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CHAPTER I

PROJECT OVERVI EI.I

1.1 INTRODUCTION

In recent years, highway programs nationwide have shjfted their emphas'is

from new construct'ion to rehabilitation, maintenance and preservat'ion. t^l'ith

this shift, a major deficiency in pavement design technology became more sig-

njficant. That deficiency was the lack of practica'I, proven design procedures

for selecting the thickness of pavement over'lays. The need for a flexible

pavement overlay design procedure was particularly signifjcant jn Arkansas

where, except for Interstate pavements, most highways have flexible pavements.

TRC-8705, Development of a Flexible Pavement Over'lay Design Procedure Ut'i-

f izing Nondestructjve Testing Data, was initiated to comect the def ic'iency.

As originally envisioned, TRC-8705 would develop an NDT (nondestruct'ive test-

ing) based overlay design procedure using mechanistic pavement design prin-

ciples (Figure 1.1). As such maior activjties of the project as originally

proposed were the development of desjgn and analysis algorithms and the selec-

tion of performance transfer functions.

However, as the study progressed, the procedure development was shifted

from a mechanjstic base to an emp'irical (structura'l number) base. Two factors

were responsib'le for the shift. The first factor was the djfficulties encoun-

tered in the use of backcalculation procedures for determjning modulus values

for the various pavement layers. These difficultjes demonstrated the magnitude

of the r,rechanistjc undertakjng and clearly showed that the complete develop-

ment of a mechanistic design procedure would not be poss'ible within the limits

of the project time and funding. The second and more decisive factor was the

pub'l'icatjon of the 1986 AASHT0 Guide for Design of Pavement Structures (1).

t-1
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From the beginning, the major objective of the project was to develop a

practical , easy to use design procedure that was compat'ible w'ith other AHTD

pavement des'ign pract'ices and that consistently produced reasonable design

thicknesses. AHTD designs pavements using the AASHT0 Guide. hlhen the i986 Gu'ide

became available, AHTD began to transition to it from the previous Guide.

Unlike the previous Guide, the 1985 Guide contained procedures for overl.ay

design. These were not complete but they did provide a framework around which

a complete design procedure could be developed that would be compat'ible with

the new pavement portions of the Guide and, thus, be compatible with AHTD's

other pavement design practices. Consequently, with the approval of the Pro-

ject Subcommjttee, the study was redirected during the second year to the

development of an NDT overlay design procedure following the general approach

presented in the 1986 AASHT0 Guide.

1.2 AASHTO OVERLAY APPROACH

The AASHTO approach to flexible pavement design uses a Structural Number

(SN) to refelct the comb'ined structural contributjon of all the pavement

iayers. SN is defined by the equation:

. SN =atDl+a202+a303 (Eql.1)

where

ai = structural layer coefficient for the surface (l), base

(?), and subbase (3),

D.; = thicknesses of the surface (1), base (2), and subbase

(3).

For overlay design, the 1986 Guide uses SN in a structura'l defjciency approach

to design. In its simplest terms, the structural deficiency approach states

that the overlay required'is simply the difference between the total structure

1-3



needed and the structure that currently exjsts. The Guide expresses thjs with

the following equation:

SNOL = SNy - FpLSNspl (Eq 1.2)

where

SNoL = requ'ired structural number of the overlay

SNy = total structural number requ'ired to carry future trasffic

Fnt = rerrrdining life factor (discussed in deta'i1 in Chapter 5)

SNeff= effective structural number of the exist'ing pavement.

The thickness of the overlay is determined using the relationship:

DgL = SNol/a3q

where aac is the structural layer coeffjcient for the aspha'lt concrete overlay

materi al .

l.lithin this general approach, the major components lacking for a comp'lete,

workable desjgn procedure were specific methodo'logies for determining SN.gl

and the subgrade resilient modu'lus needed for determ'ining SNr. 0ther compone-

nets also needed to be examined and/or modified for pract'ical use. In particu-

1ar, the remajning ljfe factor needed to be studied. As a result, the major

activit'ies under the study after the shift in direction was the selectjon

and/or development of procedures for determining the subgrade modulus (Chapter

3) and SNsp6 (Chapter 4).

i.3 PROCEDURE DEVELOPMENT

A flow diagram of a complete over'lay des'ign procedure that follows the

general approach from the 1986 AASHTO Guide was developed. As illustrated in

F'igure 1.2, a complete procedure would consider orig'inal construction data and

past performance data as well as NDT data in the selection of the over)ay

thicknes.s. It was recognized from the beginning that the procedure developed

'l -4
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under the study would not encompass a1l of the flow ljnes. In part'icular, the

development of procedures for the consideratjon of construction and past per-

formance data went beyond the scope of the study. Nevertheless, the conceptual

jnteract'ion of these data were included on the flow diagram for completeness;

and thjs flow diagram served as the basjs for development and programming the

f i nal .des i 
gn procedure.

The design procedure was programmed jn a modular fashion w'ith each maior

function performed in a separate module. This was done to facilitate modifj-

cation of the program when improved methods become available jn the future.

The programming was done in Clipper (2). Clipper was selected becasue it pro-

vjded the capab'iljty to produce a user friendly format and a stand-a1one,

executable program that could be used on any PC compatible computer w'ith m'inj-

mal hardware requirements and no additional software requirements.

The completed design procedure was named R0ADH0G to des'ignate that'it'is a

roadway des'ign too'l that was developed at the Un'iverity of Arkansas (the

Razorbacks). Figure 1.3 shows the primary program modules of R0ADHOG as they

relate to the flow diagram in F'igure 1.2. Besides the modules jllustrated'in

Figure 1.3, the complete program contajns two additional modules, XF0RM and

0UTPUT, that perform input/output functions and necessary data manipulat'ions.

The following are brief descriptions of the modules.

XF0RM - The Fl.lD used by AHTD stores the NDT data in an ASCII for-

mat on a floppy disk; XF0RM reads this data and transform it'into
a database file (dBASE format) that can be used by the other

modul es.

SNEFF - This module uses the NDT data to calculate SN.g6 at each

NDT test location. Chapter 4 documents the development of the

procedure used for the calculation.

l-6
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MRCALC - The subgrade resiljent modulus at each test locatjon js

calcualted in this module. The method of calculation and 'its

development is presented in Chapter 3.

NEWFLEX - This module contains the AASHTO pavement design perfor-

mance equation. It is used to determ'ine SN, for each test locatlon

using the subgrade modulus from MRCALC and the required perfor-

mance data jnput by the designer.

0VLTHICK - The required overlay thickness at each test locat1on'is

cal cu] ated i n thi s modul e.

UNIDEL - This module analyzes the point-by-point overlay thic-

knesses from 0VLTHICK to divide the overlay project into sub-

projects. This aids the designer in developing a "balanced" design

that uses different overlay thicknesses according to what is

needed in varjous areas. Details of UNIDEL are discussed in Chap-

ter 6.
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CHAPTER 2

TRANSFER FUNCTIONS FOR MECHANISTIC DESIGN

2"1 INTRODUCTION

As discussed in Chapter 1, TRC-8705 was initiated with the jntent to

develop a mechanistic based overlay design procedure. However, as the study

progressed, the procedure development was shifted from a mechanistic base to

an emp'irical, structural number base. Nevertheless, before the shift, a sig-

n'ificant amount of effort was devoted to reviewing and identify'ing appropriate

transfer functjons that could be used in a mechanistjc design procedure. This

chapteris devoted to documenting that effort. The reader should keep in mjnd

that none of the material discussed jn thjs chapter was used jn the design

procedure developed.

2.2 THE MECHANISTIC CONCEPT OF DESIGN

Procedures for the structural design of pavement systems are generally

categorized as either empirical or theoretical. In the pure empirical proce-

dure, the des'ign is based so1e1y on experience and the past performance of

ex'ist'ing pavements. Consequent'ly, use of the empirical procedure is I jmited

to materia'ls, thicknesses, loadings, etc. for whjch experience and performance

data are available. Theoretical procedures, on the other hand, are based on

the analys'is of the effects of traffjc generated stresses, strains, and defor-

mat'ions on the behavior of the pavement materjals. In concept at least, the

theoretical approach is more widely applicable to designs, materials, and con-

ditions for whjch experience is not available. However, the analytical com-

plexity of the pavement system and its environment prevents the development of

a "totally theoretical" procedure.
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The mechanist'ic concept of pavement design provides an avenue for jnte-

grating the emp'irical and theoretical approaches. This marriage of approaches

is accompl'ished through the use of Transfer Functions. A Transfer Function

relates traffic generated structural response (stresses, strains, and deforma-

tjons) to the number of load applications (18K ESAL's) a pavement can carry to

some state of failure. The stresses, strains, and deformations are determined

from a theoretical structura'l anaiysis. The number of load applicatjons to

failure are established from the ana'lysis of past performance (empirical data)

and supp'lemented, where.necessary, with laboratory material behavjoral rela-

tionships. This paper examines various Transfer Functjons for use jn mechanjs-

tic design procedures and develops recommendatjons for selectjng appropriate

Transfer Functions for practicai design.

2.3 MODEL DEPENDENCY OF TRANSFER FUNCTIONS

In examining, se'lecting, and using Transfer Functions, jt must be recog-

njzed that the Transfer Functjons from various sources should not be compared

directly but must be vjewed either in general terms or withjn the context of

the procedures for which they were deveioped. Transfer Functjons serve as a

bridge between "real world" performance and the structural model that serves

as the basis of the design procedure. Since the stresses, strains, and defor-

mations pred'icted for a given pavement situatjon are not identical for all

structural mode'ls, the relationships between structural response and pavement

life ('i.e.the Transfer Function) must also be different.

As a resu'lt, Transfer Functions must be recognized as being "model depen-

dent"; and Transfer Functions from one design procedure should not be used

d'irectly in another procedure without a thorough determination of applicabjl-

ity and compatibility. The general format and types of Transfer Funct'ions,
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however, can be used.

2.4 TYPES OF TRANSFER FUNCTIONS

In the mechanjstic approach to pavement des'ign, a combination of materjals

and thicknesses is selected that limits the load-induced stresses, strajns and

deformations to'levels that are tolerable for the vo'lume and composition of

traffic expected over the life of the pavement. This requires an jdentjfjca-

tion of the critjcal structural responses (stress, strain, and/or deformation)

and'the determination of their re1ationships to pavement performance. These

critjcal response-performance relationships constitute the design Transfer

Funct'ions .

For Full Depth asphalt concrete (AC) and conventional (AC surface on a

granular base,/subbase) flexible pavements, two structural response parameters

are generally accepted as being critical. These are the maximum tensile strain

at the bottom of the AC layer and the maximum structural response (stress or

strain) at the top of the subgrade. These are generally selected because they

relate to the two most prevalent load-related distress types - fat'igue crack-

ing in the AC layer (AC tensi'le strain) and subgrade rutting (subgrade

response).. Transfer Functions based on these response parameters serve as the

basjs for the four more wel'l known mechanistic desjgn procedures - 1) FHWA's

VESYS procedure (3), 2) PDMAP developed under the National Cooperative Highway

Research Program Proiect 1-108 (4), 3) The Asphalt Instjtute's (TAI) procedure

(5), and 4) the Shell des'ign procedure (6).

A third structural response for which Transfer Functions are available'is

surface deflection. Deflection has been used as the basis for overlay design

(7) but has not been used in mechanistic design procedures for new construc-

tjon. Neverthe'less, it has several advantages over the other two parameters
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that make it an attractjve chojce as a design criterion and worthy of examina-

tion. F'irst, deflection js the one structural response parameter that js

easily visualized and readily measured under prototype loadjng conditjons.

Consequently design engineers can relate to and understand a deflect'ion-based

design procedure more easi+y. Second'ly, the deflection measurements on com-

pleted sectjons give jmmediate "feedback" on at'least a port'ion of the design

approach. Thjrdly, strong relatjonships exist between surface deflection and

the other response parameters. Analysjs algorithms reported by Thompson and

Elliott (8) and Gomez and Thompson (9) show that both subgrade response and AC

strain can be predicted with good accuracy using deflection measurements. A

deflection based procedure would therefore also reflect a consideration of

these two parameters.

2.5 FATIGUE FUNCTIONS

Fatigue Transfer Functions reflect the fatigue behavior of AC. This behav-

ior has been stud'ied by many investigators mostly by subjecting laboratory

mjxture specimens to repeated applications of load unti'l some failure state

has been reached. A variety of testing methods and failure defjnitions have

been used by the different researchers. The method of test and the fajlure

defin'ition have been found to have some influence on the test results. Never-

theless, researchers agree that the general form of the fatjgue relat'ionship

in terms of asphalt strain is:

logN=K+nlog(l/eac) (Eq2.1)

where

[tl = number of load appl'ications to failure

eac = maximum tensile strain in the asphalt

K & n = constants determined by testing.
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At least one researcher (10) has found that a single relatjonship of th'is form

adequately describes the fatigue behavior of a given mix regardless of test

temperature and the resulting mix stiffness. Nevertheless many other

researchers (4, ll, 12,13) have found that the dynamic stiffness modulus

(Eac) of the specimen also jnfluences the fat'igue test results. Based on this,

a more general form of the fatigue relationshjp is:

1og N = K + n 1og (l/eac) + b log (l/Eac) (Eq2.2)

Two general types of fatigue testing are used. These are: 1) controlled

stress tests in which the magnitude of stress is held constant throughout the

test and 2) controlled strain tests in which strain is held constant.0f

these, the controlled stress test results in the shorter fatigue ljfe and is

more severe. This is due to the change'in spec'imen stiffness that occurs as

the testing proceeds. During the testing, the stiffness sIow1y decreases. To

maintajn a constant stress with the decreasing stiffness, the load induced

strain must increase. Conversely, under the constant strain test, the stress

level (and therefore applied loadjng) must decrease as the test proceeds.

Several researchers have investigated the imp'lications of th'is effect rel-

at'ive to pavement design. Finn (14) conc'luded that the constant strain test

should be used for relatively thin (<5") aspha'lt surfacings and that the con-

stant stress test should be used for thicker surfacings. Pell (15) reached

essentiaily the same conclusion. He found that the constant strain test was

appropriate for aspha'lt thicknesses of 2 inches or less and that the constant

stress test was appropriate for thicknesses of 6 inches or greater.

Regardless of which test is appropriate at any particular th'ickness, these

results suggest that one fatigue relationship may not be appropriate for all

thicknesses. For practical design purposes, it may be necessary to develop two

Fatigue Transfer Functions, one for Full Depth AC pavements and another for
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conventional (AC over granular base) flexible pavements.

. The influence of type of test on the fatigue relationship a'lso demostrates

that the laboratory fatigue results cannot be used directly for design pur-

poses. In actual pavements, there is a continuous variation in the load condi-

t'ions, in the AC stiffness (Eac), and in the subgrade support. Consequently,

the behavioral relationships are quite complex and never approach e'ither a

constant strain or a constant stress condjtion. A more practical approach that

has been used (16) is to assume the basic fatjgue equation relatjonshjp (Eq

2.2), adopt values for the "n" and "b" constants based on laboratory results,

and determ'ine an appropriate k value from analysis of actual pavement perfor-

mance data.

However, even this may not be entirely appropriate since the rrn" and I'btr

values themse'leves may be influenced by the testing conditjons and definjtion

of fajlure. For example, Pell (15) has shown that the value of "n" is greater

under constant stra'in condit'ions than under constant stress. He also has found

that "n" is affected by the definition used for failure. For the same m'ixture,

the "n" coeffjcient for applications to crack initiation was found to be

greater than the "n" coefficient when crack propagation through the specimen

was jncluded. Since the failure of a pavement would appear to be more closely

related to the propagated crack than to crack injtiation, this would suggest

that the "n" coefficient for pavement performance purposes may be somewhat

less than the coefficient determined by laboratory fatigue tests. The AC sur-

fac'ing jn real pavements, therefore, may be somewhat more sensitive to strain

level than 'laboratory fatigue testing would suggest

This was also demonstrated by work reported by Van Dijk (17). Van D'ijk

tested various mixes in a wheel tracking machine and monitored the strains and

load applications to various stages of "failure". He then developed fatigue
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equatjons from the data. Hjs work showed that the "n" coefficjent based on

surface cracking was always less than the "n" coefficjent based on hairline

crackjng at the bottom of the AC layer (a condition similar to typical labora-

tory "fa'i1ure"). He also found both "n" coefficients to be less than that

found when test'ing the same mixes by normal Iaboratory fatigue methods. For a

dense graded mix similar to those typ'ically used in the U.S., he found "n" to

be 4.23 for hairline cracking at the bottom and 2.66 for crack'ing at the sur-

face.

Nevertheless, laboratory testing must be relied upon to give some jndjca-

tjon of the appropriate "n" and "b" values. Bonnaure et al. (11) reviewed the

results of laboratory fatigue testing conducted by many researchers throughout

Europe. 0n the basjs of their review, they proposed fatigue relatjonships in

which'nu is equal to 5 and nbu is equal to 1.8 for controlled strain test'ing

and 1.4 for constant stress conditions. Their constant strajn relationship (n

= 5, b = 1.8) is used as the Fatigue Transfer Function in the Shell (6) design

procedure.

The TAI (18) design procedure uses a Fatigue Transfer Function in wh'ich

"n" equals 3.29 and "b" equals 0.854. This relationship was developed by F'inn

(4).Finn selected the "n" and "b" values from reported laboratory fatigue

relationships. He subsequently analyzed pavement data from selected sectjons

of loops 4 and 6 of the AASH0 Road Test. From the analys'is, he establjshed a K

value based on the number of load repetitions those pavements carried prior to

the appearance of fatigue cracking over approximately 20% of their surface

area.

The AASH0 Road Test flexib'le pavements were also analyzed by Elljott and

Thompson (19). For their analysis, they used "n"coefficients of 3.16 and 3.29

and "b" coefficients of.854, 1.4 and 1.8. The combination of "n" equai to
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3.i6 and "b" equal to 1.4 was found to provide the best fit to the performance

data:

in the same paper, Elliott and Thompson developed "n" coefficients for

conventional flexible pavements using the AASH0 Road Test deflection equations

with thejr ILLI-PAVE asphalt strain algorithm. This analysis produced rrnrr

coefficients of 2.92 and 3.27 for term'inal Present Servjceablity Indexes of

2.5 and 1.5 respectively.

In another research study, Elljott and Herrin (20) examined the relative

fatigue characteristics of dense graded mjxes using a relatjonshjp developed

by Maupin and Freeman (21) between the split tensiie strength of an asphalt

mix and its laboratory fatigue propert'ies. Maupin and Freeman's work indicates

that the "n" coeffic'ient can be predicted with reasonable accuracy by the

equat i on :

lr = .0374 ST - .7 44 (Eq 2.3 )

where

ST = the sp'lit tensile strength in psi.

Elljott and Herrin used this relationship to estimate the "n" coefficient for

9 mixes used by the IIIinois Department of Transportation. The values found

ranged from 1.89 to 5.90 with a mean value of 3.50.

Other estimates of the "n" coefficients can be made using procedures deveioped

by Cooper and Pell (22). Their procedures estimate the fatigue equation for a

mix based on the volumetric asphalt content and the ring and ba'li softening

point of the asphalt. Usjng the Cooper and Pell procedures with mix data

reported by Elliott and Herin (20), the "n" coefficients for the 9 Illinois

m'ixes were estimated to range from 3.28 to 4.53.

These values compare favorably with the values obtained from 'laboratory

fat.igue tests on a similar mix as reported by Shurma and Larson (23). This mix
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was an AC surface course commonly used in Pennsy'lvania. The fatigue testing

was performed by TAi. The "n" coeffjcients found ranged from 3.51 when tested

at 85 F to 3.92 at 55 F.

2.6 FATIGUE F.UNCTION SENSITIVITY ANALYSIS

The research cited above indicates that the appropriate "n" coefficient

for typical dense graded AC m'ixes would be in the range of 3.0 to 4.0. To

check the sjgnificance of any one particular va1ue, a sensjtivity analysis was

conducted using "n" coefficients ranging from 2.8 to 5.0. For this sensitivity

ana'lysis, the "b" coefficjent was held constant at 1.4.

The anaiysis was conducted in two phases. in the first phase, fatigue

equations were established based on analyses of the performance of the Loop 4

AASHO Road Test pavements. These were established using the techniques

reported by El'liott and Thompson (19). The second phase'involved select'ing AC

design thicknesses for three levels of traffic using the developed fatigue

rel ati onshi ps.

The results of the "n" coefficient sensitivity study is shown in F'igure

2.1, The design thickness is seen to be more sensitive to the strajn level as

the "n" coefficient decreases (greater difference in thickness between low and

high traffjc volumes). It is also seen that the thickness at h'igher traffic

volumes is influenced more by the "n" coeffjcient than is the thjckness at

I ower vol umes.

A s'imjlar analysis was conducted relative to the value of the "b" coeffi-

cjent. For this ana'lysis, the "n" coefficient was set at 3.0. The results of

thjs study are shown.in Figure 2.2. Again, the greater AC thicknesses are

found to be more sensitive to the value of the "b" coefficient. However, sjnce

the thjckness at each traffic level genera'lly decreases with'increasing "b"
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value, the relative sensitivity (th'ickness difference from high to low traf-

fic) to strain level is not as great for "b" as it is for "n".

Based on these two sensit'ivjty ana'lyses,3.0 would appear to be a practi-

cal value to use for "n" in developing Fatigue Transfer Functions. As shown jn

Fjgure ?.1, this value would provide strong sensjtivity to traffic loading and

the load jnduced strain. It would also be in the range jndicated by the rre-

search discussed above.

There is less guidance as to an appropriate practica'l value for "b". How-

ever, the real sign'ificance in the value selected is in the thickness differ-

ent'ial it produces going from low to medium to high traffic. In thjs regard,

F'igure 2.2 shows ljttle difference as "b" changes. An appropriate va1ue, there-

fore, m'ight be 0.0 which in effect eliminates Eac from the equation and sjm-

plifies the Transfer Functjon.

2.7 SUBGRADE FUNCTION

The concept of ljmjting the Ioad-induced subgrade stress or strain has

long been recognized as a valid flexible pavement design criterion. Th'is con-

cept served as the basis for the CBR design procedure that was'in general use

for many years and that is stjll used by some agencies.

The purpose of the subgrade Transfer Function is to control the deve'lop-

ment of permanent subgrade deformation and the corresponding appearance of

rutting at the pavement surface. Knutson et al . (?4) studied the permanent

deformation behaviour of several cohesive soils finding that the behavior

could be modeled by the equation:

ep = ANb (Eq. 2.4)

In this equat'ion, ep is the permanent strain after N applications of stress;

and A and b are coefficients determined by testing. The b coefficient was
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found to vary between 0.1 and 0.2 depending upon soil type.The A coeffjcent

was found to be a function of the ratio of app'ljed stress to the sojl's

"threshold stress" (the stress level above whjch permanent deformation was

found to accumu'late rapidly).The "threshold stress" is approximatly equa'l to

the unconfined compressive stress.

In other research on the permanent deformation behavjor of cohesive soiis,

Poulsen and Stubstadt (25) found a strong correlat'ion between the soils'

resil jent modulus and the "permjssible" deviator stress. (The "permissible"

dev'iator stress was the stress level that resul'ted in 2 percent permanent

strain after 100,000 applications.) The stress-resilient modulus relationship

was found to change very little when numbers of load applications other than

100,000 were used. This lack of sensitivity to numbers of load app'lications'is

cons'istent with the low b coefficients for Eq 2.4 found by Knutson et al. The

stress-resilient modulus relationship is aiso consistent with the A coeffi-

cient being a functjon of the stress ratio. There exists a strong correlation

between the unconfined compressive strength and a soil's resiljent modulus

(9). Consequently, unconfjned compressive strength could be substitued for

res'ilient modulus in the Poulsen and Stubstadt's deviator stress-resilient

modulus re.latjonship. This would result jn a stress rat'io relat'ionship.

Most currently used mechanistic design procedures use a Transfer Functjon

that relates subgrade vertical strajn to pavement life. The general form of

the Transfer Functjons used in these procedures is:

logN =k+alog(l/ez) (8q2.5)

where

ez = the load-induced vertical strain at the top of the sub-

grade

k & a = constants determined from analysis.
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Barker et al. (26) reported a comparative study of the Subgrade Strajn

Transfer Functions that have been reported by various researchers around the

world. The Transfer Functions that they studjed, as well as several additional

ones reported in the literature (5, 6,32,43) were examjned as a part of this

study. 0f part'icularinterest are the Transfer Functions used 'in the Shell,

TAI, and Kentucky design procedures. The Shell and Kentucky functions form

upper and lower bounds for the functions reported; and the TAI function more

or less fits through the middle of the functjons.

For comparison purposes, a subgrade vertica1 strajn Transfer Function was

developed through analysis of data from Loop 4 of the AASH0 Road Test. This

ana'lysis was conducted using the approach previously reported by Elljott and

Thompson (19) except that the 1og of subgrade strajn lvas used instead of sub-

grade deviator stress. The developed equatjon is shown in Figure 2.3 together

with the Shell, TAI, and Kentucky Transfer Functions.

The subgrade Transfer Funct'ion, however, need not be linked to subgrade

vertical strain. The research reported by Poulsen and Stubstadt (25) and by

Knutson et al. suggests that a stress based Transfer Function would be appro-

priate. Simjlarly, in reporting on the development of South Africa's mechanis-

tjc design. procedure, l.lalker et aI. (27) stated a preference for a funct'ion

based on shear stress. A later paper by Maree and Freeme (28) jndjcated that

South Africa had adopted a strain based functjon but expressed dissatisfactjon

wi th 'its use.

Chou (29) has suggested deve'loping a Transfer Function based on a stress

factor. He defines the stress factor as a function of the subgrade devjator

stress and the depth within the subgrade. The subgrade is divided into layers

and the average deviator stress is determined for each layer. The stress fac-.

tor is the summation of the products of deviator stress.and layer thickness.
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El I'iott and Thompson (16) investigated Chou's stress factor rel at'ive to

the stress dependent finjte element structural model ILLI-PAVE. They found

that the stress factor could be reliably predicted by using the top of sub-

grade deviator stress alone. They subsequently combined thjs fjnding with

Knutson et al. research findings (24) and developed a subgrade stress ratjo

Transfer Function concept. In this concept the Transfer Funct'ion has the form:

logN=k+aSr (Eq2.6)

where

Sr = stress ratio, subgrade deviator stress divided by the

unconfined compressive strength

k & a = constants determined from analysis.

For comparison purposes, Transfer Functions were developed based on both

the subgrade strain and the subgrade stress ratjo concepts using the data from

Loop 4 of the AASH0 Road Test. The following lists the developed equations,

thejr correlation coefficients (R), and their standard errors of estimate.

STRAIN TRANSFER FUNCTION

'log N = -1.97264 +3.204 log (l/ez) (Eq 2.7)

R = .891 Std. Err. = .253

. STRESS RATIO TRANSFER FUNCTION

1og N = 7.25573 -5.179 Sr (Eq 2.8)

R = .908 Std. Err. = .233

The stress rat'io equation is seen to have a higher correlatjon coefficient

and a lower standard error of estimate. Although the differences are not sig-

nifjcant, they do suggest that a stress ratio Transfer Function would be at

least as reliable as one based on subgrade strain. This being the case, the

stress ratio Transfer Function appears to be the more practical. Pavement

engineers are general'ly more attuned to thinking in terms of stress and stress
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ratjos than they are to strain. A1so, the unconfined compressive strength is a

soil property familiar to all eng'ineers that is readily measured.

2.8 DEFLECTION FUNCTIONS

Numerous investigators have stud'ied the relationshjp between surface

deflection and pavement ljfe. Some of the more fully developed relationships

are presented here. It should be noted that these are not truly Transfer Func-

t'ions since they are based on measured deflections rather than deflect'ions

predicted by a structural model. It should also be noted that the stud'ies

reported are all based on deflections measured using the Benke'lman beam (or

other very similar device). The Benkelman beam is used to measure the surface

deflectjon at the point of loading as produced by a dual t'ired, s'ing'le axle

normally loaded to 18,000 pounds. The measurements are taken ejther at creep

speed (<2 mph) or as the rebound from a stopped posit'ion. As a resu'lt, the

Benkelman beam deflection js generally greater than the deflection produced

by the same load when traveling at normal highway speeds. They are also

greater than the deflections measured using a dynamic test device (e.g. Road

Rater or FHD) which are general'ly comparable to normal highway deflections.

Studies made during the AASH0 Road Test (30) indicate that the deflection at

h'ighway speeds is about 60% of the Benkelman beam deflection.

From the viewpo'int of mechanistic pavement des'ign, it is not surprising

that strong relationships have been found between pavement life and surface

deflections. Analyses of the predicted structural responses of a wide range of

pavement designs on an equal'ly wide range of subgrades (19) have shown strong

correlations between surface deflection and each of response parameters gener-

ally considered in pavement design Transfer Functions (i.e.AC radial strain

and subgrade vertical strain and/or stress ratio). Consequent'ly, surface
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deflection is a single parameter that relates to both of the response parame-

ters generally accepted as critical to flex'ible pavement design.

The pavement life-deflection relatjonships that are perhaps the most well

known and documented were developed from the AASHO Road Test (30).These rela-

tionships are quite significant since most pavement design procedures cur-

rently used jn the U.S. are based on the Road Test data. The Road Test deflec-

tion equations, therefore, relate directly to current des'ign pract'ice and

experience. These equations for deflections measured in the spring of the year

are shown in Figure 2.4.

Lister and Kennedy (31) reported on extensive studies conducted by the

Transportation and Road Research Laboratory in Eng'land that relate pavement

ljfe to measured deflectjons. The relationships found are shown on Figure 2.5

for granular base and bjtuminous stablized base pavements, respectively.

It should be noted that these relationshjps are based on 7000 pound wheel load

defl ecti ons .

Considerable deflection-pavement life research has also been conducted in

Canada. F'igure 2.6 shows a comparison of various relationships'ident'ified both

in Canada and by U.S., Australian, and British researchers. The design crite-

ria adopted as a result of analysis of these relatonships (44) is shown jn

Figure 2.7.

The Asphalt Institute (TAI) developed a deflection based procedure for

selecting the thickness of overlay to be placed on an existing flexible pave-

ment. In developing the procedure, Kingham (33) examined numerous deflectjon-

performance relaltionships. Figure 2.8 shows the relationships considered by

Kingham in comparison with the one used as the basis for the TAI overlay

design procedure.
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2.9 SELECTION OF TRANSFER FUNCTIONS

The process of selectjng Transfer Functions for use in a mechanjstjc

design procedure must consider accuracy, reliabjlity, and practicality. The

procedures developed to date (3,4, 5,5) have used two Transfer Functions -

one for AC fatigue and one for subgrade response. However, as djscussed pre-

viously, E Single relationship based on deflection might also be cons'idered.

From a practical standpoint, the single deflection based Transfer Functjon

is quite attract'ive. As mentioned ear'lier, a design based on deflectjon is

more readily appreciated by a practicing eng'ineer since deflection is the one

response parameter that can be easily measured. A1so, if the procedure is to
be presented and used in a chart or nomograph form, the single relationship

will reduce the number of charts. This will lessen the desjgn comp'lexity mak-

ing the procedure "user friendly" and more acceptab'le in rout'ine practice.

The deflection relatjonship, however, must accurately reflect the relative

effects of both of the other two response parameters. To accomp'lished thjs,

two deflection-pavement life relationships must be established. These would be

based on the two typical Transfer Funct'ions and on relationshjps between

deflection and the other response parameters. The def'lection Transfer Functjon

then would. be established by examin'ing these relatjonships and selecting the

critical portions of each. Figure 2.9 illustrates the resulting Transfer Func-

tion.

The accuaracy of the pavement life pred'ictions will be lessened somewhat

with the deflection Transfer Function since deflection does not correlate per-

fect'ly (R = 1.0) with the other response parameters. Therefore, substitution

of deflection for those parameters will add some error in the prediction capa-

bility. However, analysis of ILLI-PAVE structural response predictions shows

that the correlations between deflection and the other critjcal response par-
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ameters are strong (for asphalt strajn R = .86, for subgrade stress rat'io R =

.91).Consequently, the error jntroduced by using deflection in place of these

parameters wjll be re'latively small. Judgement would have to be exercjsed as

to whether the other advantages gained by the use of a def'lect'ion Transfer

Funct'ion outweigh the loss in accuracy.

If the des'ign procedure js to be presented in a chart or nomograph form,

the advantages are beljeved to be qu'ite signifjcant; and the deflection

approach may be appropriate. However, if the procedure is to be computerized,

there appears to be little advantage to the simplification gained by the use

of a deflection based Transfer Function.

2.10 CONCLUSIONS RELATIVE TO TRANSFER FUNCTIONS

0n the basis of this examination of Transfer Funct'ions, the follow'ing con-

cl us'i ons have been made .

1) Transfer Functions are model dependent. They relate pavement

performance to predicted structural response. since the predicted

response is not identjcal for all structura'l mode'ls, the relation-

ship will be different.

2) Transfer Functions for mechanjstic design of asphalt pavements

should represent the two most predom'inate load related fajlure

modes - fatigue cracking in the AC layer and surface rutting due to

overstressing the subgrade.

3) The two failure modes can be represented adequately by a s'ing1e

Transfer Function based on surface deflectjon. Thjs would appear to

be a particularly attractive alternative if the design procedure is

to be presented in the form of design charts and nomographs.

4) The more conventional approach is to use two Transfer Functions,
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one representjng each fajlure mode.

5) The general form of the Fatigue Function is:

1og N = K + n iog (l/eac) + b log (l/Eac) (Eq 2.2)

6) A practical approach for determin'ing the values for the con-

stants (K, n, and b) in the Fatigue Function'is to select reason-

able values for n and b and then to develop a value for K using

actual pavement performance data. In thjs respect, analyses pre-

sented in this paper suggest that 3.0 for n and 0.0 for b are rea-

sonable and pract'ica1 values for the dense graded AC mixes typi-

cal1y used in Arkansas and much of the U.S.

7) One Fatigue Functjon may not be appropriate for all AC thicknesses.

For practical design purposes, it may be necessary to develop two

Fat'igue Functions, one for FulI Depth AC pavements and another for

conventjonal (AC over granular base) flexible pavements.

8) Subgrade Functions have general'ly been based on the load induced

vertical strain at the top of the subgrade (Eq 2.5). However,

stress ratio (i.e. subgrade deviator stress to unconfined compres-

sjve strength) offers an alternate basis (Eq 2.6) that was

. found to be at least as reliable and, from a pract'ica'l standpoint,

may be preferred.
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CHAPTER 3

DETERMINATION OF SUBGRADE RESILIENT MODULUS

Subgrade support has long been recogn'ized as a fundamental parameter that

must be considered in any rational pavement design process. In recent years,

pavement rdsearchers and designers have adopted resilient modulus (Mr) as the

measure of subgrade support that most influences the performance of a pavement

and the property, therefore, that should be included in des'ign. In fact, the

i986 AASHT0 Gujde adopted Mr as the measure of subgrade support that is used

in the design of flexib'le pavements. The selection of an approprjate method

for determining the Mr of the existing subgrade was largest single act'iv'ity

under th'is study.

The methods investigated a1l involved the use of NDT data and are commonly

referred to as "back ca'lculation" procedures. The term "back calculation"

refers to a process by which the elastic moduli of pavement layers are

estimated from the results of a nondestructive deflect'ion test. The estimat'ion

requires the use of a structural model of the pavement system. Th'is phase of

the project began with a review of the structural models used for flexible

pavement analysis followed by a review of the various back calculation methods

that have been proposed and used. Several methods were subsequently evaluated

using NDT data from the project.

3.1 STRUCTURAL MODELS FOR FLEXIBLE PAVEMENTS

In the mechanistic design of flexible pavements, the engineer must pay

close attention to two major modes of fajlure: rutting, which'is generally

regarded as being the result of excessive vertical compressive stresses at the

top of the subgrade, and fatjgue cracking in the asphalt concrete, which is
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caused by repetitive radial tens'ile strains at the bottom of the bituminous

'layer (Figure 3.1). The way in which these and other crjt'ical conditions are

I jm'ited 'is determined by a reasonab'le prediction of the magnitude of the load

responses (stresses, strains and d'isplacements) prior to the actual construc-

tion of the pavement. These estimates can be obtained by using a mathematjcal

model subjected to hypothetical boundary and surface loading conditions sjmj-

lar to those expected in the field. The most commonly used model is the one

developed through elastic layer theory.

Layered elastjc models require the assumpt'ion that all of the materjals'in

the system have linear stress versus strain curves, and therefore constant

moduli of elastic'ity. It is also assumed that the elastjc properties of the

'layers are suffjciently defined in terms of elasticity by their Young's modulj

and Poisson's ratios. The followjng is brief review of the h'istorical develop-

ment of elastic layer theory.

3. 1.1 Boussinesq's Theory

In 1883, Joseph Bouss'inesq published h'is equations for solvjng for the

stresses and displacements in a single layer soil deposit produced by a statjc

point load app'lied normal to its surface (45). The soil mass was assumed to

be homogeneous, isotropic, finearly eiast'ic, and of infinite depth. The three

djmensional coordinate system used jn Boussinesq's analys'is js shown in Figure

3.2. Equations 3.1 through 3.3 are for determining the change in the horizon-

tal and vertical normal stresses at any point in the system due to a point

load applied at the origin (ground surface).

- P [ur', -(t-24tApx = ," [T
x 2-y2

3-2

Lr2(L+z)
.#.,.1] (Eq 3.1)
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APy =
(Eq 3.2)

=3P zt
2i ( tz + zz l3t2

(Eq 3.3)

Since these equations were original'ly presented, they have been adapted to

solve other types of loading problems. For example, Love (46) integrated

Boussinesq's djsp'lacement equat'ions to derive expressions to solve for the

vertical displacement of the surface due to a unjformly loaded circular area,

which are presented as equat'ions 3.4a and 3.4b. In these, attentjon'is g'iven

as to whether the bearing area'is rigid or flexible because its stiffness

affects the distribution of stresses in the system.

Flexible Bearing Area:

w 2ll-A2lpr
E

(Eq 3.aa)

Rigid Bearing Area:

w= dil -A2) pr (Eq 3.4b)
2e

where

hl = suFface deflection

p = uniform'ly distributed static pressure

t" = l"adius of the bearing area

E = modulus of e'lasticity of the soil

u = Poisson's ratio of the soil

,f*
zrrlf -(l-ztlll y?-x? *xzz

Itrz{u+zl Lrrz rl

LP,
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Boussinesq's theory represented a major breakthrough and is st'ill in use

today. However, it has few direct appljcatjons jn pavement engineerjng since

jt considers only a single layer of "infjnite" depth.

3.1.2 Burmjster's Theory for a Two Layer System

The apparent need for a methodology for ana'lyzing multi-1ayer systems was

partially fulfjlled in 1943 when D. M. Burmister presented his equations with

which the stresses and disp'lacements jn a two layer system could be estjmated

(47,48). Using the mathematical theory of elastjcity, he derived these equa-

tions based on the fol'lowing assumpt'ions:

1. The layers were assumed to be homogeneous, isotropjc and iinearly

elastic in order to make Hooke's law valid.

2. The surface reinforcing layer was considered to be weightless, of

finite thjckness, and of infinite lateral extent; the subgrade

layer was assumed to extend infjnitely in both the lateral and

downward directions.

3. The surface of the reinforcing'layer was assumed to be free of

normal and shearing stresses outsjde of the loaded area, and the

stresses and displacements in the subgrade layer were assumed to

be zero at infinite depth.

4. The two layers were assumed to be in continuous contact at the

interface, and that the subgrade provided continuous, un'iform

support for the reinforcing Iayer.

5. Continuity required the assumption that the normal stresses, and

the horizontal and vertical displacements at the interface be

equal .

6. The Poisson's ratio of the layers was assumed to be 0.5"
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Except for numbers I and 6, these assumptions and continuity conditjons are

genera'lly satjsfied in most types of flexible pavement construction, and, as

wjll be djscussed 1ater, are quite sjmjlar to those used jn contemporary com-

puter based model s.

Figure 3.3 shows a typical two layer elastic system subject to a un'iform

statjc pressure app'ljed through a circular p1ate. Burmister's equations for

determining the surface settlement due to a uniform pressure are presented

below. These equations are the same as equations 3.4 with Poisson's ratios of

0.5, further modified by the sett'lement coefficient (Fw), which can be

obtajned from Figure 3.4.

Flexjble Bearing Area

* = l'S-Pr F*
E2 (Eq 3.5a)

Rig'id Bearjng Area

where

ll/ =
l. 18 pr F,

E2
(Eq 3.sb)

l,l = surfitce settl ement

p = uniformly distributed static pressure

r = rodius of the bearing area

E2= Young's modulus of subgrade layer

Fw= settlement coefficient
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The settlement coeffjcjent accounts for the effect of the reinforcjng iayer

(pavement) on the surface settlement. It is a function of the bas'ic ratios of

the radius of the bearing area to the thickness of the reinforc'ing layer

(r/ht), and the elastic modulus of the subgrade layer to that of the reinfor-

cing layer (EZ/E1).

3.1.3 Other Elast'ic Theories of Two and Three Layer Systems

In addjtion to Burmister's work, a number of other response ana'lysjs tech-

niques were developed prior to 1960. Theories for two and three layer systems

are shown 'i n Tabl es 3 . I and 3 .2, respecti vely (49) .

3.I.4 l'lultilayer Elastic Theory and Computers

With the advent of high speed computers, the full potential of elastic

layer theory in its application to flexible pavement analysis was realized.

Computer codes can perform the numerous, comp'lex calculations required in mul-

t'iiayer elastic theory quick'ly and accurate'ly. Modern procedures use the

theory of elasticity'in much the same l.tay as Burmjster used jt to derive hjs

equations. However, Burmister was limited to two and three layer systems in

order to avoid undue complexity. The computerized techniques are capable of

addressing more layers and varjables in the system.

In this type of analysis, the pavement is modelled in an axisymmetnic

cyl'indrical coordjnate system, with an element of stress as shown in F'igure

3.5. The stress tensor for the element in matrix form is:

6i, ol, 6ri,

dl,d;'" di"

oh oi,

6ilr,erzl -

3- l0

d),

(Eq 3.6)
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Figure 3.5 Axisymmetric Cylindrical Coordinate System and Element of Stress.
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Sjmilarly, the djsplacement vector is:

ul{rrerz): (Eq 3.7)

In the notation used, (i) is the layer number which ranges from I to (N),

the number of layers ('inc'luding the subgrade). The equations of stress and

disp'lacement for the'layer in question are derived and presented by Schiffman

(50), along w'ith the applicable boundary and surface loading conditions.

As mentioned previously, the assumptions of this version of the theory are

similar to those used by Burmister, with the exception of assumptions numbered

4 and 5. Assumption 4 required that the Iayers be considered in continuous

contact at the interface and that the subgrade provide continuous, uniform

support for the reinforcing layer (47). Although the new model st'ill requires

that the subgrade provide continuous uniform support, the degree of bond at

the layer jnterfaces can be varied in some procedures. In the program BISAR,

for example, the bond can be rated from zero (fu11 frict'ion) to 1000 (frjc-

tionless) at any interface. The elastjc layer program ELSYMS assumes that

full adhesjon is developed at all interfaces of the system with one exception:

if a rig'id layer exists at finite depth, the jnterface between the subgrade

and the rig'id layer can be designated as frictionless or fully adhered.

Burmister's sixth assumption requires that the Poisson's ratio of all of

the layers be assjgned the value 0.5 (47). The computer codes enable the user

to choose a Po'isson's ratio depending on the layer material. Table 3.3 lists

some typical values of Pojsson's ratio for common pav'ing materials.

Problems involving multiple wheel Ioads, multiple layers, vary'ing degrees

of interface friction, and finite subgrade thicknesses can be solved using an

elastic 'layer program such as BISAR or ELSYMS. The genera'l input r'equired by

,i
ui

ui
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Table 3.3 Typ'ica1 Po'isson's Ratios fo Paving Materjal s (Ref 51) .

Portland Cement Conc.

Asphal t Concrete

Cement Stabi I 'ized Base

Aspha'lt Stabjlized Base

Unbound Granul ar Base

Granul ar Subgrade

Clayey or Silty Subgrade

Ljme Treated Subgrade

.15 -

.25 -

.20 -

.25 -

.20 -

.30 -

.40 -

.20

.35

.30

.35

.50

.50

.50

0. t5

0.35

0.30

0.35

0.40

0.40

0.45

0.40
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these programs are the number of layers, the thickness and elastjc properties

of each 1ayer, the interface conditjons (if app'ljcable), and the locat'ion and

intensity of the load(s). From these geometric and physical data, the program

can est'imate the stress, stra'in and d'isplacement at any po'int with'in the sys-

tem.

3 . 1 . 5 Fi n'ite E'l ement Method

The finite element method is a numerical approach to the analysjs of sol-

ids. This theory requires that the subject solid be djscretized into a net-

work of elements to be manipulated and analyzed in a computer environment

(51). The principles of statics, dynamics, thermodynamics, etc. can be

app'lied with the appropriate boundary conditions to each interacting eiement.

Then, the behavior of all or part of the model can be examined by looking at

the responses of the elements in the desjred area.

The type of element of primari'ly used in flexible pavement analyses js the

axi symmetric ri ng el ement. It i s a two dimens'ional el ement wh'ich, when

rotated about an axjs of symmetry, produces a solid of revolution. Sjmilarly,

when a series or group of these elements are rotated, a solid of the desired

sjze and shape is produced. The model used in thjs research js a right cylin-

drical solid of revolution as shown in Figure 3.6.

The strain-displacement relatjonship for an axjsymmetric

element in matrix form 'is (52):

lto
ot
+o
ai?z Jr

[, v

i-(f- du
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Axis of Symmetry

Nodes

E lement

Boundory

Plonor Section

Figure 3.6 cylindrical solid of Revolution Model of Pavement system Typjcally
Used i n Fi ni te EI ement Ana'lyses.
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The stress-strain relationship in matrix form for an isotrop'ic contjnua is

(52): 6 = EC'

wher e E
E

( l* v )e, (Eq 3.e)

e,=l-v, €2=l-Zv r ar=*
A fin'ite element based computer program solves for the stresses, strains

and djsplacements for the elements of an axisymmetrjc soljd using these basjc

equations. A typical axisymmetrjc e'lement of stress'is shown'in F'igure 3.7.

One of the major d'isadvantages of the finite element method at this t'ime

is the sophisticated computing faci'lities required to operate'it. For a model

of sjgn'ificant size, a great deal of memory is required to store the vast

amount of working data. In addition, it requires a very fast machjne to solve

the prob'lems in a reasonable amount of time. However, these prob'lems will

become secondary as small computing systems develop more capacity and speed.

The primary advantage of the finite element method is its versatil'ity.

Models of many sizes and shapes can be ana'lyzed, as weli as those with unique

materjal properties and Ioading conditions. Using the ANSYS fjnjte element

package, for example, a model wit"h stress dependent elastic propert'ies, and a

dynamic loadjng condition can be created, thus eljmjnating some of the major

drawbacks of the elastjc 'layer theory.

3.2 REVIEW OF BACK CALCULATION I'IETHODS USED IN THE PAST

Modulus back calculation from a statjc plate load test became possible

w'ith the equations of Boussinesq. Using the equations of Boussinesq and Burm-

ister, estimates of 'layer moduli can be obtained by us'ing the results of a

statjc plate Ioading test (ASTt'l Dll96-64) (53). In these methods, only the
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deflectjon at the center of the loadjng plate js used for moduli predictjon.

Modulus back calculation of a sing'le, semj-infinjte soil layer can be done

djrectly using forms of Boussjnesq's equations integrated for a uniformly

loaded circular area (46). The deflectjon from the load test can be substi-

tuted into e'ither equation 3.4a or 3.4b, depending on the nature of the load-

ing p1ate. The equations are repeated here in a rearranged form such that the

elastic modulus of the subgrade (E) js the dependent variable.

Flexible Bearing Area:

f = 2l | - /.{zlpr (Eq 3.aa)
w

Rigid Bearing Area:

E = rf (l - az lor (Eq 3.4b)2W

Burmister's theory has also been used in back calculatjon. When using

Burmjster's equations for a two'layer system (47) to back calculate moduli,

two deflection tests are required: one on the subgrade, and one on the pave-

ment-subgrade system. The subgrade modulus (Ef) is obtajned exactly as above

(Eq 3.4a or b); then, using either Equation 3.5a or b (shown below rear-

ranged), the settlement coefficient (Fr) is solved for as follows:
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Flexible Bearing Area:

WEz
1.5 pr

(Eq 3.5a)

Rigid Bearing Area:

Fw (Eq 3.sb)

After (E2) and (Fr) have been obtained, the next step requires aninflu-

ence chart like the one shown in Figure 3.4. Using the known values of (Fr)

and (h1), the ratio (E2/E1) can be obtained from the graph, and, since (E2) is

known, (El) can be solved.

3.3 BACK CALCULATION USING VIBRATORY TESTS

The use of vibratory tests to 'investigate the mechan'ical properties of

soils and paving materia'ls began in Germany between 1928 and 1939 (54).

Shortly after l,lorld t,Jar II, Swedish engineers were able to compute the elastjc

modulus of.a uniform clay based on wave velocjties (55). After 1948, most of

the developments in vibration testing were influenced by Van der Poel and Nij-

boer. Workjng for the Shell Laboratories, they developed a heavy v'ibrator

which became known as the "Dutch ShelI Vibrator" (56).

Two different types of vibrating machines were used in this type of test-

ing after 1950. A heavy vibrator, which operated at frequencies of 5 to 60

cyc'les per second (c/s), was capable of penetrating a depth of up to 10

meters. hlith three eccentric masses revolving on synchronized axes, the heavy

vjbrator could generate a sinusoida'l transient load wjth a peak impulse of up

tw

wEz
LIB pr

3 -21



to 2000 kg app'ljed to the surface of the pavement through a 30 cm djameter

circular plate (56). A light vibrator was used for generating higher

frequenc'ies (up to 3000 c/s), but at the expense of penetrating power, whjch

was only about l0 cm (56). The impulse load us'ing the light v'ibrator was

negf igible, and was not measured. For both vibrators, wavelengths were meas-

ured through the use of an electronic pick-up shifted along a measurjng tape

wjth the vibrator at its origin.

One criticjsm of the heavy vibrator in its simulation of a moving wheel

load was that jt applied the same rate of loading to all of the layers of a

pavement, regardless of depth. In reality, the loading is much longer and of

a lower intens'ity for the deeper layers than it js for those above because of

the con j ca1 dispersi on of a movi ng wheel l oad. Soi l and other material s j n

the road have mechanical properties that are djrectly related to the rate of

loading (55).

Using the wavelength (L), and the frequency (n) of the vjbrations, the

veloc'ity (v) of the waves could be calculated, thus:

(Eq 3.10)V=IlL

The dynamjc modulus (E6) of an elastic material can be computed by

the fol 1ow-'ing equati on (57) :

Ed = 2(l+u)d v2 (Eq 3.11)

where (d) 'is the density of the medium, and (u) is its Poisson's ratio. The

variable (v) in thjs equation refers to the velocity of shear waves as opposed

to Rayleigh waves.

One of the more difficult tasks in this type of analysis is choosing the

proper frequency and wavelength for a particular layer in a multilayered sys-

tem. Jones (58) established guidelines for the correct interpretation of

wave vel oc'ity data.
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3.4 MODERN NONDESTRUCTIVE DYNAMiC TESTING DEVICES

After the work of Van der Poel and Nijboer, there emerged a new breed of

nondestructjve dynamic testjng devices, such as the Dynaflect, the Road Rater,

and the Falling t,leight Deflectometer (FI,JD). These devices are completely self

contained and tra'iler mounted for easy transport. Th'is section wjll describe

the FWD in detail since it is the devjce current'ly used by the Arkansas High-

way and Transportation Department, and will give cursory descrjptions of the

Dynaflect and Road Rater.

3.4.1 The Dynatest Falling l.leight Deflectometer

Interest in dynam'ic plate loading tests increased in the 1960's when

researchers from Denmark began extendjng the development of the French falfing

ball deflectometer (59,60). The new devjce, called the falljng weight deflec-

tometer (F|.JD), applied a single impulse load similar to that of a mov'ing wheel

I oad.

The modern version of the Dynatest Fl'lD (mode1 8000) is shown in Figure

3.8. It is capable of producing a load pulse from 1500 to 27,000 pounds wjth

a duration of approximately 25 to 30 milliseconds. The peak load is measured

by a load cell above the loading p1ate, wh'ich is 11.82 inches in d'iameter

(61). The peak deflectjon of the pavement surface is measured by a series of

seven seismic geophones located on a straight line rad'iating from the center

of the loadjng p1ate. The first geophone is located at the center of the

p1ate, and the remajning sensors can be placed at any radius up to 7.4 feet

(61).According to the manufacturer of the FWD, the measured deflections are

typically within one percent (+/- 0.04 mils) of the actual deflection, and the

measured Ioads are within one percent (+/- 22.5 pounds) of the actual load

(51).

3-23



Folling Weight

12V DC Hydroulic
Uni t
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Figure 3.8 Typica'l Falling }leight Deflectometer (Ref 50)
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The act'ions of the F['JD are jntended to s'imulate the effect of a moving

wheel load on a pavement. Thjs is important because all mechanistic design

procedures are geared toward ljmiting the strajns at crjt'ical po'ints due to

th'is type of load. Several studies ind'icate that this dev'ice generates load

responses that are comparable to those produced by a moving wheel (60,62).

However, ljke the Shell vibrator, but unlike a mov'ing wheel, the FWD applies

the same rate of load'ing to all of the pavement 'layers.

3.4.2 0ther Nondestructive Dynam'ic Testing Devices

The falling weight deflectometer is the primary testjng dev'ice of thjs

research project. Howevq,r, there are other devices used today in simi'lar

applications, such as the Dynaflect and the Road Rater. These two devjces are

s'imilar to the Shell vibrator because they a'lso produce a sjnusojdal load.

The Dynaflect appljes a steady-state harmonic load with a peak-to-peak

amplitude of 1000 pounds through two steel wheels whjch are twenty inches

apart. The peak-to-peak deflections are measured by five geophones spaced

twelve inches apart with the first one being located between the two wheels.

The Road Rater Model 400 generates a s'imp1e harmonic load wjth a 160 pound

vibratjng weight. The frequency of the vibrat'ions can be varied from 5 to 100

Hz; the load is transmitted to the surface of the pavement through two, four

by seven jnch rectangu'lar steel plates whjch are 10.5 inches apart. The peak-

to-peak deflections are measured by four geophones spaced twelve jnches apart

with the first one bejng Iocated between the two plates. The peak load'is

calcu'lated according to the fo1lowing equation (63):

Fpeak= o.o5ll w fz D (Eq 3.12)

where:

w = weight, pounds

f = frequency, Hz
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D = peak-to-peak displacement, inches.

Detajls of these and other devices and comparisons thereof are ava'ilable

el sewhere (54,65).

3.5 TECHNIQUES FoR BACK CALCULATIoN 0F SUBGRADE M0DULUS

3.5.1 Iterative Back Calculatjon Programs.

Since no exact solution is available for solving for a set of layer moduli

from known deflections and layer thicknesses, iterative tLchniques were devel-

oped'in the late 1970's. Researchers at Cornell Unjversjty began to manually

ufit" real deflection basjns with synthetic basins using layered elastjc

theory (66). Soon, computer codes were developed to generate modul'i and per-

form iterations.

The jndivjdual steps of this type of iterative analys'is are illustrated in

Figure 3.9 and are brief'ly descnibed here. The logic is representative of the

two iterative computer programs used in this research, BISDEF and FPEDD1.

More detailed descriptions of these programs and their operat'ion are avajlable

el sewhere (52,57,68,69)

Step 1. Figure 3.10 illustrates the general input data required

. for the analysis of a conventional flexible pavement. The 'inputs

include the peak load (P), the radius of the loading plate (a),

the number of deflection sensors (n), the sensor radii (r.i), and

the surface deflections (dl). For each layer, the component mate-

rial and thjckness are required along with modular data jn the

form of maximum, minimum and seed moduli. At the user's option,

BISDEF and FPEDDI will generate all three of these modular values

.. automatjcally. TabIes 3.4 and 3.5 show the default values for the

two programs. BISDEF uses the val ues shown for the seed modul i of
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Figure 3.9 General Flow Diagram for Iteratjve Back Calculation Programs.
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Table 3.4 Default Modulj Seed and Ranges Used by BISDEF (Ref 51).

M o d u I j ( ksi )

Materi al Mi n i mum Max'imum Seed

Asphal t Conc.

P. C. Concrete

Hjgh Qual ity

Stabil ized Base

Stabil ized Base

Granul ar Base

Rjgid Boundary

200

2500

500

100

5

1000

7000

2500

1000

150

350

3500

1000

300

30

1000
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Table 3.5 Default Moduli Ranges Used by FPEDDT (Ref 5t).

M o d u I i ( ksi )

Materi al Mi nimum Maximum

Asphalt Conc.

P. C. Concrete

Stabilized Base

Granul ar Base

Granul ar Subbase

80

2000

80

20

10

I 100

6500

300

70

70
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surface and base materjals, and an empirjcal algorithm for the

subgrade seed modulus and range. FPEDDI uses the default ranges

shown in Table 3.5, and empirical algorithms for generat'ing the

seed modul i of al I of the pavement 'l ayers.

S.teo 2. After the input data have been read, a deflection basin

is synthesized using an e'lastic layer subroutine for the seed mod-

ul i on the first iterat'ion, and for adiusted modul'i on subsequent

iteratjons (see Step 6). In this step, the model pavement js sub-

jected to a load similar in magnitude to that produced by the NDT

device when the deflect'ion data were acqujred. The computed

deflections are stored for later use. BISDEF uses the iayered

elastic program BISAR, and FPEDDI uses ELSYMS for th'is step.

Steo 3. The calculated and actual deflections are compared based

on some statjstjcal parameter. Both programs use the absolute sum

of the percent errorin the deflections at each sensor as calcu-

lated by the following equation:

n
ABSE

T
( dmi dci ) too (Eq 3.13)

i= I
dmi

where

ABSE = absol ute sum of error, percent

n = the number of sensors

dmi = measured deflection at sensori

dci = calculated deflection at sensor i

If the ABSE is within a prespecified tolerance, the program wjll

terminate and the moduli of the current iteration are reported as

being the actual moduli. BISDEF fixes this tolerance ten percent"
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The FPEDDI tolerance may be set by the user, but it has an

optional default of two percent.

Step 4. If the test in Step 3 fails, and one or more jterat'ions

has passed, Step 4 checks for convergence. BISDEF compares the

moduli of the current iterat'ion with those of the previous one.

If the modulj seem to have converged, the program will termjnate.

The tolerance for this step jn BISDEF is fixed at ten percent.

FPEDDI checks the individual (computed) deflections, and the mod-

ul'i of the surface, base and subbase for convergenie. The user

may specify an acceptable tolerance, but default values are avail-

able. They are 0.05 mils for the deflections, four (4) percent

for the surface course, three (3) percent for intermediate layers,

and 0.05 percent for the subgrade.

Steo 5. As a time consideration, both programs will term'inate

after a specified number of iterations. This value is fixed at

three (3) iteratjons for BISDEF and is variable for FPEDDI

(default = 10).

Steo 6. If the tests of Steps 3 through 5 fail, both programs

wjll adjust the layer moduli wjthin the limits of the specified

ranges, and another iteration will be performed starting with Step

2. Iterations will continue until the program is terminated by

Steps 3, 4 or 5.

There are a number limitations in this type of procedure, some of which

will be discussed in the Section 3.6 entitled EFFECTS 0F SIMPLIFYING ASSUMP-

TIONS.
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3.5.2 ELMOD

The computer program ELM0D (Evaluatjon of Layer ilodulj and 0verlay Design)

js another popular approach to modulus back calculation. The first part of

the program calculates layer modu'li, the functjon of interest here; then, if
the user wishes, it wi'l'l perform a remain'ing life analysis and an overlay

design. ELM0D was developed by the manufacturers of the Falling l.leight

Deflectometer, and is compatib'le only with Fl,lD data.

For back calculating elastic modu'li, ELM0D uses integrated forms of Bous-

sinesq's equations and 0demark's method of equ'ivalent thicknesses (62). Th'is

method is more direct and faster than the previously described'iterative

procedures. The basic assumption in the method of equivalent thicknesses 'is

that the stresses, strains, and deflections below a particular interface are

dependent on the stiffnesses and thicknesses of the Iayers above. In effect,

thjs transforms a layered structure into a semi-infjnite, single 1ayer, to

which Boussinesq's equations are easi'ly applied (62).

3.5.3 Back Calculatjon Using Response Algorithms.

In 1985, Elliott and Thompson (19) presented response algorithms which

were developed using data generated from the ILLI-PAVE finite element pavement

model. ILLI-PAVE model is a unjque response analysis tool in that pavements

with both ljnear and nonlinear materials can be ana'lyzed.

Two types of algorithms were developed: design response algorithms to

serve as a basis for developing a design procedure, and analysis algorithms

for evaluating exist'ing pavements. Such equations were deveioped for pred'ict-

ing a number of pavement properties. The only ones of jnterest here are the

pavement analysis algorithms for predicting subgrade resilient moduli.

The algorithms were derived using mu'ltivariate regression analys'is in
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whjch the desired pavement parameter was the dependent variable, and the

rema'ining significant effects were'independent variables on the right sjde of

the equation. In the equations presented here, the subgrade "breakpoint"

res'il'ient modulus (Eri) js the dependent variable. Each equatjon wj11 yield

Erj, but will not necessarily give the same value since each one uses a dif-

ferent approach

]og Eri= 7.61 + .17 Tac - 2.14(lo9 TUse)/Tac -

.18(1og E..)T.c - 3.82 1og D0 (Eq 3.1a)

1og Ep.;= 5.89 - .ll Tac + .066(1og Ess)T3q -

l.es(log Do) - .148 AREA (Eq 3.1s)

iog Epi = 25.035 - 5.245 D3 + .286 \2 (Eq 3.16)

where

Ta. = thickness of the asphalt surface,

Tbse = thickness of the granu'lar base,

Eac = estimated elastic modulus of asphalt,

Dg = deflection at the center of the

pl ate, mi 
'l 

s

A = deflection basin parameter

= 6*(D0 + 2*D1 + 2*02 + D3)/Dg

The deflection basin parameter is calculated us'ing the surface deflectjons at

0, 1, 2 and 3 feet (Dg, D1, D2 and D3, respectively). These particular radji

originated from the sensor spacing on the NDT device used at the University of

Illinois at the time that these equations were developed. The correlation

coefficients (R) for the above equations are 0.889 for Eq 3.14,0.984 for Eq

3.15, and 0.990 for Eq 3.16.

In the regression analysis, data from 192 different pavement configura-
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tjons were used. The asphalt concrete thicknesses varjed from 3 to 8 inches,

the base thicknesses varied from 4 to 18 inches, and tfrere were four levels of

subgrade modulus - I ksi,3.02 ksi, 7.68 ksi, and 12.34 ksi (69).

Three different material models were used in the analysis. The asphalt

concrete was assumed to have a constant modulus of e'lastjcity, the granuiar

base was assumed to be "stress hardenjng," and the cohesive subgrade was

assumed to be "stress softening." The typical "stress dependent" models for

the behavior of these materials are shown in F'igures 3.11 and 3.12.

Another advantage of.the ILLI-PAVE model is the stress adjustment feature

wh'ich accounts for the limited shear strength of fine grained soils and

unbound granu'lar bases. This prevents the program from predict'ing stresses 'in

excess of the strength of the material. Details of this procedure are

avaj I abl e el sewhere (69,70) .

3.6 EFFECT 0F ASSUMPTI0NS 0N BACKCALCULATED l'lp

Even though steady progress has been made in modulus back calculat'ion,

there remain several weak links within the procedures that compromise their

accuracy. The most sign'ificant of these are:

1. The models used are based on static loading condit'ions, thus

ignoring dynamic load effects;

2. The subgrade layer in some models is assumed to be semi-jnfin'ite

in depth and jn any case the depth'is general'ly not known.

The effect of these were investigated since they were believed to be at least

partially responsjble for difficulties encountered in the evaluat'ion of the

back calculation methods. They are other assumptions that are also believed to

limjt the accuracy of the back calculation. However, these do not appear to

present as significant a limitation on back calculation and were not evalu-
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ated. These jnclude the assumptions that the layers are linear elastic, 'iso-

tropic, homogeneous and jnfinjte in lateral extent.

One of the primary reasons for these simp'lificatjons 'is the I imjted power

and capaci ty of sma'll , affordab'le computi ng systems . A supermi n'icomputer

employ'ing the finite element method can overcome many of these 1im'itations,

but, as of now, this type of system'is out of the reach of most practicing

engineers. Hopefu'|1y, as personal computers become more powerful, a more

real i sti c model wi I I become ava'il abl e.

3.6. t Method of Investigation

In order to look more close'ly at the problems created by static loads and

indef.inite subgrade depths, the finite element method was emp'loyed. Us'ing the

ANSYS finite element package, 0 layered model with varying layer thicknesses

was developed. The model was then subjected to both dynam'ic and statjc load-

ing conditjons, and th'e surface deflections were recorded. From the results

of these analyses, the effects of the type of loading and subgrade th'ickness

could be evaluated.

The ANSYS finite element system was used to generate the pavement model

and loading mechanism. The dynamic analysis was intended to simulate the

response of a conventjonal flexible pavement to the load generated by a Dynat-

est Model 8000 Falling l.leight Deflectometer (Ft^lD). For the purposes of thjs

invest'igation, all of the materials were assumed to be iinear'ly elastic, 'iso-

tropic and homogeneous. Their properties are Iisted in Table 3.6, which

jncludes the material properties of the components of the Fl,lD loading p1ate.

The pavement system is modelled as an axisymmetric solid of revolution;

this type of solid is defined as a three dimensional body developed by the

rotatjon of a planar section about an axis (19). The planar sectjon used
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Table 3.6 Materia'l Propert'ies Used in ANSYS Analyses.

Materi al Modul us of
E1 asticity

Asphalt Concrete 400,000 psi

Granul ar Base 30,000

Subgrade Soil 7,000

Rubber 1,100

Polyethyl ene 123,000

. Steel 29,000,000

Poi sson's
Rati o

0.35

0.40

0.40

0.40

0.30

0.30

3-38

Density

145 pcf

130

100

,



here is shown in Figure 3.13, and, when rotated about its y-axis, the desjred

soljd'is produced. In thjs model, there are 305 elements and 340 nodes that

make up the pavement and subgrade. There are an additional 12 elements and 15

nodes that represent the loading p'late, wh'ich is illustrated in detail in Fig-

ure 3.14. The plate'is actually a compos'ite of three materials: rubber, poly-

ethylene, and steel; the materials, their properties and the plate djmensjons

accurately represent those of an actual Fl.lD bearing p1ate.

Eight different pavement systems were analyzed. Four had 2 inches of

asphalt concrete over 8 inches of granular base and four different depths to

bedrock (100,300, 500 and 700 inches); four others had 4 inches of asphalt

over 12 inches of base with the same four bedrock depths. For all of the djf-

ferent confjgurations, the top two rows of elements (Figure 3.12) were used

for asphalt concrete, the next four were the granular base, and the remaining

elements represented the subgrade soil. }{hen the model was extended to vari-

ous depths, the subgrade elements were adiusted proportionately ('i.e., the

elements nearer the surface absorbed less of the extra depth than those below

it). This techn'ique is consjstent with the recommendations of Duncan, et al.

(7?).

Anothe.r materjal property that was considered in the model was damping.

The paving materials were assumed to have a composite damping ratio of approx-

imately five percent which has been used in previous in studies'in thjs area

(73). In order to include damping in the ANSYS model, two variables ( and

) had to be selected for the follow'ing equation (73):

4 = o</q:i,r + ?trt (Eq 3'17)

where

F = damping ratio,

o( = materi al damp'ing coeff i ci ent,
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P = structural damping coefficient,

+ = fundamental frequency of pavement.

For most pavements, the fjrst fundamental frequency (f) falls between 8 and 18

Hz (75). In order for ( ) to be near the target of 5 percent, a material

damping coeffic'ient ( ) of 5 and a structural damping coefficient ( ) of

0.0005 were chosen. Figure 3.15 shows the two components of Eq 3.17 and thejr

combined effect. The selected coefficjents yield a damp'ing ratio of roughly 5

percent in the range of resonant frequencjes that are'likely to be encoun-

tered.

The boundary conditions are the same as those that have been used jn the

past in finite element models of this type (72). Referring to F'igure 3.13,

the boundary conditjons are as follows:

1. The nodes at the right boundary are restrained'in the "x" djrec-

t j on , but al 'l owed to move vert i ca] 1y.

2. The nodes at the bottom of the subgrade layer are restra'ined in

both the "x" and "y" directions, jndicating that fu11 frictjon is

developed at the subgrade - rigid boundary interface.

3. Along the line of symmetry (the y-axis), the nodes are unre-

. strained, but, because of the symmetrical load'ing, they wi'l'l only

move vert'ica11y.

4. The common nodes at the layer jnterfaces do not allow the layers

to move relative to one another; thus, it was assumed that full
frict'ion was developed at these jnterfaces.

In order to sjmulate the impu'lse of a falling weight, a trans'ient

point load with a tota'l duration of 30 milliseconds (msec) was used. It acts

at the midd'le of the loading plate, 0r, as is the case of a symmetrical load,

along the line of symmetry. Since the plane is rotated 360 degrees, the total
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9000 pound load was divided by 2*?l resulting 'in a force of 1432.4 pounds.

The load was applied as a ramp function for 10 msec, held constant at the peak

for 10 msec, and was released with on a ramp for 10 msec. Th'is loading curve

is compared with an approximate F}lD load pulse in Figure 3.16.

3.6.2 Effect of the Static Load Assumption

iterative back calculation programs generally use some type of layered

elastic response analysis technique to synthes'ize deflection bas'ins that "fjt"
the dynamic deflect'ion basins obtained with a nondestruct'ive testjng device.

The routjnes used in many programs of this type are based on elastostat'ic or

viscoelastostatic models in which the load is assumed to be a uniformly dis-

tributed static pressure. This impljes that the dynamic response of a pave-

ment js assumed to be similar to jts statjc response, thus djscounting the

'inertial properties of the pavement system (73).

Each of the eight pavements were analyzed twice usjng the ANSYS model

descrjbed in the previous sections: once for a dynamic load, and once for a

stat'ic load. For the dynamic loading, the peak surface deflections were

recorded along with their corresponding time value.

Rate of Loading. As in the case of an actual pavement system, the rate of

loading had a significant effect on the load responses of the finite element

model. For the comparjsons'in Figure 3.17, a trapezoidal loading curve was

used, and the duration of the peak load was the varied from 0 to I second. A

stat'ic load was also used for which the duration l.las considered infinite. The

graph clearly shows that the peak duration (d) has a significant effect on the

surface deflections, and that when (d) is greater than about one second, the

depth and shape of the deflection basi.n approaches that of the statjc basin.

As (d) decreases, so do the deflections.
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Dvnamic vs. Static Loads. Figure 3.18 clearly shows that there js a

problem when try'ing to contrast dynamic and stat'ic deflect'ions s'ince the

dynamic responses are sensitjve to the rate of'loading. The duration and

shape of the loading curve shown in F'igure 3.16 was used for thjs research and

the comparisons therein.

In a stat'ic model , the load is inf inite'ly 1ong, enabling the pavement to

continue to deform until it reaches a static equilibrium. However, a mov'ing

wheel, like the FtlD, produces a short, transient load that will not allow the

pavement to comp'lete jts full cycle of potential deformation. Thus, dynamic

deflections are generally lower than their static counterparts.

There is signifjcant difference between the dynamic and static deflectjon

basins shown in Figure 3.18. for both of the pavement sections considered.

Th'is large disparity is primarily due to the inertial and damping properties

of the pavement mass - propert'ies that are totally neglected'in statjc ana-

lyses. The effect of theie differences on back calculated moduli 'is examjned

jn detajl in the followjng section.

In order to illustrate the effect of the above descrjbed phenomena on back

calculated moduli, stat'ic and dynamjc deflectjon basins were generated with

the ANSYS model for the pavement section shown jn Figure 3.19. Then, us'ing

FPEDDI and BISDEF, the moduli were back calculated using both types of basin.

The results are shown jn Tables 3.7 through 3.10.

The actual and computed moduli are ljsted at the top of each tab'le, and

are followed by a brief statistical ana'lysis. The absolute values of the

percent d'ifference oetween the actua'l and computed deflect'ions are l'isted in

the right-most co'lumn and are accumulated at the bottom; this value is the

"absolute sum of errors' (ABSE). It is the parameter upon which the relative

accuracy of the procedures is based.
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Table 3.7 Back Calculated Moduli from Static Deflect'ions Using FPEDDl.

Actual Modul i (ksi ) :

Computed Modul i (ksi ) :

El = 400.0, E2 = 30.0, E3 = 7.0

El = 707.3, EZ = 23.5, E3 = 7.9

Radius Actual Defl. Comouted Defl. Absolute % Diff.

0' 26 .24 28 .46 8 . 46

6 22.89 25.64 12.01

13 16.93 18.40 8.68

26 10.43 10.99 5.37

36 7.51 7 .67 2. 13

48 5 .22 5 .20 0.38

60 3 .72 3 .72 0.00

ABSE = 37.03
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Table 3.8 Back Calculated Moduli from Dynamic Deflectjons Using FPEDDI.

Actual l'lodul i (ks'i):

Computed Modul 'i (ks i ) :

El = 400.0, E2 = 30.0, E3 = 7.0

El = 546.4, E2 = 30.1, E3 = 172.5

Rad'ius Actual Defl. Comouted Defl. Absolute % Diff.

0" 7.91 7.62 3.67

5 5.65 5.40 4.42

13 3.24 1.93 40.43

26 0.52 0.35 32.69

36 0.39 0 .27 30.77

48 0.37 0.22 40.54

60 0 .12 0. 15 33 .33

ABSE = 185.85
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Table 3.9 Back Calculated Moduli from Static Deflections Using BISDEF

Actual Modul i (ksi ):

Computed Modul i (ksi ) :

El = 400.0, E2 = 30.0, E3 = 7.0

El = 527.0, EZ = 22.4, E3 = 7.9

Radjus Actual Defl. Computed Defl. Absolute % Diff.

0 26.24 25.8 I .6

6 22.89 22.g O .2

13 16.93 17 .2 | .7

25 10.43 10.4 0.5

36 7.51 7 .4 1 .5

48 5.22 5.2 0. 5

60 3 .72 3 .8 2.1

ABSE = 8.2
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Table 3.10 Back Ca1culated Moduli from Dynamic Deflections Using BISDEF.

Actual Modul i (ksi ) :

Computed Modul 'i (ks i ) :

El = 400.0, E2 = 30.0, E3 = 7.0

EL = 571.2, E2 = 37.0, E3 = 143.3

Radr'us Actual Defl . Computed Defl . Absolute % D'iff .

0 7.91 8.2 3.3

6 5.65 6.0 6.6

13 3.24 2.6 20.2

26 0 .52 0.6 10.2

36 0.39 0.3 13.4

48 0.37 0.3 29 .4

50 o.tz 0.2 71.6

ABSE = 154.8
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From the data that appear in Tables 3.7 through 3.10, the following con-

clusions may be drawn:

i. In terms of the selected statistical parameter (ABSE), the static

basin gives results that are far superior to those obta'ined using

. a dynamic. basin.

2. The dynamic deflections gave modu'li values that were slightly

closer to the actual modul'i for the top two layers (surface and

base) in a three Iayer system than the static deflections did.

3. The static deflections yielded subgrade modul'i that were very

close to the actual values; the moduli back calculated from the

dynamjc deflectjons were s'ignificant'ly higher.

4. Since the deflection data from an FHD are not statjc deflections,

the use of dynamic'(Fl,lD) bas'ins in a back calculation procedure

such as BISDEF or FPEDD1 wjll yield subgrade moduli that are too

high. This conclusion is based on the findings from the fin'ite

element model which showed that the dynamic deflect'ions to be

much lower than the'ir static counterparts.

5. These comparisons show that, given the appropriate data, 'itera-

tjve back calculation procedures are a rational approach w'ith
..

which to predict the elastic moduli of layered systems using sur-

face deflections.

Conclusion No.3 is of particular concern sjnce the overall goal of this

research js to develop a methcd for estimatjng subgrade modulj from NDT data.

It is obv'ious that the use of dynamic deflection data jn a statjc based, jter-

ative back calculation procedure will result in misleading moduli for the sub-

grade 1ayer, and the use of these moduli for design will generally lead to

insuff icjent pavement thicknesses.
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3.6.3 Effect of Subgrade Thjckness on Surface Deflectjons

The effect of the thickness of the subgrade layer (depth to a bedrock) is

considered for static and dynamic loadings.

Stati c Load'ino. In thi s analysi s, al I of the parameters shown 'in Fi gure

3.19 are held constant jn the finite element model except for subgrade thick-

ness, whjch js varied from 100 to 700'inches in increments of 200'inches. A

static point load was applied to the FlrJD p1ate, and the deflections were

recorded. The results are illustrated in Figure 3.20. From thjs figure, it
'is obvious that magnitude of the surface deflections due to a"statjc load'ing

are qu'ite sensitjve to the subgrade thickness. This phenomenon also appears

'in layered elastic programs such as ELSYMS or BISAR.

Dynamic Loading. The same type of analysis was performed as that above,

but for a dynamic load of the type described in Section 4.1.2. The results

are presented in Table 3.11. In al'l cases, the magnitude of the deflections

did not change considerably from one subgrade thjckness to the next. Th'is

implies that dynamjc deflection occurs in, at most, the top 100 jnches of the

subgrade 1ayer, and possib'ly less.

As pointed out prev'ious1y, it takes a load duration of at least one second

for the model to complete its full cycle of surface deflection. Therefore, it
seems'logicai that the full static basin cannot be achieved with a load that

is less than one thirtieth of what can be considered a "static" load.

3.7 EVALUATION OF BACK CALCUI-ATION METHODS

The various approaches for back calculating the subgrade resjlient modulus

were djscussed in Section 3.5. These approaches were evaluated for practical

application using FtrlD data from numerous sites around the state. The specific

procedures evaluated were: BISDEF, FPEDD1, ELMOD, M0DULUS, and the ILLI-PAVE
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Table 3.11 Effect of Subgrade Thickness on Predicted Deflect'ions from a

Dynamic Load Us'ing ANSYS Model .

Subgrade Th'i ckness

0

5

13

26

36

48

50

7.92

5.68

3.28

0.03

0.20

0 .39

0.15

7 .91

5.66

3.24

0.02

0. l9

0.37

0.12

7 .91

5.56

3.24

0.02

0. l9

0.37

0.12

7.9t

5.66

3.24

0.02

0. l8

0 .36

0. 12
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based algorithms. l,l'ith the exception of the ILLI-PAVE algorithms, these proce-

dures estimate the apparent elastic modu'lus (E) of a1i pavement layers. The

iLLI-PAVE algorithms estimate only the "breakpoint" resilient modulus (Eri) of

the subgrade. (As w'i1'l be djscussed in Section 3.8, this turns out to be an

advantage for use in a procedure based on the AASHTO Gu'ide.)

Each procedure uses surface deflectjon data and physical data from the

pavement itself to pred'ict the moduli. Presumably, they can be expected to

arrjve at sjm'ilar values for like conditions; it is further presumed that

these values can be used for a basis on which to compare the different tech-

n i ques

All of the deflection and physical data for this portion of the research

were collected by the Arkansas Highway and Transportat'ion Department (AHTD) at

the s'ites indicated in F'igure 3.21. These particular locations were selected

so that a broad range of pavement thicknesses, construction materials, and

subsurface condit'ions in Arkansas were represented. All of the roads tested

were conventional flexjble pavements with the exception of Hwy. 79, which is a

fu1 1 -depth asphal t pavement.

Data was collected from each of the test sections jn the spring, summer

and fa1l s.easons w'ith a slight emphasis be'ing placed on the spring period. The

emphasis on testing'in the spring was intended to provide data that could be

used for establish'ing adjustments for the time of year in which the tests were

made. The jndivjdual sectjons consisted of 25 Fl.lD drop points spaced 25 feet

apart in the outer wheel path of the traffic lane. The points were painted

upon each vjsit so that the same spot could be tested again at a later time.

0n at least one of the visits, asphalt cores and soil samp'les (Shelby tubes,

if poss'ib1e) were collected at two or more drop points for laboratory testing.

The thicknesses of the Iayers were confirmed in the field during coring.
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Two sets of ana'lyses were conducted. The first set involved comparison of

values back calculated by the various methods. For these analyses, "represent-

ative" deflect'ion basjns were selected from each test site for each testing

t'ime. Thjs set of analyses is referred to as the Representative Basin Ana-

1yses. The second set involved analyzing the on'ly the deflection basins from

which subgrade samples were taken and tested. These analyses are referred to

as the Laboratory Comparison Analyses.

3. 7. I Representati ve Basi n Ana'lyses

For each visit to each test section one "representative" basin was

selected from the 25 drop points using the computer program BASIN (76) wh'ich

was developed by A'l Bush at the Waterways Experiment Station jn Vicksburg,

M'issjss'ippi. A flowchart of the procedure for selecting the representative

bas'in from a series of drop points is shown in Figure 3.?2, and brief descrip-

tions the steps are as' follows:

1. The data required include the number of stations (N), peak load

(P), number of sensors (n), deflections (di), and sensor radjj

(rt).

2. The maximum (Pr.r) and average (Pavg) loads are determined.

3. All of the deflections are normalized to the max'imum load level.

4. For each basin, AREA and ISM are computed.

5. The average AREA, ISM, and def'lections are computed for the

entire data set.

5. The sum square errors are computed for AREA, ISM, and deflec-

tions.

7. The error sums are computed for each basin, and the one having

the lowest error sum is presented as the representat'ive basin.
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Due to the rather short test sectjons, the representative basin was very

simjlar to most of the others'in the data set. Table 3.12 l'ists the represen-

tative deflection data for each site visit along with phys'ica1 data pertjnent

to the selected back calculatjon procedures.

As described jn Section 3.6.3, the th'ickness of the subgrade layer has a

significant effect on the moduli back calculated using static based proce-

dures. S'ince no additional field testing was performed to determjne the sub-

grade thickness, values were assumed based on general knowledge of the local

sojl strata. In general, the th'icknesses were Iess in the mountainous regions

of northwest Arkansas, and approaching "semi-infinite" in the al'luvjal plains

in the south and southeast portjons of the state.

The moduli that were back calculated from the data in Table 3.12 are com-

piled in Table 3.13. This section includes analyses and summaries of the

results, and evaluat'ions of the jndividual procedures. A revjew of the impor-

tant points as established in the prev'ious sections is presented here.

Loadino Mechanism. All six of the back calculation routines are

based on a stat'ica]1y loaded model, and, when using deflection

data from a dynamic testing device, one must be aware of the types

. of errors that will occur (see Section 3.6.2)

Suborade Deoth. As jllustrated in Section 3.6.3, the depth to the

rig'id boundary has a sign'ifjcant effect on static surface deflec-

tions, but very f ittle on the dynamic surface deflectjons (accord-

ing to the finite element mode'l). In realjty, it is believed that

the subgrade thickness influences the Fl,lD surface deflections -

not as much as the static model suggests, but more than the

dynamic one does.
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Factors Affecting Moduli. The parameters to whjch the iterat'ive1y

back calculated moduli are most sensitive are the subgrade thick-

ness (as discussed above) and the surface deflections at the outer

sensors. Referring back to Fjgure 3.18, it can be seen that for a

300-inch th'ick subgrade with vary'ing pavement thicknesses, the

outer deflections are almost identical. The reason for this is

the ljm'ited radius of influence of the reinforcing'layers; in this

case the radius of influence is approximately less than 36 jnches.

Two djfferent iterative back calculatjon procedures were examined: BISDEF

and FPEDD1. Thejr operation and theoret'ical backgrounds are rev'iewed in Sec-

tion 3.5.1. These two programs were more complex, diffjcult and tjme consuming

to use than the other techniques. However, the iteratjve format js an effec-

t'ive method of estimating modu'li, given the appropriate data (see Section

3.5.2). The other back calculation procedures evaluated by these ana'lyses are

ELMOD, whjch has a "black box" appearance but is beljeved to also follow some

'iterative approach, and the ILLI-PAVE algorithms, which are direct'ly calcula-

t'ion approaches based on regression equatjons developed from finite element

analyses. The following is a brief discussjon of the apparent merits of each

method based on these analyses.

(Note that the program M0DULUS was not jncluded in this set of analyses.

MgDULUS became available to the study after these were complete. M0DULUS was

evaluated as a part of the Laboratory Comparison Analyses.)

BISDEF. The program BISDEF, although comp'lex, is made easier to use with

the help of the interactive program BINPUT which creates comectly formatted

'input files. The entire process of creating a data file for one bas'in and

back calculating the moduli takes from ten to thirty minutes on a m'icrocom-

puter. The variation in computing times is mainly due to the number of layers
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and the quality of the seed moduli.

One important characteristic of BiSDEF is that the predicted moduli of the

subgrade'layer are much more consistent and reproducible than the moduli for

the layers above it. Thjs is an jnherent feature of the "bottom to top"

approach of the iterative procedures. Such a qua'lity lends'itself to the

topic of th'is research, since, in the proposed overlay design procedure, the

s.tructural contri but j on of the re j nforc j ng i ayers w'i1 
'l be i ncl uded 'in the

effective structural number parameter.

The overall performance of BISDEF can only be considered "fair" for the

followjng reasons:

1. The tjme required to run a single deflection basin is consjder-

. able, and very often several runs are required to derive a set of

modulj that are acceptable in terms of the absolute sum of the

percent errors (ABSE). The moduli set should be refjned so that

the ABSE is less than about 100 percent; however, based on this

criterion, some data sets wjll never achieve an acceptable ABSE.

The default crjterjon is ten percent, which is unrealjstic when

dealing with "real world" data.

2.. As discussed in Section 3.6.3, the thickness of the subgrade

'layer has a dramatic effect on back calculated modul'i as'is

clearly i'llustrated in Figure 3.23. It is obvjous that rel iable

subgrade thicknesses are essentjal to the procedure as jt exists.

However, such data are extremely difficult to come by since sub-

grade depths are so variable, and no effective means of inferring

them from surface deflections has been developed.

It was observed that for the pavements that were known to be founded on

extremely deep subgrade layers, the apparent performance of the program
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jncreased. Thjs notion js supported by the data in Table 3.14, and proves

that reliable subgrade depths will help the program to yield more accurate

modul i .

FPEDD1. The back calculatjon computer program FPEDDI also uses the itera-

t'ive format. The results when using th'is program were sjmilarin magnitude

and cons'istency as those derived with BISDEF. The maior functional difference

between the two programs js that BISDEF uses the elastic layer program BISAR,

and FPEDDI uses ELSYMS to generate deflect'ion basins.

Because of the lack of relative djfference in the two procedures, FPEDDI

suffers from the same f imjtat'ions as BISDEF. However, FPEDDI attempts to

address the problem of variable and unknown subgrade th'icknesses. It uses the

theory of wave propagation to estimate the depth to a rigid layer t361. In

all of the cases considered in this research, the inferred subgrade depths

were consistently 1arge, and in some cases did not appear to be realjstic.

This program can also be rated as-"fair," because of the considerable time

required to arrive at an acceptable set of moduli.

ELM0D The program ELMOD was developed, and is djstributed by Dynatest, the

company that manufactures the fal'ling weight deflectometer. It is written in

such a way. that it is an integra'l part of the Dynatest F}lD system, and uses

deflection data in the same format as it is stored by the on board m'icro-

computer.

The primary advantages of this program lje in its convenience and ease of

use. Since the data for the entire test section comes in a format that can

readily be used, data preparation time is minimal. The program'itself is

interactive and very simple to operate.

The time required to analyze an ent'ire test section (25 basins in this

case) takes about five minutes: very short in comparison to the manipulation
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Table 3.14 Effect of Estimated Subgrade Depth on Average Absolute Sume of
the Percent Error (ABSE) of Predicted Deflectjon.

Rt./Sec. Subqrade Deoth Avq. ABSE IBISDEF]

46/3 218', 77.?%

58/3 80 186.4

7r/t9 80 t02.9

7r/t3 100 42.2

79/4 999 91.0

e2/8 999 67 .5

t4o/2 999 31.4

298/2 80 108.7

328/0 l?O 169.5
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time for one basin using an iterative program. The ELM0D program does not

reiy on the user for a great deal of guidance to obtain acceptable moduli.

This js also looked upon as a djsadvantage because the program may appear to

be a "black box" approach from which input data spawns output data with very

little user control. l,Iith an iterat'ive program, the results can be controlled

somewhat by the nature of the seed moduli, moduli ranges, and subgrade depths.

The two iterative programs studjed provide a detajled summary of the computa-

tions used to arrive at a moduli set. ELM0D, on the other hand, simply prints

the final modul i.
The problem of a rigid layer at finite depth'is also addressed by ELMOD.

The program will query the user as to whether a rigid layer js likely to ex'ist

at shallow depth. If so, it asks for the maximum equiva'lent depth to sa'id

rigid 1ayer. Then, using the specified maximum depth, it computes an estimate

of the actual depth, and adjusts the layer moduli accordingly. The performance

of ELMOD can be consjdered good with respect to both time and the qual ity of

the pred'icted subgrade moduli.

ILLI-PAVE Alqorithms The ILLI-PAVE response algorithms were developed as

descrjbed in Section 3.5.3, and the results from the three selected a'lgorithms

are presented in Table 3.13. In that table, the notatjons ILLI-1, iLLI-2 and

ILLI-3 correspond to equations 3.14, 3.15 and 3.15 respectively. Where an

estimate of the modulirs of elasticity of the asphalt concrete was required,

that value was obtained from a curve like the one shown in Figure 3.24.

ILLI-1. The first of the ILLI-PAVE based algorithms, Equation 3.14, had

the lowest corelation coefficient of the three, 0.889. This means that thjs

algorithm fit the data from which it was derived more loosely than the other

two. This algorithm gave results that were much more eratic than any of the

other algorithms or procedures. The reason for its re1ative'ly poor perfor-
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mance is that all of the terms in the equation urere directly related to the

properties of the pavement layers rather than the subgrade itself. The center

deflect'ion (DO)'is the only term that has a subgrade component. As a result,

the modul'i shown in Table 3.13 for ILLI-I are heavilyinfluenced by the in-

s'itu cond'ition of the surface and base course.

ILLI-2. Equat'ion 3.15 gave results that were sljghtly more consjstent

than Equation 3.14. Its apparent stability was probably due to its use of a

"deflection basin parameter." This parameter (called AREA) is the area of the

deflectjon basjn normalized by the center deflectjon (DO). The algorithm had

a correlation coefficient of 0.984. Thjs equation is also'influenced by the

materjal and physical properties of the asphalt and base. Therefore, the

results of Table 3.13 were ematic, although less than Equation 3.14.

ILLI-3. The correlation coefficient for Equation 3.16 js 0.990, the

h'ighest of the three selected a'lgorithms. Thjs means that this equation

yields modulj that correlate wel'l with the finite element regressjon data.

Another desirable feature of this a'lgorithm is its simplicity. Equation 3.16

uses only an outer deflection sensor for back calculat'ing the subgrade moduli.

The sjmplicity and strong correlation ciear'ly imply that, jn this approach,

there were. fewer sources of error to be taken into account.

The simplistic nature of an empirica'l equation make the ILLI-PAVE algo-

rithms very easy to use. However, Equations 3.14 and 3.15 (ILLI-1 and iLLI-2)

did not seem to y'ie)d consistent results because of the accountabil'ity of the

reinforcing layers. 0n the other hand, Equation 3.16 gave results that were

consistent, realjstic, and seemingly reliable. These quaf itjes along wjth rts

easy appljcation makes ILLI-3 appear to be qu'ite an effective tool for esti-

mating modul i.
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3.7 .2 Laboratory Comparison Analyses

The laboratory comparison analyses cons'isted of back calculating the sub-

grade modulus for each test s'ite and test time for which a so'i1 sample was

obtained and tested. The samples were obtained through a core hole at the cen-

ter of Fl,lD loading us'ing a shelby tube. Not all shelby tube samples were

tested. Some samples were obviously djsturbed when removed from the tube and

could not be tested.Others had drjed apprecjable either because of inadequate

seal'ing or'long storage times so that the laboratory resilient modulus would

not be representative of field conditions.

Five back calculation methods were evaluated by these analyses: FPEDDI,

MODULUS, ELMOD, BiSDEF, and ILLI-3. (ILLi-1 and ILLI-2 were excluded because

of the 'inconsistent results obtained in the previously discussed analyses.)

The results of these analyses are listed in Table 3.15. The analyses showed

that all five methods generaily produced M, values that were h'igher than the

laboratory test result. Except for ILLI-3, the higher values may be expiained

at least in part by the natural stress dependency of the soils. The resjljent

modulus of typical subgrade soils is higher at lower stress levels. The labo-

ratory values were determined at a deviator stress of 6 ps'i. The Fl^/D loading

probably produced a lower stress on the subgrade. The back calculated M,"

would be based on the lower stress except in the case of ILLI-3 wh'ich was

developed to pred'ict the M. at a 6'psi deviator stress. The impfications of

this 'is djscussed'in Section 3.8, Select'ion of Method for Design. Also except

for ILLI-3, the back calculated M,^ values were frequent'ly unrealistically

high. Values of 20 ksi or greater wou'ld be expected for a granu'lar base mate-

rial but is h'igher than would be expected for a subgrade soil.Only iLLI-3

consistently produced values that appear to be reasonable.

Table 3-16 lists the mean, the standard deviation, and the correlation
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Table 3.15 Comparjson of Back Calculated and Laboratory Measured Subgrade
Res'ilient Moduli.

Test Site

Hwy 82

Hwy 113

Hwy i40

Hwy 140

Hwy 162

Hwy 46

Hwy 58

Hwy 79

Hwy 79

Hwy 201

Hwy 328

BACK CALCULATION
MODULUS ELMOD

17 .3 18. 7

40.4 15.4

14.9 15.8

18. 9 19. 5

52. 5 32.0

21 .0 22.4

36.3 39.9

8.5 5. 1

11.3 7.8

34.9 1l .2

18.5 24 .2

LABORATORY RESULT
Tests Mean

4.8,5.2,3.2 4.7

7.0, i0.0 8.5

6.4,9.3 7.9

8.7 8.7

8.4 8. 4

3.5,3.9 3.7

6.7 6.7

9.3,8. 2 9.7

8.0,2.9 5.5

6.0 6.0

7.8 7.8

FPEDDl

1s.3

36.4

14. I

18.7

40.0

20.9

32.7

6.7

9.0

32.7

20.5

l,lETHOD

B I SDEF

17.8

26.2

1s.7

20.9

40.0

20. 5

34.7

7.t

10.7

16.8

13.3

ILLI-3

8.6

t7 .4

7.5

9.9

19.6

1l .5

16"5

l.l
1.8

16. 1

12.2
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matrix of the predict'ion and test results. Except for ELMOD, there is a strong

correlatjon between the various back calculat'ion methods. However, as

expected, there is very poor correlation between the test results and all of

the back calculation methods. 0n the average, ILLI-3 comes the closest to

predicting the laboratory value

Nevertheless, the expectation of a strong correlatjon between shelby tube

sample tests and back calculatjon results may not be realist'ic. The shelby

tube provides a measure of Mr on a very small, finite sample of the subgrade.

Back calculation, on the other hand, provides a gross, overall est'imate of M,^

for the entire depth of pavement support. As illustrated by the laboratory

test data, l'l, can vary sign'ificantly within a given subgrade (e.9. Hwy 82 has

3 test results of 3.2, 4.8, and 6.2 ksi). It would seem that a "reasonable"

back calculat'ion method would provide a better estimate of the overall sub-

grade support than would tests on a few shelby tube samples.

3.8 SELECTION OF METHOD FOR DESIGN

In all fields of engineering, there are simplifying assumptions that must

be made in order to make a particular theoretical model of the real world

practica'l .. However, simp'lifications that significant'ly comprom'ise the accu-

racy of the model should be avoided, and, more importantly, the model should

be used in the proper applications.

All of the back calculatjon procedures available assume a static load'ing.

The use of a static model to simulate the behav'ior of a pavement to dvnamic

loading implies that the pavement's dynamic response is similar to its statjc

response. As demonstrated in Section 3.6.2, this assumption is in error, and

when it is used in such a manner, it will compromise the accuracy of the pre-

djcted moduli. However, the current state of the art in modulus back calcula-
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Table 3.16 Simple Stat'istjcs and Correlation Matrjx of Back Calculated and
Laboratory Measured Subgrade Resil'ient Modul'i .

Method of Determi nat'i on Mean Standard Dev'i ati on

FPEDDl
MODULUS

ELMOD

B I SDEF
ILLI.3
Laboratory

FPEDDl

t'tODULUS

ELMOD

B I SDEF

I LLI.3

22. 5

0
3
3
I
0

11 .3
13.9
10.2
9.9
6.1
1.8

25.
19.
20.
ll.
7.

CORRELATION MATRIX

ELMOD BISDEF ILLI-3

0.798 0.840 0.975

0.582 0.881 0.926

0.821 0.676

0.8?4

LAB TEST

0.128

0. 168

-0.037

0. 112

0.067
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tion does not allow the des'ign engineer to properly account for these effects

s'ince it requ'ires a great deai of computing power to do so. Therefore, the

avail able procedures are to be used conservat'ive1y, and with 'informed engi -

neering judgement. Meanwhile, research js needed to develop a dynamic pavement

model and a. corresponding back calculation method

0f the back calculat'ion procedures examined, BISDEF, ELMOD and ILLI-3 were

selected as the best of thejr respective methodolog'ies. The back calculated

modul'i from these methods are repeated in Table 3.17, and are accompanied by a

brief statistical ana'lysis. The standard deviation was not computed for the

pavements that had less than three site v'isits. From the data that appear in

Table 3.77, the following observations may be made:

1. In general, BISDEF y'ie1ds higher moduli values than the other

procedures.

2. The standard deviatjons for the indjvidual pavement sectjons

varied significantly between the procedures. In a'lmost all

cases, BISDEF had the highest standard deviation, ELMOD was jn

the middle, and ILLI-3 had the lowest.

3. BISDEF and ILLI-3 showed the same trends wjthin the pavement

bl ocks.

4. BISDEF and ILLI-3 did not detect the decrease of modul'i that

usually occurs in the spring when the subgrade soils are the wet-

test while ELMOD seems to have picked it up on several of the

sections. However, the spring of 1988 was relatively dry and the

usual decrease may well not have occurred.

Based on these observations, ELM0D and ILLI-3 seem to be the more rel'iable

and practical procedures. In addition, BISDEF is prohibitive from the stand-

points of time and ease of use. Since the selected method is to be used in an
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Table 3.17 Comparison of Back Calculated Moduli from Deflection S'ites'

Rt. r/Sec. Date
Subgrade

Depth BISDEF ELMOD ILLI-3 AVG.

4
4
4

6/
6/
6/

3
3
3

AVG.
SDEV.

3 -15-87
8-26-87
9-22-87

218 r
1l

I

14
19
19

0
5
8

13 .5
15. 1
14.0

10.3
13.4
13 .5

17.8
3.3

L4.2
0.8

L2.4
L.8

L2,6
16.0
15. I
14 .8
3.0

5
E

5
5

8/
8/
8/
8/

3
3
3
3

AVG.
SDEV.

6-10-87
a-24-87
9-2L-87
4-2 1-88

80
lt

l!

I

15
l4
15
14

7
5
I
9

7.8
13.0
8.8
4.4

17.5
15.4
16. 5
18.0

15.5
1.0

8.5
3.5

17.1
0.8

14 .0
14 .6
L3.7
L2.4

13 .7
4.4

7L/L9
7L/Le
7L/L9
7L/Le

AVG.
SDEV.

5-19-87
8-77 -87
9-24-87
4-2 8-88

80
ll
1t

t,

26 .4
19.4
17. I
23 .4

14 .0
15.9
2L.2

t7.9
17. 8
L6.7
17 .8

2L.6
4.1

17. 0
3.7

L7.6
0.6

19.4
t7.7
18. 3
20 .6

18 .9
3.6

7L/13
7L/L3
7L/L3
7L/13

AVG.
SDEV.

4 -5-87
8-49-87
9-29-87
4-20-88

100"
1t

1l

il

23.0
23.L
37.8
26.9

15. 6
1s.5
18. 0
14. O

27.7
7.O

L3.7
4.2

15. I
1.7

18.6
L9. 3

23.5
16.7

19.5
7.8

7e/ 4
7e/ 4

AVG.

7 -2L-87
8-L2-87

999 1L
10

10

7
0

9

5.4
5.5

2.9
L.7

5.5 2.3

6.7
5.8

6.2

82/8
82/ I
82/8
s2/ I
AVG.

SDEV.

7 -7 -87
8'L2a87
3 -16-88
5-2-88

999
It

L7.4
17.0
L?.5
L3.2

15.7
19.1
L3 .3
L2.6

8.9
9.3
8.9
9.1

15. 3
1

15. 2
9

9.1
o.22 2

14 .0
15. 1
13 .2
11. 6

13 .5
3.8

L4o/2
L49/2

AVG.

8-13 -S7
8-28-97

999
ll

15
15

15

4

2

3

16. 1
15. 6

8.1
8.5

15.4 8.3 13 .3

AVG.
SDEV.

6-1-87
8-10-87
5-5-88

BO 34.3
29.0
24.7

22.2
29.3
24.7

21.5
19.9
19.8

29.3
4.8

25.4
3.6

20.4
1.0

26.C
26.L
23 .1

25.0
4.9

328/O
328/O
328/o
328/O

AVG.
SDEV.

5-27-87
8-11-87
9-2L-87
4-5-88

120
lt

ll

il

8.9
8.9
9.0
8.7

3.2
3.2
4.2
4.9

9.9
LO.7
10.5
10.7

10.5
0.{

8.9
0.1

3"9
0.8

7.3
7.6
7.9
8.1

7.7
3.0
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overlay design procedure, t'ime efficiency w'i1l be an important factor.

Regardless of the method used to determine Mp, the design value must be

consistent with the design procedure in which it is used. Since the overiay

procedure deve'loped in this study follows the AASHT0 Guide approach, the des-

ign M, needs to be consistent with the l'l'^ value used to represent the AASH0

Road Test subgrade in the des'ign performance equation. This value is 3,000

psi. The AASHT0 Guide and append'ices (1) do not indicate how or why this

value was selected, but'it is consistent with test data reported by Thompson

and Robnett (78). Their data (Figure 3.25) shows that l'l. of the AASH0 so'il

was 3,000 psi at a deviator stress of about 5 psi when jt is about I percent

wet of optimum and tested unconfined. This suggests that the des'i9n Mr should

represent the soil tested at a deviator stress of 5 psi.

0f the various back calcu]ation methods evaluated, only the ILLI-PAVE

algorithms provide a value consistent wjth this. The other methods attempt to

back calculate the "actual" M. that duplicates the measured deflection basjn.

Considering the stress dependent nature of most subgrades, the back

calculated l'l. can be expected to be high since the devjator stress app'lied by the

FI,ID will normally be much lower than 6 psi. The ILLI-PAVE a'lgorithms, however,

were developed to predict what Elliott and Thompson term Eri. Erj js the

"break point" resilient modulus and happens to occur at approximately 6 ps'i. As

a result, the [t1. value predicted by ILLI-3'is consistent w'ith the AASHT0 Gulde

design equation.

Based on all of the ana'lyses perfo.rmed under this phase of the study, the

ILLI-3 a'lgorithm was selected as the method to be used for M,^ determination jn

the overlay design procedure be'ing developed. The following are the primary

reasons for this selection:

l) ILLI-3 was the only procedure that provided reasonable M, values
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i n every case.

2) ILLI-3 js the fastest back calculation method, thus requiring the

least computer tjme and permitting evaluation of every Fl,lD test

I ocati on.

3) The l'l'" value determined by ILLI-3 is consistent wjth the value

used for the AASH0 Road Test Subgrade in the AASHT0 Gu'ide design

equati on.

4) ILLI-3 is a sjmple, but powerful equation. It js based on a'large

data'base and fits a wide range of pavement conditions. The spe-

cific equation evaluated (Eq 3.16) was developed for conventional

flex'ib1e pavements havjng AC thicknesses ranging from 3 to 8

inches. However, equations were also developed for surface treat-

ments on a granular base and for Full Depth pavements having thic-

knesses of 4 to 16 jnches. The three equations are nearly'identi-

cal and for practical purposes produce the same Mp prediction:

Other ILLI-PAVE Alqorithms

Algorithm Developed for Surface Treatments

1og Eri = 24.229 - 5.711 D3 + .351 D32 (Eq 3.18)

. Algorithm Developed for Fu11 Depth Pavements

]og Epi = 24.687 - 5.411 D3 + .310 D32 (Eq 3.19)

Selected Alqorithm

Developed for Conventional Flexible Pavements

1og Epi = 25.035 - 5.245 D3 + .286 \2 (Eq 3.16)
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CHAPTER 4

DETERMINATION OF EXISTING PAVEMENT EFFECTIVE STRUCTURAL NUMBER

4.1 AASHTO RECOMMENDED METHODS

The 1986 A.ASHT0 Guide presents two approaches for determin'ing the effec-

tive structural number (SNeff) of the existing pavement. Both approaches use

NDT data and involve backcalculation. Both procedures are also based on the

assumption that SN is related to pavement (and material) stiffness. The two

procedures djffer jn rigor and apparent soph'istication. The 1986 Gu'ide recom-

mends the more rigorous method. The more rigorous method uses the entire

deflection basin to backcalculate elast'ic moduli for each pavement layer. The

elast'ic modulj are used to select layer coefficjents based on assumed rela-

tionships. SNeff is then calculated 'in the normal fashion.

The less rigorous method uses only the deflection at the center of load'ing

and the subgrade modulus in the determjnatjon of SNeff.The subgrade modulus

may be e'ither backcalculated or determined by some other means. The pavement

is treated as a single layer with SN.61 being determined based on the effec-

tive stjffness. The 1986 Guide suggests this method for agencies that have

on'ly a Benkelman beam for deflection testing.

Neither method was considered to be satjsfactory for the procedure being

developed. The problems encountered in the backcalculation of subgrade modu-

lus would obvious'ly be compounded if the more rigorous method were used. There

was also concern that with both methods the determination of SNeff would be

dependent upon the determination of the subgrade modulus (Mr).A more appro-

priate approach would allow SNeff to be determined totally independent of Mr.

As a result, efforts were initjated to develop a different method for deter-

mining SNeff from NDT that would be independent of Mr.
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4.2 CONCEPTUAL BASIS FOR THE METHOD DEVELOPED

The development of the 5peff determination method began with the concept

that at distances sufficiently distant from the center of loading the surface

deflection js almost totally due to deformatjon wjthin the subgrade. As illus-

trated in Figure 4.1, the zone of influence due to loading spreads with depth.

Directly below the loadjng plate, all materials "feel" the effect of the load

and deform. At locations beyond the loadjng p1ate, on'ly those materials within

the zone of jnfluence are deformed. At some distance, only the subgrade

deforms. This concept serves as the basis for most subgrade resilient modulus

backcal cul ation methods.

Viewed from the perspective the pavement, this concept suggests that the

difference between two deflections could be used as a measure of the pavement

stiffness. Using the AASHTO assumption that SNeff is a functjon of stiffness,

the deflect'ion difference becomes a measure of SN.g;. If the deflect'ion at

djstance T'in Figure 4.1 is due to subgrade deformation and the deflection at

the center of loading is due to pavement and subgrade deformation, the djffer-

ence between the two deflections should represent the deformatjon w'ithjn the

pavement alone. If the zone of influence spreads at an angle of about 45

degrees, the distance T would be equal to the pavement thickness.

The elastic layer theory was used to investigate the feasibjlity of using

-thjs concept as a basis for SNeff determjnation. Deflect'ion bas'ins were gener-

ated for a varjety of pavement cross-sections using the elastic layer program

ELSYMS. The difference between the deflection at the center of loading and the

deflectjon at a distance from the center equal to the pavement thjckness was

called "De'ita D". For each cross-sect'ion, Delta D and SN were calculated. SN

was calculated us'ing layer coefficients of 0.44 for asphalt concrete and 0.14

for granular base.
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The total pavement thicknesses were 8, 12, and 24 jnches. The asphalt

thicknesses ranged from I to 7 inches with the 8 inch total th'ickness, i to 11

'inches wjth the 12 jnch total thickness, and I to l7 inches wjth the 24 jnch

total th'ickness. The elastjc modulus values used'in ELSYMS to represent the

asphalt and granu'lar materials were 500 ksi and 30 ksi respectively. These

represent typ'ica1 values for AC at about 700 F and dense graded granular base

and are consistent with the layer coeffic'ients. Subgrade resjlient modulus

values of 3.5 ksj, 7 ksj, 14 ksj, and 21 ksi were used for the analyses. These

were selected as representative of the range of values expected for Arkansas

subgrades based on TRC-94 (79). The results of the ana'lyses (Figure 4.2) show

the Delta D - SNeff relationship to be reasonably independent of the subgrade

modul us.

These analyses, however, incorporated the standard elastic layer assump-

t'ion of a semi-infinite depth of subgrade. As discussed'in Chapter 3, the sub-

grade depth (depth to bedrock) is believed to be one of the factors compljcat-

ing the backcalculation of subgrade resilient modulus. Additional ana'lyses

were performed to determine whether thjs factor might also be s'ignifjcant rel-

ative to the Delta D - SNsg6 relationship. Subgrade depths ranging from 8 feet

to semi-infinjte were considered. The Delta D - SNs66 relationsh'ip was a'lso

found to be reasonably independent of the subgrade depth. It was concluded

that this approach would provide an practical method for the determinatjon of

SNeff that would be jndependent of the subgrade (Figure 4.3).

4.3 TEMPERATURE ADJUSTMENT

For the method to be comp'lete, a means was needed for temperature adjust-

ment. Asphalt concrete is quite temperature sensitive. At higher temperatures

the AC modulus decreases and at lower temperatures it increases. As a result,
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Delta D is also temperature sensitjve. The elastjc modulus used in the above

analyses was selected as typical of ttre resilient modulus of an Arkansas

asphalt concrete at 700 F.

Addjtjonal ELSYMS analyses were conducted to examjne the effect of other

AC temperatures on Delta D. The AC modulus-temperature relat'ionship shown in

Figure 4.4 was used to select modulus values for other temperatures. From

these analyses temperature adiustment curves were established. The temperature

adjustment was found to be reasonably independent of the subgrade but to

depend on both total pavement thickness and AC thickness. The temperature

adjustment factors for an 8 inch pavement is shown jn Figure 4.5.

4.4 APPLICATION OF THE METHOD

The relatjonships identified above are used in the developed design proce-

dure for the determ'inatjon of SNeff. For total pavement thjcknesses other than

those used jn the development, De'lta D - SNeff relationships are establ'ished

by the design program through ljnear interpolation. Delta D is then calcu-

lated for each deflection Iocatjon using the deflection at the center of load-

ing and the deflection at a distance (T) from the center equal to the total

pavement thickness (asphalt + base + subbase). If the deflection at T was not

measured, the closest measured def'lectjons are used to estimate that deflec-

t'ion through straight line jnterpolation.

This Delta D is adiusted to a 700 F Delta D using the relationsh'ips i11us-

trated'in Figure 4.5. If the AC thickness and total pavement thickness does

not match the thicknesses used in the analyses, a temperature adjustment is

selected from those developed through interpolation. The adjusted Delta D is

used with the relationship to establish SNeff for the deflection location.
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CHAPTER 5

EXAMINATION OF THE AASHTO REMAINING LIFE FACTOR

5.1 INTRODUCTION

A rema'ining life concept was introduced with the 1986 AASHTO Gujde (1)

that'is to be applied in the design of overiays. The concept is based on the

rationale that the structural capac'ity of a pavement decreases with load

appf icatjons. For a pavement that has been over'laid, the structural capacity

of the originai pavement is a function of the'loads appfied before overlay as

well as those applied after overlay. As presented by AASHTO, the remaining

Iife concept requ'ires that overlay thicknesses be selected cons'idering both

the "remaining" life of the pavement at the tjme of overlay and the expected

"remaining" life when the next overlay will be applied.

The remaining'life concept'is applied using Equation 1.2 wh'ich was dis-

cussed in Chapter l:
SNoL = SNy - FRL * SNeff (Eq 1.2)

The jntroduction of the remaining 'life concept represented a signjficant

devjation from overlay approaches applied by many agenc'ies uslng the earl'ier

AASHT0 Guide. These approaches were simjlar to equation 1.2 except that the

Fpg term was not jncluded.

The remaining life factor (Fnf)'is determined using Figure 5.1. In this

figure RLx'is the remajning life factor of the exjst'ing pavement at the time

of overlay and RLz is the anticipated future remajning life of the overlajd

pavement when it will be overlajd. Concern has been expressed regarding the

Fp1 concept. Many have simply questioned why it was added to the approach

many had previously used. However, of particular concern was the fact that at

low values of RLx and RLz, the general slope of the Fpg curve reverses. Thjs
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jnvestigat'ion was jnit'iated to study the concept and to establish a rationale

for thjs slope reversal.

The investigation demonstrated 'incons jstencies in overl ay des'igns using

the AASHTO remajning life concept and suggests that for consjstent designs Fp1

should be 1.0 for all values of remajning fife. This being the case, Fq1 was

not jncluded jn the overlay des'ign developed.

5.2 CONCEPT OF REMAINING LIFE

The AASHTO remaining'ljfe concept is djscussed in detail 'in reference

80. The following is an abbreviated discussion of that materjal to ajd the

reader in following the'invest'igation conducted under this study.

The remaining life concept was developed to be used in a structurail defi-

c'iency approach to overlay design. In the structural defjciency approach, the

structural requirement for the overlay (SNSL) is determined as the difference

between the structure needed to support future (design) traffic (SNy) and the

structural capac'ity of the existing pavement (SNeff).FRt was added to the

bas'ic structural deficiency equation to account for future structural damage

to the exjstjng pavement.

The fundamentals of remaining ljfe are illustrated in Figure 5.2 using the

flexjbie pavement structural number as the Jneasure of structural capacity.

The serviceab'ility of a pavement decreases with tjme and traffic from an ini-

tial value, P0. Without rehab'ilitation, the serviceab'i1ity would eventually

reach a "failure" 'level , Pf . The total number of traffic appl ications to

"fa'ilure" is shown as Nf.

However, at some point prior to failure, an overlay is p'laced. The

traffic applications to that point is x. The remaining life (RLx) is def-

jned as the addjtiona'l applications that could have been applied to "fail-

5-3



F
J
(D
Ctr
IJ
(J
H

v.
trjq

Po

Px

Pf

SNo

SNx

X

LORD RPPLICRTIONS

Nf

l
F
t<
(J
c
cE
(J

J
(tr
u
:f,
F.
L)
Ju
Ftt

REMHINING LIFE

RLx
(Nf-x )

Nf

SNx
Cx :-

SNo

x

LORO RPPLICRTIONS

Figure 5.2 Illustration of the Remaining Life concept.

Nf

I



ure" expressed as a fraction of the total possible applicatjons. That is:

RLx = (Nf - x) / Nf (Eq s.1)

The structural capacity of the pavement decreases sim'i1ar1y from SNo to

SNf . At the time of over'lay, the pavement structural capac'ity is SNx. A

pavement conditjon factor (Cx) can be defined as:

Cx = SNx / SNo (Eq 5.2)

Since SNx is also the effectjve structural capacity (SNsgg) of the

pavement at the time of overlay, SN.6; can be expressed as a function of Cx

and SNo.

SNeff = Cx * SNo (Eq 5.3)

For the AASHT0 Guide, a relatjonship between Cx and RLx was developed

using the AASHTO flexible pavement design equation. Cx and RLx values were

computed for various desjgns based on present serviceable indices at "fajl-
ure" (Pf) of 1.5 to 2.5. These produced a "best fit" relat'ionship:

[x = pL;0.165 (Eq 5.4)

A first step'in this investigation was to attempt to reproduce thjs

relationship. Cx and RLx values were computed for structural numbers rang-

ing from 6.0 to 2.5 wjth Pf equal to 1.5 and 1.0. As shown on Figure 5.3,

these values fit the AASHT0 relationship reasonably well.

The AASHT0 remaining Iife concept, however, does not use the "best fjt"
relat'ionship. Although the CX values produced by the relationsh'ip were

viewed as being realistic to RLx values as low as 0.005, the relationship

was abandoned by AASHTO because Cx goes to zero at "failure" (RLx = zero). A

modjfied relationship vras used by AASHT0. The modified relationshjp (80)

is:

Cx = I - 0"7* s-(RLx+ 0.85)' (Eq 5.s)
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The best fjt and modjfied relationshjps are compared in F'igure 5.4. In

addition to Cx not going to zero at "failure", the modified relationship

provides a Cx values for a negative remain'ing'ljfe. Although the meaning of

a negative remaining ljfe is not c1ear, this feature of the modified rela-

tjonship is a necessary (a'lthough perhaps erroneous) part of the AASHT0

appl icatjon of remaining 1 ife.

5.3 APPLICATION OF REMAINING LIFE TO OVERLAYS

The reduction jn structural capacity of the overlaid pavement is simi-

lar to that shown'in Figure 5.2. Thus, if SNn and z were used in p'lace of

the SNo and x used previously, the structural capacity of the overlajd

pavement after z load applications would be:

SNz = Cz * SNn (Eq 5.6)

Without the remaining life factor (Fnl), SMn is SNgl + SNeff. Thus,

equat'ion 5.5 can be wr j tten:

SNz = Cz * SNgl + Cz * SNeff (Eq 5.7)

AASHT0 (l) argued that this equation is incorrect since the exist'ing

pavement (SNeff) would lose structural capac'ity at a greater rate than

would the overlay (SNg1). To "correct" the equation, AASHT0 stated that Cz

* SNeff should be replaced by a similar function that includes the original

(new) structural number of the existing pavement (SNo) and a conditjon fac-

tor (Czx) that js a function of the traffic applications (or remaining

life) both before and after the overlay. That is:

Czx = f(RLx, RLz) (Eq 5.8)

and

SNz = Cz * SNgl + Czx * SNo (Eq 5.9)

From these, AASHT0 developed a relationship for FRt in terms of Czx;
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Cz, and Cz:

FRL = czx / (Cx * Cz) (Eq 5.io)

At thjs point, it should be noted that Equat'ion 5.7 a'lready'included SNo

and a function of the traffic before and after overlay (Cx * Cz). Usjng Equa-

tion 5.3, SNeff in Equation 5.7 may be replaced by Cx * SNo resulting in :

SNy = Cz * SN6g + Cx * Cz * SNo (Eq 5.11)

Nevertheless, the introductjon of Czx mjght be viewed as an ad.vance since

Cx * Cz spec'ifies the structural loss relationshjp for the existing pavement

while Czx does not. Yet, in order to apply Fnt, it was necessary to assume an

arb'itrary relationship (Equation 5.12 below).

5.4 REMAINING LIFE FACTOR CURVES

The second step in this investjgat'ion was to verify the rema'ining'life

factor curves (Figure 5.1). These curves were developed using equations 5.5

and 5.10. However, because Czx is a function of RLx and RLz, AASHT0 has to

assume a relatjonship between the two in order to apply equation 5.5. The

relationship assumed was that the combined remajning life (RLxz) would be

equal to the remaining ljfe at the time of overlay (RLx) minus the damage done

(dz) during the period of overiay. That is:

RLxz = RLx - dz (Eq 5.12)

Since dz is I - RLz, thjs equation may be written:

RLxz=RLx+RLz-1 (Eq5.13)

Injtjal'ly, this assumption seems reasonable. However, it produces an

uneas'iness that grows wjth further reflectjon. By subtracting the fu11 damage

done after overlay, there seems to be no account'ing for the reduction in the

rate of damage that results from the lower load stresses due to the overlay.

A1so, because both RLx'and RLz generally will be less than 0.5, the comb'ined
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remaining'life will be negative. A negative remaining life has no meaning.

Fjnally, because the conditjon factor relationshjp itse'lf (Eq 5.5) is assumed,

this assumpt'ion (Eq 5.12) resu'lts in a compounding of assumptions.

Nevertheless, appf icatjon of this assumption together with equations 5.5

and 5.10 verjfied the mathematjca.'l accuracy of Figure 5,1 including the slope

reversals at the lower values of RLx and RLz.

5.5 INCONSISTENCIES IN APPLICATION

The third step in the current jnvestigation involved app'licat'ion of the

Fp; factors to a hypothetical design situation to see if reasonable values

and trends were produced. The design situation selected involved a design

traffic ESAL of 5,000,000 and an effective structural number for the exist-

'ing pavement (SNg16) of 4.5. The required overlay structural numbers

(SNOI) were determined for term'inal Present Serviceabil ity Ind'ices (PSI)

ranging from 3.5 to 1.55. The remaining ljfe of the exjsting pavement

(RLx) was also varied using values of 0.0, 0.2, and 0.4.

The total structural number required (SNy) and remain'ing'ljfe of the

overlay (RLz) was computed using the AASHT0 des'ign equation (1) w'ith a

"failure" PSI of 1.5. A reljability to 50% and subgrade resjlient modulus

of 3000 psi were used to reduce the equation to the original AASH0 Road

Test equatjon and elimjnate any potent'ia1 effects resulting from assump-

t'ions involved in add'ing reljability and subgrade modulus to the equation.

To assure accuracy in applicatjon, the Fpg values were calculated jn'lieu of

being taken from Figure 5.1.

The results of the analyses are Iisted in Table 5.1 and djsplayed graphi-

cally in Fjgure 5.5. The slope reversals seen in Figure 5.5 clear'ly'illustrate

an incons'istency. However, the major inconsistency is the general negative
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Tab'le 5.1 0verlay computations using Remaining Life Factors.

Design ESAL - 5,000,000 SNeff - 4.5

Terminal Required
. PSI SNn

3.s 6.6s

3.25 6.02

3.00 5.59

2.50 5 .03

2.25 4.84

2.00 4.69

L.75 4.57

1. 60 4.50

L. s5 4.48

RLv

.904

.904

.827

.503

.465

.3L7

.L67

.062

.029

RLx -
FrI

.988

.945

.881

.7LL

.533

.589

.605

.665

.694

0.0
SNol

2.20

L.77

1.63

1.83

L.99

2.04

1.8s

1.51

L. 35

RIr( -
FrI

.999

.967

.919

.773

.589

.616

.57 6

.578

.585

0.2
SNoI

2.Ls

L.57

1. /+5

1.5s

L.74

1.92

1. 98

1.90

l_. 84

RL:< -
Frl

1.00

.987

. 955

.848

.77 6

.703

.642

.515

.510

0.4
SNol

2.L5

1.58

L.29

L.2L

1. 35

L. 53

1.58

L.73

L.74
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slope of the curves between terminal PSI's of 2.0 to 3.0. For a given

design situation, design to a lower term'ina1 PSI should result'in a lower

required structural number. This is correctly illustrated by the trend of

the SNy values in Table 5.1. However, after FRt is app'lied to establjsh the

overlay requirement, the general trend for SNgg is reversed.

Quite obv'iously, someth'ing is wrong with the AASHT0 remaining l ife

approach .

5.6 MODIFICATION OF THE REMAINING LIFE APPROACH

The fjnal step in the investigation was to identify the problem wjth the

concept and to develop a recommended correction. The apparent source of the

problem js in the compounding of assumptions, first with the mod'ification of

the Cx-RLx relationship (Equations 5.4 and 5.5) and secondly with the combined

remaining 1 ife relatjonsh'ip (Equation 5.13).

As an alternative to Equation 5.13 the following development is sug-

gested. The curve in Fjgure 5.6 represents some as yet undefined relation-

sh'ip between C and RL. At some point (x), the pavement is overlaid and the

existing pavement values are Cx and RLx. After the overlay, C of the

existing pavement will continue to decline from Cx but RL will now be 100.

Thjs is represented on Figure 5.5 by the revised RL scale.

At the time of the second resurfacing (y), the respective values are

Czx and RLz. A simple scale transformation of RLz from the rev'ised scale

to the original scale shows that:

RLxz = RLx * RLz (Eq 5.14)

Th'is equation for RLxz eliminates the need for a negative remaining

ljfe. The phi'losophy behind it is simjlar to the concept of the man that

each day walks halfway to his destination. He never arrives. As long as
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5.7 OTHER DIFFICULTIES

Inconsjstency in appljcation is not the only difficulty with the AASHT0

remajn'ing Iife concept. There are other difficulties that need to be

recogn'ized. and researched. The first of these is the appf ication of the

AASHT0 Road Test performance equation to establish a rema'ining life-
cond'ition rel ationship.

The Road Test equation is an empirical relationship selected to provide

a means of predict'ing the performance of the research pavements at the Road

Test. It is not a theoretical or fundamental performance relationship and

fiBy, in fact, not even be the "best fit" prediction relationship. It js

simpiy the best relatjonship found by the researchers involved in the Road

Test using the ana'lysis tools that were available at that time. To apply
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the pavement'is overlaid prior to "failure", "failure" is not reached in

any component. The exjsting damage conditjon remains in the existjng mate-

rials and progresses. However, the overlay is designed to slow the rate of

addit'ional damage so that the "failure" condjtion is reached for the entire

pavement.

Equations 5.14 and 5.10 were used to determine Fpg values wjth both the

original C-RL relationship (Eq 5.a) and the mod'ified versjon (Eq 5.5). t,ljth
the origina'l relat'ionship, FRt is a'lways 1.0:

FRI = (RLxz) '165 1 (RLx'165 * p12'165 =

= (RLx * RLz) -165 1 (RLX * RLY).165 = 1.9 (Eq 5.15)

Hith the modjfied AASHTO relationshjp (Eq 5.5) the equation js more com-

plicated. However, except for very low values of both RLx and RLz, Fpg is

genera'l'ly about 1.0. At very low RL values, FRL becomes greater than 1.0.

(At RLx and RLz equa'l to 0.0, Fnt is 1.5)



the equation jn the fashjon used relative to remajning life represents a

very s'ignificant extrapolat'ion beyond the data and orjginal jntent of the

equat i on .

Secondly, as it is bejng applied the remaining ljfe concept assumes

that all materials will experience damage and structural'loss at the same

rate. It is conceivable that at "failure" a stabiljled layer wiii be

reduced to the equivalency of a granu'lar layer whjle a granular layer may

experience I ittle loss.

The third difficulty is with the reliance on structural number. Many

pavement engineers and researchers have expressed concern with the struc-

tural number approach to pavement design since it was first introduced.

The structural number approach assumes that each. incremental thjckness of a

material prov'ides an equal contribution to the structural capacity of the

pavement regardless of the total thjckness or total pavement confjguration.

Several studies have shown that this assumption is erroneous (81,82,83,84).

5.8 CONCLUSION AND RECOMMENDATION

Th'is investigation demonstrated that the AASHT0 remaining f ife concept

produced inconsjstent overlay design thicknesses. The jnconsistencies appear

to be caused by a compoundjng of assumptions used to produce the remaining

l'ife factor (Fpt) curves (F'igure 5.1). An alternatjve approach developed as a

part of thjs investigation found that the appropriate value for FRt js 1.0.

As a result, the AASHT0 remaining life factor was not jncluded in the overiay

design procedure developed under this project
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. CHAPTER 6

DELiNEATION OF PROJECT ANALYSIS UNITS

The overlay design procedure program developed under this project was

named ROADHOG. This name was selected to designate that the program is a road-

way design tool that was developed at the Univers'ity of Arkansas, the Razor-

backs. As a des'ign too1, R0ADH0G forms one part of the overall process of

overlay design. Varjous other procedures such as traffic analyses and a

detailed materials and envjronmental study are included in the design process.

The first step'in the AASHT0 design process is Analysis Unjt Delineation, some

form of which should be included in any comprehensive overlay des'ign process.

Analys'is Unit Delineat'ion is a process by whjch a length of pavement

slated for rehab'iljtatjon (e.g. overlay) is subdivided into "homogeneous" sec-

tjons. Homogeneous sect'ions or "analysis units" have been defined as "sec-

tions of pavement that can be considered nearly alike in terms of performance,

E9€, traffic, structural capac'ity, etc., and for which a single treatment js

appropriate" (85). Subdiv'iding a project 'into analysis units can greatly

'increase the efficiency and cost-effectiveness of an overlay design. The use

of analysi's unjts can help to jnsure the opt'imum amount of overlay is placed

where 'it 'is needed.

Due to the'importance of analysis unit delineatjon to the desjgn process,

R0ADHOG was g'iven the capability to aid designers in this task. The unjt

delineation funct'ion is contained in the program module UNIDEL. Ljke the

thickness selectjon function of R0ADH0G, unit delineation by UNIDEL is a

des'ign tool. The decision of how to use the tool, or indeed, whether to use

the tool at all, remains an administrative judgement. UNIDEL provides one

means of analysis unit de'lineation. The extent of its use resjdes wjth the
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designer, dependent upon economics and practicai ity.

5.1 UNIT DELINEATION METHODS

A number of methods have been suggested to subdivide rehabjlitation pro-

jects into homogeneous units (85). In general terms, a des'igner could use a

qualitative or a quantjtative approach to unit delineation. The approach

taken may depend a great deal on the type of data a designer has avajlable.

6.1. 1 Qual itat'ive Approach

A designer using a qualjtative approach 'identifjes homogeneous sections

based on historical evjdence such as construction data (cross-section, soil

type, etc.) and traffic history. This approach assumes that similar pavements

constructed on sim'ilar foundations with similar traffic histories are in s'imi-

lar condition. Many times current measurements of serviceab'iiity or condjtion

surveys will be used to supplement historical records. The 1986 AASHTO Guide

(1) gjves an examp'le of thjs type of analys'is, which it calls an "'ideal'ized

method", reproduced here as Figure 6.1.

In the example, five factors: Pavement Type, Construction History, Cross

Section, Subgrade, and 0verlay Traffic, are considered in subdivid'ing the pro-

ject jnto six analysis units. Each unit is in some way unique from the others

and requires a different level or possibly a djfferent type of rehabjlitation.

Th'is method is especially effective for making a pre'liminary identificatjon of

analysis units, but it should be supplemented with some type of field verjfi-

catjon (i.e.conditjon survey, NDT test'ing). The designer in this case is

totally dependent on the amount and reljab'ility of available data.

Another type of qualitative..method for unit delineatjon involves the use

of a pavement rating system. One example of a rat'ing system is AASHT0's Pre-
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sent Serviceability Index scale, ranging from five to zero (in descending

order) with intervals of "very good", "good", "fair", "poor", and "very poor".

Another example is the Pavement Condition Index (PCI) used by the U.S. Army

Corps of Eng'ineers in its PAVER pavement management procedure (86). PCI

ranges from zero to 100 and is divided into seven intervals wjth 100-86

descrjbed as "excellent" and l0-0 described as "failed". A drawback to using

this type of system to subdivide a project is that these procedures are pri-

mari'ly concerned with functional deficiencies rather than the structural con-

djtion of the pavement. Another disadvantage is that the nature of actual

pavement distress js Iost when the pavement is described by a ratjng number or

adjectjve (85).

6.1.2 Quantitative Approach

Quantitative procedures for unit del'ineation involve the use of some type

of measured pavement response to determine consistent differences jn pavement

condition. A number of criteria can be used as the response variable, but the

most popular is surface deflectjon measured during a non-destructjve test.

The use of NDT data for unit delineation is a'lso conven'ient when used in con-

junct'ion w'jth a deflection-based thjckness design procedure.

Prevalent methods of evaluating response data for unit delineat'ion include

visual,/graphical methods and statistical methods. These methods are demon-

strated us'ing "real-ljfe" data obtained from the Arkansas Hjghway and Trans-

portation Department. The data are taken from a section of Arkansas Highway

165 slated for rehabiljtation by overlay. For demonstration purposes, the NDT

maximum deflection at the center of loading is used as the response variable.

Figure 6.2(a) is a plot of maximum deflection along the project length.

The data is somewhat erratic; however, the project can be visually divided
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into analysjs units as shown jn Figure 6.2(b). This example jllustrates one

disadvantage of using a visual/graphical method to determine analysis units.

Many times response data do not fit jnto easjly definable patterns. The

des'igner's judgement becomes tantamount to efficient des'ign.

In the field of statistjcs, a number of methods exist to subdjv'ide an

ordered group of data into statistically homogeneous un'its. One method is a

hypothesis test for equal means using the Student-t d'istribution. Reference

85 outlines this approach, whjch was suggested for use in unit delineatjon by

ARE, Inc. The equal means test is used after preliminary analysjs units are

established. Two preiim'inary units are compared using this procedure to

determine whether the unjts are significantly d'ifferent. If the unjts are not

significantly different, they are combined and compared aga'inst the next pre-

lim'inary unjt. For example, units I and 2 shown on Figure 6.2(b) were com-

pared us'ing the equa'l means test and found to be "not significant'ly differ-

ent". Therefore, units 1 and 2 would be combined for comparison against unit

3. A stat'istical procedure such as the equal means test provjdes a method foi

confirming analysis units previously chosen by visual or other means.

Another statjstical approach to unit delineation js the cumulatjve differ-

ence method. The 1986 AASHT0 Guide recommends this method for use when a

statistical method is desirable. The R0ADHOG overlay design procedure uses

the cumulative difference approach in the UNIDEL module. A full discuss'ion of

this method is presented'in Appendix J of the AASHT0 Guide. A brief outljne

of the procedure is given with an example in the next section.

6.2 UNIT OELINEATION IN ROADHOG

The cumulative d'ifference approach to unit delineation used'in R0ADHOG is

a powerful statistical procedure that is easily adaptable to a computerized
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process. Similar to the equal means test, the cumulative difference approach

uses a response variable along the project length. R0ADH0G uses the required

overlay thickness as.the response variable. (The module 0VLTHICK generates a

required overlay thickness for each NDT test site. UNIDEL uses the required

thjckness as the response variable. ) Using.the required overl ay thickness as

the response variable is reasonable s'ince the thickness is the best ind'icatjon

of the overlay required at a point.

The cumulative difference approach is demonstrated using NDT data from

Arkansas H'ighway 165 (used in an ear'lier examp'le). The data have been used in

the R0ADHOG design procedure to generate required overlay th'icknesses. Figure

6.3(a,b,c) and Table 6.1 are used to help'illustrate the unit delineat'ion pro-

cess.

Figure 6.3(a) is a plot of the required overlay thickness a'long the pro-

ject length. The area under the response (thickness) versus djstance plot can

be determined by mult'iplying the average value of the required thjckness over

an interval by the interval length. The cumulative area to a point is found

by summing the interval areas to that point. Figure 6.3(b) is a plot of the

cumulative area (of the response-distance plot) along the project. The dashed

ljne in F'igure 6.3(b) was genenated by connecting the orig'in with a po'int cor-

responding to the average thickness-distance area for the entire project (the

project average thickness multjp'lied by the project length). The dashed ljne

represents the overall average project thickness.

The cumulative difference variable Z* is the difference between the actual

cumulative area (the solid line in 6.3(b)) and the overall average cumulatjve

area (the dashed line in 6.3(b)) for any g'iven point along the project. Fig-

ure 6.3(c) is a plot of the Z, value along the project'length. Unit boundarjes

coincide wjth the location along the proiect where the slope of the Z* curve
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changes a'lgebraic sign. Thus for the example shown, unit boundaries occur at

Statjons 55, 60,85,95, 100, 7?0,190,200, 220,250, and 260.

Table 6.1 shows the calculat'ions necessary to determine unit boundarjes.

UNIDEL performs these calculations in R0ADH0G. One advantage of this proce-

dure'is that boundaries can be determined mathematjcally, with no visual

judgement requi red of the des'igner.

The UNIDEL module allows the designer to set the minjmum length of an ana-

iysis unjt. For long projects, a recommended minjmum length of analysis unit

is 1000 feet (85). The m'inimum length should be based on econom'ics and/or

practicality. UNIDEL establjshes "ca1culated analysis units" based so1e1y on

the stat'istjcal procedure outlined above. "Recommended analysis units" are

determined by combining calculated units shorter than the minimum with adja-

cent units. After recommended units are determined, UNIDEL assigns each sta-

tjon along the project a unit number. Output of results accord'ing to ana'lysis

un'its is based on the assigned unit numbers.
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Table 6.1 Calculations for the Cumulative Difference Approach.

Station

0.00

5.00

10.00

15.00

20.00

25.00

30.00

35.00

40.00

45.00

50.00

55.00

60.00

55.00

320.00

323.00

2.10

1.50

i.10

0.50

1" 70

0.80

0.50

2,20

1.30

0.50

2.00

3,24

1.70

4 .30

1.00

2.00

3.00

4.00

5.00

5.00

7.00

8.00

9.00

10.00

11.00

12.00

13.00

5.00

5.00

5.00

5.00

5.00

5.00

5.00

5.00

5.00

s.00

5.00

5.00

5.00

5.00

10.00

15.00

20.00

25.00

30.00

35.00

40.00

45.00

50.00

55.00

60.00

55.00

or(

6,75

4.00

5.50

6,25

3.2s

6.75

8,75

4.75

6.50

13.00

12.25

15.00

or(

.16 .00

20.00

25.50

3L.75

7v

Value

-4.78

-12.07

-22.10

-30.64

-38.42

Pavenent Cunulative Average Actual
Response Interval Interval Interval Interval Interval Cunulative
Va1ue llumber Distance Distance Response Area Area

1. 85

1.3s

0.80

1.10

1.25

0.65

1.35

t,75

0.95

1.30

2.60

2,45

3.00

-55.49

-67.77

-71.06

-78.59

-79.62

-81 .41

-80.44

35.00 -49.20

41.75

50.50

55.25

6r.75

74.75

87,00

102.00

3.70

2.70
47.00 3.00 323.00 3.20 9.60 906.60 0.00
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CHAPTER 7

CONCLUSIONS, RECOMMENDATIONS, AND IMPLEMENTATiON

7.1 COMPARISON OF ROADHOG AND ELMOD

The Arkansas H'ighway and Transportation Department (AHTD) has been us'ing

the ELM0D computer program for overlay design. ELM0D is a deflection-based,

quasi-mechanistic procedure that selects overlay thickness based on estimates

of allowable versus actual stresses and strajns in a pavement system. The

procedure was developed by the manufacturers'of the Dynatest Falling l,le'ight

Deflectometer. A comparison of the overlay thicknesses determ'ined by ELMQD

and ROADHOG (the procedure developed for AHTD under this study) is given for

the data used in previous examples (Arkansas Highway 165).

Design data used jn the comparison includes a design period of 10 years,

design traffic (which includes al1 growth factors) of 350 ESAL's per day,

allowable change in serviceability'index (delta PSI) of 2.2, design standard

deviation of 0.48, minimum length of an analysis unit of 2500 feet, and design

reliab'i1ity Ievels as shown on the comparison graphs and d'iscussed in the

text. The existing pavement on Hwy. 165 consists of 4 inches of asphalt con-

crete surface over 7 'inches of gravel base course. No estimate of subgrade

thickness (depth to bedrock) is given; AHTD standard procedure is to use an

equ'ivalent maximum depth to bedrock equal to 160 inches jn the ELM0D program.

Figure 7.1 is a djrect station-by-statjon comparison of the required over-

1ay thicknesses determjned by ELM0D and ROADH0G. The reliability levels used

in R0ADH0G are shown on the figure. The reliabi'lity leve1 used by ELM0D is

not known but js believed to be 50 percent. Figure 7.1 shows that ROADH0G gen-

era11y tends to yield more conservat'ive (thicker) estimates of required over-

1ay thickness. One interesting aspect of the plot concerns the similarity of
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the shape of the curves between ELMOD and ROADHOG. Both procedures show simi-

I ar devi ati ons j n th'ickness a'long the project i n response to changes 'in the

deflection basin.

F'igure 7.2 depicts the overlay thickness(es) requjred for two levels of

reliability, assuming the project'is designed wjth a single overlay thickness

for its entjre iength. Design th'icknesses were calculated using the relat'ion-

ship shown as Equat'ion 7.1.

0L=X+S*Z (Eq7.1)

where

0L = design overlay thickness

X = dvelage required overlay thickness for stat'ion-by-station

thi cknesses detefmi ned usi ng 50% ref i ab'i 1 i ty

S = standard deviation of required overlay thicknesses

Z = standard normal deviate corresponding to a given design

reliability 1eve1

Figure 7.2 shows R0ADH0G to be the more conservative of the procedures. For

this project, ROADHOG recommended required overlay thicknesses 0.6 and 0.7

jnches thjcker that ELM0D for 85% and-70% reliability levels, respect'iveiy.

The difference in required overlay thickness between ROADH0G and ELM0D'is pro-

ject-spec'ific. A iarge database of comparisons is necessary to draw conclu-

sions regarding the level of conservatism gained by using R0ADH0G.

Chapter 6 discussed the advantages gained in terms of effjciency and cost-

effectjveness of subdjviding a project into homogeneous analysis unjts. Fig-

ure 7.3 shows design overlay thicknesses along the project, subd'ivided into

ana'lysi s uni ts, determ'ined by R0ADHOG as opposed to the si ng'le-thi ckness

design concept currently used by the AHTD. This figure graphicaily illus-

trates the optimjzatjon of design that can be accomplished using analysis
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units. R0ADHOG remains conservative in some areas, but compensates 'in terms

of the overall project by optim'iz'ing the design in areas that do not require

the full structural overlay thickness.

7.2 DESIGN RELIABILITY

One difficulty in making meaningfu'l comparisons between the ELM0D and

RQADH0G procedures js the method of app'lying a reliabil'ity 1eve1 to the

design. Reljability'is the probability that a design will perform as jntended

for the design period. Thus a design with'50 percent reljabifity" has a 50

percent chance of performing satisfactorily; conversely, the design has a 50

percent chance of fa'iling during the design period. In this respect, the use

of the term "Reliability" as appljed to the ELM0D design and as applied'in Fig-

ure 7.2 to the R0ADHOG design is not technical]y corect. Nevertheless, that

term will continue to be used in this discussion for lack of a better term.

In NDT overlay design, a level of reliability can be appljed to the

required thickness at each individua'l NDT test point (referred to as "statjon-

by-station" in earlier sectjons), to the overall average requ'ired th'ickness,

or to both. However, the meaning of applying a re'liability to the average

required thickness from thicknesses a'lready determjned at a reljability 1evel

'is unclear. An intensive, in-depth study is needed to determine a meaningful

method of handling reliability in overlay design.

Until such a method becomes avajlable, using a reliability'leve1 of 50

percent to generate station-by-station thicknesses and then applying a des'ign

reliabil'ity level to the average required thickness (e.g.Equation 7.1) should

produce realistic overlay designs. If the project is being designed with ana-

'lysis units, this procedure should be applied to each individual unjt; the

units are then "connected" to form the overlay proiect.
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7.3 CONCLUSIONS

The R0ADH0G overlay design procedure provides a method for selecting rea-

sonable overlay thicknesses based on the structural deficiency approach.

ROADH0G js strajghtforward, easy to use, and yet is a powerful analyt'ica1

tool . Its major advantages are speed, extreme flex'ibi'l.ity, and abil ity to a'i.d

the designer in optimizing a design through analys'is unit deljneation. Pri-

mary d'isadvantages include the lack of refinements to existjng pavement and

subgrade modulus characterization, such as provisjons for testjng time of year

and past performance data. Also, the present lack of clear understanding of

design rel'iab'if ity for overlays may be detrimental .

In addition to this general conclusion relative to the R0ADH0G procedure,

numerous more specific conclusions were made during the course of th'is study.

Most of these have been expressed through out this report in the varjous

chapters. For the reader's convenience, the more promjnent of these are

restated here.

BACK CALCULATIoN 0F SUBGRADE ilr

l. Major sources of error in back calculat'ing the moduli of pavement

layers from NDT data are lack of knowledge relative to subgrade depth

to bedrock and the fact that the back calculation schemes are based.on

static loadjng theroies.

2.0f these, the static'loading assumption may be the more critical s'ince

depth to bedrock does not effect the surface deflection casued by a

dynamic load as much as the static theory suggests (Figure 3.20 and

Table 3.ll).
3. 0f the various back calculation methods evaluated, only ILLI-3 cons'is-

stently provided reasnonable values of l',lr.

4. The ILLI-PAVE algorithms (including ILLI-3) are the only back calcula-
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tion methods that provide a subgrade modulus that is cons'istent wjth

the value used'in the used for the AASH0 Raod Test Subgrade in the

AASHTO Guide design equation.

EFFECTIVE STRUCTURAL NUI'IBER

l. The effect'ive structural number of the existing pavement (SNeff) should

be determjned 'independent of the subgrade modulus.

2. The difference between the deflection at the center of loading and the

deflection at a d'istance from the center equal to the total pavement

thickness (surface+base+subbase) js relat'ive1y independent of the sub-

grade modul us.

3. Thjs deflection djfference can be used as the measure of SN.p6.

AASHTO RE}IAINING LIFE FACTOR

l. The remaining life cocept as presently contained jn the AASHT0 Guide is

flawed. Its use in overlay design produces incosistencies indesign

thicknesses.

2. An alternative approach to remaining life deveoped in this study was

found to produce FRL values of 1.0 jn al1 pracitca'l cases. As a result,

the AASHT0 remaining life factor was not 'included in R0ADH0G.

TRANSFER FUNCTIONS

1. Transfer Functions for mechanjstic design of asphalt pavements should

represent the two most predominate load related failure modes - fat'igue

crackjng in the AC layer and surface rutting due to overstressjng the

subgrade.

2. The two failure modes can be represented adequately by a s'ing1e Trans-

fer Function based on surface deflection.

3. The general form of the fatigue transfer function is:

1og N = K + n 1og (l/eac) + b log (l/Eac) (Eq 2.2)
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Reasonab'le and practical values for the n and b coeffjcjents are 3.0

and 0.0 respectively.

4. For practical design purposes, it may be necessary to develop two

fatigue functions, one for Full Depth AC pavements and another for con-

ventional (AC over granular base) flex'ib1e pavements.

5. A subgrade stress ratjo transfer function was found to be at least as

reliable as the more commonly use subgrade strain function and, from a

pract'icai standpo'int, may be preferred.

7.4 IMPLEMENTATION STATEMENT

The overlay desjgn procedure developed under this study is ready for

jmmediate imp'lementation. R0ADH0G was prepared to be a user friendly program

that can be directly incorporated into routjne AHTD engineering design prac-

tjce. Also, to aid in the implementation, a user's guide was prepared under

the project to assist the designer. The user's guide is reproduced in this

report as Appendix A.

Nevertheless, the project staff recommends that for at least the first
year of use careful scrutiny be given to a'|1 design thicknesses determined by

ROADHOG to.see'if they are reasonable. Thjs probably can be accomplished best

by AHTD's research staff who currently perform most overlay th'ickness des'ign

analyses for AHTD using ELM0D.

The project staff also recommends that a short training program (i day) be

conducted for the design staff prior to complete imp'lementation of ROADH0G to

routine design. Because R0ADHOG is designed to be very user friendly, probiems

jn the operation and use of the program are not expected. However, because of

its ease of use, there is always a danger that gross misuse and serious design

emors may be made due to a lack of understanding of the basic princip'les
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behjnd the procedure.

7.5 RESEARCH RECOMMENDATIONS

Successful research efforts a'lways uncover questions for wh'ich there js no

adequate answer. As a result, all research projects end with recommendations

for further research. This study is no exception; and some of those questions

are painfuliy obvious.

For example, comparison of Figures 1.2 and 1.3 show that ROADH0G does not

contajn all of the features envisioned for a comp'lete AASHTO based overlay

design procedure; there js no consjderation of the tjme of year of the NDT

testjng and no considerat'ion of past traffic and current pavement condjtion.

Also from Chapter 3, it should be clear that many questions remain to be ans-

wered relative to the back calculation of the subgrade resilient modulus. The

following is a listing of research needed to improve and complete the overlay

design process.

1. TIME 0F YEAR ADJUSTMENT - The spring thaw and seasonal variations in

subgrade mo'isture are generally believed to cause seasonal varjat'ions

in the subgrade resilient modulus. This effect is typjcally accounted

for in overlay design by adjustjng the subgrade modulus to some "stan-

dard tjme of year". One of the objectives of this study was to estab-

ljsh time of year adjustments for Arkansas. It was envisjoned that the

adjustment would include consideration of three factors: 1) t'ime of

testing, 2) area withjn the State, and 3) soil type. However, none of

the data available to the study provided iustification for establish'ing

an adjustment method. NDT data from this study, from TRC-94, and from

the load limit study being conducted by AHTD were reviewed in an

attempt to identify patterns of seasonal variations. No consistent
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pattern was found. However, thjs does not necessarily mean that no sea-

sonal adjustment is needed. Most of the available data were collected

during years that had relatively dry springs and mild winters.

2. OVERLAY PERFORMANCE REVIEI.I - A s'ignifjcant weakness of most overlay

des'ign procedures js the lack of an adequate data base of past perfor-

mance. R0ADHOG i s no excepti on . The compari son d j scussed earl j elin
this chapter between ROADHOG and ELM0D showed ROADH0G to be somewhat

more conservative by requiring a sl jght'ly greater overlay thickness.

Unfortunately, however, this does not tell which thjckhess 'is "right".

They may both be conservatjve or may both be'inadequate. The perfor-

mance of overlays that have been designed us'ing NDT should be closely

monitored; and, when sufficient data is avajlable, the procedure

should be adiusted to fit that performance.

3. IMPROVED PAVEMENT M0DEL - The efforts to select a method for determ'in-

ing the subgrade resilient modulus (Chapter 3) revealed that there are

many problems with the currently available back calculation methods.

One major problem was shown to be the fact that the pavement structural

models are based on static loading.A pavement model is needed that is

based on structural dynamics. Although the development of such a model

appears to be fundamental and theoretical, the dynam'ic analyses per-

formed as a part of this study show that use of the model could have

very sign'ificant practical impl'ications.

4. DESIGN RELIABILITY - The concept of desjgn reliability was'introduced

to routine pavement desjgn with the 1986 AASHTO Gujde (l). Hhjle the

concept is valid and usefu'|, there are many questions regarding its

application in overlay design. Maior questions that need to be answered

pertain to the overall standard devjation of overlay performance and
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the effect of the point-by-point design approach used by R0ADHOG. The

pojnt-by-point approach (j.e. determjning a requ'ired thickness for each

NDT test location) is considered to be a strong point of the R0ADHOG

procedure; however, jt invaljdates some of the assumptions of the

AASHTO reljability approach to design. A study js needed to identify a

proper approach for considering rel'iability within ROADHOG and for giv-

'ing the designer guidance on the appropriate reliabjlity 1eve1 to use

in selecting overlay thjcknesses.

5. EFFECT 0F PAVEMENT C0NDITION - The condition of the ex'isting pavement

at the t'ime the overlay is placed has a pronounced effect on how well

the overlay performs. The AASHT0 Guide attempted to consider thjs

effect by the incorporation of a remaining'life factor in the overlay

design. Unfortunately the AASHTO rema'ining iife approach was found to

be flawed (Chapter 5). Nevertheiess, some method for considering the

current condition and past performance of the exjstjng pavement is

needed to make the design process complete.
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