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'Ihe rutting mode of pavement distress is a major prob
lem on heavily traveled flexible pavement truck routes, 
and several groups have developed procedures using 
layer theory and the permanent deformation character
istics of the layer materials to evaluate it. One such 
analytic p1·ocedure is that developed by Barksdale (1), 
Monismith and others (2), and McLean and MonismTI:h 
(3). This uses elastic layer theory and a permanent de
formation l;iw dP.tP.rmined from laboratorv reneated load 
tests for each layer mate1:ial. Another p~ocedure, that 
developed by Moavenzadeh and others (4), usei:: nccum 1-
lative linear viscoelastic deformations-:- RecenUy, 
Brademeyer (5) has revised this model to include an 
exponential law that accounts for the nonlinearities of 
the accumulated permanent deformations, and Hufford 
and Lai (6) have developed a viscoplastic law for asphalt 
concrete based on laboratory incremental creep-creep 
recovery tests. Many of these developments are in
corporated into the VESYS IIM rutting structural sub
system (7), which has been verified by comparing the 
predicted rutting with measured rutting at the Pennsyl
vania State University test facility (8). 

This paper summarizes the analYtic methods and the 
testing procedures that form the basis for the current 
version of the VESYS IIM rut depth model. 

ANALYTICAL DEVELOPMENT OF 
VESYS II(M) RUT DEPTH MODEL 

The permanent deformation Ep of a material specimen 
subjected to a single stress pulse can be expressed in 
terms of the following functional relationship: 

fp = f(a , t T, M) (I) 

where a, ~. T, and M represent the stress, time dura
tion of loading, temperature, and moisture respectively. 
The total strain response r(t) is illustrated in Figure 1. 
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('!he definitions given in this figure assume that the plas
tic strain is dependent on the state of stress and inde
pendent of time, but that the viscous strain is dependent 
on both the state of stress and the time of loading.> A 
haversine load pulse of amplitude A and duration d, which. 
is repeatedly applied to a typical flexible pavement, is 
shown at repetition Ni in Figure 2a. The interaction of 
the strain components is shown in Figure 2b. The in
crement of the permanent deformation .R,.(NJ) that is due 
only to the NJ th pulse is composed of the permanent vis
cous and plastic strains, provided, however, that suf
ficient time is allowed between repetitions for the com
plete rebound of. U1e l·ecoverable viscoelastic deformation. 
As N increases, Rp(NJ) becomes smaller, but the deflec
tion amplitude R6(d/ 2) is assumed to remain constant. 
Rp(N J) may be expressed as a varying fraction of the de
flection amplitude as 

(2) 

where f(NJ) is a function of the ratio of the incremental 
permanent deformation to the deflection amplitude. Most 
of the work cited above has shown that Rp(N 1) can be rea
sonably represented by a monotonic.ally decreasing log
arithmic function of the number of previously applied 
loads: 

f(N) = µ ,y,(N)°'"sys (3) 

where µ,,, and ex,,, represent the rutting characteristics 
of the total pavement system. The pavement rutting 
characteristics are computed in the VESYS IIM model 
by using layer theory in conjunction with a laboratory de
termined permanent deformation law for each pavement 
layer. Integration of equation 2 over N cycles gives the 
total accumulated permanent deformation. The model 
accounts for real-world variability by treating the elastic 
and viscoelastic moduli, the load amplitude and duration, 
and the load repetitions N as random variables that are 
described by their means and variances. The rut depth 
is computed and summed over specified incremental 
analysis periods in order to include changes in the en
vironment and traffic rate. 

The current laboratory test procedure requires con-
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Figure 1. Strain response to a stress pulse. 
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Figure 2. Response to haversine load pulse at Nj th repetition. 
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Figure 3. Permanent strain plots for asphalt concrete. 

10 000 

E 
~ rooo 
5 

" b 
" 

29 

tinuous r epeated load tests in which a havel'Sine load of 
duration d and a rest period (unload time) are applied 
repeatedly for a certain number of cycles N. The ac
cumulated viscoelastic, viscous, and plastic strains re
maining at the end of selected cycles are measured. 
Typical continuous repeated test results for asphalt con
crete are given in Figure 3. The intercept, slope, and 
resilient strain amplitude give the material permanent 
deformation characteristics µK, OI<, for layer K: 

Ep(N) = (µKfe)N"K (4) 

where e =general viscoelastic haversine response at 
peak loading (resilient strain). 

VERIFICATION OF THE VESYS 
IIM MODEL 

Rut depths predicted using the VESYS IIM model on dif
ferent pavement sections at the Pennsylvania State Uni
versity test track facility compare favorably with the 
measured values, as indicated in the following table. 

Rut Depth (cm) 

Time Section 6 Section 9 

(months) Observed Predicted Observed Predicted --- ---, 0.08 0.18 0.08 0.52 
9 0.19 0.32 0.53 0.97 

15 0.47 0.51 1.02 1.36 

That the early values of predicted rut depth are 
greater than the observed values may be attributed to an 
interpretatio:n of the laboratory co11tinuous repeated curve 
(Figu1·e 3) ai; having a sti·aight line slope that is some
what larger than that which might actually occur were 
sufficient time allowed for complete viscoelastic strain 
recovery. A general functional relationship between 
stress and strain that separates the recoverable from 
the nonrecoverable components .in equation 1 can be given 
as 

E(t) = [D 0 + D</>(t)] a+ [>¥ 0 + >V(rn F(a) (5) 

where 

D =retarded viscoelastic compliance, 

Repetition, N 
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Do =elastic compliance, 
¢(t) = 0 as t .... 0 and 1 as t ~ =, 
w(~) =viscous plastic compliance as a function of 

duration of loading, 
'1ro = initial plastic compliance, and 

F(a) = stress function associated with permanent de
formation. 

The application of equation 5 to the continuous re
peated stress history of Figure 3 yields 

E(t) = D[¢(t) - ¢(t +DJ a+ [i/1 0 + i/i (OJ F(a) (6) 

which shows that the viscoelastic strains (¢ terms) con
tribute to the total strain response €(t). If, however, 
sufficient time were allowed between the load repetitions 
so that the viscoelastic strain could recover, then the 
true permanent deformation could be measured. This is 
demonstrated by applying equation 5 to the interrupted 
repeated load stress history (also shown in Figur e 3), 
which yieids 

E(t) =Er= [i/10 + i/i(NDJ F(a) (7) 

Equation 7 shows that the viscoelastic strains are 
completely eliminated, which suggests that the true 
permanent deformation law should be obtained from this 
tYPe of test. 

Because of the sophistication of the repeated load 
equipment required, the assumptions involving the se
lection of load duration and frequency, and the long time 
required to conduct continuous and interrupted repeated 
load tests, a simplified testing procedure is proposed. 
The simplified procedure uses the results from the in
cremental creep tests shown in Figure 3. A similar 
test procedure has also been suggested by Hufford and 
Lai (6), 

The application of equation 5 to the incremental stress 
history gives 

(8) 

and shows that the viscoelastic strains are eliminated in 
the same way as in the interrupted repeated test. 

TEST PROGRAM AND RESULTS 

Incremental creep tests for the duration of loading and 
unloading as shown below were conducted on asphalt con
crete specimens at 13, 21, and 29°C (55, 70, and 85°F). 

Pulse 

1 
2 
3 
4 

Pulse Duration (s) 

1.0 
10.0 

100.0 
1000.0 

Rest Period After Pulse (s) 

100 
100 
200 

1000 

Interrupted and continuous repeated tests at these same 
temperatures were also conducted under haversine load
ing of 0.1-s duration and 0.9-s unloading. A tYPical re
sult is illustrated by the comparative curves in Figure 3. 
In most cases, the continuous repeated tests gave curvi
linear log-log plots especially at higher temperatures, 
but the plots of the interrupted and incremental creep 
tests gave straight lines. The excellent agreement be
tween the interrupted repeated load and the incremental 
creep test results suggests the development of a funda
mental incremental creep relation that includes the true 
permanent plastic and viscous components of strain. 

This research also indicated that a master permanent 
strain-loading time curve could be constructed and that 

there is a time-temperature equivalence for the per
manent deformation characteristics of asphalt concrete 
that can be expressed as 

where 

( = ~/a,., the reduced loading time, 
T =temperature, and 

a,. = shift factor for permanent strain. 

DISCUSSION AND CONCLUSIONS 

(9) 

1. The rutting predicted by the VESYS IIM structural 
subsystem is in good agreement with that observed on two 
experimental pavement sections. The numerous varia
tions in the real system, the approximate nature of the 
model itself, and the variabilities and inaccuracies of the 
laboratory testing procedure all contribute to the differ
ences encountered. The cioseness of the predictions 
with observed values does, however, indicate the reason
ableness of the VESYS IIM model used. 

2. The close agreement betw~en the results of the in
cremental creep tests and the interrupted repeated load 
tests and the log-log linear nature of these character
istics indicate that the simpler incremental creep test 
could be used in lieu of continuous repeated load tests to 
determine the rutting behavior of asphalt concrete at 
temperatures above 21°C (70°F). 

3. A fundamental creep law that separates the re
coverable from the nonrecoverable strain was developed. 
Such a law can be easily modified to include temperature 
and stress effects and can be included in any structural 
subsystem for the prediction of rutting. 
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