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ILLI-PAVE-Based Response Algorithms for 
Full-D·epth Asphalt Concrete Flexible 
Pavements 

M. GOMEZ-ACHECAR AND MARSHALL R. THOMPSON 

In a mechanistic design procedure a structural model is used to 
predict pavement responses (stresses, strains, displacements). 
The ILLI-PAVE finite-element structural model considers non
linear, stress-dependent resilient modulus material models and 
failure criteria for granular materials and fine-grained soils. 
Asphalt concrete (AC) is modeled as a linear elastic material. 
The computational techniques of the ILLI-PAVE computer 
program require a main-frame computer and are too costly, 
complex, and cumbersome to be used for routine design. To 
incorporate ILLI-PAVE structural model concepts into a 
mechanistic design concept, simplified response algorithms 
that reliably predict ILLl-PAVE responses for full-depth AC 
pavements are needed. A comprehensive ILLl-PAVE factorial 
study was conducted. The variables considered were thickness 
of asphalt concrete, asphalt concrete modulus, and subgrade 
resilient modulus. ILLl-PAVE-based response algorithms for 
full-depth AC pavements are presented for AC radial strain, 
surface deflection, subgrade deviator stress, subgrade vertical 
strain, and subgrade deflection. Additional algorithms relating 
AC radial strain and subgrade deviator stress ratio and sur
face deflection are also presented. The algorithms are suffi
ciently accurate for inclusion in "mechanistic" design pro
cedures. 

The various components of a mechanistic design procedure for 
full-depth asphalt concrete (AC) flexible pavements are shown 
in Figure 1. In this paper emphasis is placed on materials 
characterization, the structural model, and pavement response 
components. Concepts for a mechanistic design procedure 
based on the ILLI-PAVE finite-element structural model (1) and 
design algorithms developed from a comprehensive ILLI
PAVE data base (2) are presented. The subsequent development 
of a design procedure based on these concepts should include 
the consideration of climatic effects and the establishment of 
appropriate transfer functions. 

Climatic effects (temperature, moisture, freeze-thaw) can be 
considered by quantifying their effects on material characteris
tics (resilient moduli and shear strength). Such considerations 
should be based on an extensive study of local climatic and soil 
conditions. 

Transfer functions relating pavement response and pavement 
performance are not proposed. Typical transfer functions con
sider pavement responses related to subgrade permanent strain 
(subgrade resilient strain, subgrade stress, subgrade stress ratio) 
and AC fatigue (AC strain). Transfer functions for full-depth 
AC pavements are considered elsewhere (2). Transfer functions 
should be developed on the basis of consideration of the paving 
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FIGURE 1 Components of a mechanistic design procedure. 

materials, soils, climate, and so forth relevant to local condi
tions. Laboratory testing information and field performance 
data are essential inputs to "calibrating" a transfer function. 

Transfer functions are an important part of a total mechanis
tic design procedure. Transfer functions appropriate for use 
with the ILLI-PAVE procedure are not necessarily compatible 
with linear elastic (or other) analysis procedures. 

The analyses and algorithms presented in this paper are only 
for 18-kip single axle load conditions. Mixed traffic should be 
converted to equivalent 18-kip single axle loads when the ILLI
PA VE procedure is incorporated in a comprehensive design 
procedure. 

ILLI-PAVE 

In ILLI-PAVE (1) the pavement is considered an axisymmetric 
solid of revolution. Nonlinear, stress-dependent resilient mod
ulus material models and failure criteria for granular materials 
and fine-grained soils (1, 3, 4) are incorporated in the ILLI
PA VE finite-element model. The principal stresses in the granu
lar material and fine-grained soil layers are modified at the end 
of each iteration so that they do not exceed the strength of the 
materials as defined by the Mohr-Coulomb theory of failure. 

Studies that compare measured and !LU-PAVE-predicted 
load-deformation responses reported by Raad and Figueroa (1), 
Suddath and Thompson (5), Traylor (6), Hoffman and 
Thompson (7), Gomez and Thompson (2), and Elliott and 
Thompson (8) yielded favorable results. The ILLI-PAVE 
approach has been successfully used in developing a flexible 
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highway pavement overlay design procedure based on non
destructive testing data analyses (9) as well as mechanistic 
thickness design procedures for secondary road flexible pave
ments (10) and soil-lime layers (11). Gomez and Thompson (2) 
and Elliott and Thompson (8) successfully used TT J J-PAVR 
procedures to analyze the pavement responses and predict the 
performance of the AC + bituminous-treated granular base 
sections (the "Base Type Studies") and the Loop 4 flexible 
pavement sections of the AASHO Road Test. 

The computational techniques of the ILLI-PAVE computer 
pmgrnm (currf.'.ntly a main-frame computer i~ required) are too 
costly, complex, and cumbersome to be used for routine design. 
Simplified analysis algorithms that reliably predict ILLI-PAVE 
response solutions for full-depth asphalt concrete pavements 
have been developed (2) to incorporate ILLl-PAVE structural 
morle:l c:onc:e:pts in a mechanistic design conce.pt. The 
algorithms can be easily programmed for inexpensive calcula
tor or personal computer applications. 

SOILS AND MATERIAL CHARACTERIZATION 

General 

The resilient behavior of a soil or material is an important 
property for pavement analysis and design. A commonly used 
measure of response is the resilient modulus defined by 

where 

ER = resilient modulus, 
cr0 = repeated deviator stress, and 

Er = recoverable axial strain. 

Repeated unconfined compression or triaxial testing pro
cedures are often used to evaluate the resilient moduli of fine
grained soils and granular materials. Resilient moduli are stress 
dependent: fine-grained soils experience resilient modulus 
decreases with increasing stress, and granular materials stiffen 
with increasing stress level. Because unbound granular mate
rials are not used in full-depth AC pavements, only fine
grained soils are further discussed. 

Fine-Grained Soils 

Two stress-dependent behavior models (arithmetic and semi
log) have been proposed for describing the stress softening 
behavior of fine-grained soils. 'lhe arithmetic model is shown 
in Figures 2 and 3. Extensive resilient laboratory testing, non
destructive pavement testing, and pavement analysis and 
design studies at the University of Illinois have indicated that 
the arithmetic model (Figure 2) is adequate for flexible pave
ment analysis and design activities. 

In the arithmetic model, the value of the resilient modulus at 
the breakpoint in the bilinear curve (ERi in Figure 2), is a good 
indicator of a soil's resilient behavior. The slope values (K1 and 
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FIGURE 2 Arithmetic model for stress
dependent resilient behavior of fine
grained soils. 

K2) display less variability and influence pavement structural 
response to a smaller degree than Eru. Thompson and Robnett 
(12) simplified developed procedures for estimating the 
resilient behavior of fine-grained soils based on soil classifica
tion, soil properties, and moisture content. 

Four fine-grained subgrade types (very soft, soft, medium, 
and stiff) are included in this study. Pertinent subgrade proper
ties and characteristics are given in Table 1. Resilient modulus
repeated deviator stress level relations used in the ILLI-PAVE 
model are shown in Figure 4. 

Asphalt Concrete 

A constant linear resilient modulus is used to represent the AC 
layer. AC modulus-temperature relations must be considered in 
selecting modulus values. Procedures for establishing AC mod
ulus-pavement temperature relations are presented in The 
Asphalt Institute (13) and SHELL (14) design procedures. The 
AC modulus values selected for this study are consistent with 
the range of AC moduli and temperatures expected to be 
encountered in Illinois. The modulus values and other proper
ties used in the analyses are given in Table 1. 

DEVELOPMENT OF DATA BASE 

All ILLl-PAVE analyses were based on a 9,000 ·lb circular load 
(80-psi pressure) as a representation of one dual-wheel of the 
standard 18-kip (18,000-lb) single axle load. The ILLI-PAVE 
data base (2) included information for 96 pavement configura
tions. AC thicknesses were 4, 6, 9, 12, 15, and 16 in. These 
thicknesses are representative of a broad range of typical flex
ible pavement designs. Four levels of subgrade moduli/strength 
(stiff, medium, soft, and very soft) and four ievels of AC 
modulus (2,000, 1,000, 500, and 200 ksi) were evaluated for 
each AC thickness. The ILLl-PAVE response data are pre
sented elsewhere (2). 
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TABLE 1 ILLI-PAVE MATERIAL PROPERTIES 

ASPHALT CONCRETE SUB GRADE 
VERY 

UNITS HARD HARD MEDIUM LOW STIFF MEDIUM SOFT 

Unit Weight psf 145.00 145.00 145.00 145.00 125.00 120.00 115.00 
Lateral Pressure 
Coe ff. at Rest 0.20 0.50 0.67 0.80 0.82 0.82 0.82 

Poisson 1 s Ratio 0.30 o. 35 0.40 0.46 0.45 0.45 0.45 
Unconfined Compress. 
Strength (qu) psi 32.80 22.85 12.90 
Deviator Stress: 

Upper Limit psi 32.80 22 . 85 12.90 
Lower Limit psi 2.00 2. 00 2.00 

Resilient Modulus: 
ERi ksi 12.34 7.68 3.02 

E-failure ksi 7.605 4. 716 1. 827 
E-Const. Modulus ksi 2000 1000 500 200 
Friction Angle deg. o.o o.o 0 . 0 
Cohesion psi 16.40 11. 425 6.45 

SOFT 

110.00 

0.82 

0.45 

6.21 

6.21 
2.00 

1.00 

1.00 

o.o 
3.105 
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DEVELOPMENT OF DESIGN ALGORITHM 

The design algorithms were developed using the SPSS step
wise regression program (15). The regression equation is 
de.ve.lope.d in a series of steps by ~.nterine the inrlepernfont 
(prediction parameters) variables one at a time. At each step the 
variable entered is the one that makes the greatest improvement 
in the prediction of the dependent variable (pavement response 
parameter). The pavement factors included in the analyses as 
independent variables were (a) AC thickness, (b) AC modulus, 
and (c) subgrade Eru. 

Algorithms for predicting the following pavement responses 
were established. 

1. AC radial strain at the bottom of the AC surface layer, 
2. Subgrade deviator stress, 
3. Surface deflection, 
4. Subgrade deflection, and 
5. Subgrade vertical strain. 

Repeated Deviatar Stress, psi 

FIGURE 4 Resilient modulus-deviator stress 
relations for ILLI-PAVE subgrades. 

These responses are those generally used in various transfer 
functions (Figure 1) that relate pavement response to pavement 
performance. Additional algorithms that relate AC radial strain 
and subgrade stress ratio (subgrade deviator stress/unconfined 
compressive strength) to surface deflection were also 
developed. 
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FIGURE 5 Relationship between surface deHection (at R = 0.0 from 
load) and thickness of the asphalt concrete (T Ad for a soft subgrade. 
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Algorithms that relate to AC rutting were not developed. It is 
intended that rut development within the AC portion of the 
pavement system be controlled by the proper selection of 
materials, mix design, and construction control. 

The algorithms for predicting ILLI-PAVE pavement struc
tural responses are as follows. 

Asphalt strain 

Log EAc = 5.746 - 1.589 Log TAC - 0.774 Log EAc 
- 0.097 Log ERi 

R2 = 0.967 SEE= 0.083 

Subgrade deviator stress 

Log DEV = 2.744 - 1.138 Log TAC - 0.515 Log EAc 
+ 0.289 Log ERi 

R2 = 0.976 SEE= 0.053 

Surface deflection 

Log DO= 3.135 - 0.895 Log TAC - 0.359 Log EAc 
- 0.287 Log ERi 

R2 = 0.984 SEE= 0.033 
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Subgrade deflection 

Log DSUB = 3.090 - 0.979 Log TAC - 0.321 Log EAc 
- 0.306 Log ERi 

R2 = 0.983 SEE= 0.037 

Subgrade vertical strain 

Log Ez = 4.022 - 1.680 Log TAC - 0.667 Log EAc 
- 0.165 Log ERi 

R2 = 0.944 SEE= 0.110 

Asphalt strain-surface deflection 

Log EAc = 1.53 Log DO + 0.319 

Subgrade stress ratio-surface deflection 

Log S = 1.28 Log DO - 2.21 

R2 = 0.81 

where 

SEE= 0.08 

= asphalt concrete thickness (in.), 
asphalt concrete modulus (ksi), 

Surface Deflection, DO, mils 

FIGURE 6 Relationship between maximum radial tensile strain at the 
bottom of AC and surface deflection for an AC modulus of 500 ksi. 
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ERi = subgrade modulus (see Figure 2) (ksi), 

EAC = asphalt concrete radial tensile strain 
(microstrain), 

DEV = subgrade deviator stress, cr1 - cr3 (psi), 
no = ~rnrfac::P. dP.ftP."tinn (mils), 

DSUB subgrade deflection (mils), 

Ez = subgrade vertical strain (x io-4), 
s subgrade stress ratio (subgrade deviator stress/ 

unconfined compressive strength), 
R2 = coefficient of determination, 
R = correlation coefficient, nnd 

SEE = standard error of estimate. 

The various statistical parameters show that the algorithms 
are excellent. Indeed, the standard error of estimate (SEE) is 
gtmerally wilhin lhe accuracy of lhe ILLI-PAVE muuel ilself as 
determined by comparing the results of ILLI-PAVE analyses 
made using differing element mesh configurations. 

The algorithms should not be used to solve for any of the 
independent variables. It might be tempting to use the surface 
deflection design algorithm as a pavement analysis tool to solve 
for or back-calculate the subgrade resilient modulus. The gen
eral practice of using regression equations in this manner is not 
correct nnd can lead to unnecessary errors. The appropriate 
approach is to develop separate regression equations using each 
desired "unknown" parameter as the dependent variable. 
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TYPICAL BEHAVIOR OF FULL-DEPTH 
AC PAVEMENT 

Typical ILLI-PAVE outputs and relations are shown in the 
following figmes: 

Figure 5 shows the relationship between deflection at the 
surface (DO) and thickness of the asphalt concrete (T Ad for a 
subgrade (ERi) of 3.02 ksi. There is a strong correlation 
between the deflection at the surface, the thickness of the 
asphalt concrete, and the resilient modulus of the subgrade. DO 
decreases with an increase in TAC and EAc for a given ERi. 

Surface deflection (DO) is related to the maximum tensile 
strain at the bottom of the asphalt concrete (EAd· DO and EAc 
relations are shown in Figures 6 and 7. Figure 6 is for a 
constant modulus of asphalt concrete (EAc), and Figure 7 is for 
a constant ERi· 

Subgrade stress ratio (S), defined as the ratio of the deviator 
stress (crd) to the unconfined compressive strength (qu) was 
also related to surface deflection (DO). Figure 8 shows such a 
reiationship suggesting good correlat10n. 

SUMMARY 

ILLI-PAVE-based design algorithms for full-depth asphalt con
crete flexible pavements are presented. The algorithms are 

Surface Oefleclian, DO, mils 

FIGURE 7 Relationship between surface deflection and the 
maximum radial tensile strain at bottom of AC for a medium 
subgrade (EAc is variable from 200 to 2,000 ksi). 
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FIGURE 8 Variation of stress ratio as a function of surface 
deflection for a 7.68-ksi subgrade modulus. 

sufficiently accurate for inclusion in mechanistic design pro
cedures. Pertinent design algorithm inputs are AC thickness, 
AC modulus, and subgrade ERi' The algorithms should not be 
extrapolated beyond the range of variables considered in the 
ILLI-PAVE data base unless check runs are conducted with 
ILLI-PAVE to determine the validity of the algorithms in the 
area of extrapolation. 

Factors that relate to climate, traffic, and transfer functions 
for local conditions must be appropriately evaluated and 
included in the development of a complete mechanistic-based 
design procedure. 
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Evaluation and Verification of the 
VESYS-3-A Structural Design System for 
Two Test Sites in Nebraska 

Roy V. SNEDDON 

VESYS-3-A, a mechanistic design system for asphalt pave
ments, w11s field verified for three pavement sections at two test 
sites in Nebraska. Predictions of present serviceability index 
(PSI) were in good agreement with field measurements for a 
20-year·old three-layer pavement located near Elmwood, 
Nebraska. Field-measured PSI-values for an 8-in. full-depth 
pavement also agreed with predictions for the study period. 
Rut depth estimates from the model were small and were in 
general agreement with field measurements. Cracking esti
mates were poor and tended to underestimate the time 
required to develop observable fatigue cracking in the field. 
Asphalt, base course, and subgrade materials were tested in a 
4.0-in.-diameter modified triaxial cell. Dynamic conditioning 
and rest periods were used to simulate service conditions. 
Indirect tensile tests of asphalt gave creep compliances and 
permanent strain parameters similar to those reported in the 
literature. Indirect tensile test fatigue characterization greatly 
underestimated pavement fatigue life compared with wheel
tracking test data and back-calculated AASHO Ruad Tesl 
data. Incremental creep tests of unbound materials tended to 
underestimate permanent strain parameters. 

Research efforts in mechanistic design of asphalt concrete 
pavements have resulted in two computer simulation programs, 
the FHWA VESYS-3-A and an NCHRP program called 

Department of Civil Engineering, University of Nebraska-Lincoln, 
Lincoln, Nebr. 68588-0531. 

PDMAP (1). PDMAP does not appear to have found wide 
acceptance in either the academic community or at the state 
DOT level at this time (1985). These programs model the 
pavement structural system as either linearly elastic or linearly 
viscoelastic layers composed of materials that have probabilis
tic characterizations. Traffic volume can vary over time and 
axle load distributions within the traffic can be simulated. The 
effect of environmental changes is accounted for by defining 
temperature "seasons" during which material properties can be 
changed. The output of a typical pavement simulation run 
includes the following types of information: (a) stresses and 
strains in the pavement, (b) pavement deflections, (c) estimates 
of fatigue cracking, ( d) rut depths, ( e) roughness, and (j) pres
ent serviceability index (PSI). 

Rationally, such software tools are atlrat:live for pavement 
management, design, and rehabilitation. Their actual use in a 
state highway department or DOT, however, must await suc
cessful field testing and verification. Field verification of earlier 
versions of the VESYS model by the state of Utah and other 
agencies (2-4) has produced encouraging results. 

In general, pavement materials have been characterized in 
accordance with methods described by Kenis (5) or ASTM (6). 
The indirect tensile test (7, 8) of asphalt has been used in some 
cases and has the advantages of simplicity and ease of fabrica
tion of test specimens. 

The objectives of this study are (a) to report the results of 




