
1. Report No. 2. Government Accession No. 

rHHA/TX-85/74+345-1 
4. Title ond Subtitle 

Establishing Material Properties for Thin Asphalt 
Concrete Surfaces on Granular Bases 

Technical keport Documentation Page 

3. Recipient's Catalog No. 

5. Report Date 

November, 1985 
6. Performing Organization Code 

~~~--~------~--~------4 
f--::------:-~----------------------------.--! 8. Performing Organi zation Report No. 

7. Author's) 

Freddy L. Roberts and Barry T. Rosson 
9. Performing Organization Name and Address 

Texas Transportation Institute 
Texas A&M University 
College Station, TX 77843 

---------------------~~ 
12. Sponsoring Agency Name and Address . 

Texas Stat~ Department of Highways and Public 
Transportation; Transportation Planning Division 
·P. O. Box 5051 

~ustin, Texas 78763 
15. Supplementary Notes 

Research performed in cooperation with DOT,FHWA. 

345-1 
10. Work Unit No. (TRAIS) 

II. Contract or Grant No. 

HPR 2-8-83-345 
13. Type of Report and Period Covered 

Interim _ September 1982 
November 1985 

14. Sponsoring Agency Code 

Research Study Title: Performance Considerations and' Specifications of Hot-Mix 
Asphaltic Concrete 

16. Abstract 

I 
This report includes the results of an analytical study of thin asphalt pave-

ments over flexible bases to define the engneering properties required for adequate 
performance. Since truck ti re pressures have dramati ca lly increased in recent years, 
included are the effects of the increased tire pressures on surface tensile strains, 
base shear stresses, and subgrade compressive strains. 

A finite element computer program developed for the FHWA was used to calculate 
vertical and horizontal surface shear pressure distribution for a bias ply truck 
tire inflated to both 75 and 125 psi. 

A series of ILLIPAVE computer runs was made to determine the horizontal tensile 
strains, lateral shear stresses, and vertical compressive strains for asphalt 
concrete surfaces 1,' 1.5, 2, and 4 inches thick over 8- and 14-inch granular bases 
having three different moduli and a subgrade soil that is stress-sensitive with an 
initial modulus of 10 ksi. These results showed that some thin pavement structures 
cannot provide adequate service, and that design procedures must be upgraded to 
include materials more resistant to higher strains. To provide adequate service, 
these surfaces should be either flexible and thin on a stiff, thick base, or be 
stiff and thick. 

17. Key Words 18. Oi stri bution Statement 

Increased tire pressure, thin pavements, 
low volume, fatigue cracking, tensile 
strain, ILLIPAVE, horizontal surface 
shear 

No restrictions. This document is 
available to the public through the 
National Technical Information Service 
5285 Port Royal Road 
Springfield, Virginia 22161 

19. Security Classif. (of this report) 20. Securi ty Classi f. (of thi s page) 21. No. of Pages 22. Price. 

Unclassified Unclassified 157 

Form DOT F 1700.7 (8-72) Reproduction of completed page authorized 





TeChnical Reports 
Texas TranSPOrta*t Center 

. "on Institute 

ESTABLISHING MATERIAL PROPERTIES 

FOR THIN ASPHALT CONCRETE SURFACES 

ON GRANULAR BASES 

by 

Freddy L. Roberts 

and 

Barry T. Rosson 

ResearcnReport 345-1 

Conducted for 

State Department of Highways and Public Transportation 

in cooperation with the 

u.S. Department of Transportation 

Federal Highway Administration 

by the 

Texas Transportation Institute 

Texas A&M University 

College Station, Texas 

November, 1985 





The contents of this report reflect the views of the authors, who 
are responsible for the facts and the accuracy of the data presented 
herein. The contents do not necessarily reflect the official views or 
policies of the Federal Highway Admini~tration. This report does not 
constitute a standard, specification, or regulation. 

iii 



PREFACE 

This is the first in a series of reports des'cribing the conditions 
of use, construction, and specifications of hot mixed asphalt concrete 
materials used in thin, flexible pavements. This report includes not 
only study results from Study 345 but also Study 372 entitled "Effects 
of Truck Tire Pressures on Flexible Pavements", which provided the 
truck tire contact pressure distri~utions. This fi'rst report has 
concentrated on an evaluation of strain in thin asphalt concrete 
pavements and in determining the material properties sufficient for 
adequate performance. Subsequent reports will include evaluation of 
permanent deformation in these pavements as well as specification and 
construction requirements for adequate service from thin flexible 
pavements. 

Th i s report was completed with the ass i stance ·of many people. 
Special appreciation is extended to Drs. Robert L. Lytton and Thomas 
Tielking for their help with the computer modeling and to Messrs. 
James L. Brown and Robert L.Mikulin of the Texas State Department of 
Highways and Public Transportation for their encouragement and constructive 
criticism. Appreciation is also extended to the secretarial staff of 
the Materials, Pavements, and Construction Division of TTl who prepared 
the manuscript materials. The support of the Federal Highway 
Administration, Department of Transportation, is gratefully acknowledged. 
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SUMMARY 

This report summarizes the results from an analytical study to 
determine the material properties and thicknesses of asphalt surface 
layers needed to provide adequate resistance to fatigue cracking for 
thin flexible pavements. The analytical study includes the effects 
of an important parameter not generally considered in these studies: 
the tire contact pressure distribution. 

Results indicate that the effects of tire inflation pressure on 
strain are so important that surface materials which served adequately 
at 75 or 80 psi inflation pressure fail very prematurely when the 
same load is applied at 125 psi inflation pressure. The contact 
pressure distributions used in the study were developed from a 
finite element computer program that models the tire using its 
constitutent elements. The contact pressure distributions were for a 
typical bias ply truck tire that carried a legal load of 4500 pounds 
per tire and was inflated to 75 to 125 pSi. These contact pressure 
distributions were then used to evaluate the effect of surface and 
base properties and thicknesses. The results indicate that (1) thick 
and stiff granular bases provide the best protection for the subgrade 
soil, (2) that current asphalt materials can serve adequately at 
the lower tire inflation pressures and (3) that at 125 psi inflation 
pressure only the thin, very flexible surfaces or the thick, very 
stiff surfaces can provide reasonable fatigue life. 
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IMPLEMENTATION STATEMENT 

Based on the findings from this study it is apparent that thin 
layers of conventional asphalt concrete materials should be used with 
caution. For relatively thin flexible pavements with unbound bases 
conventional hot mixed surfacing materials should probably not be 
used at all. The reason for this suggestion is that the significant 
increase in truck tire inflation pressures since the early 1970's has 
raised the strain at the bottom of conventional asphalt concrete 
surfaces to levels that lead to very premature fatigue cracking. 

Evaluations of the results from this study show that for flexible 
pavements over unbound, granular bases the surface thickness and 
stiffness combinations affect the tensile strains significantly and 
that bituminous surfaces of 

(1) l-inch or less should be very flexible and placed on 
very stiff bases, and probably be seal coat construction, 

(2) 4 to 8-inches should be stiff and strong and placed 
on stiff bases, and 

(3) 1 to 3 inches should probably not be placed since the 
strains are very high and early cracking is expected. 

The primary reason for recommending caution in the use of 1 to 
3-inch bituminous surfaces is that the high~r tire pressures produced 
the greatest increase in tensile strains for surface moduli ranging from 
200 to 600 ksi, which is the range of moduli of these materials during 
most of the Spring through Fall of each year. Therefore, the results 
of this study indicate that intermediate surface thicknesses should be 
used only after a careful analysis of each pavement structure to ensure 
that overstressing of the surface does not occur. 
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DISCLAIMER 

The contents of this report reflect the views of the authors who 
are responsible for the facts and the accuracy of the data presented 
herein. The contents do not necessarily reflect the official views 
or policies of the Federal Highway Administration. This report does 
not constitute a standard, specification or regulation. 
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CHAPTER r 

I NI'ROOOCf roo 

In the past, methods of structural design for flexible pavements have 

almost exclusively been developed for pavements with surface thicknesses 

greater than two inches. However, there are many miles of thin, less 

than 2-inch, asphalt concrete surfaces already in service that have been 

designed assuming that thinner pavements behave structurally in much the 

same way as thicker pavements. Unfortunately, this is not the case~ 

there are certain pavement distresses that occur in thin pavements that 

cannot be explained by using current analysis methods. Recent study of 

the pavements may help to explain these discrepancies. One primary 

reason for these differences may lie in the assumptions made about the 

tire load. 

In previous analyses, the tire load was represented as a uniform 

pressure over a circular area with no lateral shear stresses produced by 

the tire rolling on the surface. Wbrk in the tire industry has shown 

that the contact pressure is not uniform but rather has a unique shape, 

depending on the type of tire. The result is that the actual tire 

contact pressure distribution produces pavement stresses much larger than 

those calculated using a uniform tire contact pressure distribution. 

Another reason for the discrepancies may lie in the fact that highway 

engineers have largely ignored in their analyses another factor of great 

importance: increased tire inflation pressures. with the increased cost 

of fuel, the trucking industry has attempted to reduce rolling resistance 

and increase fuel economy. Tire manufacturers have responded by designing 

and marketing both bias and radial tires that operate at higher inflation 

pressures. To determine the current levels of tire pressures and their 

effects on Texas highways the State Department of Highways and Public 

Transportation (SDHPT) has contracted with the Texas Transportation 

Institute (TTl) to perform two research projects. The first project is 

to determine typical tires, the inflation pressures, the contact pressure 

distributions, and their effects on highway pavements. The second 
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project includes the evaluation and design of thin asphalt concrete 

pavements including the evaluation of suitable materials with which to 

build these thin pavements. This report includes results fran both these 

studies, with a major emphasis on the latter. 
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CHAPTER II 

PAVEMENT MODELS 

For selecting a pavement computer model, two requirements were of 

primary interest: (1) actual tire cont.act pressure distributions had to 

be accepted as input, and (2) the modulus of non-stabilized pavement 

layers had to be modelled as stress sensitive materials. 

The technical literature shows that tire contact pressure 

distributions have non-linear vertical and horizontal components. 

Therefore, to adequately model these pressure distributions, the pavement 

computer program must accept such input. Because the commonly used 

pavement computer programs such as EL.SYM5 accept only uniform vertical 

contact pressure, other computer programs were considered for this 

research. The CRANLAY and PLANE (1) computer models were considered 

because their input capabilities included lateral and uniform vertical 

pressures. The finite element program ILLIPAVE (2) had the capability to 

model the non-stabilized materials as stress sensitive but was set up to 

accept only a uniform vertical tire contact pressure. Bach of these 

candidate programs is discussed briefly in the sections below. 

CRANIAY 

The complter program CRANLAY was written by Harrison, Wardle, and 

Gerrard in Australia in 1972 <.1). It is an elastic layer theory program 

that can accept up to five horizontal layers with material properties 

being defined as either cross-anisotropic or isotropic. The tire load is 

input as a circular load of specified radius and magnitude. CRANIAY 

accepts only two load cases which must be run separately: uniform 

vertical pressure and linear radial shear stress. The stresses, strains, 

and displacements of the coordinates in the layer or layers are tabulated 

as output. 
This pavement model was not chosen because it did not meet either of 

the two requirements cited above. However, several CRANLAY runs were made 
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in order to compare the magnitude of its outputs with those from 

ILLIPAVE. 

PlANE 

The pavement program PlANE was also written by Harrison, Wardle, and 

Gerrard in Australia in 1972<1). It is an elastic lay~r theory program 

which only considers a single layer of infinite depth with material 

property inplts defined elastically in two directions as orthorhombic, 

cross-anisotropic or isotropic. The tire load is represented as a strip 

of specified width and magnitude but infinite in extent. There are, 

however ,twelve different load cases which can occur in pairs: uniform 

and linear vertical stress: uniform and linear lateral shear stress': and 

displacement defined loads. The stresses, strains, and displacements of 

the coordinates in the layer are tabulated as output. 

This program was rejected for the same reasons that CRANIAY was 

rejected. Even though the twelve different input load cases allow much 

flexibility, the unique vertical and horizontal tire contact pressures of 

a particular tire could not be input. In addition, the single elastic 

layer of infinite depth was considered inappropriate for this project. 

Modified ILLPIAVE 

The computer program mcx:lel ILLIPhVE is a version of a program Wr"i t ten 

by Wilson (3, 4, and 5) that was mcx:lified and made user-friendly by the - - -
research staff of the Construction Engineering Laboratory at Charnpaign, 

Illinois, in 1982 (2). It is a finite element program that mcx:lels a 

pavement three-dimensionally by using a t~dllnensional half-space of a 

finite solid of revolution. This rectangular half-space is divided into 

a set of rectangular elements connected at their nodal points. The 

ILLIPAVE loading is of the "flexible plate" type, i.e., a uniform 

circular contact pressure. The modulus properties can be input as a 

function of the minor principal stress, the deviator stress, the first 

stress invariant, or simply as a constant. 
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ILLPAVE internally calculates the forces at each node. UZ represents 

the vertical force or displacement at a node, and UR represents the 

horizontal force of displacement at a node. For the uniform vertical 

pressure case, the UZ nodal forces are calculated internally. To allow 

the tire load to be input as a circular, non-uniform vertical load with 

lateral shear pressures, the computer program was modified to allow the 

UZ and IJR nodal force values to be read directly into the program as 

input while the uniform contact pressure of the original ILLIPAVE was set 

to approximately zero. The original ILLIPAVE neglected the horizontal 

shear pressures by internally setting the UR nodal forces equal to zero. 

The UZ and UR values are calculated externally using a procedure defined 

in Appendix A. Any desired distribution of vertical and horizontal 

pressure can be input. The UZ and UR nodal forces for a typical truck 

tire have been generated in Appendix A. 

To verify that the modified ILLIPAVE produces the same output as the 

original ILLIPAVE, a uniform presure of 80 psi was run using both 

programs. A comparison of the displacement indicated that the changes 

made to ILLIPAVE were valid because the displacements were identical to 

three significant digits. 
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CHAPTER III 

TIRE MOrnr..S 

Historically, initial analyses of the states of stress in solid 

bodies involved the use of a point load applied to a uniform elastic 

material of semi-infinite extent; later analysis techniques included 

strip loads of finite width and infinite length. As analysis of pavement 

systems became Il'Ore sophisticated, Love (6) and Burmister (7) extended 

the analysis to include Il'Ore than one layer and also began to model their 

tire as a circle of uniform vertical pressure with no surface shear 

forces. This tire model continued to be used in the highway design 

community until the last few years. More recently, highway engineers 

have begun to use finite element models developed for tire carcass 

analysis to define the stress conditions that occur at the tire-pavement 

interface. 

Tielking Tire Model 

The finite element tire model used in this study was oriqinally 

developed for the Federal Highway Administration as part of an analytical 

and experimental investigation of tire-pavement interaction (8). The 

program was developed to provide the capability for calcu1atinq the 

distributions of sliding velocity and normal pressure at the 

tire-pavement contact interface. Tielking (9,10) chose a relatively 

general, non-linear, finite element shell of revolution computer program 

to be the foundation for the finite element tire model. A Fourier 

transform procedure for solving the shell contact problems of the 

foundation program was developed (11) and incorporated into the finite 

element program, giving this tire model the unique capability of 

calculating the contact boundary and interface pressure distribution for 

a specified tire deflection. 

The shell elements used in the tire model are orthotropic. A 

material property subroutine was developed to generate orthotropic moduli 
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from cord and rubber property data and geoemtric data describing the ply 

structure in the tire carcass. Although the shell elements are 

homogeneous orthotropic, they are sensitive to details of the carcass 

design including tire materials and geometry. 

The tire is modeled by an assemblage of axisymmetric curved shell 

elements. The elements are connected to form a meridian of arbitrary 

curvature and are located at the carcass midsurface. Figure 1 shows the 

a$sembly of 21 elements along the midsurface of a G78-14 tire. A 

cylindrical coordinate system is used with r, (u, and z indicating the 

radial, circumferential, and axial directions, respectively. Each 

element forms a canplete ring which is initally axisymmetric with respect 

to z. The elements are connected at nodal circles (numbered in Figure 1, 

hereafter referred to as nodes). 

The finite elements are homogeneous orthotropic with a set of l1lCXluli 

specified for each individual element. The orthotropic moduli for each 

element are determined by the ply structure surrounding the element. 

The finite element model is clamped at the edges (node 22 in Figure 

1) I pressurized, and rotated to induce centrifugal force loading. lt is 

then brought into contact with a rigid, frictionless surface 

perpendicular to the plane of symmetry (the r-w plane). The contact 

surface (the pavement) is at the specified loaded radius, R5I" measured 

from the z-axis. The internal pressure, the angular velocity and the 

loaded radius are the only operating variables specified prior to 

calculating contact deformation and pressure in the contact region. 

Reference 11 describes the mathematical procedures used to calculate the 

contact pressure distribution and deformation of the tire deflected 

against the pavement. 

The deflected shape of a nylon tire meridian passing through the 

center of the contact region is plotted in Figure 2 for a tire deflection 

of 0.9 inches. Figure 2 also shows bOth the inflated, undeflected 

meridian, and the calculated contact pressure distribution along the 

meridian. 1'he calculated tire load is 850 lb for a deflection of 0.9 

inches. 

8 



14 

8 
1 2 

13 

12 

11 

III G78-14 
(lJ 

.c: 
u 
C 

'r-
10 

III 
::::s 

'r-

" tij 
c::lC 

9 

8 

7 

T 
o 1 2 3 4 

Z (in.) 

Figure 1. Finite elements positioned on the G78-l4 tire 
carcass mid-surface. 

9 

5 



14 

t 
8-=0.9 in. 

1 0-0-0-0-0--., . 
o~ 

12 

II) 11 
OJ 

.s:: 
u 
s:: G78 -14 

..... p= 32 psi ........ 
II) 

::s ..... 
"0 10 
Rj 

0::: 

9 

8 

7~--------~--------~--------~ ________ ~ ______ ~ 
o 1 2 3 

Z (in.) 
4 

Figure 2. Defl ected shape and ti recontact pressure 
distribution results from finite element tire 
model for a 678-14 tire. 

10 

5 



This finite element tire model is believed to be the first to have 

the capability of calculating the contact pressure distribution in the 

footprint of a deflected tire. Such a capability is bnportant because 

contact pressure has a profound influence on all aspects of tire 

performance. The finite element tire model permits analytical 

investigations of the effects of tire design variables on contact 

pressure distribution. 

The rolling tire results are calculated by superimposing the angular 

velocity of the rolling tire on the solution for static contact against a 

frictionless surface. The sliding velocities of points in the contact 

region are calculated as outlined in Reference 12. The sliding velocity 

and the normal contact pressure determine the friction coefficient at 

each point in the footprint. The resulting braking, driving, and 

st.eering.shear forces respond to tire operating variables such as 

inflation pressure, tire load, and slip angle throuqh the influence of 

these operating variables on the distrirnltions of sliding velocity in the 

footprint. Tire slide force is similarly obtained by summing the lateral 

shear forces in the contact region. 

uni form Pressure Model 

Love (6) and Burmister (7) first rrodeled the tire load as a circular 

uniform vertical pressure. The type of tire and lateral shear forces 

were not included in the analysis: only the .inflation pressure and total 

tire load were considered bnportant. Until recently, this same method of 

modeling the tire load was used extensively. 

The radius of the circular uniform load is calculated based on the 

tire inflation pressure and the total tire load. The tire inflation 

pressure was considered to be constant and the radius of the circular 

tire print can be calculated by the following equation: 

R =~ P 
'IT P 
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where: 

R = radius of the circular uniform contact pressure, inches; 
P = total tire load, pounds; and 

p = inflation pressure, psi. 

Use of Tire Models 

In analytical studies, the tire model is used to determine the 

intensity of the pressure or the area of the surface over which the load 

is spread. Since the Tielking tire model more accurately reflects the 

tire carcass itself, this study was conducted using the Tielking tire 

model. However, to indicate the magnitude of the differences between 

results fran these two models, a few canparative analyses were made. 
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CHAPTER IV 

STUDY PARAMETER=; 

The basic objective of this research is to analyze thin asphalt 
, 

concrete surfaces on granular bases with material combinations and layer . 

thicknesses that frequently occur on the Texas farm to market systems. 

This analysis must also include careful consideration of the type of 

truck tire loads these pavements,are experiencing. Therefore, after 

studying the Texas Transportation Institute's data base of flexible 

pavements in Texas, and after determining from a concurrent TTl project 

the types of truck tires commonly in use on Texas highways, the following 

set of study parameters was selected as representative of the thin 

flexible pavements in Texas. 

Pavements 

To determine the typical cross-section of these pavements, all the 

thin pavements in the TTl flexible pavement data base were reviewed. 

From this data, a set of pavements with flexible bases were selected and 

thin surface and base thicknesses determined. The flexible base 

thicknesses generally fell into 2 categories: those with 8-inch bases 

and those with 14-inch bases. Surface thicknesses ranged from about I 

inch up to 16 inches when .successive overlays occurred over a period of 

time. Taking into consideration the soil types, temperature ranges and 

moisture levels within the different reqions of the state, a range of 

material properties was selected for typical surface, base, and 

subgrades. The following series of material combinations and layer 

thicknesses were included in the study: 
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Surface 

Thicknesses: 1, 1.5, 2 and 4 inches 

Elastic Moduli: 50, 100, 200, 400 and 800 ksi 

Poisson's Ratio: 0.3 

Density: 145 pef 

Base -.. -. _. 

Thicknesses: 8 and 14 inches 

Elastic Moduli: As defined in Figure 3 

4886 0.239 

7000 0.325 

8787 0.365 

where = bulk stress 

Poisson's Ratio = 0.4 

Density = 135 pef 

Supgrade 

Thickness: Infinite 

Elastic Moduli: As defined in Figure 4 

Poisson's Ratio: 0.45 

Density: 120 pef 

The finite element mesh consisted of 18 colwnns and 19 rows. The 

element sizes were then smallest nearest to the load, in accordance with 

the ILLIPAVE User's Manual (2). Five iterations of each computer run 

were conducted in order to insure convergence. 

Truck T ire Loads 

A typical 10.00-20 bias-ply truck tire was selected for use in this 

study. This tire is representative of the type of bias-ply truck tires 

in use on Texas highways. Radial truck tires were considered and are 
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OOgining to be more prevalent in the highway stream, especially on the 

interstates and primary system. However, because the bias tire has 

historically been the most prevalent type, it was selected for use in 

these inital analyses. 

For this study, a thin cross-section of a (',()()(]year Hi-Miler 10.00-20 

l4-ply bias truck tire carcass was obtained; the input data for the 

Tielking tire model was developed by measuring cord locations, angles, 

and plies on a section of the tire; and the tire pressure distributions 

were calculated using output fran the Tielking tire rrode1. 

Two tire pressures were selected for this analysis: 75 psi and 125 

psi. Figures 5 and 6 show the vertical and horizontal contact pressure 

distributions developed fran the Tielking tire model for this tire 

inflated to 75 psi and 125 psi, respectively. Appendix A shows in detail 

how these pressure distrih.ltions were resolved into forces for input into 

ILLIPAVE. The Tielking tire rrodel gives as output pressures at designated 

points throughout the entire tireprint. Since ILLIPAVE can only accept 

one plane of pressure as input, the vertical plane with the axis parallel 

to the truck axles and at the centerline of the tire print was selected 

for the study. 

The two inflation pressure values were selected because the first 

value represents a typical historical value used for the design and 

analysis of highway pavement structures while the second value represents 

the inflation pressure level of about the highest 20% of truck tires on 

Texas highways according to f.ield study data collected by Texas 

Transportation Institute personnel durinq the spring and summer of 1984. 

While the 125 psi value may appear high to same readers, representatives 

from tire manufacturers indicate that within the next five years, 

inflation pressures will continue to rise to nearly 150 psi. The impetus 

for these higher values is reduced rolling resistance which produces 

reduced vehicle operating costs. The tire load selected was the maximum 

legal load for an l8-kip single axle and corresponds to 4500 pounds per 

tire. 

The horizontal shear pressures were modeled as a funcion of a sine 

curve with a maximum lateral pressure of 50 psi. After consultation with 
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Figure 5. Non-linear vertical tire pressure distribution 
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using finite element model by Tielking for an 
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Figure 6. Non-linear vertical tire pressure distribution 
with lateral surface shear forces as developed 
using finite element model by Tielking'for an 
inflation pressure of 125 psi and tire load of 
4,500 lbs. 
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Dr. Tan Tielking, this distrib.Ition and maximum value of pressure were 

selected to be a reasonable representation of the lateral pressure 

distribution. The derivation of the nodal force values, along with a 

more detailed explanation of the distributions, is contained in Appendix 

A. The equation for the lateral pressure distrib.Ition is: 

T = c sin ~y 

where: 

T = lateral shear pressure at a particular point, psi; 

c = maxLmum lateral pressure (50 psi for this case), psi; 

y = distance fran centerline of tire at which the lateral pressure is 

desired, inches; and 

R = adjusted radius of the tire print, inches. 

Two different lateral pressure distributions were developed since the 

radius changes slightly as the tire inflation pressure increases fram 75 

psi to 125 psi. 
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CHAPTER V 

srUDY RESULTS 

Several types of comparisons have been made using results from the 

ILLIPAVE computer runs. These comparisons include plots to show the 

effects of tire pressure on horizontal tensile strains in the surface: 

the effects of layer modulus and thickness on strains in the pavement: 

and the effects of layer modulus and thickness on the shear stresses in 

the base. Additional analyses include the evaluation of the effects of 

the tensile strains on predicted fatigue namage and the evaluation of the 

effects of the compressive strains on the permanent deformation of the 

pavement. Each analysis is presented separately in the following 

sections. 

Tire Pressure Effects 

The series of computer runs used in· this analysis is the same set 

described in the tire models and study parameters sections of this 

repor~. The Tie1king tire model, using inflation pressures of 75 and 125 

psi, is used to determine the effects of increased tire pressures on the 

tensile strains in the surface. Canparisons are also made between the 

tensile strains produced by using the Tie1king tire model and the uniform 

pr.essure model. 

To describe the effects of truck tire pressure on tensile strains at 

the bottom of the surface, Figures 7 and 8 have been prepared. Figure 7 

shows the change in tensile strain for a surface of varying thickness and 

with a modulus of 400 ksi on an eight-inch base with an increase in tire 

pressure from 75 psi to 125 psi. Figure ~ shows the same information for 

a surface with a modulus of 50 ksi. 

The increase in tire pressure produces increases in the strain 

ranging from 20 to 30 percent for the I-inch surface data in Figure 7 

with the 30 percent increase occurring for the weakest base layer. 

Notice that the effect of increased tire pressure decreases with 
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increasing surface thickness and that the relative strain increase for a 

4-inch surface is less than 10 percent. 

Figure 8 shows that at 75 psi inflation pressure a surface I-inch 

thick is in compression for the moderate and strong bases and that the 

tensile strain is low for the weak base. However, when the tire pressure 

increases to 125 psi, the I-inch surface still remains in compression for 

the moderate and strong bases but the tensile strain increases 30 percent 

for the weak base layer. In fact, for the low modulus base all the 

thicknesses experience strains near or in excess of 0.001 in./in., which 

Monismith says is the upper limit of linear behavior of these materials 

" ••• for strains exceeding 0.001 in./in., asphalt conCrete mixtures are 

non-linear, rate dependent materials with different properties in tension 

and compression" (14). 

The increases in strain for the 1.5-inch surface range from about 30 

to 55 percent for the strong to weak bases, indicating the significance 

of the effect of increasing tire pressures on surfaces having low moduli. 

Therefore, it is important to recognize that the advice often given, to 

make thin pavements flexible, must be conditioned by adding that the 

surface thickness should be limited to less than 1.5 inches and that the 

base should be moderate to strong. Also, very flexible asphalt concrete 

materials should not be used in combinations with weak granular bases 

because with increases in tire pressures these pavements will experience 

tensile strains well over 1000 micro-strain. 

For. the thick flexible surfaces the increase in tire pressure 

produces a smaller increase in tensile strain than for the thinner 

surface. But the increase in strain for the more flexible surfaces in 

Figure 8 is much larger than that experienced by the stiffer surfaces 

included in Figure 7. The l4-inch base will produce the same type of 

figures but with smaller magnitudes of tensile strain. 

To describe the effects of the truck tire pressure on tensile strains 

at the top of the surface, Figure 9 has been prepared. It shows the 

change in tensile strain for a surface of varying thickness and with a 

modulus of 400 ksi on an 8-inch base with an increase in tire pressure 

from 75 psi to 125 psi. 
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The increase in tire pressures produces a minimal amount of increase 

in the tensile strains at the top of the surface. The I-inch surface has 

strains that have increased, due to the higher pressures, by about 5 

percent for all three base moduli. The effects of increased tire 

pressures begin to decrease until there are no differences in strain for 

surfaces thicker than 2-inches. 

The shape of the curves and the magnitudes of tensile strain change 

for different values of surface modulus and base thickness. However, the 

tensile strains at the top of the surface area, in general, are 

considerably lower and do not change with increased tire pressure as much 

as the strains at the bottcm of the surface change. Therefore, tensile 

strains at the bot tan of the surface will usually govern the design of 

pavements because of their larger tensile strains and hiqher sensitivity 

to increased tire pressures. The 14-inch base will produce the same type 

of figure with sliqhtly larger magnitudes of tensile strain. 

To describe the effects of the truck tire pressure on compressive 

strain at the top of the subqrade, Figure 10 has been prepared. It shows 

the change in ccmpressive strain for a surface of varying thickness and 

with a modulus of 400 ksi on an 8-inch base with an increase in tire 

pressure fran 75 psi to 125 psi. 

The increase in tire pressures also produces a minimal amount of 

increase in the ccmpressive strains at the top of the subgrade. The 

I-inch to 1.5-inch surfaces have strains that have increased, due to the 

higher pressures, by less than 5 percent for all three base "moduli. The 

effects of increased tire pressures also begin to decrease until there 

are no differences in compressive strain for surfaces thicker than 

2-inches. There is a cross-over of lines in Figure 10 near the 4-inch 

surface; this cannot be readily explained, but the difference is only 

approximately 35 micro-strain and is within the range of inaccuracy of 

the canputer model. 

The shape of the curves and the magnitudes of compressive strain 

change for different values of surface modulus and base thickness. 

However, the ccmpressive strains at the top of the subgrade do not 

significantly change as a result of increased truck tire pressures. 
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To describe the effects of using the Tielking tire model instead of 

the uniform pressure model, three computer runs using uniform pressure of 

75 psi and three computer runs using a uniform pressure of 125 psi were 

made. Table 1 shows the tensile strain at the bottom of the surface and 

the corresponding ESAL produced by a uniform pressure distribution with 

no lateral pressures. The material properties that were used are shown at 

the bottom of Table 1. 

To give an indication of the magnitude of the differences between 

using the Tielking tire model instead of the uniform pressure model, 

Figure 11 has been prepared. It shows that the tensile strains at the 

bottom of the surface are increased by almost 100 percent for surface 

thicknesses less than two inches and that for the I-inch surface the 
, 

Tielking tire model has the same effect on increasing the tensile strain 

as does changinq the uniform pressure fran 75 psi to 125 psi. For 

surface thicknesses greater than two inches, the effects begin to 

decrease but not to the point where the strains are anywhere close to 

being the same value. These large discrepancies in strain may help to 

explain why, within pavements, the surfaces begin to crack before they 

are expected to begin fatigue cracking. 

FUrther discussion concerning the subject of tire inflation effects 

is given in the following sections. Numerous figures depicting the 

behavior of inflation pressures on strains in the pavement are present 

when discussions are made about the base modulus and thickness effects 

and the surface modulus and thickness effects. 

Layer Modulus and Thickness Effects 

To show the effects of surface modulus and thickness on strains for 

different base moduli and thicknesses with inflation pressures of 75 psi 

and 125 psi, a series of figures has been prepared. This analysis has 

been divided into three categories to evaluate the effects of surface 

modulus and thickness on: (1) the tensile strains at the bottom of the 

surface, (2) the tensile strains at the top of the surface, (3) the 

28 



Table 1 . Tensile strains at the bottom of A.C. surface and ESAL produced 
by a uniform pressure distribution. 

Tire Pressure Surface Thickness 
(psi) (inches) 

75 1.0 

75 2.0 

75 4.0 

125 1.0 

125 2.0 

125 4.0 

With the material-properties as follows: 

Surface 

Base 

ES = 400 ksi 

E = 8787 eO. 365 
B 

H = 8 11 

B 

ET Bottom 
(xlO-6in/in) 

140.1 

259.9 

195.7 

245.5 

355.9 

237.2 

.-

Subgrade ESG = As defined by Fi ~ure IV-2·..i 

where: e = bulk stress, psi. 

ESALB.S. 

447,800 

25,202 

94,447 

32,863 

5,831 

38,571 
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compressive strain at the top of the subgrade and (4) the shear stress 

at the top of the base. 

The tensile strains at the bottam of the surface at a distance of 0.5 

inches fram the centerline of the tire print have been tabulated. At the 

center of each finite element the stresses are given as output. Between 

the two elements, the stresses are linearly interpolated to the 0.5 inch 

values and the reSUlting strain calculated. The tensile strains at the 

top of the surface have been tabulated at the point where the maximum 

tensile strain occurs. That distance did not vary with base modulus but 

varied substantially as the surface modulus and thickness changed. As 

the surface modulus and thickness increases, the distance to maximum 

tensile strain at the top also increases. Appendix D shows the tensile 

strains at the top and bottom of the ·surface and the distance to maximum 

tensile strain at the top of the surface. 

The two primary distresses addressed in this analysis are fatigue and 

rutting. To evaluate the occurrence of these distresses, the tensile 

strain in the surface has been related to fatigue damage and the 

compressive strain at the top of the subgrade has been related to 

rutting. Permanent deformations that may occur in the surface layer 

itself will be evaluated in a subsequent report. 

Using the computer outputs from this analysis, six figures have been 

prepared for each evaluation. The figures consist of two groups, each 

group of 3 figures has a different base thickness, 8 inches and 14 

inches. Each group contains a figure for each of three different base 

moduli. The strain contours at the top of each figure are for a 75 psi 

tire inflation pressure and the bottom for a 125 psi tire inflation 

pressure. 

Tensile Strain at Bottom of Surface. Tensile strains are the most 

critical in determining expected fatigue damage. For these thin 

pavements, the tensile strains at the bottom of the surface are generally 

much higher than those at the top of the surface. 

To control the extent of fatigue damage, the tensile strains at the 

bottom of the surface must be kept fairly low, the exact level depending 

on the total traffic and the characteristics of the surface layer. Since 
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low strains are desirable, the first analysis of the tensile strain plots 

in Figure 12 through 17 involve identifying the low strain areas. For 

purposes of discussion, a strain level of 300 microinches/inch has been 

identified as a level below which reasonably adequate performance can be 

achieved for these thin pavement structures. Fatigue life is 

significantly reduced as strains exceed this level. The 300 

micro inches/inch strain level was determined by using a fatigue equation 

from the AASHO Road Test with typical traffic for these low volume roads 

to calculate the maximum strain that would be allowed to sUPpOrt this 

traffic. 

For the 8-inch base, strain levels below 300 microinches/inch occur 

in both the upper right and the lower left corners in Figures 12 and 13, 

but only in the upper right corner in Figure 14. These corners 

correspond to either areas of low surface modulus and thickness or high 

surface modulus and thickness. Notice that increasing the tire inflation 

pressure fran 75 to 125 psi causes higher strain contour levels to he 

edged between the areas of low strain level thereby canpressing them into 

opposite corners. In fact, the increased tire pressure for the weakest 

base condition, Figure 14, produces no strain level below 300 

micro inches/inch for the low surface modulus combinations. 

The tensile strain contours for the 14 inch base are shown in Figures 

15 through 17. Increasing the thickness reduces the strain slightly. 

Strain levels below 300 microinches/inch cover a slightly larger range of 

surface modulus and thickness Combinations than for the A-inch base hut 

the general trends are the same. 

Tensile Strain at the Top of the Surface. Tensile strains at the top 

of the surface are generally lower than those at the bottan. However, 

when the surface modulus is less than 100 pksi and the surface thickness 

is less than 1.5 inches, the maximum tensile strains at the top of the 

surface area are often larger than those at the bottan. The first 

analysis of the tensile strain at the top of the surface invovled 

identifying the low strain areas in Figure 18 through 23. 

For the 8-inch base (Figures 18 through 20), the strain levels exceed 

300 microinches/inch only in the lower left corner of Figure 20. Notice 
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that increasing the tire inflation pressure from 75 to 125 psi produces 

approximately the same strain at the top for all surface moduli equal to 

or greater than 100 ksi. Surface tensile strains for the 50 ksi surface 

modulus are higher for a 75 psi inflation pressure than for 125 psi. 

The surface tensile strain contours for the l4-inch base are shown in 

Figure 21 through 23. For the strong and moderate base conditions, the 

maximum surface tensile strains increase as the thickness of the base 

increases from 8 inches to 14 inches because of the layered system 

effect. The thicker layer having higher stiffness produce a stiffer 

pavement system that exhibits lower strains at the bottom and higher 

strains at the top of the surface layer. There are small regions in the 

bottom left corner of the plots where the strain is above 300 

micro inches/inch. For the weak base condition, Figure 23, the strain 

decreases as the base thickness increases. However, for the weak base 

condition, the strain levels below 300 microinches/inch still cover a 

larger range of surface modulus and thickness combinations. Notice that 

increasing the tire inflation pressure from 75 to 125 psi produces a 

decrease in surface tensile strain for all base moduli in Figure 21 

through 23. 

Vertical Compressive Strain at Top of Subqrade. Vertical compressive 

strains have been used in pavement design to indicate whether the total 

pavement structure above the subgrades is sufficiently thick to protect 

the subgrade from excessive vertical permanent deformation. Strain 

levels in the pavements with 8-inch flexible bases are generally much 

higher than strains for pavements using stabilized bases. Compressive 

strains of well over 1000 microinches/inch have been calculated in the 

suhgrade under the 8-inch base. Plots showing the effects of surface 

modulus and thickness in the compressive strain in the suhgradeare found 

in Pigures 24 through 29. 

For the 8-inch base, Figure 24 through 26, the vertical subgrade 

compresive strains stay relatively constant for high surface moduli and 

thicknesses but begin to increased in the region of low surface moduli 

and thicknesses. Notice that the compressive strains change very little 

as a result of changing the tire inflation pressures fram 75 to 125 psi. 
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For the 14-inch base, Figures 27 through 29, the compressive strains 

are considerably lower than those for the 8-inch base. This reduction is 

expected 1 however, the magnitude of the decrease significantly varies 

from one-half to one-third the compressive strains for the a-inch base. 

Again, the effect of change in inflation pressure on compressive strains 

is not significant. 

Shear Stress at Top of Base. 

obtained from the ILLIPAVE output. 

The maxlinUffi value of shear stress was 

This stress, along the vertical 

compressive stress at the top of the base, was used to determine if the 

base layer has adequate shearing resistance based on the triaxial 

classification used by the SDHPT (15). This data, presented in Appendix 

E, was then plotted to determine whether the state of stress predicted 

for the computer runs exceeded the range of values used to classify 

flexible base materials based on triaxial compression tests. 

The analysis showed that the magnitude of the shearing stress is not 

large when compared with the magnitude of the confining stresses1 this 

combination of stresses were plotted on an extrapolated triaxial chart. 

The points plotted in the region for class 4 and class 6 materials. 

Materials in these classes are not used for base materials; therefore, it 

is concluded that the base materials in this study are adequate in 

providing shearing resistance since these base materials are much higher 

up in the triaxial chart. 

These data show that the shear stress decreases with increasing base 

thickness but by only a small percentage. Also,'the tire inflation 

pressure does not have a significant effect on the shear stress. As the 

tire inflation pressure increases the shear stress also increases; but 

the base material adequately resist those stresses. 

Fatigue Damage Effects 

The transverse tensile strains that have been computed using ILLIPAVE 

at the top and bottom of the asphalt concrete surface are used to 

approximate the number of la-kip axle load applications until Class 2 

cracking occurs. Class 2 cracking is defined as cracking that has 
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prooressed to the point where cracks have connected together to forn a 

grid-type pattern (16). The pavement surface that has Class 2 cracking 

is assumed to have failed in fatigue. The cracks that exist still 

maintain same ?ggregate interlock and are so spaced that the surface 

layer is considered to retain same ability to support the load. 

The development essential to measuring the fatigue damage effects is 

a fatigue curve based on actual field observations of strain and the 

number of strain applications to failure. Twenty- seven of the AASHO 

sections that displayed cracking are considered to provide a valid data 

base for a fatigue cracking model (17). These sections cover a wide range 

of pavement thicknesses and a number of weighted l8-kip axle load 

applications prior to Class 2 cracking. The F~ report (17) used the 

computer program pavement model ELSYM5 to calculate the tensile strains 

for Class 2 crackinq to occur in the 27 AASHO test sections; however, for 

comparison and validity purposes the tensile strain at all 27 ~SRO test 

sections have been calculated again using ILLIPAVE. The strains 

calculated from ELSYM5 and ILLIPAVE for the 27 MSHO test sections that 

have been used to develop the fatigue curve are presented in Table 2. 

The modulus values that have been used for each layer are as follows: 

(17) 

Layer Modulus, I2si 
Surface 460,000 

Base 40,000 

Subbase 20,000 

Subgrade 5,000 

The input of ILLIPAVE consisted of these elastic moduli and a tire load 

as defined in Appendix A for a 10.00-20 bias ply truck tire inflated to 

75 psi. 

The traffic at first cracking at the top of the asphaltic surface is 

used in the development of the field fatigue curve and is calculated 

using equation 27 in the AASHO Report 5 (16) as follows: 
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Table 2. The 27 AASHO sections used for the fatigue curve development from ELSYM.5 and ILLIPAVE. 

Thickness of Weighted 18-kip Axle Load Strain Calculated Strain Calculated 
AASHO layers, inches Applications Prior From ELSYM5 From ILLIPAVE 

Section Number Surface Base Subbase to Class 2 Cracking * Micro-inches Micro-inches 

710 2 3 4 11 ,967 273 319 
717 1 3 4 3,837 367 251 
727 1 0 4 1,138 542 577 
755 1 6 0 3,560 366 218 
758 2 6 0 11 ,224 249 298 
111 2 6 8 68,856 235 285 
140 4 6 8 306,055 163 116 
145 4 3 0 32,896 241 217 
161 4 6 0 72 ,386 193 187 
575 4 3 12 ' 318,786 175 185 

U1 583 4 0 4 34,767 268 245 ..j:::o 

619 4 0 8 79,918 233 226 
625 4 6 13 664,098 157 174 
427 5 9 12 1,710,544 125 131 
439 5 3 4 164,943 174 149 
445 5 6 12 1,036,698 134 135 
473 4 6 4 154,246 174 179 
477 4 9 12 i984,141 148 107 
261 5 3 12 605,460 148 143 
297 6 3 8 ;616,817 135 113 
319 5 3. 8 1325,321 158 145 
333 6 9 16 4,555,401 104 103 
336 6 3 12 1 ,!091 ,658 127 111 
719 1 6 4 10,867 371 223 
156 3 6 8 '150,816 193 228 
325 6 6 8 1,i054,747 120 107 
260 5 6 8 :585,288 139 136 

* Cal cul ated usi ng the AASHO traffic equati on!. 



Log Wc = 5.484 + 7.275 Log (0.3301 + 0.1002 + 0.0803 + 1) + 2.947 

Log L2 - 3.136 Log (Ll + L2) 

where: 

Wc = nt~r of weighted axle applications sustained by the pavement 

before appearance of Class 2 cracking; 

DI,D2,03 = thicknesses of surfacing, base and subbase, in inches 

Ll = nominal axle load (e.g., for an 18-kip single axle load Ll = 
18); and 

L2 = 1 for single axle configuration and 

= 2 for tandem axle configuration. 

Since with the l8-kip equivalent axle loads are used to develop the 

field fatigue curve, the above equation is reduced to 

Log W18 = 1.474 + 7.215 Log (0.3301 + 0.lOD2 + 0.0803 + 1) 

W18 = number of weighted l8-kip axle load applications sustained by 

the pavement before the appearance of Class 2 cracking. 

The number of l8-kip axle load applications prior to Class 2 cracking 

are also tabulated in Table 2. These values are used along with the 

computed tensile strains from E~SYM5 and ILLIPAVE to qenerate two field 

fatigue curves. 

In generating the two field fatigue.curves, the strains listed in 

Table 2 are plotted with the corresponding weighted l8-kip axle load 

applications. Regression equations are then used to achieve the best fit 

line for the 27 sections investigated. The dashed line drawn in Figure 

30 represents the final field fatigue curve using the ELSYM5 generated 

strain values, and the solid line drawn in Figure 30 represents the final 

field fatigue curve using the strains calculated from ILLIPAVE. The 

regression equation generated using the ELSYM5 tensile strain is as 

follows: (17 ) 

W18 = 9.7255 x 10-15 ( ~ . ) 5.16267 
t 
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where: 

W18 = number of weighted l8-kip axle loads prior to Class 2 cracking; 

aoo 
= transverse tensile strain. 

The above regression equation has a standard error for residual of 

0.298 and an R2 term of 0.9294. 

The regression equation that is used in this report to represent the 

number of equivalent l8-kip axle loads prior to Class 2 cracking is the 

one that was generated using the ILLIPAVE computed tensile strains. That 

equation is as follows: 

where: 

W18 = number of weighted IS-kip axle loads prior to Class 2 cracking; 

and 

£t = transverse tensile strain. 

The above regression equation has a standard error of estllnate of 0.495 

and an R2 term of 0.7796. 

First to be discussed will be the fatigue effects due to the tensile 

strains at the bottom of the surface. As the base modulus becomes 

weaker, the fatigue effects become more pronounced; this is shown in 

Figures 31 through 33. Notice that for the weak base condition, Figure 

33, the number of applications until Class 2 cracking for all surface 

thickness and modulus combinations is well below the values for a low 

volume road. A low volume road is defined in the literature as having 

approximately 500 ADr. This would correspond to a road that has normal 

traffic and a life of the pavement of 5 years, an F.SAL of 20,000 load 

applications. This value or higher is shown only in the bottom left and 

upper right corners of the figures representing the ESAL for the strong 

and weak base condition. 

Comparisons of Figure 23 through 33 with Figure 34 through 36, 

indicate that with increased base thickness the number of load 
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applications until Class 2 cracking is decreased a small amount. 

Therefore, it is concluded that the base thickness has little effect of 

the fatigue life of these pavements. 

The surface modulus and thickness have a significant effect on the 

number of ESAL applications. As shown in Figures 31, 33, 34 and 35, the 

lower strains in the top right and lower left hand corners have ESAL 

values that are much greater than those in the middle along the diagonal 

from the upper left to the bottom right hand corner. Therefore, to 

increase the fatigue life of the pavement, the surfaces should be either 

kept flexible and stiff or strong and thick. 

The tire inflation pressure was a significant effect on the fatigue 

life, especially for surfaces that are less than or equal to 1.5 inches. 

Since the ESAL applications decrease dramatically in the lower left hand 

region, the tire inflation pressure has a significant effect on the 

fatigue life for these thin surface and weak modulus combinations. 

Next to be discussed will be the fatigue effects due to the tensile 

strains at the top of the surface. As !:\hown in Pigure 37 through 42, the 

base rrOOulus does not effect the ESAL applications as significantly as it 

did for the tensile strains at the bottom of the surface. However, with 

the strong base condition the ESAL applications over 1,000,000 cover a 

larger amount of surface thickness and modulus combinations than for the 

moderate and weak base conditions. This reqion of ESAL applications over 

1,000,000 occurs in the upper right hand corners of the figures. 

Comparisons of Figures 37 and 39 to Figures 40·through 42, indicate 

that with increased base thickness the number of load application until 

Class 2 cracking is increased slightly, with the layout increase 

occurring for the combinations of thin surfaces with low moduli. 

The surface modulus and thickness have the greatest effect on the 

number of ESAL applications when considering the tensile strain at the 

top of the surface. As shown in Figures 37 through 42, the lower ESAL 

applications occur in the bottom left hand corner, then begin to increase 

towards the upper right hand corner. Therefore, to increase the fatigue 

life of the pavement due to tensile strains at the top of the surface, 

the surfaces should be kept strong and thick. 
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The tire inflation pressure has a small effect on the fatigue caused 

by strains at the top of the surface. The ESAL applications are actually 

increased with increased tire pressure. But this increase is so small it 

can be attributed to modeling error, because the tensile strains at the 

top of the surface were calculated at distances away fran the centerline 

of the tire print where maximum strain occurred; this radius increases 

with increased tire inflation pressure. Therefore, it is expected that 

the tensile strains further away fran the centerline of the tire load are 

less than those closer to the tire load. 

Rutting Effects 

The calculation of the cumulative permanent deformations in pavement 

structures is a very complicated problem and is still the subject of much 

research. However, study has shown that protection of the subgrade can 

occur if the vertical compressive strains are kept below a critical level 

thereby preventing excessive rutting. The compressive strains at the top 

of the subgrade have been calculated using ILILPAVE and are used to 

estimate the number of 18-kip axle load applications until the pavement 

experiences excessive wheelpath rutting. 

Like the fatigue criteria, the vertical compressive strain criteria 

can be expressed by an equation relating the number of lA-kip load 

applications to the vertical compressive strain at the top of the 

subgrade with the coefficients being determined from analysis of in-situ 
. . . 

pavements. The coefficients vary substantially depending upon the design 

methodology from which the compressive strain criteria are determined. 

Three different compressive strain criteria were reviewed. 

To minimize surface rutting Santucci (18) at Chevron developed an 

equation from analyses of pavements designed by the California 

(Cal-trans) procedure (19): 
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where: 

W18 = number of weighted l8-kip axle loads prior to excessive rut 

depth: and 

EC = compressive micro-strain at the top of the subgrade. 

Also, Brown, Pell, and Stock (20) at the University of Nottingham 

developed a ccmpressive strain criteria based on analyses using the Great 

Britain Road Note 29 procedure: 

Shell engineers (21) used results from the AASHO Road Test to develop 

a compressive strain criteria equation: 

These three curves have been plotted in Figure 43. These curves show 

that the Chevron and Nottingham curves give more conservative values for 

the number of weighted l8-kip axle loads for a given compressive strain 

on the subgrade, than does the Shell curve. For example, using the 

Chevron and Nottingham curves, a compressive strain of 1000 

micro inches/inch would limit the number of weighted 18-kip axle loads to 

approximately 160,000 applications, while the Shell curve would limit the 

number to 600,000 applications. 

Since the tensile strain criteria section used data fram the AASHO 

Road Test, and since it is desirable to have consistency among the 

different parts of the analysis methodologies, the Shell compressive 

strain equation was selected for use in this analysis. 

The calculated vertical compressive strains at the top of the 

subgrade for all of the ILLIPAVE runs are listed in Appendix F. For each 

subgrade compressive strain, the BSAL calculated fram the Shell equation 

is also given. The compressive strain levels correspondinq to a range of 

l8-kip ESAL applications are given in Table 3. Data in this table can be 

used along with the strains in Figures 24 through 29 to determine the 
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Table 3. Compressive strains at the top of the subgrade for a range 

of numbers of equivalent standard 18-kip axle loads using 
W18 = 6.15 x 1017(~)4.0. 

c 

Vertical Compressive Strain 
on Subgrade (microinc~es/inch) 

592 

885 

1,053 

1,575 

1,872 

2,800 

3,330 

4,979 

ESAL 

5,000,000 

1,000,000 

500,000 

100,000 

50,000 

10,000 

5,000 

1,000 



c 

ESAL for a particular material property and pavement thickness 

combination. 

For the 8-inch base, Figures 24 through 26, the vertical subgrade 

strain ranges fram approximately 400 micro inches/inch in the upper right 

corners to a maximum of 2,500 micro inches/inch in Figure 26. Increasing 

the base thickness to 14 inches, Figure 27 through 29, significantly 

reduces vertical subgrade strains fram approximately 300 microinches/inch 

in the upper right corners to a maximum of 1,000 micro inches/inch in 

Figure 27. The decrease in compressive strain for all material 

combinations increases the rutting life of the pavement tremendously. As 

shown in Figure 24 and 26, the effect of base modulus on the compressive 

strains in the subgrade is not as significant as the influence of base 

thickness. For a 1-inch surface and all surface moduli on the weak base, 

Figure 26, the ESAL ranges fram approximately 30,000 to 80,000 

applications for the 8-inch base, but for the strong base condition the 

ESAL ranges from approximately 90,000 to 200,000 applications. The 

effects of base modulus are most siqnificant for thin surfaces and low 

modulus combinations and are minimal for surface thicknesses of 2 inches 

or more. Therefore, it can be concluded that the base thickness is the 

most important factor in controlling rutting in the subgrade. 

As noted previously, the tire inflation pressure has almost no effect 

on rutting when considering only the subgrade vertical compressive 

strain~ however, rutting in the surface layer due to the higher tire 

pressures is still under study; and results will be included in a later 

report. 

Combined Effects 

Fram the previous study of strain effects, conclusions can be made 

about each condition of strain at the bottom and top of the surface and 

subgrade. However, the effects of these individual strain conditions must 

be combined to gain an understanding of the behavior of the whole 

pavement structure. 
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Review of the tensile strains at the bottom of the surface, in 

Figures 12 through 17, indicates that adequately performing thin asphalt 

concrete pavements should have high modulus flexible bases and either low 

surface moduli and thicknesses or high surface rncxluli and thicknesses. The 

data show only a slight reduction in tensile strain at the bottom of the 

surface with increasing base thickness. Data in Figure 18 through 23 

show that the surface moduli should be kept low for thin surfaces to 

insure that the tensile strains at the top of the surface will be less 

than those at the bottom. Tensile strains at the top of the surface are 

higher than those at the bottcxn for 1.5 inch and 100 ksi surfaces at 75 

psi inflation pressure for both 8- and l4-inch strong and rncxlerately 

strong bases. The tensile strains at the top increase slightly for low 

surface thicknesses but do not increase as much as those at the bottom of 

the surface. For surface thickness greater than 1.5 inches and for all 

surface and base moduli the tensile strains at the bottom are greater 

than those at the top. 

While increasing base thickness from 8 to 14 inches does not 

significantly decrease the tensile strains in the surface, it does 

significantly reduce compressive strains at the top of the subgrade. The 

COmpressive strains for 8-inch bases under low surface modulus and 

thickness ccmbinations are high, these strains are greatly reduced by 

increasing the base thickness to 14 inches. The changes in inflation 

pressure have almost no effect on the~e compressive strains. . 

Table 4 has been prepared to tie these analyses together so that 

comparisons and trends can be more easily made. This table shows the 
.'. 

relationship of the surface moduli and thickness, and the base moduli and 

thickness on l8-kip ESAL predictions using tensile strains in the surface 

and compressive strains at the top of the subgrade. The effects of shear 

stress in the base is not included because those effects are negligible 

for the base conditions of this study. 

The general classes of performance were chosen to reflect service 

levels in terms of l8-kip RSALs for each of the 3 limiting criteria: 

tensile strains at top and bottom of the surface and compressive strains 

at the top of the subgrade. In Table 4 a highway able to withstand 
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Table 4. ESAL Applications Based on Different Lilniting Criteria. 

SURFACE PROPERTIES 

4 inches 2 inches 1 inch 

800 400 50 800 400 50 800 400 50 

* 1 A L L L L L L L L 
:::..:: 
c:( 2 H H L H A L A L L lJ.J 
3 

z: 3 H H A H A L A L L 
s: 
~ 1 A L L L L L L L C V) I.J... 

lJ.J I.J... ...... ...... 
2 H H H ~ ~ H H L H H L 

0::: V) 
lJ.J 
c.. 3 H H H H A A A A A 0 
0::: 
c.. 

lJ.J 1 A L L L L L L L L 
V) 
c:( :::..:: 

2 co c:( H °H H H A L A L L 
lJ.J 
3 

3 :::..:: H H H H H H H H A 
u~~ 

....... 
1 A L L L L L L L C :::I: I.J... 

~ I.J... ...... 
2 ~ H H H H H L H H L 

V) 

3 H H H H H H H H H 

* Lilniting Criteria are based on: (1) Tensile Strain at Bottom of Surface 

(2) Tensile Strain at Top of Surface 

(3) Coopressive Strain at Top of Subgrade 

ESAL Letter Designation 

500,000 and up - H 
50,000 to 500,000 - A 
o to 50,000 - L 
Surface in COmpression - C 

Tire Inflation 
Pressure = 75 psi 



500,000 or more PBALs for a particular lilniting criteria is assumed to 

provide a high (H) level of performance; between 50,000 to 500,000 ESALs 

the performance is adequate (A); below 50 ,000 ESALs the performance is 

low (L); the letter C indicates that the surface is in campression. The 

adequate level of ESALs was considered to be a typical level of traffic 

served for low volume roads over a 10 year period • .Also, this table is 

based on the ESAL applications produced at an inflation pressure of 75 

psi; however, a change of inflation pressure to 125 psi does not affect 

the letter designations. 

For a roadway to serve adequately, all three limiting criteria must 

have an A or H for a material ccrobinations. For adequate service, only 

one material combination works: a 4-inch surface thickness with a modulus 

of 800 ksi over any base thickness or moduli. However, a second 

combination will probably work fairly well especially if the effects of 

cracking that indicate at the surface can be controlled with minor 

maintenance. This second combination consists of a I-inch surface with a 

modulus of 50 ksi on an 8-inch stiff base. Only these 2 combinations 

offer the material for providing adequate resistance to fatigue cracking 

and rutting. 

The following general trends can be noted for review of Table 5: (1) 

the tensile strains at the bottom of the surface will almost always 

control the nwnber of ESAL applications for surfaces other than those 

which are stiff and thick or weak and thin, (2) the tensile strains at 

the top of the surface will usually control for surfaces with very low 

moduli, (3) the compressive strains at the top of the subgrade will 

usually control the design for a thin, weak surface above a thin, weak 

base, and (4) surface thicknesses between 1.5 and 3 inches should 

generally be avoided since no material cambination provides adequate 

service for the limiting criteria asst.rrned in this report. 
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CHAPTER VI 

• 
CONCLUSICNS 

The study and evaluation of the presented data lead to the following 

general conclusions: 

TIRE OODEL EFFECTS 

1. The differences between stresses and strains calculated using the 

Tielking tire model and the unifoDn pressure model are very 

significant. For the Tielking tire model, the tensile strains at the 

bottom of the surface are almost 100 percent higher than those for 

the uniform pressure model for surfaces less than two inches thick; 

for I-inch surfaces, the increase in strain is about the same 

magnitude as that produced by increasing the uniform pressure fram 75 

to 125 psi. 

2. These large increases in strain produced using the Tielking tire 

model may help to explain why thin pavements crack in service before 

the strains calculated from the uniform pressure models indicate that 

fatigue cracking should begin. 

Recause the Tielking tire model produces tire contact pressure 

distributions that correspond closely to laboratory measured pressure 
. . 

distributors, that model was used to produce the data included in the 

remainder of this study. The f.ollowing conclusions were based on outputs 

generated using Tielking tire pr~ssure distributions and a set of surface 

and base combinations typical of Texas farm-to-market pavements: 

TIRE PRESSURE EFFECTS 

1. The effects of increased tire pressures on tensile strains at the 

bottom of the surface are greater for low modulus surfaces less than 

1.5 inches on low modulus bases. Generally these tensile strains are 
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high enough to produce significant fatigue cracking problems 

especially for pavement surface thicknesses ranging fran 1.5 to 3 
inches. 

2. The effects of increased tire pressures on tensile strains at the top 

of the surface are minimal, especi~lly for high modulus, thick 

surfaces on high modulus bases. 

3. The effects of increased tire pressures on canpressive strains at the 

top of the subgrade are also minimal, especially for pavements with 
thick bases. 

SURFACE EFFECTS 

Surface thicknesses between 1.5 and 3 inches should probably be 

avoided since no material combinations investigated provided ad~late 

service baSed on the limiting criteria included in this rep:>rt. 

BASE EFFECTS 

1. Thicker base layers having high stiffness produce a stiffer pavement 

system that exhibits lower strains at the bottom of the surface 

layer. Changes in the base modulus significantly affect the number of 

ESAL applications calculated fran. tensile strains at the bottan of 

the surface. In fact if thin surfaces are used, the bottom flexible 

base moduli should be as high as possible. 

2. A 14-inch base produces considerably lower compressive strains at the 

top of the subgrade than those produced by an 8-inch base. This 

reduction is significant, varying fran one-half to one-third the 

compressive strains for the 8-inch base. 

COMBINED EFFECTS 

The results of this study indicate that to provide adequate service, 

the pavement structure shoulO consist of a surface that is either 
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flexible and thin on a stiff, thick base, or a surface that is stiff and 

thick on any of the bases investigated. 
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aJAPTER VII 

REcbMMENmTIOOS 

Based on the analyses conducted in this study, the following 

recommendations are made: 

1. A detailed analysis of the permanent deformations in the pavement 

surface should be conducted to determine the effects of the increased 

tire pressures on rutting of these pavements. 

2. A. small set of computer runs should be made using a three

dimensional finite element pavement program to determine if there are 

significant differences between the stresses and strains obtained using 

the circular tire print required in ILLIPAVE and the actual tir.e contact 

shape and pressures developed with the Tielking tire model. 

3. The fatigue and ruttin~equations used to approximate the number 

of equivalent standard axle loads should be developed using performance 

data for thin flexible highways in Texas. 
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APPENDIX A. DEVIATIOO OF THE UZAND UR NOmL FORCE VALUES. 

UZ Nodal Forces: 

1. 10.00-20 bias ply truck tire with an inflation pressure of 75 

psi. The stresses are obtained fran the Tielk.ing (4) tire model 

program and then plotted. The pressures are taken along the axis 

perpendicular to the direction of travel at the center of the tire 

print ann are assumed to vary linearly between nodes • 

..... 
en 
0.. 

o 
o 

0.7025 1.4212 2.1218 2.8213 
Radial Distance from t of Tire, inches 

The. stresses are then broken down into equal incremental size and 

uniform pressures within each increment. The pressure at each new 

equal increment node is calculated using the assumption that the 

pressure varies linearly between nodes. The average value between 

the two equal increment nodes is the uniform contact pressure for 

that increment. 
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QJ 
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~QJ 
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:::so.. .,.., 
"0 ~ ..:cu 

n:s 
~ 
c: 
o 
u 

o 
86.3 142.4 157.9 120.7 44.1 

0.55 1.10 1.65 2.20 2.75 
Radi~l Distance from ~ of Tire, inches 

The total radial distance is now adjusted such that the total load 

from Tielking's elliptical tire print (4) equals to the total tire 

load of a circular tire print. This is done by a computer program 

that approximates the radius needed to maintain the desired load, 

4500 pounds in this case, with the uniform pressures remaining the 

same between the nodes. This is explained in qreater detail in 

Appendix B • 

.... 
V) 

a. 

Node No. 
o 

86.3 142.4 

0.752 
2 

157.9 

1.504 

3 

120.7 

2.256 
4 

3.008 

5 

44.1 

Radia 1 Di stance from ~ of Ti re, inches 
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3.760 
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Pappas' Theorem is now utilized do produce the HZ nodal force 

values. The program ADJRAD canputes the UZ values; the actual UZ 

values calculated below may vary a small amount due to round-off • 

. ,... 
VI 
0.. 

.. 
0,) 
~ 
::s 

"0 VI 
0,) VI 
+.10,) 
VI~ 
::s a.. .,.., 
"0 +.I ccu 

10 
+.I 
C 
o 
u 

o 
Node No. 1 

0.752 

2 

1.504 

3 

2.256 

4 

3.008 

5 

3.760 

6 

Radi a 1 Oi stance from t of Tire, inches 

UZ( 2) = [(1/2)(0.752)(86.3)(2/3)(2/3)(0.752) + 
(1/2)(0.752)(142.4)[(0.752) + (1/2)(0.752)1] =>70.12 

UZ( 3) = [(1/2)(0.752)(142.4)[(2/3)(0.752) + (0.752)1 + 
(1/2)(0.752)(157.9)[(1.504) + (1/3)(0.752)]1 = 171.68 

UZ(4) = [(1.2)(0.752)(157.9)[(2/3)(0.752) + (1.504)] + 
(1.2)(0.752)(120.7)[(2.256) + (1/3)(0.752)]1 = 233.36 

UZ(5) = [(1/2)(0.752)(120.7)[(2/3)(0.752) + (2.256)] + 
(1/2)(0.752)(44.1)[(3.008) + (1/3)(0.752)1] = 179.59 

UZ(6) = [(1/2)(0.752)(44.1)[(2/3)(0.752) + (3.00R) 11 = 58.33 
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233.36 
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Radial Distance fonn t of Tire, inches 

58.33 

3.760 
6 

2. 10.0-20 bias ply truck tire with an inflation pressure of 125 

psi. The procedure for calculating the UZ nodal force values is 

exactly the same as for the 10.00-20 bias ply truck t,ire with an 

inflation pressure of 75 psi. Therefore, only the graphical and 

numerical presentation will be shown. 
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131 .0 199.6 187.5 77 .6 

Al 
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Radial Distance from ~ of Tire, inches 

A2 
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A3 A3 

1 .606 
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3.210 
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Radial Distance from ~ of Tire, inches 
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UZ(l) = [(1/2)(0..80.3)(131.0.)(1/3)(0..80.3)] = 14.0.9 

UZ(2) = [(1/2) (o..8o.3)(131.0)(2/3) (0..80.3) + 
(l/2}(o..803) (199.6)[(0..80.3) + (1 •. 3)(o..803}1) = 114.0.2 

UZ(3} = [(1/2)(0..80.3)(199.6) [(2/3)(O.8o.3) + (0..80.3)] + 
(1/2) (0..80.3) (187.5)[ (1.60.6) + (1/3 )(0.. 8o.3)]] = 248.44 

UZ(4} = [(/2}(D.8o.3)(187.5) [(2/3)(0.80.3) + (1.6o.6)] + 
(1.2)(0.803) (77.6) [(2.40.9) + (1/3)(o..8o.3)]] = 244.73 

UZ(5) = [(1/2)(0..80.3)(77.6)[(2/3)(0..80.3) + (2.409)1] = 91.79 
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UR Nodal Forces: 

1. 10.00-10 bias ply truck tire with an Inflation pressure of 75 

psi. Fram consultation with Dr. J. T. Tie1king, it was 

recanmended to IOC>del the lateral shear pressure distribution as 

a sine curve distribution. The sine curve equation is a 

function of the total radius, R, and a specified maximzn 

lateral shear pressure, c. 

.,... 
(/) 

c. 
.. 

QJ 
s
:::J 
(/) 
(/) 
QJ 
s
o.. 

T = c sin '!!1 y R 

The pressures are calculated at the same nodal distance as 

those used as the adjusted nodal distances for the 10.00-20 

bias ply truck tire with an inflation pressure of 75 psi. The 

maximum value of lateral shear pressure is 50 psi. 

T 0.752 T3. OO8 = 50 sin 1T(0.752} = 29.39 = 3.76 

T 1.504 T2.256 = 50 . 1T ( 1. 504 } = 47.55 = Sln 3.76 

29.39 

o 0.752 1 .504 2.256 3.008 3.760 

Radial Di~tance from ~ of Tire, inches 
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38.47 47.55 38.47 

0.752 1.504 2.256 3.008 3.760 

Radial Distance From ~ of Tire, inches. 

Since the uniform pressures within the increments will not give the 

same total lateral load as the sine curve distriootion, ,the total 

amount of lateral load of the sine curve pressure distribution is 

calculated using Pappa's Theorem. This value is considered to be 

the true lateral load. 

True load = e.76) p.76 21f -2- 0 50 sin i':r-6 dy 

True load = 2.(Y6)[ 50!3.76) cos &13.76J 
.76 0 

True load = 2 .e /6) [50(;.76) (cos .- cos 0)] 

True load = 2.(3;/6) [50(3.~6)(2)J 

True load = 1413.761bs. 
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The total load that is produced by using the uniform pressure is 

compared with the true load. Since these two total loads are 

seldom equal, an adjustment is made to the individual pressure 

within each increment. The adjustment equals to the true load 

divided by the load produced with uniform pressures. A new and 

adjusted pressure within each increment is now obtained by 

multiplying the adjustment value by each uniform pressure. This is 

explained in greater detail in Appendix c. 
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Adjustment = 1413.76/1367.22 

Adjustment = 1.034 
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15.19 39.79 49.18 39.79 15.19 

·0 0.752 1.504 2.256 3.008 3.760 

Radi a 1 Di stance From <l of Ii re, i fiches .. 

Pappas' Theorem is utilized again to calculate the UR nodal force 

values from the adjusted uniform pressures. The program PAVELD 

computes the DR values with more digits, therefore the actual DR 

values may vary a small amount due to round-off. 
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UR(J.) is designed as a displacement in ILLIPAVE instead of a force, 

so since this force is small it will be set equal to zero. 

UR(2) = [(1/2)(0.752)(15.19)(2/3)(0.752) + 

UR(3) 

UR94) 

UR(5) 

UR(6) 

= 

= 

= 

= 
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ell 

..Q ,... 
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ell 
(1.1 
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s
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lL. 

(1/2)(0.752)(39.79) [(1/3){0.752) + (0.752)]] = 17.87 

[(1/2)(0.752)(39.79) (2/3)().752) + 

(1/2)(0.752)(49.18)[{1/3){0.752) + (1.504)1] = 51.20 
[(1/2){0.752)(49.1A) [(2/3)(0.752) + 1.504)1 + 

(1/2){0.752){39.79) [(1/3){0.752) + (2.256)]] = 74.59 
[(1/2)(0.752)(39.79)r(2/3)(0.752) + (2.256)] + 

(1/2)(0.752)(15.19)[{1/3){0.752) + (3.008)]] = 59.87 
[(1/2)(0.752)(15.19)[(2/3)(0.752) + (3.008)lJ = 20.05 

74.59 
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2. 10.00-20 bias ply truck tire with an inflation pressure of 125 

psi. The procedure for ca1culatinq the UR nodal force values is 

the same as for the 10.00-20 bias ply truck tire with an inflation 

pressure of 75 psi. Therefore, only the graphical and numerical 

presentation will be shown • 
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UR(1)=O 

UR(2) = rO/2)(0.803)(18.60) (2/3)(0.803) + 

(1/2)(0.803)(45.00)[(1/3)(0.803) + (0.803)1] = 23.33 

OR(3) = [(1/2)(0.803)(45.00) [(2/3)(0.803) + (0.803)J + 

(1/2)(0.803)(45.00)[(1/3)(0.803) + (1.606)]] = 57.99 

OR(4) = [(1/2)(0.803)(45.00)[(2/3)(0.803) + (0.803)] + 

(1/2)(0.803)(18.60)[(1/3)(0.803) + (2.409)1] = 58.67 

OR(5) = [(1/2)(0.803)(18.60)[(2/3)(0.803) + (2.409)]1 = 22.01 

..... 
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APPENDIX B. EXPtANATICN AND USE OF AmMD. 

The Tielking (8) tire model gives output for an elliptical tire 

print. Because ILLIPAVE can only accept a circular tire print, an 

adjustment will almost always need to be made to insure that the 

total vertical load remains constant. This can be accomplished in 

two different ways: the first is to keep the pressures constant 

within each increment and adjust the increment widths; the second 

is to adjust the pressures within each increment and keep the 

increment widths the same. The programl\nJRAD uses the first 

method and the program PAVELD uses the second method. 

The values needed for input in ADJRAD are the total radius of 

the cicular load, the total plate load, the number of strip loads 

increments, and their corresponding pressure values. The program 

ADJRAD adjusts the increment widths as follows: the total plate 

load, TPL, is divided by the plate load, PL. (See line 120 of the 

program listing for the derivation of PL.). This quotient gives an 

indication of the adjustment, ADJ, needed in the increment size, 

DR, to make the total load of the circular tire print equal to the 

total load of the elliptical tire print. The width of each 

increment, DR, is adjusted as a function of the adjustment, ADJ, as 

shown on lines 160 and 170 of the program listing. When the 

adjustment is between 0.99 and 1.01, the increment width will not 

change significantly; therefore, at this point,the UZ values are 

calculated using the new adjusted increment widths. The output 

consists of a list of the uz nodal force values at the new nodal 

radii fran the center of the tireprint. Also, the new plate load 

and adjustment are given as output. 
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AOJRAO 

10 DIM Y(30) 
20 INPUT"INPUT THE RAOIUS";RAO 
30 INPUT"INPUT THE TOTAL PLATE LOAO",TPL 
40 INPUT"INPUT THE NUMBER OF STRIP LOAOS";NLDS 
50 DR=RAD/NLDS 
60 TRY=O 
70 PL=O 
80 DR1=0 
90 FOR 1=1 TO NLDS 
100 IF TRY <> 0 THEN GOTO 120 
110 PRINT"INPUT Y(";I;")":INPUT Y(I) 
120 PL=PL+2*3.14159*Y(I)*(OR1+(DR/2»*DR 
130 DR1=DRl+DR 
140 NEXT I 
150 ADJ=TPL/PL 
160 IF AOJ > 1.01 THEN DR=DR+ADJ/10 
170 IF ADJ <.99 THEN DR=DR-ADJ/10 
180 IF ADJ <= 1.01 AND ADJ => .99 THEN GOTO 240 
200 TRY=TRY + 1 
210 IF TRY=50 THEN PRINT"START WITH ANOTHER RADIUS.ADJ =";ADJ 
220 IF TRY=50 THEN GOTO 440 
230 GOTO 70 
240 FOR J=l TO NLDS 
250 PRINT"Y{";J;") =";Y(J) 
260 NEXT J 
270 PRINT 
280 DR1=0 
290 SUM=O 
300 NUZ=NLDS+1 
310 FOR K=l TO NUZ 
320 IF K=l THEN GOTO 370 
330 IF K=NUZ THEN GOTO 380 
340 UZ{K)=Y{K-l)*(DR/2)*(DR1-(DR/3» 
350 UZ{K)=UZ(K)+Y(K)*(DR/2)*{DR1+(DR/3) 
360 GOTO 390 
370 UZ(K)=Y(K)*{OR/2)*{OR/3) 
380 IF K=NUZ THEN UZ(K)=Y(K-l)*{OR/2)*{DR1-{DR/3» 
390 DR1=OR1+DR 
400 SUM=SUM+2*3.14159*UZ(K) 
410 PRINT"X ='IIDRI-DR,"UZ{";K;II)II;UZ(K) 
420 NEXT K 
430 PRINT:PRINTIITHE NEW PLATE LOAD =II;SUM,IIAOJ =II;ADJ 
440 END 
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APPENDIX C" EXPIANATICN AND USE OF PAVELD. 

As was explained in Appendix B, the Tielkinq (8) tire model 

gives output for an'elliptical tire print, but ILLPAVE can only' 

accept a circular tire print. These two tire loads are almost 

always going to be different; therefore, an adjustment must be made 

in the pressure values or in the total radius. ADJRADmakes 

adjustments to the total radius by changing the increment widths. 

PAVELD makes adjustments in the magnitude of the pressure while 

leaving the increment widths constant. 

The values needed for input in PAVELD are the same as ADJRAD: 

the radius of the circular load; the total plate load; and the 

number of strip loads with their corresponding pressure values. 

The program PAVELD adjusts the pressures within the increments as 

follows: the total plate load, TPL, is divided by the plate load, 

PL. (See line 100 of the program listing of the derivation of PL.) 

This quotient is the adjustment, ADJ, that each of the pressure 

values, Y(I), must be multiplied by to make the total load of the 

circular tire print, equal to the total load of the elliptical tire 

print. The output consists of a list of the adjusted pressure 

values, Y(I),' and the UR nodal force values at their corresponding 

radii from the center of the tire print. 
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PAVELD 

10 DIM Y(30) 
20 INPUr'INPUT THE RADIUS" ;RAD 
30 INPUr'INPUT tHE TOTAL PLATE LOAD" ;TPL 
40 INPUT"INPUT THE NUMBER OF STRIP LOADS";NlDS 
50 DR=RAD/NLDS 
60 PL=O 
70 DR1=0 
80 FOR 1=1 TO NLOS 
90 PRINT"INPUT Y(";I;")":INPUT Y(l) 
100 PL = PL+2*3.14159*Y(I)*{DR1+(DR/2)*DR 
110 DRl=DRl+DR 
120 NEXT I 
130 ADJ=TPL/PL 
140 PRINT"ADJUSTED Y VALUES" 
150 FOR J=l TO NLDS 
160 Y(J)=ADJ*(J) 
170 PRINT"Y(";J;") = ";Y(J) 
180 NEXT J 
190 PRINT 
200 DRl=O 
210 SUM=O 
220 NUZ=NlDS+l 
230 FOR K=l TO NUZ 
240 IF K=1 THEN GO TO 290 
250 IF K=NUZ THEN GOTO 300 
260 UR(K)=Y(K-l)*(DR/2)*{DRl-DR/3» 
270 UR(K)=UR(K)+Y(K)*(DR/2)*(DR1+(DR/3) 
280 UR(K)=Y(K)*(DR/2)*(DR/3) 
300 IF K=NUZ THEN UR(K)=Y(K-l)*(DR/2)*(DRl-(DR/3» 
310 DRl=DR1+DR 
320 SUM=SUM+2*3.14159*UZ{K) 
330 PRINT"X =";DRI-DR,"URC';K;")";UR(K) 
'340 NEXT K ' 
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APPENDIX D. TENSILE STRAIN AND ESAL Dl\TA AT THE TOP AND BOl"I'Q\1 OF 

THE ASPHALT CCNCRETE SURFACE. 

The tables presented in this appendix have lines separating the 

sections of the three base moduli used. The top section uses the 

base modulus expression EB = 8787 80•365 ; the middle section uses 

the base modulus expression EB = 70008 0•325 ; and the botton 

section uses the base rrodulus expression EB = 4886 8 0.239. 

The 18-kip Equivalent Single Axle Loads (ESAL) are calculated 

using the expression defined in Chapter V. The ESALs are 

calculated as a function of the tensile strains in the surface by 

the equation: 

W
18 

- 5.0957 x 10-13 (~t) 4.65644. 

The tensile strains at the bottom of the surface are tabulated for 

strain values at 0.5 inches from the centerline of the tire load. 

The tensi~e strains at the top of the surface are tabulated at 

distances fram the centerline of the load where maximum strain 

occurs; these radii are also presented. The dashed lines indicate 

that the material is in compression; in these cases, ESAL 

computations are not applicable. 
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Surface Thickness = 1 inch Tire Inflation Pressure = 75 psi 
Base Thickness .= 8 inches 

Surface Base £T Bottom of A.C. ESALB.S. Rad. at Max. £T Top of A.C. ESALT.S. 
Modulus Modulus (xlO-6in/in) £Top (inches) (xlO-6i n/i n) 

(ksi) (ksi) 

50 73.0 3.38 326.6 8,699 

100 69.5 4.45 145.9 370,724 

200 65.7 88.3 3,842,329 5.82 119.4 942,753 

400 61.9 245:4 32,926 5.82 98 .. 1 2,353,730 ..... 
0 800 57.7 286.9 15,906 5.82 76.6 7,448,102 Q) 

50 44.8 3.38 387.2 3,938 

100 42.8 46.7 74,605,347 4.45 229.5 44,978 

200 40.7 285.4 16,299 5.82 184.6 123,9.27 

400 38.5 406.7 3,133 5.82 146.4 364,865 

800 36.0 422.3 2,629 5.82 107.1 1,564,051 

50 18.4 258.6 25,798 3.38 649.2 355 

100 17.7 679.6 287 4.45 464.7 1 ,684 

200 17.0 S61.9 95 5.82 353.ff 5,994 

400 16.3 840.6 107 5.82 255.9 27,090 

800 15.3 700.2 250 7.19 171 .9 172,749 



Surface Thickness = 1.5 inches Tire Inflation Pressure = 75 psi 
Base Thickness = 8 inches 

Surface Base £T Bottom of A.C. ESALB.S. Rad. at Max. £T Top of A.C. ESALT.S. 

Modulus Modulus (xl0-6in/in) (inches) (xl0-6in/in) 
(ksi) (ksi) £Top 

50 66.0 45.6 83,363,000 3.38 280.2 17,756 

100 61.9 220.4 54,302 5.82 135.2 528,541 

200 57.8 333.0 7,948 7.19 112.8 1,228,541 

400 54.3 365.5 5,151 7.19 91.9 3,189,943 
--' 
a 800 49.5 333.1 7,936 8.57 68.4 12,618,717 
'-J 

50 40.7 265.3 22,901 3.38 320.6 9,483 

100 38.4 456.9 1,822 5.82 218.4 56,657 

200 36.2 538.8 846 5.82 168.8 188,026 

400 33.8 512.8 1,064 7.19 126.9 709,906 

800 30.7 422.8 2,615 8.57 88.2 3,862,657 

50 17.0 1021 .0 43 5.82 555.1 736 

100 16.2 1112.2. 29 5.82 420.5 2,682 

200 15.4 1015.8 44 5.82 290.0 15,130 

400 14.4 805.2 130 7.19 197.4 90,719 

800 13.4 575.4 623 5.82 87.8 3,945,284 



Surface Thickness = 2 inches Tire Inflation Pressure ,= 75 psi 
Base Thickness = 8 in~hes 

Surface Base £T Bottom of A.C. ESALB.S. Rad. at Max. £T Top of A.C. ESALT.S. 
Modulus Modulus (xlO-6in/in) £Top (inches) (xlO-6in/in) (ksi) (ksi) 

50 59.6 322.6 9,213 3.38 232.2 42,594 
100 56.7 400.0 3,385 7.19 126.5 720,419 
200 53.1 426.0 2,524 8.57 103.6 1,825,753 
400 48.4 388.1 3,896 8.57 78.7 6,566,762 ..... 

0 800 42.8 309.7 11,141 11. 31 56.4 30,982,594 co 

50 37.4 580.8 596 5.82 240.0 36,520 
100 35.6 630.8 406 7.19 189.5 109,722 
200 33.2 598.7 5-18 7.19 144.5 387,747 
400 30.2 494.8 1 ,257 8.57 102.3 1,936,326 
800 26.8 365.1 5,178 11 .31 68.6 12,448,321 

50 16.1 1311 .. 1 13 5.82 475.0 1,520 
100 15.3 1185.8 21 7.19 337.1 7,507 
200 14.3 948.0 61 7.19 228.3 46,090 
400 13.1 681.5 283 8.57 , 145.8 371 ,909 
800 12.0 452.0 1916 11. 31 90.0 3,515,854 



Surface Thickness = 4 inches Tire Inflation Pressure = 75 psi 

Base Thickness = 8 inches 

Surface Base ET Bottom of A.C. ESALB.S. Rad. at Max. ET Top of A.C. ESALT.S. 
Modulus Modulus (xlO-6in/in) (inches) (xlO-6in/in) 

(ksi) (ksi) 
ETop 

50 46.7 588.7 560 11 .31 106.3 1,619,621 

100 42.6 480.6 1,440 11 .31 83.7 4,929,333 

200 37.6 370.2 4,854 21 .75 66.3 14,590,675 

--' 400 32.1 258.5 25,844 21.75 55.2 34,245,937 
0 
lO 800 26.5 164.9 209,647 21.75 41.1 135,234,107 

50 29.8 762.9 167 9.94 141 .5 427,539 

100 27.1 596.7 526 11 .31 106.6 1,598,505 

200 24.0 431.0 2,391 15.25 72.0 9,937,715 

400 20.7 287.7 15; 701 21.75 61.0 21,506,146 

800 17.5 175.2 158,111 21.75 43.5 103,828,585 

50 13.3 1136.9 26 9.94 226.6 47,722 

100 12.2 805.1 130 11 .31 151 .5 311 ,088 

200 11.0 528.9 922 15.25 89.7 3,570,944 

400 9.9 323.4 9,107 21.75 68.3 12,704,978 

800 8.8 188.5 112,459 23 . .92 47.9 66,292,188 



Surface Thickness = 1 inch Ti re Inflation Pressure = 125 ps; 
Base Thickness = 8 inch 

Surface Base £T Bottom of A.C. . ESALB.S. Rad. at Max . £T Top of A.C. ESALT.S. 
Modulus Modulus (xl0-6in/in) .£Top (inches) (xlO-6in/in) (ksi) (ksi) 

50 75.5 3.84 160.8 232,725 
100 72.1 5.09 135.2 528,541 
200 68.2 240.7 36,028 5.09 122.7 830,356 
400 64.0 349.6 

-' 
6,337 5.09 103.1 1,867,350 

-' 800 0 60.0 376.0 4,515 6.35 81.3 5,644,453 

50 46.2 3.84 275.8 19,114 
100 44.2 295.6 13,841 5.09 235.6 39,806 
200 42.0 488.9 1 ,329 5.09 198.9 87,577 
400 39.5 561 .1 700 5.09 156.4 268,233 
800 37.0 528.9 922 6.35 115.5 1,100,410 

50 18.8 797.6 136 3.84 638.5 384 
100 18.1 11 03.7 30 5.09 514.8 1,045 
200 17.4 1183.8 22 5.09 394.3 3,618 
400 16.5 1058.9 36 5.09 273.9 19,740 
800 15.5 836.6 109 6.35 185.9 119,972 



Surface Thickness = 1.5 inches Tire Inflation Pressure = 125 ps i 
Base Thickness = 8 inches 

Surface Base £T Bottom of A.C. ESALB.S. Rad. at Max. £T Top of A.C. ESALT.S. 
Modulus Modulus (xl0-6in/in) £Top (inches) (xl0-6in/in) 

(ksi) (ksi) 

50 67.6 270.7 20,850 3.84 134.4 543,351 

100 63.6 390.0 3,808 6.35 126.7 . 715,139 

200 60.7 457.7 1,807 6.35 113.6 1,188,770 

400 56.5 454.6 1,865 6.35 92.3 3,126,080 
--' 
--' 800 51.1 --' 392.8 3,683 7.60 69.4 11 ,794,077 

50 41.6 556.3 728 5.09 251.7 29,260 

100 39.8 672.3 302 5.09 213.0 63,663 

200 37.7 690.8 266 6.35 174.0 163,253 

400 34.9 618.2 446 7.60 127.7 689,433 

800 31.5 488.8 1,331 7.60 90.1 3,497,721 

50 17.4 1478.8 8 5.09 579.1 604 

100 16.7 1433.9 9 5.09 431.2 2,386 

200 15.8 .1231.0 18 6.35 308.2 11,396 

400 14.7 938.8 64 7.90 202.4 80,745 

800 13.5 653.6 344 8.86 125.1 758,737 



Surface Thickness = 2 inches Tire Inflation Pressure = 125 psi 
Base Thickness = 8 inches 

Surface Base cT Bottom of A.C. ESALB•S. Rad. at Max. cT Top of A.C. ESALT•S. 
Modulus Modulus (xl0-6in/in) cTop (inches) (x10-6in/in) (ksi) (ksi) 

50 61.9 526.9 938 10.12 133.3 564,547 
100 59.2 540.9 830 7.60 120.9 889,510 
200 55.1 523.6 966 7.60. 102.8 1 ,892,860 ' 
400 49.9 452.0 

--' 
1 ,916 8.86 79.2 6,375,936 

--' 800 N 43.7 347.7 6,500 10.12 57.1 29,253,189 

50 38.9 822.9 118 6.35 220.5 54,188 
100 36.9 800.4 134 6.35 187.2 116,142 
200 34.2 712.2 231 7.60 145.0 381,561 
400 30.8 566.7 668 8.86 103.0 1,850,574 
800 27.2 406.7 3,132 10.12 69.8 11 ,482,639 

50 16.4 1662.2 4 6.35 465.2 1,675 
100 15.6 1414.1 9 6.35 344.6 6,776 
200 14.5 1090.8 32 7.60 232.7 42,170 
400 13.3 764.5 166 8.86 149.0 336,149 
800 12.1 496.7 1,235 11.37 91.4 3,272,017 



Surface Thickness = 4 inches Tire Inflation Pressure = 125 psi 

Base Thickness = 8 inches 

Surface Base £T Bottom of A.C. ESALB.S. Rad. at Max. £T Top of A.C. ESALT.S. 
Modulus Modulus (xlO-6in/in) £Top (inches) (xlO-6in/in) 

(ksi) (ksi) 

50 47.5 668.5 310 11 .37 10l .7 1,990,097 

100 43.3 528.6 924 11 .37 81.6 5,548,471 

200 38.1 397.8 3,473 11 .37 59.0 25,117,575 

400 32.3 274.6 19,507 21.75 54.5 36,342,745 
--' ...... 
w 800 26.6 174.0 163,253 21.75 40.6 143,165,669 

50 30.2 851 .3 100 11.37 136.0 514,219 

100 27.4 648.9 356 11 .37 104.3 1,769,392 

200 24.2 460.2 1,76.2 11.37 71.2 10,468,439 

400 20.8 303.5 12,241 21.75 59.0 25,117,575 

800 17.5 182.6 130,407 21.75 43.0 109,571 ,094 

50 13.4 1241.0 17 10.12 220.3 54,417 

100 12.3 860.7 95 11 .37 149.0 336,149 

200 11.1 559.4 710 11.37 90.9 3,356,670 

400 10.0 340.6 7,155 21 .75 67.3 13,608,222 

800 8.8 195.8 94,223 21.75 47.4 69,611,750 



Surface Thickness = 1 inch Tire Inflation Pressure = 75 psi 
Base Thickness = 14 inches 

Surface Base £T Bottom of A.C. ESALB.S. Rad. at Max. £T Top of A.C. ESALT.S. 
Modulus Modulus (xlO-6in/in) (inches) (xlO-6i n/i n) (ksi) (ksi) £Top 

50 67.9 3.38 404.2 3,224 

100 65.7 3.38 188.2 113,296 

200 63.0 133.8 554,790 4.45 126.2 728,429 

-J 400 59.7 234.9 40,362 5.82 103.8 1,809,430 
-J 

~ 800 56.0 275.5 19,212 5.82 81.0 5,742,459 

50 42.5 3.38 457.8 1,805 

100 41.0 128.9 660,051 4.45 250.0 30,198 

200 39.3 309.5 11 ,175 5.82 186.0 119,672 

400 37.2 399.7 3,396 5.82 148.4 342,525 

800 35.0 403.8 3,239 5.82 108.6 1,465,968 

50 17.8 358.9 5,607 3.38 673.0 300 

100 17.3 708.1 237 4.45 465.0 1,679 

200 16.6 855.9 98 5.82 347.0 6,561 

400 15.8 826.4 115 5.82 251.2 29,532 

800 15.0 686.6 273 7.19 165.4 206,712 



Surface Thickness = 1.5 inches Ti re I nfl ati on Pressure = 75 psi 
Base Thickness = 14 inches 

Surface Base eT Bottom of A.C. ESALB.S. Rad. at Max. eT Top of A.C. ESALT.S. 

Modulus Modulus (xlO-6i nli n) .eTop (inches) (xlO-6in/in) 
(ksi) (ksi) 

50 62.1 148.4 342,525 3.38 369.8 4,878 

lOa 59.1 265.4 22,861 4.45 156.0 271,451 

200 56.3 336.4 7,580 5.82 122.0 852,775 

400 53.0 352.2 6,122 5.82 91.0 3,339,528 
-" 
-" 800 48.6 315.4 10,234 7.19 66.0 14,902,073 
(J1 

50 38.9 346.4 6,614 3.38 394.6 3,606 

100 37.1 475.4 1 ,515 5.82 225.0 49,323 

200 35.4 527.9 530 5.82 174.0 163,253 

400 33.1 494.0 1,267 7.19 123.6 802,575 

800 30.3 405.8 3,165 7.19 84.3 4,768,077 

50 16.5 1039 .. 0 40 4.45 562.2 694 

lOa 15.9 1104.2 30 5.82 415.0 2,851 

200 15.2 996.3 48 5.82 287.0 15,881 

400 14.2 793.0 140 7.19 192.0 103,226 

800 13.2 571.6 642 8.57 120 .6 899,860 



Surface Thickness = 2 inches Tire Inflation Pressure = 75 psi 
Base Thickness = 14 i n"ches 

Surface Base £T Bottom of A.C. ESALB.S. Rad. at Max. £T Top of A.C. ESALT.S. 
Modulus Modulus (xlO-6in/in) £Top (inches) (xlO-6in/in) 

(ksi) (ksi) 

50 57.4 379.8 4,308 3.38 313.8 10,479 
100 55.2 411. 7 2,959 5.82 133.0 570,501 
200 51.9 414.7 2,861 7.19 103.0 1 ,875,807 
400 47.5 371.8 4,757 7.19 74.6 8,424,572 ...... ...... 
800 42.3 294.6 14,061 9.94 51. 7 46,459,865 '" 

50 36.4 607.9 482 3.38 311 .4 10,861 
100 34.8 626.3 420 5.82 193.3 100,033 
200 32.5 580.4 598 7.19 142.6 412,397 
400 29.7 477 .5 1,484 8.57 97.4 2,433,539 
800 26.5 353.7 6,002 9.94 64.9 16,115,180 

50 15.7 1295.9 14 5.82 471.4 1,575 
100 15.0 1166.0 23 7.19 326.8 8,674 
200 14.0 932.7 66 7.19 222.3 52,175 
400 13.0 589.9 554 8.57 141 .1 433,212 
800 11.8 451 .8 1,920 11 .31 87.9 3,924,427 

"1;. 



Surface Thickness = 4 inches Tire Inflation Pressure = 75 psi 
Base Thickness = 14 inches 

Surface Base £T Bottom of A.C. ESALB.S. Rad. at Max. £T Top of A.C. ESALT.S. 
Modulus Modulus (xlO-6in/in) £Top (inches) (xlO-6in/in) 

(ksi) (ksi) 

50 45.7 585.4 575 3.38 117.8 1;003,876 

100 42.0 466.7 1,651 11 .31 75.1 8,166,557 

200 37.2 357.4 5,718 11 .31 56.0 32,026,627 

400 31.9 250.5 29,918 21.75 50.6 51,353,402 
....... 
....... 800 26.3 161.9 228,359 21.75 38.8 176,825,238 
-.....J 

50 29.2 751.1 180 9.94 131 .3 605,719 

100 26.6 582.8 587 11 .31 99.4 2,213,778 

200 23.7 423.2 2,603 11 .31 69.1 12,034,407 

400 20.5 283.2 16,897 21.75 57.8 27,639,653 

800 17.2 163.9 215,670 21 .75 42.8 111,975,711 

50 13.0 1122.6 28 9.94 209.7 68,464 

100 12.0 801.3 133 11 .31 146.7 361,403 

200 10.9 528.2 927 11 .31 90.3 3,461,794 

400 9.8 326.7 8,687 21.75 71.5 10,265,474 

800 8.6 189.8 108,917 21.75 49.7 55,829,291 



Surface Thickness = 1 inch Tire Inflation Pressure = 125 psi 
Base Thickness = 14 inches 

Surface Base ET Bottom of" A.C. ESALB.S. Rad. at Max. ET Top of A.C. ESALT.S. 
Modulus Modulus (xl0-6in/in) e:Top (inches) (-6 ) 

(ksi) (ksi) xlO in/in 

50 70.2 12.6 2.81 262.6 24,018 
100 67.9 156.9 264,276 3.84 154.3 285,660 
200 65.0 280.6 17,639 5.09 136.3 508,970 
400 61.5 350.3 6,278 5.09 114.5 1,145,881 ....... 

....... 
800 00 58.1 361 .1 5,450 5.09 86.9 4,139,183 

50 43.7 169.9 182,424 3.84 323.8 9,055 
100 42.2 370.4 4,841 5.09 246.2 32,431 
200 40.2 507.1 1 ,121 5.09 208.7 70,005 
400 38.3 548.9 775 5.09 163.9 215,670 
800 35.9 508.1 1,111 5.09 115.5 1,100,410 

50 29.9 422.4 2,626 3.84 424.7 2,560 
100 28.8 661.0 326 5.09 343.2 6,906 
200 27.4 779.0 152 5.09 278.9 18,145 
400 25.9 769.5 161 5.09 206.8 73,050 
800 24.1 662.6 323 6.35 144.1 392,785 



Surface Thickness = 1 .5 inches Tire, Inflation Pressure·= 125 psi 
Base Thickness = 14 inches 

Surface Base £T Bottom of A.C. ESALB.S. Rad. at Max. £T Top of A.C. ESALT.S• 
Modulus Modulus (x10-6in/in) ~TOP (inches) (xlO-6in/in) 

(ksi) (ksi) 

50 63.3 359.2 5,586 2.81 226.4 47,918 

100 61.5 422.2 2,632 5.09 147.7 350,150 

200 58.7 456.0 1,839 5.09 122.5 836,688 

400 54.8 438.9 2,197 6.35 95.9 2,615,920 
-' 
-' 800 ~ 49.9 372.3 4,728 6.35 67.2 13,702,773 

50 39.9 615.3 456 3.84 283.3 16,870 

100 38.5 680.5 285 5.09 231 .1 43,546 

200 36.6 680;6 285 5.09 175.9 155,202 

400 34.0 598.4 519 6.35 130.7 618,776 

800 30.9 471.2 1,578 7.60 87.4 4,030,068 

50 16.9 1466.8 8 5.09 581.6 592 

100 16.3 1415.9 9 5.09 432.4 2,355 

200 15.4 1,208.9 20 6.35 302.7 12,392 

400 14.4 924.4 68 6.35 196.5 92,670 

800 13.3 648;2 358 8.86 124.1 787,628 



Surface Thickness = 2 inches Tire Inflation Pressure = 125 psi 
Base Thickness = 14 inches 

Surface Base £T Bottom of A.C. ESALB.S. Rad. at Max. £T Top of A.C. ESALT.S. 
Modulus Modulus (x10-6in/in) (inches) (xl0-6in/in) 

(ksi) (ksi) £Top 

50 59.8 431.4 2 ,~81 2.81 175.6 156,441 
100 57.2 544.0 809 6.35 131 .6 599,316 
200 53.5 507.8 1,114 6.35 103.0 1,875,807 
400 48.7 431.3 2,383 7.60 . 75.8 7,821,265 --' 

N 800 43.1 332'.6 7,992 a 10.12 52.3 44,029,510 

50 37.7 835.6 110 5.09 237.3 38,496 

100 35.8 788.6 143 6.35 190.7 106,544 

200 33.3 689.8 268 6.35 143.3 403,100 

400 30.2 547.4 785 7.60 98.9 2,266,376 

800 26.8 394.4 3,614 10.12 65.8 15,114,162 

50 16.1 1633.7 5 5.09 457.5 1,811 

100 15.2 1390.0 10 6.35 339.1 7,303 

200 14.2 848.8 102 7.60 226.2 48,116 

400 13. 1 758 . .3 172 8.86 143.6 399,194 

800 11.9 497.3 1,228 11 .37 89.3 3,646,037 



Surface Thickness = 4 inches Tire Inflation Pressure = 125 inches 
Base Thickness = 14 inches 

Surface Base ET Bottom of A.C. , ESALB .S. Rad. at Max. ET Top of A.C. ESALT.S. 
Modulus Modulus (xlO-6in/in) , ,ETop (inches) (xlO-6in/in) 

(ksi) (ksi) 

50 46.4 622.4 432 10.12 85.7 4,416,057 

100 42.5 513.4 1,059 11 .37 73.0 9,319,503 

200 37.6 384.6 4,064 11 .37 55.2 34,245,937 

400 32.1 266.8 22,308 21.75 49.8 55,309,184 
-' 
N 800 26.3 169.4 184,945 21.75 38.3 187,833,803 
-' 

50 29.5 836.9 109 10.12 124.9 764,410 

100 26.9 633.4 398 11.37 97.2 2,456,943 

200 23.8 451 .1 1,934 11 .37 68.3 12,704,978 

400 20.5 298.0 13,329 21.75 57.0 29,492,931 

800 17.2 182.2 131,746 21 .75 42.1 120,912,647 

50 13.1 958.2 58 1 ° .12 211.3 66,083 

100 12. 1 863.2 94 11 .37 144.5 387,747 

200 10.9 559.9 707 11 .37 89.8 3,552,465 

400 9.8 344.5 6,785 21.75 70.5 10,961,301 

800 8.6 197.7 90,080 21.75 49.1 59,077,805 
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APPENDIX E. SHEAR STRESS mTA AT THE TCP OF THE BASE. 

The tables presented in this appendix have lines separating 

the sections of the three base moduli used. The top section uses 

the base modulus expression EJ3 = 8787 eO. 365: the middle sect ion 

uses the base rocx:Iulus expression EB = 7000 e 0.325: and the bottan 

section uses the base modulus expression EB = 4886 e 0.239. 

The shear stresses at t.he top of the base are taoolated at the 

distance fran the center of the tire load where maximum shear 

stress occurs. This distance increased slight'ly with increased 

surface thickness, but generally occurred at the edge of the tire 

print. The vertical canpresive stresses are taoolated at the 

location where maximum shear stress occurred. 
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Surface Thi ckness = 1.0 inch 

Tire Pressure = 75 psi 

~" 

Stress at Top of 8-inch Stress at Top of 14-inch 
Surface Base, Esi Base, Esi 
Modulus, Vertical Maximum Vertical Maximum 

ks; Compressive Shear Compressive Shear 

50 83.7 33.3 78.1 31.2 

100 77.7 33.2 74.7 30.8 

200 73.2 32.8. 71.2 29.6 

400 68.1 30.6 66.3 27.1 

800 61.4 26.4 60.4 23.2 

50 81.1 32.6 76.2 30.9 

100 75.7 32.2 72.6 30.0 

200 70.9 30.6 68.5 27.9 

400 64.9 27.1 63.0 24.5 

800 57.2 22.1 56.1 20.0 

50 76.3 30.7 72.2 29.6 

100 71.2 28.7 68.0 27.2 

200 65.0 25.0 62.5 23.6 

400 57.6 20.2 55.3 18.9 

800 48.5 14.9 47.2 14.2 
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Surface Thickness = 1.5 inch 
}:J-

Tire Pressure = 75 psi 

J 

Stress at Top of 8-inch Stress at Top of 14-inch 
Surface Base, ~si ·Base, ~si 

Modulus, Vertical Maximum Vertical Maximum 
ksi Compressive Shear Compressive . Shear 

50 74.8 33.3 72.2 30.5 

100 70.3 32.6 68.0 29.1 

200 64.1 30.1 62.6 26.3 

400 56.4 25.3 55.7 22.0 

800 47.2 19.2 47.3 16.7 

50 72 .9 32.3 69.8 29.6 

100 67.4 30.4 65.0 27.3 

200 60.5 26.5 58.8 23.5 

400 52.0 20.9 51.1 18.5 

800 42.1 14.8 41.9 13.2 

50 67.8 28.6 64.5 26.6 

100 61.0 24.4 58.3 22.6 

200 52.6 19.0 50.6 17.6 

400 43.0 13.4 41.6 12.5 

800 26.7 8.9 26.6 8.5 
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Surface Thickness = 2.0 inch 

Tire Pressure = 75 psi 
~ 

Stress at Top of 8-inch Stress at Top of 14-inch 
Surface Base~ E.si 'Base, . 2s i 
Modulus, Vertical Maximum Vertical Maximum 

ksi Compressive Shear Compressive . Shear 

50 68.3 31.7 65.8 28.2 

100 62.0 29.7 60.4 25.9 

200 54.3 25.4 53.6 21.9 

400 45.2 19.4 45.2 16.8 

800 35.1 13.1 35.7 11.5 

50 65.3 29.9 62.8 26.7 

100 58.4 26.5 56.7 23.4 

200 50.0 21.1 49.0 18.7 

400 40.3 15.1 40.1 13.4 

800 24.2 9.7 24.8 8.8 
...-~ 

50 59.1 24.8 56.2 22.5 

100 50.8 19.6 48.7 17.8 

200 41.4 13.9 31.5 12.8 

400 25.7 9.1 25.4 8.5 

800 19.4 5.5 19.1 5.3 
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Surface Thickness = 4.0 inch 
p:. 

Tire Pressure = 75 psi 

~1 

Stress at Top of B-inch Stress at Top of 14-inch 
Surface Base, ~si· ·Base, ~si 
Modulus, Vertical t4aximum Vertical Maximum 

ksi Compressive Shear Compressive Shear 

50 32.5 19.0 32.9 16.4 

100 27.2 15.2 2B.0 13.2 

200 21.4 10.6 22.2 9.4 

400 15.4 6.4 16.1 5.B 

BOO 10.1 3.4 8.6 3.2 

50 30.5 16.6 30.6 14.5 

100 25.0 12.4 25.3 10.9 

200 19.1 B.1 19.4 7.2 

400 13.4 4.6 13.6 4.2 

800 7.3 2.4 7.3 2.3 

50 26.6 l1.B 25.9 10.7 

100 20.8 7.B 20.2 7.2 

200 15.2 4.6 12.0 4.3 

400 9.0 2.6 B.4 2.4 

BOO 6.0 1.4 5.6 1.3 
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Surface Thickness = 1.0 inch 
..ii' 

Tire Pressure = 125 psi 

{;' 

Stress at Top of 8.;.;nch Stress at Top of 14-inch 
Surface . Base ~~si Base, ~si 

Modulus, Vertical Maximum Vertical Maximum 
ksi . Compressive Shear Compressive Shear 

50 126.0 39.8 114.0 37.1 

100 117.0 39.8 109.0 36.6 

200 108.0 39.0 102.0 35.0 

35.9 " 400 98.9 93.6 31.6 

800 86.5 30.2 82.8 26.4 

50 121.0 39.3 110.0 36.7 

100 112.0 38.5 104.0 35.5 

200 103.0 36.2 96.7 32.7 

400 91.9 31.4 86.9 28.1 

800 78.1 24.7 74.7 22.1 

50 111.0 36.8 108.0 36.1 
, 

100 102.0 33.8 101.0 34.1 

200 90.2 28.7 92.1 30.3 

400 76.9 22.3 81.0 24.9 

800 46.2 16.6 49.1 18.9 
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Surface Thickness = 1.5 inch 
-.0-

Tire Pressure = 125 psi 

0 

Stress at Top ofB-inch Stress at Top of 14-inch 
Surface Rase, es i Base, esi 
Modulus, Vertical Maximum Vertical Maximum 

ksi Compressive Shear Compressive Shear 

50 109.0 39.0 102.0 35.3 

100 101.0 37.9 94.B 33.4 

200 90.2 34.2 85.4 29.7 

400 76.9 28.0 51.2 24.2 

800 43.6 20.9 44.4 1B.2 

50 105.0 37.7 97.3 34.0 

100 95.0 34.9 88.9 30.9 

200 82.8 29.6 53.8 26.1 

400 47.9 22.9 47.8 20.4 

800 39.6 16.1 39.8 14.5 

50 94.0 32.7 58.2 29.9 

100 55.6 27.3 53.9 25.2 

200 49.1 21.1 47.8 19.5 

400 40.8 14.7 39.8 13.7 

800 31.7 9.5 31.1 8.9 
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Surface Thickness = 2.0 'inch 

Tire Pressure = 125 psi 

~; 

Stress at Top of 8-inch Stress at Top of 14-inch 
Surface Base, Esi Base, Esi 
Modul us, Vertical Maximum Vertical Maximum ksi Compressive Shear Compress i ve Shear 

50 95.6 35.9 89.5 31.5 

100 85.5 33.0 54.4 28.5 

200 49.0 27.B 49.2 24.0 

400 41.6 21.1 42.3 18.2 

800 32.9 14.1 33.9 12.4 ~~ 

50 90.1 33.6 56.4 29.7 

100 52.5 29.2 51.9 25.7 

200 46.0 23.2 45.7 20.4 

400 37.8 16.4 38.0 14.5 
\C 

800 28.8 10.4 29.2 9.3 

50 53.7 27.5 51.9 24.9 G 

100 47.3, 21.5 45.8 19.5 

200 39.2 15.2 3B.1 13.9 

400 30.3 9.7 29.6 9.0 

BOO 22.0 5.7 17.2 5.4 
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Surface Thickness = 4.0 inch 

Tire Pressure = 125 psi 

<) 

Stress at Top of B-inch Stress at Top of 14-inch 
Surface BaSe, ES;- BaSe, esi 
Modu1 us, Vertical Maximum Vertical Maximum 

ksi Compressive . Shear Compressive. Shear 

50 40.6 20.3 40.3 17.4 

100 33.3 16.0 33.5 13.B 

200 25.3 11.0 25.S 9.5 

400 13.6 6.5 14.2 5.9 

BOO 9.1 3.5 9.5 3.2 
.' 

50 37.5 17.6 36.B 15.2 

100 29.8 12.9 29.6 11.2 

200 22.0 8.2 17.0 7.4 

400 12.1 4.B 12.2 4.4 

BOO 8.0 2.5 7.9 2.3 

50 31.3 12.2 30.1 10.9 

100 18.4 8.0 17.9 7.3 

200 13.8 4.B 13.4 4.5 

400 9.6 2.6 9.1 2.5 

800 6.4 1.4 5.2 1.3 
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APPENIDX F. COMPRESSIVE STRAIN AND ESAL ~TA AT THE TOP OF THE 

-P SUBGRADE. 

The tables presented in this appendix have lines separating the 

sections of the three base moduli used. The top section uses the 

base rocx.:Iulus expression EB = 8787 e 0.365: the middle section uses 

the base modulus expression EB = 7000 e 0.239: and the botton 

section uses the base rocx.:Iulus expression EB = 4886 e 0.239. 

The Equivalent Standard Axle Loads (ESAL) are calculated using 

the expression defined in Chapter V. The ESALs are calculated as a 

function of the vertical canpressive strains at the top of the 

subgrade by the equations: 

The compressive strains at the top of the subgrade are 

tabulated for strain values at 0.5 inches from the centerline of 

the tire load. 
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Surface Thickness = 1.0 inch 
Ti re Pressure = 75 ps i 

a-inch Base Thickness 
Surface E Top of 
Modulus Subgrade 
(ksi) (x 1O-6in/i n) ESAL 

50 1690 75,900 

100 1620 90,300 

200 1550 105,900 

400 1480 129,500 

800 1360 177 ,600 

50 1980 40,100 

100 1890 48,100 

200 1800 58,600 

400 1690 75,900 

800 1550 105,400 

50 2580 13,900 

100 2430 17,600 

200 2270 23,100 

400 2080 32,500 

800 1820 55,800 
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T4-inch Base Thickness 
E Top of 
Subgrade 

(x 1O-6in/in) ESAL 

750 1,886,900 

730 2,125,000 

710 2,429,400 

680 2,824,000 \~ 

650 3,445,000 

880 1,036,700 

850 1,190,400 

820 1,377,800 

780 1,642,500 

740 2,088,700 

1100 424,000 

1060 482,700 

1010 583,700 

950 752,800 

870 1,065,300 



Surface Thickness = 1.5 inches 

Tire Pressure = 75 psi 

8-inch Base Thickness 14-inch Base Thickness 
Surface £ Top of £ Top of 
Modulus Subgrade Subgrade 
(ksi) (x 1O-6in/in) ESAL (x 1O-6in/in) ESAL 

50 1560 104,600 710 2,376,700 

100 1470 131,600 680 2,794,100 

200 1370 175,100 660 3,306,600 

0 
400 1260 245,800 610 4,325,700 

800 1130 381,500 570 6,031,600 

50 1790 59,500 820 1 ,361,100 

100 1700 74,100 780 1,637,400 

J 200 1560 102,900 740 2,040,400 

400 1400 150,400 690 2,704,900 
<~, 

800 1230 266,400 620 4,082,700 

50 2280 22,900 1010 587,500 

100 2100 31,900 950 744,400 

200 1880 49,700 890 997,900 

400 1630 88,200 800 1,501,100 

800 1340 191,200 690 2,710,500 
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Surface Thickness = 2.0 inches 

Ti re Press ure = 75 ps i 

8-inch Base Thickness 14-inch Base Thickness 

Surface e: Top of e: Top of 
Modulus Subgrade Sub grade 
(ksi) (x 1O-6in/in) ESAL (x 1O-6in/in) ESAL 

-' 

50 1430 146,900 670 3,031 ,600 

100 1300 195,900 640 3,769,000 -0 

200 1200 291,600 600 4,902,000 

400 1070 465,400 550 6,921,500 

800 870 1,052,100 480 11,497,000 

50 1630 86,600 760 1,810,400 '0 

100 1500 120,000 720 2,304,900 
-J 

2.00 1350 185,200 670 3,133,100 

400 ",70 330,500 600 4,709,500 

800 940 795,600 520 8,742,000 

50 2000 38,000 920 855,700 

100 1780 60,900 850 1,164,800 

200 1550 107,000 770 1,760,600 

400 1270 234,000 660 3,171,800 

800 970 700,400 540 7,457,100 ,. 
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Surface Thickness = 4.0 inches 

Tire Pressure = 75 psi 

8-inch Base Thickness 14-inch Base Thickness 

Surface £ Top of £ Top of 
Modulus Subgrade Subgrade 
(ksi) (x 10-6;n/.in) ESAL (x 1O-6in/in) ESAL 

50 990 636,600 520 8,545,900 

100 830 1,273,600 460 13,370,200 
~? 

200 670 3,005,700 400 24,842,800 

400 500 9,638,000 320 60,588,800 

800 340 44,515,300 240 201,104,200 

50 1100 418,300 570 5,848,200 
~ 

~ 

100 910 909,300 500 9,855,800 

200 700 2,490,500 420 20,305,900 

400 510 9,450,800 320 56,481,290 

800 330 51,222,200 230 225,872,100 

50 1230 266,400 630 3,795,200 

100 970 686,200 530 7,554,200 

. 200 700 2,532,900 420 19,760~400 

400 470 12,624,800 300 73,117,600 

800 300 80,374,300 210 328,060,400 
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Surface Thickness = 1.0 inch 

Tire Pressure = 125 psi 

8-inch Base Thickness 14-inch Base Thickness 

Surface £.Topof £ Top of 
Modulus Suhgrade Subgrade 
(ksi) (x 10-6in/in) ESAL tx 1O-6in/in) ESAL 

50 1700 72,800 750 1,905,000 

100 1640 85,800 730 2,115,800 
". 

200 1580 98,200 710 2,407,800 

400 l492 124,000 690 2,777,800 

800 1390 164,200 650 3,389,800 

50 2000 38,600 870 1,050,800 
'.' 

100 1900 46,500 850 1,183,500 

200 1820 55,700 820 1,362,800 ~'.-

400 1720 69,900 790 1,619,100 

800 1570 101,600 740 2,053,900 

50 2360 12,900 1050 505,600 

100 2480 16,300 1010 584,100 

200 2330 21,000 970 696,000 

400 2120 30,300 920 872 ,400 

800 1850 53,100 850 1,185,100 
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Surface Thickness = 1.5 inches 

Tire Pressure = 125 psi 
<.1 

8-inch Base Thi~kness 14-inch Base Thickness 

Surface £ Top of £ Top of 
Modulus Subgrade Subgrade 
(ksi) (x 10-6in/1n) ESAL (x 10-6in/1n) ESAL 

50 1570 100,400 710 2,412,000 
:--) 

100 1490 126,200 680 2,829,000 

~' 200 1380 167,600 650 3,402,300 

400 1270 234,700 610 4,314,200 

800 1130 378,400 560 6,054,300 

50 1810 57,200 820 1,378,600 

100 1710 71 ,100 780 1,648,000 

200 1580 99,600 740 2,051,000 

400 1430 146,900 690 2,717,300 

800 1230 268,700 620 4,123,100 

50 2300 22,000 1010 597,800 

100 2120 30,500 950 753,500 

200 1900 47,700 890 1,001 ,200 

400 1650 83,900 800 1,504,500 

800 1340 189,500 690 2,741,200 
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Surface Thickness = 2.0 inches 

Tire Pressure = 125 psi 

8-inch Base Thickness 

Surface e: Top of 
Modulus Subgrade 
{ksi} (x 10-6in/in) ESAL 

50 1430 146,600 

100 1330 195,700 

200 1220 277 ,200 

400 1080 460,000 

800 870 1,052,500 

50 1650 83,300 

100 1500 119,300 

200 1350 183,800 

400 1170 330,800 

800 940 789,100 

50 2010 37,700 

100 1800 58,300 

200 1550 106,700 

400 1270 233,000 

800 960 718,900 
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14-inch Base Thickness 

e: Top of 
Subgrade 

(x 10-6in/in) ESAL 

670 3,100,700 

630 3,839,000 
:-r 

590 4,955,000 
G 

540 7,026,900 

480 11,686,300 

760 1,852,000 

710 2,355,000 
~:.., 

660 3,182,100 

600 4,817,900 '" 
510 8,850,100 

910 879,000 

850 1,188,800 

960 1,807,200 

660 3,274,000 

530 7,708,900 -'> 



Surface Thickness = 4.0 inches 

Tire Pressure = 125 psi 

8-inch Base Thickness 14-inch Base Thickness 

Surface £ Top of £ Top of 
Modulus Subgrade Subgrade 
(ksi) (x 10-6in/in) ESAL (x 1O-6in/in) ESAL 

c' 
50 990 654,200 510 8,907,600 

100 830 1,299,900 460 13,929,500 
-~ 200 670 3,078,500 390 25,870,700 \.-0". 

400 500 9,900,800 310 62,504,100 

800 340 46,407,800 230 206,247,600 

50 1100 418,600 560 6,081,000 

100 900 931,800 490 10,256,100 

200 700 2,547,400 410 21,014,100 

400 500 9,707,300 320 58,790,500 

800 340 46,407,800 230 232,026,300 

50 1220 276,800 630 3,960,300 

100 960 713,800 530 7,873,500 

200 700 2,626,900 410 20,758,000 

400 470 12,908,100 300 75,532,400 

800 290 84,098,300 210 340,519,300 
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