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ABSTRACT 
 

Truck tire inflation pressures have steadily increased in the recent decades. A most 
apparent effect of the increased tire pressure would be reduction in the tire-pavement contact 
area, which may in turn result in an increase in the tire-pavement contact stress and then more 
damaging effects to the pavement. This study uses a Monte Carlo simulation based mechanistic-
empirical method to identify and quantify the tire pressure effects on flexible pavement 
performance.  

In this study, measured non-uniform tire-pavement contact stress data for different tire 
load and inflation pressure conditions and for three popular tire/axle  configurations were input 
to the finite element program ANSYS to compute immediate pavement responses for various 
asphalt pavement structures. Typical computation results from the finite element program were 
compared with the results of the linear elastic multilayer program CIRCLY using the traditional 
tire model in which tire-pavement contact stress is assumed uniformly distributed over a circular 
contact area and equal to tire inflation pressure. The effects of tire inflation pressure on pavement 
performance were initially analyzed by inputting the typical computation results into pavement 
distress transfer functions and variability in loading, pavement or environment conditions was 
not considered. Critical pavement responses responsible for pavement distresses in bottom-up 
cracking and rutting were determined. A quick solution method for the prediction of critical 
pavement responses was developed using regression models that relate critical pavement 
responses with tire loading and pavement structural conditions. And finally a Monte Carlo 
simulation based C++ program was developed to predict the effects of increased truck tire 
pressure on selected pavement structures with variability in loading, pavement, and environment 
conditions included.  

The research study found the traditional tire model and the associated linear elastic multi-
layer program tended to overestimate horizontal tensile strains at the bottom of the asphalt 
concrete layer and underestimate vertical compressive strains at the top of the subgrade layer. 
The quick solution models developed in this study could predict pavement responses in a good 
accuracy and be used to replace the time-consuming finite element models. The Monte Carlo 
simulation program found increased pavement fatigue cracking and rutting would be expected 
when average tire pressure was increased. 
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EXECUTIVE SUMMARY 
 

 Vehicle loads are transmitted from the vehicle body through suspension systems and tires 
to the pavement surface. These loads are distributed through the pavement structure to the 
subgrade soil.  In this tire-pavement interaction system, tires make up the least understood and 
most controversial aspect.  Tire inflation pressure plays an important role in the tire-pavement 
interaction process. Several survey studies conducted in the US and elsewhere in the world found 
that truck tire inflation pressures have steadily increased in the last several decades. A most 
apparent effect of the increased tire pressure would be reduction in the tire-pavement contact 
area, which may in turn result in an increase in the tire-pavement contact stress and then more 
damaging effects to the pavement. Many research efforts were attempted to assess the effects of 
increased truck tire pressure on flexible pavements, but inconsistent results were obtained from 
these studies. This study approaches the problem with a Monte Carlo simulation based 
mechanistic-empirical method to identify and predict the truck tire pressure effects on the 
performance of flexible pavements. 

The mechanistic-empirical study of the effects of tire pressure on pavement would 
require that immediate pavement responses due to tire loading be mechanistically computed for 
pavement structures, and the long-term pavement performance be related to the computed 
pavement responses. The problem becomes more complicated when variability is considered for 
loading, pavement and environmental conditions. During the service life, a piece of pavement 
may undergo numerous repetitions of truck axles of various types and each axle type is 
associated with a load spectrum which is the axle volume distribution over the range of axle 
load. The specific piece of pavement may have variability in material properties due to seasonal 
variations in temperature and moisture. Furthermore variability in vehicle speed could be 
translated into variations of resilient modulus in the asphalt concrete layer. And finally there is 
variability in tire inflation pressure for tire/axle configurations. Complete enumeration of the 
combined variability in the above variables would require a huge number of computations of 
pavement responses due to various loading conditions for various pavement structural parameter 
values. 

In a mechanistic-empirical pavement study, asphalt pavement responses due to traffic 
loading are normally computed with an analytical program either based on a finite element 
model or a linear elastic multi-layer model. Generally a finite element model offers more 
potential abilities to handle complicated loading conditions and be configured to realistically 
characterize pavement responses than a multi-layer model. However the major disadvantage of 
using a finite element model is its slow computation speeds. The slow computation speed plus 
demanding requirements for computing resources in processor speed and memory capacity 
literally prevent the finite element program from being directly used in this study where a large 
number of computations of pavement responses are involved. Although the multi-layer model 
offers quick computation speeds, however, the quick computation speeds are at the expense of 
model simplifications, and the oversimplifications that are built into the multi-layer model and 
the associated traditional tire model may make the computation results quite inaccurate.  One 
major assumption made by the traditional tire model, which is frequently associated with the 
multi-layer model, is for the tire-pavement interaction process in which tire-pavement contact 
stress is assumed to be uniformly distributed over a circular contact area, and simply equal to the 
tire inflation pressure.  However, recent studies have demonstrated that the tire-pavement contact 
stress is far from uniformly distributed and the distribution of contact stress primarily depends on 
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tire pressure, tire load, and tire type. Therefore, a proposed solution to the problem at hand 
should be able to handle the non-uniform tire-pavement contact stress, resolve the difficulty in 
the slow computation speeds of the finite element model, and deal with the variability in loading, 
pavement, and environmental conditions. 

In this study, measured non-uniform tire-pavement contact stress data for different tire 
load and inflation pressure conditions were input to the finite element program ANSYS to 
compute immediate pavement responses for various asphalt pavement structures. Finite element 
models for three popular half-axle tire configurations, steering single tire, dual-tire single axle 
and dual-tire tandem axles were developed. Pavement response data were generated by running 
the finite element models for a factorial experiment design of different tire loads, tire pressures, 
pavement structures, and tire configurations. Typical computation results from the finite element 
models using the measured contact stress data were compared with results from the multilayer 
models using the traditional tire model. The effects of tire inflation pressure on pavement 
performance were initially analyzed by inputting the typical computation results into pavement 
distress transfer functions. Two asphalt concrete pavement structures, a thick pavement and a 
thin pavement were investigated and variability in loading, pavement or environmental 
conditions was not included. Critical pavement responses responsible for pavement distresses in 
bottom-up cracking and rutting were determined. A quick solution method for the prediction of 
critical pavement responses was developed using regression models that relate critical pavement 
responses with tire loading conditions and pavement structures. And finally a Monte Carlo 
simulation based C++ program was developed to predict the effects of increased truck tire 
pressure on selected pavement structures open to known traffic with considerations in variability 
in loading, pavement, and environmental conditions. The established quick solution method was 
used to predict critical pavement responses due to various loading conditions, pavement 
structural parameter values and environmental conditions. Pavement distress transfer functions 
were employed to relate the critical pavement responses to predicted pavement distresses in 
cracking and rutting.  

The comparison of computed pavement responses from the finite element program using 
measured tire-pavement contact stress data with the results from the multilayer program using 
uniform contact stress assumption showed that the traditional tire model and the associated 
multilayer model tended to overestimate the horizontal tensile strains at the bottom of the asphalt 
concrete layer and underestimate the vertical compressive strains at the top of the subgrade. The 
computation results also showed that the behavior of the dual tires in a single axle is similar to 
the behavior of the dual tires in each of the tandem axles while the single tire in a steering axle 
behaved quite differently than the other two tire configurations. Initial study of tire pressure 
effects on pavement performance showed that increased tire pressure resulted in increases of 
pavement distresses due to both cracking and rutting. Tire inflation pressure was also found 
related to the shape of pavement ruts. The established regression models suggested fairly good 
prediction models for quick solutions of pavement responses from known loading conditions and 
pavement structure parameters. The Monte Carlo simulation results showed that increased 
average truck tire pressure caused elevated pavement distresses in fatigue cracking and rutting. 

The report consists of six chapters, including introduction in Chapter 1; literature review 
of pavement studies for truck tire pressure effects and discussion of study methodologies in 
Chapter 2; development and application of finite element models to computation of immediate 
pavement responses using measured tire-pavement contact stress data in Chapter 3; development 
of the quick solution method for prediction of critical pavement responses in Chapter 4; Monte 
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Carlo simulation based prediction of the effects of varied truck tire pressure as well as other 
relevant parameters on pavement performance with considerations of variability in loading, 
pavement, and environmental conditions in Chapter 5; and finally short summaries of 
observations and recommendations for future studies in Chapter 6.  
 



 

x   



 

xi   

LIST OF FIGURES...................................................................................................... xiii 
LIST OF TABLES..........................................................................................................xv 
CHAPTER 1   INTRODUCTION....................................................................................1 

1.1   Research Objective ............................................................................................... 1 
1.2   Problem Statements .............................................................................................. 1 
1.3   Scope of Study...................................................................................................... 2 
1.4   Organization of Report ......................................................................................... 3 

CHAPTER 2   RELATED BACKGROUND...................................................................5 
2.1   Increase in Tire Pressure....................................................................................... 5 
2.2   Pavement Response Studies ................................................................................. 5 

2.2.1   Instrumentation Tests .................................................................................... 6 
2.2.2   Analytical Studies .......................................................................................... 6 

2.3   Tire-Pavement Contact Stress Model ................................................................... 7 
2.4   Monte Carlo Simulation Approach....................................................................... 8 
2.4   Mechanistic-Empirical Pavement Design ............................................................ 9 
2.5   Quick Solution of Pavement Responses ............................................................. 10 
2.6   Pavement Distress Models.................................................................................. 10 

2.6.1   Fatigue Cracking ......................................................................................... 11 
2.6.2   Rutting.......................................................................................................... 12 

2.7   Summary............................................................................................................. 13 
CHAPTER 3   COMPUTATION OF PAVEMENT RESPONSES...............................15 

3.1   TxDOT Tire-Pavement Contact Stress Data ...................................................... 15 
3.2   Factorial Experiment Design .............................................................................. 22 
3.3   Development of FE Geometric Models.............................................................. 23 
3.4   Typical Computed Pavement Responses............................................................ 29 
3.5   Initial Analysis of Tire Pressure Effects............................................................. 35 
3.6   Summary............................................................................................................. 43 

CHAPTER 4   DEVELOPMENT OF QUICK SOLUTION..........................................45 
4.1   Pavement Performance Models .......................................................................... 46 
4.2   Considerations for Regression Variables ........................................................... 48 
4.3   Determination of Model Coefficients................................................................. 53 
4.4   Summary............................................................................................................. 63 

CHAPTER 5    MONTE CARLO SIMULATION ........................................................65 
5.1   General Introduction........................................................................................... 65 
5.2   Simulation Study Scheme................................................................................... 68 

5.2.1   Truck Class Generator ................................................................................ 68 
5.2.2   Axle Load Generator ................................................................................... 75 
5.2.3   Rationality Check on Truck and Axle Loads ............................................... 76 
5.2.4   Tire Pressure Generator.............................................................................. 76 
5.2.5   Layer Thickness ........................................................................................... 77 
5.2.6   Layer Modulus Generators.......................................................................... 80 
5.2.7   Temperature Generators ............................................................................. 84 
5.2.8   Quick Solution Models................................................................................. 86 
5.2.9   Distress Models ........................................................................................... 86 

TABLE OF CONTENTS



 

xii   

5.3   Generating Random Variables............................................................................ 88 
5.3.1   Uniform U(0,1) Random Variables ............................................................. 88 
5.3.2   Discrete Random Variables......................................................................... 90 
5.3.3   Normal Random Variables .......................................................................... 90 
5.3.4   Composite Random Variables ..................................................................... 95 

5.4   Simulation Results.............................................................................................. 99 
5.4.1   Tire Pressure Effect ..................................................................................... 99 
5.4.2   Axle Load Limit Effect ............................................................................... 104 
5.4.3   Pavement Temperature Effect.................................................................... 113 
5.4.4   Vehicle Speed Effect .................................................................................. 116 
5.4.5   Asphalt Concrete Stiffness Effect............................................................... 116 
5.4.6   Pavement Performance vs. Load Repetitions ............................................ 121 

5.5   Summary........................................................................................................... 126 
CHAPTER 6   OBSERVATIONS AND RECOMMENDATIONS ............................127 

6.1   Limitations........................................................................................................ 127 
6.2   Observations ..................................................................................................... 127 
6.3   Recommendations ............................................................................................ 130 

REFERENCES .............................................................................................................133 
 



 

xiii   

LIST OF FIGURES 
 
FIGURE 1   Heavy Vehicle Simulator (HVS) for Load Application............................................17 
FIGURE 2   Stress-In-Motion Transducer Pad for Tire-Pavement Contact Stress  

Measurement. ........................................................................................................................18 
FIGURE 3…Numerical Tire-Pavement Contact Stress in kPa (Tire pressure = 690 kPa,  

Tire load = 24 kN). ................................................................................................................19 
FIGURE 4 …Graphical Illustration of Tire-Pavement Contact Stress (Tire pressure = 690 kPa, 

Tire load = 24 kN). ................................................................................................................20 
FIGURE 5…Graphical Illustration of Tire-Pavement Contact Stress (Tire pressure = 483 kPa, 

Tire load = 31 kN). ................................................................................................................21 
FIGURE 6… Finite Element Modeled Pavement Solid for Steering Single Tire Configuration. 24 
FIGURE 7…Geometric Layout for X-Y View of Steering Single Tire Model. ...........................25 
FIGURE 8…Geometric Layout for X-Y View of Dual-Tire Single Axle Model.........................26 
FIGURE 9…Geometric Layout for X-Y View of Dual-Tire Tandem Axles Model. ...................27 
FIGURE 10…Geometric Layout for X-Z View of Dual-Tire Tandem Axle Model. ...................28 
FIGURE 11…Rut Depths Computed for Dual Tire Configuration at X Locations (TL=20kN, 

TP=483kPa, Thick)................................................................................................................37 
FIGURE 12…Rut Depths Computed for Dual Tire Configuration at X Locations (TL=24kN, 

TP=483kPa, Thick)................................................................................................................38 
FIGURE 13…Rut Depths Computed for Dual Tire Configuration at X Locations (TL=24kN, 

TP=896kPa, Thick)................................................................................................................39 
FIGURE 14…Rut Depths Computed for Dual Tire Configuration at X Locations (TL=20kN, 

TP=483kPa, Thin). ................................................................................................................40 
FIGURE 15…Rut Depths Computed for Dual Tire Configuration at X Locations (TL=24kN, 

TP=483kPa, Thin). ................................................................................................................41 
FIGURE 16…Rut Depths Computed for Dual Tire Configuration at X Locations (TL=24kN, 

TP=896kPa, Thin). ................................................................................................................42 
FIGURE 17…Rutting Computed for Locations along X Axis (Dual, TL=24 kN,  

TP=483 kPa). .........................................................................................................................50 
FIGURE 18…Rutting Computed for Locations along X Axis (Dual, TL=24 kN,  

TP=896 kPa). .........................................................................................................................51 
FIGURE 19…Rutting Computed for Locations along Y Axis (Tandem, TL=24 kN,  

TP=690 kPa). .........................................................................................................................52 
FIGURE 20   MINITAB Regression Analysis for Ex for Tandem Axles Configuration. ............57 
FIGURE 21   MINITAB Regression Analysis for Ey for Tandem Axles Configuration. ............58 
FIGURE 22   MINITAB Regression Analysis for 2AEz for Tandem Axles Configuration.........59 
FIGURE 23   MINITAB Regression Analysis for 2BEz for Tandem Axles Configuration.........60 
FIGURE 24   MINITAB Regression Analysis for 2SEz1 for Tandem Axles Configuration. ......61 
FIGURE 25   MINITAB Regression Analysis for 2SEz2 for Tandem Axles Configuration. ......62 
FIGURE 26   Flow Chart of Monte Carlo Simulation Program....................................................67 
FIGURE 27 Periodic Model for Modulus of Asphalt Concrete. ...............................................82 
FIGURE 28 Periodic Model for Modulus of Subgrade. ............................................................83 
FIGURE 29 Periodic Models for Monthly Averaged Temperature. .........................................85 
FIGURE 30   Simulated Uniform Distribution Function over Interval [0, 1]. ..............................89 



 

xiv   

FIGURE 31   Simulated Normal Distribution Function with Mean and Standard Deviation  
at 0.0 and 1.0..........................................................................................................................92 

FIGURE 32   Simulated Truncated Normal Distribution Function with Mean and Standard 
Deviation at 1.0 and 0.5.........................................................................................................93 

FIGURE 33   Simulated Lognormal Distribution Function with Location Parameter and  
Shape Parameter at 1.0 and 0.5..............................................................................................94 

FIGURE 34   Simulated Steering Axle Load Spectrum for 3S2 Trucks. ......................................96 
FIGURE 35   Simulated Dual-Tire Single Axle Load Spectrum for 3S2 Trucks. ........................97 
FIGURE 36   Simulated Tandem Axle Load Spectrum for 3S2 Trucks. ......................................98 
FIGURE 37 Pavement Fatigue Cracking vs. Tire Pressure .....................................................100 
FIGURE 38 Pavement Rutting vs. Tire Pressure.....................................................................101 
FIGURE 39 Thick Pavement Rut Depth Profile vs. Average Tire Pressure ...........................102 
FIGURE 40 Thin Pavement Rut Depth Profile vs. Average Tire Pressure .............................103 
FIGURE 41   Simulated Steering Axle Load Spectrum for 3S2 Trucks in Response to  

Increased Steering Axle Load Limit....................................................................................105 
FIGURE 42   Simulated Dual-Tire Single Axle Load Spectrum for 3S2 Trucks in Response  

to Increased Single Axle Load Limit...................................................................................106 
FIGURE 43   Simulated Tandem Axle Load Spectrum for 3S2 Trucks in Response to  

Increased Tandem Axle Load Limit. ...................................................................................107 
FIGURE 44 Thick Pavement Cracking vs. Increase in Axle Load Limit................................109 
FIGURE 45 Thick Pavement Rutting vs. Increase in Axle Load Limit ..................................110 
FIGURE 46 Thin Pavement Cracking vs. Increase in Axle Load Limit .................................111 
FIGURE 47 Thick Pavement Rutting vs. Increase in Axle Load Limit ..................................112 
FIGURE 48 Pavement Cracking vs. Environmental Temperature ..........................................114 
FIGURE 49 Pavement Rutting vs. Environmental Temperature.............................................115 
FIGURE 50 Pavement Cracking vs. Vehicle Speed ................................................................117 
FIGURE 51 Pavement Rutting vs. Vehicle Speed...................................................................118 
FIGURE 52 Pavement Cracking vs. Asphalt Concrete Stiffness ............................................119 
FIGURE 53 Pavement Rutting vs. Asphalt Concrete Stiffness ...............................................120 
FIGURE 54 Pavement Cracking vs. Number of Trucks in Simulation ...................................123 
FIGURE 55 Pavement Rutting vs. Number of Trucks in Simulation......................................124 
FIGURE 56 Percentage of Rutting in Layer vs. Number of Trucks in Simulation .................125 

 



 

xv   

LIST OF TABLES 
 
TABLE 1   Factorial Design for Tire Load and Tire Pressure for 11R24.5 Tire ..........................15 
TABLE 2   Parameter Levels for Factorial Experiment Design....................................................22 
TABLE 3   ANSYS Computation Times for Three Tire Configurations......................................23 
TABLE 4   Layer Material Properties for Pavement Structures....................................................30 
TABLE 5   Predicted Critical Pavement Responses for Single Tire Configuration......................31 
TABLE 6   Predicted Critical Pavement Responses for Dual Tire Configuration ........................32 
TABLE 7  Predicted Critical Pavement Responses for Tandem Axle Configuration...................33 
TABLE 8   Tire Pressure Effects on Pavement Performance for Dual Tires ................................36 
TABLE 9   Coefficients of Regression Models for Single Tire Configuration.............................54 
TABLE 10   Coefficients of Regression Models for Dual Tires Configuration............................55 
TABLE 11   Coefficients of Regression Models for Tandem Axles Configuration .....................56 
TABLE 12   PAT Vehicle Classifications.....................................................................................70 
TABLE 12   PAT Vehicle Classifications (continued) .................................................................71 
TABLE 13   Traffic Volumes for Truck Classes for 7 Consecutive Days in Each Month  

of 2001...................................................................................................................................72 
TABLE 14   Adjusted Traffic Volumes for Truck Classes in 7 Consecutive Days of 12  

Months ...................................................................................................................................73 
TABLE 15   Distribution Parameters for Axle Loads of Truck Classes .......................................74 
TABLE 16   Tire Pressure Statistics by Locations (Axle Average) ..............................................78 
TABLE 17   Tire Pressure Statistics by Truck Classes (Axle Average) .......................................79 
TABLE 18   Percentages of Rutting due to Pavement Layers ....................................................122 
 



 

xvi   

 



 

 1

CHAPTER 1   INTRODUCTION 

 In Chapter 1, research objective and problem statements of the research study are 
defined. Major research efforts and findings during the study are briefly introduced along with 
report organization.  
 

1.1   Research Objective 
 Vehicle loads are transmitted from the vehicle body through suspension systems and tires 
to the pavement surface. These loads are distributed through the pavement structure to the 
subgrade soil.  In this tire-pavement interaction system, tires make up the least understood and 
most controversial aspect.  Tire inflation pressure plays an important role in the tire-pavement 
interaction process. Several survey studies conducted in the US and elsewhere in the world found 
that truck tire inflation pressures have steadily increased in the last several decades. A most 
apparent effect of the increased tire pressure would be reduction in the tire-pavement contact 
area, which may in turn result in an increase in the tire-pavement contact stress and then more 
damaging effects to the pavement. Many research efforts were attempted to assess the effects of 
increased truck tire pressure on flexible pavements, but inconsistent results were obtained from 
these studies. This study approaches the problem with a Monte Carlo simulation based 
mechanistic-empirical method to identify and predict the truck tire pressure effects on the 
performance of flexible pavements.   
 

1.2   Problem Statements 
 The mechanistic-empirical study of the effects of tire pressure on pavement would 
require that immediate pavement responses due to tire loading be mechanistically computed for 
pavement structures, and the long-term pavement performance be related to the computed 
pavement responses. The problem becomes more complicated when variability is considered for 
loading, pavement and environmental conditions. During the service life, a piece of pavement 
may undergo numerous repetitions of truck axles of various types and each axle type is 
associated with a load spectrum which is the axle volume distribution over the range of axle 
load. The specific piece of pavement may have variability in material properties due to seasonal 
variations in temperature and moisture. Furthermore variability in vehicle speed could be 
translated into variations of resilient modulus in the asphalt concrete layer. And finally there is 
variability in tire inflation pressure for tire/axle configurations. Complete enumeration of the 
combined variability in the above variables would require a huge number of computations of 
pavement responses due to various loading conditions for various pavement structural parameter 
values. 

In a mechanistic-empirical pavement study, asphalt pavement responses due to traffic 
loading are normally computed with an analytical program either based on a finite element 
model or a linear elastic multi-layer model. Generally a finite element model offers more 
potential abilities to handle complicated loading conditions and be configured to realistically 
characterize pavement responses than a multi-layer model. However the major disadvantage of 
using a finite element model is its slow computation speeds. The slow computation speed plus 
demanding requirements for computing resources in processor speed and memory capacity 
literally prevent the finite element program from being directly used in this study where a large 
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number of computations of pavement responses are involved. Although the multi-layer model 
offers quick computation speeds, however, the quick computation speeds are at the expense of 
model simplifications, and the oversimplifications that are built into the multi-layer model and 
the associated traditional tire model may make the computation results quite inaccurate.  One 
major assumption made by the traditional tire model, which is frequently associated with the 
multi-layer model, is for the tire-pavement interaction process in which tire-pavement contact 
stress is assumed to be uniformly distributed over a circular contact area, and simply equal to the 
tire inflation pressure.  However, recent studies have demonstrated that the tire-pavement contact 
stress is far from uniformly distributed and the distribution of contact stress primarily depends on 
tire pressure, tire load, and tire type. Therefore, a proposed solution to the problem at hand 
should be able to handle the non-uniform tire-pavement contact stress, resolve the difficulty in 
the slow computation speeds of the finite element model, and deal with the variability in loading, 
pavement, and environmental conditions. 
 

1.3   Scope of Study 
 In this study, measured non-uniform tire-pavement contact stress data for different tire 
load and inflation pressure conditions were input to the finite element program ANSYS to 
compute immediate pavement responses for various asphalt pavement structures. Finite element 
models for three popular half-axle tire configurations, steering single tire, dual-tire single axle 
and dual-tire tandem axles were developed. Pavement response data were generated by running 
the finite element models for a factorial experiment design of different tire loads, tire pressures, 
pavement structures, and tire configurations. Typical computation results from the finite element 
models using the measured contact stress data were compared with results from the multilayer 
models using the traditional tire model. The effects of tire inflation pressure on pavement 
performance were initially analyzed by inputting the typical computation results into pavement 
distress transfer functions. Two asphalt concrete pavement structures, a thick pavement and a 
thin pavement were investigated and variability in loading, pavement or environmental 
conditions was not included. Critical pavement responses responsible for pavement distresses in 
bottom-up cracking and rutting were determined. A quick solution method for the prediction of 
critical pavement responses was developed using regression models that relate critical pavement 
responses with tire loading conditions and pavement structures. And finally a Monte Carlo 
simulation based C++ program was developed to predict the effects of increased truck tire 
pressure on selected pavement structures open to known traffic with considerations in variability 
in loading, pavement, and environmental conditions. The established quick solution method was 
used to predict critical pavement responses due to various loading conditions, pavement 
structural parameter values and environmental conditions. Pavement distress transfer functions 
were employed to relate the critical pavement responses to predicted pavement distresses in 
cracking and rutting.  

The comparison of computed pavement responses from the finite element program using 
measured tire-pavement contact stress data with the results from the multilayer program using 
uniform contact stress assumption showed that the traditional tire model and the associated 
multilayer model tended to overestimate the horizontal tensile strains at the bottom of the asphalt 
concrete layer and underestimate the vertical compressive strains at the top of the subgrade. The 
computation results also showed that the behavior of the dual tires in a single axle is similar to 
the behavior of the dual tires in each of the tandem axles while the single tire in a steering axle 
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behaved quite differently than the other two tire configurations. Initial study of tire pressure 
effects on pavement performance showed that increased tire pressure resulted in increases of 
pavement distresses due to both cracking and rutting. Tire inflation pressure was also found 
related to the shape of pavement ruts. The established regression models suggested fairly good 
prediction models for quick solutions of pavement responses from known loading conditions and 
pavement structure parameters. The Monte Carlo simulation results showed that increased 
average truck tire pressure caused elevated pavement distresses in fatigue cracking and rutting. 
 

1.4   Organization of Report 
 The research report consists of six chapters, including introduction in Chapter 1; 
literature review of pavement studies for truck tire pressure effects and discussion of study 
methodologies in Chapter 2; development and application of finite element models to 
computation of immediate pavement responses using measured tire-pavement contact stress data 
in Chapter 3; development of the quick solution method for prediction of critical pavement 
responses in Chapter 4; Monte Carlo simulation based prediction of the effects of varied truck 
tire pressure as well as other relevant parameters on pavement performance with considerations 
of variability in loading, pavement, and environmental conditions in Chapter 5; and finally short 
summaries of observations and recommendations for future studies in Chapter 6.  
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CHAPTER 2   RELATED BACKGROUND 

 In this chapter, major steps for a mechanistic-empirical study of the effects of increased 
tire pressure on pavement are presented. Relevant previous research efforts are reviewed; two 
common analytical models: the multilayer model and finite element model are compared; a more 
realistic tire-pavement contact model is introduced and a Monte Carlo simulation based approach 
is proposed. Possible techniques available for a quick solution of critical pavement responses are 
discussed; and distress models that relate pavement responses to long-term pavement 
performance are reviewed. 
 

2.1   Increase in Tire Pressure 
 As legal axle weight limits have increased, bias-ply tires have been replaced by heavy 
duty radial-ply tires, and truck tire inflation pressures have increased steadily since the American 
Association of State Highway Officials1 (AASHO) Road Test (1).  Tire pressures of 515 to 550 
kPa (75 to 80 psi) were used in AASHO Road Test, and truck tires today are normally inflated at 
650 to 720 kPa (95 to 105 psi) and sometimes even operated at a pressure range of 820 to 890 
kPa (120 to 130 psi).  Several tire pressure surveys have reported the increase in truck tire 
pressure in the US and elsewhere in the world (2, 3, 4, 5, 6, 7, 8, 9). A most apparent effect of the 
increased tire pressure would be reduction in the tire-pavement contact area. Previous research 
conducted at the University of Texas found that the tire-pavement contact area was reduced by 
8% to 20% for a 50% increase in tire pressure (10). Researchers in Ireland recently reported that 
for a tire pressure increase from 350 to 750 kPa (50 to 110 psi) tire-pavement contact area was 
reduced by 35.2% for the steering wheels and 22.4% for the rear dual wheels (11). The Goodyear 
Company also reported similar findings for the wide-base “super singles” tires that are popular in 
Europe (12). If axle/wheel load is kept constant, an increase in truck tire pressure may reduce 
tire-pavement contact area, and a logical inference would be that there should be an increase in 
the tire-pavement contact stress and therefore more damaging effects caused to pavement by the 
increased truck tire pressure. To identify and predict the truck tire pressure effects on flexible 
pavement performance constitutes the major research objective of this study.   
 

2.2   Pavement Response Studies 
 The mechanistic-empirical approach to investigate the effects of increased truck tire 
pressure on pavement would require studying immediate pavement responses due to tire pressure 
changes. The immediate pavement responses should be closely related to long term pavement 
performance and distress. Fatigue cracking and rutting, two major flexible pavements distresses, 
could be related to immediate pavement responses and explained in a mechanistic way. 
Horizontal tensile strains at the bottom of the asphalt concrete layer can explain fatigue cracks 
that initiate at the bottom and progress to the pavement surface. In contrast, pavement cracks can 
also start at the pavement surface due to excessive tensile strains and progress downward (13, 14, 
15). Similarly, vertical compressive strains at the top of the subgrade are considered closely 
related to pavement rutting due to compaction and/or consolidation of the subgrade soil (16). 
However, rutting distress is actually the cumulative plastic deformations in each of the 

                                                 
1 The current name is American Association of State Highway and Transportation Officials (AASHTO) 
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composing pavement layers (13, 14, 15, 17, 18). There are generally two ways to predict 
immediate pavement responses due to traffic loading, i.e., the instrumentation test method and 
the analytical study method.  
 

2.2.1   Instrumentation Tests  
 Pavement responses can be measured directly using in situ instruments buried in 
pavement structures. Over the past two decades, computer controlled instrumentation technology 
has improved with cheaper and yet faster microprocessors, and real-time measurements of 
pavement responses to dynamic traffic loading have become popular (19, 20, 21, 22, 23, 24, 25, 
26, 27, 28, 29, 30, 31, 32). 
 Mateos and Snyder tested four sections at the Minnesota Road Research facility 
(Mn/ROAD) with a moving load configured at various axle loadings and tire pressures and found 
that changes in tire pressure did not significantly affect pavement behavior (19). Al-Qadi et al 
found that wide-base “super singles” were not more damaging to their Virginia Smart Road 
sections than dual tires and they also reported that the radial tires reduced strain at the bottom of 
the asphalt layer (20). Pidwerbesky in New Zealand subjected a thin-surfaced granular pavement 
with a weak subgrade to varying wheel loads and tire pressures and found increases in tire 
pressure resulted in slight decreases in the magnitude of the vertical strain at the top of the 
subgrade (21).  The FHWA Turner-Fairbanks Research Center also tested the effect of tire 
pressure on flexible pavements. Bonaquist et al examined two pavement sections of the same 
structure with the accelerated loading facility (ALF) test machine with different tire pressures 
and found increased rutting and cracking on the section trafficked with the higher tire pressure 
(22). They concluded, however, that tire pressure had little effect on pavement performance 
because they believed the increased distress was due to higher environmental temperature. 
Nevertheless the section trafficked with the lower tire pressure experienced a freeze-thawing 
period which was more critical to pavements in the northern states. Sebaaly et al found increased 
pavement stress caused by high tire pressure tires and the wide-base “super singles”, but they 
found the effect of high tire pressure was insignificant to pavement performance (23). 
 Akram et al from the Texas Transportation Institute (TTI) tested two thin and thick road 
sections with varying tire pressures and vehicle speeds and found that high tire pressures caused 
higher tensile strain at the bottom of the AC layer but had no significant effect on vertical strain 
at the top of subgrade (24). Huhtala et al in the Road and Traffic Lab of the Technical Research 
Center of Finland (VTT) and Mahoney et al in the Washington State Department of 
Transportation road test provided the most complete description of their tests (25, 26, 27, 28). In 
both tests meticulous care was taken in selecting and installing strain gauges. Both tests 
considered gauge stiffness and selected the strain gauges that caused the least disturbance to the 
adjacent pavement structure. Pavement cores were sawed to set the gauges in place and glued 
back to the pavement using carefully selected epoxy with modulus similar to the adjacent 
pavement structure. Both tests claimed a significant effect of tire pressures on tensile strain at the 
bottom of the AC layer of the pavements.  
 

2.2.2   Analytical Studies  
 Although measurement of pavement responses in a road test can provide the most direct 
real-time data, road tests are always expensive, and always accompanied with measurement 
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errors. Fortunately, aside from the road test method, a theoretical analysis method can also be 
employed to compute pavement responses due to traffic loading.  
 Two categories of analytical programs have been used in flexible pavement analysis, i.e., 
the elastic multilayer model (33, 34, 35, 36, 37) and the finite element model (38, 39, 40, 41).  
Monismith summarized that most analytical pavement studies used elastic or viscoelastic multi-
layer concepts in the 30 years from 1962 to 1992 (42).  Both models are based on engineering 
mechanics concepts while the multi-layer model is more simplified and therefore runs faster than 
the finite element model. The finite element model can deal with complicated loading conditions 
and is more accurate than the multilayer model, but the finite element model is more demanding 
in element boundary condition inputs and computation resource requirements (41).  

Compared with a road test, an analytical model is more economical and potentially free 
of inadvertent measurement errors. Machemehl et al and Prozzi et al used a multilayer program 
to compute asphalt pavement responses due to measured non-uniform tire-pavement contact 
stress and found tire pressure has significant effects on tensile strains at the bottom of the asphalt 
concrete layer, but the effect of tire pressure on vertical strains at the top of the subgrade is 
insignificant (36, 37).  The analytical model could also be powerful in predicting pavement 
distress trends. Weissman used an elastic multilayer based program and non-uniform contact 
pressure distribution to predict the distress patterns of a pavement undergoing overloads at an 
accelerated loading facility (35). As a matter of fact, analytical studies have been labeled “born 
with errors” partly because they lack real information describing the tire-pavement contact stress. 
Siddharthan et al computed pavement responses using a measured non-uniform contact stress as 
well as a uniform contact stress distribution and found the uniform method overestimated 
pavement responses (34). Wang et al used a finite element program to compute asphalt pavement 
responses due to measured non-uniform tire-pavement contact stress and found increased truck 
tire pressure can cause increased pavement distress in both cracking and rutting (38). Machemehl 
and Wang compared pavement responses computed using measured non-uniform contact stress 
with results predicted using the traditional tire-pavement contact model, and found that the 
traditional model tends to overestimate tensile strains at the bottom of the asphalt concrete layer 
but underestimate vertical strains at the top of the subgrade (36, 38).  Therefore, a mechanistic 
pavement study could be enhanced by using measured tire-pavement contact stress data to more 
accurately characterize the tire-pavement interaction process. 
 

2.3   Tire-Pavement Contact Stress Model  
 The major simplification associated with the multilayer model is the assumption related 
to the tire-pavement contact pressure distribution. Traditionally tire-pavement contact stress is 
assumed uniformly distributed over a circular contact area and equal to tire inflation pressure. 
The model can be expressed in Equation (1), (16)  

π⋅
=

P
WR         (1) 

where, 
 R = the radius of the circular tire-pavement contact area;  
W = tire load; and  
P = tire inflation pressure.  
The symmetric property with the distribution of contact stress in the traditional tire model has 
less computing requirements and allows for fast computation speeds. The traditional tire-
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pavement contact model is easy to implement and therefore has gained wide popularity in 
pavement studies. The most recent usage of the model could be in the development of the new 
AASHTO pavement design guide in the National Cooperative Highway Research Program 
(NCHRP) Project 1-37A which was finished in April 2004 with a total research expenditure of 
$6.5 million (13, 14).  

However, the shortcoming with the traditional model is self-evident. The assumption of 
uniform contact stress distributed over a circular area is in fact far from reality and the 
oversimplification of tire-pavement interaction process makes the traditional tire model quite 
inaccurate to. De Beer et al in South Africa developed a vehicle-road surface pressure transducer 
array to measure tire-pavement contact stress in a “stress-in-motion” manner (43, 44). The tire-
pavement contact stress data collected using this system have shown that the tire-pavement 
contact stress is not at all uniformly distributed and the distribution of tire-pavement contact 
stress primarily depends on tire load, inflation pressure, and tire make. Measurements of tire 
imprints at various loading conditions showed that the contact area is more rectangular at a low 
tire pressure and more circular at a high tire pressure, and also depends on tire load, inflation 
pressure, and tire make.  

The studies of the tire and pavement interaction process by De Beer et al have produced 
two messages. One message is the tire-pavement contact stress is actually not uniformly 
distributed over a circular contact area as assumed by the traditional tire-pavement interaction 
model. The other message is the tire-pavement contact stress could be precisely measured and 
serves as inputs to a finite element program to compute pavement responses. The first message 
literally subverts the basis for adopting the linear elastic multi-layer theory in a pavement study 
since the multi-layer theory is based on the uniform contact stress and circular contact area 
assumptions. The second message necessitates the finite element model to be considered for 
more accurate pavement analyses, because the finite element program can handle the non-
uniform contact stress and may expect to have even more accurate predictions for pavement 
responses if the more realistic measured contact stress data are used as load inputs to the 
program. However, the problem of slow computation speeds with the finite element models 
would also become worse when the more complicated non-uniform contact stress inputs are 
used, especially when a huge number of such finite element computations are required. 
 

2.4   Monte Carlo Simulation Approach 
 In the prediction of tire pressure effects on a piece of pavement structure  that is exposed 
to real traffic and weather, variability in loading, pavement, and environment conditions need to 
be considered. When the distributions of the involved random variables are well defined, the 
complex process of interactions among these random variables could be imitated using a Monte 
Carlo simulation. In a Monte Carlo simulation, random variables are represented by random 
numbers that are generated by computer from variates of a random number generator function, 
and the stochastic models of interest are evaluated numerically, and data are gathered in order to 
estimate the desired true characteristics of the models (45). Therefore, if the distributions with 
the random variables in loading, pavement, and environment conditions are all well defined, 
randomly generated combinations of these variables in loading, pavement, and environment 
conditions are mechanistically computed for pavement responses and then empirically assessed 
for the effects of truck tire pressure on pavement performance.    
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However the randomly generated combinations of the variables in loading, pavement, 
and environment conditions may result in tremendous computation times especially when the 
more accurate finite element program and the more realistic non-uniform contact stress data are 
selected for the computations of these combinations. The variations of pavement structural 
parameters and temperatures due to construction quality and seasonal changes need to be 
properly taken care of and the whole spectrum of traffic loading during the design life must be 
treated individually, leading to a huge number of computations of pavement responses. In this 
case, the individuality oriented Monte Carlo simulation approach, the more realistic non-uniform 
tire-pavement contact stress and more accurate finite element model seem impossible to be used 
for this study. Therefore, it would be desirable to find a quick solution algorithm with reasonable 
accuracy in the prediction of pavement responses, to replace the time-consuming finite element 
program in a mechanistic pavement analysis.   
 

2.4   Mechanistic-Empirical Pavement Design 
 It might be desirable to divert from the current topic and take a look at the mechanistic-
empirical pavement design process, since the computation time problem mentioned in the 
preceding section was also considered in the development of the new AASHTO pavement design 
guide in the NCHRP Project 1-37A. A review of the general process of mechanistic-empirical 
pavement design could help one appreciate the significance of finding a solution to the 
computation time problem mentioned in the preceding section.  

Pavement design is actually an iterative testing of trial designs (14, 16). In a typical 
mechanistic-empirical pavement design, the initial trial design for pavement structure is input to 
the pavement analysis model, along with data inputs of traffic, climate, and materials. Normally, 
the traffic load spectrum for a specific axle type over the design period is divided into many 
small incremental load bins each associated with a load repetition number. Then each of the 
incremental load bins is applied to the design pavement structure and analyzed using the 
pavement analysis model of either a multi-layer or a finite element model to compute critical 
pavement responses due to the traffic load bin of the axle type. The computed critical pavement 
responses and associated load repetition numbers for all load bins in the load spectrum and for all 
axle types are then fed into empirical performance transfer functions to predict pavement 
distresses at the end of the design life (14, 15). Pavement performance criteria in rutting, 
cracking, thermal cracking, and smoothness are checked against the predicted distress ratings to 
see if the trial design is feasible or not. If the initial trail design is not feasible, modifications to 
the initial design are made and new trial designs are evaluated until a feasible design plan is 
reached.  

Since most of the design time is elapsed in the computations of critical pavement 
responses, the speed of the pavement design process primarily depends on the speed of the 
pavement analysis model employed. In the NCHRP Project 1-37A, considerations were made to 
select an analysis model with “excellent combination of analysis features, theoretical rigor, and 
computational speed” (14). A linear elastic multi-layer model was selected for the asphalt 
pavement design guide primarily because of the quick solution speed of the model. However the 
general assumptions for uniform contact stress and circular contact area on which the multi-layer 
model is based are far from the reality as mentioned in Section 2.3. Although a finite element 
model was selected for the rigid pavement design guide in the Project 1-37A, the finite element 
model was not directly involved in pavement analysis computations. A neural networks model 
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based on the computation results from the finite element model conducts the prediction of critical 
pavement responses instead (14, 46). And still the traditional tire model of uniform contact stress 
and circular contact area was used for the finite element models. The underlying mechanism for 
the neural networks model used in the design guide is that there exist strong relationships 
between pavement critical responses and traffic loading conditions and pavement structural 
parameters. The relationships could be recognized and memorized by the artificial neural 
networks model by training the neural networks model with known traffic loading and pavement 
structural data, and the predicted critical pavement responses computed using the finite element 
model.  
 

2.5   Quick Solution of Pavement Responses  
 It would be reasonable to assume the existence of such relationships between critical 
pavement responses and loading conditions and pavement structures. As mentioned earlier, 
predicted critical pavement responses are generally computed using an analytical program with 
the inputs of loading and pavement structure parameters. The pioneer practice of replacing the 
finite element program with neural networks in the development of rigid pavement design guide 
in NCHRP Project 1-37A could be borrowed by the asphalt pavement design area, where more 
input/output variables may be required (14, 46). Since the more realistic non-uniform contact 
stress must be handled with a finite element model, a dataset of critical pavement responses 
should be created by running the finite element program for a factorial combination of input 
variables including loading conditions, pavement structures, and tire configurations.  

Generally speaking, the ordinary least squares (OLS) based multiple regression modeling 
and the pattern recognition oriented artificial neural networks (ANN) are two available methods 
to identify the relationships between a dependent or criterion variable and several independent or 
predictor variables (47, 48). In both prediction methods, estimations of the relationships are 
exercised by minimizing the model residuals which are the differences between the observed 
values and the quantities estimated using the prediction model. One major difference between the 
neural networks modeling and multiple regression modeling is preliminary information about the 
structure of the relationships between the independent and dependent variables needs to be 
articulated for the regression modeling while the neural networks training algorithms can 
automatically learn the structure of the relationships. Neural networks are very sophisticated 
modeling techniques capable of modeling extremely complex functions. Although the neural 
networks method may be more powerful than the regression method in handling nonlinear 
relationships, the developed neural networks model is actually a “black box” which is invisible 
to the users. In contrast, the regression method can always produce close-form equations that are 
readily accessible (49, 50).  
 

2.6   Pavement Distress Models 
 In mechanistic-empirical study of truck tire pressure on pavement performance, critical 
pavement responses obtained through mechanistic pavement analysis or any alternative quick 
solution method will eventually be fed into pavement distress models to evaluate the long-term 
effects of increased truck tire pressure. How a pavement performs is generally judged by 
multiple criteria in rutting, cracking, thermal cracking, and smoothness. Pavement performance 
in thermal cracking and smoothness are excluded from considerations in this study because 
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thermal cracking is not related with load induced pavement responses and smoothness is a 
function of all other distresses. Fatigue cracking and rutting, the two major flexible pavement 
distresses, are related to critical immediate pavement responses due to traffic loading and various 
distress models or transfer functions have been developed to numerically characterize the 
relationships.  

In the last several decades significant progress has been made with understanding of 
pavement distress mechanisms. Historically most distress models were developed using multiple 
regression modeling and based on data created in repetitive laboratory tests (16, 17). However, 
distress predicted with this approach using laboratory data is usually considerably higher than 
that experienced in the field. This is because laboratory tests do not take into account the healing 
of the pavement that occurs between load applications and the variability in the lateral position 
of traffic loads within the wheel path is hard to simulate in laboratory experiments which result 
in a reduction of the allowable number of load applications. Therefore field calibration and 
verification are always needed for distress models that are based on laboratory data.  Since 1987, 
pavement monitoring data have been extensively collected in the Long-Term Pavement 
Performance (LTPP) program (51).  LTPP is a comprehensive 20-year study of in-service 
pavements and has begun a series of rigorous long-term field experiments, monitoring more than 
2,400 asphalt and portland cement concrete pavement test sections across the U.S. and Canada. 
Established as part of the Strategic Highway Research Program (SHRP) and now managed by 
the Federal Highway Administration (FHWA), LTPP was designed as a partnership with the 
States and Provinces. The performance data collected in the LTPP experiments have been used 
in the development of distress models in the NCHRP Project 1-37A for the new AASHTO 
pavement design guide (14).  
 

2.6.1   Fatigue Cracking 
 Historically fatigue cracking was considered to initiate at the bottom of the asphalt layer 
and then propagate upward to the pavement surface. The fatigue cracking models developed by 
Monismith took the form in Equations (2) and (3),  
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where, ai’s and bi’s are  regression coefficients; εt and σt are tensile strain and stress at the bottom 
of the asphalt concrete layer; and Nf is the number of load repetitions to failure (52). The fatigue 
life was measured by laboratory testing of a beam under repetitive controlled stress or controlled 
strain or of a cylindrical sample loaded repeatedly along its vertical diameter.  

( ) ( ) 32
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ff
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 The coefficients are affected by material properties such as mixture stiffness, air voids, 
asphalt content, viscosity of asphalt cement, aggregate gradation etc., and by environmental 
conditions such as temperature during the tests. The fatigue models developed in the Asphalt 
Institute and Shell design methods included E, the modulus of asphalt concrete as shown in 
Equation (4), where two sets of regression coefficients fi’s were used for the two design methods 
(16, 53). Dijk also developed a regression model relating the number of load applications to 
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fracture with the total dissipated energy per unit volume when asphalt mixes are tested in 
dynamic bending tests (54). Paris et al and Schapery et al developed mechanistic cracking 
models based on fracture mechanics theory to characterize the process of crack growth in a 
mechanistic manner (17). However, these models generally take more complicated model 
formats and involve intermediate parameters that require analytic computations based on lab 
measurements of other parameters. These models suffered from the extra complexity and gained 
less popularity in practical use. 

The transfer functions developed in the NCHRP Project 1-37A for fatigue cracking are 
shown in Equations (5) and (6) (14).  

( ) ( ) 32
1

kk
tf EkN −−= ε        (5)  

where, 
Nf = the number of load repetitions to failure; 
ki’s = regression coefficients; 
εt = maximum tensile strain at the bottom or top of the asphalt concrete layer; and 
E = modulus of asphalt concrete layer. 
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where, 
D = total cracking damage ratio at the end of the design period; 
ni = the number of load repetitions for the i-th load incremental bin; 
Nfi = the number of allowed load repetitions at the load condition; and 
m = the number of load bins over the axle load spectrum. 
Although Equation (5) takes the same model format as Equation (4), Equation (5) differs from 
Equation (4) in that the fatigue model in Project 1-37A considers both bottom-up cracking and 
surface-down cracking and relates the number of load repetitions Nf to bottom-up or surface-
down cracking failure to the maximum tensile strain εt at the bottom or top of the asphalt 
concrete layer and material modulus E. 

The number of load repetitions ni for the i-th load incremental bin in the load spectrum is 
divided by the number of allowed load repetitions Nfi to calculate the damage ratio for that load 
bin. Equation (6) is actually the Miner’s law, in which the sum of the damage ratios for all the m 
load bins over the load spectrum is the total damage ratio D at the end of the design period. The 
D value can be converted into cracking in percent of total lane area.  
 

2.6.2   Rutting 
 Two methods have been used to limit rutting: one to limit the vertical compressive strain 
on top of the subgrade and the other to limit the total accumulated permanent deformation on the 
pavement surface due to the rutting of each individual layer. In the Asphalt Institute and Shell 
design methods, the allowable number of load repetitions Nd to limit rutting is related to the 
vertical compressive strain εc on top of the subgrade by 
 ( ) 5

4
f

cd fN −= ε        (7) 
with different regression coefficients f4 and f5 for the two design methods (16). The model in 
Equation (7) is also used by several other agencies each with a distinct set of coefficients f4 and 
f5. Noticeably, in this subgrade strain method, it is assumed that if the subgrade compressive 
strain is controlled, reasonable surface rut depths will not be exceeded. However, unless standard 
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thickness and materials are used for design, the evaluation of surface rutting based on the 
subgrade strain only is not reasonable, or at least incomplete. As a matter of fact, under heavy 
traffic with thicker asphalt concrete, most of the permanent deformation occurs in the asphalt 
concrete layer, rather than in the subgrade (16). Because rutting is caused by the accumulation of 
permanent deformation over all composing layers, it is more reasonable to determine the 
permanent deformation in each layer and sum up the results (14, 15, 17, 18). The rutting model 
developed in the Project 1-37A follows the second method to limit rutting. 
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 As shown in Equation (8), the total permanent deformation or rut depth (RD) is actually 
the sum of cumulative plastic deformations in the nl pavement layers (14, 15). Each layer plastic 
deformation equals the product of plastic vertical strain (εp

i) and layer thickness (h i) in the i-th 
layer. Plastic strain εp

 in Equation (8) is related to the resilient strain εr in Equations (9) and (10), 
and the resilient strain εr is the vertical strain computed from any analytical program based on the 
multilayer or finite element model. Equations (9) and (10) are based on regression analyses of 
laboratory repeated load permanent deformation tests calibrated using the LTPP field data. 
Equation (9) is the regression relation for the asphalt concrete and Equation (10) for the granular 
base and subgrade soil,  
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where, 
αi’s = regression coefficients; 
T = temperature in °F; 
N = the number of load repetitions; 
ε0, εa, ρ, and β = material properties and lab set-up data; and 
β1 = regression coefficient for granular base or subgrade soil.   
 As mentioned earlier, the empirical pavement distress models newly developed in the 
NCHRP Project 1-37A are the outcome of cumulative research efforts over decades in the 
pavement arena and have encompassed the most state of the art pavement monitoring and data 
collection activities. These pavement distress models are therefore selected and used in this 
study.   
 

2.7   Summary 
 Therefore, compared with past study approaches, the Monte Carlo simulation based 
mechanistic-empirical method has the potential to better address the problem of the effect of 
increased truck tire pressure on pavement performance. Furthermore, the proposed Monte Carlo 
simulation based mechanistic-empirical method entails more realistic modeling of tire-pavement 
interactions, quicker computation speeds for prediction of immediate pavement responses, and 
state of the art pavement distress functions to predict pavement performance. The next chapter 
will deal with problems faced in the computation of pavement immediate responses with 
measured tire-pavement contact stress data.   
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CHAPTER 3   COMPUTATION OF PAVEMENT RESPONSES 
 
 In this chapter, the tire-pavement contact stress measurements conducted by De Beer et al 
in 2002 for the Texas Department of Transportation (TxDOT) are introduced. To prepare data 
for a quick solution method for the prediction of critical pavement responses, a factorial design 
of loading and pavement structure scenarios is proposed. Finite element models designed for the 
three tire configurations are introduced. Typical pavement responses computed using the finite 
element program ANSYS 8.1 are compared with the results of the multi-layer program CIRCLY 
5.0. Initial analyses of tire pressure effects on pavement performance are presented. 
 

3.1   TxDOT Tire-Pavement Contact Stress Data 
 The TxDOT tire-pavement contact pressure data was measured on two new Goodyear 
tires that were sent by the Texas Transportation Institute (TTI) to South Africa (44). The two 
tires were a large size 11R24.5 and a small size 215/75R17.5. Each tire was tested for 25 
load/inflation combinations, with 5 tire loads and 5 inflation pressures. Three replicate tests were 
conducted for each load/inflation combination, making a total of 75 tests for each tire. The data 
for the 11R24.5 tire was chosen for use in this study because the tire size is among the most 
popular in Texas (6, 7).  
 

TABLE 1   Factorial Design for Tire Load and Tire Pressure for 11R24.5 Tire 

Tire Pressure (kPa) Data Availability  
(“X” = available) 483 586 690 793 896 

20 X X X X X 

24 X X X X X 

28 X X X X X 

31 X X X X X Ti
re

 L
oa

d 
(k

N
) 

35 X X X X X 
1.0 lbf = 4.45 newtons 

6.89 kpa = 1.0 psi (pounds force per square inch) 

 
The factorial combinations of tire load and tire pressure used in the TxDOT contact stress 

data collection for the tire 11R24.5 is displayed in Table 1. The tire-pavement vertical contact 
stress data measured at tire loads 20, 24, and 31 kN, and at tire inflation pressures 483, 690, and 
896 kPa were used for this study. These tire load and tire pressure values were chosen based on 
considerations of parameter operating ranges especially for the steering single tire configuration 
(6, 7, 55). It should be noted that half axle loads for single axle of dual tires and tandem axles of 
dual tires are computed by multiplying the numbers of tires in these tire configurations, i.e., 2 
and 4 respectively to the above single tire load values and are generally out of normal operating 
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ranges and categorized as overweight conditions.  This limitation is due to the availability of tire 
load scenarios in the TxDOT contact stress dataset.  

Although contact stresses in vertical, lateral, and longitudinal directions were all included 
in the TxDOT dataset, only vertical contact stress was considered in the study. While applied 
wheel loads can be used to verify the measured vertical stress, there are no equilibrium checks 
for the two measured horizontal stresses. Furthermore, longitudinal contact stress is closely 
related to vehicle acceleration and deceleration operations which are minor at constant vehicle 
speeds. A paper by Myers et al considered the lateral component of tire-pavement contact stress 
to be the major reason for surface-initiated longitudinal cracks (56), however, the subsequent 
discussions which were published with the paper and more recent studies by Roque et al have 
revealed that shear stress near the pavement surface may be most related to surface-initiated 
pavement damages (56, 57). The fact that vertical contact stress is normally much larger in 
magnitude than the horizontal stresses suggests that the vertical contact stress has predominant 
contributions to the pavement responses. 

As shown in Figures 1 and 2, the tire-pavement contact stress measurements in South 
Africa involved a Heavy Load Simulator (HVS) and a Stress-In-Motion (SIM) transducer pad. 
The SIM transducer pad consists of rows of flat-topped cone-shaped hollow steel pins with only 
one row in the center of the pad installed with 3-D load sensors and the rest of the pad acting as 
supporting pins. The HVS applies target test loads hydraulically on the tire carriage and the load 
sensors built in each of the pins in the center row read out contact forces over that pin at a 
frequency of 1001 Hz when the test tire moves at an average speed of 0.345 m/s over the SIM 
transducer pad. The lateral and longitudinal spacings between the pad pins are 17.0 mm and 14.7 
mm respectively, making a small effective rectangular element of 250 mm2. The tire-pavement 
contact stress over that small rectangular element is calculated by dividing the measured force on 
the sensor pin by the effective area.  

An example of the numerical non-uniform tire-pavement contact stress data is displayed 
in Figure 3, with a total of 232 elements. The number in each small rectangle is the contact stress 
in kPa, uniformly distributed over that element. With the origin point at the geometric center of 
the tire-pavement contact area, the Y coordinate is in the tire moving direction; the X direction is 
to the lateral side of the tire. The orthogonal coordinate system is defined as the X and Y axes are 
parallel to the pavement surface and the Z axis is pointed vertically from the road surface into the 
pavement structure. When multiple tires are involved as in tire configurations of dual-tire single 
axle and tandem axles of dual tires, the origin point is set at the geometric center of the 
rectangular surface area that pools the multiple contact areas.  

Figures 4 and 5 graphically show the tire-pavement contact stresses for two loading 
conditions, which also represent two major distribution patterns of the tire-pavement contact 
stress. Figure 4 shows a typical distribution pattern for a tire in a normal loading condition with 
the tire pressure recommended by many tire manufacturers. In this pattern, contact stress is 
higher at the central part than the sides of the contact area. Figure 5 shows the pattern for an 
under-inflated tire, in which the tire sides take more contact stress than the tire center. In both 
figures the tire tread pattern can be observed from the stress distribution along the X direction.  
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FIGURE 1   Heavy Vehicle Simulator (HVS) for Load Application. 
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FIGURE 2   Stress-In-Motion Transducer Pad for Tire-Pavement Contact Stress 
Measurement. 
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132.5   15  62 7 157 64 74 40 35 13  

117.8  176 223 38 338 52 426 216 338 219 264 236 31 

103.1  396 409 72 527 91 597 321 518 353 440 445 110 

88.3 17 519 519 100 648 121 711 398 631 439 548 560 171 

73.6 35 600 587 121 722 143 787 450 701 494 612 632 220 

58.9 50 651 625 137 768 157 835 487 746 528 651 677 255 

44.2 61 684 647 147 794 166 866 511 774 551 675 707 281 

29.4 67 704 658 153 807 170 886 525 787 563 685 724 297 

14.7 72 713 661 155 813 172 896 533 794 570 690 732 307 

0.0 71 714 659 154 811 171 899 536 796 574 688 731 309 

-14.7 68 704 649 151 803 169 896 534 792 573 679 720 303 

-29.4 60 683 633 146 787 164 882 524 780 567 663 698 289 

-44.2 48 651 608 135 757 156 855 506 757 554 639 666 267 

-58.9 34 598 566 119 709 142 805 475 715 526 600 617 234 

-73.6 19 517 499 97 631 121 725 423 648 478 541 546 192 

-88.3 5 405 405 73 520 94 613 351 547 405 454 445 139 

-103.1  241 265 46 362 62 458 258 406 301 327 293 78 

-117.8  37 73 16 144 28 256 146 206 157 140 80 12 

-132.5     4  38 24 20 17 7   

 -102 -85 -68 -51 -34 -17 0 17 34 51 68 85 102 
 

FIGURE 3…Numerical Tire-Pavement Contact Stress in kPa (Tire pressure = 690 kPa, 
Tire load = 24 kN). 
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FIGURE 4 …Graphical Illustration of Tire-Pavement Contact Stress (Tire pressure = 690 
kPa, Tire load = 24 kN). 
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FIGURE 5…Graphical Illustration of Tire-Pavement Contact Stress (Tire pressure = 483 
kPa, Tire load = 31 kN). 
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3.2   Factorial Experiment Design  
 To develop a quick solution method for prediction of critical pavement responses due to 
traffic loading, a dataset of critical pavement responses should be created by running the finite 
element program for a factorial combination of input variables including loading conditions, 
pavement structures, and tire configurations. Based on the discussions in Chapter 2, the finite 
element program ANSYS 8.1 was selected to conduct computation of pavement responses using 
the TxDOT tire-pavement contact pressure data. The ANSYS program is a popular simulation-
oriented personal computer based commercial software (58).  
 

TABLE 2   Parameter Levels for Factorial Experiment Design 

TL (kN) TP (kPa) H1 (mm) H2 (mm) E1 (MPa) E2 (MPa) E3 (MPa) 

20 483 144.8 322.6 4878 389 100 

24 690 98.0 288.3 3878 276 70 

31 896 51.0 254.0 2678 102 40 
1.0 lbf = 4.45 newtons 

6.89 kpa = 1.0 psi (pounds force per square inch) 

25.4 mm = 1 inch 

 
The dataset of pavement responses was created by running the ANSYS program for a 

factorial experiment design with seven design variables and for three tire configurations (59). 
The seven design variables included tire load (TL), tire pressure (TP), asphalt concrete layer 
thickness (H1), granular base layer thickness (H2), resilient modulus for asphalt concrete layer 
(E1), resilient modulus for granular base layer (E2), and resilient modulus for subgrade soil (E3). 
The three tire configurations (half axle) are single axle of single tire, single axle of dual tires, and 
tandem axles of dual tires, all being popular axle types in daily traffic. Almost all truck steering 
axles are configured with a single tire at each side of the axle; single axles of dual tires are 
popular for single unit trucks; and tandem axles of dual tires are prevalent axle types for 3-S2 
trucks. Single unit trucks and 3-S2 trucks are among the most popular truck types in truck fleets 
on Texas highways (6, 7).  
 

For the seven design variables, each variable was valued at three levels that were either 
selected from normal operating ranges of the variables or borrowed from previous studies (24, 
26, 27). The values used for the seven design variables are listed in Table 2. The three levels in 
each variable are the minimum requirement to establish a possible nonlinear relationship. It 
should be noted that tires within tire configurations of dual-tire single axle and tandem axles of 
dual tires were assumed to have similar characteristics and identical tire-pavement contact stress 
distributions were used for every tire in those tire settings. And in the cases of dual-tire single 
axles and dual-tire tandem axles, the half axle loads should be calculated by multiplying the tire 
load (TL) by 2 or 4, the number of tires in the tire configurations. Therefore, for each of the three 
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tire configurations, there were 37 = 2187 cases determined by the 7 design parameters and the 
cases were run with ANSYS, making a total of 6561 computation jobs. Input files for the 6561 
cases and batch command files for the input files were created. The input files were executed on 
three PC computers each configured with a Pentium IV 3.0G Hz processor and 1.5 Gb system 
memory, and all computation results were completed in about three months.  

The computer CPU speed and memory play an important role in computation times. 
Table 3 shows experiment results of computation times with changes in computer memory for a 
Pentium IV 3.0G CPU. 
 

TABLE 3   ANSYS Computation Times for Three Tire Configurations  

Computer Memory Single Tire Dual Tires Tandem Axles 

512 Mb 1 hr 23 min 2 hrs 12 hrs 

1.0 /1.5 Gb 9 ~ 11 min 27 ~ 44 min ~ 2 hrs 19 min 

 

3.3   Development of FE Geometric Models 
 Three tire configurations (half axle) included in this study are single axle single tire, 
single axle dual tires, and tandem axles dual tires, all being popular axle types in daily traffic (7).  
The pavement volume under mechanistic analysis in the FE model for each of the three tire 
configurations was actually a pavement structure solid having X, Y, and Z dimensions large 
enough to validate boundary conditions (60). What made different geometric models for the 
three tire configurations were the meshing properties designed into the FE models. As shown in 
Figures 6 through 10, three FE geometric models were developed for the three tire 
configurations. Figures 7, 8, and 9 are the X-Y views for the FE geometric layouts for the single 
tire, dual tires, and tandem axles of dual tires configurations. Figure 10 shows the X-Z view of 
the geometric model for the tandem axle setting, and it is similar to the X-Z views for the other 
two tire settings.  

In order to minimize the ANSYS program computation times as well as to have good 
computation accuracy, finer mesh sizes were used for the tire-pavement contact areas and 
increasingly larger mesh sizes were used for areas away from the contact areas. The fine mesh 
size at the contact area is 17.0 mm in X by 14.7 mm in Y which followed the lateral and 
longitudinal spacings for the sensor pins used in the contact stress data collection. Generally, 
better computation accuracy is expected for the pavement responses computed at the contact area 
than the results at other areas where larger mesh sizes are used. Since the locations where the 
critical tensile strains appear at the pavement surface are out of the tire-pavement contact area, 
the geometric models in Figures 7, 8, and 9 may not be accurate enough to capture the critical 
tensile strains at the pavement surface. And since the mechanism of surface-down cracking is 
similar to that of bottom-up cracking, surface-down cracking and the associated critical tensile 
strains at the pavement surface were dropped from this study. Traffic wander was not considered 
in this study to minimize ANSYS computation times. In the geometric models, the two dual tires 
have a tire spacing of 340 mm and the two tandem axles are spaced by 1320 mm, all being 
common vehicle dimensions (16). The colorful parts in the X-Y views in Figures 7, 8, and 9 
stand for the non-uniform tire-pavement contact stress applied to the FE models.  
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FIGURE 6… Finite Element Modeled Pavement Solid for Steering Single Tire 
Configuration. 
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FIGURE 7…Geometric Layout for X-Y View of Steering Single Tire Model. 
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FIGURE 8…Geometric Layout for X-Y View of Dual-Tire Single Axle Model. 
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FIGURE 9…Geometric Layout for X-Y View of Dual-Tire Tandem Axles Model. 
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FIGURE 10…Geometric Layout for X-Z View of Dual-Tire Tandem Axle Model. 
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Figure 10 shows the vertical mesh sizes for the three layers of the pavement. The asphalt and 
base layers were both equally divided into 10 sub-layers while the subgrade layer used 20 
uneven mesh sizes. Again the purpose of the meshing strategy in the subgrade layer was to seek 
better computation accuracy near the top of the subgrade. 
 

3.4   Typical Computed Pavement Responses 
 To verify if the established finite element models generate reasonable computed 
pavement responses, a careful check of typical results computed for selected pavements for the 
three tire configurations would be necessary. Tire loads and tire inflation pressures were applied 
on typical pavement structures using the TxDOT measured non-uniform contact stress data and 
pavement responses were computed using the ANSYS program for the three tire configurations. 
For comparison purposes, the same tire loads and tire pressures were applied to the same 
pavement structures using the traditional tire model and the pavement responses were computed 
using the multi-layer program CIRCLY 5.0. The CIRCLY program was developed in Australia 
and is a popular pavement design/analysis tool in Australia and New Zealand (33).  

As a matter of fact, the purpose to compare computed pavement responses from the finite 
element program using actual measurement of tire-pavement contact stress with the results from 
the multilayer program using traditional tire model is also based on the state of practice because 
the traditional tire model and linear elastic multi-layer model were extensively used in the 
NCHRP project 1-37A to develop new mechanistic-empirical pavement design guide for the 
United States (13). It is the author’s intent to propose and justify the use of finite element 
program and measured tire-pavement contact stress data in pavement design in this research 
study. 

The pavement structures used are a thick pavement and a thin pavement with a difference 
only in the thickness of the asphalt concrete layer. The layer and material property data for the 
two typical pavement structures were borrowed from previous studies (24, 26, 27) and listed in 
Table 4.  

To show the difference between the finite element and multilayer models, and the 
significance of the measured tire-pavement contact stress data, critical pavement responses for 
horizontal tensile strains at the bottom of the asphalt concrete in X and Y directions (Exx and Eyy), 
and vertical compressive strains at the top of the subgrade (Ezz) for the three tire configurations 
are listed in Tables 5, 6, and 7. It should be noted that the “tire load” in the tire configurations of 
dual tires and tandem axles refers to every individual tire. It should also be noted that negative 
signs are used for compressive strains in accordance with the ANSYS program. 

The predicted values in Tables 5, 6, and 7 indicated that compared with the finite element 
model using measured tire-pavement contact stress data, the multilayer model using traditional 
tire model generally tends to overestimate tensile strains at the bottom of the AC layer. In 
contrast, the multilayer model tends to underestimate compressive strains at the top of the 
subgrade. The overestimation and the underestimation tendencies are both intensified with 
increasing tire pressure, and are both more significant for thin pavement than for thick pavement; 
for the dual-tire single and tandem axles than for the single steering tire. This may suggest that 
one using the multilayer model and traditional tire model may expect to have larger prediction 
errors for thin pavement analysis, for axle configurations with multiple tires, and/or when high 
tire inflation pressure is used. 
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TABLE 4   Layer Material Properties for Pavement Structures 

Thick Pavement 

Material Layer Thickness 
(mm) 

Cumulative 
Thickness (mm)

Modulus 
(MPa) 

Poisson's 
Ratio 

Dense graded AC 1 144.8 144.8 4878 0.35 

Crushed stone base 2 322.6 467.4 389 0.4 

Sandy clay subgrade 3 infinite infinite 100 0.45 

Thin Pavement 

Dense graded AC 1 51.0 51.0 4878 0.35 

Crushed limestone base 2 322.6 373.6 389 0.4 

Sandy clay subgrade 3 infinite infinite 100 0.45 
6.89 kpa = 1.0 psi (pounds force per square inch) 

25.4 mm = 1 inch 
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TABLE 5   Predicted Critical Pavement Responses for Single Tire Configuration 
Finite Element Multi-layer 

Tire Load Tire 
Pressure Exx Eyy Ezz Exx Eyy Ezz 

(kN) (kPa) (10-6) (10-6) (10-6) (10-6) (10-6) (10-6) 
Thick Pavement 

20.2 483 86 82 -114 86 86 -97 
19.6 690 84 84 -111 93 93 -96 
20.4 896 90 92 -116 101 101 -100 
24.0 483 91 86 -133 96 96 -115 
24.3 690 102 99 -137 109 109 -118 
24.1 896 104 104 -136 116 116 -118 
31.6 483 117 102 -174 113 113 -149 
31.8 690 130 119 -178 131 131 -153 
31.0 896 134 127 -175 140 140 -151 

Thin Pavement 
20.2 483 196 168 -331 169 169 -282 
19.6 690 176 187 -324 230 230 -286 
20.4 896 203 221 -342 284 284 -302 
24.0 483 161 144 -377 170 170 -329 
24.3 690 224 204 -396 238 238 -346 
24.1 896 228 231 -398 296 296 -352 
31.6 483 212 151 -483 168 168 -413 
31.8 690 279 217 -509 243 243 -439 
31.0 896 311 266 -508 309 309 -443 

6.89 kpa = 1.0 psi (pounds force per square inch) 

1.0 lbf = 4.45 newtons 
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TABLE 6   Predicted Critical Pavement Responses for Dual Tire Configuration 
Finite Element Multi-layer Tire Load Tire 

Pressure Exx Eyy Ezz Exx Eyy Ezz 
(kN) (kPa) (10-6) (10-6) (10-6) (10-6) (10-6) (10-6) 

Thick Pavement 
20.2 483 73 108 -193 73 112 -164 
19.6 690 71 109 -188 80 118 -161 
20.4 896 77 117 -196 88 127 -168 
24.0 483 76 116 -227 81 127 -194 
24.3 690 86 130 -232 93 139 -198 
24.1 896 88 134 -231 100 146 -198 
31.6 483 99 141 -296 94 156 -252 
31.8 690 111 158 -302 111 172 -258 
31.0 896 114 165 -296 120 179 -253 

Thin Pavement 
20.2 483 170 176 -427 145 180 -362 
19.6 690 153 195 -419 203 238 -359 
20.4 896 177 229 -439 257 292 -376 
24.0 483 140 154 -497 141 186 -426 
24.3 690 196 214 -515 206 249 -439 
24.1 896 197 241 -514 262 305 -442 
31.6 483 175 163 -637 132 199 -550 
31.8 690 240 229 -662 205 261 -567 
31.0 896 273 278 -656 267 322 -561 

6.89 kpa = 1.0 psi (pounds force per square inch) 

1.0 lbf = 4.45 newtons 
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TABLE 7  Predicted Critical Pavement Responses for Tandem Axle Configuration 
Finite Element Multi-layer Tire Load Tire 

Pressure Exx Eyy Ezz Exx Eyy Ezz 
(kN) (kPa) (10-6) (10-6) (10-6) (10-6) (10-6) (10-6) 

Thick Pavement 
20.2 483 75 104 -194 75 107 -163 
19.6 690 72 105 -189 82 114 -160 
20.4 896 78 113 -197 89 123 -167 
24.0 483 78 111 -228 83 122 -194 
24.3 690 88 125 -233 95 135 -197 
24.1 896 90 129 -232 102 141 -197 
31.6 483 102 135 -297 96 149 -251 
31.8 690 113 152 -303 113 165 -257 
31.0 896 116 159 -298 122 172 -252 

Thin Pavement 
20.2 483 168 177 -419 144 181 -356 
19.6 690 152 196 -412 201 239 -353 
20.4 896 176 230 -431 256 292 -370 
24.0 483 138 155 -489 140 187 -419 
24.3 690 195 215 -505 204 250 -432 
24.1 896 196 242 -504 260 306 -434 
31.6 483 173 164 -626 129 201 -540 
31.8 690 238 230 -650 203 262 -557 
31.0 896 271 279 -643 264 323 -551 

6.89 kpa = 1.0 psi (pounds force per square inch) 

1.0 lbf = 4.45 newtons 
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As shown in Table 5, the non-circular contact area caused different tensile strains in the X 
and Y directions at the bottom of the asphalt concrete for the single tire configuration. The fact 
that the X dimension of the contact area does not change with tire load and tire pressure while the 
Y dimension does, causes the contact stress to be more concentrated in the X direction than in the 
Y direction when tire load is high and/or tire pressure is low. Therefore at heavy tire loads and/or 
low tire pressures, the single steering wheels are expected to have Exx larger than Eyy which may 
result in different fatigue cracking patterns especially in thin pavements. However, this effect 
could not be detected by the multi-layer model and traditional tire model in which a circular 
contact area is assumed.  In Tables 6 and 7, the pavement responses for the dual tires and tandem 
axles are very different from the steering wheels, since the interacting effects of multiple tires are 
involved. The close-standing dual tires cancel out Exx and strengthen Eyy for each other and result 
in larger critical values in Eyy than in Exx for each of the dual tires. In the tandem axles, the 
interaction effect of the two distantly spaced axles is much weaker than the effect of the two 
close-standing dual tires, therefore only slightly different critical values of Exx and Eyy were 
found between the tires in the dual tire setting and tires in the tandem axle setting. As for vertical 
strains at the top of the subgrade, in both dual tire configurations that is, single axle and tandem 
axles, tires interact strengthening the effects on Ezz. Again the interaction of the two tandem axles 
is much weaker than the effect of the two dual tires leaving the Ezz’s in the dual-tire single axle 
and the tandem axle configurations to be very similar to each other. Apparently, the multilayer 
model and traditional tire model may produce significant prediction errors for pavement 
responses under dual-tire single and tandem axle configurations.  

Interestingly, non-uniform tire-pavement contact stress data could also be fed into some 
specially designed multi-layer program. For example, the CIRCLY program could be associated 
with measured non-uniform contact stress data using a “multiple wheels” conversion, in which 
non-uniform contact stresses could be input to the multi-layer program as multiple small wheels 
that have identical circular contact area and distinct uniform contact stresses (36, 37). One 
drawback with this conversion is that the small circular contact areas between the multiple 
wheels and the pavement surface may have overlaps and “holes” distorting the loading condition 
from the original stress distribution, which may cause computation errors (36). Furthermore, the 
CIRCLY program even did not converge for computations for tire configurations with more than 
one tire, and the fast computation speeds would be impaired, if the program were loaded with 
non-uniform contact stresses. The author believes the convergence problem with the CIRCLY 
program was actually due to the fact the program was really designed for uniform contact stress 
but not for non-uniform contact stress.  

The fact that the finite element program holds potential for more realistic and/or 
complicated constitute relations for nonlinear and/or inelastic asphalt pavement materials may 
suggest that a finite element model is a better computation tool in pavement study. The quick 
solution methodology proposed in this research study stands for instant prediction of immediate 
critical pavement responses in pavement design from prediction models that are based on 
experience built up in offline computations of pavement responses using a finite element 
program. The quick solution methodology enables the asphalt materials to be modeled as 
realistic and/or complicated as possible in the finite element program without great concern for 
computation time and computing resources. Because the quick solution/prediction models are 
based on analytical computations of pavement responses and the analytical computations are 
conducted offline, the most powerful computing resources such as supercomputers available to 
the researchers could be employed to conduct the analytical computations in order to save 
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computation times. Another advantage with the quick solution methodology is that a pavement 
design program using the quick solution methodology would be fully independent of the 
computation speeds of an analytical computation program such as a finite element program, and 
therefore strict requirements for computer CPU speed and system memory for installing and 
running the pavement design program could be relaxed. 
 

3.5   Initial Analysis of Tire Pressure Effects 
 As shown in Tables 5, 6, and 7, for all three tire configurations, the increases in tire 
inflation pressure result in increases in tensile strains at the bottom of the asphalt concrete layer. 
The effect of tire pressure on the tensile strains is more significant for the thin pavement than for 
the thick pavement, which suggests that increases in tire pressure may cause more fatigue 
cracking damage to thin pavements than to thick pavements. The fact that Eyy is more sensitive to 
tire pressure change than Exx means that increases in tire pressure may cause transverse cracks to 
grow faster than longitudinal cracks. The effect of tire pressure on tensile strains at the bottom of 
the AC layer is also dependent on tire load. At a high tire load the tire pressure effect is more 
significant and therefore, increases in tire pressure at a high tire load may cause more cracking 
damage than tire pressure increases at a low tire load.  

The tire pressure effect for dual tires in a single axle is similar to the effect for dual tires 
in each of the tandem axles while the steering single tire behaves quite differently than the dual 
tires. Under the steering single tire, Exx is larger than Eyy however in dual-tire single axle and 
tandem axle configurations, Eyy is larger than Exx. The complexity of behaviors of different axle 
types and the association of tire pressure effects with tire load signify that detailed information 
about the load spectrum for each axle type is required for prediction of fatigue cracking by mixed 
traffic. As for the tire pressure effect on pavement rutting, the Ezz’s in Tables 5, 6, and 7 indicate 
that tire pressure is not significantly related to vertical strains at the top of the subgrade, which 
may suggest that tire pressure is not significantly related to pavement rutting due to permanent 
deformation in the subgrade layer. However, as mentioned earlier rutting may be the cumulative 
plastic deformation in each of the composing pavement layers. Therefore it would be appropriate 
to include vertical strains at multiple depths of pavement to study the tire pressure effect on 
rutting. The pavement distress transfer functions that correlate pavement distresses in cracking 
and rutting with critical pavement responses should be introduced.     
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TABLE 8   Tire Pressure Effects on Pavement Performance for Dual Tires 

Cracking Rutting Tire 
Load 

Tire 
Pressure Exx Nfx Eyy Nfy RN=1E3 RN=1E5 RN=1E6 

(kN) (kPa) (10-6) (106) (10-6) (106) (mm) (mm) (mm) 
Thick Pavement 

20.2 483 73.4 164 107.6 36.3 -1.20 -3.75 -6.75 
19.6 690 70.9 189 109.1 34.4 -1.17 -3.63 -6.51 
20.4 896 76.5 140 117.4 25.7 -1.24 -3.99 -7.40 
24.0 483 76.0 143 116.2 26.8 -1.42 -4.21 -7.19 
24.3 690 86.4 86.4 129.6 17.4 -1.43 -4.39 -7.75 
24.1 896 88.4 78.8 133.7 15.4 -1.44 -4.49 -8.09 
31.6 483 99.1 50.2 141.5 12.3 -1.81 -5.17 -8.45 
31.8 690 110.6 32.5 158.2 7.92 -1.83 -5.50 -9.52 
31.0 896 113.7 29.2 165.2 6.68 -1.85 -5.84 -10.64 

Thin Pavement 
20.2 483 169.6 52.1 176.0 45.0 -2.04 -5.33 -7.76 
19.6 690 152.8 78.6 195.2 29.9 -1.94 -5.16 -7.68 
20.4 896 176.8 44.2 229.5 15.8 -2.13 -5.61 -8.27 
24.0 483 140.4 110 153.8 76.8 -2.28 -6.05 -8.91 
24.3 690 196.3 29.0 213.8 20.9 -2.39 -6.22 -8.94 
24.1 896 197.2 28.7 240.8 13.0 -2.37 -6.25 -9.17 
31.6 483 175.2 45.9 162.6 61.6 -2.86 -7.49 -10.79 
31.8 690 240.1 13.2 228.7 16.0 -3.01 -7.81 -11.14 
31.0 896 272.7 7.99 277.6 7.44 -3.14 -8.27 -12.16 

6.89 kpa = 1.0 psi (pounds force per square inch) 

1.0 lbf = 4.45 newtons 

25.4 mm = 1 inch 
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FIGURE 11…Rut Depths Computed for Dual Tire Configuration at X Locations 
(TL=20kN, TP=483kPa, Thick). 
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FIGURE 12…Rut Depths Computed for Dual Tire Configuration at X Locations 
(TL=24kN, TP=483kPa, Thick). 
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FIGURE 13…Rut Depths Computed for Dual Tire Configuration at X Locations 
(TL=24kN, TP=896kPa, Thick). 
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FIGURE 14…Rut Depths Computed for Dual Tire Configuration at X Locations 
(TL=20kN, TP=483kPa, Thin). 
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FIGURE 15…Rut Depths Computed for Dual Tire Configuration at X Locations 
(TL=24kN, TP=483kPa, Thin). 
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FIGURE 16…Rut Depths Computed for Dual Tire Configuration at X Locations 
(TL=24kN, TP=896kPa, Thin). 
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To show the effect of tire pressure on pavement performance, pavement responses 
computed for one tire (the right one) in a dual-tire single axle set were input to Equations (5) and 
(6) and Equations (8), (9), and (10) for a series of axle load repetitions. Table 8 shows the 
predicted tire pressure effects on cracking and rutting pavement performance caused by dual tires 
under different tire load and tire pressure conditions. Nfx and Nfy are allowed numbers of load 
repetitions to cracking failure due to the critical tensile strains Exx and Eyy at the bottom of the 
AC layer.  RN=1E3, RN=1E5, and RN=1E6 are maximum wheel path rut depths predicted after N axle 
load repetitions with N = 1000, N = 100,000, and N = 1,000,000 respectively. The effect of tire 
pressure on the cracking distress is exactly the same as what was mentioned earlier. However, 
the tire pressure effect on rutting distress is very different than what was claimed for the effect 
on the vertical strains at the top of the subgrade. The effects of tire pressure on cracking and 
rutting are both dependent on tire load and are more significant at a high tire load than at a low 
tire load. Furthermore, the tire pressure effects are more significant for thin pavements than for 
thick pavements. Figures 11 through 16 show the rut depths computed for the tire at multiple X 
locations for three typical loading conditions for the thick and thin pavements. As shown in the 
figures, tire inflation pressure plays a role in the formation of the pavement rut shape. At a high 
tire pressure, the largest rut depth appears at the center of the tire-pavement contact area, and in 
contrast at a low tire pressure, the largest rut depth may be at the two sides of the tire width. The 
inconsistency in the effects of tire pressure on rutting due to deformation in the subgrade and on 
the total permanent deformation may suggest that the effect of tire pressure is limited to a depth 
range near the pavement surface. The use of a stiffer asphalt concrete material at the surface 
layer might be an alternative to mitigate this tire pressure effect.  
 

3.6   Summary 
 In this chapter, finite element models were developed for three popular half axle tire 
configurations, i.e., single tire steering axle, dual-tire single axle, and dual-tire tandem axles. The 
TxDOT measured tire-pavement contact stress data were used to characterize tire-pavement 
interactions and input into the FE models. The comparisons between typical computation results 
from the finite element models with measured contact stress inputs and results from multi-layer 
models with traditional uniform contact stress inputs showed that the multi-layer models with the 
traditional tire model caused significant computation errors. Finally, based on the finite element 
models, a factorial experiment design was developed to generate a pavement responses dataset 
including effects of tire loading, tire configuration, and pavement structure. In the next chapter, 
the dataset will be used to establish a quick solution method for prediction of critical pavement 
responses. 
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CHAPTER 4   DEVELOPMENT OF QUICK SOLUTION 
 
 The mechanistic-empirical analysis of tire pressure effects on asphalt pavement 
performance involves exactly the same procedures of a typical mechanistic-empirical (M-E) 
pavement design that include prediction of immediate pavement responses and prediction of 
pavement performance. As discussed in Chapter 2, mechanistic-empirical pavement design 
involves analytical computation of pavement responses due to traffic loading using engineering 
mechanics theories, and empirical prediction of pavement performance by applying the 
computed pavement responses to experience-based distress functions. Because tire-pavement 
contact stress is actually not uniformly distributed, more realistic characterization of the tire-
pavement interaction while maintaining higher computation accuracy and yet faster computation 
speeds in the prediction of pavement responses become a real challenge for M-E pavement 
design. Furthermore, in a typical M-E pavement design, the huge number of truck axles in 
pavement design life requires a large number of computations of immediate pavement responses 
and therefore fast computation speeds of pavement responses are extremely important.  

The mechanistic-empirical method is inherently better suited to treat the variations of 
environmental and traffic loading conditions than its state-of-the-practice counterparts. Because 
pavement performance is affected by a variety of variables, including materials properties, traffic 
loading, construction quality, and environmental conditions, capturing variability of these 
variables and quantifying these uncertainties with the help of mathematical modeling and Monte 
Carlo simulation techniques become highly desirable for a more accurate M-E pavement design. 

However, the M-E pavement design guide developed in the NCHRP project 1-37A with a 
total research expenditure of $6.5 million and finally submitted to the American Association of 
State Highway and Transportation Officials (AASHTO) in 2004 for product evaluation and 
implementation has left a few stones unturned. The design guide still embraced the traditional 
tire model in which tire-pavement contact stress is assumed to be uniformly distributed over a 
circular contact area and equal to tire inflation pressure. A linear elastic multi-layer program 
based on simplified elastic theory and on the traditional tire model was employed for the 
computation of pavement responses, in an attempt to deal with the computation speed problem. 
Furthermore, the simulation technique used for the prediction of pavement performance was 
actually a macro simulation in which individual truck axles were grouped and individual axle 
behaviors were averaged, again in attempt to save program computation time.  

The M-E design guide developed in the NCHRP project 1-37A makes online calls of the 
multi-layer program to conduct computations of pavement responses whenever different loading 
or pavement structural conditions arise. It is actually the online call strategy that strictly relates 
pavement design time to the computation speed of the analytical program, and eventually 
prevents sophisticated yet time-consuming tools such as the finite element model and Monte 
Carlo simulation technique from being included into the M-E design guide. In view of this 
“bottleneck” effect of the online call strategy, this research study proposes a quick solution 
methodology that relaxes the online call requirement and predicts immediate pavement responses 
from quick solution models based on offline analytical computations using the analytical 
program.  Since the quick solution methodology disconnects pavement design time from the 
computation speed of an analytical program, the inclusion of finite element model and Monte 
Carlo simulation techniques into the procedures for a new kind of mechanistic-empirical 
pavement design/analysis becomes feasible.    
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If one could develop robust relationships between critical pavement responses and 
loading conditions and pavement structural parameters, the pavement design problem of finite 
element model computation times could be resolved by replacing the time-consuming finite 
element models with the new quick solution models. In this chapter, the dataset of pavement 
responses generated in Chapter 4 using finite element models and measured tire-pavement 
contact stress inputs was analyzed. The performance transfer functions developed for asphalt 
pavement design in NCHRP Project 1-37A were used to determine the dependent variables of 
“critical pavement responses” that should be included in the proposed new models. Finally a 
quick solution method for prediction of pavement responses was developed.    
 

4.1   Pavement Performance Models 
 The transfer functions developed in NCHRP Project 1-37A for bottom-up cracking and 
rutting were adopted for this study (14). The fatigue cracking models are included in Equations 
(11) through (14).  
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where, 
Nf = the number of load repetitions to fatigue cracking failure; 
εt = the maximum tensile strain at the bottom of the asphalt concrete layer; 
E = asphalt concrete layer modulus or stiffness in psi; 
C = laboratory or field adjustment factor; 
M = intermediate variable; 
Va = air void content in asphalt concrete in volume percentage; 
Vb = effective binder content in asphalt concrete in volume percentage. 
k1 = correction factor for asphalt concrete layer thickness; and 
HAC = thickness of asphalt concrete layer in inches. 

Equation (11) relates the number of load repetitions to fatigue cracking failure Nf with the 
maximum tensile strain at the bottom of the asphalt concrete layer εt and material modulus E; 
Equations (12) and (13) provide laboratory to field adjustment factor C where the intermediate 
variable M serves to make the models easy to read; Equation (14) is a regression model for the 
asphalt layer thickness correction factor k1.  

The rutting models developed in NCHRP Project 1-37A are included in Equations (15) 
through (17).  

∑
=

=
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where, 
RD = total rut depth in inches; 
εp

i = plastic vertical strain in the i-th layer; 
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h i = layer thickness in the i-th layer in inches; and 
nl = the number of pavement layers or sublayers; 
As shown in Equation (15) the total rut depth RD is actually the sum of the cumulative plastic 
deformations in the nl pavement layers. Each plastic deformation equals the product of plastic 
vertical strain εp

i and layer thickness hi in the i-th layer. The plastic strain εp
 in Equation (15) is 

related to the resilient strain εr in Equations (16) and (17),  
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where, 
εp = plastic strain; 
εr = resilient strain; 
k1 = asphalt layer thickness correction factor; 
T = pavement temperature in °F; 
N = the number of axle load repetitions;  
εa = resilient strain imposed in laboratory tests 
β1 = regression coefficients; and 
ε0, ρ, and β = pavement material properties. 

Equation (16) is the regression relation for the asphalt concrete and Equation (17) for the 
granular base and subgrade soil, where the regression coefficient β1 is 1.673 for granular base or 
1.35 for subgrade soil. The resilient strain εr’s in Equations (16) and (17) are the vertical strain 
estimated from the finite element program. The material properties and laboratory set-up data ε0, 
εa, ρ, and β used in the equations can be determined from Equations (18) through (22). 
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where,  
Wc = water content in percentage;  
Er = layer resilient modulus in psi;  
GWT = ground water table in feet;  
a1 = 0.15; a9 = 20.0; and 
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C0 = intermediate variable. 
Plastic deformation due to the subgrade can be estimated using Equation (23) which 

assumes the plastic strain εp and the depth from the top of the subgrade z have a relationship as 
expressed in the equation. 

( ) kz
zpp ez −

==  )( 0,εε        (23) 
where, 
εp = plastic strain;  
z = depth from the top of the subgrade in inches; and 
k = model coefficient. 
The model coefficient k in Equation (23) is calculated using Equation (24),  
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where the plastic strains at the top of the subgade (εp, z=0) and 6 inches below the top of the 
subgrade (εp, z=6) can be computed from resilient strains using Equation. (17). 
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 Then, the rut depth due to the subgrade RDSG is calculated in Equation (25), where hb is 
the z depth to the bedrock in inches. The bedrock is equivalent to the bottom surface boundary 
condition of the solid model used in the finite element representation, where zero pavement 
displacements are assumed for X, Y, and Z directions.    
 

4.2   Considerations for Regression Variables  
 Major considerations for the predictive models to replace the FE analysis would be what 
variables should be included. Logically the independent variables should include the seven 
parameters used for the factorial experiment design in which FE analysis was employed, i.e., TL, 
TP, H1, H2, E1, E2, and E3. Special considerations were made to reduce the number of dependent 
variables and thus the number of regression models. From the transfer functions, the maximum 
horizontal tensile strains at the bottom of the asphalt concrete and the vertical compressive 
strains at multiple depths along the vertical axis that cumulatively cause the maximum plastic 
deformation should be regarded as “critical” pavement responses and included as dependable 
variables. However, it would be difficult to predict the locations where the “critical” pavement 
responses may appear especially for axle configurations with multiple tires and when non-
uniform contact stress distributions are used. A more careful search for the locations of the 
“critical” pavement responses would be necessary.  

The reviews of ANSYS computation results revealed that for all loading conditions and 
axle types, the maximum tensile strains at the bottom of the asphalt concrete layer appeared in a 
small area right below the center of the contact area of each tire. Considering the fact that an 
initial fatigue crack may propagate to the nearby area, it would be reasonable to relate the 
bottom-up cracking to the maximum tensile strains that appear within the small area range at the 
bottom of the AC layer under the center of the tire-pavement contact area. On the other hand, 
rutting distress is much more complicated because the largest rut depth may depend on the 
combination of tire load, tire pressure, and tire configuration. Figures 17, 18, and 19 show after a 
series of N axle load repetitions the critical rutting locations along the X direction for a dual-tire 



 

 49

single axle and along the Y direction for a tandem axle. The rut depths were computed using 
Equations (15) through (17) with the vertical strains from the ANSYS calculations for a typical 
thick pavement structure. 

It should be noted that Figures 17 and 18 depict only the right tire of the dual-tire set and 
the X coordinates range from the center between the two tires to the outside edge of the right tire. 
In Figure 19 the rut depth at a specific Y location is the maximum value of the rut depths 
computed for multiple X locations as done in Figures 17 and 18. As shown in Figures 17 and 18, 
the “critical” vertical strains for a dual-tire single axle configuration are under the contact area of 
either one of the two close-standing tires, and could be near the edges of the tire width when tire 
pressure is low or at the center of the contact area when tire pressure is high. Figure 19 shows 
that the “critical” vertical strains for a tandem axle configuration are located under either of the 
two tandem axles and below the contact area of one of the dual tires. Therefore, for all the three 
tire configurations, the “critical” pavement responses for rutting are located under the contact 
area of every tire along the X-line that bisects the contact area on the pavement surface. Groups 
of vertical strains at multiple Z coordinates with each group starting from points on the pavement 
surface are the potential critical pavement responses for rutting and should be included in the 
regression models. Furthermore, the points on the X-line that are out of the contact area should 
be eliminated from considerations. For example, the first 4 points and the last point in Figures 17 
and 18 should be eliminated making a total of 12 groups of elastic vertical strains for the tire. It 
should be noted that the 12 groups of vertical strains are along 12 vertical lines which are 17.0 
mm apart from each other laterally.    
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FIGURE 17…Rutting Computed for Locations along X Axis  
(Dual, TL=24 kN, TP=483 kPa). 
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FIGURE 18…Rutting Computed for Locations along X Axis  
(Dual, TL=24 kN, TP=896 kPa). 
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FIGURE 19…Rutting Computed for Locations along Y Axis  
(Tandem, TL=24 kN, TP=690 kPa).  
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4.3   Determination of Model Coefficients  
Regression models are established to relate critical pavement responses to pavement parameters 
and loading conditions. The model format was selected based on a desire for model simplicity, 
good regression R2, and assumption of normal distribution for residuals (the random errors). The 
format of the regression models used to predict critical pavement responses is shown in Equation 
(26):  

( ) 372615241321010log EEEHHTPTLy ββββββββ +++++++=   (26) 
where, 
 (y) = pavement response for Exx, Eyy, or (-Ezz);  
β0 ~ β7 = ordinary least squares (OLS) regression coefficient;  
TL = tire load in kN;  
TP = tire inflation pressure in kPa;  
H1 ~ H2 = thicknesses in mm of the AC and base layers;  
E1 ~ E3 = moduli in MPa of the AC, base, and subgrade layers. 

MINITAB 14.2 was used to solve for the regression coefficients (61). Examples for 
MINITAB regression analysis outputs are shown in Figures 20 through 25 for the dual-tire 
tandem axle tire configuration. The regression coefficients were tested for significance at 95% 
confidence level. Tables 9, 10, and 11 show the regression coefficients for the model in Equation 
(26) for critical pavement responses of the three tire configurations respectively. In the 
“Predictor” column of the tables, Ex and Ey stand for maximum Exx and Eyy at the bottom of the 
AC layer; the 12 groups of vertical strains are each represented with 4 variables, i.e., AEz, BEz, 
SEz1, and SEz2.  The AEz is logarithm of the average of the vertical strains in the 10 sub-layers 
of the AC layer and BEz is logarithm of the average of the vertical strains in the 10 sub-layers of 
the GB layer, and the SEz1 and SEz2 are logarithms of the vertical strains at the top of the 
subgrade and at 6 inches below the top of the subgrade.  
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TABLE 9   Coefficients of Regression Models for Single Tire Configuration 

Predictor β0 β1 β2 β3 β4 β5 β6 β7 R2 (%) 
Ex -3.26 1.40E-02 1.75E-04 -3.73E-03 -1.43E-04 -5.55E-05 -9.18E-04 -2.38E-04 94.7 
Ey -3.24 8.23E-03 2.84E-04 -3.45E-03 -1.53E-04 -5.30E-05 -9.54E-04 -2.48E-04 92.8 
1AEz -3.88 1.03E-02 -1.19E-05 -1.08E-03 1.27E-04 -8.74E-05 -7.09E-04 7.05E-04 76.5 
1BEz -2.80 1.50E-02 5.87E-05 -4.28E-03 -6.85E-04 -3.53E-05 -1.34E-03 -1.85E-04 97.2 
1SEz1 -2.69 1.62E-02 2.78E-05 -3.78E-03 -1.39E-03 -2.71E-05 -7.49E-04 -2.47E-03 97.9 
1SEz2 -2.91 1.65E-02 1.75E-05 -3.12E-03 -1.25E-03 -2.20E-05 -5.73E-04 -3.34E-03 97.9 
2AEz -3.67 9.77E-03 1.17E-04 -2.02E-03 7.09E-05 -9.64E-05 -4.76E-04 4.34E-04 93.3 
2BEz -2.74 1.49E-02 6.76E-05 -4.56E-03 -7.09E-04 -3.76E-05 -1.31E-03 -1.62E-04 97.5 
2SEz1 -2.66 1.62E-02 2.88E-05 -3.87E-03 -1.43E-03 -2.77E-05 -7.45E-04 -2.45E-03 97.9 
2SEz2 -2.90 1.65E-02 1.79E-05 -3.16E-03 -1.27E-03 -2.23E-05 -5.73E-04 -3.33E-03 97.9 
3AEz -3.85 9.35E-03 2.84E-04 -1.41E-03 7.98E-05 -9.45E-05 -5.19E-04 4.68E-04 89.0 
3BEz -2.70 1.48E-02 7.60E-05 -4.76E-03 -7.27E-04 -3.93E-05 -1.28E-03 -1.45E-04 97.6 
3SEz1 -2.63 1.62E-02 2.96E-05 -3.94E-03 -1.46E-03 -2.83E-05 -7.41E-04 -2.43E-03 97.9 
3SEz2 -2.89 1.65E-02 1.82E-05 -3.20E-03 -1.28E-03 -2.25E-05 -5.73E-04 -3.31E-03 97.9 
4AEz -3.87 7.55E-03 4.00E-04 -1.37E-03 8.13E-05 -9.40E-05 -5.24E-04 4.66E-04 87.3 
4BEz -2.67 1.47E-02 8.30E-05 -4.90E-03 -7.39E-04 -4.05E-05 -1.27E-03 -1.33E-04 97.7 
4SEz1 -2.61 1.61E-02 3.03E-05 -4.00E-03 -1.49E-03 -2.86E-05 -7.39E-04 -2.42E-03 97.9 
4SEz2 -2.88 1.65E-02 1.84E-05 -3.23E-03 -1.29E-03 -2.27E-05 -5.73E-04 -3.30E-03 97.9 
5AEz -3.94 1.09E-02 3.95E-04 -1.38E-03 8.03E-05 -9.39E-05 -5.21E-04 4.56E-04 84.0 
5BEz -2.65 1.46E-02 8.79E-05 -4.98E-03 -7.47E-04 -4.12E-05 -1.25E-03 -1.25E-04 97.7 
5SEz1 -2.60 1.61E-02 3.08E-05 -4.03E-03 -1.50E-03 -2.89E-05 -7.37E-04 -2.41E-03 97.9 
5SEz2 -2.87 1.65E-02 1.86E-05 -3.24E-03 -1.30E-03 -2.28E-05 -5.73E-04 -3.29E-03 97.9 
6AEz -3.90 1.08E-02 3.91E-04 -1.52E-03 7.52E-05 -9.48E-05 -4.98E-04 4.30E-04 84.8 
6BEz -2.64 1.46E-02 9.04E-05 -5.02E-03 -7.50E-04 -4.16E-05 -1.25E-03 -1.21E-04 97.7 
6SEz1 -2.59 1.61E-02 3.12E-05 -4.05E-03 -1.51E-03 -2.90E-05 -7.36E-04 -2.40E-03 97.9 
6SEz2 -2.87 1.65E-02 1.88E-05 -3.25E-03 -1.30E-03 -2.29E-05 -5.73E-04 -3.29E-03 97.9 
7AEz -3.82 9.75E-03 3.59E-04 -1.72E-03 6.98E-05 -9.59E-05 -4.73E-04 4.06E-04 86.4 
7BEz -2.64 1.45E-02 9.05E-05 -5.02E-03 -7.50E-04 -4.16E-05 -1.25E-03 -1.22E-04 97.7 
7SEz1 -2.59 1.61E-02 3.13E-05 -4.05E-03 -1.51E-03 -2.90E-05 -7.36E-04 -2.40E-03 97.9 
7SEz2 -2.87 1.65E-02 1.89E-05 -3.25E-03 -1.30E-03 -2.29E-05 -5.73E-04 -3.29E-03 98.0 
8AEz -3.81 7.04E-03 3.57E-04 -1.45E-03 7.81E-05 -9.44E-05 -5.12E-04 4.47E-04 86.2 
8BEz -2.65 1.44E-02 8.84E-05 -4.97E-03 -7.46E-04 -4.11E-05 -1.26E-03 -1.25E-04 97.7 
8SEz1 -2.60 1.61E-02 3.12E-05 -4.03E-03 -1.50E-03 -2.89E-05 -7.37E-04 -2.41E-03 98.0 
8SEz2 -2.87 1.65E-02 1.89E-05 -3.24E-03 -1.30E-03 -2.28E-05 -5.73E-04 -3.29E-03 98.0 
9AEz -3.74 3.23E-03 3.66E-04 -1.45E-03 8.21E-05 -9.39E-05 -5.27E-04 4.69E-04 88.1 
9BEz -2.67 1.44E-02 8.43E-05 -4.88E-03 -7.37E-04 -4.03E-05 -1.27E-03 -1.33E-04 97.7 
9SEz1 -2.61 1.61E-02 3.10E-05 -3.99E-03 -1.49E-03 -2.86E-05 -7.39E-04 -2.42E-03 98.0 
9SEz2 -2.88 1.65E-02 1.88E-05 -3.22E-03 -1.29E-03 -2.27E-05 -5.73E-04 -3.30E-03 98.0 
10AEz -3.76 2.86E-03 3.10E-04 -1.20E-03 9.25E-05 -9.23E-05 -5.71E-04 5.24E-04 87.1 
10BEz -2.70 1.45E-02 7.83E-05 -4.74E-03 -7.25E-04 -3.91E-05 -1.29E-03 -1.46E-04 97.6 
10SEz1 -2.63 1.61E-02 3.06E-05 -3.94E-03 -1.46E-03 -2.82E-05 -7.42E-04 -2.43E-03 98.0 
10SEz2 -2.89 1.65E-02 1.88E-05 -3.20E-03 -1.28E-03 -2.25E-05 -5.73E-04 -3.31E-03 98.0 
11AEz -3.66 2.68E-03 2.00E-04 -1.54E-03 8.85E-05 -9.33E-05 -5.53E-04 5.17E-04 87.5 
11BEz -2.74 1.46E-02 7.12E-05 -4.54E-03 -7.08E-04 -3.75E-05 -1.31E-03 -1.63E-04 97.6 
11SEz1 -2.66 1.61E-02 3.00E-05 -3.86E-03 -1.43E-03 -2.77E-05 -7.45E-04 -2.45E-03 98.0 
11SEz2 -2.90 1.65E-02 1.86E-05 -3.16E-03 -1.27E-03 -2.23E-05 -5.73E-04 -3.33E-03 98.0 
12AEz -3.92 1.35E-02 8.88E-05 -1.58E-03 1.01E-04 -9.13E-05 -6.13E-04 5.93E-04 90.0 
12BEz -2.80 1.48E-02 6.35E-05 -4.28E-03 -6.85E-04 -3.53E-05 -1.34E-03 -1.86E-04 97.4 
12SEz1 -2.69 1.61E-02 2.92E-05 -3.77E-03 -1.39E-03 -2.71E-05 -7.49E-04 -2.48E-03 98.0 
12SEz2 -2.92 1.65E-02 1.84E-05 -3.11E-03 -1.25E-03 -2.20E-05 -5.73E-04 -3.35E-03 98.0 
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TABLE 10   Coefficients of Regression Models for Dual Tires Configuration 

Predictor β0 β1 β2 β3 β4 β5 β6 β7 R2 (%) 
Ex -3.33 1.37E-02 1.93E-04 -3.55E-03 -2.18E-04 -5.15E-05 -9.28E-04 -4.11E-04 95.1 
Ey -3.25 9.22E-03 2.48E-04 -2.35E-03 -2.18E-04 -4.35E-05 -1.08E-03 -3.41E-04 90.3 
1AEz -4.09 8.89E-03 -2.10E-05 5.75E-04 2.93E-04 -7.21E-05 -1.20E-03 1.75E-03 65.7 
1BEz -2.77 1.54E-02 4.84E-05 -3.22E-03 -6.18E-04 -2.65E-05 -1.44E-03 -3.78E-04 96.9 
1SEz1 -2.60 1.63E-02 2.44E-05 -3.18E-03 -1.15E-03 -2.29E-05 -7.64E-04 -2.68E-03 97.9 
1SEz2 -2.74 1.65E-02 1.62E-05 -2.75E-03 -1.12E-03 -1.96E-05 -5.59E-04 -3.54E-03 98.0 
2AEz -3.76 9.34E-03 1.22E-04 -1.26E-03 1.01E-04 -8.96E-05 -7.21E-04 8.55E-04 89.9 
2BEz -2.73 1.52E-02 5.62E-05 -3.46E-03 -6.42E-04 -2.86E-05 -1.41E-03 -3.69E-04 97.2 
2SEz1 -2.59 1.63E-02 2.49E-05 -3.19E-03 -1.17E-03 -2.30E-05 -7.61E-04 -2.69E-03 98.0 
2SEz2 -2.74 1.65E-02 1.63E-05 -2.74E-03 -1.12E-03 -1.95E-05 -5.58E-04 -3.55E-03 98.1 
3AEz -3.96 8.75E-03 3.08E-04 -5.90E-04 1.11E-04 -8.78E-05 -7.67E-04 9.31E-04 83.9 
3BEz -2.71 1.51E-02 6.42E-05 -3.66E-03 -6.62E-04 -3.02E-05 -1.38E-03 -3.62E-04 97.4 
3SEz1 -2.59 1.63E-02 2.53E-05 -3.20E-03 -1.18E-03 -2.31E-05 -7.58E-04 -2.70E-03 98.0 
3SEz2 -2.75 1.65E-02 1.63E-05 -2.73E-03 -1.11E-03 -1.94E-05 -5.56E-04 -3.56E-03 98.1 
4AEz -3.98 6.68E-03 4.35E-04 -6.05E-04 1.07E-04 -8.78E-05 -7.55E-04 9.16E-04 81.7 
4BEz -2.68 1.50E-02 7.12E-05 -3.81E-03 -6.77E-04 -3.15E-05 -1.36E-03 -3.59E-04 97.6 
4SEz1 -2.60 1.62E-02 2.58E-05 -3.20E-03 -1.19E-03 -2.31E-05 -7.55E-04 -2.70E-03 98.0 
4SEz2 -2.76 1.65E-02 1.64E-05 -2.71E-03 -1.11E-03 -1.93E-05 -5.54E-04 -3.57E-03 98.1 
5AEz -4.05 1.05E-02 4.27E-04 -6.94E-04 9.58E-05 -8.85E-05 -7.30E-04 8.70E-04 79.5 
5BEz -2.67 1.49E-02 7.64E-05 -3.93E-03 -6.89E-04 -3.25E-05 -1.34E-03 -3.60E-04 97.7 
5SEz1 -2.60 1.62E-02 2.61E-05 -3.20E-03 -1.20E-03 -2.31E-05 -7.52E-04 -2.71E-03 98.1 
5SEz2 -2.77 1.65E-02 1.64E-05 -2.69E-03 -1.11E-03 -1.91E-05 -5.52E-04 -3.59E-03 98.1 
6AEz -3.99 1.04E-02 4.19E-04 -9.43E-04 8.02E-05 -9.04E-05 -6.78E-04 7.91E-04 81.3 
6BEz -2.66 1.48E-02 7.95E-05 -4.00E-03 -6.96E-04 -3.31E-05 -1.33E-03 -3.65E-04 97.7 
6SEz1 -2.61 1.62E-02 2.64E-05 -3.19E-03 -1.20E-03 -2.30E-05 -7.49E-04 -2.73E-03 98.1 
6SEz2 -2.78 1.65E-02 1.64E-05 -2.67E-03 -1.10E-03 -1.90E-05 -5.49E-04 -3.61E-03 98.1 
7AEz -3.88 9.37E-03 3.79E-04 -1.23E-03 6.64E-05 -9.22E-05 -6.29E-04 7.21E-04 83.9 
7BEz -2.67 1.48E-02 8.03E-05 -4.03E-03 -7.00E-04 -3.33E-05 -1.32E-03 -3.75E-04 97.7 
7SEz1 -2.62 1.62E-02 2.66E-05 -3.17E-03 -1.20E-03 -2.28E-05 -7.47E-04 -2.75E-03 98.1 
7SEz2 -2.79 1.65E-02 1.64E-05 -2.64E-03 -1.09E-03 -1.88E-05 -5.47E-04 -3.63E-03 98.1 
8AEz -3.87 6.40E-03 3.80E-04 -9.37E-04 7.15E-05 -9.07E-05 -6.73E-04 7.90E-04 83.4 
8BEz -2.68 1.47E-02 7.91E-05 -4.01E-03 -6.99E-04 -3.31E-05 -1.32E-03 -3.89E-04 97.7 
8SEz1 -2.64 1.62E-02 2.66E-05 -3.13E-03 -1.19E-03 -2.26E-05 -7.45E-04 -2.77E-03 98.1 
8SEz2 -2.81 1.65E-02 1.63E-05 -2.60E-03 -1.08E-03 -1.85E-05 -5.44E-04 -3.65E-03 98.2 
9AEz -3.80 2.27E-03 3.91E-04 -9.52E-04 7.10E-05 -9.03E-05 -6.86E-04 8.21E-04 84.9 
9BEz -2.70 1.47E-02 7.59E-05 -3.95E-03 -6.93E-04 -3.25E-05 -1.33E-03 -4.09E-04 97.7 
9SEz1 -2.66 1.62E-02 2.65E-05 -3.09E-03 -1.18E-03 -2.23E-05 -7.43E-04 -2.79E-03 98.2 
9SEz2 -2.82 1.65E-02 1.63E-05 -2.56E-03 -1.07E-03 -1.83E-05 -5.40E-04 -3.68E-03 98.2 
10AEz -3.82 1.72E-03 3.34E-04 -6.72E-04 7.77E-05 -8.87E-05 -7.40E-04 9.19E-04 83.4 
10BEz -2.73 1.47E-02 7.09E-05 -3.84E-03 -6.84E-04 -3.15E-05 -1.34E-03 -4.35E-04 97.7 
10SEz1 -2.68 1.62E-02 2.62E-05 -3.03E-03 -1.16E-03 -2.19E-05 -7.42E-04 -2.82E-03 98.2 
10SEz2 -2.84 1.65E-02 1.61E-05 -2.52E-03 -1.06E-03 -1.80E-05 -5.37E-04 -3.71E-03 98.2 
11AEz -3.70 1.56E-03 2.13E-04 -1.08E-03 6.63E-05 -9.02E-05 -7.08E-04 8.83E-04 84.1 
11BEz -2.77 1.48E-02 6.46E-05 -3.66E-03 -6.69E-04 -3.00E-05 -1.36E-03 -4.68E-04 97.6 
11SEz1 -2.71 1.62E-02 2.58E-05 -2.96E-03 -1.13E-03 -2.13E-05 -7.41E-04 -2.86E-03 98.2 
11SEz2 -2.86 1.66E-02 1.60E-05 -2.47E-03 -1.04E-03 -1.76E-05 -5.33E-04 -3.74E-03 98.2 
12AEz -3.98 1.33E-02 9.41E-05 -1.10E-03 7.08E-05 -8.80E-05 -7.84E-04 1.01E-03 88.2 
12BEz -2.83 1.50E-02 5.78E-05 -3.43E-03 -6.48E-04 -2.79E-05 -1.38E-03 -5.10E-04 97.5 
12SEz1 -2.75 1.62E-02 2.53E-05 -2.87E-03 -1.10E-03 -2.07E-05 -7.40E-04 -2.90E-03 98.2 
12SEz2 -2.89 1.66E-02 1.58E-05 -2.41E-03 -1.02E-03 -1.72E-05 -5.28E-04 -3.78E-03 98.2 
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TABLE 11   Coefficients of Regression Models for Tandem Axles Configuration 

Predictor β0 β1 β2 β3 β4 β5 β6 β7 R2 (%) 
Ex -3.34 1.37E-02 1.94E-04 -3.36E-03 -2.45E-04 -4.92E-05 -9.45E-04 -4.65E-04 94.5 
Ey -3.24 9.15E-03 2.50E-04 -2.60E-03 -1.93E-04 -4.61E-05 -1.06E-03 -2.85E-04 91.0 
1AEz -4.07 8.94E-03 -2.04E-05 4.99E-04 2.30E-04 -7.33E-05 -1.19E-03 1.76E-03 66.7 
1BEz -2.79 1.54E-02 4.85E-05 -3.20E-03 -5.85E-04 -2.61E-05 -1.44E-03 -4.35E-04 96.7 
1SEz1 -2.62 1.63E-02 2.44E-05 -3.11E-03 -1.10E-03 -2.21E-05 -7.44E-04 -2.81E-03 97.7 
1SEz2 -2.78 1.65E-02 1.58E-05 -2.60E-03 -1.02E-03 -1.81E-05 -5.12E-04 -3.80E-03 97.9 
2AEz -3.75 9.32E-03 1.23E-04 -1.29E-03 7.57E-05 -9.01E-05 -7.16E-04 8.76E-04 90.2 
2BEz -2.75 1.52E-02 5.64E-05 -3.43E-03 -6.09E-04 -2.81E-05 -1.40E-03 -4.25E-04 97.1 
2SEz1 -2.62 1.63E-02 2.48E-05 -3.12E-03 -1.11E-03 -2.22E-05 -7.41E-04 -2.82E-03 97.8 
2SEz2 -2.78 1.65E-02 1.58E-05 -2.59E-03 -1.02E-03 -1.80E-05 -5.10E-04 -3.81E-03 97.9 
3AEz -3.95 8.74E-03 3.08E-04 -6.29E-04 8.34E-05 -8.84E-05 -7.62E-04 9.51E-04 84.3 
3BEz -2.72 1.51E-02 6.44E-05 -3.63E-03 -6.30E-04 -2.98E-05 -1.38E-03 -4.18E-04 97.3 
3SEz1 -2.62 1.63E-02 2.53E-05 -3.13E-03 -1.12E-03 -2.22E-05 -7.38E-04 -2.83E-03 97.8 
3SEz2 -2.79 1.65E-02 1.59E-05 -2.58E-03 -1.02E-03 -1.79E-05 -5.08E-04 -3.82E-03 97.9 
4AEz -3.97 6.67E-03 4.35E-04 -6.42E-04 7.92E-05 -8.84E-05 -7.50E-04 9.35E-04 82.1 
4BEz -2.70 1.50E-02 7.15E-05 -3.79E-03 -6.45E-04 -3.11E-05 -1.35E-03 -4.15E-04 97.4 
4SEz1 -2.62 1.62E-02 2.57E-05 -3.13E-03 -1.13E-03 -2.23E-05 -7.35E-04 -2.84E-03 97.8 
4SEz2 -2.80 1.65E-02 1.59E-05 -2.56E-03 -1.01E-03 -1.78E-05 -5.06E-04 -3.84E-03 98.0 
5AEz -4.04 1.04E-02 4.28E-04 -7.29E-04 6.97E-05 -8.91E-05 -7.25E-04 8.89E-04 79.9 
5BEz -2.68 1.49E-02 7.67E-05 -3.91E-03 -6.57E-04 -3.21E-05 -1.34E-03 -4.15E-04 97.5 
5SEz1 -2.63 1.62E-02 2.61E-05 -3.13E-03 -1.14E-03 -2.22E-05 -7.31E-04 -2.85E-03 97.9 
5SEz2 -2.81 1.65E-02 1.59E-05 -2.54E-03 -1.01E-03 -1.76E-05 -5.03E-04 -3.86E-03 98.0 
6AEz -3.98 1.04E-02 4.20E-04 -9.75E-04 5.65E-05 -9.09E-05 -6.74E-04 8.10E-04 81.6 
6BEz -2.68 1.48E-02 7.98E-05 -3.98E-03 -6.64E-04 -3.26E-05 -1.32E-03 -4.20E-04 97.6 
6SEz1 -2.64 1.62E-02 2.64E-05 -3.12E-03 -1.14E-03 -2.22E-05 -7.28E-04 -2.86E-03 97.9 
6SEz2 -2.82 1.65E-02 1.59E-05 -2.51E-03 -9.98E-04 -1.75E-05 -5.00E-04 -3.88E-03 98.0 
7AEz -3.87 9.36E-03 3.80E-04 -1.26E-03 4.48E-05 -9.27E-05 -6.25E-04 7.40E-04 84.1 
7BEz -2.68 1.47E-02 8.07E-05 -4.01E-03 -6.66E-04 -3.28E-05 -1.32E-03 -4.30E-04 97.6 
7SEz1 -2.65 1.62E-02 2.66E-05 -3.10E-03 -1.14E-03 -2.20E-05 -7.26E-04 -2.88E-03 97.9 
7SEz2 -2.83 1.65E-02 1.59E-05 -2.48E-03 -9.89E-04 -1.72E-05 -4.97E-04 -3.90E-03 98.0 
8AEz -3.87 6.38E-03 3.81E-04 -9.68E-04 4.76E-05 -9.12E-05 -6.69E-04 8.10E-04 83.7 
8BEz -2.69 1.47E-02 7.95E-05 -3.99E-03 -6.64E-04 -3.26E-05 -1.32E-03 -4.45E-04 97.6 
8SEz1 -2.66 1.62E-02 2.66E-05 -3.06E-03 -1.13E-03 -2.17E-05 -7.23E-04 -2.91E-03 97.9 
8SEz2 -2.85 1.66E-02 1.59E-05 -2.44E-03 -9.78E-04 -1.70E-05 -4.93E-04 -3.93E-03 98.0 
9AEz -3.79 2.22E-03 3.93E-04 -9.88E-04 4.59E-05 -9.08E-05 -6.83E-04 8.44E-04 85.3 
9BEz -2.71 1.46E-02 7.63E-05 -3.92E-03 -6.57E-04 -3.20E-05 -1.32E-03 -4.66E-04 97.6 
9SEz1 -2.69 1.62E-02 2.65E-05 -3.02E-03 -1.11E-03 -2.14E-05 -7.21E-04 -2.93E-03 98.0 
9SEz2 -2.86 1.66E-02 1.58E-05 -2.40E-03 -9.64E-04 -1.67E-05 -4.89E-04 -3.96E-03 98.1 
10AEz -3.81 1.63E-03 3.35E-04 -7.17E-04 4.92E-05 -8.91E-05 -7.39E-04 9.46E-04 83.8 
10BEz -2.75 1.47E-02 7.12E-05 -3.80E-03 -6.45E-04 -3.09E-05 -1.33E-03 -4.93E-04 97.5 
10SEz1 -2.71 1.62E-02 2.62E-05 -2.96E-03 -1.09E-03 -2.10E-05 -7.19E-04 -2.97E-03 98.0 
10SEz2 -2.88 1.66E-02 1.57E-05 -2.36E-03 -9.49E-04 -1.64E-05 -4.84E-04 -4.00E-03 98.1 
11AEz -3.69 1.42E-03 2.14E-04 -1.15E-03 3.86E-05 -9.06E-05 -7.10E-04 9.15E-04 84.7 
11BEz -2.79 1.48E-02 6.49E-05 -3.62E-03 -6.27E-04 -2.94E-05 -1.35E-03 -5.28E-04 97.5 
11SEz1 -2.74 1.62E-02 2.59E-05 -2.89E-03 -1.06E-03 -2.05E-05 -7.18E-04 -3.00E-03 98.0 
11SEz2 -2.91 1.66E-02 1.56E-05 -2.30E-03 -9.31E-04 -1.60E-05 -4.79E-04 -4.03E-03 98.1 
12AEz -3.98 1.31E-02 9.56E-05 -1.16E-03 4.03E-05 -8.78E-05 -8.02E-04 1.07E-03 88.5 
12BEz -2.86 1.50E-02 5.79E-05 -3.37E-03 -6.02E-04 -2.73E-05 -1.37E-03 -5.72E-04 97.3 
12SEz1 -2.78 1.62E-02 2.54E-05 -2.80E-03 -1.03E-03 -1.98E-05 -7.16E-04 -3.05E-03 98.0 
12SEz2 -2.93 1.66E-02 1.54E-05 -2.25E-03 -9.10E-04 -1.57E-05 -4.74E-04 -4.08E-03 98.2 
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Regression Analysis: Ex versus TL, TP, H1, H2, E1, E2, E3  
 
 
The regression equation is 
Ex = - 3.34 + 0.0137 TL + 0.000194 TP - 0.00336 H1 - 0.000245 H2 - 0.000049 E1 
     - 0.000945 E2 - 0.000465 E3 
 
 
Predictor         Coef     SE Coef        T      P 
Constant      -3.34277     0.01364  -245.05  0.000 
TL           0.0136897   0.0002072    66.07  0.000 
TP          0.00019388  0.00000580    33.43  0.000 
H1         -0.00336295  0.00002553  -131.72  0.000 
H2         -0.00024471  0.00003491    -7.01  0.000 
E1         -0.00004921  0.00000120   -41.10  0.000 
E2         -0.00094532  0.00000828  -114.14  0.000 
E3         -0.00046477  0.00003991   -11.64  0.000 
 
 
S = 0.0457204   R-Sq = 94.5%   R-Sq(adj) = 94.5% 
 
 
Analysis of Variance 
 
Source            DF      SS      MS        F      P 
Regression         7  78.784  11.255  5384.19  0.000 
Residual Error  2179   4.555   0.002 
Total           2186  83.339 
 
  

 
 

FIGURE 20   MINITAB Regression Analysis for Ex for Tandem Axles Configuration. 
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Regression Analysis: Ey versus TL, TP, H1, H2, E1, E2, E3  
 
 
The regression equation is 
Ey = - 3.24 + 0.00915 TL + 0.000250 TP - 0.00260 H1 - 0.000193 H2  
     - 0.000046 E1 - 0.00106 E2 - 0.000285 E3 
 
 
Predictor         Coef     SE Coef        T      P 
Constant      -3.23875     0.01650  -196.31  0.000 
TL           0.0091526   0.0002506    36.52  0.000 
TP          0.00025009  0.00000701    35.66  0.000 
H1         -0.00260255  0.00003088   -84.29  0.000 
H2         -0.00019335  0.00004222    -4.58  0.000 
E1         -0.00004613  0.00000145   -31.85  0.000 
E2         -0.00105796  0.00001002  -105.62  0.000 
E3         -0.00028485  0.00004827    -5.90  0.000 
 
 
S = 0.0552964   R-Sq = 91.0%   R-Sq(adj) = 90.9% 
 
 
Analysis of Variance 
 
Source            DF       SS      MS        F      P 
Regression         7  66.9884  9.5698  3129.73  0.000 
Residual Error  2179   6.6627  0.0031 
Total           2186  73.6511 
 
  

 
FIGURE 21   MINITAB Regression Analysis for Ey for Tandem Axles Configuration. 
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Regression Analysis: 2AEz versus TL, TP, H1, H2, E1, E2, E3  
 
 
The regression equation is 
2AEz = - 3.75 + 0.00932 TL + 0.000123 TP - 0.00129 H1 + 0.000076 H2 
       - 0.000090 E1 - 0.000716 E2 + 0.000876 E3 
 
 
Predictor         Coef     SE Coef        T      P 
Constant      -3.74837     0.01314  -285.30  0.000 
TL           0.0093216   0.0001996    46.71  0.000 
TP          0.00012263  0.00000558    21.96  0.000 
H1         -0.00129407  0.00002459   -52.63  0.000 
H2          0.00007566  0.00003362     2.25  0.025 
E1         -0.00009009  0.00000115   -78.12  0.000 
E2         -0.00071595  0.00000798   -89.76  0.000 
E3          0.00087568  0.00003844    22.78  0.000 
 
 
S = 0.0440345   R-Sq = 90.2%   R-Sq(adj) = 90.2% 
 
 
Analysis of Variance 
 
Source            DF       SS      MS        F      P 
Regression         7  38.9651  5.5664  2870.72  0.000 
Residual Error  2179   4.2252  0.0019 
Total           2186  43.1902 
 
 

 
FIGURE 22   MINITAB Regression Analysis for 2AEz for Tandem Axles Configuration. 
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Regression Analysis: 2BEz versus TL, TP, H1, H2, E1, E2, E3  
 
 
The regression equation is 
2BEz = - 2.75 + 0.0152 TL + 0.000056 TP - 0.00343 H1 - 0.000609 H2 
       - 0.000028 E1 - 0.00140 E2 - 0.000425 E3 
 
 
Predictor         Coef     SE Coef        T      P 
Constant      -2.74898     0.01169  -235.07  0.000 
TL           0.0152384   0.0001776    85.79  0.000 
TP          0.00005643  0.00000497    11.35  0.000 
H1         -0.00343444  0.00002189  -156.92  0.000 
H2         -0.00060947  0.00002993   -20.37  0.000 
E1         -0.00002813  0.00000103   -27.40  0.000 
E2         -0.00140416  0.00000710  -197.77  0.000 
E3         -0.00042482  0.00003422   -12.42  0.000 
 
 
S = 0.0391942   R-Sq = 97.1%   R-Sq(adj) = 97.1% 
 
 
Analysis of Variance 
 
Source            DF       SS      MS         F      P 
Regression         7  111.417  15.917  10361.17  0.000 
Residual Error  2179    3.347   0.002 
Total           2186  114.764 
 
 

 
FIGURE 23   MINITAB Regression Analysis for 2BEz for Tandem Axles Configuration. 
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Regression Analysis: 2SEz1 versus TL, TP, H1, H2, E1, E2, E3  
 
 
The regression equation is 
2SEz1 = - 2.62 + 0.0163 TL + 0.000025 TP - 0.00312 H1 - 0.00111 H2 
        - 0.000022 E1 - 0.000741 E2 - 0.00282 E3 
 
 
Predictor         Coef     SE Coef        T      P 
Constant      -2.61984     0.00829  -315.92  0.000 
TL           0.0162601   0.0001260   129.09  0.000 
TP          0.00002483  0.00000353     7.04  0.000 
H1         -0.00311906  0.00001552  -200.96  0.000 
H2         -0.00110934  0.00002122   -52.27  0.000 
E1         -0.00002219  0.00000073   -30.48  0.000 
E2         -0.00074091  0.00000503  -147.16  0.000 
E3         -0.00281875  0.00002426  -116.17  0.000 
 
 
S = 0.0277944   R-Sq = 97.8%   R-Sq(adj) = 97.8% 
 
 
Analysis of Variance 
 
Source            DF      SS      MS         F      P 
Regression         7  74.081  10.583  13699.21  0.000 
Residual Error  2179   1.683   0.001 
Total           2186  75.765 
 
  

 
FIGURE 24   MINITAB Regression Analysis for 2SEz1 for Tandem Axles Configuration. 
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Regression Analysis: 2SEz2 versus TL, TP, H1, H2, E1, E2, E3  
 
 
The regression equation is 
2SEz2 = - 2.78 + 0.0165 TL + 0.000016 TP - 0.00259 H1 - 0.00102 H2 
        - 0.000018 E1 - 0.000510 E2 - 0.00381 E3 
 
 
Predictor         Coef     SE Coef        T      P 
Constant      -2.78067     0.00744  -373.94  0.000 
TL           0.0165490   0.0001130   146.52  0.000 
TP          0.00001582  0.00000316     5.00  0.000 
H1         -0.00258992  0.00001392  -186.09  0.000 
H2         -0.00101953  0.00001903   -53.58  0.000 
E1         -0.00001801  0.00000065   -27.59  0.000 
E2         -0.00051044  0.00000451  -113.06  0.000 
E3         -0.00381097  0.00002176  -175.16  0.000 
 
 
S = 0.0249234   R-Sq = 97.9%   R-Sq(adj) = 97.9% 
 
 
Analysis of Variance 
 
Source            DF       SS      MS         F      P 
Regression         7  64.1075  9.1582  14743.38  0.000 
Residual Error  2179   1.3535  0.0006 
Total           2186  65.4610 
 

 
FIGURE 25   MINITAB Regression Analysis for 2SEz2 for Tandem Axles Configuration. 
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The AEz and BEz are based on Equation (27) when 10 sublayers are  
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    (27) 

divided for the AC or GB layer, and the SEz1 and SEz2 are based on Equations (23) to (25). In 
Equation (27), the hAC is the thickness of the asphalt concrete layer, and a uniform 

coefficient ⎟⎟
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p

ε
ε

is assumed for the asphalt concrete layer. The obtained R2’s in the three tables 

show that the regression models are good for the prediction of the critical pavement responses 
although nonlinearity is present for the prediction of AEz’s. 
 

4.4   Summary 
 In this chapter, a quick solution method was developed using the pavement response 
dataset generated from the Chapter 3 factorial design. The performance transfer functions 
developed for asphalt pavement design in NCHRP Project 1-37A were used to identify the 
“critical pavement responses” that should be included in the proposed new models. It was found 
that the maximum tensile strains at the bottom of the asphalt concrete layer appeared in a small 
area right below the center of the contact area of each tire for each of the three tire 
configurations. Therefore, the maximum tensile strain at the bottom of the asphalt concrete was 
selected as the critical pavement response for fatigue cracking. As for rutting, for all the three tire 
configurations, the “critical” pavement responses for rutting are located under the contact area of 
every tire along the X-line that bisects the contact area on the pavement surface. Since pavement 
rutting was derived from cumulative permanent deformation in each pavement layer, groups of 
vertical strains at multiple Z coordinates with each group starting from points on the pavement 
surface and ending at the bottom of the selected pavement volume are the potential critical 
pavement responses for rutting and were included in the regression models. Ordinary least square 
multiple regression models were developed relating the dependent and independent variables. In 
the next chapter, the quick solution methods along with the generated regression models will be 
used in the comprehensive Monte Carlo simulation study.  
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CHAPTER 5    MONTE CARLO SIMULATION 
 
 The Monte Carlo simulation based mechanistic-empirical pavement analysis method is 
inherently better suited to treat the variations of environmental and traffic loading conditions 
than its state-of-the-practice counterparts in which individual truck axles were grouped and 
individual axle behaviors were averaged. Using the Monte Carlo simulation-based performance 
prediction, a mechanistic-empirical pavement design method enables transportation agencies to 
conduct construction quality control and quality assurance via pricing and payment adjustment. 
Because pavement performance is affected by a variety of variables, including material property, 
traffic loading, construction quality, and environmental condition, capturing variability of these 
variables and quantifying these uncertainties with the help of mathematical modeling and Monte 
Carlo simulation techniques become mandatory for the mechanistic-empirical study of 
pavement.  

In Chapter 5, the effects of truck tire pressure on pavement performance are investigated 
using a Monte Carlo simulation based study scheme. Again two typical pavement structures, a 
thick and a thin asphalt pavement with three layers are studied. Variability in loading conditions, 
pavement structural parameters, and environmental conditions are considered. After a general 
introduction, details of the simulation scheme are described; mathematical modeling and 
generating techniques of the various random variables used in the simulation study are 
explained; and simulation results and sensitivity analysis for relevant variables are presented.    
 

5.1   General Introduction  
 In a typical mechanistic-empirical pavement design, the huge number of truck axles in 
pavement design life requires a large number of computations of immediate pavement responses 
and therefore fast computation speeds of pavement responses are extremely important. The 
mechanistic-empirical pavement design guide developed in the NCHRP project 1-37A makes 
online calls of the selected analytical program to conduct computations of pavement responses 
whenever a different loading or pavement structural condition is encountered. As a matter of 
fact, it is the online call strategy that strictly connects pavement design time to the computation 
speed of the analytical program, and eventually prevents sophisticated yet time-consuming tools 
such as the finite element model and Monte Carlo simulation technique from being included into 
the M-E design guide.  

In view of this “bottleneck” effect of the online call strategy, this research study proposes 
a quick solution methodology that relaxes the online call requirement and predicts immediate 
pavement responses from quick solution models based on offline analytical computations using 
the analytical program.  Since the quick solution methodology disconnects pavement design time 
from the computation speed of the analytical program and predicts pavement responses based on 
established regression models, the inclusion of finite element model and Monte Carlo simulation 
techniques into mechanistic-empirical pavement analysis/design becomes feasible.  This chapter 
will investigate the effects of truck tire pressure and some other relevant variables on pavement 
performance using a Monte Carlo simulation based study scheme and the quick solution models 
developed in the previous chapters.  

In the simulation study, different truck classes are drawn from the truck population 
empirically based on actual traffic volume data collected at a weigh-in motion station site on 
interstate highway I-35 near San Antonio, Texas. Axle load spectra are characterized by actual 
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axle load data collected at a weigh-in-motion site on interstate highway I-37 near Corpus Christi, 
Texas. Results from the survey of truck configurations in Texas conducted in 2000 are used to 
describe the distribution of truck tire pressure. Pavement structural parameters and relationships 
between material moduli and environment temperature are obtained from previous research 
conducted using the LTPP dataset. The quick solution method developed in Chapter 4 is used to 
predict critical pavement responses and the distress models developed in NCHRP Project 1-37A 
are employed to estimate pavement performance.  

The simulation study estimates the effects of tire pressure on the selected pavements and 
the probability of the tire pressure effects for a certain number of load repetitions. Sensitivity 
analyses for various relevant parameters such as tire pressure, axle load limits, vehicle speed, 
asphalt concrete layer stiffness and thickness, and environment temperature, need to be 
conducted. The Monte Carlo simulation study scheme is implemented in C++ code compiled and 
executed in the Microsoft Visual Studio 6.0 environment. The simulation program runs for two 
millions trucks in about 12 minutes. The flow chart of the C++ program is illustrated in Figure 
26. Details about the simulation study scheme are described in the next section.  
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FIGURE 26   Flow Chart of Monte Carlo Simulation Program. 
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5.2   Simulation Study Scheme 
 As shown in Figure 26, the computer simulation process is nothing more than letting a 
certain number of trucks pass over a piece of pavement structure, and the pavement is evaluated 
for rutting and fatigue cracking distress at the end of load repetitions.  Truck class, axle type, 
axle load, tire pressure, and pavement modulus are generated randomly from predetermined and 
well defined distribution functions for random variables. These distribution functions are actually 
statistical models used to describe the loading, pavement, and environmental conditions, and 
parameters defining these distributions are generally determined from actual measurements or 
data collection conducted for the loading, pavement and environmental conditions. If some 
parameter of the distribution of a test variable is altered intentionally and this causes significant 
changes in pavement rutting and/or cracking distress, then the effect of the parameter can be 
identified numerically in the computer simulations.   

Several simplifications are made to limit the complexity of the problem. Traffic 
wandering is not considered in this study, and tires in multiple axles are aligned flush 
longitudinally. It should be noted that pavement distress predicted under this channelized 
condition is worse than that expected in the field where traffic wandering is always the case. No 
growth factor or variation in traffic volume is assumed during the simulation period of multiple 
years. Identical truck volume is assumed for the duration of simulated traffic loading period. 
Truck class composition is assumed not to change with time during the simulation period. And 
finally, the variability in traffic loading, pavement structure and environment conditions 
considered in this study is based on limited data collection for specific sites and time periods, 
and for selected samples. As a matter of fact variability of some other important parameters is 
not included in this simulation study. The major components of the simulation program are 
described in the following paragraphs. 
 

5.2.1   Truck Class Generator 
 A total of 2 million trucks are simulated in each simulation run. The number of trucks 
was estimated based on the desire that pavement failure is reached at the end of the truck load 
repetitions. Different agencies may have different criteria for a pavement failure. Generally a 
pavement with a cracking damage ratio D equal to or larger than 1.0, or a rut depth of more than 
0.4 ~ 0.5 inches is regarded as “failed” (16). Different types of trucks are drawn from the truck 
population using truck count data at the weigh-in-motion station numbered D516 on I-35 near 
San Antonio, Texas (62, 63). The truck classification is based on the specifications used by 
International Road Dynamics Inc. (IRD) and PAT Traffic (PAT) weigh-in motion systems and is 
generally consistent with USDOT vehicle classes (64). The profiles of the PAT vehicle classes 
are shown in Table 12, in which only vehicle types 4 to 14 are trucks and therefore considered in 
this study. The truck volume data collected in 7 consecutive days for truck classes 4 to 15 in each 
month of the year 2001 are shown in Table 13.  Vehicle class 15 (VC15) in Table 13 stands for 
unclassified trucks which are reassigned to truck classes 4 through 14 according to each vehicle 
class’s composition percentage in the 12-month summation of the 7-day volumes. The adjusted 
volumes and percentages for the truck classes are displayed in Table 14.  

The vehicle class’s composition percentage can serve as the probability of the truck class 
being drawn from the truck population. Let TC be a random variable for the truck class that is 
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drawn from the truck population, then the probability that TC is in truck class i can be 
represented as P(TC = Ti). And this process can be formulated in Equation (28),  
 { } ii pTTCP ==    for∀  i = 4 to 14    (28) 

in which the summation of all pi’s equals to 1, that is 1
14

4
=∑

=i
ip . However, in computer 

simulation it is generally easier to implement the random variable TC using a cumulative 
probability, or 

 { } ∑
=

=≤
i

j
ii pTTCP

4

 for ∀  i = 4 to 14    (29) 

 In practice, random numbers are drawn from the standard uniform distribution noted as 
U(0,1), in which the probability density function constantly equals to 1 over the closed interval 
[0, 1]. The value of the random variable TC is determined by where the drawn number is located 
among the cumulative probability intervals that are associated with the truck classes. For 
example, if the drawn number is 0.356, then since the drawn number is within the cumulative 
probability interval of (0.332, 0.372), a class 9 truck is drawn from the truck population 
accordingly. The mechanism of the computer simulation is described in more detail in the next 
section.    
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TABLE 12   PAT Vehicle Classifications 
TYPE 1 TYPE 2 TYPE 3 TYPE 4 

Motorcycles Passenger Cars Two Axle, 4-Tire Single Unit Buses 
     
     
     
     
     
     
     
     
     
     
     

TYPE 5 TYPE 6 TYPE 7 TYPE 8 
Two Axle, 6-Tire Single Units Three Axle Single Units Four or More Axles, Single Units Three Axles, Single Trailers 
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TABLE 12   PAT Vehicle Classifications (continued) 

TYPE 9 TYPE 10 TYPE 11 
Four Axles, Single Trailers Five Axle Single Trailers Six or More Axles, Single Trailers 

   
   
   
   
   
   
   
   
   
   
   
   
   
   
   

TYPE 12 TYPE 13 
Five or Less Axles, Multi-Trailers Six Axles, Multi-Trailers 

  
  
  
  
  
  
  

TYPE 14  
Seven or More Axles, Multi-Trailers  
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TABLE 13   Traffic Volumes for Truck Classes for 7 Consecutive Days in Each Month of 2001 
PAT Vehicle Classes 

Month 
VC4 VC5 VC6 VC7 VC8 VC9 VC10 VC11 VC12 VC13 VC14 VC15 

Sum 

1 577 4906 543  396 961 14403 128 774 236  687 23611 

2 606 5575 678  425 1034 14597 110 774 240  772 24811 

3 662 7572 695  499 1115 15089 124 803 248 1 853 27661 

4 574 7242 586 1 377 1026 15186 115 703 245  694 26749 

5 935 6241 590 7 250 999 15511 123 767 257  546 26226 

6 719 7445 665  273 985 14439 98 744 228  658 26254 

7 768 8985 680 3 349 1051 14062 109 698 263  591 27559 

8 705 8042 610 5 352 1018 13951 98 703 290  507 26281 

9 729 5772 596 2 260 909 13436 85 748 285  413 23235 

10 671 6174 616 0 353 977 13837 94 778 267 0 507 24274 

11 676 5956 578  312 884 14400 83 721 256  712 24578 

12 696 5110 579 1 323 848 14814 85 731 258  544 23989 

Sum 8318 79020 7416 19 4169 11807 173725 1252 8944 3073 1 7484 305228 

Percent 2.725 25.889 2.430 0.006 1.366 3.868 56.916 0.410 2.930 1.007 0.000 2.452 100.00 
VC15 stands for unidentified vehicles 

Truck volumes are for a 4-lane roadway 
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TABLE 14   Adjusted Traffic Volumes for Truck Classes in 7 Consecutive Days of 12 Months 

PAT Vehicle Classes 
Items 

VC4 VC5 VC6 VC7 VC8 VC9 VC10 VC11 VC12 VC13 VC14 

Volume 
before 
Adjustment 

8318 79020 7416 19 4169 11807 173725 1252 8944 3073 1 

Volume 
after 
Adjustment 

8522 80958 7598 19 4271 12097 177985 1283 9163 3148 1 

Adjusted 
Probability 
pi 

0.028 0.265 0.025 0.000 0.014 0.040 0.583 0.004 0.030 0.010 0.000

Cumulative 
Probability 
∑ pi 

0.028 0.293 0.318 0.318 0.332 0.372 0.955 0.960 0.990 1.000 1.000
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TABLE 15   Distribution Parameters for Axle Loads of Truck Classes 

Axle Set Parameters VC4 VC5 VC6 VC8 VC9 VC10 VC11 VC12 VC13 

W1 0.598 0.650 0.391 0.412 0.431 0.564 0.817 0.910 0.928 
λ1 2.303 1.476 2.219 1.506 1.512 2.417 2.371 2.316 2.304 
ξ1 0.243 0.120 0.406 0.165 0.153 0.089 0.124 0.126 0.123 
λ2 2.504 1.939 2.356 2.137 2.236 2.310 2.331 1.621 2.085 
ξ2 0.120 0.313 0.129 0.190 0.163 0.139 0.325 0.234 0.200 

Steering 
(single tire) 

R2 0.999 1.000 0.998 0.992 0.998 0.999 0.999 0.998 0.999 
W1 0.036 0.505  0.504 0.132 0.285  0.381 0.305 
λ1 1.592 1.349  1.397 1.702 1.543  2.098 1.868 
ξ1 0.235 0.193  0.581 0.131 0.273  0.344 0.240 
λ2 2.487 2.077  2.417 2.217 2.533  2.649 2.497 
ξ2 0.185 0.520  0.351 0.616 0.348  0.222 0.241 
W2      0.343    
λ3      2.849    
ξ3      0.097    

Single (Dual 
tires) 

R2 0.991 1.000  0.991 0.981 0.993  0.997 0.998 
W1 1.000  0.112  0.076 0.445 0.263  0.176 
λ1 3.214  2.261  1.718 2.677 2.778  2.533 
ξ1 0.194  0.143  0.212 0.331 0.246  0.176 
W2 0.000  0.514  0.064 0.294 0.174  0.000 
λ2   2.576  2.518 3.323 2.987  2.990 
ξ2   0.387  0.150 0.211 0.150  0.185 
λ3   3.459  2.539 3.504 3.432   
ξ3   0.238  0.523 0.074 0.211   

Tandem (Dual 
tires) 

R2 0.990  0.998  0.999 0.999 0.997  0.999 
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5.2.2   Axle Load Generator 
 After a truck is generated from one of the truck classes listed in Table 12, the number of 
axles and axle types for that chosen truck are also determined. For truck classes with more than 
one axle configuration, the appearance probability of each possible truck configuration is needed. 
For example, 3S2 and 3S2 spread trucks are two different truck configurations in truck class 10, 
and the volume data for each of the two configurations is needed. However, a predetermined 
appearance probability based on empirical experience can serve the purpose.   

Truck axle loads are assumed to be independent random variables. The axle load for each 
truck axle is generated from the axle load spectrum for that axle type and for that specific truck 
class. Prozzi and Hong at the University of Texas have developed load spectrum distribution 
models based on the axle load data collected at weigh-in-motion station D512 on interstate 
highway I-37 near Corps Christi, Texas. The distribution model Prozzi and Hong developed for a 
typical truck axle is a lognormal multiple-mode model and the probability density function for 
the distribution model could be formulated as 
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 (30)   

where,  
x = axle load in kips (1 kip = 4.45 kN);   
λi, ξi = parameters for the i-th mode of the lognormal distribution;   
Wi = weight for the i-th mode, with 0,1 ≥=∑ i

i
i WW .  

Table 15 lists the distribution parameters for the model in Equation (30) for axles of truck 
classes 4 to 14 (63). Truck classes 7 and 14 are not considered due to their extremely low traffic 
volumes. It is also noted that the model in Equation (30) is a convex combination of several 
probability density functions and the summation of all nonnegative weighting factors Wi’s are 
equal to 1.  

A random variable X is said to have a lognormal distribution with location parameter λ 
and shape parameter ξ, if ln(X) has a normal distribution with mean λ and standard deviation ξ, or 
equivalently,  

YeX =         (31) 
where,  Y is normally distributed with mean λ and standard deviation ξ, and the random variable 
Y is noted as 

( )2,~ ζλNY         (32) 
 with the probability density function for Y  formulated as 
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And finally the lognormal distribution can be noted as  
0),(~ >XLNX ζλ            (33)  
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 The lognormal distribution is used to model continuous random quantities when the 
random quantity is always nonnegative and the distribution is believed to be skewed, which are 
true for truck axle load spectra.  
 In order to generate an axle load from the distribution model as shown in Equation (30), 
it would be easier to start from Equation (31). For the random variable X in Equation (30), the 
associated random variable Y should also have a tri-mode distribution model with a probability 
density function of  
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 Noting that the probability density function in Equation (34) is a combination of several 
normal distribution probability density functions, the generation of y will involve generating 
random numbers from a convex combination of probability density functions of normal 
distributions. This will be described in the next section. If the random variable Y can be 
generated using the probability density function in Equation (34), then the random variable axle 
load X is simply computed from yex = .  
 

5.2.3   Rationality Check on Truck and Axle Loads 
 After a truck and truck axles are generated using the above truck and axle generators, all 
weight information about the truck and axles is determined. It is possible that the generated truck 
and truck axles are of overweight range according to the current regulations regarding truck 
weight limits (55). As a matter of fact, there exist overweight vehicles in daily truck operations. 
A statistical study of truck overloads showed that 12% of 5-axle trucks were overloaded in the 
US and the percentage of the overloads really depends on geographical location, truck class, and 
highway class (65). However, because truck axles are generated independently from empirically 
developed distribution models that may have model inaccuracies, there is a possibility that an 
irrational number of generated trucks and truck axles are overweight. In the simulation scheme, 
the user of the simulation program is prompted to input the percentage of the overweight trucks 
during the pavement design life. If the gross weight of a newly generated truck is overloaded and 
the cumulative number of overweight trucks is more than the input rational percentage, the 
generated truck axles are discarded and new truck axles are regenerated for the truck until the 
input rational percentage of overweight trucks is maintained. 
 

5.2.4   Tire Pressure Generator 
 Randomly, tire inflation pressure is generated for each truck axle and identical tire 
pressures are assumed for all tires on the axle. Based on the survey study of truck configurations 
in Texas conducted at the University of Texas at Austin in year 2000 (6), tire pressure is assumed 
to be normally distributed and the probability density function for the random variable tire 
pressure is noted as  
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where,  
p = tire pressure in psi (1 psi = 6.89 kPa);  
μ = mean value of tire pressure distribution in psi; and 
σ = standard deviation of tire pressure distribution in psi.  
The parameters of μ and σ in Equation (35) are borrowed from the survey study and shown in 
Tables 16 and 17.  In this simulation study the overall parameters μ and σ in Table 16 are used to 
generate random tire pressure for truck axles using the normal distribution model in Equation 
(35). 
 

5.2.5   Layer Thickness  
 The layer thicknesses for asphalt concrete (H1) and base (H2) layers are based on previous 
research (24, 25, 27). The thicknesses H1 and H2 are assumed to be independent from each other. 
Two thickness values for H1 are used for two typical thick and thin pavement structures and are 
set at 144.8 mm (5.7 in) and 51.0 mm (2.0 in) respectively. The thickness for H2 is set at 322.6 
mm. 
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TABLE 16   Tire Pressure Statistics by Locations (Axle Average) 
Location Axle Mean (psi) Axle Stdev (psi) Number of Axles 

Mt. Pleasant WB 102.14 11.96 163 

Mt. Vernon EB 102.35 8.78 175 

Denison SB 98.21 10.33 171 

Katy EB 97.13 11.04 168 

Victoria SB 92.50 10.83 159 

Centerville SB 98.62 12.27 169 

Three Rivers SB 103.24 11.02 169 

Riviera NB 96.13 9.33 160 

Falfurrias SB 98.78 9.45 154 

San Marcos SB 98.79 9.11 136 

San Marcos NB 95.76 11.29 150 

Odessa WB 101.14 10.95 168 

Odessa EB 101.17 9.10 174 

Childress SB 101.71 9.58 174 

El Paso WB 89.02 16.53 154 

El Paso EB 90.95 15.12 141 

Laredo 86.31 12.82 135 

Brownsville 90.04 13.95 150 

Overall 97.17 12.39 2,870 
6.89 kpa = 1.0 psi (pounds force per square inch) 
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TABLE 17   Tire Pressure Statistics by Truck Classes (Axle Average) 
Truck Class Axle Mean (psi) Axle Stdev (psi) Number of Axles 

3-S1-2 103.47 6.34 24 

2-S1-2 100.69 6.20 25 

3-S2 97.89 11.90 2,479 

SU-4 97.75 22.76 4 

2-S2 96.06 10.45 36 

3-S3 94.81 14.55 42 

3-S1 94.04 10.40 20 

4-S3 91.23 6.97 7 

2-S1 90.20 18.11 15 

SU-2 89.93 18.22 77 

SU-3 89.14 13.21 141 
6.89 kpa = 1.0 psi (pounds force per square inch) 
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5.2.6   Layer Modulus Generators 
 It has been recognized that temperature, moisture conditions, and freeze-thaw cycles have 
a significant impact on pavement structural properties (14, 16, 17, 65). Weather conditions are 
continuously changing during a year and within a day. As these changes occur, pavement 
stiffness, strength, and performance vary accordingly. In recognition of the impact of climatic 
conditions on pavement performance, the seasonal monitoring program (SMP) was devised as 
part of the long term pavement performance (LTPP) program. The primary objective of the 
program is to provide data needed for a fundamental understanding of the effects of temporal 
variations on pavement material properties that are caused by the combined effects of 
temperature, moisture, and freeze-thaw cycles. Based on the SMP data, Ali et al approached the 
problem with time series models (66).   

The elastic modulus of the asphalt concrete (AC) layer was shown to be exponentially 
influenced by pavement temperature. In this case, the exact mechanism is explained by Newton’s 
law in Equation (36) 

 
t∂

∂= δμτ         (36) 

where, 
τ = shearing resistance between microscopic layers; 
μ = viscosity (a function of pavement temperature); and 

t∂
∂δ = rate of shear strain corresponding to the relative speed at which one microscopic layer 

slides by the other. 
As temperature increases, the viscosity of asphalt material decreases, thus changing the shear 
resistance of the material. The elastic modulus of a material (E) is related to the shear modulus 
(G) and Poisson’s ratio (ν) by the following equation: 

GE )1(2 ν+=         (37) 
This mechanism explains why the elastic modulus of AC decreases as temperature increases. 
However, because pavement temperature is related to ambient air temperature, which often 
follows a sinusoidal pattern throughout the year, it is expected that the elastic modulus of the AC 
layer follows the temperature cycle. This theory is supported by observations made on seasonal 
sites included in the SMP program, for example sites 48SA and 48SF located in Texas. The 
sinusoidal function is expressed as follows: 
 ( )CtfBAE +××⋅+= π2sin1       (38) 
where, 
E1 = AC elastic modulus in MPa 
A = average value of elastic modulus observations; 
B = amplitude of the wave form describing the change function; 
t = time of observation, or month of the year; 
f = frequency (number of increments per cycle equals 1/12 if months are used and there is 1 cycle 
per year); and 
C = phase angle that controls the starting point on the curve and the peak month. 

In general, depending on site location, AC material characteristics, and meteorological 
variables, the values of A, B, C, and f will change to reflect the average value of E1, the 
magnitude of change, phase angle, and cycle frequency, respectively. 
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The elastic moduli of the base and subbase layers (E2) are influenced by moisture content 
and material type. However, if a drainage system holds the moisture levels constant within the 
base and subbase layers, then a constant modulus value corresponding to the optimum moisture 
content may be assumed for each layer (66). 

The resilient modulus of the subgrade (E3) is another pavement property susceptible to 
seasonal variations. The seasonal cycles of subgrade resilient modulus are influenced by 
moisture content, matrix suction, precipitation, water table, drainability of soil mass, 
temperature, and freeze-thaw cycles. Freezing and thawing could introduce acute changes in the 
subgrade modulus. However, because the seasonal sites analyzed are located in a no-freeze zone, 
sinusoidal functions such as the subsequently described Equation (39) may be fitted with 
reasonable accuracy to correlate the subgrade resilient modulus to the month of the year. 
Equation (39) is given as follows: 

( )CtfBAE +××⋅+= π2sin3       (39) 
The model variables A, B, C, f, and t in Equation (39) follow the definitions used in Equation 
(38). The time series models fitted into pavement material moduli E1 and E3 measured at 
different times of the year are shown in Figures 27 and 28. The models are based on pavement 
modulus data taken at LTPP SMP seasonal site 48SA in Texas. The pavement moduli were back 
calculated from pavement measurements using falling weight deflectometers (FWD). The time 
series models established by Ali et al for the pavement moduli E1 and E3 in MPa are formulated 
as follows (66): 

 ⎟
⎠
⎞

⎜
⎝
⎛ −+⋅+= )0943.5(

6
sin99.352992.56561

tE π  (R2 = 94.0%) (40) 

 ⎟
⎠
⎞

⎜
⎝
⎛ +⋅+= )6586.35(

6
sin96.2553.1843

tE π   (R2 = 94.0%) (41) 

It is noticeable that the modulus for E1 in Equation (40) is much larger than the values obtained 
from previous research (24, 25, 27). To study the effect of pavement strength especially the 
stiffness in the asphalt concrete layer, another time series model for E1 with medium stiffness is 
assumed by subtracting 2000.0 MPa from the model parameters A and B in Equation (40), and 
the assumed E1 model for the softer asphalt concrete is given as: 

   ⎟
⎠
⎞

⎜
⎝
⎛ −+⋅+= )0943.5(

6
sin99.152992.36561

tE π    (42) 

The asphalt concrete modulus in Equation (42) is closer to the modulus values obtained from 
previous research, and it is reasonable to borrow the model parameters for f and C in Equation 
(40) and reuse them in the new time series model for the asphalt concrete material of medium 
stiffness in Equation (42). 
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 FIGURE 27 Periodic Model for Modulus of Asphalt Concrete.  
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FIGURE 28 Periodic Model for Modulus of Subgrade.  
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5.2.7   Temperature Generators 
 Ambient air temperature data for San Antonio, Texas are used for this simulation study. 
The daily average temperatures from December 2003 up to January 2005 were downloaded from 
National Weather Service Forecast Office official website (67). Monthly temperature averages 
for the 14-month period are calculated and a periodic time series model is fitted to the average 
temperature data in Figure 29. The model fits the monthly average temperature data quite well, 
and the fitted periodic time series model is formulated as follows: 

⎟
⎠
⎞

⎜
⎝
⎛ +⋅+=

5
4

6
cos0.150.69 ππ tTa   (R2 = 94.4%)  (43) 

where, 
Ta = monthly average ambient air temperature in °F; and 
t = month of year. 

Generally, pavement temperature is quite different from ambient air temperature based on 
the experience in a previous research. (6). However it would be reasonable to assume that 
monthly average pavement temperature takes the same model format as shown in Equations (38) 
and (39), and could be written from  Equation (43) as 

⎟
⎠
⎞

⎜
⎝
⎛ ++⋅+++= )

5
4(

6
cos)0.15()0.69( ctbaTp

ππ    (44) 

where, 
Tp = monthly average pavement temperature in °F;  
a, b, c = model constants; and 
t = month of year. 
 The coefficients a, b, and c in Equation (44) represent the differences between Ta and Tp, 
and could be determined using pavement temperature data. Due to the lack of information about 
pavement temperature, the ambient air temperature Ta is used as a proxy for pavement 
temperature Tp. During a typical day, pavement temperature normally changes with air 
temperature but with a delay in time. However since the temperature in the time series model is a 
monthly average quantity, one might be justified to use the ambient air data when the actual 
pavement temperature is not available.  
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 FIGURE 29 Periodic Models for Monthly Averaged Temperature. 
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5.2.8   Quick Solution Models 
 The quick solution models developed in Chapter 4 is rewritten in below:  

( ) 372615241321010log EEEHHTPTLy ββββββββ +++++++=   (26) 
where, 
 (y) = pavement response for Exx, Eyy, or (-Ezz);  
β0 ~ β7 = OLS regression coefficients;  
TL = tire load in kN;  
TP = tire inflation pressure in kPa; and 
H1 ~ H2 = thicknesses in mm of the AC and base layers;  
The regression coefficients β0 ~ β7 for three popular half axle tire configurations, i.e., steering 
single tire, dual-tire single axle, and tandem axles, are listed in Tables 9, 10, and 11 respectively.  

When a random truck is generated using empirical truck counts, information about the 
truck axles or tire configurations, tire loads (TL), and tire pressures (TP) are determined from the 
tire load and tire pressure generators respectively. At any random moment in time, the pavement 
structure that undergoes the loading of the generated truck is fixed, and the thicknesses for the 
asphalt concrete layer (H1) and the base layer (H2) of the pavement structure are predetermined. 
From the truck serial number and annual truck volume, the month of year for which the truck is 
generated and passes over the pavement structure is determined, and the monthly average 
pavement temperature for that month of year is calculated from the regressed time series model. 
Similarly pavement moduli for the asphalt concrete (E1), base (E2), and subgrade (E3) layers are 
determined from time series models based on information about the month of year for the truck 
passage.  

Once the model variables in Equation (26) are determined, critical pavement responses 
are calculated using the quick solution models in Equation (26) and the regression coefficients in 
Tables 9 through 11. 
 

5.2.9   Distress Models 
 As mentioned earlier, the distress models for bottom-up fatigue cracking and permanent 
deformation developed in the NCHRP Project 1-37A are used to predict pavement distress due to 
repetitive traffic loads applied by truck axles. These distress models were introduced in 
preceding chapters. However, the Monte Carlo simulation involves characterizing the behavior 
of every individual truck axle. The distress models developed in the Project 1-37A deal with 
sums of truck axles aggregated based on the assumption of similar loading conditions. Therefore 
changes to these distress models were needed to address the individuality requirement of the 
Monte Carlo simulation study. 

The fatigue cracking model in Equation (5) is rewritten in Equation (45), where NL stands 
for the total number of axle load repetitions and index j is the serial number  

( ) ( ) 32
1

kk
tf EkN

jj

−−= ε   for LNj ,,2,1 ⋅⋅⋅=∀    (45)  
for the j-th axle load application. Based on Miner’s law, the fatigue cracking damage caused by 
the passage of the j-th axle load application is assessed as: 

 
jf

j N
d 1=   for LNj ,,2,1 ⋅⋅⋅=∀     (46) 
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And the cumulative fatigue cracking damage cased to the pavement structure by the passage of k 
truck axles should be: 
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1  for LNk ,,2,1 ⋅⋅⋅=∀    (47) 

With Equations (45), (46) and (47), truck axles could be handled individually to evaluate the 
fatigue cracking damage resulting from an individual truck axle with a unique loading condition 
for specific pavement and environment conditions.  
 The rutting models in Equations (9) and (10) are rewritten in Equations (48) and (48). 
The cumulative pavement vertical plastic strain εp in an asphalt concrete (AC)  

rp NT εαε αα 32
1=        (48) 
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layer is described in Equation (48) and the granular base (GB) and subgrade (SG) layers in 
Equation (49).  The coefficient β1 in Equation (49) takes two different values for the GB and SG 
layers. 

To evaluate the pavement vertical plastic strain caused by an individual truck axle, the 
first order derivatives with regard to the variable N are obtained in Equations (50) and (51).  
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Knowing that NΔ = 1 for the passage of every individual truck axle, then the derivative functions 
in Equations (50) and (51) become: 

( )( ) ( )
jj rp NT εααε αα 1

31
32 −=Δ           for LNj ,,2,1 ⋅⋅⋅=∀  (52) 
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The quantity
jpεΔ in Equations (52) and (53) stands for incremental vertical plastic strains in the 

AC (Eq. 52), GB, and SG (Eq. 53) layers caused by the passage of the j-th serial truck axle. To 
evaluate the cumulative rutting damage due to k truck axle load repetitions, Equation (8) in 
Chapter 2 for pavement permanent deformation can be changed to take the following form: 

∑∑
= =
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hRD

1 1

ε   for LNk ,,2,1 ⋅⋅⋅=∀    (54) 

where, 
i = the i-th pavement layer; 
j = the j-th truck axle load repetition; 
nl = number of pavement layers or sub-layers;  
k = cumulative number of truck axle load repetitions; and 
hi = pavement layer thickness for the i-th layer.   



 

 88

And again with Equations (52), (53) and (54), truck axles could be handled individually 
to evaluate the rutting damage resulting from every individual truck axle with a unique loading 
condition for specific pavement and environmental conditions. 

Up to this point, all the major components of the simulation scheme are presented with 
random variables and their distributions specified. The next section will discuss how these 
random variables are generated in the computer simulation.  
 

5.3   Generating Random Variables 
 In the simulation scheme, various random variables are generated from several kinds of 
distribution models. This section deals with the computer methods to generate the random 
variables that are used in the Monte Carlo simulation study.  
 

5.3.1   Uniform U(0,1) Random Variables 
 The ability to generate random variables from a standard uniform distribution U(0, 1) is 
of fundamental importance since this is usually the building block for generating other random 
variables (45). Many random-number generators in use today are linear congruential generators 
(LCGs) introduced by Lehmer in 1951. A linear congruential generator has the property that 
numbers are generated according to the recursive formula: 
 ( )caZZ ii += −1   mod  (m)      (55) 
where m, a, c, and Z0 are nonnegative integers; m is the modulus and Z0 is the seed. The 
sequence Z1, Z2, ... clearly satisfy mZi <≤0 . In order to generate pseudo-random numbers for a 
standard uniform distribution U(0, 1), the quantity Ui is defined as: 

 
m
ZU i

i =         (56) 

It is noted that Ui∈(0, 1) for i∀ . It is also noted that the generated sequence {Ui} is not 
continuous like a real uniform distribution and there is a cyclic period associated with the 
sequence. This is why the generated random numbers are called pseudo-random numbers. 
However, when m is very large, the generated {Ui} is treated as random numbers drawn from a 
uniform distribution U(0, 1). Figure 30 shows the simulated U(0,1). 
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FIGURE 30   Simulated Uniform Distribution Function over Interval [0, 1]. 
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5.3.2   Discrete Random Variables 
 In the simulation study, truck classes are drawn by the truck generator based on annual 
traffic volumes for truck classes. Mathematically speaking, the truck class is a discrete random 
variable, denoted as X, and the probability mass function (PMF) is formulated as: 
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where P(xi) stands for the probability for X = xi; and ∑
=

=
n

i
ip

1
1. The method generally employed 

to generate discrete random variables with a PMF like the one in Equation (57) is called the 
Inverse Transform Method, in which a random variable is inversely determined from the 
cumulative mass function ( )j

j

i ij xXPpxF ≤==∑ =1
)( , which is a monotonically increasing 

function of xj for j = 1,2, ..., n.  Since 1)(0 ≤⋅≤ F , then any value generated from the range (0, 1) 
will be associated with a unique xj. In this method, the uniform distribution U(0, 1) is used to 
generate a sample of the random variable X, and the steps for a computer program should be: 

1. Generate U, and U ~ U(0,1);  
2. Set X = xj, if ∑ ∑−

= =
≤<1

1 1

j

i

j

i ii pUp . 
 

5.3.3   Normal Random Variables 
 Normal random variables are very important in this simulation study because several 
random variables are assumed to be normally or lognormally distributed. Knowing that if Z ~ 
N(0,1), then a random variable ZX σμ +=  ~ N(μ, σ2), therefore how to generate the standard 
normal distribution N(0, 1) becomes a major concern. The Box-Muller algorithm is used to 
generate normal random variables for this study.  

The Box-Muller algorithm uses two identically and independently distributed (IID) U(0, 
1) random variables to produce two IID N(0, 1) random variables.  The Box-Muller algorithm 
for generating two IID N(0, 1) random variables consists of two steps: 

1. Generate IID U1 and U2, and U1, U2 ~ U(0, 1); 
2. Set ( ) ( )21 2coslog2 UUX π−=  and ( ) ( )21 2sinlog2 UUY π−= . 

It is necessary to show that this algorithm does indeed produce two IID N(0, 1) random 
variables, X and Y. 
Proof:   In order to show that   
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First, make a transformation of the coordinate system by letting: 



 

 91

⎪
⎩

⎪
⎨

⎧

⎟
⎠
⎞

⎜
⎝
⎛=

+=

−

X
Y
YXR

1

22

tanθ
 

where, R and θ are polar coordinates of (X, Y). 
To transform back, note ( )θcosRX =  and ( )θsinRY = . Note also that  
   ( )1log2 UR −=   and  22 Uπθ =  
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Also, since 22 Uπθ = , then θ ~ U(0, 2π), and so  
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Since U1 and U2 are IID, R and θ are independent, so 
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where ( ) ( ){ }yrxrrA ≤≤= θθθ sin,cos:),( . Now transform back to (X, Y) coordinate system. 
Since the coordinate system transformation is 
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then the Jacobian matrix of the above transformation is: 
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And the determinant of the Jacobian matrix is 
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FIGURE 31   Simulated Normal Distribution Function with  
Mean and Standard Deviation at 0.0 and 1.0. 
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FIGURE 32   Simulated Truncated Normal Distribution Function with Mean and 

Standard Deviation at 1.0 and 0.5. 
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FIGURE 33   Simulated Lognormal Distribution Function with Location Parameter and 
Shape Parameter at 1.0 and 0.5. 
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The Box-Muller algorithm is used to simulate standard normal distribution N(0.0, 1.0), 
which is shown in Figure 31.  Figure 32 shows a truncated normal distribution that cuts off 
generated negative numbers from N(1.0, 0.5). Figure 33 shows a lognormal distribution LN(1.0, 
0.5), in which random numbers are computed from y = ex, where X is an random variable 
normally distributed as N(1.0, 0.5). It is noted that the generated numbers with the lognormal 
distribution are all nonnegative and that the distribution is skewed. 
 

5.3.4   Composite Random Variables 
 In generating truck axle loads from axle load spectra, it is quite common that an axle load 
spectrum for a truck class is a combination of two or three distributions. 
 Suppose that a random variable X has a probability density function fX, and the density 
function fX can be represented as a mixture of distinct distributions as: 
 ( ) ( ) ( ) ( )xfpxfpxfpxf kkX +⋅⋅⋅++= 2211     (58) 
where, 
pi = weighting factor of the i-th probability density function; 

0≥ip , and 121 =+⋅⋅⋅++ kppp ; and  
( )xfi  = probability density function of the i-th component distribution. 

In Equation (58), the distribution of the random variable X is represented as a convex 
combination of k different distributions. The term convex combination means that 0≥ip , 
and 121 =+⋅⋅⋅++ kppp .  

Noticeably the samples of random variable X could be viewed as coming from several 
different populations, and the nonnegative weighting factor pi could be viewed as the probability 
for which the i-th population is selected and for a random number to be drawn from that 
population. Mathematically, let Z be a discrete random variable that can take on the values 1, 2, 
…, k  with the probability mass function of  

{ } jpjZP == , for kj  , 2, 1, ⋅⋅⋅=∀       
Therefore, the algorithm used to decompose the composite distribution consists of two steps, in 
which, the first step is to generate the discrete random variable Z and the second step the random 
variable X is generated from the specific component distribution that is selected in the first step. 
This algorithm is called the composition method. Specifically, the composition method is: 

1. Generate discrete random variable Z; and  
2. Generate and return random variable X having probability density function fZ. 

The composition method is used to generate truck axle loads from axle load spectrum 
functions which are generally combinations of more than one distribution. Since the axle load is 
assumed to be lognormally distributed, random numbers are computed from the formula y = ex, 
where the probability density function of X is an convex combination of probability density 
functions of two or more normal distributions, each with the mean and standard deviation 
parameters λi, and ξi, and a weighting factor Wi associated with the distribution.  

Figures 34, 35, and 36 show the generated axle loads for the steering axle, dual-tire single 
axle, and tandem axles for the 3S2 trucks which are classified as class 10 in this simulation 
study. It is noticeable that the dual-tire single axles are from the 3S2-spread trucks which are 
quite common in traffic. 
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FIGURE 34   Simulated Steering Axle Load Spectrum for 3S2 Trucks. 
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FIGURE 35   Simulated Dual-Tire Single Axle Load Spectrum for 3S2 Trucks. 
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FIGURE 36   Simulated Tandem Axle Load Spectrum for 3S2 Trucks. 
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5.4   Simulation Results 
 The program flow chart shown in Figure 26 for the Monte Carlo simulation is 
implemented with C++ computer code. Parameters and models used to set up for the simulations 
are frequently based on actual data. However simplifications and assumptions in modeling are 
used for unknown details and/or unavailable data items. Sensitivity analyses are conducted for 
various relevant parameters, such as tire inflation pressure, axle load limit, environmental 
temperature, vehicle speed, asphalt concrete stiffness, and pavement thickness.  

In the simulation study, pavement performance is assessed in terms of the bottom-up 
cracking damage index and average rut depth. To improve simulation accuracy, each scenario 
includes 30 simulation runs and each simulation run evaluates pavement distresses after the 
passage of two million trucks. The simulation results for each scenario are then averaged across 
the 30 simulation runs.  
 

5.4.1   Tire Pressure Effect 
 The effect of truck tire inflation pressure on flexible pavement is studied by setting 
different tire pressure mean values for simulation runs. Tire pressure means are set at 483 kPa 
(70psi), 690 kPa (100psi), and 896kPa (130psi), representing typical tire operating conditions for 
under-inflated, normal, and over-inflated status respectively. Typical thick and thin pavement 
structures with differences only in the asphalt concrete layer thickness are simulated and 
compared in the study. The average thicknesses for the thick and thin asphalt concrete layers are 
144.8 mm and 51.0 mm. Figures 37 and 38 show that pavement distress in cracking and rutting 
increases with increasing average truck tire pressures. Longitudinal cracking and transverse 
cracking are hereafter defined as cracking in the Y and X directions respectively and caused by 
horizontal tensile strains Exx and Eyy at the bottom of the asphalt concrete layer.  

When average truck tire pressure is increased from 483 kPa to 896 kPa, the transverse 
cracking damage index is almost tripled while the longitudinal cracking damage index is 
approximately doubled. The transverse cracking damage is more sensitive to tire pressure 
increase than the longitudinal cracking damage, which agrees with the previous research result 
by Machemehl et al (36). And this could be explained by the fact that the Y dimension of the tire 
imprint is more sensitive to tire pressure change than the width of the imprint.  For both the thick 
and thin pavements, the transverse cracking damage is much greater than the longitudinal 
cracking damage, primarily because the steering axles are far outnumbered by the other two 
types of axles. The thick pavement shows less bottom-up cracking damage than the thin 
pavement, which suggests that the thickness of the asphalt concrete layer plays an important role 
in the control of pavement fatigue cracking, especially in the control of longitudinal cracking.  
When tire pressure is increased from 483 kPa to 896 kPa, the mean pavement rut depth, averaged 
from the 12 transverse locations, increased by about 40%. The rutting performance does not 
exhibit a strong relation to the thickness of the asphalt concrete layer in the pavement structures. 
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FIGURE 37 Pavement Fatigue Cracking vs. Tire Pressure  
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FIGURE 38 Pavement Rutting vs. Tire Pressure 
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FIGURE 39 Thick Pavement Rut Depth Profile vs. Average Tire Pressure   
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FIGURE 40 Thin Pavement Rut Depth Profile vs. Average Tire Pressure   
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 Therefore, the thickness of the asphalt concrete layer of the pavement structure does not 
play a significant role in controlling pavement rutting. Figures 39 and 40 show the transverse rut 
depth profiles for the thick and thin pavements. The rut depth profiles resulting from the three 
different average tire inflation pressures demonstrate that increases in truck tire pressure cause 
more rutting damage to both the thick and thin pavements. 
 

5.4.2   Axle Load Limit Effect 
 Truck axle load is the principal cause of most pavement damage. The effect of an 
increase in axle load limit on pavement performance is investigated in this simulation study. 
Federal and state regulations govern the weight and dimensions of trucks, buses, and trailers on 
U.S. highways. These regulations have important economic consequences because trucking 
accounts for four-fifths of the expenditures on freight transportation in the United States, and 
trucking costs are influenced by truck size and weight (68). It is more cost-effective for trucks to 
operate with more pay load on board, and therefore the trucking industry has consistently 
requested increases in current truck weight limits. However, truck weight limits especially axle 
load limits also influence highway construction and maintenance costs. Partly due to a lack of 
sufficient information to assess pavement potential damage, none of the regulatory options 
proposed by recent studies of the regulation of weights, lengths, and widths of commercial motor 
vehicles has touched the current axle load limits. (68). This simulation study approaches the 
problem with known axle load spectra, the quick solution method for critical pavement 
responses, and the distress models developed in NCHRP project 1-37A to predict pavement 
performance for increased truck axle load limits. 
 A general assumption made for the impact of an increase in axle load limit on the axle 
load spectra is that the shape of each associated spectrum curve remains unchanged while the 
spectrum curve shifts to the right in response to the increase in the axle load limit. Axle load 
spectra for 3S2 trucks based on weigh in motion data on I-37 near Corps Christi, Texas are 
shown in Figures 34, 35, and 36. Based on the above assumption, new axle load spectra for the 
3S2 trucks in responses to increased axle load limits are generated and shown in Figures 41, 42, 
and 43. It would be more reasonable to assume that the peak in a load spectrum that is closest to 
the current load limit would be most sensitive to the increased axle load limit. However, the 
simulation is based on the worst case in which the whole spectrum is equally sensitive to the 
increased truck axle load limit.  
 The simulation program is set up for the new load spectra and the simulation results are 
shown in Figures 44 and 45 for the thick pavement, and in Figures 46 and 47 for the thin 
pavement. With the increase in truck axle load limits in steering axles, dual-tire single axles, and 
tandem axles, pavement distresses in cracking and rutting for each of the three cases are 
increased accordingly.  The effect of the increased axle load limit on pavement performance is 
actually dependent on the resulting immediate pavement responses, the affected axle population, 
and the thickness of the pavement structure. 
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FIGURE 41   Simulated Steering Axle Load Spectrum for 3S2 Trucks in Response to 
Increased Steering Axle Load Limit. 
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FIGURE 42   Simulated Dual-Tire Single Axle Load Spectrum for  
3S2 Trucks in Response to Increased Single Axle Load Limit. 
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FIGURE 43   Simulated Tandem Axle Load Spectrum for 3S2  

Trucks in Response to Increased Tandem Axle Load Limit. 



 

 108

For bottom-up cracking, transverse cracking damage increases steadily with increased 
axle load limits for the three axle types and only small differences in incremental effects between 
the three axle types are observed. However, the effect on the longitudinal cracking performance 
is quite different from that of the transverse cracking. Longitudinal cracking due to increased 
axle load limit for steering axles increases sharply, which could be explained by the sharp 
increase in transverse tensile strain Exx at the bottom of the asphalt concrete layer.  Longitudinal 
cracking for the dual-tire single axles increases moderately with the increased axle load limit, 
and the increased load limit for tandem axles causes the least increase in longitudinal cracking 
damage. As for rutting performance, increased axle load limits for the three axle types all cause 
moderate increases of averaged rut depths. Compared with the other two axle types, tandem 
axles are most commonly observed and therefore the increased tandem axle load limit may cause 
more rutting damage. Therefore, it would be dangerous to increase steering axle load limits 
especially when pavements with thin asphalt concrete layer thickness are extensively used. If 
rutting is not a major concern, increase of tandem axle load limits may cause the lowest damage 
to pavements, compared with increases of axle load limits for the other two axle types.  
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FIGURE 44 Thick Pavement Cracking vs. Increase in Axle Load Limit 
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FIGURE 45 Thick Pavement Rutting vs. Increase in Axle Load Limit 
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FIGURE 46 Thin Pavement Cracking vs. Increase in Axle Load Limit 
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FIGURE 47 Thick Pavement Rutting vs. Increase in Axle Load Limit 
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5.4.3   Pavement Temperature Effect 
 The effect of environment condition on pavement performance is simulated using 
pavement temperature, as a proxy of other environment parameters.  

In this simulation study, yearly average pavement temperatures of 54, 69, and 84 °F are 
used to set up the simulation program. The simulation results for pavement distress in fatigue 
cracking and rutting are shown in Figures 48 and 49.  The pavement temperature does not have a 
significant effect on bottom-up fatigue cracking for the thick and thin pavement structures. In 
contrast, the pavement temperature shows a strong relationship with rutting performance. When 
the yearly average pavement temperature increases from 54 °F to 84 °F, the pavement mean rut 
depth averaged from the 12 transverse locations increases by about 80% for both the thick and 
thin pavements. Under hot environmental conditions, the thick pavement is more likely than the 
thin pavement to have permanent deformations.    
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FIGURE 48 Pavement Cracking vs. Environmental Temperature 
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FIGURE 49 Pavement Rutting vs. Environmental Temperature 
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5.4.4   Vehicle Speed Effect 
 The effect of vehicle speed on pavement performance is simulated symbolically using the 
correlation between vehicle speed and the resilient modulus of the asphalt concrete layer. In 
pavement study, it is a common practice to convert the effect of vehicle speed on flexible 
pavement into an equivalent change of dynamic modulus in the asphalt concrete layer (16). 
However due to the lack of sufficient information about the complex relationship between 
dynamic modulus and vehicle speed, a dummy random variable normally distributed with a 
mean of 500 MPa and a standard deviation of 50 MPa is assumed as a substitute to the effect of 
vehicle speed. The random variable is added as a component to the modulus of the asphalt 
concrete layer for simulation runs. As shown in Figures 50 and 51, increased vehicle speed 
seems to reduce pavement distress in cracking and rutting.  
 

5.4.5   Asphalt Concrete Stiffness Effect  
 The effect of the stiffness of the asphalt concrete layer is simulated by setting up the 
modulus of the asphalt concrete (E1) using the models in Equations (40) and (42). Figures 52 and 
53 show the simulation results for predicted cracking and rutting distress for the two kinds of 
asphalt concrete materials. The simulation results show that increased stiffness in the asphalt 
concrete layer tends to reduce the cracking and rutting distress.  
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FIGURE 50 Pavement Cracking vs. Vehicle Speed 
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FIGURE 51 Pavement Rutting vs. Vehicle Speed 
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FIGURE 52 Pavement Cracking vs. Asphalt Concrete Stiffness 
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FIGURE 53 Pavement Rutting vs. Asphalt Concrete Stiffness 
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5.4.6   Pavement Performance vs. Load Repetitions  
 The simulation sample size or the number of trucks simulated is related to pavement 
cracking and rutting performance. As shown in Figures 54 and 55, pavement distress in cracking 
and rutting increases with the number of trucks used in the simulations. Fatigue cracking damage 
demonstrates almost linear relations with the numbers of simulated trucks for both the thick and 
thin pavements. In contrast rutting damage has nonlinear relations with the sample sizes of 
simulated trucks.   
 As load repetitions change, the percentages of rut depth due to the three layers, asphalt 
concrete, granular base and subgrade are also changing. The averaged percentage values are 
listed in Table 18 and illustrated in Figure 56. For both the thick and thin pavements, percentages 
of rutting due to the asphalt concrete layer is increasing with cumulative numbers of trucks, in 
contrast, the percentages of total rut depth due to the granular base and subgrade layers are 
decreasing with the cumulative numbers of trucks. The percentage of rutting due to the asphalt 
concrete layer is higher in the thick pavement than in the thin pavement while the percentages of 
rutting due to the granular base and subgrade layers are lower in the thick pavement than in the 
thin pavement. Clearly the asphalt concrete layer in the thick pavement experiences more rutting 
deformation than does the asphalt concrete layer in the thin pavement, which may mean that the 
asphalt concrete layer in a thick pavement provides better protection to the granular base and 
subgrade layers than in a thin pavement. 
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TABLE 18   Percentages of Rutting due to Pavement Layers  

AC  Thickness Number of 
Trucks AC Layer GB Layer  SG Layer 

(mm) (million) (%) (%) (%) 

0.5 69.3 12.2 18.5 

1.0 77.7 9.5 12.8 

2.0 82.4 7.2 10.4 
 144.8 mm 

3.0 84.8 6.2 9.0 

0.5 55.6 26.2 18.3 

1.0 62.5 20.8 16.7 

2.0 69.6 16.5 13.9 
 51.0 mm 

3.0 73.4 14.5 12.1 
25.4 mm = 1 inch 
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FIGURE 54 Pavement Cracking vs. Number of Trucks in Simulation 
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FIGURE 55 Pavement Rutting vs. Number of Trucks in Simulation 
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FIGURE 56 Percentage of Rutting in Layer vs. Number of Trucks in Simulation 
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5.5   Summary 
 In this chapter, Monte Carlo simulation schemes using the quick solution models, 
pavement distress models, and mathematically determined variability models for axle loading, 
traffic volumes, pavement material properties, and environmental conditions based on realistic 
data collected at Texas sites, were implemented in C++ computer programming. Pavement 
performance for thick and thin asphalt pavement structures were predicted using the Monte Carlo 
simulation schemes to quantify the effects of increased truck tire pressure, increased truck axle 
limits, and other relevant parameters including environmental temperature, asphalt concrete 
stiffness and vehicle speed. 

When average truck tire pressure was increased from 483 kPa to 896 kPa, the transverse 
cracking damage index was almost tripled while the longitudinal cracking damage index was 
approximately doubled.  On the other hand, the mean pavement rut depth averaged from the 12 
transverse locations increased by about 40%. While the thickness of the asphalt concrete layer 
plays an important role in the control of pavement fatigue cracking, especially in the control of 
longitudinal cracking, the rutting performance does not exhibit a strong relation to the thickness 
of the asphalt concrete layer in the pavement structures. Monte Carlo simulations for the effects 
of increased truck axle load limits showed that increased load limits in steering axles, dual-tire 
single axles, and tandem axles, produced increased cracking and rutting pavement distresses.  
However, the most potentially damaging effect would be to increase steering axle load limits 
especially when pavements with thin asphalt concrete layer thickness are used. If rutting is not a 
major concern, increased tandem axle load limits may cause the least pavement damage, 
compared with increases of axle load limits for the other two axle types.  

The pavement temperature did not exhibit a significant effect on bottom-up fatigue 
cracking for the thick and thin pavement structures. In contrast, the pavement temperature was 
strongly related to the rutting performance of the pavement structures. The simulation results 
showed that increased vehicle speed reduced damage effects described by cracking and rutting 
performance. Similarly increased stiffness in the asphalt concrete layer tended to reduce the 
pavement cracking and rutting distress. The Monte Carlo simulation study also found that 
pavement cracking and rutting distress increases with the number of trucks used in the 
simulations. The fatigue cracking damage demonstrated almost linear relations to the number of 
trucks in simulations for both the thick and thin pavements. In contrast rutting damage had 
nonlinear relations to the sample sizes of simulated trucks.  
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CHAPTER 6   OBSERVATIONS AND RECOMMENDATIONS 
 
 This chapter presents general observations and limitations of this study and provides 
recommendations for future research efforts. This effort has demonstrated that a mechanistic 
pavement study could be significantly enhanced by using measured tire-pavement contact stress 
data in a finite element model.  Immediate pavement responses due to traffic loading could be 
instantly estimated using quick solution models developed from offline analytical computations 
using the finite element program and the measured tire-pavement contact stress data. Prediction 
of long term pavement performance could be conducted using a Monte Carlo simulation method 
with variability in traffic loading, pavement materials, and environment conditions included. A 
new procedure that consists of the quick solution models and Monte Carlo simulation techniques 
was successfully tried which may have further applications in mechanistic-empirical asphalt 
pavement design.  
 

6.1   Limitations 
 Due to constraints in time, cost, and data availability, the scope of the study is limited 
within the linear elastic pavement material domain and based on limited data ranges. The quick 
solution models developed in this study are only applicable to the tire loading and pavement 
structural conditions used in the development of these models and the simulation results are only 
valid for the specific loading, pavement, and environment conditions that were used as data 
inputs for the simulations.  Observations developed from the Monte Carlo simulation represent a 
case study having their genesis in a specific set of axle load spectra and truck volumes from two 
particular Texas in-motion vehicle weighing sites, specific pavement material and structure 
properties characterizing particular Texas locations, and environmental conditions in Texas.  
 

6.2   Observations 
 With measured tire-pavement contact stress data, a finite element model can more 
accurately predict immediate pavement responses due to traffic loadings than a procedure using a 
traditional tire model and an associated linear elastic multi-layer program. The latter procedure 
was extensively used in a recent research effort to develop the new pavement design guide for 
the United States in the National Cooperative Highway Research Program (NCHRP) project 1-
37A with a research expenditure of $6.5 million. The traditional tire model assumes tire-
pavement contact stress is uniformly distributed over a circular contact area and equals tire 
inflation pressure. However, this assumption has been shown to be far from reality by actual 
measurements of tire-pavement contact stress and contact area.   

The Texas Department of Transportation (TxDOT) measured tire-pavement contact stress 
data was input to the finite element program ANSYS for various tire loading conditions, and the 
computed pavement responses were compared with results computed using the traditional tire 
model and the linear elastic multi-layer program CIRCLY. The traditional tire model tended to 
overestimate tensile strains at the bottom of the asphalt concrete layer and underestimate 
compressive strains at the top of the subgrade layer. The overestimation and the underestimation 
tendencies were both intensified with increased tire inflation pressure, and were both more 
significant for thin pavements than for thick pavements and for dual-tire single axles and dual-
tire tandem axles than for single steering tires. These comparisons suggest that the new pavement 
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design guide developed by the NCHRP project 1-37A and based on the traditional tire model, 
tends to overestimate pavement cracking and underestimate pavement rutting in design of a 
pavement structure. 

The mechanistic-empirical study of tire pressure effects on pavement found that increases 
in tire pressure might cause more fatigue cracking and rutting damage to thin pavements than to 
thick pavements. The fact that tensile strain at the bottom of the AC layer in the Y direction was 
more sensitive to tire pressure change than strain in the X direction suggests that increases in tire 
pressure may cause transverse cracks to grow faster than longitudinal cracks. The effect of tire 
pressure on pavement performance also depended on the tire load used. Increases in tire pressure 
at a high tire load might cause more cracking and rutting damage than tire pressure increases at a 
low tire load. The fact that tire pressure was not significantly related to rutting due to subgrade 
deformation but was significantly related to total rutting deformation may suggest that the effect 
of tire pressure is limited to a depth range near the pavement surface. The use of a stiffer asphalt 
material at the surface layer might be an alternative to mitigate this tire pressure effect. The tire 
effect on the dual tires in a single axle was similar to the effect on the dual tires in each of the 
tandem axles while the steering single tire behaved quite differently than the other two tire 
configurations. The complexity with the behaviors of different axle types and the association of 
tire pressure effect with tire load suggests that detailed information about the load spectrum for 
each axle type be required for the accurate prediction of pavement performance by mixed traffic 
and a Monte Carlo simulation technique may be justified accordingly. 

The study also found that the slow computation speeds of the finite element program 
could be overcome by replacing the finite element program with quick solution models. The 
investigation of “critical” pavement responses for configurations of steering axles with single 
tires, single axles with dual tires, and tandem axles with dual tires revealed that for all the three 
tire configurations, the “critical” pavement responses for rutting were located under the contact 
area of every tire. However locations of critical responses could be near the edges of the tire 
width when tire pressure was low or at the center of the contact area when tire pressure was high. 
For bottom-up cracking the “critical” pavement responses were the maximum tensile strains at 
the bottom of the asphalt concrete layer which appeared in a small area right below the center of 
the contact area of each tire. The multiple regression models that related critical pavement 
responses to tire loading conditions and tire inflation pressures as well as pavement structural 
parameters showed good predictions of the critical pavement responses. These models could 
serve as replacements of the time-consuming finite element model program to quickly solve for 
the critical pavement responses and could be used for asphalt pavement design. 

Monte Carlo simulation schemes using the quick solution models, the pavement distress 
models developed in NCHRP project 1-37A, and empirically based but mathematically described 
variability models for axle loading, traffic volumes, pavement material properties, and 
environmental conditions, were implemented in C++ computer programming. Pavement 
performance of a thick and thin asphalt pavement structure were predicted using the Monte Carlo 
simulation schemes to quantify the effects of increased truck tire pressure, increased truck axle 
load limits, and other relevant parameters. 

When average truck tire pressure was increased from 483 kPa to 896 kPa, the transverse 
cracking damage index was almost tripled while the longitudinal cracking damage index was 
approximately doubled. Transverse cracking damage was more sensitive to tire pressure increase 
than longitudinal cracking damage, which agreed with previous research results and could be 
explained by the fact that the Y (longitudinal) dimension of the tire imprint is more sensitive to 
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tire pressure change than the width (transverse) dimension of the imprint.  For both the thick and 
thin pavements, transverse cracking damage was much greater than longitudinal cracking 
damage, primarily because the steering axles were far outnumbered by the other two axle types, 
and the fact that the tensile strain in longitudinal direction (Eyy) was larger than the tensile strain 
in transverse direction (Exx) for the tire configurations of single axle with dual tires and tandem 
axles with dual tires. The thick pavement showed less bottom-up cracking damage than the thin 
pavement, which suggests that the thickness of the asphalt concrete layer plays an important role 
in the control of fatigue cracking, especially in the control of longitudinal cracking.  When tire 
pressure was increased from 483 kPa to 896 kPa, the mean pavement rut depth averaged from 
the 12 transverse locations increased by about 40%. Rutting performance did not exhibit a strong 
correlation with the thickness of the asphalt concrete layer in the pavement structure, suggesting 
that the thickness of asphalt concrete layer of pavement structures may not play a significant role 
in controlling pavement rutting. 

Monte Carlo simulations for the effects of increased truck axle load limits showed that 
with increased truck axle load limits applied mutually exclusively to steering axles, or dual-tire 
single axles, or dual-tire tandem axles, cracking and rutting distresses for each of the three load 
limit increase cases were increased accordingly.  Effects of increased axle load limits on 
pavement performance depended on the resulting pavement immediate responses, the affected 
axle population, and the thickness of the pavement structures. For bottom-up cracking, transverse 
cracking damage increased steadily with increased axle load limits for each of the three axle 
types and only small differences between the three axle types were observed. However, the effect 
on longitudinal cracking performance was quite different from that of transverse cracking. The 
longitudinal cracking due to the increased steering axle load limits increased sharply, which 
could be explained by a sharp increase in transverse tensile strain Exx at the bottom of the asphalt 
concrete layer.  Longitudinal cracking for the dual-tire single axles increased moderately but 
exhibited the smallest increase for tandem axles. As for rutting performance, increases of axle 
load limits for the three axle types all caused moderate increases of averaged rut depths. 
Therefore, it would be dangerous to increase steering axle load limits especially if pavements 
with thin asphalt concrete layers are extensively used. If rutting is not a major concern, increased 
tandem axle load limits may cause the least incremental damage to pavements, compared with 
incremental damage for the other two axle types.  

Pavement temperature did not exhibit a significant effect on bottom-up fatigue cracking 
for the thick or thin pavement structures. In contrast, pavement temperature was strongly related 
to rutting performance. When the yearly average pavement temperature increased from 54 °F to 
84 °F, the pavement mean rut depth increased by about 80% for both the thick and thin 
pavements. Furthermore, under hot environmental conditions, the thick pavement was more 
likely than the thin pavement to have permanent deformation. The simulation results showed that 
increased vehicle speed reduced pavement cracking and rutting distress. Similarly increased 
stiffness in the asphalt concrete layer tended to reduce cracking and rutting distress.  

The Monte Carlo simulation based prediction of pavement performance versus axle load 
repetitions showed that pavement distress in cracking and rutting increases with the number of 
trucks used in the simulations. Fatigue cracking damage demonstrated almost linear relations 
with the number of trucks in simulations for both the thick and thin pavements. In contrast 
rutting damage had nonlinear relations with the simulated truck sample sizes. The percentages of 
total rut depth due to the three layers, asphalt concrete, granular base and subgrade also changed 
with load repetitions. For both the thick and thin pavements, percentages of total rut depth due to 
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the asphalt concrete increased with cumulative number of trucks, in contrast the percentages due 
to the granular base and subgrade layers decreased with the cumulative number of trucks. The 
percentages of rut depth due to the asphalt concrete layer was higher in the thick pavement than 
in the thin pavement while the percentages due to the granular base and subgrade layers were 
lower in the thick pavement than in the thin pavement. Clearly the asphalt concrete layer in the 
thick pavement exhibited more rutting deformation than the asphalt concrete layer in the thin 
pavement. This may suggest that the asphalt concrete layer in a thick pavement provides more 
protection to the granular base and subgrade layers than in a thin pavement. 
 

6.3   Recommendations 
 Several follow-up research activities are recommended for a further study of the problem. 
The recommended research activities include improvement of data and quick solution models, 
expansion of research scope to include nonlinear and inelastic pavement materials, and 
verification and calibration of simulation results using accelerated pavement testing.  

The TxDOT tire-pavement contact stress data used in this study was measured on one 
single tire and within a small loading range which resulted in overloading conditions for the 
dual-tire single axle and dual-tire tandem axle configurations in this study. If more time and 
research funding is available, more tire-pavement contact stress data should be measured for 
more tire types, tire sizes, and tire loading conditions.  

More robust quick solution models could be developed by using a better dataset, which is 
generated based on a more extensive factorial design of offline finite element runs with more tire 
loading and pavement structural conditions representing actual operational ranges. Artificial 
neural networks (ANN) as an effective tool for nonlinear relations could be used to deal with the 
relatively low R2’s associated with the vertical strains in the asphalt concrete layer in the quick 
solution models developed in this study. Traffic wander should be considered and properly 
modeled in development of finite element models for the offline computations of pavement 
responses.  The surface-down fatigue cracking distress should be included in a future study and 
appropriate changes in the design of finite element models should be considered accordingly. 
Pavement structures with more typical layers and more construction characterizations should 
also be included for a future study.  

Real data played a significantly important role in this study. However, there were still 
many simplifications and assumptions in the study primarily due to inadequacy of more detailed 
real data.  Pavement temperature data should be made available for a future study because 
pavement temperature is significantly different from air ambient temperature. More traffic data 
for multiple years and locations are needed to identify and quantify possible change patterns of 
truck volumes and truck axle load spectra over time and between different locations. 
Furthermore, the numerical relationship between vehicle speed and equivalent dynamic modulus 
of asphalt concrete material as well as truck speed distributions based on actual truck speed data 
will be needed for a future study. 

The pavement materials used in this study are still limited within the linear elastic 
material domain, and the more realistic characterization of nonlinear and inelastic behaviors of 
the asphalt pavement materials is highly desirable in a future study.  It is necessary that the 
constitute functions describing the behaviors of pavement materials in typical asphalt concrete 
pavement structures be established and the associated subroutine codes for the material models 
generated for an existing finite element program, because for many times these subroutine 
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functions are not readily available in a finite element program. The created material models and 
subroutine codes must be calibrated and verified using laboratory and/or field data before 
included into the finite element program. Systematic field data collection for instrumented 
pavement structures may be required for the calibration and verification of the material models. 

A good and inexpensive way to check the Monte Carlo simulation results would be 
through accelerated pavement testing. A piece of test pavement could be constructed with similar 
material properties and layer thicknesses used in the Monte Carlo simulation study. A heavy load 
simulator will be needed to apply repetitive traffic loading on the pavement structure in an 
accelerated manner. Pavement performance for specific traffic loading, pavement structure, and 
environmental conditions may be obtained in a relatively short period of time, and could be 
compared with the results obtained using the Monte Carlo simulations. 
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