computed longitudinal tensile strain at the bottom of the asphalt 

layers and compressive strain on subgrade surface, decreased fatigue life of the 

flexible pavements, and increased the rutting depth in the subgrade. 

• The fatigue life of both low volume and heavy volume pavements was 

significantly affected by subgrade resilient modulus reductions due to moisture 

change. 

• It is recommended that seasonal changes in soil resilient modulus and the 

coefficients of the generalized model be included in MEPDG software.  
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CHAPTER 4 VERIFICATION ON MECHANICAL-EMPIRICAL 
PAVEMENT DESIGN GUIDE WITH PMA DATABASE IN 

TENNESSEE 

4.1 Research Background 

The AASHTO 1993 Guide for Design of Pavement Structures (hereafter, AASHTO 

1993 Guide) has been extensively employed in the United States for highway pavement 

design for decades (AASHTO 1993). Nevertheless, its development is based on limited 

pavement sections at one location of unique climate, specific materials and loads. 

Therefore, it does not reflect many current design inputs (ARA 2004). In 2004, a new 

Mechanistic-Empirical Pavement Design Guide (MEPDG) for New and Rehabilitated 

Pavements was developed by AASHTO. Compared to the AASHTO 1993 guide, this 

new MEPDG has made significant improvements in that it utilizes databases of traffic, 

climate, materials and structural analysis to predict pavement performance over a defined 

service life (ARA 2004). Mechanistic-empirical models use both volumetric and 

fundamental material properties to characterize pavement materials. This is in contrast to 

the 1993 AASHTO Guide, which only uses resilient modulus for estimating structural 

layer coefficient. The new design guide can directly consider effects and interactions of 

inputs on structural distress and ride quality. In order to implement the new design guide, 

many states have begun data collecting, model testing (Garcia and Thompson, 2007; 

Banerjee et al., 2009; Saxena et al. 2010, Kutay and Jamrah, 2013), sensitivity analysis 

(Ayyala and Daniel 2010, Aguiar-Moya et al. 2010), software evaluation, validation, and 

calibration. 

Schwartz et al. (2013) conducted a comprehensive global sensitivity analyses 

(GSA) of flexible pavement performance predictions to MEPDG design inputs under five 

climatic conditions and three traffic levels. Factors that greatly influence each pavement 

distresses were presented in the order of importance. The design inputs most consistently 

in the highest sensitivity categories across all distresses were the hot mix asphalt (HMA) 

dynamic modulus master curve, HMA thickness, surface shortwave absorptivity, and 

HMA Poisson’s ratio. Longitudinal and alligator fatigue cracking were also very sensitive 

58 
 



to granular base thickness and resilient modulus and subgrade resilient modulus. Similar 

GSA was conducted on the concrete pavements by Ceylan et al. (2013). Schwartz and 

Carvalho (2007a) analyzed the sensitivity of the MEPDG performance predictions to 

input parameters, including traffic, environmental conditions, and material properties for 

the state of Maryland. They found that MEPDG was very sensitive to climate variations 

and different material properties. They recommended local calibrations for different 

materials and every region. Mallela et al. (2009) conducted sensitivity analysis as well as 

local validation and calibration of MEPDG models with limited LTPP sections in Ohio.  

The fatigue prediction models in the MEPDG for pavement rehabilitation in 

Oregon (Rahman, Williams, and Scholz, 2013) were calibrated and predictions of both 

alligator cracking and longitudinal cracking were improved by local calibration. 

However, after calibration a high variability still existed between the predicted distresses 

and observed distresses, especially for the longitudinal cracking. Kim, et al. (2013) 

calibrated DARWin-ME and MEPDG version 1.1 on the jointed plain concrete pavement 

performance prediction models in Iowa and suggested that few differences are observed 

between DARWin-ME and MEPDG with national and local calibrated models for faulting 

and transverse cracking predictions for JPCP, but not for International Roughness Index 

(IRI). The locally calibrated JPCP IRI prediction model for Iowa conditions could reduce the 

prediction differences between DARWin-ME and MEPDG.  

Hall et al. (2011) conducted a local calibration of performance prediction models in 

MEPDG for Arkansas. They successfully calibrated rutting and alligator (bottom-up) 

cracking models while did not calibrate longitudinal (top-down) cracking and transverse 

cracking models due to the nature of the data. Velasquez et al. (2009) utilized field 

performance data from MnROAD pavement sections as well as other pavement sections 

located in Minnesota and neighboring states to modify the prediction models for rutting 

and the coefficients in alligator cracking and thermal cracking models. They 

recommended adopting the modified models to implement MEPDG in predicting relative 

distresses in Minnesota. They also suggested Level 3 as asphalt binder characterization. 

However, they did not recommend using MEPDG to predict longitudinal cracking and 

roughness. Sunghwan et al. (2010) evaluated the accuracy of the MEPDG performance 
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prediction models utilizing pavement sections with pavement performance data from the 

Iowa state’s Pavement Management System (PMS) and the Long Term Pavement 

Performance (LTPP) database. They suggested a recalibration for the MEPDG 

performance models to Iowa conditions. Souliman et al. (2010) used 39 pavement 

sections in LTPP database to perform the calibration. They found that the national-

calibrated MEPDG models under-predicted alligator cracking and rutting for Arizona 

conditions, whereas they over-predicted the longitudinal cracking and the subgrade 

rutting. Local-calibrated coefficients were proposed for rutting, fatigue cracking and IRI 

models. Li et al. (2009, 2010) established a pavement thickness design catalog for the 

Washington state Department of Transportation (DOT) based on the calibration of 

MEPDG software for their state condition. Actually, dynamic modulus and other 

fundamental tests were not included in the LTPP database when the national calibration 

conducted in the NCHRP 1-37A Report. Therefore, errors are expected when those 

properties of materials are adopted in the MEPDG software. 

It can be summarized from the above-mentioned studies that local calibration for 

MEPDG is necessary in that the national-calibrated models for distresses and/or 

roughness either under-predicted or over-predicted pavement performance for each 

specific state. The frequently utilized pavement performance data sources include the 

Minnesota MnROAD test roads, states’ PMS and LTPP database. Because materials, 

climate, and traffic all significantly affect pavement performance, it is of great 

significance to calibrate the MEPDG models for local transportation agencies. 

4.2 Research Objectives and Methodology 

The objective of the study is to verify the MEPDG prediction models of pavement 

performance in Tennessee. To achieve this goal, the pavement performance of 19 

highway pavement sections in Tennessee was analyzed using the latest version of 

MEPDG software and compared to the data collected from the PMS of Tennessee. 

The methodology for validating the MEPDG prediction models of pavement 

performance are shown in Figure 4.1. First, traffic, climate, pavement structures and 
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material properties of selected highway pavement sections were collected from PMS, 

state’s pavement construction records and MEPDG database. Then, two pavement 

performance parameters, PSI and rutting, were predicted with the MEPDG software and 

compared with the values obtained from PMS. 

Traffic

Pavement 
Structure and 

Material 
properties

Data
Preparation
(Collected 
from PMS)

Predicted 
Rutting

Predicted 
Roughness

Rutting

Roughness

MEPDG

Climate

Verification

 

Figure 4. 1 Procedure of verification on MEPDG 

4.3 Data Preparation 

The PMS in Tennessee contains structure, material and traffic information of 

pavement sections as well as pavement performance indices including PSI, IRI, and 

rutting depth. Pavement performance data are collected every year for interstates and 

every two years for state routes in Tennessee. The quality of data has a significant effect 

on the pavement performance prediction and evaluation. The data prepared in this study 

includes four parts, namely, traffic, climate, pavement structures and materials, and 

pavement performance. 

4.3.1 Traffic 

Axle load spectra was introduced into the MEPDG which requires truck counts by 

week days and months for all truck types from Class 4 to Class 13 (FHWA). The traffic 

volume adjustment factors for truck distribution, vehicle class distribution and axle load 

distribution factors are required. Some factors such as axle load distribution factor and 

percentage of vehicles in the design lane are very sensitive inputs (Oman 2010). 
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However, due to the fact that the detailed information about axle load distribution is still 

unavailable from the Tennessee PMS, national default axle load spectra were used in this 

study. The Equivalent Single Axle Load (ESAL) acquired from the PMS was selected as 

a traffic level indicator. The initial Average Annual Daily Truck Traffics (AADTTs) 

were back-calculated from the respective ESALs. 

4.3.2 Climate 

The variation in climate condition has a significant influence on the MEPDG 

performance prediction of interstate highways (Schwartz and Carvalho 2007b). The 

default climate data of weather stations located in Tennessee was tested and found to be 

acceptable for the validation efforts. The stations with incomplete data cannot be used 

alone in MEPDG. Utilizing these stations when creating a virtual weather station through 

interpolation may only decrease the quality of prediction (Johanneck and Khazanovich 

2010). It is observed that the weather station located in Knoxville, Tennessee missed 

some data in some months. Therefore, the nearest weather station with complete data was 

used instead of this station in the analysis. According to Tennessee Water Science Center, 

the groundwater table is 1.8 m deep or lower. Since distress predictions for AC pavement 

sections are not affected by depths greater than 1.2 m (Witczak et al. 2006, Zapata 2009), 

the depth of groundwater table was assumed to be 1.8 m for all pavement sections. 

4.3.3 Pavement Structures and Materials Properties 

Most interstate highways in Tennessee were constructed before the 1970s. Since 

then, maintenance and rehabilitations have been continuously conducted to keep these 

highways up to an acceptable service level. The main interstates in Tennessee include I-

40, I-24, I-65, I-75, I-26, and I-81. Totally, 19 pavement sections were selected 

throughout Tennessee for this study, including 18 interstate highway sections and one 

state route section (Figure 4.2). All these highway sections have an overlay thickness no 

thinner than 10cm in their last maintenance activities. 
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Figure 4. 2 Pavement sections for evaluation in Tennessee 

Basic information on the location, structure, construction and maintenance history, 

and soil properties of the selected highway pavement sections is presented in Table 4.1. 

Current MEPDG procedure is able to analyze pavement overlays. However, this overlay 

analysis has not yet been nationally calibrated and currently is not recommended for 

evaluation of existing pavements. Therefore, only the MEPDG new design procedure was 

used in this study. Because MEPDG can analyze no more than four AC layers, several 

old layers had to be merged into one layer for some selected pavement sections. In 

addition, MEPDG’s new design procedure cannot analyze old portland cement concrete 

(PCC) pavements, which has to be converted into an equivalent crushed stone base with a 

proper thickness. 

Two input levels were defined and used for the MEPDG analyses in this study. The 

first one was input Level 2.5, which means that input Level 3 was adopted for AC layers 

whereas input Level 2 was adopted for base and subgrade. The gradation, air voids, 

optimum binder content, performance grade of binder for AC layers were prepared at this 

level. The other one was input Level 1.5, which means that input Level 1 was used for 

AC layers and input Level 2 was used for base and subgrade. The dynamic moduli of 

asphalt mixtures and complex moduli of asphalt binders were prepared at Level 1.5. 

Currently, the level 1 input in MEPDG, i.e., coefficients of the generalized model for soil 

resilient modulus from the laboratory data, usually lead to death of MEPDG software. 

Communication with software developer (through Email) was conducted and no solutions  
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Table 4. 1 Information of selected pavement sections for analysis 

20-year 
ESALs Highway County 

Mile 
AADTT Overlay (cm) Existing AC/PCC (cm) 

Crushed 
Stone 
(cm) 

<4,500,000 

I_40 Knoxville 0-6.9 250 -- 31.1Asphalt Surface+8.9Asphalt 
Base 

20.3 

SR_36 Washington 14.4-
15.1 

380 -- 17.8Asphalt Surface+8.9Asphalt 
Base 

20.3 

I_81 Greene 6.0-12.3 520 13.3Asphalt Surface 5.7Asphalt Surface+26.7Asphalt 
Base 

7.6 

I_40 Roane 15.7-
22.9 

600 3.2GrD+6.4GrB+7.6GrA 18.4Asphalt Surface+17.8Asphalt 
Base 

25.4 

I_40 Fayette 7.9-16.1 730 3.25Asphalt Surface+9Asphalt 
Base+31.1Crushed Stone 

22.9PCC 20.3 

I_40 Benton 0-8 750 7.6Asphalt Surface+7.6Asphalt Base 25.4Asphalt Base 20.3 
I_75 Campell 27-30.4 750 7.6Asphalt Surface +15.2 Asphalt Base 25.4Asphalt Base 20.3 
I_40 Dickson 9.1-17.8 820 8.3Asphalt Surface +27.9Asphalt Base 17.8Asphalt Base 20.3 
I_75 McMinn 10.9-

13.4 
870 11.4Asphalt Surface 5.7Asphalt Surface+17.8Asphalt 

Base 
20.3 

I_40 Cumberland 6.4-13.5 950 3.2Asphalt Surface +7.6Asphalt Base 6.4Asphalt Surface+31.8Asphalt 
Base 

20.3 

4,500,000- 
9,000,000 

I_75 Knoxville 8.8-13.7 1050 7.6Asphalt Surface +26.7Asphalt Base 22.9PCC 41.9 
I_40 Davidson  1100 13.3Asphalt Surface Milled Asphalt Surface off 35.6 
I_75 Anderson 8.3-10.2 1150 8.3Asphalt Surface +10.2Asphalt Base 17.8Asphalt Base 20.3 
I_24 Montgomery 11.7-

17.2 M 
1150 3.2Asphalt Surface +7.6GrA+7.6GrAS 45.7Asphalt Base 20.3 

I_40 Madison 7.4-12.4 1320 3.2Asphalt Surface +16.5Asphalt Base 22.9PCC 15.2 
I_24 Montgomery 11.7-

17.2 P 
1370 3.2Asphalt Surface +12.1Asphalt Base 19.7Asphalt Surface+8.9Asphalt 

Base 
12.7 

I_65 Davidson 20.1-
22.2 

2000 3.2Asphalt Surface +15.2Asphalt Base 12.7Asphalt Base+22.9PCC 15.2 

>9,000,000 I_40 Davidson 0-4.7 2900 9.5Asphalt Surface +8.9Asphalt Base 25.4PCC 15.2 
I_65 Davidson 0.4-3.5 4100 13.3Asphalt Surface 7.6Asphalt Base+22.9PCC 22.9 

 

64 
 



were provided. Therefore, Level 2 inputs were adopted for the subgrade and base. The 

layer coefficient, CBR, and/or R-value for stone base, and CBR for subgrade were 

prepared at both levels. 

4.4 Rutting Analysis 

The MEPDG is able to predict rutting in every layer of pavement structure and 

subgrade. The collected rutting depths in PMS represent the rut depth for the total 

pavement structure and subgrade rather than each individual layer. 

4.4.1 AC Overlay on PCC 

Among selected pavement sections, six were initially PCC pavements. After 

overlays were constructed, rutting should accumulate only from the AC overlays since no 

rutting should occur in PCC slabs and layers beneath them. Therefore, the rutting from 

base and subgrade should be ignored in the comparison. Figure 4.3 shows the 

development of the measured and predicted rutting of one AC+PCC section. It can be 

seen from Figure 4.3 that at either input Level 2.5 or 1.5, total rutting predicted from the 

MEPDG was significantly higher than the measured one. However, the trend of the 

predicted AC rutting was found to be similar to that of the measured, indicating the 

MEPDG rutting prediction model could reasonably reflect rutting development. The 

predicted AC rutting at input Level 1.5 was slightly smaller than the one predicted at 

input Level 2.5. 
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Figure 4. 3 Development of measured and predicted rutting on an AC+PCC section 

Figure 4.4 compares the measured and predicted rutting at input Levels 2.5 and 1.5, 

respectively. It can be seen that the rutting predictions at input Level 1.5 were less 

scattered than those at input Level 2.5. Generally, input Level 2.5 over-predicted the 

rutting for the majority of the pavement sections. Input Level 1.5 gave a more accurate 

rutting prediction for these sections. 

 
 

 

 

 

66 
 



0.0 

0.3 

0.6 

0.9 

1.2 

1.5 

0.0 0.3 0.6 0.9 1.2 1.5 

M
ea

su
re

d 
ru

tti
ng

 (c
m

)

Predicted AC rutting (cm)  
a) Under input Level 2.5 

0.0 

0.3 

0.6 

0.9 

1.2 

1.5 

0.0 0.3 0.6 0.9 1.2 1.5 

M
ea

su
re

d 
ru

tti
ng

 (c
m

)

Predicted AC rutting (cm)  
b) Under input Level 1.5 

Figure 4. 4 Comparison of measured and predicted rutting on AC+PCC sections a) under 

input Level 2.5 and b) under input Level 1. 

 

4.4.2 AC Overlay on AC 
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Figure 4.5 shows the development of the measured and predicted total rutting of 

one AC+AC pavement section. The predicted total rutting for the AC+AC pavement 

section was significantly higher than the measured rutting. The predicted AC rutting at 

input Level 1.5 was slightly smaller than that at input Level 2.5. 
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Figure 4. 5 Development of measured versus predicted rutting on an AC+AC section 

 

Figure 4.6 compares the measured and predicted total rutting of AC+AC pavement 

sections at input levels 2.5 and 1.5. It is observed that the majority of predicted rutting 

was higher than the measured one. Because the points in Figure 4.6 (b) were less 

scattered and closer to the line of equality than the points in Figure 4.6 (a), the MEPDG 

predicted rutting depths in AC layers at input Level 1.5 more reasonably than at input 

Level 2.5. 
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Figure 4. 6 Comparison of measured and predicted rutting on AC+AC sections a) under 

input Level 2.5 and b) under input Level 1.5 
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4.5 Roughness Analysis 

Pavement roughness prediction in the MEPDG is dependent on rutting, fatigue 

cracking, thermal cracking, site factor, and other factors, as shown in Eq. (4.2) (NCHRP 

1-37A 2004). 

                  (4.2) 

Where: 

       IRI = International roughness Index, in/mile; 

       IRI0 = Initial IRI after construction, in/mile; 

       RD = Rutting depth, in; 

       FC = Area of fatigue cracking, % of total lane area; 

       TC = Length of transverse cracking, ft/mile; 

       SF = Site Factor; and 

       C1, C2, C3, C4 = Local calibration coefficients. 

 

The predicted IRI valued were converted into PSI values through Eq. (4.1) in order 

to comparison to the measured PSI values in PMS database. Figure 4.7 shows the 

predicted PSI at input Level 1.5 versus at input Level 2.5 for all selected pavement 

sections. It can be seen from Figure 4.7 that the predicted PSI at input Level 1.5 was 

almost the same as the one at input Level 2.5. In Eq. (4.2), rutting, fatigue cracking, and 

transverse cracking are all affected by the properties of AC layers. However, no 

longitudinal cracking or transverse cracking was predicted by the MEPDG at either input 

Level 2.5 or 1.5. Similar phenomena were found by Velasquez et al. (2009). The 

influence of AC layer properties on alligator cracking was small. The same was true with 

rutting. For these concerns above, the predicted IRIs and PSIs at both input levels were 

very similar for the same pavement sections. 
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Figure 4. 7 Predicted PSI (input Level 2.5 versus input Level 1.5) 

Traffic level was found to affect PSI prediction significantly in this study. The 

analysis results of the pavement sections at different traffic levels, as presented in Table 

4.1, are discussed below. 

 

20-year ESALs 0-4.5million 

The predicted and measured PSI at input Level 2.5 on the pavement sections with 

accumulated ESALs less than 4.5 million is shown in Figures 4.8 and 4.9. It is obvious 

that the MEPDG under-predicted pavement roughness. It is noted from Figure 4.8 that 

the decreased rate of measured PSI was close to that of predicted PSI, which indicates 

that the MEPDG roughness prediction model is potentially applicable to Tennessee 

conditions. However, it is recommended that local coefficients be modified before 

application. More data are required for local calibration in Tennessee, which is beyond 

the objective of this paper. 
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Figure 4. 8 Development of measured PSI and predicted PSI on a section with ESAL 0-

4.5million 
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Figure 4. 9 Measured PSI versus predicted PSI on all sections with ESAL 0-4.5million 
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20-year ESALs 4.5-9.0million 

As shown in Figure 4.10, within this range of traffic, the predicted PSI agreed well 

with the measured data. However, Figure 4.11 shows the variation of the measured PSI 

was very high. It was observed that the predicted PSI in one section was very similar to 

other sections (Figure 4.12), though the measured PSIs between them were significantly 

different (Figure 4.13), indicating that MEPDG was not sensitive enough to reflect the 

variation of climate, traffic, and materials among sections on the prediction of PSI. 
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Figure 4. 10 Development of measured PSI versus predicted PSI on a section with ESAL 

4.5-9million 
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Figure 4. 11 Measured PSI versus predicted PSI on all sections with ESAL 4.5-9million 
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Figure 4. 12 Predicted PSI (I-40-22 Dickson TN versus I-75-54 McMinn TN) 
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Figure 4. 13 Measured PSI (I-40-22 Dickson TN versusI-75-54 McMinn TN) 

4.6 Conclusions and Recommendations 

Pavement performance of selected highway pavement sections in Tennessee was 

analyzed utilizing the latest MEPDG software and compared to the measurements 

acquired from PMS. The new pavement design procedure, instead of the overlay design 

procedure, of MEPDG was used to predict the pavement performance. Based on the 

analysis, the following conclusions and recommendations can be summarized: 

• As an important input for the MEPDG, the initial IRI value for pavement 

performance prediction needs to be determined before calculation. The initial 

IRI value was determined to be 67.9 cm/km based on the PSI history data of 

the highway pavement sections used in this study. 

• The MEPDG gave more satisfactory AC rutting predictions when input 

Level 1 was used for AC layers whereas it over-predicted AC rutting for 

input Level 3 on flexible pavements. The MEPDG also over-predicted 

rutting of base and subgrade for input Level 2. 
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• Traffic was found to be an important factor affecting predicted pavement 

roughness in MEPDG. The MEPDG design was relatively conservative for 

the design of low-traffic level highway pavements. 

• MEPDG was not sensitive enough to reflect the variations in climate, traffic, 

and materials when predicting PSI for the some highway pavement sections 

in Tennessee.  

• It is recommended that local calibration of MEPDG be performed for more 

accurate prediction models of pavement performance. To achieve this goal, 

more data of material, traffic, and pavement distresses are required to meet 

the MEPDG requirements. 
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CHAPTER 5 CONCLUSIONS AND FUTURE RESEARCH 

5.1 Summary on Research Topics 

This study is the second phase of the project "Develop Typical Material Input 

Values for Mechanistic – Empirical Pavement Design in Tennessee", the preparation 

for the transition of pavement design from AASHTO 1993 to new MEPDG in Tennessee. 

A comprehensive literature review was firstly conducted to see the latest research on this 

transfer in other states. Key properties of several pavement materials that greatly 

influence pavement performance in MEPDG were studied through modeling and 

laboratory investigation, which could be referred as databases for the Level 2 inputs for 

the relative materials in MEPDG. Then the MEPDG software version 1.1 with the 

national default values and national calibrated models was verified with the PMS 

database including pavement information and measured distresses/IRI data in Tennessee. 

Conclusions in this study were summarized as follows: 

Concrete CTE values were found to be very sensitive to concrete pavement 

performance. A database for concrete CTE values in Tennessee was established through 

laboratory investigation. A concrete CTE prediction model was developed based on 

micromechanics and validated through laboratory test data. The differences between 

measured and predicted CTE values on cement paste and cement concrete are no more 

than 5% and 15%, respectively. The aggregate type was found to be the most important 

factor that affects concrete CTE while aggregate gradation slightly affects concrete CTE. 

With the water cement ratio varied from 0.32 to 0.44, the concrete CTE was found no 

obvious change. 

A database of soil resilient modulus was established for MEPDG input Levels 1 

and 2 utilizing the triaxial cyclic test results of thirteen soils in Tennessee. Because of the 

complexity and difficulty in laboratory approach, an alternate method was proposed to 

evaluate soil resilient modulus. The coefficients in the generalized model for soil resilient 

modulus were regressed from physical properties and validated. The impact of the 

seasonal variation of soil resilient modulus due to moisture change on pavement 

performance was investigated. And it was found that seasonal variation of soil resilient 
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modulus greatly decreases fatigue life and increases rutting depth of asphalt pavements. It 

is recommended that the seasonal changes in soil resilient modulus and the coefficients of 

the generalized model should be covered in MEPDG software in pavement design and 

analysis. 

Utilizing the PMS database in Tennessee, the national calibrated transfer 

functions in MEPDG were verified. It was found that the national default MEPDG 

overpredicts total rutting in asphalt pavements. Also traffic was found to be an important 

factor affecting predicted pavement roughness in MEPDG. The MEPDG design was 

relatively conservative for the design of low-traffic level highway pavements. MEPDG 

was not sensitive enough to reflect the variations in climate, traffic, and materials when 

predicting PSI for the some highway pavement sections in Tennessee.  

5.2 Future Research 

Since traffic was found to be a very important input that affects pavement 

performance prediction in MEPDG, the load spectrum information should be established 

in the main interstate highways in Tennessee through weigh-in-motion facilities. 

The PMS database requires further data cleaning and modification. Information of 

distresses such as longitudinal cracking, fatigue cracking on asphalt pavements or 

faulting on concrete pavements were not available and should be collected in future. The 

gap of measured data before and after new measurement equipments adopted should be 

eliminated to keep the development of pavement distresses follows a reasonable trend. 

There are several pavement sections in Long-Term Pavement Performance 

Database in Tennessee. The distress data of these pavement sections will be utilized for 

local calibration of MEPDG. 

In order to obtain a high confidence level on local calibrations, more pavement 

sections should be collected from PMS database and the recalibration should be carried 

out, especially when new version of MEPDG software is issued. 
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APPENDIX A COMPRESSIVE STRENGTH, ELASTIC MODULUS, 
AND COEFFICIENT OF THERMAL EXPANSION OF CONCRETE 

IN TENNESSEE 
Contract 
No. 

Location Company Compressive 
Strength 
(MPa) 

Elastic 
Modulus 

(GPa) 

CTE (10-

6/oC) 

28d 28d 28d 60d 
CNK 914 Harrison Oak 

Ridge 
APAC 23.5 24.0 9.65 9.99 

23.6 23.1 9.32 9.54 
23.5 23.1 8.67 8.65 

CNK 014 Morristown IMI 19.7 18.6 10.74 7.61 
20.1 21.6 9.32 8.35 
20.4 19.6 9.74 8.34 

CNK 811 Spring Hill IMI 23.0 19.2 7.99 7.83 
19.4 19.3 7.04 6.43 
20.5 23.5 7.28 7.30 

PIN# 
113411.00 

Nashville IMI 21.2 18.5 6.68 7.03 
20.0 20.5 6.43 6.59 
25.0 21.5 6.30 6.14 

CNK 067 Memphis APAC 19.7 18.8 8.65 8.44 
20.5 20.6 8.81 8.79 
20.8 20.2 8.26 8.27 

CNL026 Memphis-
Metro 

Dement 
Construction 

20.5 20.8 9.75 9.90 
21.1 19.8 9.56 9.87 
21.4 20.9 9.70 9.63 

CNJ 232 Chattanooga Sequatchie 20.1 19.8 10.04 - 
21.9 21.2 10.12 10.02 
20.7 20.6 10.26 9.32 

CNK 244 Blountville Summers Taylor 21.3 20.8 9.15 - 
20.5 18.9 8.59 8.53 
20.5 19.6 8.02 8.69 

CNJ 060 Sparta IMI 19.8 20.5 8.76 8.80 
20.6 21.2 8.57 8.62 
22.7 21.8 8.86 - 
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